ISSN 1916-6117 (online)
ISBN 978-1-4606-3107-2 (PDF)
(for entire OFR 6290)

ISSN 0826-9580 (print)
ISBN 978-1-4606-3106-5 (print)
(for entire OFR 6290)

THESE TERMS GOVERN YOUR USE OF THIS DOCUMENT
Your use of this Ontario Geological Survey document (the “Content”) is governed by the
terms set out on this page (“Terms of Use”). By downloading this Content, you (the
“User”) have accepted, and have agreed to be bound by, the Terms of Use.
Content: This Content is offered by the Province of Ontario’s Ministry of Northern Development and Mines
(MNDM) as a public service, on an “as-is” basis. Recommendations and statements of opinion expressed
in the Content are those of the author or authors and are not to be construed as statement of government
policy. You are solely responsible for your use of the Content. You should not rely on the Content for legal
advice nor as authoritative in your particular circumstances. Users should verify the accuracy and
applicability of any Content before acting on it. MNDM does not guarantee, or make any warranty express
or implied, that the Content is current, accurate, complete or reliable. MNDM is not responsible for any
damage however caused, which results, directly or indirectly, from your use of the Content. MNDM
assumes no legal liability or responsibility for the Content whatsoever.
Links to Other Web Sites: This Content may contain links, to Web sites that are not operated by MNDM.
Linked Web sites may not be available in French. MNDM neither endorses nor assumes any responsibility
for the safety, accuracy or availability of linked Web sites or the information contained on them. The linked
Web sites, their operation and content are the responsibility of the person or entity for which they were
created or maintained (the “Owner”). Both your use of a linked Web site, and your right to use or reproduce
information or materials from a linked Web site, are subject to the terms of use governing that particular
Web site. Any comments or inquiries regarding a linked Web site must be directed to its Owner.
Copyright: Canadian and international intellectual property laws protect the Content. Unless otherwise
indicated, copyright is held by the Queen’s Printer for Ontario.
It is recommended that reference to the Content be made in the following form:
Ontario Geological Survey 2013. Summary of Field Work and Other Activities 2013; Ontario Geological
Survey, Open File Report 6290, 584p.
or, for partial Content
Rainsford, D.R.B. 2013. Summary of geophysical projects and activities; in Summary of Field Work and
Other Activities 2013, Ontario Geological Survey, Open File Report 6290, p.21-1 to 21-5.
Use and Reproduction of Content: The Content may be used and reproduced only in accordance with
applicable intellectual property laws. Non-commercial use of unsubstantial excerpts of the Content is
permitted provided that appropriate credit is given and Crown copyright is acknowledged. Any substantial
reproduction of the Content or any commercial use of all or part of the Content is prohibited without the
prior written permission of MNDM. Substantial reproduction includes the reproduction of any illustration or
figure, such as, but not limited to graphs, charts and maps. Commercial use includes commercial
distribution of the Content, the reproduction of multiple copies of the Content for any purpose whether or
not commercial, use of the Content in commercial publications, and the creation of value-added products
using the Content.
Contact:
FOR FURTHER
INFORMATION ON

PLEASE CONTACT:

The Reproduction of
the EIP or Content

MNDM Publication
Services

The Purchase of
MNDM Publications

MNDM Publication
Sales

Crown Copyright

Queen’s Printer

BY TELEPHONE:
Local: (705) 670-5691
Toll-Free: 1-888-415-9845, ext. 5691
(inside Canada, United States)
Local: (705) 670-5691
Toll-Free: 1-888-415-9845, ext. 5691
(inside Canada, United States)
Local: (416) 326-2678
Toll-Free: 1-800-668-9938
(inside Canada, United States)

BY E-MAIL:
Pubsales.ndm@ontario.ca
Pubsales.ndm@ontario.ca
Copyright@gov.on.ca

Ontario Geological Survey
Open File Report 6290

Summary of Field Work
and Other Activities
2013

2013

ONTARIO GEOLOGICAL SURVEY
Open File Report 6290

Summary of Field Work and Other Activities 2013

by
Ontario Geological Survey

Edited by G.P. Beakhouse, R.M. Easton, A.F. Bajc, R.T. Metsaranta, O.M. Burnham, S. Préfontaine,
S.M. Hamilton, M. Duguet, F.R. Brunton, P.J. Barnett, R.D. Dyer, J.R. Parker and E.J. Debicki

2013

Parts of this publication may be quoted if credit is given. It is recommended that reference to
this publication be made in the following form:
Rainsford, D.R.B. 2013. Summary of geophysical projects and activities; in Summary of Field
Work and Other Activities 2013, Ontario Geological Survey, Open File Report 6290, p.21-1
to 21-5.

Users of OGS products are encouraged to contact those Aboriginal communities whose traditional
territories may be located in the mineral exploration area to discuss their project.

© Queen’s Printer for Ontario, 2013

© Queen’s Printer for Ontario, 2013.
Open File Reports of the Ontario Geological Survey are available for viewing at the John B. Gammon Geoscience
Library in Sudbury and at the regional Mines and Minerals office whose district includes the area covered by the report
(see below).
Copies can be purchased at Publication Sales and the office whose district includes the area covered by the report.
Although a particular report may not be in stock at locations other than the Publication Sales office in Sudbury, they can
generally be obtained within 3 working days. All telephone, fax, mail and e-mail orders should be directed to the
Publication Sales office in Sudbury. Purchases may be made using cash, debit card, VISA, MasterCard, American
Express, cheque or money order. Cheques or money orders should be made payable to the Minister of Finance.
John B. Gammon Geoscience Library
933 Ramsey Lake Road, Level A3
Sudbury, Ontario P3E 6B5

Tel:

(705) 670-5615

Publication Sales
933 Ramsey Lake Rd., Level A3
Sudbury, Ontario P3E 6B5

Tel:
Toll-free:
Fax:
E-mail:

(705) 670-5691 (local)
1-888-415-9845 ext. 5691
(705) 670-5770
pubsales.ndm@ontario.ca

Regional Mines and Minerals Offices:
Kenora - Suite 104, 810 Robertson St., Kenora P9N 4J2
Kirkland Lake - 10 Government Rd. E., Kirkland Lake P2N 1A8
Red Lake - Box 324, Ontario Government Building, Red Lake P0V 2M0
Sault Ste. Marie - 875 Queen St. E., Suite 6, Sault Ste. Marie P6A 6V8
Southern Ontario - P.O. Bag Service 43, 126 Old Troy Rd., Tweed K0K 3J0
Sudbury - 933 Ramsey Lake Rd., Level A3, Sudbury P3E 6B5
Thunder Bay - Suite B002, 435 James St. S., Thunder Bay P7E 6S7
Timmins - Ontario Government Complex, P.O. Bag 3060, Hwy. 101 East, South Porcupine P0N 1H0
This report has not received a technical edit. Discrepancies may occur for which the Ontario Ministry of Northern
Development and Mines does not assume any liability. Source references are included in the report and users are urged
to verify critical information. Recommendations and statements of opinions expressed are those of the author or authors
and are not to be construed as statements of government policy.
If you wish to reproduce any of the text, tables or illustrations in this report, please write for permission to the Team
Leader, Publication Services, Ministry of Northern Development and Mines, 933 Ramsey Lake Road, Level A3,
Sudbury, Ontario P3E 6B5.

Cette publication est disponible en anglais seulement.
Parts of this report may be quoted if credit is given. It is recommended that reference be made in the following form:
Rainsford, D.R.B. 2013. Summary of geophysical projects and activities; in Summary of Field Work and Other
Activities 2013, Ontario Geological Survey, Open File Report 6290, p.21-1 to 21-5.
ii

Mines and Minerals Division Regional and District Offices
CITY

ADDRESS

Kenora

Suite 104, 810 Robertson St.,
Kenora P9N 4J2
227 Howey Street, P.O. Box 324,
Red Lake P0V 2M0
Suite B002, 435 James St. S.,
Thunder Bay P7E 6S7
Suite B002, 435 James St. S.,
Thunder Bay P7E 6S7
Suite 6, 875 Queen St. E.,
Sault Ste. Marie P6A 2B3
Ontario Government Bldg., P.O. Bag 3060,
1270 Hwy 101 East, South Porcupine P0N 1H0
10 Government Rd. E., P.O. Box 100,
Kirkland Lake P2N 3M6
Willet Green Miller Centre, Level A3,
933 Ramsey Lake Rd., Sudbury P3E 6B5

Red Lake
Thunder Bay – North
Thunder Bay – South
Sault Ste. Marie
Timmins
Kirkland Lake
Sudbury
Tweed
(Southern Ontario)

OFFICE(S)

P.O. Bag Service 43, 126 Old Troy Rd.,
Tweed K0K 3J0

iii

TELEPHONE

FAX

○■

(807) 468-2819

(807) 468-2930

●■

(807) 727-2464

(807) 727-3553

●■▼
▲
●■▼
▲
○■

(807) 475-1331
(807) 475-1311
(807) 475-1331
(807) 475-1311
(705) 945-6931

(807) 475-1112
(807) 475-1112
(807) 475-1112
(807) 475-1112
(705) 945-6935

●■▼
▲
●■

(705) 235-1619
(705) 235-1600
(705) 568-4518

(705) 235-1620
(705) 235-1610
(705) 568-4524

○
▼

●■▼

(705) 670-5735
(705) 670-5887
(705) 670-5742
(613) 478-3161

(705) 670-5770
(705) 670-5807
(705) 670-5681
(613) 478-2873

iv

Contents
Office of the Director, Ontario Geological Survey
1.

The Ontario Geological Survey Branch—2013 J.A. Fyon

Earth Resources and Geoscience Mapping Section
2.

Earth Resources and Geoscience Mapping Section: Program and Project Overview J.R. Parker

Precambrian Geology – Northeastern Ontario
3.

Project Unit 13-012. Geology and Mineral Potential of Marsh and Lang Townships, Michipicoten
Greenstone Belt L. Robichaud

4.

Structural and Mineralogical Evidence for Paleoproterozoic Hydrothermal Activity at the Young–
Davidson Mine, Matachewan, Ontario B.G. Daniels, S. Lin, J. Zhang and R.L. Linnen

Precambrian Geology – Northwestern Ontario
G.P. Beakhouse

5.

Project Unit 09-006. Western Wabigoon Subprovince Synthesis Project

6.

Project Unit 13-007. Geology and Mineral Potential of Aldina Township, Wawa Subprovince
R.W.D. Lodge

7.

Project Unit 13-006. Structure and Stratigraphy of the Eastern Portion of the Sioux Lookout
Greenstone Belt, Western Wabigoon Subprovince S.R. Meade

8.

Project Unit 13-030. Preliminary Observations of the Marmion Terrane Four-Dimensional Crust–
Mantle Evolution and Mineral Systems K.E. Bjorkman, T.C. McCuaig, Y.J. Lu, G.P. Beakhouse,
P. Hollings and M.C. Smyk

Precambrian Geology – Far North
9.

Project Unit 13-028. Zircon Lutetium-Hafnium Systematics of Granites Across the Uchi Domain–
North Caribou Terrane Boundary: A Preliminary Report T.M. Stainton, P. Hollings,
S.E. Zurevinski and R.M. Cundari

Precambrian Geology – Proterozoic and Grenville Province
10.

Proterozoic Mapping Initiative—2013 Overview R.M. Easton

11.

Project Unit 11-004. Mineralogy of the Rare Earth Elements in Marbles from the Brudenell Area,
Northeastern Central Metasedimentary Belt, Grenville Province R.M. Easton and S.A. Clarke

12.

Project Units 11-004 and 13-013. Geology and Mineral Potential of the Late Syenite Suite
(1090–1030 Ma) and Associated Rocks, Central Metasedimentary Belt Boundary Tectonic Zone,
Grenville Province R.M. Easton

13.

Project Unit 13-013. Faulting History, Terrane Subdivision and Mineral Potential of the Cobden
Area, Northeastern Central Metasedimentary Belt, Grenville Province R.M. Easton

14.

Project Unit 13-013. Geology and Mineral Potential of the Chenaux Gabbro, Northeastern Central
Metasedimentary Belt, Grenville Province B. Azar and R.M. Easton

v

15.

Project Unit 13-014. Geology and Mineral Potential of the Admaston–Horton and Mud Lake
Map Areas, Northeastern Central Metasedimentary Belt, Grenville Province M. Duguet,
V. Dubé-Bourgeois and S. Ma

16.

Project Unit 11-003. Rare Earth Element Mineralization in a Skarn Zone, Burnstown Outcrop,
Mazinaw Domain, Grenville Province V. Dubé-Bourgeois, Q. Gall and M. Duguet

17.

Project Unit 11-003. Late Dextral Strike-Slip Event in the Northern Mazinaw Domain, Central
Metasedimentary Belt, Grenville Province Z. Liu, S. Lin and M. Duguet

18.

Project Unit 13-029. Reconnaissance Geological Mapping in the Nepewassi Domain, Central
Gneiss Belt, Grenville Province N.G. Culshaw, S. Van de Kerckhove and R.A. Jamieson

19.

Project Unit 12-003. Geological Mapping Results from Varley Township, Southern and Superior
Provinces D. Lewis

20.

Project Unit 12-004. Geology, Geochemistry and Geochronology Studies with Emphasis on
Proterozoic Mafic Intrusions, Otter and Morin Townships, Southern and Superior Provinces
C.A. Gordon

Geophysics
21.

Summary of Geophysical Projects and Activities D.R.B. Rainsford

Aggregate Resources and Industrial Minerals
22.

Project Unit 13-022. Aggregate Resources Inventory of Middlesex County, Southwestern Ontario
V.L. Lee

23.

Project Unit 13-023. Aggregate Resources Inventory for Oxford and Brant Counties

24.

Project Unit 13-024. Industrial Sand Pilot Project Results

25.

Project Unit 13-025. Aggregate and Industrial Mineral Potential of the Guelph Formation:
An Update D.J. Rowell

D.J. Rowell

P.J. Sangster and D.J. Rowell

Surficial Mapping and Sampling
26.

Project Unit 11-023. Till Sampling for Indicator Minerals in the McFaulds Lake (“Ring of Fire”)
Area, Far North of Ontario C. Gao

27.

Project Unit 11-028. Surficial Geology Mapping and Till Sampling in the Chapleau Area,
Northern Ontario: Second Phase C. Gao

28.

Project Unit 13-019. Quaternary Geological Mapping of the Lindsay Area, Southern Ontario
A.S. Marich

29.

Project Unit 08-008. Field Studies in Support of Remote Predictive Terrain Mapping in the
Far North of Ontario P.J. Barnett, S.A. Finkelstein and K.H. Yeung

30.

Project Unit 13-005. Sedimentological and Structural Analysis of Quaternary Sediments from the
Ridge River Area, Hudson Bay Lowland M.K. Nguyen, S.R. Hicock and P.J. Barnett

vi

Surficial Geochemistry
31.

Project Unit 13-010. Marathon Area High-Density Lake Sediment and Water Survey,
Northwestern Ontario R.D. Dyer and L.A. Handley

32.

Project Unit 11-024. McFaulds Lake (“Ring of Fire”) Area High-Density Lake Sediment and
Water Survey, Far North, Ontario R.D. Dyer and L.A. Handley

33.

Project Unit 13-020. Characterization of Phosphorus in Stream Sediments and Waters in Selected
Watersheds of Lake Erie H.E. Burke

Paleozoic Geology and Energy Studies
34.

Project Unit 10-028. The Hudson Platform Project: Stratigraphy of the Aquitaine Sogepet et al.
Pen No. 1 Core D.K. Armstrong, A.D. McCracken, E. Asselin and F.R. Brunton

35.

Project Unit 10-028. Petrographic Analysis of Paleozoic Strata in the Hudson Platform,
Northern Ontario K.E. Hahn and D.K. Armstrong

36.

Project Unit 10-028. The Hudson Platform Project: 2013 Field Work and Drill-Core Correlations,
Western Moose River Basin L.M. Ratcliffe and D.K. Armstrong

37.

Project Unit 08-004. Karst and Hazards Lands Mitigation: Some Guidelines for Geological and
Geotechnical Investigations in Ontario Karst Terrains F.R. Brunton

Groundwater Studies
38.

Project Unit 13-018. The Niagara Peninsula Study: A New Three-Dimensional Quaternary
Geology Mapping Project A.K. Burt

39.

Project Unit 07-025. Ambient Groundwater and Geochemistry Project of the Kingston–
Peterborough Area C.N. Freckelton and S.M. Hamilton

40.

Project Unit 13-027. Development of an Aquifer Mapping Tool, City of Clarence–Rockland,
Ontario S.R. Morton, T. Di Iorio, S.M. Hamilton and M.J.L. Robin

41.

Project Unit 13-026. Investigation of Gases and Biota Related to Serpentinization of Kimberlites in
the Kirkland Lake Area B. Esen, T.H. Brisco, B. Sherwood Lollar, M.O. Schrenk, S.M. Hamilton
and G. Lacrampe-Couloume

Resident Geologist Program
42.

The Westward Extension of the Larder–Cadillac Fault Through the Kenogamissi Batholith,
Abitibi Subprovince B.T. Atkinson

Geoscience Laboratories
43.

Carbon and Sulphur Analysis in Geological Samples by Combustion–Infrared: Verifying Method
Capabilities on New Instrumentation F. Amirault and O.M. Burnham

44.

Analysis of Oxide-Rich Samples by Inductively Coupled Plasma Mass Spectrometry Following
Lithium Metaborate Fusion O.M. Burnham

45.

A Review of Gravimetric Lead Fire-Assay Analysis at the Geoscience Laboratories V. Hingst
and O.M. Burnham

vii

46.

Revision of the Calibration for Trace Element Analysis of Geological Samples by Wavelength
Dispersive X-Ray Fluorescence at the Geoscience Laboratories G.L. Keating and O.M. Burnham

47.

Determination of Fluoride and Chloride Concentrations in Geological Materials by Ion Selective
Electrode L. Pamer

48.

QA/QC: Summary of 2012–2013 Quality-Control Data at the Geoscience Laboratories
J.H. Hechler

Targeted Geoscience Initiative 4 (TGI-4)
49.

Project Unit 10-004. An Update of the High-Magnesium Ultramafic to Mafic Systems Subproject
Under the Targeted Geoscience Initiative 4 M.G. Houlé and R.T. Metsaranta

50.

Project Unit 10-004. An Update on Regional Bedrock Geology Mapping in the McFaulds Lake
(“Ring of Fire”) Region R.T. Metsaranta and M.G. Houlé

51.

Project Unit 13-001. Overview of the Mafic and Ultramafic Intrusions in the Eastern Uchi Domain
of the Superior Province, Northern Ontario A.-A. Sappin, M.G. Houlé, C.M. Lesher and
V.J. McNicoll

52.

Project Unit 13-002. Stratigraphy, Geochemistry and Petrogenesis of the Black Thor Intrusive
Complex and Associated Chromium and Nickel-Copper-Platinum Group Element Mineralization,
McFaulds Lake Greenstone Belt, Ontario H.J.E. Carson, C.M. Lesher, M.G. Houlé, R.J. Weston
and D.A. Shinkle

53.

Project Unit 13-002. Stratigraphy, Geochemistry and Petrogenesis of the Black Label Chromitite
Horizon, Black Thor Intrusive Complex, McFaulds Lake Greenstone Belt, Ontario
K. Mehrmanesh, H.J.E. Carson, C.M. Lesher and M.G. Houlé

54.

Project Unit 13-002. Geology and Genesis of Mobilized Chromitite in the Black Label Pyroxenite
Zone of the Black Thor Intrusive Complex, McFaulds Lake Greenstone Belt, Ontario
C.S. Spath III, C.M. Lesher and M.G. Houlé

55.

Project Unit 13-002. Mineralogy, Geochemistry and Petrogenesis of Nickel-Copper-Platinum
Group Element Mineralization in the Black Thor Intrusive Complex, McFaulds Lake Greenstone
Belt, Ontario N. Farhangi, C.M. Lesher and M.G. Houlé

56.

Project Unit 12-010. Petrogenesis of Ferrogabbroic Intrusions and Associated Iron-TitaniumVanadium-Phosphorus Mineralization within the McFaulds Lake Greenstone Belt, Superior
Province, Northern Ontario B. Kuzmich, P. Hollings and M.G. Houlé

57.

Project Unit 13-008. Geology and Geochemistry of the Thunder Intrusion, Midcontinent Rift,
Thunder Bay, Ontario B. Trevisan, P. Hollings and D.E. Ames

58.

Targeted Geoscience Initiative 4. Lode Gold Deposits in Ancient Deformed and Metamorphosed
Terranes: Geological Mapping and Structural Re-Appraisal of the Banded Iron Formation–Hosted
Gold Mineralization in the Geraldton Area, Ontario Z. Tóth, B. Lafrance, B. Dubé,
P. Mercier-Langevin and V.J. McNicoll

59.

Redefining the Pattern and Timing of Metamorphism in the North Caribou Greenstone Belt
C.J. Kelly, É. Gagnon and D.A. Schneider

Index of Authors
Metric Conversion Table

viii

Office of the Director,
Ontario Geological Survey

1. The Ontario Geological Survey
Branch—2013
J.A. Fyon1
1

Director, Ontario Geological Survey

INTRODUCTION
The vision of the Ontario Geological Survey (OGS) is “a leading provider of reliable, credible,
accessible geoscience for the public good”. Our mission is to provide the citizens and institutions of Ontario
with earth science data, information and knowledge to meet Ontario’s economic and quality of life priorities.
The OGS geoscience program is designed around, and to address, the public policy priorities of the Ontario
Government. Stated as a mandate, the OGS collects and disseminates geoscience information to attract and
guide mineral sector investment, as well as inform a broad range of government policy priorities, including
• Vibrant and Strong Communities
• A Plan for Jobs
• A Fair Society.
The priorities of the Ministry of Northern Development and Mines (MNDM) are summarized as
• Answer northern regional and local infrastructure needs
• Provide northerners with access to government programs and services
• Help Northern Ontario create jobs and growth
• Generate new wealth and benefits by supporting Ontario’s minerals development sector
• Promote a strong, safe and sustainable Ontario by generating and maintaining a geoscience
baseline and by fair and consistent administration of Ontario’s Mining Act.
The OGS helps to address these Government and therefore MNDM priorities by establishing a
geoscience baseline for Ontario to
• identify economic opportunity
• safeguard public health and safety
• inform environmental and land-use planning decisions.
The OGS provides geoscience data, information and expert knowledge about the
• rocks
• surficial deposits and the land forms
• Earth resources, including metallic and non-metallic mineral resources, groundwater, and renewable
(e.g., ground heat) and non-renewable (e.g., hydrocarbon) energy endowment and potential
• geological history that ties all of these together
• promote Ontario’s mineral investment opportunities
• promote the application of geoscience to address a broad range of Government priorities.
Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.1-1 to 1-7.
© Queen’s Printer for Ontario, 2013
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All this geological information is available to inform the broad range of economic decisions and to
guide actions related to environmental baseline characterization, natural hazards, public health and safety,
and climate change issues affecting rural as well as metropolitan areas across all of Ontario. The OGS
works from Pelee Island, in Lake Erie, to the land just south of the Pen Islands in Hudson Bay. To inform
the broad range of Government priorities and related public policy priorities, the OGS focusses on
ensuring our geoscience data, information and knowledge are reliable, accurate, independent and
accessible to Ontario and global citizens. The OGS establishes geoscience priorities based on public
policy direction and input from stakeholders and clients. The OGS collects, analyzes, advises and
archives geoscience information by
• “Feet on the ground” mapping to define and understand geological processes and the earth
resources
• Earth resource potential estimation
• geophysical surveying
• geochemical surveying
• geochemical analysis of geological material.
The OGS collaborates with provincial, national and international geoscience partners to create a
more robust provincial geoscientific evidence base to support policy and decisions. As the steward of
Ontario’s geological survey geoscience data and information, the OGS provides public access to these
information and knowledge holdings. OGS products include data sets, reports, maps and knowledge about
the two-dimensional (2-D) and three-dimensional (3-D) geology, landscape and Earth resource
inventories and potential.

OGS FUNCTIONS AND ORGANIZATION
The OGS activities are grouped around 4 core functions (Figure 1.1): a) geological mapping and
surveying; b) geoservices based on chemical and physical analyses of inorganic geological materials;
cartographic, editorial, and publication services; library services; warehouse services; and mineral sector
information gathering and analysis; c) local area mineral investment expertise that includes inventorying
and assessing Ontario’s Earth resource potential; and d) promoting the OGS role, Ontario’s investment
opportunities, and application of geoscience to address a broad range of Government priorities.

Figure 1.1. Ontario Geological Survey functional organization chart.
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As part of an OGS strategic analysis and a Divisional organization design analysis, the OGS merged
its 2 geological mapping units, the Precambrian Geoscience Section and the Sedimentary Geoscience
Section, into a new unit named the Earth Resources and Geoscience Mapping Section (ERGMS), led by
Jack Parker, Senior Manager. In addition to the new ERGMS, the OGS comprises 4 other administrative
units: Director’s Office, Geoscience Laboratories, Information and Marketing Services Section, and the
Resident Geologist Program.

OGS STRATEGIC PRIORITIES
To address the Government priorities (Table 1.1), client priorities, and insights provided by
Aboriginal communities and organizations, the OGS is guided by the following operational priorities:
•

Geoscience
○ generation 1, 2, and 3 (regional, local, and very detailed) geological mapping across all of
Ontario
○ multidisciplinary and collaborative geoscience studies of the “Ring of Fire” region, Far
North
○ karst distribution and implications for public safety and groundwater
○ 2-D and 3-D aquifer mapping of the surficial and bedrock environment
○ geological context for chemical and physical characteristics of groundwater and the
environment
○ energy-related geoscience in the south and Far North
○ documentation of Earth resources inventory (mineral, groundwater, energy)

•

Investment attraction marketing strategy
○ Promotion of Ontario’s mineral investment opportunities by attendance at provincial,
national, and International trade and investment events

•

Aboriginal engagement and consultation
○ OGS program-related Aboriginal community engagement, collaboration, and consultation

•

Communication
○ communication of OGS goods and services to technical and non-technical audiences in
forms relevant to different users and using social media

•

Recruitment and retention of professional and technical staff

•

Participation in the implementation of the modernized Mining Act.

While the OGS is not directly involved in modelling climate change, understanding the geological
landscape of Ontario is an important aspect of constraining models for climate change impact and
adaptation. Because geoscience is a proxy for the Earth, it is important to understand the links between
climate change, bedrock and surficial geology, implications for metals within the near-surface geological
environment, ground stability, and groundwater sustainability and quality.
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Table 1.1. Linkage between the Ontario Geological Survey geoscience program and key public policy interests.
Public Policy Interest
Investment - economy

OGS Geoscience Program
Initiative
Mineral-related geoscience

Application and Results

Energy-related geoscience

Energy investment opportunity.
New green energy resources; new Far North energy options;
geothermal energy industry and science, technology,
research and development opportunities.

Aquifer geoscience

Groundwater opportunity and opportunity cost.
Location, capacity, quality and opportunities related to bedrock
and surficial groundwater aquifers.

Mineral resource investment opportunities.
Insights gained from the “Ring of Fire” area, which are
relevant elsewhere in Ontario.
Mineral investment attraction, jobs, sustainable communities.

Security of energy supply
Energy-related geoscience
and green, renewable energy

New green energy resources; new Far North energy options;
geothermal energy industry and science, technology,
research and development opportunities.

Groundwater resources (and Groundwater aquifer mapping
source water protection)
geoscience

3-D groundwater aquifer models that identify prospective
groundwater-bearing units, areas of groundwater recharge
and susceptibility to contamination warranting protection

Bedrock mapping of karst
distribution

Areas of potential groundwater recharge and contamination
warranting protection

Environment

Stream sediment geochemistry
across southern Ontario

Baseline inorganic geochemistry and its geological context for
metals and other inorganic geochemical components in the
environment to help identify natural and anthropogenic
sources and to inform regulatory enforcement and standard
setting by Ministry of Environment.

Public health and safety

Bedrock mapping of karst
distribution

Identification of hazard lands related to natural geological
processes.

Ambient groundwater
geochemical characterization

Baseline inorganic geochemistry and geological context for
groundwater to identify natural geological sources and
relation to potential public health concerns.

Bedrock mapping of natural
concentrations of metals and
other compounds in rocks

Distribution of natural metals and other compounds that occur
naturally in the rocks (e.g., uranium, arsenic, methane,
fluoride) to inform regulators and health specialists of
potential dangers to public health.

Surficial geology mapping

Distribution of near-surface unconsolidated material, such as
sensitive clays, that is subject to landslides to inform
regulators and health specialists of potential dangers to
public health.

Land-use planning

Regional, local and detailed
geology and Earth resources
inventory

Land-use plans informed by an understanding of the economic
mineral, energy and groundwater opportunities, and the
health, safety and environment considerations defined by
what lies beneath the surface of the Earth.

Climate change

Regional geological mapping
of bedrock and surficial
materials

Fundamental geological information describing the
composition of geological materials required to inform
climate change modelling – for example, questions such as
what metals exist in what form in the geological material,
and will those materials be released to the environment in
response to changes in water table and temperature.

OGS geoscience resources are organized into pan-Ontario, regional, and local initiatives and projects to address these
operational priorities (Parker, this volume, Article 2).
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STRATEGIC INVESTMENT ATTRACTION
The OGS developed and implemented a new investment attraction promotional strategy to profile the
mineral investment opportunities. The key efforts are focusing on
•

Participation in trade and investment trade events in London (England), Dubai (United Arab
Emirates), Cordilleran Roundup (Vancouver Canada), and Prospectors and Developers
Association of Canada Annual Convention (Toronto, Canada)

•

Refining existing and developing new marketing vehicles (branding and tag line, direct
marketing campaign, collateral marketing materials, website revamp, off-the shelf products,
International Business Development Representative’s and Senior Economic Development
Officer’s tool box, targeted events, speaking engagements, strategic selling training, customer
relationship management process)

•

Tracking and measuring performance.

A MODERNIZED ONTARIO MINING ACT
While the OGS has no regulatory function, OGS technical staff participate in the provision of
general information to Aboriginal people, specifically related to the role of the OGS and the application
of geoscience to address band and community interests. This external communication and information
delivery is led by the Mineral Development and Lands Branch, MNDM’s regulatory arm that is
responsible for administration of the Mining Act.

GEOSCIENCE AND OTHER COLLABORATIONS
The OGS collaborates with other jurisdictions and organizations as a delivery model to help “grow”
the geoscience knowledge about Ontario and to help achieve other science documentation and
communication goals.
The 2 Federal geoscience programs that involve OGS staff are Targeted Geoscience Initiative 4
(TGI-4) and Geo-mapping for Energy and Minerals Initiative (GEM) (see Parker, this volume, Article 2).
A science collaboration with the Laurentian University Living With Lakes Centre and the Climate
Change Centre is in place and a collaboration with MIRARCO on an energy project is evolving—all in
collaboration with Aboriginal communities.
The OGS continues its geoscience collaborations with a number of other organizations and
Ministries, including Laurentian University, Carleton University, Lakehead University, University of
Ottawa, McMaster University, Western University, Science North, Conservation Authorities (Grand
River Conservation Authority, Lake Simcoe Conservation Authority, Nottawasaga Conservation
Authority, South Nation Conservation Authority), the City of Guelph, the Regional Municipality of
Waterloo, the Greenstone Economic Development Corporation, the Ontario Ministry of Natural
Resources, the Ontario Ministry of Environment, the United States Geological Survey, and the Geological
Survey of Canada.
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ABORIGINAL ENGAGEMENT AND RELATIONSHIP BUILDING
The OGS engages and collaborates with Aboriginal communities to meet both OGS program and
some community-based land-related interests. Subject to a collaboration agreement, the OGS may provide
geoscience and mineral sector information to Aboriginal communities in support of community decisions,
logistical field support for community-based Traditional Ecological Mapping projects, and bridging
between the community and independent experts capable of informing community interests that lie
outside the OGS mandate. This engagement and communication is the foundation to our field project
implementation and helps inform community and related Government decisions.
The roles and responsibilities related to engagement, relationship building, information exchange,
and consultation are divided across the OGS have been described in Fyon (2012). The activities of the
OGS First Nation Mineral Information Officers are helping to deliver information directly to Aboriginal
communities at band request.
Notwithstanding the ongoing OGS investment in Aboriginal engagement and relationship-building,
the operational environment remains complex and it is not always possible to meet or sustain the interests
of the Aboriginal and Ontario Governments. For example, a regional aeromagnetic gradiometer survey
over the northwestern part of Ontario was terminated at the request of Fort Severn First Nation because of
complex issues related to the relationship between the Governments of Canada, Ontario, and the First
Nation. Given our long-term view of collaboration with all Aboriginal people, MNDM respected that
request to stop the survey before it was completed.

INTERJURISDICTIONAL REPRESENTATION
The OGS Director represents Ontario’s geoscience interests to several interjurisdictional committees.
The intent is to assure the geoscience interests of Ontario are understood and accommodated, to establish
synergies between jurisdictions required to address trans-border geological topics (e.g., groundwater), and
to learn from these other jurisdictions so that the OGS remains aware of program-related policies,
programs, and practices that may be of value to Ontario. Interjurisdictional representation by the OGS
Director includes
•

Canada’s National Geological Surveys Committee

•

Canada’s Committee of Provincial and Territorial Geologists

•

Great Lakes Geological Mapping Coalition (Indiana, Illinois, Michigan, Ohio, Ontario,
Pennsylvania, Wisconsin, Minnesota, and New York).

Technical committees support these national and international committees to help ensure appropriate
technical and scientific benefits are shared.

ONTARIO GEOLOGICAL SURVEY STAFF CHANGES
Several new staff joined the OGS or successfully competed for new positions within the OGS during
the past year:
•

Earth Resources and Geoscience Mapping Section
○ Laura Ratcliffe, Precambrian Geoscientist, Sudbury
○ Bronwyn Azar, Precambrian Geoscientist, Sudbury
○ Robert Lodge, Precambrian Geoscientist, Sudbury
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Resident Geologist Program
○ Syed Ali, District Geological Assistant, Red Lake
○ Ryan McMillan, District Geological Assistant, Sault Ste. Marie
○ Robert Cundari, District Geologist, Thunder Bay North
○ Robert Ferguson, Senior Manager, Timmins

•

Information & Marketing Services
○ Stephen Jessome, Statistical Analyst, Sudbury
○ Craig Yeates, Acting Manager, Sudbury

•

Director’s Office
○ Jean-Francois Houle, Warehouse Operations Officer.

FUTURE
To date, the OGS information holdings include 9704 maps, 3259 reports, 590 data releases; file
downloads from our web site, in the period January 1 to October 31, 2013, were in excess of 312 000
maps and reports in portable document format (.pdf), 3200 maps in raster (.jpg) format, as well as more
than 7200 vector map and digital data products. During this same period, we published 15 new reports, 16
new maps, and 15 new data set releases.
The OGS continues to
•

implement an enhanced geoscience program applied to economic development, environment,
public health and safety, and climate change

•

advocate for informed policy decisions through the provision of modern geoscience data and
knowledge

•

identify geological characteristics relevant to Ontario’s public health and safety

•

publish and promote information on Ontario’s landmass and its mineral, energy, and water
resource endowments

•

develop new geoscience products that help present our complex geoscience data in a form that
is understood by non-geoscience users, including the development of products that use Google
Earth™ mapping service (“OGS Earth”), which show great promise as the medium to broaden
the access and awareness of OGS geoscience goods and services to both traditional and nontraditional users.

Public, geological survey data and knowledge play an important role in helping support publicpolicy decision makers, investors, and other users of the near surface of the Earth. Societal needs are
increasingly complex and require a sound and objective understanding and application of geoscience to
help assess and frame the complex options available. Ontario only has one geological survey with the
skills, knowledge, methods, distribution networks, collaborations, and standards in place to address these
complex challenges. The OGS is working to supply or facilitate access to the geoscience knowledge
needed to support the public policy and societal issues.

REFERENCE
Fyon, J.A. 2012. The Ontario Geological Survey Branch—2012; in Summary of Field Work and Other Activities
2012, Ontario Geological Survey, Open File Report 6280, p.1-1 to 1-9.
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Project Overview
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Earth Resources and Geoscience Mapping Section, Ontario Geological Survey

GOAL AND RESPONSIBILITY OF THE SECTION
The goal of the Ontario Geological Survey’s (OGS) Earth Resources and Geoscience Mapping Section
(ERGMS) is to improve the understanding of the geology, geochemistry and Earth resources of Ontario and
to convey this knowledge to the public through multi-year, multidisciplinary geoscience projects that
address critical geoscience problems in key geographic areas. These studies may be delivered as part of the
ERGMS geoscience mapping function or through collaborative geoscience projects or initiatives.
The ERGMS is responsible for
•

mapping Ontario’s Precambrian and Phanerozoic bedrock geology and understanding various
metal and mineral deposit settings at a regional scale;

•

mapping and sampling Ontario’s Quaternary sediments to understand regional distribution,
compositional trends (geochemical and mineralogical) and glacial history for mineral resource
evaluation with special emphasis on areas covered by thick Quaternary deposits;

•

mapping Ontario’s overburden and bedrock hydrostratigraphic units and contained groundwater
resources at a regional scale and understanding the geochemical effects of groundwater
interactions with rock and surficial media;

•

collecting regional ground and airborne geophysical data and producing derivative products in
support of the bedrock geology and groundwater mapping programs;

•

collecting regional surficial geochemistry data from water and other surficial media (e.g., lake
and stream sediments, peat, etc.) with direct relevance to mineral exploration, land-use
planning, assessment of watershed quality and the establishment of environmental baseline
databases;

•

mapping Ontario’s aggregate and industrial minerals to provide current inventories and quality
assessments of aggregate and industrial mineral resource potential;

•

mapping Ontario’s traditional and unconventional non-renewable energy resources to identify
new energy sources and better understand the affect of hydrocarbon interaction on groundwater
resources.

The program direction and strategies of the ERGMS address the results-based plan and core business
of the Ministry of Northern Development and Mines (MNDM) and its Mines and Minerals Division.
Government priorities (Table 2.1) are achieved through a variety of strategies and initiatives that consist
of one or more projects. Therefore, project planning, development, evaluation, selection and
implementation are based on strategies and initiatives designed to achieve alignment of individual
projects with Ministry and Government priorities.
Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.2-1 to 2-24.
© Queen’s Printer for Ontario, 2013

2-1

2-2

Economy:
• aggregate material is
essential to infrastructure
development and growth
• understanding the
geology and Earth resource
potential of Ontario
attracts investment dollars,
triggers economic
development and assists in
closing the socio-economic
gap between Aboriginal
and non-Aboriginal
Ontarians; contribute
geoscience data to assess
non-renewable potential
for the Far North as a
transition source and to
support remote
development

Far North

Improving Quality of
Life:
• collection of new,
accurate geoscience data
informs land-use planning
for protection of natural
beauty and development of
resources and for healthy
families + communities;
provide a foundation to
help assess cumulative
impact on the land from
development and climate
change

Government Priority

Region

Objective
Provide the geologic
framework to support
earth resource
exploration (minerals,
metals and energy),
land-use planning,
economic and
infrastructure
development and
provide a geoscience
baseline to help assess
cumulative impacts of
development by
collecting, interpreting,
synthesizing and
disseminating
geoscience information

Strategy
In
collaboration,
apply
geoscience
techniques to
assess Earth
resource
potential to
meet societal
and
government
priorities

f) Far North terrain mapping project:
remote sensing and data interpretation;
reconnaissance mapping (Barnett, Yeung and
McCallum 2013a-g)
g) Surficial deposits sampling in the “Ring of Fire”
region: overburden sampling for indicator
minerals, i.e., gold, diamonds, platinum group
metals, base metals and REE
h) Geochemistry of detrital chromite: investigating
their use as a vector to nickel-copper-PGE,
chromium and iron-titanium-vanadium deposits:
in-kind support to the TGI-4 Initiative
i) Quaternary glaciation and stratigraphy of the
Ridge River area in northern Ontario:
MSc thesis study
j) Study of Pleistocene interglacial paleoenvironments in northern Ontario:
PhD thesis study
k) Assimilation of Optical and Radar Data Into
Permafrost/Soil Temperature Modelling in
Relationship to Carbon and Water Cycles in
Northern Ecosystems

Surficial
Geochemistry of
Northern Ontario
Initiative

Targeted Geoscience
Initiative 4 (TGI-4)
– Federal Program

Geo-mapping for
Energy and Minerals
(GEM)
– Federal Program;

“Ring of Fire”
Initiative;

Surficial Geology
Mapping and
Sampling

Current Projects
a) Bedrock geology and compilation of the
McFaulds region: multi-year bedrock geology
mapping, core re-logging and compilation in the
“Ring of Fire” as in-kind support to the TGI-4
Initiative
b) Regional characterization of mafic to ultramafic
intrusions in the Oxford–Stull and Uchi
domains, Superior Province: TGI-4 Initiative
c) Petrology of iron-vanadium-titanium mafic
intrusions in the McFaulds Lake greenstone belt:
MSc thesis study as part of the TGI-4 Initiative
d) Study of the ultramafic to mafic Black Label–
Black Thor intrusive complex in the McFaulds
Lake greenstone belt: a total of 4 MSc and PhD
thesis studies as part of the TGI-4 Initiative
e) Zircon Lu-Hf systematics of granites across the
Uchi domain–North Caribou terrane boundary:
MSc thesis study

Activity

Precambrian
Bedrock Geology
Far North Land Use Mapping
Planning Initiative;

Initiative

Table 2.1. Government Priorities linked to current projects of the Earth Resources and Geoscience Mapping Section: 2013–2014.

Earth Resources and Geoscience Mapping Section (2)
J.R. Parker

continued
from p.2-2

see p.2-2
for details

see p.2-2 for details

Near North Northeast

Strategy

continued from p.2-2

Government Priority

Far North,
continued

Region

Table 2.1, continued.

see p.2-2
for details

continued
from p.2-2

Objective
Surficial
Geochemistry

Activity

Proterozoic Initiative

Abitibi Initiative
Precambrian
Bedrock Geology
Mapping

Geophysical
Geo-mapping for
Energy and Minerals Mapping
(GEM)
– Federal Program; Paleozoic Bedrock
Targeted Geoscience Geology Mapping
Initiative 4 (TGI-4)
– Federal Program

Far North Land Use
Planning Initiative;

“Ring of Fire”
Initiative;

Initiative
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e) Geology of Varley–Albanel townships: 1:20 000
scale bedrock geology mapping with focus on
mineral potential (Lewis 2013a)
f) Geology of Morin–Otter townships: 1:20 000
scale bedrock geology mapping with focus on
mineral potential
g) Geology of the Pecors–Whiskey area: 1:20 000
scale bedrock geology mapping (Easton 2013a,
2013b)

a) Bartlett and Halliday domes bedrock geology
mapping: data compilation project (Préfontaine
and Robichaud 2013; Robichaud, Préfontaine
and Magnus 2013)
b) Geochemical Database Value-Added Products –
construct value-added products from compiled
lithogeochemical data
c) Geology of Price and Thorneloe townships:
1:20 000 scale bedrock geology mapping and
diamond-drill core logging with focus on gold
potential
d) Northeast Wawa greenstone belt bedrock
geology mapping – 1:20 000 and 1:50 000 scale
township mapping

n) Paleozoic stratigraphy and hydrocarbon
resource potential of the Hudson Platform:
bedrock mapping and core logging to upgrade
geoscience data for Paleozoic strata in the
Hudson Bay Lowland and re-evaluate
hydrocarbon resource potential in support of the
GEM Initiative

m) Geophysical modelling of regional airborne
gravity survey data – in-kind support to the TGI4 Initiative

l) McFaulds Lake area lake sediment and water
sampling pilot study: high-density lake sediment
and water geochemistry pilot survey – mineral
exploration and baseline environmental data

Current Projects

Earth Resources and Geoscience Mapping Section (2)
J.R. Parker

continued
from p.2-3

see p.2-2
for details

see p.2-2 for details

Near North Northwest

Strategy

continued from p.2-3

Government Priority

Near North Northeast,
continued

Region

Table 2.1, continued.

see p.2-2
for details

continued
from p.2-3

Objective

Metallogeny and
Geology of
Northwest Ontario

Surficial
Geochemistry of
Northern Ontario
Initiative

Initiative

a) Western Wabigoon Subprovince Synthesis:
multi-year 1:100 000 scale bedrock geology
compilation and synthesis of the western
Wabigoon Subprovince
b) Geodynamic setting of volcanogenic massive
sulphide mineralization in the Wawa
Subprovince: PhD thesis study (Lodge 2013;
Lodge and Chartrand 2013)
c) Minnitaki Lake (Southeast Bay) bedrock geology
mapping project: 1:20 000 scale bedrock
geology mapping with focus on mineral potential
and structure
d) Bedrock geology of Aldina Township,
Shebandowan greenstone belt – 1:20 000 scale
bedrock geology mapping
e) Study of the Marmion terrane 4-D crust–mantle
evolution and mineral systems – PhD thesis
study
f) Geology of the Rowan Lake area: 1:50 000 scale
bedrock geology mapping to better understand
the geology, structure and setting of gold
mineralization

j) Surficial geology mapping and till sampling in
the Detour Lake–Burntbush area (Gao 2013a,,
2013b)
k) Surficial geology mapping and till sampling in
the Chapleau area
l) Analysis of B- and C-horizon soil samples
collected in the Temagami, Sudbury and Algoma
forest management units in northeastern Ontario

Surficial Geology
Mapping and
Sampling

Precambrian
Geology Bedrock
Mapping

h) East Bull Lake Intrusion copper-nickel-PGE
element dispersion case study
i) Kimberlite gas and biota study – PhD thesis
study to understand the chemical and biotic
influences on the weathering of ultramafic
minerals which has implications for the drivers
and mechanisms sustaining microbial life in the
terrestrial subsurface

Current Projects

Surficial
Geochemistry

Activity

Earth Resources and Geoscience Mapping Section (2)
J.R. Parker
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South

Near North Northwest,
continued

Region

see p.2-2 for details

continued from p.2-4

Government Priority

Table 2.1, continued.

see p.2-2
for details

continued
from p.2-4

Strategy

see p.2-2
for details

continued
from p.2-4

Objective

Activity

Current Projects

Proterozoic
Initiative

Surficial
Geochemistry of
Northern Ontario
Initiative
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a) Geology of Admaston–Horton–Renfrew area:
multi-year 1:20 000 scale bedrock geology
mapping of the Renfrew region to better
understand the geology and metallogeny,
Grenville Province
b) Geology of the Brudenell area: multi-year
1:50 000 scale bedrock geology and compilation
mapping project to improve understanding of the
geology and mineral deposits of the northwest
Central Metasedimentary Belt, Grenville
Province

k) Greenstone area high-density lake sediment and
water geochemistry survey:
Municipality of Greenstone
l) Separation Lake area high-density lake sediment
and water geochemistry survey:
Rex–Werner–Separation lakes area
m) Current Lake area high density lake sediment
and water survey pilot study: Current Lake area
north of Thunder Bay
n) Marathon area high-density lake sediment and
water geochemistry survey
Geochemical
Mapping

Precambrian
Bedrock Geology
Mapping

j) Regional till sampling at Mowe Lake: surficial
geology mapping and geochemical sampling (till
and stream sampling)

Surficial Geology
Mapping and
Sampling

Proterozoic Initiative Precambrian
g) Geoscience studies of Mesoproterozoic
Geology Bedrock
Midcontinent Rift–related mafic intrusions:
Targeted Geoscience Mapping, continued
ongoing reconnaissance sampling of intrusions
Initiative 4 (TGI-4)
near Thunder Bay to characterize geochemistry
– Federal Program
and assess mineral potential – MSc thesis study
h) Geological mapping and petrogenesis of the
Thunder intrusion – MSc thesis study in support
of the TGI-4 Initiative
i) Mineralogical analyses of ijolites and related
rocks, Mesoproterozoic Prairie Lake carbonatite
complex, northwestern Ontario (Zurevinski and
Crabtree 2013).

Initiative

Earth Resources and Geoscience Mapping Section (2)
J.R. Parker

South,
continued

Region

continued from p.2-5

Government Priority

Table 2.1, continued.

continued
from p.2-5

Strategy
continued
from p.2-5

Objective

Activity

Current Projects

Geophysical
Mapping

h) Airborne geophysical survey in eastern Ontario
i) Project management and QA/QC of airborne
geophysical surveys

Proterozoic
Precambrian
c) Geology of the Cobden area: multi-year
Initiative, continued Bedrock Geology
1:50 000 scale bedrock geology and compilation
Mapping, continued
mapping project to improve understanding of the
geology and mineral deposits
d) Geology of the Mud Lake, Black Donald Lake
and Centennial Lake areas: multi-year 1:20 000
scale bedrock geology and compilation mapping
project to improve understanding of the geology
and mineral deposits
e) Geological mapping and structural analysis in
the Nepewassi domain, Central Gneiss Belt,
Grenville Province – MSc thesis study
f) Origin and tectonic history of plutons in the
southeastern Central Metasedimentary Belt,
Grenville Province - MSc thesis study
g) Nickel-copper mineralization at the Raglan Hills
gabbro, Grenville Province: MSc thesis study
(Magnus 2013a, 2013b)

Initiative

Earth Resources and Geoscience Mapping Section (2)
J.R. Parker
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Improving Quality of Life:
• identification of natural and
anthropogenic metals and
organic components in the
environment mitigates the
impact of geohazards on public
health and safety

In
collaboration
with other
government
ministries,
apply
geoscience
techniques in
areas of
environmental
priority to
identify
natural and
anthropogenic
hazards

Apply and
integrate
geoscience
techniques and
data related to
groundwater,
Economy:
regional
• energy options in the south
surface and
(and Far North) related to
subsurface
renewable (ground heat) and
geology, and
non-renewable (natural gas)
natural gas
energy options that occur in the properties to
subsurface
assess energy
potential and
Improving Quality of Life:
implications
• impact of natural gas on
for
groundwater quality and
environment,
implications for health and
groundwater
safety
quality, and
public health

Green Energy Transition:
• identification of renewable
(ground heat) to non-renewable
(natural gas) energy options that
occur in the subsurface

South,
continued

Strategy

Government Priority

Region

Table 2.1, continued.
Initiative

Provide the geologic Environmental
Initiative
context for
identification and
interpretation of
natural and
anthropogenic
threats to the
environment, water
quality issues, and
geohazards by
collecting,
interpreting,
synthesizing and
disseminating
geoscience
information

Provide a geoscience Energy Initiative
framework to assess
energy potential in
the south and Far
North and the
relationship between
the geology and
groundwater quality
and public health
and safety

Objective

Stream Sediment
Sampling and
Analysis

Gas Assessment of
Paleozoic Shales

Activity

k) Southern Ontario Stream Sediment
Geochemistry Survey: collaborative project with
the Ministry of the Environment to conduct
analysis of organic and inorganic compounds in
collected stream sediment samples, southern
Ontario
l) Sampling and analysis of stream sediments and
waters near Lake Erie: MSc thesis study and
collaborative project with Ministry of
Agriculture and Food and Ministry of Rural
Affairs (OMAFRA)

(Note the linkage to the Ambient Groundwater
projects in the south and the Far North Geomapping for Energy and Minerals (GEM) energy
projects)

j) Shale gas assessment of the Devonian
Kettle Point Formation and Ordovician shale
units: multi-year program to assess shale gas in
various bedrock shale units in southern Ontario
and assess interaction with groundwater
resources (Béland Otis 2013a, 2013b)

Current Projects

Earth Resources and Geoscience Mapping Section (2)
J.R. Parker

South,
continued

Economy:
• water is essential to growth

Apply
geoscience
techniques in
Improving Quality of Life:
areas of
• abundant clean water is a
groundwater
prerequisite for healthy families priority to
and communities (Places to
meet societal
Grow; climate change)
and
• understanding groundwater
government
systems (Clean Water Act;
priorities
Greenbelt) will enable
protection of natural beauty and
resources
• identification of groundwater
quality issues and geohazards
mitigates public health and
safety issues

Apply
Economy:
• aggregate material is essential geoscience
techniques in
to infrastructure development
areas of
and growth
aggregate
Infrastructure Investments:
resource
• aggregate resource supply is
priority to
essential to infrastructure
meet societal
investments
and
Improving Quality of Life:
government
priorities
• collection of new, accurate
geoscience data on aggregate
and industrial mineral resources
informs land-use planning for
protection of natural beauty,
development of resources
required to support healthy
families and communities

Strategy

Government Priority

Region

Table 2.1, continued.
Objective

Provide the
geoscience
framework for
groundwater use,
protection, and
planning by
collecting,
interpreting,
synthesizing and
disseminating
geoscience
information

Provide the
geoscience
framework for
identification of
aggregate and
industrial mineral
resources for landuse planning and for
resource and
infrastructure
development by
collecting,
interpreting,
synthesizing and
disseminating
geoscience
information

Current Projects

Two-Dimensional
(2-D) and ThreeDimensional (3-D)
Surficial Sediment
Mapping

Surficial Geology
Mapping and
Sampling

s) Quaternary geology mapping of the Lindsay–
Peterborough area: 1:50 000 scale Quaternary
& surficial geology mapping
t) Three-dimensional (3-D) mapping of Quaternary
geology deposits in the southern part of Simcoe
County: multi-year project to generate 3-D
geologic overburden model for groundwater
assessment (Mulligan and Bajc 2013)
u) Three-dimensional (3-D) mapping of the
Orangeville–Fergus area: multi-year project to
generate 3-D geologic overburden model for
groundwater assessment in the Orangeville–
Fergus area (Burt and Webb 2013; Ontario
Geological Survey 2013a, 2013b)
v) Three-dimensional mapping of Quaternary
geology deposits in the Niagara Peninsula:
multi-year project to generate 3-D geologic
overburden model for groundwater assessment.
First-year literature review, sampling, mapping
and ground geophysical gravity survey
w) Norfolk County – Tier 3 groundwater study:
logging overburden cores to generate geologic
framework for Norfolk region

Industrial Minerals q) Guelph Formation industrial minerals study
Resource Evaluation r) Industrial sand pilot project

m) Renfrew County ARIP: continue aggregate
resources inventory
n) Middlesex County ARIP: complete aggregate
resources inventory
o) Oxford–Brant Counties ARIP: complete
aggregate resources inventory
p) Seamless ARIP project: Compile existing ARIP
maps to create seamless map for southern
Ontario
Note: 4 ARIPs were completed and published in
2013 (Rowell 2013a, 2013b; Lee 2013a, 2013b)

Industrial Minerals
Inventory Initiative

Activity
Aggregate
Resources Mapping
and Inventory

Initiative
Aggregate
Resources Initiative

Earth Resources and Geoscience Mapping Section (2)
J.R. Parker
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South,
continued

Region

continued from p.2-8

Government Priority

Table 2.1, continued.

continued
from p.2-8

Strategy
continued
from p.2-8

Objective

2-9
Geochemical
Mapping

Geophysical
Mapping

Geophysical
Techniques in
Support of Surficial
Mapping

Paleozoic Bedrock
Mapping

Activity

Ambient
Groundwater
Geochemistry
Mapping

Three-Dimensional
(3-D) Bedrock
Geology Mapping

Initiative

cc) Regional ground gravity survey in the Niagara
Peninsula region - supports 3D surficial
mapping
dd) Regional ground gravity survey in the Forest
Hill–Elmira area: to support 3-D surficial
mapping

bb) Ambient Groundwater and Geochemistry
Project: field sampling of overburden and
bedrock wells in Kingston region to assess
geochemical and other water parameters
cc) Aquifer capability screening tool pilot study,
Clarence–Rockland, Ontario – MSc thesis study
and collaboration with South Nation River
Conservation Authority

x) Bedrock aquifer, karst and Early Silurian
sequence stratigraphy mapping project - Guelph
to Owen Sound: groundwater flow
characterization, mapping karst distribution,
bedrock core logging, water sampling and
isotope studies
y) Bedrock aquifer mapping of the Niagara
Escarpment cuesta: support bedrock aquifer,
karst and Silurian sequence stratigraphy project
through FLUTe™ water sampling and mapping
in collaboration with the City of Guelph
z) Characterize groundwater flow systems of the
Early Silurian rocks of the Niagara Escarpment
cuesta – PhD thesis study
aa) Lineament and structural analysis of Chatham
airborne magnetic data: collaboration with
Ministry of Natural Resources to develop a
methodology for identification of fault structures
in Paleozoic rocks

Current Projects

Earth Resources and Geoscience Mapping Section (2)
J.R. Parker

Government Priority

Improving Quality of Life:
• collection of new, accurate
geoscience data informs landuse planning for protection of
natural beauty, development of
resources and for healthy
families + communities

PanEconomy:
Provincial • understanding the geology and
Earth resource potential of
Ontario attracts investment
dollars and triggers economic
development

Region

Table 2.1, continued.
Objective
Provide the
geoscience
framework to
support earth
resource exploration
(minerals, metals
and energy), land
use planning,
economic and
infrastructure
development and
provide a geoscience
baseline to help
assess cumulative
impacts of
development by
collecting,
interpreting,
synthesizing and
disseminating
geoscience
information

Strategy
Apply
geoscience
techniques to
assess Earth
resource
potential to
meet societal
and
government
priorities
Maintenance of
Provincial
Geophysical Data

Provincial-scale
Metallogenic
Inventory

Initiative
Precambrian
Bedrock Geology
Mapping;
Geoscience Data
Inventory and
Compilation

Activity

a) Document the distribution of regional settings
and characteristics of mineralized, intermediate
to felsic plutonic systems
b) Metamorphic patterns in Archean greenstone
belts
c) Maintain geochronology database for Ontario
d) Magnetic supergrid update
e) Processing proprietary geophysical data
f) Maintaining Ontario Precambrian Bedrock
magnetic susceptibility geodatabase (Muir 2013)

Current Projects

Earth Resources and Geoscience Mapping Section (2)
J.R. Parker
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The ERGMS supported 80 active projects during the 2013–2014 fiscal year, which includes 50
active core projects (see Table 2.1) and 30 active collaborative projects (Table 2.2). The collaborative
projects include 3 projects with other provincial ministries; 12 projects with the Geological Survey of
Canada (GSC); 1 project with the City of Guelph; 1 project with the South Nation River Conservation
Authority; 1 project with Terrafact (Canada) Inc.; 1 multidisciplinary project led by the University of
New Brunswick; and 11 graduate thesis projects with universities. The ERGMS also supported 8 additional
graduate thesis projects as part of projects with GSC and other organizations already mentioned above
(see Table 2.1). Locations for projects for which there are corresponding articles in this volume are
depicted in Figures 2.1 and 2.2.

Figure 2.1. Location of Earth Resources and Geoscience Mapping Section projects in northern and the Far North of Ontario
described in Summary of Field Work and Other Activities, 2013. Numbers correspond to article numbers.
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From November 2012 to November 2013 inclusive, the ERGMS produced 15 Preliminary Maps,
2 Open File Reports, 12 Miscellaneous Releases—Data (MRD), 4 Aggregate Resource Inventory Papers
(ARIP), 1 Geophysical Data Set (GDS) and 2 airborne geophysical survey maps (see “References” in this
article for a complete listing of these publications). The ERGMS staff presented numerous technical talks
and posters at various geoscience forums and meetings throughout the year.

Figure 2.2. Location of Earth Resources and Geoscience Mapping Section projects in southern Ontario described in Summary of
Field Work and Other Activities, 2013. Numbers correspond to article numbers.
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Surficial Geochemistry of
Northern Ontario Initiative

Environmental Initiative
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Terrafact (Canada) Inc.

Ongoing, commenced in mid-2013

Summary of Field Work article in 2013

Collaborative project to collect and analyze B- and C-horizon
soil samples collected in the Temagami, Sudbury and Algoma
forest management units in northeastern Ontario during 2013
and 2014

Ministry of Agriculture and Food,
Ministry of Rural Affairs

MSc thesis study involving sampling and analysis of stream
sediments and waters near Lake Erie

Ongoing

Summary of Field Work article in 2013

Ministry of the Environment

Southern Ontario stream-sediment geochemistry survey

Summary of Field Work article in 2013

Summary of Field Work article in 2013

PhD thesis study of kimberlite gas and biota to better
University of Toronto
understand the chemical and biotic influences on the weathering
of ultramafic minerals and implications for the drivers and
mechanisms sustaining microbial life in the terrestrial
subsurface

Lakehead University,
University of Western Australia

University of New Brunswick,
Ongoing, commenced in 2013
University of Ottawa,
University of Waterloo,
NRCan–Canadian Forest Service,
Parks Canada and
Ontario Forest Research Institute–
Ministry of Natural Resources (MNR)

Collaboration in a multi-disciplinary project to study the
assimilation of optical and radar data into permafrost/soil
temperature modelling in relationship to carbon and water
cycles in northern ecosystems under a Canadian Space Agency
Grant

MSc thesis study of zircon Lu-Hf systematics of granites across
the Uchi domain–North Caribou terrane boundary

University of Toronto

PhD thesis study of Pleistocene interglacial paleo-environments
in northern Ontario

Summary of Field Work article in 2013

Western University

MSc thesis study of the Quaternary glaciation and stratigraphy
of the Ridge River area in northern Ontario

Far North Land Use
Planning Initiative

Project Progress

Project Collaborator(s)

Project

Initiative

Table 2.2. Earth Resources and Geoscience Mapping Section collaborative initiatives, 2013–2014.
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Dalhousie University
Lakehead University

Lakehead University,
University of Western Australia

Mineral Exploration Research Centre OGS–Laurentian University Graduate
(MERC)–Laurentian University
Mapping School Program; completed
(Lodge 2013; Lodge and Chartrand 2013)
University of Waterloo

MSc thesis study to conduct geological mapping in the
Nepewassi domain, Central Gneiss Belt, Grenville Province
MSc thesis study of geological, paleomagnetic, geochemical
and geochronological studies of Mesoproterozoic Midcontinent
Rift–related mafic intrusions near Thunder Bay
PhD thesis study of the Marmion terrane 4-D crust–mantle
evolution and mineral systems in the Wabigoon Subprovince
PhD thesis study of the geodynamic setting of volcanogenic
massive sulphide mineralization in the Wawa Subprovince
PhD thesis study to characterize groundwater flow systems of
the Early Silurian rocks of the Niagara Escarpment cuesta
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Project to start in November 2013

Ministry of Natural Resources

South Nation River Conservation
Authority

Geological Survey of Canada

Collaborate on a lineament and structural analysis of airborne
geophysical data in the Chatham–Sarnia area to develop
methodology for identification of fault structures in Paleozoic
rocks
Collaborate on a pilot study to produce groundwater aquifer
capability maps for the City of Clarence–Rockland and to
determine the viability of the approach to apply to other
municipalities; project also supports an MSc thesis study
Collaborate on reflection seismic geophysical surveys in the
southern part of Simcoe County in support of 3-D surficial
geology mapping

Ambient Groundwater
Geochemistry Mapping

Collaborative Projects with
the GSC:
Groundwater Program

Project to start in late October 2013

Summary of Field Work article in 2013

Initiated in 2013

Ongoing, thesis work started in 2013

Summary of Field Work article in 2013

Completed (Cundari et al. 2013)

Summary of Field Work article in 2013

Second year of multiyear project

Collaboration and data sharing agreement as part of the Bedrock City of Guelph
Aquifer Mapping of the Niagara Escarpment Cuesta project

3-D and 2-D Bedrock
Geology Mapping

Metallogeny and Geology of
Northwest Ontario

Carleton University

MSc thesis study on the origin and tectonic history of the circa
1090 to 1070 million-year-old plutons in the southeastern
Central Metasedimentary Belt, Grenville Province

Completed (Magnus 2013a, 2013b)

Carleton University,
First Nickel Inc.

MSc thesis study of nickel-copper mineralization at the Raglan
Hills gabbro, Grenville Province

Proterozoic Initiative

Project Progress

Project Collaborator(s)

Project

Initiative

Table 2.2, continued.
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Geological Survey of Canada

Geological Survey of Canada
Geological Survey of Canada
Lakehead University,
Geological Survey of Canada,
Noront Resources Ltd.,
MacDonald Mines Exploration Ltd.

Collaboration to study Paleozoic stratigraphy and hydrocarbon
resource potential of the Hudson Platform

Bedrock geology mapping, diamond-drill core re-logging and
compilation of the McFaulds Lake (“Ring of Fire”) region
Regional characterization of ultramafic to mafic intrusions in
the Oxford–Stull and Uchi domains, Superior Province
MSc thesis study of petrology of iron-vanadium-titanium mafic
intrusions in the McFaulds Lake greenstone belt

Collaborative Projects with
the GSC:
Geo-mapping for Energy
and Minerals (GEM)
Initiative

Collaborative Projects with
the GSC:
Targeted Geoscience
Initiative 4 (TGI-4)
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Summary of Field Work article in 2013
Laurentian University,
Geological Survey of Canada,
Cliffs Natural Resources Inc.
Geological Survey of Canada

Geological Survey of Canada

MSc thesis study of the mineralogy, geochemistry and
petrogenesis of nickel-copper-platinum group element
mineralization in the mafic to ultramafic Black Thor intrusive
complex, McFaulds greenstone belt
Collaborative project to investigate the geochemistry of detrital
chromite and its use as a vector to nickel-copper-PGE,
chromium and iron-titanium-vanadium deposits
Collaborative project to conduct geophysical modelling of
regional airborne gravity survey data

MSc thesis study to map and characterize the Thunder Intrusion, Lakehead University,
north of Thunder Bay.
Geological Survey of Canada,
Rio Tinto

Summary of Field Work article in 2013

Ongoing

Ongoing

Summary of Field Work article in 2013

MSc thesis study of the geology and genesis of mobilized
Laurentian University,
chromitite in the Black Label pyroxenite zone of the Black Thor Geological Survey of Canada,
intrusive complex, McFaulds greenstone belt
Cliffs Natural Resources Inc.

MSc thesis study of the stratigraphy, geochemistry and
petrogenesis of the Black Label chromite zone of the
Black Thor intrusive complex, McFaulds greenstone belt

Summary of Field Work article in 2013

Summary of Field Work article in 2013

Summary of Field Work article in 2013

Summary of Field Work article in 2013

Ongoing project with first maps
anticipated in 2014

Ongoing data collection and compilation

Project Progress

Laurentian University,
Geological Survey of Canada,
Cliffs Natural Resources Inc.

PhD thesis study of the mafic to ultramafic Black Thor intrusive Laurentian University,
complex and associated chromium and nickel-copper-platinum Geological Survey of Canada,
group element mineralization, McFaulds Lake greenstone belt
Cliffs Natural Resources Inc.

Project Collaborator(s)

Project

Initiative

Table 2.2, continued.
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PROGRAM DIRECTION: STRATEGIES
Core Geoscience Program
The ERGMS strategies and objectives (see Table 2.1) are derived from MNDM business goals, the
Mines and Minerals Division Strategic Framework and the OGS Strategic Plan.
The purpose of ERGMS strategies is to focus staff and resources in key geological areas or
geoscience themes, over a period of 3 to 5 years, to contribute to
•

expanding the geoscience database of Ontario;

•

support sustainable development and effective land-use planning;

•

provide the geoscience framework for groundwater use, public health and safety and the public
good;

•

support and attract new mineral investment;

•

build new collaborations with Aboriginal communities, private sector, academe and federal
government; and

•

collaborate with other ministries on initiatives of mutual interest.

These strategies are addressed through a series of initiatives built upon one or more projects (see
Table 2.1). In addition, the ERGMS participates in several collaborative projects (see Table 2.2) to
complement existing staff skills and capacity and to expand the amount of geoscience data that describe
Ontario. Collaborative projects are an important means to extend government resources and to capitalize
on resources and expertise available in other government geological surveys, universities or private sector.
The ERGMS program is organized into 5 technical strategies or objectives to provide the geoscience
framework or context to
1.

support earth resource exploration (minerals, metals and energy), land use planning, economic
and infrastructure development and provide a geoscience baseline to help assess cumulative
impacts of development by collecting, interpreting, synthesizing and disseminating geoscience
data;

2.

assess energy potential in the south and Far North and the relationship between the geology and
groundwater quality and public health and safety;

3.

identify and interpret natural and anthropogenic threats to the environment, water-quality issues
and geohazards by collecting, interpreting, synthesizing and disseminating geoscience information;

4.

identify and inventory aggregate and industrial mineral resources for land-use planning and
resource and infrastructure development by collecting, interpreting, synthesizing and
disseminating geoscience data;

5.

identify and inventory groundwater resources for use, protection, and planning by collecting,
interpreting, synthesizing and disseminating geoscience data.
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INITIATIVES
The ERGMS initiatives are based on geographic or functional groupings and are made up of
1.

team initiatives (i.e., Abitibi Initiative) consisting of individual projects that are designed to
meet an overall goal;

2.

interjurisdictional team initiatives, such as the Targeted Geoscience Initiative 4 (TGI-4) and
Geo-mapping for Energy and Minerals (GEM) initiative, that consist of individual and joint
OGS and GSC projects that are also designed to meet an overall goal or objective; and

3.

individual, focussed projects.

The major initiatives of the ERGMS are subdivided into 8 broad categories outlined below and in Table 2.1.
Initiatives that involve collaborative project agreements with the GSC:
•
Targeted Geoscience Initiative 4 (TGI-4) nickel-copper-platinum group element (PGE)chromium projects and lode gold projects;
•
Geo-mapping for Energy and Minerals (GEM) initiative projects.
Initiatives involving provincial-scale metallogenic compilation and inventory studies:
•
documentation of specific types of mineralization;
•
inventories of various tectonic settings relevant to mineral exploration.
Initiatives based on geographic area:
•
Abitibi initiative;
•
“Ring of Fire” initiative
•
Far North Land Use Planning initiative;
•
metallogeny and geology of northwestern Ontario;
•
surficial geochemistry of northern Ontario;
•
surficial mapping of northern Ontario;
•
surficial geochemistry of southern Ontario;
•
surficial mapping of southern Ontario;
•
Proterozoic initiative
•
Paleozoic initiative.
Initiatives involving aggregate and industrial mineral resource compilation and inventory studies:
•
documentation and inventory of aggregates resources;
•
inventories of industrial mineral resources.
Initiatives involving support of the groundwater program:
•
two- (2-D) and three-dimensional (3-D) surficial sediment mapping initiative;
•
2-D and 3-D Paleozoic bedrock geology mapping initiative;
•
ambient groundwater geochemistry mapping initiative;
•
environmental initiative.
Initiatives involving documentation, compilation and inventory studies of energy resources:
•
documentation of hydrocarbons in Paleozoic rocks.
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Initiatives involving geophysical projects:
•
geophysics and bedrock geology mapping integration initiative;
•
geophysics and rock properties data set initiative
•
geophysical techniques in support of surficial sediment mapping.
Initiatives that develop and manage client, stakeholder and First Nation relationships:
•
external and internal committees;
•
regional associations;
•
maintaining relationships and exchanging technical information with First Nation communities
and regional prospector’s associations.

NEW COLLABORATIVE INITIATIVES
The following new technical initiatives are potential collaborations with the federal government and
may require ERGMS resources during the upcoming 2014–2015 fiscal year:
•
GEO-mapping for Energy and Minerals 2 (GEM2) initiative (ERGMS will contribute to
planning during the 2013–2014 fiscal year);
•
A possible future Targeted Geoscience Initiative (ERGMS will contribute to planning during
the 2013–2014 fiscal year);
•
Federal Groundwater Program (ERGMS will plan collaboratively with the Geological Survey of
Canada during the 2013–2014 fiscal year on groundwater projects of mutual interest in Ontario);
•
Federal Environmental Program (ERGMS will plan collaboratively with the Geological Survey
of Canada during the 2013–2014 fiscal year on groundwater projects of mutual interest in Ontario).

COMMUNITY-GUIDED GEOSCIENCE
The ERGMS and the Publication Services Section (PSS) of the OGS provided “in-kind” support to
the Discover Abitibi Initiative (DAI) for the final year by preparing final products for 3 geoscience
projects that ended in 2012: the Burntbush–Normétal mapping project (Barrett, Ayer et al. 2013); a study
of the Montclerg gold deposit (Barrett, Wilson et al. 2013); and an evaluation of gold mineralization in
the Matachewan, Shining Tree, Chester Township and Northern Cobalt Embayment (Ayer et al. 2013).
A possible new Community-Guided Geoscience initiative in northeastern Ontario may require some
ERGMS support during the upcoming 2014–2015 fiscal year.

COLLABORATIVE PROJECTS WITH THE GEOLOGICAL SURVEY OF
CANADA
The Targeted Geoscience Initiative 4 (TGI-4) commenced in 2011 and is a five-year, collaborative,
federal geoscience program with a mandate to generate new geoscience knowledge in support of deep
exploration (see “Targeted Geoscience Initiative 4”, this volume, Articles 49 to 59). To accomplish this
objective, the Geological Survey of Canada (GSC), as part of the Earth Sciences Sector (ESS) of Natural
Resources Canada (NRCan), has implemented an extensive program with activities focussed on regions in
and around established and emerging mineral camps. In addition, TGI-4 will lead the development of new
geoscience-based techniques in support of more effective exploration for buried mineral deposits.
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The GSC and OGS, private sector and academia are collaborating on geoscience projects located
throughout Ontario that are focussed on nickel-copper-PGE-chromium (Houlé and Metsaranta, this
volume, Article 49; Sappin et al., this volume, Article 51; Carson et al., this volume, Article 52;
Mehrmanesh et al., this volume, Article 53; Spath III, Lesher, Houlé, this volume, Article 54; Farhangi,
Lesher, Houlé , this volume, Article 55; Kuzmich, Hollings and Houlé, this volume, Article 56; Trevisan,
Hollings and Ames, this volume, Article 57) and lode gold deposits (Tóth et al., this volume, Article 58;
Kelly, Gagnon and Schneider, this volume, Article 59).
Collaborative GSC–OGS projects in the McFaulds Lake “Ring of Fire” region include
•
ongoing bedrock geology mapping, diamond-drill core re-logging and compilation as part of a
multi-year OGS–GSC collaborative project as OGS “in-kind” support to the TGI-4 (Houlé and
Metsaranta, this volume, Article 49; Metsaranta and Houlé, this volume, Article 50);
•
regional characterization of ultramafic to mafic intrusions in the Oxford–Stull and Uchi
domains (Sappin et al., this volume, Article 51);
•
ongoing interpretation and modelling of the airborne gravity gradiometer and magnetic
geophysical survey conducted in the McFaulds Lake greenstone belt, which includes
participation of ERGMS staff;
•
a study of the geochemistry of detrital chromite and investigating their use as a vector to nickelcopper-PGE, chromium and iron-titanium-vanadium deposits, which includes participation of
ERGMS and OGS Geoscience Laboratories staff;
•
co-support of an MSc thesis at Lakehead University to study the petrology and iron-titaniumvanadium mineralization of the Thunderbird and Butler mafic to ultramafic intrusions in the
McFaulds Lake greenstone belt, which includes participation of ERGMS staff and analytical
support from the OGS Geoscience Laboratories (Kuzmich, Hollings and Houlé, this volume,
Article 56);
•
co-support of a total of 4 thesis projects (1 PhD and 3 MSc theses) at Laurentian University to
study the mafic to ultramafic Black Thor intrusive complex in the McFaulds Lake greenstone
belt, which includes analytical support from the OGS Geoscience Laboratories (Carson et al.,
this volume, Article 52; Mehrmanesh et al., this volume, Article 53; Spath III, Lesher, Houlé,
this volume, Article 54; Farhangi, Lesher, Houlé, this volume, Article 55).
Another collaborative GSC–OGS TGI-4 project focussed on nickel-copper-PGE-chromium in Ontario is
•
co-support of an MSc thesis at Lakehead University to study and characterize the Thunder
intrusion, north of Thunder Bay, which includes analytical support from the OGS Geoscience
Laboratories (Trevisan, Hollings and Ames, this volume, Article 57).
The ERGMS is conducting the Hudson Platform project designed to complement targeted
geoscience activities by the GSC in the last year of their Geo-Mapping for Energy and Minerals (GEM)
initiative, which, in turn, is focussed on geological mapping for informed resource development in the
extreme Far North of Canada (generally north of latitude 60°). The Hudson Platform project is a study of
Paleozoic stratigraphy and hydrocarbon resource potential of the Hudson Platform, which involves
bedrock geology mapping, diamond-drill core logging and compilation to upgrade geoscience data for
Paleozoic strata in the Hudson Bay Lowland and to re-evaluate hydrocarbon resource potential
(Armstrong et al., this volume, Article 34; Hahn and Armstrong, this volume, Article 35; Ratcliffe and
Armstrong, this volume, Article 36).
The ERGMS is also collaborating with the GSC, as part of the Earth Sciences Sector (ESS) of
Natural Resources Canada (NRCan) Groundwater Geoscience Program. The GSC will be conducting
reflection seismic geophysical surveys in the southern part of Simcoe County to support the ERGMS
ongoing 3-D mapping of Quaternary deposits and groundwater aquifers in this region.
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OTHER COLLABORATIVE PROJECTS
Other collaborative projects that the ERGMS conducted in 2013 (see Table 2.2) are as follows:
•
support of an MSc thesis study at Western University of the Quaternary glaciation and
stratigraphy of the Ridge River area in northern Ontario (Nguyen, Hicock and Barnett, this
volume, Article 30);
•
support of an MSc thesis study with Lakehead University and the University of Western
Australia of zircon lutetium-hafnium systematics of granites across the Uchi domain–North
Caribou terrane boundary, which includes analytical support from the OGS Geoscience
Laboratories (Stainton, Hollings and Cundari, this volume, Article 9);
•
support of an PhD thesis study with Lakehead University and the University of Western
Australia of zircon lutetium-hafnium and oxygen systematics of granites across the Wabigoon
Subprovince, which includes some structural and geochemical work to map terrane boundaries
and relating these boundaries to mineral prospectivity, includes analytical support from the
OGS Geoscience Laboratories (Bjorkman et al., this volume, Article 8);
•
collaboration in a multi-disciplinary project to study the assimilation of optical and radar data
into permafrost and soil temperature modelling in relationship to carbon and water cycles in
northern ecosystems (Barnett, Finkelstein and Yeung, this volume, Article 29); collaborators are
University of New Brunswick, University of Ottawa, University of Waterloo, NRCan–Canadian
Forest Service, Parks Canada and the Ontario Forest Research Institute–Ministry of Natural
Resources (MNR);
•
support of a PhD thesis study at University of Toronto of Pleistocene interglacial paleoenvironments in northern Ontario to describe, sample, analyze and interpret multiple sub-till
organic-bearing sediment sequences in the Hudson Bay Lowland (Barnett, Finkelstein and
Yeung, this volume, Article 29);
•
support of a PhD thesis study of the geodynamic setting of volcanogenic massive sulphide
mineralization in the Wawa Subprovince as part of the OGS Graduate Mapping School Program
with Laurentian University (Lodge 2013; Lodge and Chartrand 2013);
•
support of geological, paleomagnetic, geochemical and geochronological thesis studies at
Lakehead University of Mesoproterozoic Midcontinent Rift–related mafic intrusions near
Thunder Bay, which includes analytical support from the OGS Geoscience Laboratories
(Cundari et al. 2013);
•
support of an MSc thesis study on the origin and tectonic history of the circa 1090 to 1070
million-year-old plutons in the southeastern Central Metasedimentary Belt, Grenville Province,
as part of a collaboration with Carleton University and includes analytical support from the
OGS Geoscience Laboratories (Cutts, Easton and Carr 2012);
•
support of a MSc thesis study of nickel-copper mineralization in the Raglan Hills gabbro,
Grenville Province, as part of a collaboration with Carleton University (Magnus 2013a, 2013b);
•
support a MSc thesis with Dalhousie University to conduct geological mapping in the
Nepewassi domain, Central Gneiss Belt, Grenville Province (Culshaw, Van de Kerckhove and
Jamieson, this volume, Article 18);
•
support of a PhD thesis study of kimberlite gas and biota with the University of Toronto to
better understand the chemical and biotic influences on the weathering of ultramafic minerals
and implications for the drivers and mechanisms sustaining microbial life in the terrestrial
subsurface (Esen et al., this volume, Article 41);
•
collaboration with Terrafact (Canada) Inc. to analyze B- and C- horizon soil samples collected
in the Temagami, Sudbury and Algoma forest management units in northeastern Ontario during
2013 and 2014;
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support and collaborate with the South Nation River Conservation Authority to conduct a pilot
study that will produce groundwater aquifer capability maps for the City of Clarence–Rockland
and to determine the viability of the approach and refine the methodology and protocols to
apply to other municipalities; this work also includes support for an MSc thesis and includes
analytical support from the OGS Geoscience Laboratories (Morton et al., this volume, Article 40);
collaborate with the City of Guelph as part of the bedrock groundwater aquifer mapping of the
Niagara Escarpment cuesta (Priebe, Brunton and Lee 2012);
support a PhD thesis at the University of Waterloo to characterize the groundwater flow systems
of the Early Silurian rocks of the Niagara Escarpment cuesta using physical, chemical and
numerical hydrogeological tools built on a sequence stratigraphic framework (Priebe, Brunton
and Lee 2012);
collaborate with Ministry of the Environment on a regional stream sediment geochemistry
project across southern Ontario (Dyer and Burke 2012);
collaborate with the Ministry of Agriculture and Food and Ministry of Rural Affairs
(OMAFRA) on a study of stream water and sediment geochemistry from the Lake Erie region
with a focus on phosphorus characterization; this work includes support for a MSc thesis and
analytical support from the OGS Geoscience Laboratories (Burke, this volume, Article 33);
collaborate with Ministry of Natural Resources on a lineament and structural analysis of
airborne geophysical data in the Chatham–Sarnia area to develop methodology for identification
of fault structures in the Paleozoic rocks.

PROVINCIAL-SCALE METALLOGENIC COMPILATION AND
INVENTORY STUDIES
The ERGMS continued 3 ongoing, multi-year, provincial-scale projects that fall under the initiative
to create inventories of various tectonic settings relevant to mineral exploration, as follows:
•
ongoing documentation of mineralized intermediate to felsic plutonic systems in the Superior
Province primarily focussed on documentation of gold mineralization related to felsic to
intermediate plutonic rocks in the Wabigoon Subprovince (Beakhouse, this volume, Article 5);
•
update and maintain the geochronology database for Ontario. The current geochronology
database is being updated and converted to a Microsoft® Access® database and GIS format;
•
documentation of metamorphic patterns in Archean greenstone belts with work initially
focussing on the Wabigoon Subprovince.

INTERJURISDICTIONAL AND COMMITTEE REPRESENTATION
Staff of the ERGMS represented the Ministry of Northern Development and Mines, the OGS and
other geoscience organizations on several interjurisdictional committees, internal committees and
associations during the 2012–2013 fiscal year, which are summarized below:
•
North American Commission on Stratigraphic Nomenclature (representing the Geological
Association of Canada)
•
Paleontology Division of the Geological Association of Canada
•
Targeted Geoscience Initiative 4 nickel-copper-PGE-chromium and lode gold project teams
•
TGI-4–National Geological Surveys Committee (NGSC) Subcommittee
•
Great Lakes Geologic Mapping Coalition
•
Canadian Mining Industry Research Organization (CAMIRO) Geophysics Expert Committee
•
CAMIRO Geochemical Expert Committee
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Conservation Authorities Geosciences Committee
Canadian Exploration Geophysical Society (KEGS) Scholarship Foundation
Far North Information and Knowledge Management Working Group
MNDM Management Health and Safety Committee
MNDM Green Team
MNDM Information Technology–Information Management (IT/IM) Strategy Committee
Geoscience Laboratories (Geo Labs)–ERGMS Working Group
Willet Green Miller Centre (WGMC) Joint Health and Safety Committee
GIS in the Ontario Public Service (OPS) License Management Task Force
Southern Ontario Stream Sediment Geochemistry Project Steering Committee
National Geoscience Information Management Group
Canadian Working Group on Regional Groundwater Flow Systems of the International
Association of Hydrogeologists
Thesis committees and adjunct professorships at universities (Laurentian University, Carleton
University, Ohio State University, Western University, University of Toronto, Chinese
Academy of Sciences)
Prospectors and Developers Association of Canada (PDAC) Health and Safety Committee
(representing the Committee of Provincial and Territorial Geological Surveys)
Prospectors and Developers Association of Canada (PDAC) Student–Industry Mineral
Exploration Workshop

STAFFING CHANGES IN THE SECTION
B. Azar, S.J. Magnus and L.M. Ratcliffe accepted positions with the ERGMS as Precambrian
Geoscientists. S. Biswas accepted a new Geophysicist position with the ERGMS.
T.L. Muir retired from the ERGMS closing a long career of public service that began as a field
assistant in the early-1970s. Tom mapped throughout Ontario (e.g., Red Lake, Abitibi, Sudbury) and
made a major contribution to the survey’s digital maps with his leadership during the development of
standardized bedrock map symbols and a common rock legend. Tom also assisted on geophysical projects
and created the Precambrian Bedrock Magnetic Susceptibility Geodatabase. Tom is also widely recognized
for his exceptional mapping of the Hemlo greenstone belt and its world-class gold deposits. Tom made a
major contribution to the detailed documentation of a unique Archean gold deposit and leaves a legacy of
detailed reports, journal papers and maps of the Hemlo area at the outcrop to regional scale.
B.R. Berger also retired from the ERGMS closing a 30-year career dedicated to public service,
geoscience and bedrock geology mapping in Ontario. Ben conducted mapping throughout northwestern
and northeastern Ontario, but spent almost 20 years mapping the bedrock geology in the Abitibi
greenstone belt. Ben contributed to the OGS Clay Belt Mapping Program in the Timmins region for
several years and developed a methodology for mapping in areas of extensive overburden cover. Ben also
mapped in the Kirkland Lake, Matachewan and Matheson regions, with his last mapping project focussed
on the Gogama area. Ben made a significant contribution to the federal Targeted Geoscience Initiative III
with his detailed mapping of the Kidd–Munro assemblage near Timmins. Ben also led an important
project to compile and develop a 1:250 000 digital bedrock geology theme in support of the Provincially
Significant Mineral Potential (PSMP) initiative. The bedrock geology theme is now used widely and has
been the foundation for further updates and modifications to Ontario’s bedrock geology map. Ben also
completed a compilation of evolved rhyolites across the province to aid in the identification of greenstone
belts with potential to host volcanogenic massive sulphide deposits.
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INTRODUCTION
The mapping carried out this summer was the first part of a multi-year bedrock mapping project to
update the geological knowledge of the Wawa Subprovince. During the summer of 2013, mapping
focussed on Marsh and Lang townships (Figure 3.1). The objectives of this summer’s work were to
1) perform the geological mapping in Marsh and Lang townships, which had not been mapped since 1971
(Bennett 1971a, 1971b); 2) characterize the major lithological units and stratigraphy; and 3) evaluate the
mineral potential of the area.

REGIONAL GEOLOGY
The Michipicoten greenstone belt consists of stratigraphically continuous successions of Archean
metavolcanic and metasedimentary rocks enclosed within Archean granitic rocks (Williams et al. 1991).
The mafic to felsic metavolcanic rocks can be subdivided into at least 3 distinct volcanic cycles (Table 3.1)
based on whole-rock geochemical analyses and U/Pb zircon ages: 2900 Ma, 2750 Ma and 2700 Ma (Sage
and Heather 1991; Heather and Arias 1992; Turek, Smith and Van Schmus 1982, 1984; Turek, Van
Schmus and Sage 1988); these cycles will be referred to in this report as the “2900 volcanic cycle”, the
“2750 volcanic cycle” and the “2700 volcanic cycle”, respectively.
The lower section of the 2900 volcanic cycle is composed of massive and pillowed amygdaloidal
mafic metavolcanic flows of basaltic to peridotitic komatiite composition. The upper section comprises
intermediate to felsic volcaniclastic deposits and flows of dacitic to rhyolitic composition (Sage and
Heather 1991). The intermediate to felsic metavolcanic rocks are overlain by iron formation with a
sulphide-rich base and a cherty top. The supracrustal rocks of this cycle are intruded by a 2888±2 Ma
granitic intrusive complex, which is coeval with the interpreted age of the capping iron formation of
2889±9 Ma (Turek, Smith and Van Schmus 1984, 1988).
The lower part of the 2750 volcanic cycle lies conformably above the 2900 volcanic cycle and is
composed of amygdaloidal, massive and pillowed intermediate to mafic metavolcanic flows of tholeiite to
high-iron tholeiite composition. A heterolithic, intermediate to mafic, breccia with discontinuous units of
cherty to graphitic iron formation lies over the massive and pillowed flow. The upper part of the cycle
consists of intermediate to felsic metavolcanic flows of dacitic to rhyolitic composition (Sage and Heather
1991). This cycle is capped by the Michipicoten iron formation, which has a siderite base and a graphiterich top and was deposited during a hiatus in volcanism between the 2750 volcanic and 2700 volcanic
cycles.
Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.3-1 to 3-10.
© Queen’s Printer for Ontario, 2013
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Figure 3.1. General geology map of the eastern part of the Michipicoten greenstone belt (geology from OGS 2011b). Marsh and Lang townships (outlined in red in the lower
right) are the focus of the present study. Universal Transverse Mercator (UTM) co-ordinates are provided in Zone 17 using North American Datum 1983 (NAD83).
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The base of the youngest (2700 Ma) volcanic cycle consists of mafic to intermediate massive and
pillowed amygdaloidal flows of tholeiite to high-iron tholeiite composition. The mafic to intermediate
metavolcanic rocks are overlain by an upper section of intermediate to felsic metavolcanic rocks of
dacitic to rhyolitic composition or related metasedimentary rocks (Sage and Heather 1991). This volcanic
cycle is not capped by iron formation; however, iron formation occurs within tuffs in the upper section of
the mafic to intermediate metavolcanic rocks and at the base of the metasedimentary rocks.
Several Archean gabbroic to dioritic intrusions intrude all 3 volcanic cycles (Sage and Heather
1991). The supracrustal rocks were intruded by several granitoid intrusions of varied composition,

<2700 Ma

Diabase dikes
Intrusive contact
Intermediate to felsic intrusive rocks
Intrusive contact
Mafic to intermediate metavolcanic rocks
Conformable contact

2700 volcanic cycle

Gabbroic and dioritic intrusive rocks
Intrusive contact
Intermediate to felsic metavolcanic rocks and associated sediments
Conformable contact
Iron formation
Conformable contact
Mafic to intermediate metavolcanic rocks
Conformable and intrusive contact

2750 volcanic cycle

Gutcher Lake stock (2722±1 Ma)
Intrusive contact
Iron formation
Conformable and intrusive contact
Jubilee stock (2745±3 Ma) and quartz-feldspar porphyry (2741.8±6.1 Ma)
Intrusive contact
Diorite, gabbro, peridotite
Intrusive contact
Intermediate to felsic metavolcanic rocks
? Conformable contact ?
Jubilee tuffs (2746±11 Ma), iron formation
? Conformable contact ?
Mafic to intermediate metavolcanic rocks
Conformable contact

2900 volcanic cycle

Table 3.1. Summary of the volcanic cycles of the Michipicoten greenstone belt. Compiled using data from Sage and Heather
(1991); Turek, Smith and Van Schmus (1982, 1984); Turek, Van Schmus and Sage (1988); Turek, Sage and Van Schmus (1990)
and Turek et al. (1996).

Hawk Lake granite complex (2888±2 Ma)
Intrusive contact
Iron formation
Conformable contact
Intermediate to felsic metavolcanic rocks
Conformable contact
Mafic to intermediate metavolcanic rocks
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Figure 3.2. Simplified geological map of Marsh and Lang townships. Numbers beside mineral occurrence points correspond to occurrences listed in Table 3.2. The UTM
co-ordinates are provided in NAD83, Zone 17.
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ranging in ages between 2888±2 Ma to 2662±5 Ma (Turek, Smith and Van Schmus 1984). Proterozoic
dikes of the north-northwest-trending Matachewan and northeast-trending Biscotasing swarms are the
youngest bedrock units in the study area.

GEOLOGY OF MARSH AND LANG TOWNSHIPS
Marsh and Lang townships (Figure 3.2) were last mapped by Bennett (1971a, 1971b). This year’s
mapping was conducted at a scale of 1:50 000 in order to re-evaluate the area’s geology and mineral
potential. The study area is underlain by intermediate to felsic plutonic rocks in the southern and eastern
sections of the study area. Mafic metavolcanic flows underlie the central and northern portion of the study
area. Minor units of metasedimentary rocks and intermediate metavolcanic rocks are locally interlayered
with the mafic metavolcanic rocks. Archean rocks are intruded by Proterozoic gabbroic dikes.

Metavolcanic Rocks
Mafic metavolcanic rocks dominate the central and northern parts of Lang Township; with fewer
mafic metavolcanic rocks also occurring in the northern part of Marsh Township (see Figure 3.2). The
mafic metavolcanic flows are dark grey on fresh surfaces and are typically well foliated and altered to
chlorite and epidote. Mafic metavolcanic rocks are predominantly fine grained with local medium- to
coarse-grained varieties and are characterized by greenschist-facies metamorphic mineralogy except near
the margins of the large batholiths where they are amphibolitized. Massive flows are predominant (Photo
3.1A), whereas pillowed flows (Photo 3.1B) are restricted to the southern shore of Missinaibi Lake, where
pillow tops indicate stratigraphic facing direction to the west. The pillows are well developed and vary in
size from a few decimetres to a few metres in diameter. A pillow shelf (Photo 3.1C) is noted in one of the
pillows and reinforces the stratigraphic facing direction to the west. Hyaloclastite is discernible within the
interpillow material in the less altered areas.
Intermediate metavolcanic rocks occur as thin units within the mafic metavolcanic rocks. They are
generally fine grained to microcrystalline massive flows and are well to moderately foliated (Photo 3.1D).
The fresh surface is light grey to white and weathers light grey.

Metasedimentary Rocks
Clastic metasedimentary rocks are restricted to the western part of Lang Township and consist of
buff to grey, very thinly bedded sandstone and siltstone (Photo 3.2A). Graded bedding and flame
structures are locally observed and indicate a younging direction to the west; however, folding of these
beds would make the overall younging direction to the east. Clastic metasedimentary rocks are often
closely associated with iron formation.
Three outcrops of iron formation were observed in the western part of Lang Township. Two of the
outcrops are dominated by clastic metasedimentary rocks with lesser amounts of magnetite-rich layers
(Photo 3.2B). These outcrops also contain garnet-rich layers and minor sulphides, such as pyrite. Bedding
thickness in these outcrops varies from a few centimetres to a few decimetres in thickness. The third
outcrop consists of massive magnetite-rich layers with no other discernible layers incorporated.

Archean Intrusions
Archean gabbro intrusions (see Figure 3.2) intrude the supracrustal rocks in Marsh and Lang townships,
notably the mafic metavolcanic rocks in the central part of the study area. The gabbro intrusions are massive,
fine to medium grained, typically amphibolitized, and some have pyroxene grains preserved. Gabbro is
preserved as enclaves within the intermediate to felsic Missinaibi Lake batholith to the south.
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There are 3 large distinct intermediate to felsic intrusions present in the study area (see Figure 3.2).
The larger intrusion is known as the Missinaibi Lake batholith and covers the southern portion of the
study area and extends northeast in Lang Township. The 2 smaller intrusions occupy the northern section
of Marsh Township and are known as the Ash Lake pluton and the Ruby Lake stock. Turek et al. (1996)
reports U/Pb ages of 2741±21 Ma for a tonalitic phase of the Missinaibi Lake batholith (20 km to the
north and not necessarily contemporary with phases in the study area), 2679±5 Ma for the Ash Lake
pluton and 2661±11 Ma for the Ruby Lake stock.
The Missinaibi Lake batholith is largely composed of medium- to fine-grained tonalite to granodiorite
(Photo 3.2C) with minor occurrences of granite and quartz monzonite. The main mafic mineral is typically
biotite, but the presence of hornblende is noted in varying amounts near the southeast corner of Marsh
Township and the southwest corner of Lang Township. The more tonalitic to granodioritic phases are
whitish grey on fresh surfaces and weather buff grey, whereas the more granitic phases are pinkish on
fresh and weathered surfaces. The rocks are generally moderately to well foliated, although some areas
are characterized by weak fabric development. Pegmatitic and aplitic granitic dikes intrude the batholith.
Quartz veins as well as hematite and epidote ± sericite alteration are common.
The Ash Lake pluton in the northwestern portion of Lang Township (see Figure 3.2) is composed of
massive, fine- to medium-grained, biotite-hornblende tonalite to granodiorite. Secondary minerals include

Photo 3.1. A) Mafic metavolcanic rocks exhibiting a well-developed foliation (UTM 277440E 5348925N). B) Moderately
foliated pillowed flow with pillows displaying multiple cusps (UTM 290455E 5349987N). C) Pillow shelf in pillowed flow
(UTM 290455E 5349987N). D) Moderately foliated intermediate metavolcanic rocks (UTM 282550E 5350890N). All UTM coordinates provided using NAD83 in Zone 17.
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epidote and sericite with minor hematite. The rocks are whitish grey with on fresh surfaces and weather
light grey beige.
The Ruby Lake stock occupies the northeastern corner of Marsh Township (see Figure 3.2). It is
composed of predominantly massive, unaltered granitic rocks containing biotite with minor hornblende.
The rocks are light pink on fresh surfaces and weather to creamy pink. It can contain up to 20% potassium
feldspar megacrysts that can be up to 3 cm in size (Photo 3.2D).

Proterozoic Intrusions
Proterozoic intrusions are gabbroic in composition. The majority of the dikes trend roughly northnorthwest, however, some have a northeastern trend. These dikes commonly have strong, linear
aeromagnetic signatures and were mostly outlined by using airborne magnetic data (OGS 2002, 2003a,
2003b, 2011a). These are predominantly fine- to medium-grained gabbros, frequently having a diabase
texture and occasionally displaying saussuritized plagioclase. The dikes also contain minor quantities of
sulphide minerals, predominantly pyrite, and usually comprise less than 1% of the dike’s composition.
The north-trending dikes have been interpreted to be part of the Matachewan dike swarm, due to their
orientation and the presence of porphyritic plagioclase. The northeast-trending dikes have been interpreted
to be part of the Biscotasing dike swarm.

Photo 3.2. A) Alternating sandstone and siltstone beds (UTM 288336E 5346037N). B) Magnetite-rich layers in iron formation
with associated sulphide mineralization (UTM 288336E 5346037N). C) Fine-grained tonalite from the Missinaibi batholith
(UTM 277458E 5348933N). D) Potassium feldspar megacrystic granite from the Ruby Lake stock (UTM 284555E 5340527N).
All UTM co-ordinates provided using NAD83 in Zone 17.
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Table 3.2. Main characteristics of mineral occurrences in Marsh and Lang townships.
Occurrence
Marsh Township molybdenite
MDI42B04NW00003
Charlebois–Cristakos
MDI42B05SW00011
Ontario Syndicate anomaly
MDI000000001614
Ontario Syndicate anomaly C-12
MDI42B05SW00024

Number in Commodities
Figure 3.2
1
Mo

Missinaibi magnetite
MDI42B05SW00027
Ontario Syndicate anomaly C-14
MDI42B05SW00002

Best Historic Value

Host Units

Up to 0.09% Mo

Gneissic tonalite
Iron formation within mafic
metavolcanic rocks
Kimberlitic lamprophyre within
mafic metavolcanic rocks
Mafic metavolcanic rocks with
minor iron formation and
metasedimentary rocks
Iron formation

2

Au

Up to 0.1 oz/t Au

3

Kimberlite

Present

4

Cu, Au

Up to 0.43% Cu
and 0.21 oz/t Au

5

Fe (Ti)

6

Zn (Cu, Ni)

Up to 50% Fe
(15% Ti)
Up to 0.40% Zn
(0.1% Cu and
0.1% Ni)

Mafic metavolcanic rocks

Source: Mineral Deposit Inventory (MDI) updated August 2, 2013, by A.C. Wilson, Resident Geologist Office, Timmins, Ontario.

STRUCTURAL GEOLOGY
The supracrustal rocks in Marsh and Lang townships are weakly to strongly foliated. The foliation is
roughly parallel to that of the contact between the supracrustal rocks and the various plutonic intrusions.
The dip varies, ranging from 50 to 90°; dipping toward the axial plane of the syncline. Rare, steeply
plunging lineations occur within the foliation. The Missinaibi Lake batholith is weakly to strongly
foliated with some areas exhibiting no foliation. The foliation is roughly parallel to that of the contact
between batholith and the supracrustal rocks. Dips are predominantly steep, but range from 65 to 90°. The
Ash Lake pluton and the Ruby Lake stock are massive; only rare instances of weak foliation are recorded
in the Ash Lake pluton.
A large non-cylindrical syncline (see Figure 3.2), established from limited pillow tops and from
sedimentary way-up indicators, occurs in Lang Township, located in the northwest section of the
township. This fold has a shallow plunge to the northwest and has steeply dipping limbs (75 to 90°).
The study area was also affected by late brittle faulting. There is little field evidence to support this
faulting event, only mapping and geophysical interpretation bring some clues. A major fault (see Figure
3.2) trends south-southeast from the Ruby Lake stock along the boundary of Marsh and Lang townships.
Displacement of the mafic metavolcanic rocks indicates a left-lateral displacement of approximately
1.2 km. Bennett (1971b) hypothesized that faulting was synchronous with the Ruby Lake stock, but was
subsequent to the solidification of the Missinaibi Lake batholith.

ECONOMIC POTENTIAL
A few commodities have been reported in Marsh and Lang townships, based on mineral exploration
programs by mining companies and prospectors. A total of 6 mineral deposit inventory (MDI) sites are
reported in the study area (see Figure 3.2). Table 3.2 summarizes the known mineral occurrences in
Marsh and Lang townships.
The mineral inventory data and the bedrock mapping highlight several commodities in the study
area. The dominant commodities are gold, iron, molybdenum and base metals (copper, zinc); kimberlite is
also present. Minor amounts of titanium, copper and nickel were also described.
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Gold mineralization is found in the northern part of in Marsh and Lang townships. The mineralization
is chiefly associated with mafic metavolcanic rocks and iron formation. The iron mineralization occurs in
the form of massive magnetite lenses in the folded iron formation in the western part of Lang Township.
Base metal mineralization (zinc with minor copper) occurs mainly in the northern part of Lang Township
and is hosted by mafic metavolcanic rocks. Kimberlite is found in central-west Lang Township and occurs
in a kimberlitic lamprophyre dike hosted within the mafic metavolcanic rocks. Molybdenite occurs along
narrow fractures in the gneissic tonalite of the Missinaibi Lake batholith in southern Marsh Township.
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INTRODUCTION
The Young–Davidson Mine, located near Matachewan, Ontario, is an example of a quartz-carbonate
vein–hosted gold deposit in the Superior Province of the Canadian Shield. Previous investigations of the
mine have established 3 distinct vein generations (V1, V2 and V3), which have been interpreted to be
Neoarchean in age (Linnen et al. 2012). However, samples collected by previous investigators from a
small subset of veins (denoted V4) yielded U/Pb monazite ages of 1737±12 Ma (Zhang et al. 2011),
suggesting that Paleoproterozoic veins are present at this deposit. Their proximity to the older goldbearing veins presents the possibility that these veins may also be auriferous.
Understanding the characteristics of Paleoproterozoic vein emplacement at the Young–Davidson
Mine also provides insight into the tectonic processes occurring in the Superior Province at the time (cf.
Powell and Hodgson 1992). With this motivation, a detailed structural and mineralogical study on these
veins was carried out as part of a BSc thesis at the University of Waterloo, at the newly excavated
crosscut at the Young–Davidson Mine named the “Crosscut 10100 No. 2 East”. Structural measurements
were collected for each vein generation and added to the available data set compiled by J. Zhang and his
co-workers (J. Zhang, unpublished data, 2013). In addition to underground mapping, petrologic
investigations were carried out on 24 samples, using thin sections as a means of differentiating these
Paleoproterozoic veins from Archean ones.

GEOLOGIC SETTING
The geology near Matachewan consists of a complex sequence of metavolcanic rocks, metasedimentary
rocks and intrusive rocks that are mostly of Neoarchean to Paleoproterozoic age (Figure 4.1; Ayer et al.
2003; Berger and Préfontaine 2005; Ispolatov et al. 2008; Linnen et al. 2012). The metavolcanic rocks in
the area include pillow basalts, hyaloclastites and flow breccias. The metasedimentary rocks in the region
are “Timiskaming” age (<2685.1±1.5 Ma: Ayer et al. 2002), which vary from arenites to conglomerates.
Two groups of intrusive rocks are present in the area: Archean syenite intrusions and Proterozoic
Matachewan diabase dikes (circa 2470 Ma: Heaman 1997). Paleoproterozoic sedimentary rocks are also
exposed to the south of the mine. These rocks include the Gowganda Formation, which is comprised of
metamorphosed diamictites, orthoconglomerates and turbiditic sandstones (circa 2300 Ma: Young and
Nesbitt 1985).
Summary of Field Work and Other Activities 2013,
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The major structural feature present in this area is the western extension of the Larder–Cadillac
deformation zone (LCDZ). The LCDZ is an east-northeast-trending deformation zone that is believed to
be responsible for all deformation events observed within the rocks at the Young–Davidson Mine
(Ispolatov et al. 2008; Linnen et al. 2012). The LCDZ acted as a large-scale shear zone through which
hydrothermal fluids were transported, leading to significant host rock alteration (Robert 1989). Gold
mineralization at the Young–Davidson Mine is spatially associated with several generations of quartzcarbonate veins hosted in a syenite (Linnen et al. 2012).

Figure 4.1. Geological map of the Matachewan area. The town of Matachewan and the Young–Davidson Mine (Y-D Mine)
have been identified with red dots. The east-northeast dashed line passing through the Young–Davidson Mine represents the
main break of the Larder–Cadillac deformation zone. Geology modified from Ayer et al. (2003).
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EVIDENCE FOR PALEOPROTEROZOIC VEINS AT MATACHEWAN
Petrologic and structural analysis from Crosscut 10100 No. 2 East, as well as crosscutting relationships,
provide grounds for recognizing 4 distinct generations of veins at the Young–Davidson Mine. They are
referred to as V1, V2, V3 and V4 (Photo 4.1; Figure 4.2). The V1 veins, which are the oldest, comprise ankeritequartz-pyrite, have an average strike of 115° and dip moderately to the southwest (~45°) (Photo 4.1A;

Photo 4.1. Host rocks and vein systems at Crosscut 10100 No. 2 East. A) V1, V2 and V3 veins in a syenite, showing
characteristic crosscutting relationships. Pen, for scale, is 15 cm long. B) V4 veins in a Matachewan diabase dike (within orange
lines). This generation of veins is present in the syenite as well.
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Figure 4.2. Crosscut 10100 No. 2 East mine wall map (east face). Inset map in the bottom left shows the location of this map relative to other crosscuts excavated on Level 10
of the Young–Davidson Mine. Each number on the x-axis represents a 1 m marker along the drift. The trends along the top of the figure represent the orientation of the mine
wall at various points along the crosscut; see inset map for details. Stereonet projections display poles to each generation of veins. Thicker yellow, blue and green units on the
cross section represent V2, V3 and V4 veins, respectively. Abbreviations: Act, actinolite; Cal, calcite; Cpy, chalcopyrite; Epi, epidote; Hem, hematite; Py, pyrite; Qtz, quartz;
Sch, scheelite.
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see Figure 4.2). The V2 veins comprise quartz-pyrite, have an average strike of 331° and dip at shallower
angles (about 38°) to the northeast (see Photo 4.1A and Figure 4.2; Photo 4.2A). The V3 veins consist of
quartz, carbonate, pyrite, scheelite and chalcopyrite, have an average strike of 333° and also dip to the
northeast at moderate angles (roughly 39°) (see Photo 4.1A and Figure 4.2; Photo 4.2B). The V4 veins are
distinguished from previous generations by a quartz-carbonate-epidote-hematite mineralogy, structural
attitudes that differ slightly from the V2 and V3 veins (average trend of 310/38NE), as well as crosscutting
relationships at all scales (Photos 4.1B, 4.2C and 4.2D; see Figure 4.2). In addition, the V4 veins appear to
be comprised of several “subgenerations” (denoted V4a, V4b and V4c) at the microscopic scale. These
“subgenerations” are distinguished from one another on the basis of crosscutting relationships and mineralogy
(Photos 4.2E and 4.2F). The V4a generation, the oldest of the V4 subgenerations, is rich in quartz and
carbonate minerals (see Photos 4.2E and 4.2F). The V4b subgeneration of veins is epidote rich and crosscuts
the V4a veins (see Photos 4.2E and 4.2F). Finally, the V4c generation comprises quartz-carbonate-epidote
and crosscuts all of the previously formed subgeneration veins (see Photos 4.2E and 4.2F).
As previously discussed (see “Introduction”), the V1 to V3 generations of veins are Archean in age.
They are cut by diabase dikes with ages of circa 2470 Ma. In contrast, the V4 veins are distinctly younger,
as they occur in the Proterozoic diabase dikes (see Photo 4.1B; see Figure 4.2) and in the Archean rocks.
These crosscutting relationships indicate that the V4 veins are younger than the diabase dikes, and these
relationships support the notion of a deformation event occurring in the Matachewan area, likely during
the Paleoproterozoic.

DISCUSSION
Although it is clear that the V4 generation of veins succeeded all of the previously formed veins, the
mechanisms that contributed to the creation of these veins are poorly understood. One connection to vein
formation during the Paleoproterozoic can be observed in the rocks of the Gowganda Formation south of
Matachewan. The Paleoproterozoic Gowganda Formation consists of a variety of siliciclastic
metasedimentary rocks that constitute the uppermost part of the Huronian Supergroup (Young and Nesbitt
1985). A study undertaken by Powell and Hodgson (1992) identified the presence of Paleoproterozoic
structural activity (termed the “Dp1” event in their study) in the Matachewan area. Powell and Hodgson
(1992) examined the foliation traces present in the Gowganda Formation rocks in Holmes and Flavelle
townships. Foliation traces in the area have a general northeasterly trend (average strike of 070°) and dip
at moderate to steep angles (average of 76°) to the southeast. These traces are very similarly oriented to
the attitude of the LCDZ (which trends 067/75SE), suggesting that Proterozoic deformation zones may
have formed as a reactivation of underlying Archean faults during a post-Huronian compressional event
(Powell and Hodgson 1992). Additionally, narrow quartz veinlets are coincident with these foliation
trends, implying that hydrothermal activity was present during this reactivation period. However, Powell
and Hodgson (1992) primarily attribute this deformation to post-Matachewan diabase movement along
the Kapuskasing Structural Zone; an event that occurred long before the age range obtained from the
Paleoproterozoic monazites at Matachewan (circa 1.9 Ga: Percival and West 1994).
Evidence for Paleoproterozoic activity along the southern margin of Laurentia is found adjacent to
the Grenville Front southwest of Sudbury. This area has been subjected to 4 major geological events
during the Paleoproterozoic that are relevant to this study. The first 2 events include the Penokean
Orogeny (peak at 1835 Ma: Holm et al. 2001) and the meteorite impact (1850±1 Ma: Krogh, Davis and
Corfu 1984) that formed the Sudbury structure and which affected all major isotopic systems in the
Sudbury area. An 40Ar/39Ar age of 1858±9 Ma reported by Powell, Hodgson and Hanes (1989) at
Matachewan is coincident with these events. The third event, emplacement of the Killarney Magmatic
Belt along the southern margin of Laurentia, consisting of granitic intrusions and associated metavolcanic
rocks, occurred at approximately 1747 Ma (van Breemen and Davidson 1988; Davidson, van Breemen
and Sullivan 1992; Sullivan and Davidson 1993). The age range of Killarney magmatism matches the age
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Photo 4.2. Photomicrographs of samples of veins from Crosscut 10100 No. 2 East. A) V2 vein with abundant quartz (Qtz, clear
grains) and pyrite (Py, black grains) (plane-polarized light). B) V3 vein with abundant calcite (note shearing) (cross-polarized
light). C) and D) V4 vein with visible calcite and chlorite (C = plane-polarized light; D = cross-polarized light). E) and F) Three
generations of the V4 vein system: V4a is quartz-carbonate rich, V4b is epidote rich and V4c is quartz-carbonate-biotite rich (E =
plane-polarized light; F = cross-polarized light). Abbreviations: Bt, biotite; Cal, calcite; Chl, chlorite; Epi, epidote; Py, pyrite;
Qtz, quartz.
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of 1737±12 Ma previously obtained by Zhang et al. (2011) for monazites from the V4 veins at Matachewan.
Furthermore, regional metasomatism was also present immediately after Killarney magmatism (circa
1740 to 1700 Ma) (cf. Schandl, Gorton and Davis 1994; Fedo et al. 1997; Corfu and Easton 2001), which
may have provided the fluids necessary for the V4 vein formation at Matachewan.

SUMMARY OF KINEMATICS IN THE PALEOPROTEROZOIC
With the available structural information in the Gowganda Formation near Matachewan, it is
possible to deduce the reactivation character of the LCDZ in the Paleoproterozoic. As noted above, all V4
veins dip in a northeasterly direction at shallow to moderate angles (~38°), whereas cleavage traces trend
approximately 070/76SE. Comparing all of the V4 vein and cleavage data, the plunge of the line of
intersection between these 2 features is approximately 30° to the northeast, indicating that the slip
direction plunges approximately 54° to the southwest. This suggests that the reactivation had a dominant
dip-slip component, and that the south side of the shear zone moved downward relative to the north side,
considering that the strike-slip component is dextral (explained below). Powell and Hodgson’s (1992)
examination also provides information on the shear sense of the reactivation. In Holmes and Flavelle
townships, the strike of the foliation decreases from 075° (subparallel to the deformation zone) to 045°
outward from the centre of the deformation zone (Powell and Hodgson 1992). Additionally, the strike of
the cleavage observed in the Gowganda Formation is interpreted to be parallel to the axial traces of folds
formed within the Dp1 zones (Powell and Hodgson 1992). As a result, the relationship between the
cleavage and the trend of the LCDZ, as well as the sigmoidal character of the cleavage from the centre of
the zone outward, suggests that shearing was dextral in nature. This interpretation is consistent with the
observation of north-northeast-trending regional folds found in the Gowganda Formation (Powell and
Hodgson 1992).

CONCLUSIONS
This structural and mineralogical examination of a newly excavated crosscut at the Young–Davidson
Mine presents evidence for a Paleoproterozoic generation of quartz-carbonate veins (V4) in the
Matachewan area of the Superior Province. These veins are mineralogically distinct and crosscut diabase
dikes with ages of circa 2470 Ma. While these veins occur in close proximity to older, gold-bearing veins,
gold was not identified in any of the samples collected from them. Ages obtained from previous studies
suggest that these veins may have formed in the Paleoproterozoic (Zhang et al. 2011), but a full
geochronological study is required to confirm this relationship. It is likely that these veins are a result of
reactivation along the LCDZ, and structural relationships in the area suggest that this reactivation was
dominantly a dextral strike-slip movement with a large dip-slip component. Metamorphic activity
associated with the Killarnean Event is the most likely cause for the V4 vein formation.
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INTRODUCTION
Field work carried out on the western Wabigoon Subprovince synthesis project was focussed
primarily on further characterization of major lithotectonic units within the Sioux Lookout area with a
lesser amount of time devoted to investigation of several large batholithic complexes and a number of
major regional faults. Preliminary interpretation of these investigations are discussed separately below.

SIOUX LOOKOUT BELT LITHOTECTONIC UNITS
The Sioux Lookout greenstone belt occurs in the northern portion of the western Wabigoon
Subprovince and is characterized by diverse, east-northeast–trending metavolcanic- or metasedimentarydominated lithotectonic units (Figure 5.1). The general characteristics of these units are discussed
elsewhere (Beakhouse 2012) and this section summarizes interpretations derived from new observations
that further constrain or necessitate revisions to the characteristics of these units.
The internal lithologic complexity of central volcanic belt recognized in the Northeast Bay and
Troutfish Bay areas (Beakhouse 2012) extends into the Lyons Bay area where 1) mafic flows,
2) plagioclase-phyric, mafic to intermediate (andesite?) flows and fragmental units and 3) intermediate to
felsic fragmental volcanic rocks are complexly interlayered. To the southwest of Lyons Bay (northern
Pickerel Township), the central volcanic belt thins somewhat and has a more typical bi-modal (basalt–
rhyolite) compositional spectrum. It is not clear if this thinning is a primary depositional characteristic
related to the pinching out of the “andesitic” units or whether this is a consequence of deformation.
The Minnitaki Lake sediments are dominated by thin- to thick-bedded wacke–siltstone–argillite
where investigated previously in the central part of Minnitaki Lake to the southwest of Neepawa Island.
Further to the southwest, in the vicinity of Redpine Bay and Pickerel Arm of Minnitaki Lake and the
northern part of Sandybeach Lake, mafic flows and intermediate to felsic volcaniclastic rocks are
relatively abundant. In some cases, the intermediate to felsic volcanic rocks are interlayered with the
sedimentary component suggesting that the sediments may, at least in part, be a lateral facies equivalent
of volcanism. A U/Pb zircon age of 2704±3 Ma for a felsic volcanic unit from the Pickerel Arm area
(Davis 1990) is similar to that for a felsic volcanic interlayered with wacke–siltstone sediments in
Zealand Township approximately 35 km to the southwest (Beakhouse and S.L. Kamo (Jack Satterly
Geochronology Laboratory), unpublished data) and likely approximates the depositional age of at least
one component of the Minnitaki Lake sediments. The relationship of other felsic units and all of the mafic
units with the associated Minnitaki Lake sediments is less clear: they could either be interlayered with
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Figure 5.1. Generalized geological map of the western Wabigoon Subprovince and adjacent terranes draped over a shaded image of the first vertical derivative of the total magnetic
field (Beakhouse et al. 2011). Potential detachment faults at granite–greenstone contacts are indicated by dashed lines (see discussion). Squares indicate location of aluminum-inhornblende paleopressure determination with pressure (in kilobars) in adjacent text boxes. Abbreviations: CVB, central volcanic belt; MLS, Minnitaki Lake sediments; SVB,
southern volcanic belt; CWBF, Crowduck Lake–Witch Bay fault; DLDZ, Dinorwic Lake deformation zone; KF, Kenora fault; PCDZ, Pipestone–Cameron deformation zone;
PMSF, Pipestone–Manitou Straits fault; QF, Quetico fault; SRF, Seine River fault; WF, Wabigoon fault; WLF, Washeibemaga Lake fault; VF, Vermilion fault.
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the sediments or be infolded structurally and/or stratigraphically underlying units. Complex stratigraphic
relationships between the Minnitaki Lake sediments and associated volcanic facies are also reported at the
east end of Minnitaki Lake (Meade, this volume).
The contact between the Minnitaki Lake sediments and central volcanic belt is generally
characterized by very intense fabric development, locally with associated iron-carbonate alteration, and
was tentatively interpreted to be a fault based on observations in the central and eastern portions of
Minnitaki Lake (Beakhouse 2012). Well-developed fabrics also characterize the contact in the Pickerel
Arm area, but here the contact is interpreted to be folded. Further work is required in the hinge zone of
these folds to test whether the contact is a fault that has been folded or whether the strong fabrics are
primarily zones of pure shear developed at the contact between units with contrasting rheology with no
significant component of simple shear.

INVESTIGATIONS OF BATHOLITHS AND PLUTONS
The Sabaskong batholith (see Figure 5.1) is a large, approximately elliptical batholith dominated by
tonalitic to potassium-poor granodiorite. Two U/Pb ages for tonalitic phases (2724±2 Ma and 2723±2 Ma)
are only slightly younger than a gabbro within the Katimiagamak volcanics (2731±4 Ma) into which the
batholith is emplaced and the overlying Phinney–Dash Lakes Complex (2728±1 Ma) (Davis and Edwards
1982, 1986) and, consequently, the batholith is interpreted to be broadly synvolcanic. A single aluminumin-hornblende paleopressure from the batholith (5.2 kilobars) is moderately to substantially higher than
that for late-tectonic plutons intruding the adjacent greenstone belt (1.6–3.9 kilobars) (see Figure 5.1).
A goal of the 2013 field and subsequent laboratory investigations is to identify additional samples suitable
for geobarometry, but the available data are provisionally interpreted to indicate that the batholith was
emplaced beneath the greenstone belt and that subsequent differential vertical uplift juxtaposed the
batholith with higher crustal levels of the greenstone belt. Investigations elsewhere (Beakhouse 2011;
Beakhouse, Lin and Kamo 2011) suggest that extension may play an important role in this vertical
tectonic process and the exceptional, widespread development of extensional shear bands in the
Sabaskong batholith (Photo 5.1) may be consistent with this hypothesis.
The Dryberry batholith is unusual relative to other batholiths occurring in the western Wabigoon
Subprovince in several respects. It is the only large granitoid complex that occurs to the north of the
Wabigoon fault (see Figure 5.1). The batholith can be crudely subdivided into earlier, foliated to gneissic
tonalitic to granodioritic units and later, more massive and homogeneous granodioritic to granitic plutons
with this latter component being unusually abundant compared to other western Wabigoon Subprovince
batholiths (e.g., Aulneau, Sabaskong and Atikwa). Two U/Pb zircon ages for tonalitic phases (2709±1 Ma
and 2706±3 Ma: Melnyk et al. 2006; Davis 1990) and a U/Pb zircon/monazite age for a granitic phase
(2663±5 Ma: Davis 1990) are unusual for the western Wabigoon Subprovince. There are no known
spatially associated intermediate to felsic volcanic rocks comparable in age to the tonalitic phases (as
there are in the case of all other western Wabigoon Subprovince batholiths) and the only somewhat
comparable age determination is from an unusually young tonalite within the Winnipeg River Subprovince
from the area north of the Vermilion Bay greenstone belt (Daniels Lake tonalite, 2710 +5/–2 Ma: Corfu
1988). Younger ages, somewhat comparable to that for the granitic phase of the Dryberry batholith, are
also unknown in the western Wabigoon Subprovince, but are reported from the Winnipeg River
Subprovince. These observations are provisionally interpreted to indicate that the Dryberry batholith may
represent a late structural and magmatic dome exposing the Winnipeg River–type substrate onto which
components of the juvenile western Wabigoon Subprovince were tectonically emplaced.
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Photo 5.1. Two outcrop photos illustrating extensional shear bands that are extensively developed in the Sabaskong batholith.
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REGIONAL FAULTS
The western Wabigoon Subprovince is transected and, at least in part, bounded by a series of
regional-scale faults that must have developed in response to large-scale geodynamic processes. In most
areas, these regional-scale faults are steeply dipping and have shear-sense indicators for transcurrent or,
less commonly, dip-slip movement. However, these shear-sense indicators are likely recording a very late
component of the regional deformational history and the faults may have originated during earlier stages
of the deformational history with different orientations and kinematics. This is particularly evident in the
northern portion of the subprovince where field and geochronological evidence is interpreted to indicate
that some of these faults originated as shallowly dipping thrust faults associated, in some cases, with
large-scale recumbent folds (Beakhouse, Stott and Sutcliffe 1983; Davis, Sutcliffe and Trowell 1988;
Beakhouse 1988). The development of these structures has been attributed to collision of a younger,
ensimatic arc (western Wabigoon Subprovince with an older crustal segment (Winnipeg River Subprovince)
at circa 2707±8 Ma (Davis, Sutcliffe and Trowell 1988; Beakhouse 1989; Beakhouse and McNutt 1991).
Faults provisionally interpreted to have originated as thrust faults include those at the contact with the
Winnipeg River Subprovince and the Wabigoon fault (see Figure 5.1) as well as many of the intervening
faults (e.g., Vermilion fault, Crowduck Lake–Witch Bay fault). The southeastern margin of the western
Wabigoon Subprovince is similarly bounded by older felsic crust of the central Wabigoon Subprovince
(Tomlinson et al. 2003; Davis et al. 2005; Stone 2010), although the contact relationships here are poorly
understood (see Bjorkman et al., this volume).
Investigations elsewhere in the Superior Province suggest that another large-scale geodynamic
mechanism that may be responsible for development of regional-scale faults is regional extension, which
may generate detachment faults at the base of and within the greenstone belt (Benn and Peschler 2005;
Beakhouse 2011; Beakhouse, Lin and Kamo 2011). The initiation of extension is linked to thermal
evolution of the crust and mantle, which also facilitates density-driven vertical tectonism resulting in the
rapid steepening of the originally subhorizontal to shallowly dipping detachment faults (Lin and
Beakhouse 2013; Beakhouse 2013).
Several lines of evidence suggest that extensional detachment faulting may have played a role in
tectonic development of the western Wabigoon Subprovince. The widespread development of extensional
shear bands in granitoid batholiths (especially well developed in Sabaskong batholith as discussed above)
is consistent with such a process. Many batholith–greenstone contacts are highly strained with the eastern
contact of the Aulneau batholith (only contact studied in comparative detail) locally characterized by
mylonitic fabrics, although the limited relief on outcrops examined to date precludes determination of
kinematics. Whereas many of the small, late plutons have yielded useful paleopressure data, only one
sample from the batholiths evaluated to this time has proved suitable for geobarometry (see Figure 5.1).
This one sample from the Sabaskong batholith records a paleopressure of 5.2 kilobars, which is
moderately to significantly greater for the paleopressure for late plutons intruding the adjacent greenstone
belt (1.6–3.9 kilobars) suggesting that this batholith may have been uplifted relative to the adjacent
greenstone belt. Although further studies are required and planned, a number of the major granite–
greenstone contacts (see Figure 5.1, dashed lines) characterized at least locally by high strain should be
evaluated as potential extensional detachment faults.
Although shallowly dipping fabrics potentially related to thrust or detachment faults are preserved
locally in the Sandybeach Lake area (Chorlton 1991), Silver Lake area (Beakhouse, Stott and Sutcliffe
1983) and at the granite–greenstone contact south of the Taylor Lake stock, most faults are steeply
dipping. Early thrust and detachment faults are interpreted to be steepened by the combined effects of
horizontal shortening and density-inversion driven vertical tectonism as discussed above. Smaller scale
faults and deformation zones typically develop at lithological contacts juxtaposing rocks having
contrasting rheology and likely originated during this (oblique) shortening and vertical tectonism.
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Wawa Subprovince
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Earth Resources and Geoscience Mapping Section, Ontario Geological Survey

INTRODUCTION
This mapping project aimed to remap, at a scale of 1:20 000, the Precambrian geology of Aldina
Township, approximately 25 km west of Kakabeka Falls, and to update the economic potential of the
township in light of new mineralization discoveries made in the past decade. Aldina Township is easily
accessible via the Boreal Road and the network of logging roads and trails that branch from it. Specific
objectives related to mapping this township were as follows:
•

map the Precambrian and economic geology of the belt in light of a belt-wide compilation and
geochemistry by Lodge and Chartrand (2013)

•

map the distribution of felsic lithofacies and hydrothermal alteration within trenched exposures
at the Calvert–Stares volcanogenic massive sulphide (VMS) occurrence discovered in 1999, and

•

map the distribution of intrusive phases in the southern part of the township and describe their
structural context and relationship to the greenstone belt–basement contact.

This project was initiated in 2013 as part of a proposed multi-year initiative aimed at systematically
remapping the eastern part of the Shebandowan greenstone belt near Thunder Bay. This project will
provide a consistent geological database to judge the economic potential and tectonic settings of the
Shebandowan greenstone belt. It will provide updated geological maps and help create a unified and
consistent geological context to the many townships that cover this large greenstone belt. This objective
will be accomplished through a combination of 1:20 000 scale mapping in areas of recent mineral
exploration and 1:50 000 scale mapping in areas peripheral to the main areas of interest. This project will
also build upon a recently completed PhD thesis (Lodge 2013) that established a belt-wide trace element
and isotopic chemostratigraphy for the Shebandowan greenstone belt (see also Lodge and Chartrand
2013); the thesis was supported by the Ontario Geological Survey and the Department of Earth Sciences
at Laurentian University through the Ontario Geological Survey–Laurentian University Graduate
Mapping School Program.

GENERAL GEOLOGY
The Shebandowan greenstone belt is a relatively easily accessible greenstone belt that extends
150 km west from Thunder Bay to the Quetico Provincial Park and the Ontario–Minnesota border.
Geochronological studies of the belt (e.g., Corfu and Stott 1998; Lodge 2012) have defined 3 main
supracrustal assemblages: the Greenwater assemblage (circa 2720 Ma), the Kashabowie assemblage
(circa 2695 Ma), and the Shebandowan assemblage (circa 2690–2680 Ma). In terms of their metallogeny,
the Greenwater assemblage is most commonly associated with volcanogenic and magmatic base metal
mineralization (Corfu and Stott 1998; Farrow 1993), whereas the deformation and magmatic events at the
Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.6-1 to 6-13.
© Queen’s Printer for Ontario, 2013
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time of deposition of the Shebandowan assemblage are temporally associated with gold mineralization
(Stott and Schneiders 1983; Jobin-Bevans, Cullen and Kelso 2006).
Aldina Township is located in the southeastern part of the Shebandowan greenstone belt where the
southern greenstone belt boundary is in contact with granitoid basement rocks to the south. Thick
Quaternary glacial deposits, locally over 5 m thick, cover most of the township resulting in less than 1%
outcrop coverage. In some areas, boulder tills contain rounded lithic fragments that are 3 to 4 m in
diameter and careful attention must be paid to the terrain during mapping to ensure proper identification
of genuine exposures of bedrock. Previous mapping in Aldina Township by Rogers (1995) described
mafic-dominated supracrustal assemblages with numerous unexposed iron formations that are apparent on
geophysical surveys. The southern parts of the township were described as being dominated by variably
deformed granitic rocks. Minor amounts of alkalic intrusive rocks were also described in Aldina
Township by Rogers (1995). Metamorphic grade is upper greenschist facies increasing to lower
amphibolite facies within the contact metamorphic aureole of younger intrusive rocks.
The current mapping program benefited from increased bedrock exposure via trenching in 1999–
2001 associated with exploration at the Calvert–Stares VMS occurrence (Bottrill 2003). There has also
been a considerable improvement in the amount of road and trail access via logging and snowmobile trail
development. This improved access to bedrock exposures permits new observations and descriptions of
felsic and sedimentary supracrustal units and an improved understanding of the contact between the
supracrustal assemblages and the foliated granitic rocks in the southern part of the township. The geology
of Aldina Township, based on the current mapping project, is illustrated as Figure 6.1.

Neoarchean Supracrustal Units
Supracrustal rocks comprise approximately 30% of the lithologies underlying Aldina Township.
They are predominantly located in the northern part of the township. These rocks are of varying age and
belong to different supracrustal assemblages.

GREENWATER ASSEMBLAGE
A sample of a rhyolite from trenches at the Calvert–Stares occurrence yielded zircons that provided a
U/Pb age of 2719.7±1.0 Ma (Lodge 2012), confirming that the majority of supracrustal rocks in this
region belong to the Greenwater assemblage. This assemblage consists predominantly of mafic
metavolcanic rocks with subordinate amounts of felsic metavolcanic and metasedimentary rocks.

Mafic Metavolcanic Rocks
Mafic lithofacies comprise approximately 80% of the supracrustal units underlying Aldina Township
and are most dominant in the northwestern part of the township. Mafic lithofacies are aphyric and are
locally amygdaloidal containing up to 10% quartz-filled amygdules that are stretched with the regional
lineation. The most dominant mafic lithofacies is fine-grained massive flows. Pillowed mafic lithofacies
are also relatively common. Pillows are relatively small (<1 m) in size, are generally amoeboid in shape,
and have thin chloritic selvages (Photo 6.1D). Only one mapped outcrop of pillowed mafic flows provided a
reliable younging direction indicating that strata in the northwestern part of the map were younging to the
northeast. Brecciated mafic flow facies were typically in close spatial association with pillowed mafic
flows. These rocks were composed of angular to fluidal mafic fragments in a matrix of amphibole and/or
chlorite. Epidote-quartz alteration was relatively common in the mafic lithofacies and was present as
irregular blobs and patches in massive facies or matrix-replacement in brecciated or pillow facies.
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Figure 6.1. Simplified geology and mineral potential of Aldina Township. Numbers on map correspond to Mineral Deposit
Inventory (MDI) occurrences listed in Table 6.1. A detailed sketch map of the discovery trench at the Calvert–Stares occurrence
(location 3) is shown in Figure 6.2. Bounding UTM co-ordinates are provided in metres in Zone 16 using North American
Datum 1983 (NAD83).
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The degree of deformation typically increases toward the margins of younger massive felsic
intrusions. Mafic rocks in the northwestern part of the map near the margin of the Kekekuab pluton are
intensely tectonized (L>S) amphibolites and essentially all primary volcanic textures are destroyed. The
intensity of deformation decreases dramatically away from the intrusive contact and is nearly absent in
the northeastern part of the map area. In this area, mafic flow breccias and pillowed flows are remarkably
intact and there is very little evidence for significant deformation resulting in the destruction of delicate
flow textures such as multiple pillow rinds (see Photo 6.1D).

Felsic to Intermediate Metavolcanic Rocks
The felsic to intermediate metavolcanic rocks in Aldina Township are almost exclusively exposed in
trenched and stripped outcrops related to exploration at the Calvert–Stares VMS occurrence. Because of
their close spatial association with the Calvert–Stares VMS occurrence, these rocks are typically
hydrothermally altered to sericite ± siderite or garnet + chlorite with intensities that vary from weakly
disseminated to complete replacement. The degree of textural preservation depends on the degree of
alteration. Overall, primary volcaniclastic texture is preserved with the exception of the most intensely
altered rock interlayered with iron formation.

Photo 6.1. Photographs of various rock types and textures in Aldina Township. A) Foliated tonalite to granodiorite with thin
melanocratic layers (UTM 278541E 5362010N). B) Thinly bedded siliciclastic wacke and sandstone (UTM 281332E
5364496N). C) Massive granodiorite (UTM 285528E 5361661N). D) Pillowed mafic flow multiple pillow rinds
(UTM 281118E 5364847N). All UTM co-ordinates are provided in metres in Zone 16 using NAD83.
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The most dominant type of felsic to intermediate lithofacies is recrystallized thinly planar-bedded
tuff to crystal tuff. Drilling results at the Calvert–Stares VMS occurrence report that fine-grained
volcaniclastic rocks are the most abundant felsic to intermediate lithofacies (Bottrill 2003). Bedding is
defined by colour variations and is relatively continuous on trenched exposures. In some areas, wellbedded felsic volcaniclastic rocks are interlayered with thin (<5 cm) magnetite bands suggesting that
felsic volcanism is temporally associated with the timing of hydrothermal activity. Massive quartz- and
feldspar-phyric flows are also exposed in trenches. Minor lapilli tuff units and cherty tuff or exhalite units
are interbedded with the tuff and crystal tuff units. These are relatively thin where exposed. Overall, the
degree of deformation in the mapped outcrops is apparently low and many primary textures, such as softsediment deformation are preserved.

Metasedimentary Rocks
Metasedimentary rocks in Aldina Township are mostly oxide-facies iron formation and minor thin
units of wacke-siltstone, sulphide-facies iron formation and graphitic mudstones. Oxide(magnetite)-facies
iron formations form laterally extensive and continuous magnetic geophysical anomalies. Unfortunately,
most of the region that apparently contains iron formation is also covered in thick glacial deposits and
there is very little exposure outside of trenches in the area surrounding the Calvert–Stares VMS
occurrence. Sulphide-facies iron formation contains abundant pyrite and pyrrhotite with trace amounts of
chalcopyrite and sphalerite, especially in the immediate area adjacent to the Calvert–Stares occurrence.
Graphitic mudstones are present as thin layers within magnetite-bearing iron formations. These thin
graphitic beds are homogeneous but are heavily fractured.
Siliciclastic rocks form a minor component of the sedimentary rock is Aldina Township. Lineations
within metasedimentary rocks are similar to those developed in adjacent mafic rocks indicate that they are
likely of similar age to the Greenwater assemblage; however, without geochronology, it is impossible to
discriminate these sedimentary units from similar sedimentary rocks units of the younger Shebandowan
assemblage. Wacke-sandstone lithofacies were relatively well bedded with thin, discontinuous bedding
defined by colour and grain-size variations (Photo 6.1B).

SHEBANDOWAN ASSEMBLAGE
Rocks belonging to the younger Shebandowan assemblage are not exposed in Aldina Township, but
are inferred to underlie the extreme northeastern portion of the township based on extrapolation from
adjacent areas as described by Rogers (1995) and Lodge and Chartrand (2013). These rocks are
predominately wacke-sandstone-conglomerate lithofacies with volcanic and plutonic provenance that
were deposited in an alluvial-fluvial depositional setting (e.g., Lodge 2011). These rocks sit
unconformably on top of the older Greenwater assemblage lithofacies and the contact is relatively well
defined by magnetic geophysical surveys.

Neoarchean Intrusive Units
Felsic intrusive rocks comprise approximately 70% of the lithologies underlying Aldina Township.
Gabbro and pyroxenite sills and dikes were emplaced into the supracrustal units that are now in the
northern part of the township. No samples of intrusive rocks from Aldina Township have been collected
for U/Pb geochronology. However, previous geochronological studies on similar intrusive rocks
elsewhere in the Shebandowan greenstone belt (Corfu and Stott 1998) provide an approximate age for the
rocks described below.
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GABBRO TO PYROXENITE
Gabbroic intrusions are relatively common within the supracrustal assemblages in the northern part
of the map area. In regions affected by contact metamorphism, magmatic pyroxene in these rocks was
metamorphosed to hornblende. The intrusions represent a compositional range from massive,
equigranular gabbro to pyroxene-phyric gabbro to pyroxenite and are likely all petrogenetically related.
Cumulate textures are apparent in some pyroxene-phyric gabbroic rocks and the pyroxenite is
provisionally interpreted to represent a cumulate phases of gabbro. Some pyroxenite is very coarse
grained with pyroxene metamorphically replaced by poikioblastic hornblende. In the footwall to the
Calvert–Stares VMS occurrence, disseminated sulphide mineralization is present in a relatively unaltered
pyroxene-rich gabbro (Photo 6.2C), indicating the potential for magmatic sulphides. Similar to the fabric
in the supracrustal rocks in this region, the intensity of structural fabric development increases toward the
margin in younger intrusive rocks. Gabbroic rocks are typically massive and relatively undeformed except
near the margin of the Kekekuab intrusion where they are strongly (L>S) tectonized. The age of these
gabbro and pyroxenite intrusions are likely circa 2720 Ma, similar to other gabbroic rocks in the
Shebandowan greenstone belt (Corfu and Stott 1998).
There are several outcrops of coarse-grained pyroxenite within the foliated granitoids in the southern
part of the map. These are isolated occurrences and are not large enough to be represented as a map unit.
These rocks are massive and equigranular and their lack of structural fabric indicate that they are likely
unrelated to melanocratic phases found in the surrounding foliated to gneissic granitoids. Therefore, it is
possible that the pyroxenites represent cumulate phases of gabbroic intrusions feeding younger
supracrustal assemblages to the north. Alternatively, they may be relatively large xenoliths that resisted
structural fabric development during deformation.

FOLIATED TO GNEISSIC GRANITOIDS TO DIORITOIDS
Foliated to gneissic granitoid rocks are the most common lithology underlying Aldina Township.
These rocks are most commonly granodiorite to tonalite in composition. Other compositions described are
monzogranite, syenogranite, quartz monzodiorite, monzodiorite, quartz diorite and diorite. Gneissic
layering is defined by variations in the abundance of mafic minerals (mostly hornblende and lesser
biotite) and feldspar. In most exposures, rocks were generally medium grained and equigranular. Coarsegrained and feldspar-megacrystic varieties are present locally. The compositional variation in these rocks
is mostly represented as centimetre- to decimetre-scale bands in foliated to gneissic rocks. Despite the
compositional variation, a unifying characteristic of this unit was a moderate to strong northwest-oriented
foliation or gneissic layering (Photo 6.1A) moderately to shallowly dipping to the northeast. The age of
these foliated tonalitic units is unconstrained in Aldina Township; however, elsewhere in the
Shebandowan greenstone belt, similar rocks have an age of 2750±2 Ma (Corfu and Stott 1998).
Previous mapping by Rogers (1995) outline several narrow protrusions of mafic rocks extending into
these foliated granitoids. Remapping of these areas in the current project indicate that these areas are
underlain by foliated to gneissic granitoids, but contain a relatively high (up to 30%) abundance of
melanocratic lenses and sheets. Therefore, the contact between the foliated to gneissic granitoids and
supracrustal assemblages has been redefined and is parallel to the regional foliation (see Figure 6.1).

MASSIVE GRANITOIDS TO SYENITES
The northwestern corner of the map area is underlain by the Kekekuab pluton. The compositional
range of the Kekekuab pluton is from granodiorite to diorite to monzonite. The pluton is not exposed
within the boundaries of Aldina Township, but the margin is well defined in magnetic geophysical
surveys. Samples collected to the west of Sackville Township were massive, medium-grained
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equigranular monzonite to monzogabbro in composition with hornblende crystals composing 10 to 50%
of the rock. Zircons from a sample of the granodiorite phase of the Kekekuab pluton yielded a U/Pb age
of 2683±3 Ma (Corfu and Stott 1998).
A second massive granodiorite to granite intrusion is present in the eastern part of the map area. This
pluton is poorly exposed, but does have a relatively well-defined margin on magnetic geophysical
surveys. This pluton is relatively homogeneous in composition between outcrops. The rock is mediumgrained equigranular to sparsely feldspar-megacrystic containing up to 10% euhedral hornblende crystals
(Photo 6.1C). This unit contains sparse subrounded diorite xenoliths that are up to 30 cm in size. Rocks
near the margin of this pluton have some epidote alteration and sulphide mineralization associated with
metasomatism. The absence of deformation in this pluton and bulbous margin indicates that that timing of
emplacement was late- to post-deformation. Therefore, it is likely similar in age to the Kekekuab pluton.
There are numerous syenite to quartz syenite sills and dikes that intrude the supracrustal and
intrusive rocks throughout the map area. These rocks are typically medium to coarse grained and have no
structural fabric regardless of the intensity of deformation in the rocks they intruded. These dikes and sills
are less than 1 m in thickness and are not represented as map units.

Paleoproterozoic Units
An outlier of the Paleoproterozoic rocks associated with the Midcontinental Rift basin is exposed as
an approximately 1 km2 topographical high in the southwestern part of Aldina Township near the Aldina
fire tower. The only Paleoproterozoic lithology encountered on transects was columnar-jointed diabase
sills. Columns were approximately 1 to 2 m in diameter and their longitudinal axes were near vertical in
orientation. These gabbroic rocks are fine to medium grained, equigranular and have equal abundances of
pyroxene and plagioclase with accessory magnetite crystals. These rocks have slightly higher magnetic
susceptibility than the Archean gabbros mapped in the northern part of Aldina Township.
There are numerous aphyric mafic dikes, less than 1 m wide, that intruded the Neoarchean volcanic
and intrusive rocks in the map area. They are notably undeformed compared to the rocks they intruded.
Geochemistry from one of these dikes, exposed in the Calvert–Stares discovery trench, confirms their
alkalic magmatic affinity and is compositionally unrelated to the Neoarchean mafic rocks in the area
(Lodge and Chartrand 2013).
Sedimentary rocks of the Gunflint Formation that unconformably overlie the Neoarchean rocks
elsewhere in the Thunder Bay region were not observed during the current mapping project. The contact
between the Neoarchean and Paleoproterozoic rocks has been extensively covered by glacial boulder till
and talus slope debris and any rocks that stratigraphically lie between Paleoproterozoic diabase sill and
the Neoarchean foliated tonalite to granodiorite were not observed. However, they have been mapped
previously at the base of the diabase sills in Aldina Township (Rogers 1995) and are described as being
composed of “tactonite”, an iron-rich bedded chert and/or jasper (Rogers and Berger 1995).

STRUCTURAL GEOLOGY
It is difficult to fully determine the regional-scale structural characteristics of the geology within
Aldina Township because of the limited outcrop exposure. In general, the intensity of structural fabric
developed in the supracrustal assemblages increases toward the margins of younger, late- to postdeformation felsic plutons in the northwestern and eastern parts of the township. Pillowed mafic flows,
felsic tuffs and iron formations in the northeastern part of the map area are remarkably intact and have
little deformational fabric. Foliated to gneissic tonalite to granodiorite rocks in the southern part of the
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map area have a consistently northwest-striking foliation with moderate dips that shallow from 60 to 70°
in the northern part of the unit to 30 to 40° in the southern limit in the map area. Where foliations are
developed in adjacent portions of the greenstone belt, they are parallel to those in the tonalite. Stretching
and mineral lineations are commonly developed in supracrustal rocks and are moderately to steeply
plunging to the east or northeast. The emplacement of the Kekekuab pluton in the northwest corner of the
map area has deflected the direction of plunge of stretch and mineral lineations proximal to its margin
(Stott and Schneiders 1983). During the current mapping project, lineations measured in the eastern part
of the map plunge eastward, whereas lineations near the margin of the Kekekuab pluton plunge northward
to northwestward (perpendicular to the margin).
Based on field observations alone, faulting and major lithological offsets are not obvious because of
the scarcity of outcrop. However, from industry (Bottrill 2003) and government (Ontario Geological
Survey 2003) geophysical surveys, the sudden termination and offsetting linear magnetic anomalies
indicate the presence of northeast-trending faults. These faults appear to offset geological contacts, rather
than separate major geological domains, and are interpreted to have minimal offset.
Shearing in the map area appears to be predominantly subparallel to northwest-striking foliation and
appears to be largely concentrated at the contact between the foliated tonalite to granodiorite and mafic
volcanic and gabbroic rocks. Dextral kinematic indicators within these shear zones confirm the sense of
movement is similar to other northwest-oriented shear zones in the eastern part of the Shebandowan
greenstone belt developed during D2 deformation (Stott and Schneiders 1983).
Structural data collected during the project mapping conducted to date and compiled from previous
government mapping projects (Rogers 1995; Lodge and Chartrand 2013) and industry reports (Bottrill
2003) suggest the presence of a regional-scale structure resulting in the reversal of the younging direction
of the supracrustal strata. However, the precise characteristics of this structure are poorly constrained.
Only one reliable younging direction was obtained during the current mapping project from pillowed
mafic flows in the northwestern part of the township indicating the supracrustal strata was upright and
younging to the northeast. Graded bedding in weakly deformed planar-bedded felsic tuffs interbedded
with iron formation in the hanging wall to the Calvert–Stares VMS occurrence suggest the strata are
overturned and southward younging (Lodge and Chartrand 2013). This orientation of strata is consistent
with younging directions obtained from pillowed mafic flows in the footwall to the Calvert–Stares VMS
occurrence (Bottrill 2003) and is compatible with the observed variation in alteration assemblages and
intensities suggesting higher temperature (deeper) alteration assemblages are to the north. With the
absence of repeating units, the strata in the region of the Calvert–Stares occurrence appear to be a
homoclinal sequence. These contrasting younging directions between the northwestern and northeastern
parts of the map suggest a steeply dipping synclinal fold. However, the presence of a fold is problematic
given the absence of bilateral symmetry. Alternatively, the absence of repeated strata on either side of the
interpreted fold axis may indicate that the mafic-dominated strata in the northwestern part of the map may
be in faulted contact with the felsic-hosting strata in the northeastern part. In either case, the orientation of
the structure is subparallel to the regional strike and foliation.

ECONOMIC GEOLOGY
Thick glacial deposits covering a very large proportion of the bedrock has hindered exploration
activity in Aldina Township. At the time of mapping completed by Rogers (1995), the township had little
recognized mineral potential. However, the discovery of zinc, copper and gold mineralized massive
sulphide boulders in 1999 resulted in an increase of exploration activity for volcanogenic massive
sulphides (VMS) and the eventual discovery of the Calvert–Stares VMS occurrence. The mineral deposit
inventory (MDI) records are summarized in Table 6.1.
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Table 6.1. Main characteristics of mineral showings in Aldina Township (from the Mineral Deposit Inventory (Ontario
Geological Survey 2013) and from files in the Thunder Bay South Resident Geologist Office).
Occurrence
Douglas
MDI52A05NW00011

Number in Commodities
Figure 6.1
1
Cu, Au, Mo

Aldina
MDI52A05NW00010

2

Fe

Calvert–Stares
MDI000000001160

3

Zn, Au, Ag

Description
Hosted in carbonate veins in amphibolite associated with contact
metamorphism and metasomatism. Discovered by A. Douglas in
1988. Grab samples returned values up to 2.3 g/t Au, 1.6% Cu,
3173 ppm Mo.
Magnetite-rich iron formation drilled and trenched by New
Fortune Minerals Ltd. in 1957 in Aldina and Marks townships.
Reported assays up to 30.8% Fe.
Precious metal-rich volcanogenic massive sulphide occurrence
hosted in sericite-altered felsic volcanic lithofacies discovered
drilled and trenched between 2000 and 2007. Best drilling
intersection is 2.27% Zn and 1.38 g/t Au over 8.0 m.

Alteration and Mineralization
Most of the alteration and mineralization documented during the current mapping project is
characteristic of strata hosting volcanogenic massive sulphide (VMS) deposits. High-temperature
hydrothermal circulation of seawater through volcanic strata during extension results in a characteristic
alteration style and base metal content in sulphide deposits. Massive sulphides have been exposed and
sampled at the Calvert–Stares occurrence (Figure 6.2). Sulphide-facies iron formation was commonly
exposed in trenching and contained up to 45–60% pyrite with minor sphalerite and chalcopyrite.
Disseminated to semi-massive pyrite mineralization with rare sphalerite was observed in some trenched
exposures of felsic tuffaceous rocks. The different alteration assemblages are spatially associated with the
strata hosting the Calvert–Stares VMS occurrence. The only exception is the epidote-quartz alteration
assemblage, which is relatively widespread throughout most of the mafic lithofacies in the map area. The
different types of VMS-alteration observed in the supracrustal rocks are summarized below:
•

epidote-quartz alteration in mafic lithofacies (Photo 6.2A). Forms as irregular patches or blobs
in massive flows or commonly replacing glassy matrix of flow breccias. Varies in intensity
from weak to strong. This assemblage is not necessarily associated with VMS-forming
hydrothermal systems.

•

chlorite-garnet alteration developing in felsic and mafic lithofacies (Photo 6.2D). Mostly
observed in felsic volcaniclastic layers in close proximity to or interlayered with iron formation.
Alteration intensity in felsic rocks ranges from moderate to intense when interlayered with iron
formation. Mafic rocks in the immediate footwall has chlorite alteration, but only has trace
amounts of garnet.

•

orthoamphibole-garnet alteration (Photo 6.2B). Only 1 observed outcrop of this assemblage.
Alteration has completely replaced the rock and there is no textural preservation. Based on
nearby lithologies, the most probable protolith is a mafic rock.

•

sericite alteration developed in the felsic lithofacies proximal to the mineralization at the
Calvert–Stares occurrence (Bottrill 2003; Lodge and Chartrand 2013). This alteration is
stratabound forming bands and stringers that are subparallel to bedding in felsic volcaniclastic
rocks and varies in intensity from moderate to intense. Siderite is in an accessory phase locally
associated with this sericite alteration.
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Figure 6.2. Sketch map of the geology and alteration at the Calvert–Stares volcanogenic massive sulphide discovery trench.
Sketch map is modified from Thunder Bay South Resident Geologist files (J.F. Scott, OGS, unpublished notes, 2001); most of the
area depicted is under water and is no longer visible. Base metal assays of chip samples from Discovery Zone are from Bottrill
(2003). Table abbreviations: Ag, silver; Au, gold; Cd, cadmium; Cu, copper; g/t, grams per tonne; Pb, lead; ppm, parts per million;
Zn, zinc. Figure abbreviations: cpy, chalcopyrite; gn, galena; py, pyrite; sph, spalerite; Tr, trace; Zn, zinc. Grid UTM co-ordinates
presented in Zone 16 using North American Datum 1927 (NAD27).
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Disseminated pyrite and pyrrhotite were noted in some exposures of gabbroic to pyroxenite
intrusions. Most notably, a 2 to 3 m thick zone of 5 to 20% disseminated pyrite and pyrrhotite was
discovered in a pyroxenite sill (Photo 6.2C) in the stratigraphic footwall to the Calvert–Stares VMS
occurrence. This mineralized outcrop is located to the northeast of the Calvert–Stares occurrence on a
ridge-like topographic high. This mineralized zone was previously recorded in neither government nor
industry reports. Trace amounts of disseminated pyrite were described in pyroxenite dikes or nodules
within the foliated to gneissic tonalite to granodiorite. However, pyroxenite units within the foliated
granitoids are only several metres thick, have limited lateral extent, and are not large enough to be
represented as map units. There is no alteration associated with these gabbro-pyroxenite mineralized
zones, suggesting that they are magmatic, not hydrothermal, in origin.
There is an interesting outcrop of an epidote-chlorite altered and pyrite-mineralized rock on the north
side of Boreal Road (see Figure 6.1 for location of road). The intensity of alteration is this rock is very
high and primary textures are not preserved. Based on the amount of quartz crystals in the matrix and
lesser altered zones of the rock, this rock is likely representative of a metasomatized margin of a granitic
intrusion. Fine-grained disseminated pyrite mineralization composed approximately 2 to 3% of the rock,
but locally composed up to 7 to 8% of the rock.

Photo 6.2. Photographs of various alteration assemblages and mineralization in Aldina Township. A) Patchy epidote-quartz
alteration in massive to brecciated mafic flow (UTM 279297E 5365344N). B) Strong to intense amphibole-chlorite-garnet
alteration in mafic(?) rock (UTM 283654E 5365387N). C) Disseminated pyrite and pyrrhotite mineralization in gabbro-pyroxenite
(UTM 283590E 5365332N). D) Chlorite-garnet–altered layers within oxide(magnetite)-facies iron formation near the Calvert–
Stares VMS occurrence (UTM 283764E 5364824N). All UTM co-ordinates are provided in metres in Zone 16 using NAD83.
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Recommendations for Exploration
The strata hosting the Calvert–Stares occurrence in the northeastern part of the map area warrants
additional prospecting and detailed geological mapping for zinc-copper-gold mineralization and
associated alteration. Multiple sulphide-bearing iron formation horizons associated in intensified
hydrothermal alteration and sulphide mineralization are suggestive of a “stacked” VMS system and
mineralization may be found on multiple stratigraphic levels. The host rock to mineralization in the
discovery trench is felsic volcaniclastic lithofacies and, based on the generally diffuse alteration style,
may have been highly permeable strata incapable of trapping and focussing the discharge of hydrothermal
fluids at sufficiently high temperatures necessary for the formation of large VMS deposits. Alteration
intensity in the felsic volcanic lithofacies and abundance of sulphide minerals are observed to increase
toward the bottom (north side) of iron formations in trenched outcrops south of the discovery trench.
Therefore, the iron formations may have acted as a cap lithology increasing the temperature of the
hydrothermal system and effectiveness of metal deposition. Therefore, the stratigraphic bottom of iron
formations would be good targets for future exploration. Iron formations are commonly spatially
associated with large VMS deposits in other Archean greenstone belts (e.g., Geco and Willroy mines,
Manitouwadge greenstone belt: Zaleski and Peterson 1995).
Pyroxenite and gabbroic sills are common throughout most of the VMS-hosting strata in the Calvert–
Stares occurrence area. Disseminated pyrite and pyrrhotite mineralization discovered within VMS-hosting
strata may indicate the mafic to ultramafic intrusions in this area may have reached sulphur saturation via
the assimilation of either VMS mineralization or sulphide-facies iron formation and have the potential to
host nickel-copper-platinum group elements (PGE) magmatic sulphide mineralization. In Aldina Township,
this type of mineralization has not been an exploration target; and this is the first time this type of
mineralization has been recognized in this part of the Shebandowan greenstone belt. The ultramafic rocks
of the Shebandowan greenstone belt are host to a past-producing nickel-copper-PGE mine (Shebandowan
Mine) and numerous nickel-copper-PGE prospects (Farrow 1993). Therefore, it is recommended that the
ultramafic bodies, especially in the VMS-hosting strata near the Calvert–Stares occurrence, be prospected
for additional sulphide mineralization.
Vein mineralization at the Douglas showing is interpreted to be associated with metasomatism
during the intrusion of the felsic plutons just south of the mineralization (Sarvas 1988). During the current
mapping project, an epidote-chlorite-pyrite–altered rock (possibly granitic protolith) was described at the
margin of the massive granite pluton in the eastern part of the township. Based on these occurrences, it is
apparent that emplacement of this pluton was associated with metasomatism capable of forming coppermolybdenum-gold porphyry-type mineralization. It is recommended that the margin of this pluton in
Aldina and adjacent townships be prospected for additional mineralized zones. The margin on this pluton
is well defined in magnetic geophysical surveys. However, thick glacial deposits cover most of the
margin of this pluton and the amount of exposed rock is very limited.
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INTRODUCTION
The Sioux Lookout greenstone belt is a classical, exceptionally well-preserved Archean greenstone
belt that has attracted the attention of geologists since the 1930s. Early investigations in the area included
some of the first attempts to apply modern stratigraphic principals in Archean terranes (Pettijohn 1934;
Turner and Walker 1973). The addition of modern geochronological and geochemical analysis in the
1970s and 1980s greatly advanced the understanding of the area (e.g., Davis, Sutcliffe and Trowell 1988).
Belt-scale synthesis studies carried out up to present (Devaney 2000; Beakhouse 2012) continue to spark
debate on the evolution and crustal dynamics of Archean greenstone belts.
Regional mapping studies (Johnston 1972; Trowell et al. 1983) have very accurately portrayed the
geology of the Sioux Lookout greenstone belt and indicate that the fine-scale structural–stratigraphic
architecture of the belt is locally quite complex. This study focusses on the southeastern portion of the
Sioux Lookout greenstone belt, where it is exposed at Minnitaki Lake, in the area around Southeast Bay
(Figure 7.1). Systematic 1:20 000 scale mapping and rock sampling were carried out during the summer
of 2013 to analyze in detail the structure and stratigraphy of this portion of the greenstone belt. The
preliminary findings of the study are summarized below. It should be noted that unit correlations and
structural relationships are based on observations made in the field and should be considered tentative,
pending the results of ongoing geochemical and petrographic analysis.

GEOLOGICAL SETTING
The Sioux Lookout greenstone belt consists of 3 east-northeast-trending belts of metavolcanic rocks
denoted the Northern, Central and Southern volcanic belts (see Figure 7.1). The volcanic belts are
separated by narrow belts of metasedimentary rock including the Ament Bay conglomerates and Little
Vermilion sediments in the north, and a laterally continuous belt of meta-greywacke, called the Minnitaki
Lake sediments, in the southern portion of the belt. The metasedimentary and metavolcanic successions in
the Sioux Lookout greenstone belt are affected by regional metamorphism to greenschist facies. For
brevity, the prefix “meta” is hereafter omitted. The Sioux Lookout greenstone belt is bounded to the north
by the Winnipeg River Subprovince and to the south by the Basket Lake batholith. The eastern extension
of the belt is intruded by granitic rocks including the Lake of Bays batholith (see Figure 7.1).
The Central Volcanic Belt is interpreted to be 2732 to 2734 Ma, based on zircon U/Pb
geochronology of synvolcanic intrusive complexes (Blackburn et al. 1991; Davis, Sutcliffe and Trowell
1988). To the north, the Central Volcanic Belt structurally overlies the younger Ament Bay conglomerate,
which is interpreted to have a maximum depositional age of 2698±4 Ma (Davis, Sutcliffe and Trowell
Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.7-1 to 7-8.
© Queen’s Printer for Ontario, 2013
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1988). The Minnitaki Lake sediments have been dated within the map area at 2713 to 2710 Ma (Davis,
Sutcliffe and Trowell 1988) based on zircon from a quartz porphyry clast in a conglomerate exposed in
the northeastern portion of Minnitaki Lake. On a regional scale, the age of deposition may be slightly
younger (Beakhouse, this volume). Geochronological studies in the Northern and Southern volcanic belts
are currently underway (G.P. Beakhouse, OGS and S.L. Kamo, Jack Satterly Geochronology Laboratory,
unpublished data, 2013).
The 2013 study area, located in the eastern portion of the Minnitaki Lake area, straddles the contact
between the Southern Volcanic Belt and the Minnitaki Lake sediments (see Figure 7.1). The contact
between these units in this portion of the Sioux Lookout greenstone belt is interpreted by Trowell, Bartlett
and Sutcliffe (1983) to be coincident with the trace of the Wabigoon fault, a major terrane-bounding
structure that extends east from the Lake of the Woods area.

STRATIGRAPHY
The stratigraphic associations described below are the bases for subdividing the study area into a
number of discrete, structurally bounded lithotectonic units (Figure 7.2). The internal structure of the
units and their contact relationships are described in the following section.
The Southern volcanic belt underlies the southern half of the study area (see Figure 7.2). The
geology and geochemistry of the belt was described by Trowell, Bartlett and Sutcliffe (1983) as a fairly
monotonous succession of thin to very thick, massive to pillowed mafic flows and pyroclastic rocks. The

Figure 7.1. Geology of the Minnitaki Lake area (from Beakhouse et al. 2011). Abbreviations: BLB, Basket Lake batholith;
CVB, Central volcanic belt; LOBB, Lake of Bays batholith; MLS, Minnitaki Lake sediments; NVB, Northern volcanic belt;
SVB, Southern volcanic belt; WF, Wabigoon fault; WRS, Winnipeg River Subprovince.
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Southern volcanic belt is almost completely dominated by subalkalic basalts with only rare occurrences of
tholeiitic andesites (Trowell, Bartlett and Sutcliffe 1983). Mafic to ultramafic intrusive rocks also occur
locally as small plugs, which constitute only a small portion of the succession, but are notably associated
with copper-nickel-platinum group element mineralization at Way Lake, just east of the study area
(C. Ravnaas, Resident Geologist Program–Ontario Geological Survey, personal communication, 2013).

Figure 7.2. Preliminary geological map of the eastern portion of the Sioux Lookout greenstone belt. Lithotectonic units
discussed in text: CVB, Central volcanic belt; ERDZ, English River deformation zone; MLS, Minnitaki Lake sediments; SEBV,
Southeast Bay volcanics; SEBS, Southeast Bay sediments; SVB, Southern volcanic belt. Universal Transverse Mercator (UTM)
co-ordinates provided using North American Datum 1983 (NAD83), Zone 15.
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Attempts during this study to identify mappable subunits within the Southern volcanic belt were
largely unsuccessful owing to the generally massive nature of the mafic flows and the lateral discontinuity
of the pyroclastic deposits. Systematic sampling of the succession was carried out along a north-south
transect in Southeast Bay to create a geochemical cross section through the unit.
The Minnitaki Lake sediments (MLS) are described in detail by Walker and Pettijohn (1971) who
identified the following 2 facies assemblages within the unit:
1. deep-water, thinly bedded turbidite successions consisting of gritty sandstones and mudstone
2. thick-bedded conglomerate and sandstone successions dominated by quartz porphyry volcanic
clasts
In the study area, there is a marked increase from west to east in the abundance and thickness of
conglomerate beds. The stratigraphic relationship between the two assemblages is well exposed in the
archipelago in the northeastern portion of the study area (see Figure 7.2). Here, thick beds of pebble to
cobble conglomerate form scour-based lenses that truncate thin beds of parallel-laminated, fine-grained
sandstone and shale. The basal portions of the conglomerate lenses locally contain angular, cobble-sized
rip-up clasts of black shale.
The clast composition of the conglomerate is typically monomictic, suggesting that it formed from
debris flows shed from a single felsic volcanic source area, which developed adjacent to the basin during
deposition of the MLS. The parallel-bedded sandstone-shale succession locally contains conformable
beds of felsic to intermediate tuff, indicating that pyroclastic flows occurred sporadically during
sedimentation. The tuffaceous beds are thus interpreted to be distal facies equivalents of the volcanic
conglomerate, and the increasing abundance of conglomerate in the eastern portion of the study area is
interpreted to be a lateral facies change in the MLS that occurs proximal to the inferred volcanic centre
(Devaney 1998).
In Southeast Bay and Twin Bay, Devaney (2000) identified a succession of green siltstone and
ironstone that is not part of the main unit of the MLS. Devaney (2000) suggests these strata represent a
proximal facies of the MLS that constitutes a separate structural panel. The fine-grained sediments are
interlayered with sandstones and conglomerates containing felsic volcanic detritus. At least one interbed
is interpreted by Devaney (2000) to be felsic pyroclastic lapilli tuff.
Based on mapping carried out during this study, the volcanic component of the sedimentary
succession exposed in Twin Bay is tentatively correlated with intermediate to felsic volcanic rocks
exposed in the islands in the northeastern corner of Southeast Bay (see Figure 7.2). The volcanic rocks are
termed the Southeast Bay–Smock Lake volcanics by Trowell, Bartlett and Sutcliffe (1983). Within this
unit, Trowell, Bartlett and Sutcliffe (1983) identified a lower mafic to intermediate flow sequence and an
upper felsic to intermediate fragmental sequence. The unit is characterized by subalkalic basalts, andesites
and dacites with both tholeiitic and calc-alkalic affinity.
For the purposes of this study, the contiguous sedimentary–volcanic succession from the Twin Bay
area to the northern portion of Southeast Bay is termed the Southeast Bay sediments (SEBS) and it is
treated as a separate lithotectonic unit (see Figure 7.2).
During reconnaissance mapping and sampling by Beakhouse (2012), samples were collected of an
intermediate crystal tuff that is demonstrably interlayered with mudstones on the northwest shore of
Southeast Bay. Preliminary results of geochronological analysis (G.P. Beakhouse, OGS, and S.L. Kamo,
Jack Satterly Geochronology Laboratory, personal communications, 2013) suggest that the volcanic
horizon has an age of approximately 2727 Ma, considerably older than the Minnitaki Lake sediments to
the north (Davis, Sutcliffe and Trowell 1988). The preliminary geochronological analyses support the
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interpretation that the SEBS constitutes a stratigraphic unit separate from the Minnitaki Lake sediments,
which is possibly structurally juxtaposed against it. Additional geochemical and geochronological
analyses of the volcanic and sedimentary rocks will be carried out to help characterize the unit and
determine its structural and/or stratigraphic relationship to the Minnitaki Lake sediments and the Southern
volcanic belt.
The Southeast Bay sediments are separated from the MLS by a wedge-shaped structural panel of
mafic to intermediate volcanic rocks. The volcanic rocks include pillowed and massive mafic flows,
mafic ash tuff and rare feldspar-phyric intermediate crystal to lapilli tuff. The unit is termed the Southeast
Bay volcanics for the purposes of this study. Geochemical analyses, conducted as part of this project, will
be used to compare the rocks of the Southeast Bay volcanics unit with those of the Central and Southern
volcanic belts to determine the tectonic affinity of the unit.

STRUCTURE
In the Southern volcanic belt, fabric development was found to be highly varied because of the large
contrast in competency between the massive mafic flows and the pyroclastic units. Fine-grained
tuffaceous portions of the succession commonly show well-developed, meso-scale folding complete with
axial planar fabric development, but these portions of the unit are rare, making it difficult to accurately
characterize the regional pervasive fold system. A large fold structure is readily visible in total magnetic
field survey maps that cover the western portion of the map area; however, attempts to delineate the
structure on the ground were impeded by the lack of primary layering in the volcanic flows. Several
outcrops were observed in the nose of the proposed fold, where tuffaceous layering is cut at a high angle
by an east-northeast-trending foliation fabric, interpreted to be axial-planar to the fold. Fabric
relationships indicate that the fold is a steeply plunging structure; however, insufficient data exist for an
accurate statistical analysis of the fold orientation.
The MLS exposed in the map area is deformed by close to tight, upright F1 folds. The F1 fold system
has axial surfaces that trend east-northeast, approximately parallel to the enveloping surface of the
lithotectonic unit. Meso-scale fold closures are only rarely observed, suggesting that the fold system has a
long wavelength. Well-developed S1 axial planar cleavage is visible in meso-scale fold closures and is
subparallel to bedding in macro-scale limb domains. Pervasive development of S1 in the sandstone-shale
succession is indicated by a well-developed bedding–S1 intersection lineation that consistently plunges
moderately to the west.
In the eastern portion of the map area, conglomerate beds of the MLS are cut at a high angle by a
strongly developed north-northeast-trending foliation, defined by flattening and elongation of clasts. A
strong north-northeast-trending foliation is also seen in the volcanic rocks of the SEBS immediately to the
south. Here, the fabric appears to crenulate an early foliation fabric, suggesting that it postdates the
regional east-trending S1 fabric. The local development of a north-northeast-trending ductile fabric may
be related to open warping of the Sioux Lookout greenstone belt near the edge of the Lake of Bays
batholith, which is located just east of the study area (see Figure 7.1). The influence of the batholith may
account for some of the complexity in the eastern portion of the greenstone belt; more mapping around
the flanks of the batholith is recommended, to better resolve structural relationships in this area.
In the western portion of the map area, foliated Minnitaki Lake sediments are cut by a second
pervasive fabric that is expressed as a spaced cleavage. The northeast-trending cleavage fabric lies at a
high angle to the F1 fold system, but does not appear to significantly deform meso-scale F1 folds,
suggesting that the cleavage is a relatively low-strain fabric. The cleavage fabric is not associated with
development of an overprinting fold system; however, it may be associated with late, brittle faults, such
as the one inferred near Ruby Island (see Figure 7.2), judging from its expression in magnetic surveys of
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the area (Beakhouse et al. 2011). The cleavage fabric and related faults are interpreted to represent a late,
regional deformation event.
The contacts between the Minnitaki Lake sediments and the volcanic successions of the Central
volcanic belt and Southeast Bay volcanics units are important exploration targets, as they host a number
of small gold and base-metals occurrences. The contact is typically transposed into parallelism with the
steeply dipping main regional foliation. In the northeastern portion of the study area, for example, mafic
volcanic rocks assigned to the Central volcanic belt (Johnston 1972) occur within a belt of thin-bedded
sandstone and shale. The sediments have bedding–cleavage relationships indicating that the underlying
volcanic rocks are exposed in an upright to overturned, westerly plunging antiform (see Figure 7.2).
The extreme transposition of the sedimentary–volcanic contact is also indicated in the Southeast Bay
volcanic unit. Here, a small island underlain by sandstone and shale is interpreted to be an inlier that is
structurally interleaved with the volcanic rocks, either by faulting or highly attenuated isoclinal folding.
Bedding in the sediments is strongly transposed into an intense planar foliation. Locally, sandy
laminations in the shale are preserved as highly dismembered fold wave trains, indicating that the
deformed strata represent a very high state of finite strain.
The MLS is juxtaposed against the Southern volcanic belt by the Wabigoon fault (see Figure 7.1).
The trace of the Wabigoon fault is inferred to lie coincident to an ironstone succession visible on regional
geophysical maps as a prominent linear magnetic high that extends from the southern portion of
Minnitaki Lake, east through Twin Bay, into the northern portion of Southeast Bay (see Figure 7.2). In
the study area, the ironstone and associated clastic sedimentary and pyroclastic rocks constitute the SEBS.
In the SEBS, deformed ironstone and sandstone beds locally show 2 superposed generations of folding,
expressed as Ramsay Type 3 interference patterns (Ramsay 1962). The early refolded folds do not have
an axial planar fabric, while the second generation of folds has axial surfaces striking east, parallel to the
trend of the structural panel. Polyphase folding of this sort is only recognized in this portion of the study
area which suggests that the SEBS constitutes a discrete fault-bounded structural unit. Preliminary
geochronological analyses of samples from the SEBS further suggest that the unit is a separate structural
panel within the Wabigoon fault zone, which is in tectonic contact with the younger MLS.
In the southern portion of Twin Bay, deformation in the ironstone is characterized by an intense
foliation fabric, defined by planar colour banding. The foliation is interpreted to transpose original
layering in the ironstone, based on the occurrence of micro-scale intrafolial F1 folds. The foliation fabric
is subsequently folded into angular, kink-style Z-folds with moderate westerly plunges. The style of
deformation in the Twin Bay area is consistent with descriptions of the Wabigoon fault from the Dryden
area by Breaks, Bond and Stone (1978).
The precise location and continuity of the Wabigoon fault in Southeast Bay is poorly understood.
The magnetic high that delineates the main trace of the Wabigoon fault west of the study area, terminates
in Southeast Bay, leading Trowell, Bartlett and Sutcliffe (1983) to infer a north-trending fault cutting
through the bay. Detailed mapping of the islands on the west shore of Southeast Bay, during the present
study, indicates that the ironstone and associated SEBS are folded about an upright, west-plunging
synformal axis (see Figure 7.2). The succession is interpreted to be continuous with the lower portion of
the succession exposed up-plunge to the east, where it is dominated by intermediate volcanic rocks. The
SEBS structural panel is therefore interpreted to be continuous across Southeast Bay and, by association,
the Wabigoon fault zone that bounds the SEBS is also interpreted to continue to the east. Unfortunately,
contact relationships on the east side of Southeast Bay between the SEBS and the Southern volcanic belt
are poorly exposed, leaving the location of the Wabigoon fault open to interpretation.
The fine-scale interleaving of lithotectonic units in the Southeast Bay area may indicate that the
Wabigoon fault bifurcates and becomes a complex network of splays. This interpretation remains tenuous
7-6

Earth Resources and Geoscience Mapping Section (7)

S.R. Meade

at this time, however, because the structural complexity of the area is obscured by variations in the
stratigraphy attributed to lateral facies changes (Devaney 1998). Geochemical and geochronological
analyses are planned to characterize lithotectonic units in the area, in order to further constrain the
stratigraphic and structural relationships.
A possible correlative of the Wabigoon fault is the English River deformation zone (Trowell, Bartlett
and Sutcliffe 1983), located in the southern portion of Southeast Bay. The main foliation fabric that
defines this deformation zone is a strong ductile fabric characterized by extreme flattening and
transposition of primary layering. Like the exposures of the Wabigoon fault, the main fabric is
subsequently folded by kink-style Z-folds, suggesting that the kinematics of the 2 fault zones may be
comparable. The timing of deformation on the English River deformation zone relative to movement on
the Wabigoon fault remains uncertain.

ECONOMIC GEOLOGY
The locations of historic gold showings observed in the study area are shown on Figure 7.2. Samples
were collected from each of these sites to analyze their alteration and mineralization assemblages. Field
relationships suggest that the mineralization is highly localized around structures and geological contacts.
A number of occurrences are located along the contacts between the MLS and volcanic rocks in the
northern portion of the study area, but similar styles of mineralization and alteration were also observed in
the Southern volcanic belt at Twinflower Lake. The showings are typically associated with strong
phyllitic foliation and intense sericite, quartz and iron carbonate alteration. Pyrite occurs commonly as
disseminated euhedral crystals, and is often spatially associated with quartz veining.
Detailed analysis of the showings is ongoing, to integrate the timing and structural controls on
mineralization into interpretations of the regional tectonic setting for the Sioux Lookout greenstone belt.
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INTRODUCTION
This article presents preliminary observations from a PhD thesis project studying the fourdimensional crust–mantle evolution and mineral system distribution of the Marmion terrane. This
research is part of the larger Yilgarn–Western Superior comparison project, a core project of the
Australian Research Council (ARC) Centre of Excellence for Core to Crust Fluid Systems. It is based
within the Centre for Exploration Targeting at the University of Western Australia in collaboration with
the Centre for Sustainable Mining and Exploration (CESME), Lakehead University and the Ontario
Geological Survey.
Recent investigations elsewhere suggest there is a strong spatial correlation between lithospheric
architecture and mineral systems (Champion and Cassidy 2007; McCuaig, Beresford and Hronsky 2010;
Begg et al. 2010). In order to evaluate whether this concept can be applied to the Superior Province,
uranium–lead (U/Pb), lutetium–hafnium (Lu-Hf) and oxygen isotopes in zircon will be used to model the
crust–mantle evolution of the Western Superior through time and space. Stainton (see Stainton et al., this
volume) is investigating the domain boundary between the North Caribou core and the Uchi domain. Lu
is conducting a multi-isotopic study of the Wabigoon Subprovince to define internal terrane boundaries
that have not been observed in geophysical imagery (see Lu et al. 2013) . The Marmion terrane (3.0 Ga)
(Henry et al. 1998; Hollings and Wyman 1999; Tomlinson et al. 2003) in the south-central Wabigoon
Subprovince was chosen as a subset of this field area to allow for field-based structural and stratigraphic
studies at the deposit and belt scale that will provide additional context for the regional isotopic mapping
(Figure 8.1).
The Marmion terrane is an ideal study area as it preserves a 300 million year record of nearcontinuous magmatic events and greenstone belt growth across the Mesoarchean–Neoarchean
chronostratigraphic boundary. Additionally, the geology is well characterized, with supporting data, yet
there has not been a multi-isotopic study of the lithospheric architecture. The aims of this project are to
1) provide additional constraints on Mesoarchean crustal growth and preservation, 2) locate the major
external and internal lithospheric boundaries in the Marmion terrane, 3) determine the tectonic setting
through time, 4) model the Mesoarchean mantle evolution, and 5) determine the controls on the clustering
of mineral systems through time.
Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.8-1 to 8-10.
© Queen’s Printer for Ontario, 2013
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GEOLOGICAL BACKGROUND
The largely plutonic Marmion terrane is dominated by the Marmion intrusive complex (MIC), which
is a tonalite–trondhjemite–granodiorite (TTG) suite with an age of 3002 Ma (see Figure 8.1; Davis and
Jackson 1988; Tomlinson et al. 2003). Elongate greenstone belts are located along the west, north and
south margins of the MIC. The oldest parts of these greenstone belts are 3003 to 3016 Ma (Hamilton,
Davis and Kamo 2007; Tomlinson et al. 2003; Davis 2008) and, therefore, were either intruded by the
MIC or were structurally emplaced. The Lumby Lake (LLGB), Finlayson (FGB) and west Steep Rock
greenstone belts record tholeiitic mafic volcanism from 3014 Ma to younger than 2828 Ma, with lesser
intercalated calc-alkaline felsic volcanic and minor komatiite and sedimentary successions (Hollings and
Wyman 1999; Tomlinson et al. 1999, 2003; Fralick, Hollings and King 2008). The MIC was uplifted and
eroded before 2780 Ma in the area of the east Steep Rock greenstone belt (Tomlinson et al. 2003; Davis
2008; Fralick, Hollings and King 2008). This was followed by subsidence and submergence of the area as
recorded by sedimentary successions within the east Steep Rock, Finlayson and Lumby Lake greenstone
belts (Fralick, Hollings and King 2008). Mafic volcanism occurred along the southern margin of the
Marmion terrane at circa 2730 Ma (Davis 2006). The last recorded depositional event is a series of
sedimentary successions before 2685 Ma, which are localized within the greenstone belts (Buse et al.
2010; Stone et al. 2010).

OBSERVATIONS FROM 2013 FIELD WORK
Field work in the 2013 season focussed on i) regional sampling, ii) a belt-scale study of the
greenstone belts and iii) study of mineralization. The regional sampling targeted granitoid rocks across
the Marmion terrane and its borders. Emphasis was placed on sampling the late mantle-derived sanukitoid
suite in addition to the TTG intrusions and gneiss, as well as amphibolite gneiss. A total of 222 samples

Figure 8.1. Geological map of the Marmion terrane showing sample distribution. Intrusions: DG, Dashwa gneisses; EIC,
Entwine intrusive complex; MIC, Marmion intrusive complex; WOB, White Otter batholith. Greenstone belts: FGB, Finlayson;
LDMLGB, Lac des Mille Lacs; LLGB, Lumby Lake; SRGB, Steep Rock. Geology is from Ontario Geological Survey (2011),
using terrane boundaries of Stott et al. (2010).
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were collected (see Figure 8.1). Whole-rock geochemical analyses will be done on all samples, thin
sections will be prepared for all samples, and 100 samples will be selected for zircon separation. Multiple
isotopic mapping using in-situ U/Pb, Lu/Hf and oxygen in zircons from these samples is the primary tool
for this project.
The purpose of the greenstone belt study is to compare the stratigraphic, structural and metamorphic
variations across the terrane with the isotopic variations. These data will be supplemented with
geochemical and isotopic study of the primitive mafic rocks to better understand the coeval evolution of
the mantle. Specific areas across the greenstone belts were targeted based on inconsistencies in historical
interpretations and observations determined by literature review. These targeted field investigations also
provide context to the mapping and observations of previous workers, thereby aiding in the interpretation
of the tectonic history of the terrane. Detailed descriptions of the area are provided by Jackson (1985a,
1985b), Fralick and King (1996), Hollings et al. (1999), Tomlinson et al. (1999), Fralick, Hollings and
King (2008), Buse, Lewis and Magnus (2009) and Stone (2010a, 2010b). The following summarizes
structural and stratigraphic observations and initial interpretations.

Regional Deformation and Major Faults of the Marmion Terrane
Integration of geophysics with geology before field work resulted in a working hypothesis of final
northwest-to-southeast compression. This was supported by subsequent field observations of i) dextral
displacement along east-trending structures, ii) sinistral displacement along northeast-trending structures,
and ii) reverse faulting and/or thrusting with the northwest-block up (Figure 8.2).
The terrane-bounding dextral Quetico fault is the largest structure in the study area. Similar to the
Quetico fault, the central Lumby Lake fault trends east and preserves kinematic indicators for components
of dextral and north-side-up dip-slip displacement (Buse, Lewis and Magnus 2009), which is interpreted
by these authors to indicate that the fault originated as a thrust. Even if this were the case, the fault is now

Figure 8.2. Preliminary structural interpretation of the Marmion intrusive complex and surrounding greenstone belts. Intrusions:
DG, Dashwa gneisses; MIC, Marmion intrusive complex. Greenstone belts: FGB, Finlayson; LDMLGB, Lac des Mille Lacs;
LLGB, Lumby Lake; SREGB, east Steep Rock; SRWGB, west Steep Rock. Modified from geological map of Stone (2010b).
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steeply dipping and is parallel to the regionally pervasive S1 fabric. Steep dextral shearing and faulting
(trending 090 to 110) were noted at the outcrop scale locally throughout the study area (Photo 8.1B). An
east-west fabric penetrates the Lumby Lake, Lac des Mille Lacs, western Finlayson and southern Steep
Rock greenstone belts and parts of the MIC. The east-trending foliation increases in strength in proximity
to major east-trending structures such as the dextral Quetico and central Lumby faults.
Northeast-trending structures such as the Marmion–Red Paint Lake fault have sinistral displacement
both at the regional and outcrop scale (see Figure 8.2; Photo 8.1A). A corresponding northeast-trending
fabric overprints the study area. This fabric locally forms a crenulation cleavage of the east-west foliation;
however, in other locations, the northeast fabric is crenulated by the east-west fabric (Photo 8.1D). It is
most pronounced along the Marmion–Red Paint Lake fault zones and along the northeast splays from the
Quetico fault. Northeast-trending brittle fractures and sinistral faults are increasingly abundant in
proximity to these structures.
Thrust and reverse faults are locally developed along northeast-trending structures throughout the
study area. These faults and shear zones are accompanied by an increase in the amount of subhorizontal
fracturing and veining, and are observed to dip both to the northwest and southeast (Photo 8.1C).

STRATIGRAPHY OF THE LUMBY LAKE GREENSTONE BELT
The east-trending Lumby Lake greenstone belt (LLGB) is the largest preserved greenstone belt in the
Marmion terrane and it provides the most continuous record of volcanism from 3.0 to 2.7 Ga. An
observed inward younging of the LLGB is supported by geochronology and supports a belt-scale
synclinal interpretation that rationalizes a central asymmetry offset along a central fault (Woolverton
1960; Jackson 1985a, 1985b; Hollings and Wyman 1999; Fralick and King 1996; Fralick, Hollings and
King 2008). Others, however, have interpreted the central fault as a terrane-bounding structure
(Tomlinson et al. 2003; Buse et al. 2009). Variations in volcanic textures occur both regionally and
locally (e.g., Photo 8.2A). Spinifex-textured talc-carbonate schist in the southern LLGB, previously
mapped by Jackson and Chevalier (1985), was sampled to determine if it is a komatiite (Photo 8.2C).
Although this unit differs significantly in appearance from the serpentine-chlorite–altered spinifextextured pillowed komatiite in the northern LLGB (Photo 8.2D), it is in the same position stratigraphically
as the northern komatiite.

STRATIGRAPHY OF THE FINLAYSON GREENSTONE BELT
Similar to the LLGB, the Finlayson greenstone belt (FGB) has been interpreted 1) as a belt-scale
syncline (Fenwick 1976; Stone and Kamineni 1989; Fralick and King 1996), 2) as 3 separately developed
tectonostratigraphic assemblages (Stone 2010a), or 3) and as an autochthonous westward-younging
volcanic-sedimentary succession (Backeberg, Rowe and Bellefroid 2013). Limited observations of facing
directions in pillow basalts and bedding in sedimentary units support inward younging toward the eastcentral FGB. A clastic sedimentary unit (circa 2678 Ma: Stone 2010a, 2010b) overlying felsic volcanic
fragmental rocks lies west of the postulated synclinal axis of Fenwick (1976) and Fralick and King (1996).
This unit likely occurs in a late fault-bounded basin; however, U/Pb geochronology will be conducted to
determine if there is a central volcanic unit corresponding to the sedimentary rocks (2678 Ma).
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Photo 8.1. A) Dextral offset along sheared quartz vein at 100/subvertical, “41 zone”, Hammond Reef. B) Chlorite-ankerite
mineral lineations on sinistral northeast fault, Steep Rock greenstone belt; looking west at a vertical face. C) Thrust fault with
subhorizontal extension veins cut an earlier subvertical foliation and bedding in Finlayson greenstone belt; photo looking west.
D) Crenulation cleavage at the Ear Lake deformation zone, west Steep Rock greenstone belt; photo looking west-northwest.
E) Possible sheath folding, Finlayson greenstone belt; photo looking south. F) Isoclinal folding in central sedimentary rocks,
Lumby Lake greenstone belt; photo looking north.
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Photo 8.2. A) Felsic volcanic lapilli tuff, south Lumby Lake greenstone belt; bedding and foliation at 260/70, looking north.
B) Felsic volcanic ash and crystal tuff, west Steep Rock greenstone belt; bedding and foliation at 330/80, cleavage
340/subvertical. C) Folded spinifex-textured talc carbonate schist, south Lumby Lake greenstone belt. D) Spinifex-textured
pillowed komatiite, north Lumby Lake greenstone belt. E) Folded unconformity between conglomerate of the Steep Rock Group
and underlying weathered Marmion intrusive complex; fold axis at 240/45. F) Quartz breccia vein at 250/80, “41 zone”,
Hammond Reef, Marmion intrusive complex; pencil points 045.
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STRATIGRAPHY OF THE STEEP ROCK GREENSTONE BELT
The Steep Rock greenstone belt (SRGB) consists of 3 assemblages: the western Little Falls assemblage
(3000 Ma: Fralick and King 1996; Davis 2006) extending south of the FGB and into the Nevison Arm;
the Perch Lake assemblage in the southwest; and the Steep Rock Group (2780 to 2730 Ma) as defined by
Wilks and Nisbet (1988) to include the Witch Bay assemblage of Stone (2010a). The base of the Steep
Rock Group has a minimum age of 2780 Ma based on the youngest detrital zircons in conglomerate (Davis
2008; Stone 2010b). The conglomerate is overlain by limestone, iron formation and the Dismal Ashrock
pyroclastic ferropicrite, based on the youngest interpreted detrital zircon age of 2780 Ma (Tomlinson et al.
2003). The mafic volcanic-dominated Witch Bay assemblage unconformably overlies the Dismal Ashrock.
A quartz-feldspar porphyry and a leucogabbro (2730 Ma and 2735 Ma, respectively: Davis 2006) provide
the minimum age constraint on the Witch Bay assemblage. The Perch Lake assemblage may correlate with
either the Witch Bay assemblage or the Little Falls assemblage. This will be tested by isotopic analyses.
Structural observations support development of the Steep Rock Group in a basin that was later inverted
by northwest to southeast-directed compression. Thrusting occurred above and within the Dismal Ashrock.

Contacts with the Marmion Intrusive Complex
Most contacts of the Marmion intrusive complex (MIC) with the greenstone belts are obscured by
younger mafic and felsic intrusions. The Diversion stock intrudes the length of the contact between the
FGB and MIC and is interlayered with gabbroic and volcanic rocks along the eastern FGB. It is unclear
how much of the repetition is intrusive versus structural because of complications due to folding.
Similarly, there is a quartz-feldspar porphyritic tonalite (2786 Ma: Buse et al. 2010) and numerous gabbro
dikes along the contact with the LLGB. Possible intrusive contacts are located between the MIC and the
Lac des Mille Lacs greenstone belt (LDMLGB). Here, quartz-feldspar porphyritic tonalite is localized
within interlayered greenstone, gabbro and tonalite. The unconformity between the Steep Rock Group and
the MIC is the only location where the nature of the contact with the MIC is clearly preserved. Here,
conglomerate, sandstone and limestone overlie weathered tonalite, indicating that the contact is
autochthonous (Photo 8.2E).

Relationships to Gold Mineralization
Several historical gold occurrences were investigated during field work with the intention of better
understanding the controls on gold mineralization in the Marmion terrane in the context of the 4-D crust–
mantle evolution. In general, all the gold occurrences are located at or near contacts between contrasting
rock types and are proximal to northeast-trending structures, even though locally they differ in their
alteration styles and specific host rocks. Intersecting structures appear to be important for localizing gold
mineralization.
The Hammond Reef deposit is the most significant known gold mineralization (10.52 million ounces
at 0.62 g/t Au: Cukor, Gignac and Dagbert 2011) within the Marmion terrane, and is hosted by the MIC.
Mineralized zones are silicified and altered to sericite-ankerite-pyrite. Northeast-trending, southeastdipping (~35°) shear zones occur near the northwest and southeast boundaries of the “A zone” and
through the centre of the “41 zone” (Cukor, Gignac and Dagbert 2011). Within the “A zone”, chloritesericite slickensides indicate reverse movement on the bounding shear zones. Brittle, sinistral shearing
and faulting, trending either northeast or east-northeast, are observed in outcrop throughout both zones.
Three main vein sets are observed. 1) Veins trending east-southeast and dipping 75°S are commonly
sheared with a dextral sense and occur within tensional veins that strike southeast and dip 75°SW.
2) A vein set that trends east-northeast, dipping approximately 80°S is offset in places by the eastsoutheast veins and shear zones. 3) Veins in an east-northeast orientation tend to be extensional,
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laminated and brecciated at the “41 zone” (Photos 8.1A and 8.2F). Subhorizontal and shallowly dipping
veins were noted at the “A zone” and the “RAB zone”. These observations indicate more than one
deformation event affected the deposit. Backeberg and Rowe (2012) are undertaking a detailed structural
study of the Hammond Reef deposit. An attempt will be made to determine the age of the mineralization
using Re/Os isotopes on pyrite associated with the gold mineralization from samples of the “RAB zone”.

SUMMARY
The field observations support autochthonous development of the Marmion terrane greenstone belts
with respect to the MIC. However, many relationships between tectonic assemblages, greenstone belts
and the MIC remain equivocal. Examples include the timing of the Perch Lake and Nevison assemblages
and their relationships with the remainder of the SRGB and the FGB.
Thin felsic volcanic fragmental units occur more frequently in the southern LLGB, FGB and west
SRGB than is represented by the current mapping, thereby enabling a more thorough sampling of zircons
for isotopic geochemistry across these greenstone belts than anticipated. The analytical results from the
isotopic data across the belts will clarify the stratigraphic and tectonic interpretation presented here.
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INTRODUCTION
This article presents the preliminary results of field work and plans for a Master of Science (MSc)
thesis project at Lakehead University. This work is part of a regional study on the western Superior
Province in conjunction with Katarina Bjorkman (PhD candidate) and Dr. Yongjun Lu with Professor
T. Campbell McCuaig at the Centre for Exploration Targeting, University of Western Australia (Lu et al.
2013; Bjorkman 2013). The goal of the broader regional study is to map the lithospheric evolution of
specific terranes of the Superior Province to provide insight on deep lithospheric structures, the location
of terrane boundaries, and crustal growth across space and time (Bjorkman 2013). The project is funded
by the Australia Research Council Centre of Excellence for Core to Crust Fluid Systems (CCFS) and is a
collaboration with the Ontario Geological Survey.
The North Caribou terrane forms the core of the Superior Province to which other terranes were
accreted to its northern and southern margins (Stott 1997). According to the most recent revised
interpretations, it is subdivided (from north to south) into the Oxford–Stull domain, the Island Lake
domain, the North Caribou core, and the Uchi domain (Stott et al. 2010). The North Caribou terrane is
dominated by Mesoarchean batholiths at its core, to which Neoarchean magmatism and sedimentation
have added crust to the north (Island Lake domain and Oxford–Stull domain) and south (Uchi domain;
Stott et al. 2010).
The study outlined in this article will focus on the domain boundary between the North Caribou core
and Uchi domain and is funded by an NSERC Discovery Grant to Dr. Hollings. Isotopic boundaries of the
North Caribou core and Uchi domain will be mapped using in situ lutetium-hafnium (Lu-Hf) and oxygen
isotopes of igneous zircons, as well as whole-rock rubidium-strontium (Rb/Sr) and samarium-neodymium
(Sm/Nd) isotopes. The Lu-Hf and oxygen isotope signatures of zircons will provide insight into the degree
of interaction a particular rock has had with ancient basement and can be used to distinguish between a
mantle and supracrustal source (Hawkesworth and Kemp 2006; Bjorkman 2013). Isotopic signatures will
be plotted spatially to illustrate lithospheric evolution and crustal growth across time and space of the
North Caribou core and Uchi domain. The study area includes an approximately 120 km wide north-south
transect of the western Superior Province from the Island Lake domain of the North Caribou terrane to the
southern portion of the Winnipeg River terrane (Figure 9.1). Although the primary goal of field work was
to collect samples within the North Caribou core and Uchi domain, supplementary sampling was
conducted within the Island Lake domain, the English River Basin, the Winnipeg River terrane and the
western Wabigoon terrane in order to complement the broader, regional aspect of the study.
Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.9-1 to 9-4.
© Queen’s Printer for Ontario, 2013
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Figure 9.1. Location of sampling sites within the western Superior Province. Where possible, the intrusive granitoid samples
were collected from roadside outcrops. Where road access was nonexistent, key units were accessed by helicopter and sampled
at a broader spacing. Terrane boundaries from Stott et al. (2010); geology modified after Stott et al. (2010) and Ontario
Geological Survey (2011).
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PROJECT ACTIVITIES
Fifty-three (53) sample sites were visited in the study area (see Figure 9.1) over a period of 9 days in
June and July, 2013. The sampling program targeted least-altered plutonic granitoid rocks that exhibited
outcrop-scale compositional homogeneity and minimal expression of deformation. The majority of
sample sites within the North Caribou core were accessed via helicopter out of Pickle Lake and the
Musselwhite Mine site. Additional samples were collected at roadside outcrops and at Cadillac Ventures’
Thierry Mine drill-core storage facility. Two samples of the same material were taken at each site, one for
petrography, whole rock geochemistry and Rb/Sr and Sm/Nd isotopes and a second larger bulk sample
that will be used to separate zircon grains.
The samples range in composition and texture within and across each domain and terrane boundary.
Granitoid rocks sampled within the North Caribou core vary from syenite to syeno- to monzogranite to
granodiorite to tonalite and are typically massive and medium grained. Local variations include abundant
potassic feldspar phenocrysts, mild to moderate foliation, abundant biotite and hornblende and gneissic to
migmatitic banding. Rocks collected from the Island Lake domain vary compositionally from granite to
granodiorite to syenite and are massive to locally gneissic. Samples collected within the Uchi domain
consist of granite, syenite, granodiorite and tonalite and are typically massive and medium to coarse
grained. Samples collected from the English River Basin vary from syenite to tonalite and are typically
massive, homogenous and medium grained. The Winnipeg River terrane yielded syenite, granite and
granodiorite samples that were massive to mildly foliated and medium to coarse grained. Rocks of the
western Wabigoon terrane consist of granite, granodiorite and tonalite. They are massive, homogenous
and medium to coarse grained.

FUTURE WORK AND PLANNED ANALYSES
To date, work on this project has consisted of literature research, ArcGIS®-based compilation (that
includes data pertinent to, but not created by the project), field planning, sample collection and
preliminary sample preparation. Fifty-three (53) samples were sent to Geoscience Laboratories, Ontario
Geological Survey, Sudbury, for whole-rock geochemical analysis. Using the results of whole-rock
geochemical analysis, 30 of these samples will be selected for whole-rock Rb/Sr and Sm/Nd isotope
analysis. The 53 remaining large bulk samples will be prepared using a jaw crusher and shatterbox at the
lapidary facility at Lakehead University. The resultant sample powders will undergo mineral separation
and the zircon grains mounted for analysis. The zircon mounts will be sent to the University of Western
Australia in Perth for oxygen isotope analysis by the CAMECA® IMS 1280 ion probe and to Macquarie
University in Sydney, Australia, for Lu-Hf isotopic analysis by laser ablation multi-collector inductively
coupled plasma mass spectrometry (LA-MC-ICP–MS).
Additional zircon separates and zircon mounts will be acquired from previous U/Pb
geochronological studies conducted in the Island Lake domain, North Caribou core, and Uchi domain
(Corfu and Stott 1993a, 1993b; Young 2003; Van Lankvelt 2013). These will provide supplementary
sample coverage and will be subjected to the same in-situ analyses as zircons recovered from samples
collected for this study.
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INTRODUCTION
Rocks of the Proterozoic Eon were deposited between 2500 and 543 million years ago, and
constitute 2 major geological provinces in Ontario: Grenville and Southern. Proterozoic rocks underlie
approximately 18% of the exposed Precambrian bedrock surface of Ontario, in addition to forming the
bedrock beneath the Paleozoic rocks that underlie most of southern Ontario. Several large cities are built
on, or near, Proterozoic bedrock (e.g., North Bay, Ottawa, Sault Ste. Marie, Sudbury, Thunder Bay), and
many Ontarians farm, work or play on the Proterozoic landscape of Ontario.
The article by Parker (this volume, Article 2) provides a broad overview of the objectives of the
Earth Resources and Geoscience Mapping Section, including the Proterozoic Mapping Initiative, and how
those activities align with government priorities. The purpose of this contribution is to provide a brief
explanation in regard to how the 10 contributions in this section (this volume, Articles 11 through 20)
meet these objectives as well as how they relate to one another.

CORE GEOSCIENCE PROJECTS
Core geoscience projects are delivered by Ontario Geological Survey staff, and include projects in
both the Grenville and Southern provinces.
Within the Grenville Province, the Proterozoic Mapping Initiative has focussed on 2 main goals
since 2000. 1) Obtaining complete, 1:50 000 scale, map coverage of the Central Metasedimentary Belt
between the Precambrian–Paleozoic unconformity in the south and latitude 45°30′ N from Georgian Bay
to the Ottawa River. This area covers parts of 35 National Topographic System (NTS) map sheets. This
objective is 75% complete, with all of the remaining sheets located in the east. 2) Conducting selected
mapping at 1:20 000 scale in areas of high mineral potential that either were not mapped in detail, or were
mapped more than 35 years ago. Many of these high-potential areas include large belts of marbles, which
are favourable hosts for both metallic and non-metallic (industrial) mineralization.
Beginning in 2011, multi-year mapping projects and thesis studies were initiated to better understand
the geology and mineral potential of the northeastern portion of the Central Metasedimentary Belt, mostly
in Renfrew County. These multi-year projects meet both objectives outlined above. Work by Easton (this
volume, Articles 11, 12 and 13) is related to completion of 1:50 000 scale mapping of the Brudenell area
(NTS map sheet 31 F/6) begun in 2011, and the start of 1:50 000 scale mapping in the Cobden area
(NTS 31 F/10) (this volume, Article 13). In addition to mapping, work in both areas has focussed on
understanding the mineral potential of syenitic and related metasomatic rocks in this part of the Central
Metasedimentary Belt (this volume, Articles 11 and 12). As part of the mapping in the Cobden area, a
Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.10-1 to 10-4.
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project to evaluate the nickel-copper-platinum group element (PGE) potential of the Chenaux gabbro was
undertaken by Azar (this volume, Article 14).
Work by Duguet (this volume, Article 15) and related collaborative projects (this volume, Articles
16 and 17) are part of a five-year effort to map 5 marble-rich study areas at 1:20 000 scale, beginning in
2011. These areas were last mapped at 1:100 000 scale between 1977 and 1978 (Lumbers 1982). Mapping
of 2 areas, Horton (Easton, Duguet and Magnus 2011) and Admaston (Duguet, Magnus and Ratcliffe
2012) have been completed, and will be published in 2014. Work on the third area, Mud Creek, was
started in 2013 (this volume, Article 15). All 3 areas adjoin the areas represented by the Brudenell and
Cobden NTS map sheets, providing seamless continuity with those map areas. Work on the other 2 areas
is scheduled for 2014 and 2015, respectively.
Much of the Southern Province was mapped by the Ontario Geological Survey (then Ontario
Department of Mines) during the late 1960s and early 1970s, but, subsequently, it has received limited
study. Beginning in 2004, selected mapping of high mineral potential areas of the Southern Province was
initiated by the Ontario Geological Survey. In addition, a regional lake sediment survey of the Southern
Province was conducted between Sault Ste. Marie and Sudbury (Dyer 2010). The most recent product of
this mapping, a new 1:20 000 scale compilation map of the southern part of the Quirke Lake syncline east
of Elliot Lake was released in April 2013 (Easton 2013a, 2013b). Articles 19 and 20 (this volume) report
on current mapping activities in the Southern Province.
Lewis (this volume, Article 19) reports on the second year of a two-year, 1:20 000 scale, mapping
project in Varley and Albanel townships located northwest of Elliot Lake. Results from the first year of
this project were released in April 2013 (Lewis 2013). This area was selected for mapping in part because
of the presence of several lake sediment anomalies for copper (Dyer 2010). One of the goals of mapping
was to attempt to define the reason for these anomalies. In addition, the area is also transected by several
major faults that control the distribution of Huronian Supergroup rocks, and which may have served as
conduits for mineralizing fluids.
Gordon (this volume, Article 20) reports on the second year of a two-year, 1:20 000 scale, mapping
project in Morin and Otter townships located north of Thessalon. This area was selected for mapping in
order to better evaluate the mineral potential of several large mafic intrusions in the area. In addition, the
area contains one of the larger exposed areas of Matinenda Formation rocks west of Highway 129. The
Matinenda Formation hosts uranium mineralization at Elliot Lake, and a goal of the mapping project is to
understand why the Matinenda Formation in this area, based on previous work, appears to be
unmineralized. Addressing this question will aid in targeting future exploration efforts for uranium.

COLLABORATIVE PROJECTS
Collaborative projects are delivered by researchers outside of the Ontario Geological Survey, but
who work in conjunction with Ontario Geological Survey staff. A variety of collaborative project types
exist, including Ontario Geological Survey–University mapping school projects and support for BSc,
MSc and PhD students. Collaborative projects allow for additional detailed information to be collected
that typically cannot be obtained during a regular mapping project and, thus, add value to the Proterozoic
Mapping Initiative. Three articles in this volume involve collaborative projects undertaken in 2013 (this
volume, Articles 16, 17 and 18).
Articles 16 and 17 report on BSc thesis projects related to mapping by Duguet in the Horton area.
Dubé-Bourgeois (this volume, Article 16), undertaken at the University of Ottawa, reports on the rare
earth element (REE) mineralization present in a marble unit exposed in a spectacular roadcut near
Burnstown. In this outcrop, monazite is a significant REE-bearing accessory mineral phase in the
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marbles, in contrast to the rocks from the Brudenell area studied by Easton and Clarke (this volume,
Article 11). Liu (this volume, Article 17), supervised by S. Lin at the University of Waterloo, reports on a
detailed structural study of a major shear zone in the Horton map area.
Culshaw, Van de Kerckhove and Jamieson (this volume, Article 18) report on reconnaissance
mapping related to a proposed MSc level mapping school project between the Ontario Geological Survey
and Dalhousie University. This project is located at the west end of Lake Nipissing in the Central Gneiss
Belt of the Grenville Province. This area was last mapped in the late 1960s (Lumbers 1975). Mapping
would be conducted at 1:50 000 scale, and would focus on the tectonic history of the area. It is unlikely
that this area will be the focus of a Core Geoscience Project within the next decade; thus, a mapping
school project provides a mechanism to obtain important geoscience information with minimal resources.
Several collaborative projects involving students at Carleton University working in the Central
Metasedimentary Belt of the Grenville Province were completed in 2013. An Ontario Geological Survey–
Carleton University mapping school project on the Raglan Hills metagabbro, begun in 2011 by S.J.
Magnus, was completed in 2013 (Magnus 2013a, 2013b, 2013c). His mapping overlapped the
southwestern corner of the Brudenell map area, and focussed on the nickel-copper-PGE potential and
tectonic history of the intrusion. A MSc thesis project by T.J.A. McCarron focussed on the metamorphic
history of the Flinton Group, and provided additional insight into both the timing and metamorphic
history of this key geological marker unit (McCarron 2013). Finally, an MSc thesis project by J. Cutts,
examining the geochemistry and geochronology of syenite intrusions located in the southeastern Central
Metasedimentary Belt (Cutts, Carr and Easton 2011; Cutts, Easton and Carr 2012) is scheduled for
completion by the end of 2013.
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INTRODUCTION
A major goal of 1:50 000 compilation mapping efforts in the Brudenell study area (NTS map sheet
31 F/6) is an improved understanding of the rare earth element (REE) mineral potential of late syenite
suite plutonic rocks (1050–1030 Ma) that are abundant within the study area (Easton, Duguet and Magnus
2011; Easton 2012). The discovery in 2012 of marbles adjacent to these syenite intrusions that contained
elevated REE abundances (>300 ppm total REEs) indicated that the carbonate host rocks to the intrusions
might also have significant rare earth element mineral potential.
This mineralogical study was undertaken because the marbles containing the high REE contents did
not contain macroscopic or microscopic apatite or monazite, the typical REE-bearing phases one would
expect in a metacarbonate rock. Knowing the host mineralogical phase is critical for evaluating mineral
potential, as not all REE-bearing minerals are amenable to current extraction methods. Historically, only
the following minerals have been successfully processed to recover rare earth elements: bastnasite,
brannerite, loparite, monazite and xenotime (Long et al. 2010). Thus, unlike other metallic mineral
deposits, high REE contents in a rock do not automatically translate into a recoverable resource.
Additionally, minerals containing thorium pose additional problems in processing, due to the radioactive
character of the element (Long et al. 2010). Furthermore, to the best of our knowledge, this is the first
detailed mineralogical study of rare earth element minerals in Grenville Province marbles in Ontario.

SAMPLE DESCRIPTIONS
Samples selected for detailed study are listed in Table 11.1, in order of decreasing total REE content.
The elements scandium and yttrium are also included in Table 11.1, as they behave geochemically similar
to the rare earth elements, and are typically considered with them (cf. Long et al. 2010; Walters, Lusty
and Hill 2011). Figure 11.1 shows the location of the sample sites relative to the distribution of syenitic
plutons in the Brudenell area. Figure 11.2 shows the chondrite-normalized REE patterns for the marble
samples listed in Table 11.1, with the exception of sample 12RME-0391 which has a low total REE content.
Samples 12RME-0030 and 12RME-0055 are impure calcite marbles, representing the matrices of
marble tectonic breccias intruded by late syenite sheets and veins, and are from the northern part of the
study area (see Figure 11.1). Sample 12RME-0195, also from the northern part of the study area, is a
calcite-alkali feldspar-epidote rock that represents a metasomatic phase that formed in a contact zone
Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.11-1 to 11-11.
© Queen’s Printer for Ontario, 2013
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between marble and syenite. Samples 12RME-0371, -0372, -0376 and -0543 are impure calcite and
dolomitic calcite marbles that occur in the central part of the study area (see Figure 11.1). They are not
brecciated, show some stratigraphic continuity, have a range in total REE content, and host a variety of
silicate minerals; primarily diopside, scapolite and phlogopite. Finally, samples 12RME-0391 and
09RME-2026 contain low total REE contents. In particular, the latter sample—09RME-2026—serves as a
control sample, representing a typical calcite marble from immediately south of the study area, which has
a low total REE content (27 ppm REE) even though it contains approximately 5.5 weight % silicate (see
Table 11.1). Its chondrite-normalized REE pattern exhibits a negative cerium anomaly (see Figure 11.2),
a signature indicative of marine deposition, which suggests that there has not been any hydrothermal
activity affecting this marble after deposition.

RESULTS
Geochemistry
Late syenite suite rocks from the Brudenell area contain REE contents ranging from 105 to 1395 ppm
(R.M. Easton, unpublished data, 2012); however, REE content in the syenites is not uniformly distributed
on an outcrop scale and is commonly associated with an abundance of accessory minerals such as
fluorapatite and monazite. The highest REE contents present in the marbles, as summarized in Table 11.1,
are comparable to the highest values obtained to date in the late syenites themselves.
Within the marbles, there is no clear relationship between total silicate and total REE content (see
Table 11.1). This indicates that REE distribution is not directly linked to total silicate content. All samples
have relatively low phosphorous and thorium contents. In fact, the sample with the highest total REEs
(12RME-0055) has the lowest phosphorous content, even less than the control sample (09RME-2026).
This suggests that apatite, monazite and xenotime are not likely present in these rocks, as these phases all
contain significant phosphorous and/or thorium. Several of the samples have extremely high strontium
Table 11.1. Rare earth element (REE), total silicate, P2O5, scandium, strontium, thorium and yttrium contents of the marbles
from the Brudenell area selected for detailed mineralogical study. Sample 09RME-2026 is a control sample, representing a clean
calcite marble from Centennial Lake, just south of the Brudenell area.
Sample

Easting Northing Rock Name
Total
P2O5 Total REE
Sc
Sr
Th
Y
(m)
(m)
Silicate (wt %)
(ppm)
(ppm) (ppm) (ppm) (ppm)
NAD83 Zone 18
(wt %)
12RME-0055 326671 5038044 Impure calcite marble
9.58
0.01
1112.43
1
1862
1.00
196
12RME-0195 333449 5032580 Calcite-alkali
44.19
0.17
431.55
7
770
9.14
118
feldspar rock
12RME-0371 317568 5022103 Impure dolomitic
27.46
0.07
219.66
4
2065
5.46
44
calcite marble
12RME-0030 313256 5036390 Impure calcite marble 20.94
0.05
162.67
1
797
2.72
20
12RME-0372 317492 5022006 Impure calcite marble 26.69
0.07
86.80
5
2791
1.67
16
12RME-0543 317572 5022215 Impure dolomitic
36.75
0.07
72.65
7
2542
3.31
10
calcite marble
12RME-0376 317132 5021671 Impure dolomitic
21.27
0.06
51.01
4
896
2.69
10
calcite marble
12RME-0391 312167 5020379 Impure calcite marble
8.88
0.02
26.04
2
674
0.06
4
09RME-2026 341914 5006329 Calcite marble
5.54
0.02
27.40
1
222
0.56
8
Notes: Total silicate is the anhydrous sum of SiO2 and Al2O3. It approximates the amount of silicate material present in the
rock. Total REE is the sum of La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu.
Abbreviations: ppm = parts per million; wt % = weight percent.
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contents (>1500 ppm), the significance of which is unclear. The strontium could be metasomatically
introduced, or it could be the result of primary evaporite deposition (alteration of primary gypsum).
Yttrium content mirrors total REE content, and may be a useful proxy for locating samples likely to
contain high rare earth contents.

Mineralogy
Mineralogy of the samples is summarized in Tables 11.2 and 11.3. Table 11.4 lists the mineral
formulas for the various rare earth element phases mentioned in the text. Nomenclature for minerals
containing high abundances of REE or specific elements follows Long et al. (2010), that is “titanite
(REE)” is titanite enriched with REEs and “parisite (Nd)” is parisite enriched with neodymium.

Figure 11.1. Location of major syenite intrusions and marble sampling localities within the Brudenell area (geology simplified
from Lumbers 1982; figure modified from Easton 2012). Abbreviations: CGB, Central Gneiss Belt; CMB, Central
Metasedimentary Belt; CMBBTZ, Central Metasedimentary Belt boundary tectonic zone; 12RME, denotes sample numbers.
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Scanning Electron Microscopy
Energy dispersive X-ray acquisition and backscattered electron (BSE) imaging were performed using
a Zeiss EVO-50 scanning electron microscope (SEM) equipped with an Oxford thin window, 50 mm2
silicon drift (SDD) energy dispersive spectrometer. This work was carried out at the OGS Geoscience
Laboratories. Photos 11.1 and 11.2 are BSE images that highlight some of the results obtained.
Photo 11.1A shows an approximately 80 µm long elongate parisite grain enclosed in a calcite crystal
in sample 12RME-0055, the marble sample containing the highest total REE content. Such grains are
common throughout this sample. Photo 11.1B (upper right) shows euhedral to subhedral crystals of
titanite (REE) growing along grain boundaries between calcite, phlogopite and clinopyroxene rimmed by
amphibole in the same sample. Quantitative data on these titanite (REE) grains is provided in Table 11.5;
they are enriched in the light REEs (La, Ce, Nd). Stoichiometric calculations indicate that almost all of
the calcium in these grains has been replaced by the light REEs. This is in marked contrast to the
compositions of magmatic, hydrothermal and skarn titanites from British Columbia reported by Che et al.
(2013). Photo 11.1C shows euhedral to subhedral crystals of hellandite growing along calcite grain
boundaries in sample 12RME-0371. Quantitative data on these hellandite grains is provided in Table
11.5; they are enriched in the heavy REEs (Gd, Dy, Er, Yb) as well as yttrium. Photo 11.1D shows
allanite grains rimming scapolite, also in sample 12RME-0371. This textural relationship is present in
nearly all of the marble samples examined. Mungall (1989) also observed allanite rimming alkali feldspar
in metasomatized marbles from the Brudenell area, but did not provide any sample location information.

Figure 11.2. Chondrite-normalized REE patterns for selected marble breccia samples from the Brudenell area. Sample 12RME0054 is a large calcite crystal present within a pyroxene syenite vein adjacent to marble breccia sample 12RME-0055. Sample
09RME-2026 is a typical Grenville Supergroup marble with a preserved seawater signature, indicated by the low total REE
contents and a negative cerium anomaly.
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Photos 11.2A and 11.2B also show allanite grains growing along grain boundaries between calcite
and a variety of silicate phases in samples 12RME-0030 and 12RME-0543, respectively. These samples
also contain iron oxide and pyrrhotite crystals (brightest grains).
The almost ubiquitous occurrence of REE-bearing mineral phases along grain boundaries, in addition
to the high abundances of the REEs in the samples (compared to normal marbles), suggests that the rare
earth elements were introduced into the marbles by fluids, most likely related to emplacement of the
adjacent late syenite plutons. In addition to the REEs, carbon may also have been a component of the
fluids, as, in several samples, graphite shows similar relationships to the REE-bearing minerals. This is
illustrated in Photos 11.2C and 11.2D (both images are from sample 12RME-0376). In some cases
graphite appears to be replacing calcite along the grain boundaries (lower grain in Photo 11.2C); whereas,
in other cases graphite completely engulfs pre-existing grains.
In addition to imaging, the scanning electron microscope was also used to estimate the modal
mineralogy of the samples, as summarized in Table 11.3. The methodology is similar to point counting in
classical petrology. In this case, the area of each thin section was entered into the analytical program and
Table 11.2. Descriptive mineralogy of marble samples.
Sample

Rock-Forming
Minerals

12RME-0055

Calcite, clinopyroxene Pyrrhotite, minor pyrite, minor
(rimmed by calcic
barite along grain boundaries
amphibole and
(425 ppm Ba in rock)
aluminum-poor
amphibole),
phlogopite

12RME-0195

Calcite, epidote, alkali
feldspar, albite,
clinopyroxene

12RME-0371

Calcite, scapolite
(marialite),
clinopyroxene,
phlogopite, albite
Calcite, potassium
Quartz, clinopyroxene
feldspar, plagioclase
Calcite, scapolite
Iron oxides, iron sulphides,
(marialite),
euhedral zircon (50-100 µm)
clinopyroxene,
and titanite, corroded
phlogopite, alkali
baddeleyite, tourmaline
feldspar, quartz
(dravite?)
Calcite, scapolite
Iron oxides, barite (343 ppm Ba
(marialite),
in rock), alkali feldspar,
clinopyroxene,
euhedral zircon
phlogopite, quartz,
(50-100 µm) and titanite,
graphite (large grains) galena, apatite as inclusions in
clinopyroxene
Calcite, scapolite
Iron oxides, euhedral zircon
(marialite),
(50-100 µm) and titanite,
clinopyroxene,
plagioclase and apatite as
phlogopite, quartz,
inclusions in scapolite and
graphite (large grains) calcite

12RME-0030
12RME-0372

12RME-0543

12RME-0376

Accessory Minerals

Rare Earth
Element–Bearing
Minerals
Major: parisite,
allanite
Minor: chevkinite;
titanite (REE)
(keilhauite)

Euhedral zircon (50-100 µm)
Major: allanite
and titanite, barite in alkali
feldspar (841 ppm Ba in rock),
minor galena
Iron oxides, large amounts of
Major: allanite
pyrrhotite and pyrite, minor
Minor: hellandite
sphalerite and chalcopyrite
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Major: allanite
Major: allanite
Minor: hellandite

Comments
Parisite (Nd) as small elongate
grains (20-85 µm long)
aligned along cleavage in
calcite; parisite, allanite and
chevkinite at calciteclinopyroxene boundaries;
titanite (REE) at calcitephlogopite boundaries
Allanite at calcite-feldspar
and calcite-epidote
boundaries
Allanite at calcite-scapolite
boundaries and mixed in
with iron sulphides and iron
oxides
Allanite along calcite-feldspar
grain boundaries
Allanite at calcite-scapolite,
calcite-alkali feldspar and
calcite-phlogopite boundaries

Major: allanite
Minor: titanite
(REE) (keilhauite)

Allanite at calcite-scapolite
and calcite-phlogopite
boundaries; smaller and less
bright than other samples
(i.e., lower REE content)

Major: allanite

Allanite at calcite-scapolite
and calcite-phlogopite
boundaries, some euhedral
allanite in calcite, less bright
than other samples (i.e.,
lower REE content)
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500 X-ray analyses (1 second duration) were acquired in a random fashion (Figure 11.3). The coordinates of the analytical points were assigned by the software. A BSE image of the area from which
each analysis point was acquired was also collected. The data were then processed to identify the mineral
phases for each analysis, and summarized. The result is an estimate of the relative abundance of the major
rock-forming minerals in each thin section. This is shown in Table 11.3, both as total counts and also as
percentage of area (two-dimensional). As expected, calcite and clinopyroxene are the 2 dominant mineral
phases in all of the samples. Samples 12RME-0372, -0376 and -0543 also contain significant scapolite,
which had been misidentified in hand sample as chondrodite. In addition, samples 12RME-0030, -0372
and -0543 contain significant feldspar. Only samples 12RME-0055 and -0376 contain significant mica
(phlogopite). As in traditional point counting, smaller grains tend to be underestimated, as are grains
Table 11.3. Modal mineralogy of marble samples as determined by scanning electron microscopy. See text for details of
methodology.
Mineral
Calcite
Clinopyroxene
Amphibole
Phlogopite
Plagioclase
Albite
Scapolite
Potassium feldspar
Alkali feldspar
Quartz
Epidote
Allanite
Titanite
Apatite
Graphite
Tourmaline
Iron oxide
Pyrrhotite
Pyrite
Other phases
Total points
Mixed result
Unknown phase
Hole or crack
Calcite
Clinopyroxene
Amphibole
Phlogopite
Scapolite
Feldspartotal
Quartz
Total

12RME0030
368
3
nd
nd
60
1
nd
24
5
19
nd
2
1
nd
nd
nd
nd
7
nd
1
494
0
2
4
75%
ns
ns
ns
ns
18%
4%
97%

12RME0055
362
33
9
46
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
7
2
nd
459
1
2
38
79%
7%
2%
10%
ns
ns
ns
100%

12RME0195
127
126
13
nd
2
nd
nd
97
24
2
22
nd
6
1
nd
nd
nd
nd
nd
nd
493
1
2
3
26%
26%
3%
ns
ns
40%
ns
95%

12RME0371
348
62
nd
nd
6
1
29
40
2
3
nd
nd
1
1
nd
nd
nd
nd
nd
nd
493
3
4
1
71%
13%
ns
ns
6%
9%
<1%
99%

12RME0372
184
69
6
nd
1
nd
nd
141
15
5
nd
nd
4
nd
nd
1
3
nd
nd
nd
492
0
5
3
37%
14%
1%
ns
12%
32%
1%
97%

12RME0376
322
28
5
53
nd
nd
61
nd
nd
5
nd
nd
nd
nd
7
nd
nd
2
nd
nd
487
0
6
7
66%
6%
1%
11%
13%
ns
1%
98%

12RME0391
364
30
48
nd
8
nd
19
2
nd
14
nd
nd
nd
nd
nd
nd
nd
nd
nd
nd
485
0
9
5
75%
6%
10%
ns
4%
<1%
3%
99%

12RME0543
173
60
3
21
3
nd
103
83
nd
31
2
nd
5
2
nd
nd
nd
5
2
nd
492
0
7
1
35%
12%
ns
ns
21%
17%
6%
91%

Notes: “mixed results” indicates an analytical spot that incorporates data from 2 or more phases (e.g., near grain boundaries);
“hole or crack” indicates an analytical spot on a part of the slide with no rock, or a fracture or crack in a grain, which yields
unclear results; alkali feldspar has Na2O > 2.0 weight %, whereas potassium feldspar has Na2O <2.0 weight %; plagioclase has
CaO > 2.0 weight %; albite has CaO and K2O < 2.0 weight %; feldspar total includes plagioclase, albite, alkali feldspar and
potassium feldspar. Abbreviations: nd = not detected; ns = not significant.
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present along grain boundaries. Consequently, despite being quite prominent in the SEM imaging (e.g.,
Photos 11.2A and 11.2B), allanite is not a significant phase in the modal analysis results (with the
exception of sample 12RME-0030; see Table 11.3).

SUMMARY AND ECONOMIC IMPLICATIONS
Positive
•

Both the late syenite intrusions and the marbles proximal to them may host rare earth elements
(up to 1200 ppm total REE in both).

•

In the majority of the marble samples examined, the REE–bearing phases are present along
grain boundaries. These phases should be liberated easily during crushing of the rock. This
relationship also suggests that they formed from hydrothermal fluids introduced into the rocks.

•

In the samples with the highest rare earth contents, the REEs are hosted in REE-bearing
carbonate minerals (primarily parisite (Nd)). In addition to lanthanum and cerium, neodymium
is common in the REE-bearing carbonate minerals. The REE-bearing carbonate minerals do not
contain thorium (a deleterious element). They also may be amenable to processing, using a
process similar to that used for bastnasite. Like bastnasite, parisite (Nd) has a high REE content
(see Table 11.4).

•

Analyzed titanite (REE) grains are enriched in the light REEs; hellandite grains are enriched in
yttrium and the heavy REEs (see Table 11.5).

•

Yttrium may be a useful proxy element in identifying marbles with high REE contents.

•

Exploration should focus on marbles lacking visible apatite but proximal to late syenite
intrusions. The primary target areas are marble breccia belts in the northern one-third of the
Brudenell area (NTS 31 F/6) and the southern two-thirds of the Cobden area (NTS 31 F/10).

•

The presence of graphite along the same grain boundaries as the REE-bearing minerals suggests
that carbon was also introduced into the marbles at the same time as the rare earth elements.

Table 11.4. Mineral formulae for rare earth element–bearing minerals mentioned in the text and in Table 11.2.
Mineral

Bastnasite (Ce)
Parisite (Nd)
Synchysite (Ce)
Fluorapatite
Monazite (Ce)
Xenotime (Y)
Allanite (Y)
Brannerite
Chevkinite (Ce)
Hellandite (Y)
Loparite (Ce)
Titanite (REE)

Formula

Total Rare Earth Oxide Content
(wt %)

Carbonates
(Ce,La)(CO3)F
Ca(Nd,Ce,La)(CO3)3F2
Ca(Ce,La)(CO3)2F
Phosphates
(Ca,Ce)5(PO4)3F
(Ce,La,Nd,Th)PO4
YPO4
Silicates
(Y,Ce,Ca)2(Al,Fe3+)3(SiO4)3(OH)
(U,Ca,Y,Ce)(Ti,Fe)2O6
(Ca,Ce,Th)4(Fe2+,Mg)2(Ti,Mg,Fe3+)3Si4O22
(Ca,REE)4(Y,Ce)2(Al)2(Si4B4022)(OH)2
(Ce,Na,Ca)(Ti,Nb)O3
(Ca,REE)Ti,SiO5

70–74
59
49–52
na
35–71
52–67
3–51
na
na
15–30
32–34
<3

Notes: Total rare earth oxide content is from Long et al. (2010). Abbreviations: na = not available; wt % = weight percent.
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Neutral or Negative
•

The fine grain size of the REE-bearing phases (typically <30 µm) may prove problematic.
It may also be difficult to separate the REE-bearing carbonate minerals from calcite.

•

Modal analysis by scanning electron microscopy indicates that REE minerals constitute less
than 1 volume % of the rock (see Table 11.3).

•

In samples with low to moderate total REE contents, allanite is the dominant REE-bearing
mineral phase. Although it also occurs along grain boundaries and is potentially easily
extracted, there is no existing processing method for allanite. Allanite is also likely to contain
some radioactive elements (thorium, uranium), and has relatively low total REE contents (see
Table 11.4).

Photo 11.1. Backscattered electron images of rare earth element–bearing minerals in marble samples from the Brudenell area.
Note, for the purpose of clarity, only selected mineral grains are labelled. A) Close-up of parisite grain hosted in calcite in
sample 12RME-0055. Field of view approximately 280 µm wide. B) Titanite (REE) grains present along grain boundaries
between phlogopite and amphibole in sample 12RME-0055. Field of view approximately 1650 µm wide. (See Table 11.5 for
compositional data on these titanite (REE) grains.) C) Distribution of euhedral to subhedral hellandite crystals along calcite grain
boundaries in sample 12RME-0371. (See Table 11.5 for compositional data on these hellandite grains.) Field of view
approximately 1350 µm wide. D) Distribution of allanite grains (brighter) along the grain boundaries between large scapolite
crystals and calcite in sample 12RME-0371. Field of view approximately 1350 µm wide. Abbreviations: EHT, electrical high
tension; kV, kilovolts; QBSD, quadrant backscatter detector.
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Photo 11.2. Backscattered electron images of rare earth element–bearing minerals and graphite in marble samples from the
Brudenell area. Note, for the purpose of clarity, only selected mineral grains are labelled. A) Distribution of allanite grains
(brighter) along grain boundaries and cleavage planes in sample 12RME-0030. Field of view approximately 1350 µm wide.
B) Distribution of allanite grains (brighter) along grain boundaries in sample 12RME-0543. Field of view approximately
1800 µm wide. C) Large graphite crystals and associated iron oxide and iron sulphide grains along grain boundaries in sample
12RME-0376. Lower graphite crystal contains thin sheets of partly degraded calcite, suggesting replacement of the calcite
during graphite growth. Field of view approximately 1650 µm wide. D) Large graphite crystal completely encircling a quartz
grain in sample 13RME-0376. Field of view approximately 1150 µm wide. Abbreviations: EHT, electrical high tension;
kV, kilovolts; QBSD, quadrant backscatter detector.
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Table 11.5. Quantitative mineral data on selected rare earth element minerals.
Oxide
SiO2 (wt %)
TiO2
Al2O3
Fe2O3
MgO
CaO
K2O
La2O3
Ce2O3
Pr2O3
Nd2O3
Sm2O3
Gd2O3
Dy2O3
Ho2O3
Er2O3
Yb2O3
Y2O3
Total

Titanite (REE)
12RME-0055-1
19.22
14.70
2.36
10.93
1.39
1.22
0.14
12.69
25.71
2.23
7.04
0.51
nd
nd
nd
nd
nd
nd
98.15

Titanite (REE)
12RME-0055-2
20.60
15.16
2.26
11.28
1.26
1.71
0.19
12.67
24.96
2.23
6.96
0.60
nd
nd
nd
nd
nd
nd
99.87

Titanite (REE)
12RME-0055-3
20.98
15.02
3.76
9.42
1.45
1.46
0.17
12.82
25.63
2.07
7.04
0.46
nd
nd
nd
nd
nd
nd
100.26

Hellandite
12RME-0371-1
24.40
nm
4.50
nm
nm
16.84
nm
0
0
0
0.37
0.24
1.16
2.89
0.70
2.46
3.03
25.47
82.06

Hellandite
12RME-0371-2
24.72
nm
4.53
nm
nm
16.88
nm
0
0
0
0.25
0
1.13
2.96
0.83
2.61
3.36
25.67
82.94

Hellandite
12RME-0371-3
24.22
nm
4.59
nm
nm
17.03
nm
0
0
0
0
0
0.83
2.77
0.57
2.75
3.02
25.79
81.57

Notes: Hellandite totals are low because the spectrometer cannot account for boron and water, which are major components of
the mineral stoichiometry. Abbreviations: nd = not detected; nm = not in mineral formula; wt % = weight percent.

Figure 11.3. Cartoon representation of the area layout (box) of the thin section for sample 12RME-0543. The analysis points
collected are within the grey rectangles that frame the points from which the compositional data and backscattered electron
images were collected for Table 11.5.
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INTRODUCTION
Since their initial description (Adams and Barlow 1908), the belt of alkali syenites, nephelinebearing gneisses and associated alkalic rocks located in Bancroft terrane, and extending from Minden to
the Ottawa River (Figure 12.1), has both fascinated and befuddled researchers for over a century. Interest
in these rocks has been both academic and economic in focus. From an economic standpoint, these rocks
have been past-producers of corundum, molybdenum and uranium (cf. Storey and Vos 1981; Carter,
Colvine and Meyn 1980; Masson and Gordon 1981), and have potential for hosting rare earth element
(REE) mineralization.
Improved understanding of the geology and mineral potential of these alkali syenite and associated
rocks is a focus of the ongoing 1:50 000 scale compilation mapping project of the Brudenell area (NTS
31 F/6) begun in 2011 (Easton, Duguet and Magnus 2011; Easton 2012; Easton and Clarke, this volume,
Article 11). Expanding on that project, work on these rocks moved northeast to the Ottawa River, with
approximately 6 weeks of the 2013 field season devoted to mapping in the Cobden area (NTS 31 F/10).
This article reports on new insights into the origin and mineral potential of these alkali syenite and
associated rocks, garnered from field work in both the Brudenell and Cobden map areas.

GEOLOGICAL OVERVIEW
The belt of alkali syenites, nepheline-bearing gneisses and associated rocks occurs in Bancroft
terrane, stretching from Minden to the Ottawa River (see Figure 12.1). They occur in the immediate
hanging wall of the Central Metasedimentary Belt boundary tectonic zone (CMBBTZ), which separates
older rocks of the Central Gneiss Belt to the northwest from supracrustal rocks of the Central
Metasedimentary Belt to the southeast (see Figure 12.1).
For simplicity, the alkali syenites, nepheline-bearing gneisses and associated rocks will be referred to
herein as the Late Syenite suite. The Late Syenite suite encompasses several previously defined
lithodemic units, including the Nepheline Syenite, Kensington–Skootamatta (Monzonite-Diorite suite of
Lumbers et al. 1990) and the “alkalic” (Lumbers 1982a, 1982b) or Fenite-Carbonatite suites (Lumbers et
al. 1990; Easton 1992). As described in detail by Easton (2012), these different suites likely represent a
continuum of syenitic magmatism spanning roughly 60 million years, from circa 1090 to 1030 Ma, rather
than being separate, disparate, magmatic events.
Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.12-1 to 12-12.
© Queen’s Printer for Ontario, 2013
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Based on relative age relationships, coupled with new absolute ages, there are at least 3 main periods
of syenite emplacement within the Brudenell and Cobden areas (Easton 2012).
1.

early syenites (1090 to 1070 Ma) were regionally distributed and form discrete low U-Th,
magnetic plutons. These plutons correspond to the Kensington–Skootamatta Suite.

2.

medial syenites (circa 1050 Ma, low U-Th, magnetic), some of which are nepheline bearing,
were localized along shear zones within 20 km of the CMBBTZ. These syenite plutons
correspond in part to the Nepheline Syenite Suite, but, for the most part, are much younger than
the age of circa 1290 Ma suggested for this suite by Lumbers et al. (1990). Nepheline syenite
intrusions from the Brudenell and the Tory Hill areas have yielded U/Pb TIMS ages of
1042±3 Ma and 1055±2 Ma, respectively, as reported in Easton (2012).

3.

late syenites (circa 1035 Ma, less magnetic, high Th) (Photo 12.1) are associated with
metasomatic fluid that interacted extensively with its host rocks, and are found almost
exclusively within 20 km of the CMBBTZ. They correspond roughly to the Fenite-Carbonatite
Suite of Lumbers et al. (1990).

Figure 12.1. Terrane and domain subdivision of the Central Metasedimentary Belt (modified from Easton (1992) and Carr et al.
(2000)) showing the location of the Brudenell and Cobden study areas, and the location of major subareas of the Late Syenite
suite belt within the Bancroft terrane. The Central Metasedimentary Belt is composed of the Composite Arc Belt and Frontenac
terrane. Abbreviations: B, Brudenell subarea; BA, Bancroft subarea; C, Cobden subarea; CM, Craigmont subarea; M, Minden
subarea; W-TH, Wilberforce–Tory Hill subarea; MZ, Maberly shear zone; RLZ, Robertson Lake mylonite zone.
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The age of the youngest syenites is now constrained at 1033±1 Ma by a U/Pb zircon age determined
by chemical abrasion isotope dilution thermal ionization mass spectrometry (CA-ID-TIMS) on a sample
from the Lorwell syenite in the Brudenell area (Kamo 2013). The same sample also contained several
zircon grains that yielded slightly older ages of 1064 to 1060 Ma. These older ages are interpreted to be
due to the presence of minor inheritance in the grains (Kamo 2013). The presence of inheritance would
explain the wide range of ages (1062 to 1033 Ma) obtained by Childe, Mungall and Martin (2000) from
the nearby Lake Clear syenite in the Brudenell area. Notably, their youngest ages also indicate an
emplacement age of circa 1033±1 Ma.
Metasomatic rocks are closely associated with intrusive rocks of the Late Syenite suite, and include
pyroxenite veins and pods, pink and orange-pink calcite veins and replacement of older white carbonates
by pink and orange-pink calcite ± diopside veins (Photos 12.2 and 12.3), and trace-element–enriched
carbonate rocks that have been referred to as carbonatites or pseudo-carbonatites (cf. Mungall 1989;
Lumbers and Vertolli 1998; Mitchell 2005).

Photo 12.1. Examples of Lake Clear type syenite. A) Typical vari-textured and vari-grained pyroxene syenite. B) Lake Clear
type syenite with a discrete calcite pod. Pods such as these are common in the Late Syenite suite rocks, and may result from
crystallization from a CO2-rich immiscible liquid co-existing with the syenite magma. Pen in both images is 14 cm long. Both
images are from an outcrop on the south side of Highway 17, south of Cobden. (UTM 354285E 5053553N, NAD83, Zone 18).
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COMPARISON BETWEEN BRUDENELL AND COBDEN AREAS
Surprisingly, the character of the Late Syenite suite rocks in the Cobden area is markedly different
from those in the Brudenell area. Table 12.1 compares observations on Late Syenite suite and associated
metasomatic rocks from the 2 areas. The most significant differences between the 2 areas are listed below:
•

rocks of the Late Syenite suite intruded into, and metasomatized, straight gneisses characteristic
of the CMBBTZ (see Photo 12.3)

•

metasomatic alteration, particularly of Grenville Supergroup carbonate rocks (mainly marble
tectonic breccias) is more pervasive, both on outcrop and regional scales (see Photo 12.2)

Photo 12.2. Examples of pink metasomatic carbonate rocks that are widespread in the Cobden map area. A) Typical massive,
coarse-grained, pink calcite rock. The pink calcite forms due to metasomatism of an originally white marble. Diamond-drill hole
trace is 35 cm long. B) Similar to Photo 12.2A, but containing dark-coloured fragments, which are diopside-rich fragments
derived from metasomatism of pre-existing silicate fragments. The presence of these fragments indicates that the protolith was a
marble tectonic breccia. Diamond-drill hole trace on left is 70 cm long. C) Syenite fragment with dark diopside alteration rim.
The presence of syenite fragments indicates that deformation was occurring during and after intrusion of the syenite and
accompanying metasomatism. Scale card is 9 cm wide. Photos 12.2A, 12.2B and 12.2C are all from a roadcut on the north side
of Highway 60 (UTM 344426E 5045006N, NAD83, Zone 18). D) Folded mafic gneiss layers within pink-grey, partly
metasomatized marble breccia. Hammer handle is 33 cm long. Photo from the northeast side of Dombroskie Road, immediately
south of Highway 17 (UTM 358640E 5048120N, NAD83, Zone 18).

12-4

Earth Resources and Geoscience Mapping Section (12)

R.M. Easton

•

syenite fragments are common in metasomatized marble breccias, indicating deformation
during or after intrusion of the syenite (see Photo 12.2C)

•

calcite± diopside ± alkali feldspar veins are more abundant in the Cobden area, and are
commonly observed cutting country rock (see Photo 12.3), not just syenite

•

fluorite and green apatite are common in both syenite and quartz syenite veins and in calcite ±
diopside ± alkali feldspar veins in the Cobden area. Neither mineral was observed in the Brudenell
area, which is characterized by red apatite. Scapolite is more abundant in the metasomatized
marbles in the Cobden area. All of these mineralogical changes suggest the presence of a more
fluorine-rich, and likely more reactive, metasomatic fluid in the Cobden area.

Photo 12.3. Relationship between Late Syenite suite and associated rocks and gneiss of the Central Metasedimentary Belt
boundary tectonic zone (CMBBTZ). A) Subhorizontal white calcite-fluorite-apatite vein (fluorite and apatite are only visible on
fresh broken surfaces) in lower half of image cuts the gneissosity in the host granitoid gneiss at a high angle. In the centre of the
image, a thin vertical vein extends upward, also cutting gneissosity. Right-hand side of vein is 60 cm thick. B) Close-up of vein
shown in Photo 12.3A. Note large block of syenite in the vein, as well as the development of coarse diopside and amphibole
crystals in the adjacent gneiss along the vein contact. Diopside ± amphibole ± apatite ± alkali feldspar rims are commonly
developed along calcite-rich veins cutting older host rocks throughout the Cobden area. C) Close-up of margin of calcite vein
showing that it cuts the gneissosity in the host gneiss. Pen is 14 cm long. All 3 photos are from a roadcut on the north side of
Kohlsmith Road, which is also the location of the Cobden apatite-fluorite occurrence, MDI31F10SW00005. (UTM 344426E
5045006N, NAD83, Zone 18).
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Table 12.1. Comparison of Late Syenite suite intrusive and associated rocks from the Brudenell and Cobden areas.
Geological Feature
Syenite types

Brudenell Area
Cobden Area
Buff syenite (e.g., Lorwell syenite), diopside- Diopside-alkali feldspar syenite (Lake Clear type)
alkali feldspar syenite (Lake Clear syenite),
predominant (see Photo 12.1), mafic-poor pink to
minor quartz syenite
red syenite, quartz syenite (latter is typically
foliated to gneissic)
Syenite chemical
Miaskitic, metaluminous to locally
Preliminary data indicate the presence of a mediumcharacteristics
peralkaline, typically trachyandesite to
grained barium and REE-rich syenite not
trachyte in bulk composition, typically
observed in the Brudenell area
magnesian and alkali in Frost et al. (2001)
classification
Relationship to CMBBTZ Syenites occur structurally above CMBBTZ Syenites were intruded into and have metasomatized
rocks, there is little or no evidence that they straight gneisses and other gneisses of the
intruded or metasomatized gneiss in the
CMBBTZ
CMBBTZ
Mineralogy
Fluorite present in both calcite veins and in syenite
and quartz syenite veins
Red, stubby apatite (fluor-apatite) in both
Red and apple green, stubby and elongate apatite,
syenites (predominantly) and marbles and
equally common in syenite and metasomatized
metasomatized calcite rocks (locally)
calcite rocks. Green apatite could be the result of
high strontium content.
Scapolite and diopside abundant in association with
metasomatized marble breccia
Corundum abundant in western Brudenell
Corundum not known to be present in Cobden area
area, continuing westward toward the
Craigmont area
Metasomatism of
Local alteration zones and veins producing
Regional widespread development of pink and pinkmarble breccia units
pink and pink-orange calcite rocks,
orange calcite rocks, syenite intrusions need not
typically near syenite intrusions
be present
Nature of marble breccia Dominated by country rock fragments
In addition to mainly metasomatized country rocks
(paragneiss, amphibolite), only locally are
fragments (now mainly pyroxenite or scapolite),
fragments and matrix metasomatized
locally contains abundant fragments of syenite
Timing of marble breccia Marble breccia formed before syenite
Earlier formed marble breccia was metasomatized to
development
emplacement
create pink syenite breccias (see Photos 12.2A to
12.2D), but the presence of syenite fragments
suggests that deformation was still occurring
during syenite emplacement
Calcite veins
Small patches and elongate lenses in buff
Patches and elongate lenses in diopside-alkali
syenites and diopside-alkali feldspar
feldspar syenite (see Photo 12.1B), also large
syenites, rarely extend into country rocks
veins that cut metasomatized country rocks (see
(see Photo 12.1B)
Photo 12.3), pink-orange calcite rock may be
injected into and/or structurally interleaved with
CMBBTZ gneisses
Mineralization
REE locally enriched in metasomatized
Fluorite, thorium in quartz syenite pegmatite veins,
marbles adjacent to youngest syenites
REE data pending, all associated with youngest
syenites
Molybdenum associated with medial
No medial syenites observed in the Cobden area
syenites, which include nepheline syenites
(may simply reflect exposed structural level)
Numerous uranium-thorium anomalies
Only one area of significant thorium mineralization
associated with medial syenite intrusions
in the Cobden area (1800 ppm Th, 370 ppm U by
and thorium anomalies associated with
scintillometer), located immediately south of the
youngest syenite intrusions
Sullivan Island carbonatites complex
Abbreviations: CMBBTZ, Central Metasedimentary Belt boundary tectonic zone; REE, rare earth element.
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DISCUSSION
Central Metasedimentary Belt Boundary Tectonic Zone
The observation that rocks of the Late Syenite suite intruded into, and metasomatized, gneiss of the
CMBBTZ is consistent with the current geochronological constraints on the timing of main fabric
development within the CMBBTZ. Along the length of the CMBBTZ in Ontario, this event is constrained
to between 1078±3 and 1052±3 Ma (McEachern and van Breemen 1993; van Breemen and Hanmer
1986), which is older than the ages obtained from the Brudenell area for emplacement of the Wolfe
nepheline syenite and the Lorwell syenite (1042±3 and 1033±1 Ma, respectively; reported in Easton 2012).
From a mapping perspective, the presence of the Late Syenite suite rocks and metasomatic carbonate
rocks within the CMBBTZ in the Cobden area makes locating the transition from the CMBBTZ into the
Central Metasedimentary Belt more difficult than was the case in the Brudenell area. Historically, the
lithologically defined boundary between the CMBBTZ and the Central Metasedimentary Belt
corresponds to the first appearance of marble, be it marble tectonic breccia or belts of more massive
dolomite or calcite marbles. The first appearance of marble is also generally coincident with the
disappearance of large expanses of shallow-dipping, highly strained gneisses (e.g., straight gneisses),
which constitute most of the CMBBTZ. The presence of syenite intrusions, large calcite veins, and large
tracts of pink metasomatic carbonate rocks cutting rocks of the CMBBTZ in the Cobden area means that
the presence of a calcite-rich rock (“marble”) does not automatically mean that one is now within the
Central Metasedimentary Belt. As discussed in greater detail by Easton (this volume, Article 13), the true
transition into the Central Metasedimentary Belt may actually be approximately 15 km further south than
previously indicated.

Subareas Along the Alkali Syenite Belt
The differences noted between the Brudenell and Cobden areas may not be restricted to the Barry’s
Bay to Cobden region, but may occur along the entire length of the alkali syenite belt in Ontario (see
Figure 12.1). At least 6 subareas may be present along the alkali syenite belt, spaced approximately 40 to
50 km apart, as shown in Figure 12.1. Each subarea is likely characterized by its own unique mix of
syenite intrusions, degree and type of metasomatism, and mineralogy. For example, corundum is
abundant in the Craigmont and the western Brudenell subareas, but is scarce to absent elsewhere in the
alkali syenite belt.
Figure 12.2 attempts to illustrate the differences between 3 of the subareas where the author has
conducted detailed mapping. In the Minden subarea, metasomatism appears to be less widespread than in
the Brudenell subarea, even though there are broad geometric similarities between the 2 subareas. In both,
syenite and nepheline syenite intrusions occur in stratigraphically intact marbles that are separated from
the main marble breccia zone overlying the CMBBTZ by thrust sheets of orthogneiss (see Figure 12.2). In
the case of the Brudenell and Cobden subareas, the most significant difference is that syenite magmatism
and metasomatism occur at a much lower structural level, such that the CMBBTZ is directly affected (see
Figure 12.2).
More importantly, mineral potential may also vary from subarea to subarea, such that exploration
techniques developed for one subarea may be less effective in another subarea. As illustrated in Table
12.1, there appear to be subtle differences in rare earth and uranium and thorium potential between the
Brudenell and Cobden areas. Other differences in mineral potential may be present between subareas, and
will be a topic for further work as part of this study. Finally, variation between subareas may in part
explain why previous researchers, each working on different parts of the alkali syenite belt, often reached
very different interpretations of the same rocks.
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Figure 12.2. Cartoon cross-sections from the Minden, Brudenell and Cobden subareas. The 3 cross-sections illustrate the
relationship of the Late Syenite suite intrusions and their metasomatic effects on their host rocks. Three different subareas along
the CMBBTZ are shown (see Figure 12.1 for location of subareas). In the west (i.e., the Minden subarea, syenite intrusions and
metasomatism are relatively distal from the CMBBTZ; both migrate closer to the CMBBTZ in the east (i.e., the Cobden area).
Within the metasomatized areas, small syenite veins may be present, and metasomatism may vary greatly in degree, ranging from
thin alteration rinds along veins to pervasive metasomatism (fenitization) of the host rocks. In general, metasomatism increases in
intensity from west to east along the CMBBTZ.
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Preliminary Model of Late Syenite Suite Emplacement
Figure 12.3 is an attempt to synthesize the knowledge collected from mapping the alkali syenite belt
in the Brudenell and Cobden areas into a preliminary model for emplacement of the Late Syenite suite. It
is divided into 3 time intervals, which correspond roughly to the emplacement of the older, medial and
youngest syenites described above.

1090 TO 1070 MA
Between 1090 and 1070 Ma, during the peak of the Ottawan orogeny, the Grenville collision is in
full force, resulting in northwestward-directed thrusting along the Central Metasedimentary Belt boundary
tectonic zone and other major shear zones within the Central Metasedimentary Belt. At the same time,
melting in the mantle begins southeast of the CMBBTZ, possibly due to mantle delamination. Whatever
the cause, the mantle melts, and the resultant magmas rise into the crust, resulting in the emplacement of
ovoid syenite intrusions (Kensington–Skootamatta suite) (see Figure 12.3). As these magmas come
directly from the mantle, from moderate degrees of partial melting, little or no metasomatism is
associated with these intrusions. The lack of significant crustal interaction, and the high calcium contents
of these first-stage melts, makes them unlikely candidates for alkali porphyry copper-gold or radioactive
mineralization.

1070 TO 1045 MA
Between 1070 and 1045 Ma, gravitational collapse of the orogen begins. This allows for localized
extension along earlier developed shear zones, which most likely localizes the emplacement of the linear,
medial, syenite and nepheline syenite intrusions (see Figure 12.3). The melting regime during this interval
likely involves more interaction with the lower crust, and perhaps lesser degrees of partial melting,
resulting in more quartz-undersaturated and fluid-rich (mix of aqueous and CO2 fluids) magmas and
increased metasomatism, generally proximal to the intrusions themselves. In the Brudenell subarea at
least, the association of molybdenum and uranium-thorium mineralization with the medial syenite intrusions
is suggestive of significant crustal interaction as well as an aqueous-dominated fluid (Richards 2010).

1045 TO 1030 MA
By 1045 and 1030 Ma, major tectonic activity in the orogen is coming to an end, and isostatic
adjustment begins, although there may be localized movement along the CMBBTZ. The youngest
syenites, accompanied by reactive late-stage fluids (likely more CO2 and, locally, fluorine rich), are
emplaced along the CMBBTZ and in its immediate hanging wall (see Figure 12.3). Differences in
permeability, magma and fluid generation, and host-rock characteristics all likely influence where these
late-stage magmas and their accompanying fluids rise into the upper crust.

IMPLICATIONS FOR EXPLORATION
The mineral potential of each subarea of the Late Syenite suite intrusive and associated metasomatic
rocks is unique, resulting from the interplay of the host rocks with the syenites, the abundance and
composition of the syenites themselves, and the composition and temperature of the accompanying
metasomatic fluids. Thus, at the moment, it appears unlikely that it will be possible to construct a single,
comprehensive exploration model for the entire belt of Late Syenite suite rocks from Minden to the
Ottawa River. Each subarea has its own unique potential for various metallic and industrial minerals.
Thus, an exploration approach that works in one area might not work in another.
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Figure 12.3. Cartoon cross sections from the Brudenell subarea illustrating the emplacement and evolution of the Late Syenite
suite. Between 1090 and 1070 Ma, the Grenville collision is in full force, resulting in northwestward thrusting along the Central
Metasedimentary Belt boundary tectonic zone (CMBBTZ) and other major shear zones within the Central Metasedimentary Belt.
At the same time, melting in the mantle begins southeast of the CMBBTZ, resulting in the emplacement of ovoid syenite
intrusions with minimal metasomatism of their country rocks. Between 1070 and 1045 Ma, gravitational collapse of the orogen
begins. This allows for localized extension along earlier developed shear zones, which localizes the emplacement of linear
syenite and nepheline syenite intrusions. The melting regime during this interval involves more interaction with the lower crust,
and perhaps lesser degrees of partial melting, resulting in more fluid-rich magmas and increased, but localized, metasomatism.
By 1045 to 1030 Ma, major tectonic activity in the orogen ends and isostatic adjustment begins, although there may be localized
movement along the CMBBTZ. The youngest syenites, accompanied by reactive late-stage fluids, are emplaced at this time
along the CMBBTZ and in its immediate hanging wall.
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Topics still under investigation include additional work on the geochemistry of the syenites in order
to better assess their potential for copper-gold porphyry systems, alkali copper, as well as assessing the
role and influence of fluid composition (aqueous versus CO2 rich ± fluorine) with respect to mineral
potential (cf. Richards 2010).
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INTRODUCTION
The Cobden NTS map sheet (31 F/10) straddles the Ontario–Quebec border, encompassing
approximately 1088 km2, of which 680 km2 are in Ontario (Figure 13.1). The Cobden map area is
bounded by latitudes 45°30′ to 45°45′N and longitudes 76°30′ to 77°00′W, and encompasses all or parts
of Admaston, Bromley, Horton, Ross, Stafford, Westmeath and Wilberforce townships. Reconnaissance
mapping and sampling of the Cobden area was begun during part of the 2013 field season, with additional
follow-up work planned for 2014. The only previous mapping of this area consists of 1:100 000 scale
mapping from the 1970s (Lumbers 1982a, 1982b). Despite the limited mapping base for the area, several
mineral deposit inventories of Renfrew County, including the study area, were conducted in the late
1970s (Carter, Colvine and Meyn 1980; Storey and Vos 1981a, 1981b; Masson and Gordon 1981). All
Universal Transverse Mercator (UTM) co-ordinates given in this article are provided in Zone 18, North
American Datum 1983 (NAD83).

GEOLOGICAL OVERVIEW
The Cobden map area is split in two by a previously undocumented north-trending fault, herein
termed the Ross fault (see Figure 13.1). The two-thirds of the Cobden area west of the Ross fault consists
of high metamorphic grade paragneiss, orthogneiss and marble tectonic breccia, all of which are intruded
and metasomatized by Late Syenite suite rocks (1090 to 1030 Ma) (see Easton, this volume, Article 12).
In contrast, the eastern one-third of the Cobden area is underlain by calcite and dolomite marble, which
locally preserve relict stratigraphy. The marbles are intruded by the Chenaux gabbro (1231±2 Ma,
Pehrrson, Hanmer and van Breemen 1996), which locally preserves primary mineralogy (see Azar and
Easton, this volume, Article 14). Also present in the eastern one-third of the area, adjacent to the Ottawa
River, are several small areas of amphibolite and granodioritic gneiss. These areas of gneiss have a sheetlike geometry and may have been thrust on top of the marbles. The Late Syenite suite and metasomatic
rocks appear to be absent from the eastern one-third of the Cobden area. Metamorphic grade is estimated
to be lower amphibolite facies east of the Ross fault, and upper amphibolite facies west of the fault. The
Sullivan Island carbonatite complex (Lumbers 1982a) (circa 1053 Ma: Lumbers et al. 1990) is located in
the extreme north corner of the Cobden area at the junction of the Ross fault and the Ottawa River (see
Figure 13.1).

Summary of Field Work and Other Activities 2013,
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© Queen’s Printer for Ontario, 2013

13-1

Earth Resources and Geoscience Mapping Section (13)

R.M. Easton

In addition to the Ross fault, the Cobden area is also cut by several northwest-trending, dominantly
vertical faults related to the Ottawa–Bonnechere graben system, which locally preserve Upper Ordovician
limestones of the Gull River and Bobcaygeon formations on their down-dropped sides (cf. Russell and
Williams 1985).

Ross Fault
As noted previously, the Ross fault juxtaposes higher metamorphic grade rocks to the west from
lower grade rocks to the east. North of Foresters Falls, gneissic tectonites of the Central Metasedimentary
Belt boundary tectonic zone (CMBBTZ), which developed under upper amphibolite metamorphic
conditions, are juxtaposed against lower amphibolite facies, relatively clean, dolomite marbles that locally
preserve relict stratigraphy. Further south, marble tectonic breccia units of the Central Metasedimentary
Belt that were intruded and metasomatized by rocks of the Late Syenite suite (1090 to 1030 Ma) occur
west of the Ross fault, again juxtaposed against lower amphibolite facies, clean, calcite and dolomite
marbles.

Figure 13.1. Map showing the first vertical derivative (1VD) of the magnetic field for the Cobden area of Ontario and Quebec.
Red colours indicate highs, blue colours lows (range 0.6 to -0.4 nT/m). Also shown are major faults in the area identified by this
study, and by Lumbers (1982b) and Russell and Williams (1985). The north-trending Ross fault follows a prominent break in the
magnetic field, which also corresponds to a major change in the bedrock geology, as discussed in the text. Magnetic data from
Ontario Geological Survey (1999).

13-2

Earth Resources and Geoscience Mapping Section (13)

R.M. Easton

The Ross fault trends almost due north, and extends for at least 28 km across the map area. It forms a
prominent lineament on both the low-resolution total magnetic field and first vertical derivative of the
magnetic field (see Figure 13.1) maps of the area (Ontario Geological Survey 1999). The area west of the
fault is characterized by a higher magnetic background in the total field, and by prominent northwesttrending linear features in the first vertical derivative magnetic data (see Figure 13.1). In contrast, the area
east of the fault is characterized by a lower total magnetic signature and minimal internal magnetic
structure, consistent with the abundance of marbles with low magnetic susceptibility (typically <0.5 ×10–3
SI units) east of the fault. The fault likely continues into the Admaston–Horton map area to the south (see
Duguet, Dubé-Bourgeois and Ma, this volume, Article 15), but its magnetic signature is harder to define
due to changes in the local geology.
The Ross fault also marks a change in the Bouguer gravity field (Ontario Geological Survey 1999),
with the area east of the fault having higher gravity values than the area to the west. Similarly, in the first
vertical derivative of the Bouguer anomaly field, a northeast-trending gravity high, noted by Easton,
Duguet and Magnus (2011) and which corresponds to anomaly 24 in Dufréchou and Harris (2013), is
truncated against the Ross fault north of Foresters Falls (see Figure 13.1). Also, the Ross fault is located
near or parallel to a large north-trending gravity lineament identified in Figure 7 of Dufréchou and Harris
(2013). Thus, the Ross fault is both a significant geological and geophysical feature.
The trace of the Ross fault has not yet been observed on surface, but an outcrop located within 100 m
of the fault trace is present on Kerr Line on the south side of Foresters Falls. This outcrop, just east of the
fault, exposes both grain-size reduced, protomylonitic, calcite marble and a microbrecciated, fractured
and chlorite-altered gabbro dike.
The amount of displacement and direction of motion across the Ross fault are more difficult to
ascertain. This is in part because there is no unit east of the fault that can be correlated with a unit west of
the fault. A regional magnetic anomaly to the south of the Cobden area that is associated with Mazinaw
domain may be displaced 15 to 20 km to the north on the east side of the fault. Similarly, the Central
Metasedimentary Belt boundary tectonic zone may be displaced a minimum of 10 km to the north on the
east side of the fault.
Also unknown is whether displacement across the Ross fault is predominantly transcurrent, or
vertical, or a combination of both. Given the proximity to the CMBBTZ, it is likely that uplift on the east
side of the Ross fault would result in exposure of CMBBTZ or Central Gneiss Belt rocks, rather than
relatively low-grade marbles. Thus, it is more likely that the fault was down-dropped to the east,
preserving marbles that were higher in the superstructure of the Grenville orogen at circa 1060 Ma.

Ottawa–Bonnechere Graben Faults
Further complicating the map pattern of the Cobden area are several northwest-trending Ottawa–
Bonnechere graben faults; most notable in the area are the Dore, Douglas and Muskrat faults (see Figure
13.1). All 3 appear to be down-dropped to the south, preserving Paleozoic limestones on their south
flanks. Their relative age relationship to the Ross fault is not known. None is offset by the Ross fault. The
Muskrat fault appears to affect the exposure level of the Chenaux gabbro (see Azar and Easton, this
volume, Article 14), with deeper structural levels being exposed in the gabbro on the north side of the
fault (consistent with south-side-down motion). This may indicate that the latest movement on the
Muskrat fault occurred after major movement on the Ross fault.
There is a general lack of continuity of geological and geophysical features across the Ottawa River
into Quebec (see Figure 13.1). This may be due to the presence of a major fault along the Ottawa River.
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DISCUSSION
Terrane and Domain Subdivision
The complex faulting history makes assignment of rock packages in the Cobden area to the longestablished terrane and domain subdivision of the Central Metasedimentary Belt problematic. For
example, the marbles east of the Ross fault share many characteristics with those of Sharbot Lake domain
further to the south, but, unlike the classic Sharbot Lake domain rocks, they occur north of the Robertson
Lake mylonite zone. The marbles east of the Ross fault could also potentially belong to Black Donald
domain, but this correlation cannot be firmly established as the marbles cannot be traced directly along
strike to known Black Donald domain rocks. Attempting to unravel the terranes and/or domains present in
the Cobden area will be a focus of the 2014 field season.

Location of the Central Metasedimentary Belt Boundary Tectonic Zone
It was thought previously that the Central Metasedimentary Belt boundary tectonic zone (CMBBTZ)
was located immediately adjacent to the northwest corner of the Cobden area, at the junction of Highway
17 and Indian Road, and that there were no CMBBTZ rocks present in the Cobden area (cf. Ontario
Geological Survey 1992). This is not the case. Partly metasomatized straight gneisses of the CMBBTZ
are exposed on Highway 17 at the junction of Waterview Road, 11 km southeast of Highway 17 and
Indian Road. In addition, partly metasomatized, straight and irregularly layered gneisses of the CMBBTZ
occur for at least 9 km along the west side of the Ross fault, from Foresters Falls to the north boundary of
the Cobden area. Straight and irregularly layered gneisses of the CMBBTZ are also cut by calcite veins of
the Late Syenite suite on Kohlsmith Road, 2.5 km south-southeast of Cobden (see Easton, this volume,
Article 12, Photo 12.3). Consequently, much of the northwestern corner of the Cobden area is underlain
by rocks of the CMBBTZ.
The reason for this significant discrepancy in the position of the boundary is related to the historic
lithological definition of the CMBBTZ boundary as being the first appearance of marble—be it marble
tectonic breccia or belts of massive dolomite or calcite marble. The first appearance of marble is also
generally coincident with the disappearance of large expanses of shallow-dipping, highly strained
gneisses, e.g., straight gneisses, which constitute most of the CMBBTZ. In the Cobden area, applying this
definition is difficult because of the presence of calcite vein dikes cutting straight gneisses of the
CMBBTZ, as well as the apparent structural interleaving and/or injection of metasomatic pink calcite
rock into rocks of the CMBBTZ (see Easton, this volume, Article 12). Furthermore, gentle, shallowly
plunging open folds are present in the CMBBTZ in the northwestern part of the Cobden area, resulting in
local folding of the Central Metasedimentary Belt boundary tectonic zone–marble contact. If one
considers the metasomatic calcite rocks and veins to be marbles, then the CMBBTZ is roughly where it
was previously located. On the other hand, if the boundary is defined as the disappearance of the highly
flattened straight and irregularly layered gneisses and the presence of non-metasomatic marble, then the
boundary is significantly further south, as noted above.
The location of the CMBBTZ is not just an academic exercise. The gneissic rocks of the CMBBTZ
typically have low mineral potential. They likely underlie approximately 200 km2 of the Cobden area,
thereby reducing by approximately 30% the portion of the area that could have higher mineral potential.
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ECONOMIC GEOLOGY
Industrial Minerals
The identification of the Ross fault addresses a long-standing geological conundrum; namely, why
are there so many marble prospects, past-producers and producers in Horton and Ross townships (at least
11; see Storey and Vos 1981a) in what is ostensibly one of the highest metamorphic grade parts of the
Central Metasedimentary Belt?
It is because the area east of the Ross fault represents a down-dropped block that preserves lower
grade calcite and dolomite marbles. These marbles were deposited in a carbonate basin with a relatively
low influx of siliciclastic or volcaniclastic material. The relative purity of the marbles, as indicated by
their high brightness (typically >90%) and low silica contents has made them ideal for a variety of uses
over the past 90 years, including lime production, and building, aggregate and terrazzo stone (Storey and
Vos 1981a). The typically low zinc contents of the dolomite marbles (typically <30 ppm, Storey and Vos
1981a; preliminary unpublished data, this study) also made them excellent feedstock for the production of
magnesium metal at the former Dominion Magnesium Ltd. (later Chromasco Ltd., later Timminico Ltd.,
MDI31F10SW00002) plant at Haley. It turns out that all of these prospects, past-producers and producers
owe their presence to a unique combination of geological factors, most notably deposition in a basin
relatively free of external detritus, and subsequent structural preservation due to faulting. Because of these
unique circumstances, exploration for similar types of industrial mineral occurrences in the area should be
restricted to the area east of the Ross fault. Potential targets for further exploration exist northeast of
Foresters Falls, which contains abundant dolomite marbles, but few previously identified occurrences. In
addition, although many of the dolomite marbles in Horton and Ross townships have low zinc contents,
exploration for zinc sulphide or oxide mineralization should not be excluded. This is because almost no
assay or geochemical data presently exist for the dolomite marbles northeast of Foresters Falls, and a grab
sample collected by the author from the past-producing Payne Dolomite Quarry (MDI31F10SE0005)
assayed 287 ppm Zn, which is highly anomalous for the area.

Iron and Nickel-Copper Mineralization
Iron and nickel-copper mineralization may be present in the Chenaux gabbro, as described in greater
detail by Azar and Easton (this volume, Article 14).

Molybdenum Mineralization
Two molybdenite occurrences are present in the Cobden area, both west of the Ross fault: the Cole
(MDI31F10SW00041) and Elliot (MDI31F10NW00010) occurrences (Carter, Colvine and Meyn 1980).
Both are typical of the molybdenite occurrences present in the Brudenell and Cobden areas, consisting of
large pyroxene-calcite-pyrite veins, with associated apatite, scapolite and titanite, that cut marble breccia
and quartzofeldspathic gneiss. Similar veins are likely present elsewhere in the Cobden area west of the
Ross fault. The small size of these veins limits their metallic mineral potential, but they may still be of
interest as mineral collecting sites.

Potassium Alteration Zone
Rusty weathering pelitic, semi-pelitic and psammitic gneiss exposed on River Road (Renfrew County
1) at Smuggler’s Hill (UTM 374150E 5042712N) yielded estimated anomalous potassium contents, ranging
from 6.4 to 8.9 weight % K2O, as determined by in situ gamma-ray spectrometric measurements. These
anomalous potassium contents were only observed in this unit at Smuggler’s Hill, and may be similar to
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an area of potassium enrichment previously described in the Horton map area, approximately 10 km to
the southwest (Easton, Duguet and Magnus 2011; Duguet, Magnus and Ratcliffe 2012).

Radioactive Mineralization
Very few airborne gamma-ray spectrometric highs for uranium and thorium are present in the
Cobden area (Carson et al. 2004a, 2004b), with the largest high located just south of the Sullivan Island
carbonatite complex on the west side of the Ross fault. At the southwestern margin of this high, a syenite
pegmatite vein exposed on Grants Settlement Road gave a scintillometer assay reading of 370 ppm U and
1809 ppm Th (UTM 361075E 5066294N). Further study of this anomaly will be undertaken during the
2014 field season. The only other significant scintillometer assay readings, out of a total of 338
measurements taken during the field season, were obtained approximately 700 m further south on Grants
Settlement Road. Here, syenite veins injected into CMBBTZ gneisses gave scintillometer assay readings
of 186 and 126 ppm U and 426 and 657 ppm Th (UTM 361513E 5065398N; 361397E 5065884N,
respectively). Note these scintillometer readings are estimates of the uranium and thorium contents in this
vein, and should be confirmed by conventional chemical analysis.

Rare Earth Element Mineralization
Both the pink-orange metasomatic marbles and the syenites of the Late Syenite suite may potentially
host rare earth element (REE) mineralization (see Easton and Clarke, this volume, Article 11; Easton, this
volume, Article 12). Preliminary data indicate that the highest rare earth contents are in large mediumgrained red syenite dikes, which contain 1044 and 1062 ppm total REE (UTM 352019E 5048726N and
350711E 5050016N, respectively). No data are yet available regarding rare earth element content from
any of the metasomatic marbles in the Cobden area.

REFERENCES
Carson, J.M., Holman, P.B., Ford, K.L., Grant, J.A. and Shives, R.B.K. 2004a. Airborne gamma ray spectrometry
compilation, equivalent uranium, Central Metasedimentary Belt, (Grenville Province), Ontario–Quebec;
Geological Survey of Canada, Open File 4559, scale 1:250 000.
——— 2004b. Airborne gamma ray spectrometry compilation, equivalent thorium, Central Metasedimentary Belt,
(Grenville Province), Ontario–Quebec; Geological Survey of Canada, Open File 4560, scale 1:250 000.
Carter, T.R., Colvine, A.C. and Meyn, H.D. 1980. Geology of base metal, precious metal, iron and molybdenum
deposits in the Pembroke–Renfrew area; Ontario Geological Survey, Mineral Deposits Circular 20, 186p.
Dufréchou, G. and Harris, L.B. 2013. Tectonic models for the origin of regional transverse structures in the
Grenville Province of SW Quebec interpreted from regional geology; Journal of Geodynamics, v.64, p.15-39.
Duguet, M., Magnus, S.J. and Ratcliffe, L. 2012. Geology and mineral potential of the Admaston–Horton area,
northeastern Central Metasedimentary Belt, Grenville Province; in Summary of Field Work and Other
Activities 2012, Ontario Geological Survey, Open File Report 6280, p.13-1 to 13-13.
Easton, R.M., Duguet, M. and Magnus, S.J. 2011. Geology and mineral potential of the northeastern Central
Metasedimentary Belt, Grenville Province; in Summary of Field Work and Other Activities 2011, Ontario
Geological Survey, Open File Report 6270, p.5-1 to 5-23.
Lumbers, S.B. 1982a. Summary of metallogeny, Renfrew County area; Ontario Geological Survey, Report 212, 58p.
——— 1982b. Cobden; Ontario Geological Survey, Map 2460, scale 1:100 000.

13-6

Earth Resources and Geoscience Mapping Section (13)

R.M. Easton

Lumbers, S.B., Heaman, L.M., Vertolli, V.M. and Wu, T.W. 1990. Nature and timing of Middle Proterozoic
magmatism in the Central Metasedimentary Belt, Grenville Province, Ontario; in Mid-Proterozoic Laurentia–
Baltica, Geological Association of Canada, Special Paper 38, p.243-276.
Masson, S.L. and Gordon, J.B. 1981. Radioactive mineral deposits of the Pembroke–Renfrew area; Ontario
Geological Survey, Mineral Deposits Circular 23, 155p.
Ontario Geological Survey 1992. Tectonic assemblages of Ontario, explanatory notes and legend; Ontario
Geological Survey, Map 2583.
——— 1999. Single master gravity and aeromagnetic data for Ontario, ASCII, Excel® and Access® formats;
Ontario Geological Survey, Geophysical Data Set 1035.
Pehrsson, S., Hanmer, S. and van Breemen, O. 1996. U–Pb geochronology of the Raglan gabbro belt, Central
Metasedimentary Belt, Ontario: Implications for an ensialic marginal basin in the Grenville Orogen; Canadian
Journal of Earth Sciences, v.33, p.691-702.
Russell, D.J. and Williams, D.A. 1985. Paleozoic geology of the Cobden area, southern Ontario; Ontario Geological
Survey, Preliminary Map P.2730, scale 1:50 000.
Storey, C.C. and Vos, M.A. 1981a. Industrial minerals of the Pembroke–Renfrew area, part 1: Marble; Ontario
Geological Survey, Mineral Deposits Circular 21, 132p.
——— 1981b. Industrial minerals of the Pembroke–Renfrew area, part 2; Ontario Geological Survey, Mineral
Deposits Circular 22, 214p.

13-7

14. Project Unit 13-013. Geology and
Mineral Potential of the Chenaux
Gabbro, Northeastern Central
Metasedimentary Belt, Grenville
Province
B. Azar1 and R.M. Easton1
1

Earth Resources and Geoscience Mapping Section, Ontario Geological Survey

INTRODUCTION
The Chenaux gabbro intrusion encompasses approximately 30 km2 and is centred at 45°33′30″N
latitude and 76°42′W longitude (Figure 14.1). The intrusion lies mainly in Horton Township with the
northwest corner and the western extension of the body in Ross Township. The Chenaux gabbro is
identified on the regional bedrock geology map of Lumbers (1982b), and has received limited study in the
past by Seguin and Brun (1984, paleomagnetism), Abdurahman (1989), major element geochemistry and
gravity) and Pehrsson, Hanmer and van Breemen (1996, geochronology). The Chenaux gabbro has a
prominent geophysical expression, forming both a regional aeromagnetic high and a Bouguer gravity high
(Ontario Geological Survey 1999). Major element geochemical data reported in Abdurahman (1989)
indicate that the Chenaux gabbro is a tholeiitic basalt of island-arc and calc-alkalic affinity. The age of
emplacement of the intrusion is constrained by a U/Pb zircon upper intercept age of 1231±2 Ma
(Pehrsson, Hanmer and van Breemen 1996).
This report describes the results of 4 weeks of detailed mapping related to the larger scale
compilation work by Easton (this volume, Article 13). Overall, 51 samples from the Chenaux gabbro are
to be analyzed for major and trace element geochemistry and examined in thin section. An additional 15
samples of crosscutting mafic dikes and amphibolite will also be analyzed. Regional samples of mafic
rocks have been collected by Easton (this volume, article 13) and will be included as a part of this study.

ROCK TYPES
Easton (this volume, Article 13) describes the broader regional setting of the Chenaux gabbro. In
brief, it occurs in a large, likely down-dropped, fault block. To the west, this block is in contact with
highly deformed and metamorphosed gneisses that are cut by syenite intrusions, all located within the
boundary zone between the Central Gneiss Belt and Central Metasedimentary Belt. The eastern margin of
the fault block is in Quebec. The fault block is dominated by calcite and dolomite marbles that preserve
relict stratigraphy and that have been subjected to middle to upper amphibolite-facies metamorphism. An
early period of folding and development of metamorphic layering in the marbles appears to have occurred
prior to emplacement of the Chenaux gabbro.
The Chenaux gabbro displays a map pattern best described as broad-scale compositional differentiation
rather than possessing a well-defined stratigraphy. Igneous layering in the Chenaux gabbro is visible only
on the outcrop scale (Photo 14.1A). Throughout the gabbro, there are crosscutting mafic dikes; some
Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.14-1 to 14-7.
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Figure 14.1. Preliminary geological map of the Chenaux gabbro, showing the main units within the gabbro as well as the
location of previously identified mineral occurrences. Chenaux gabbro subdivisions are from this study; regional geology and
faults are from Lumbers (1982b). Numbers 1 and 2 refer to iron occurrences listed in Table 14.1. All UTM co-ordinates are
NAD83, Zone 18.
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Photo 14.1. A) Primary igneous layering within the Chenaux gabbro. Hammer handle points south and is 32 cm long. Roadcut
on the south side of Highway 17 (UTM 365219E 5044804N). B) Contact between the Chenaux gabbro and calcite marble
displaying disharmonic folding. Hammer handle points south and is 32 cm long. Roadcut on the south side of Highway 17
(UTM 364907E 5045299N). C) Close-up view of vari-textured and vari-grained Chenaux gabbro, looking south. Outcrop on the
south side of the gas pipeline right-of-way west of Garden of Eden Road (UTM 365842E 5043799N). D) Very coarse-grained
and strongly amphibole-altered melanocratic Chenaux gabbro, view to the southwest. Outcrop is on the south side of the gas
pipeline right-of-way west of Garden of Eden Road (UTM 365909E 5043753N). E) Homogeneous and weakly foliated mediumgrained mesocratic Chenaux gabbro, view to the north. Roadcut on the north side of Highway 17 (UTM 365956E 5044413N).
F) Lineated and foliated Chenaux gabbro, view to the north. Roadcut on the north side of Highway 17 (UTM 364941E
5045302N). All UTM co-ordinates are NAD83, Zone 18.
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appear to be genetically related to the gabbro, whereas others may be related to the Grenville dike swarm
(circa 590 Ma: Kamo, Krogh and Kumarapeli 1995). Five main gabbro subtypes were identified in the
field: mesocratic gabbro, vari-textured gabbro, leucogabbro, hornblende gabbro and olivine-bearing
gabbro (see Figure 14.1). Directly surrounding the Chenaux gabbro, the host rock is dominated by lower
amphibolite grade calcite marble with lesser quantities of dolomite marble, psammitic schist, contact
metamorphosed carbonate rocks, intermediate gneiss and amphibolite (see Figure 14.1).

Mesocratic Gabbro
The mesocratic gabbro unit is typically homogeneous and medium grained (Photo 14.1E). Subophitic textures are visible where there is fresh exposure along roadcuts and, in some cases, amphibole
coronas can be seen surrounding pyroxene crystals. The unit ranges from massive to moderately foliated
and lineated with varied magnetic susceptibility, generally 17 x 10-3 SI units.

Vari-textured Gabbro
Vari-textured and vari-grained gabbro is typically leucocratic and more rarely mesocratic (Photo
14.1C). Grain size ranges from fine to very coarse grained. This rock unit appears to be primarily present
along the margins of the intrusion, proximal to the contacts with the calcite marble (see Figure 14.1). The
variation in texture and grain size is interpreted to be the result of fluid–rock interaction during the
intrusion of the Chenaux gabbro into the surrounding marble units.

Leucogabbro
Plagioclase-rich medium- to coarse-grained leucogabbro is concentrated along the northeast and
southwest contacts of the intrusion (see Figure 14.1). Generally the rock is homogeneous, although there
are some instances where coarser grained dikes and dikelets of anorthositic gabbro crosscut the leucogabbro
unit. Much of the leucogabbro has thin veneers of calcite marble structurally overlying it, especially in the
southwest portion of the intrusion. The leucogabbro unit is interpreted to be representative of the roof of
the intrusion, where plagioclase would have accumulated during differentiation.

Hornblende Gabbro
The hornblende gabbro appears to be a product resulting from the introduction of water-rich fluids
during metamorphism of all the above-mentioned rock types. In this unit, hornblende has completely
replaced the pyroxene and possibly the olivine crystals. Relict textures are commonly visible, and the
gabbro is generally medium to coarse grained and, more rarely, vari-textured. The distribution of this rock
type will be better understood upon analysis of thin sections and whole rock geochemistry. There are
several areas outside the areas identified in Figure 14.1 as hornblende gabbro where amphibole
replacement of mafic minerals is complete, but their distribution is localized (e.g., Photo 14.1D).

Olivine-Bearing Gabbro
The center of the Chenaux intrusion was difficult to access due to the topography and swamps. The
few samples that were taken from the middle of the intrusion north of the Muskrat fault appear to have
olivine contents ranging from 5 to 15%. Much of the olivine appears to have been partially replaced by
amphibole, or has amphibole or orthopyroxene corona reaction textures. These rocks are typically
medium grained and melanocratic.
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Other Mafic Rocks
There is an older fine- to medium-grained amphibolite that is strongly deformed and cut by the
younger Chenaux gabbro. It occurs south of the gabbro and is folded around the lower contact of the
gabbro (see Figure 14.1). Multiple small, discontinuous bodies of amphibolite, some garnet bearing, were
encountered along the Ottawa River where they cut the marbles; these amphibolites are all likely related.
Furthermore, 2 sets of small mafic dikes were observed: one generally more leucocratic and north
trending, the other is more magnetic and east trending. The east-trending dikes may be related to the
590 +2/-1 Ma Grenville dike swarm, which is typically highly magnetic and has a tholeiitic composition
(Kamo, Krogh and Kumarapeli 1995). Detailed petrographic and geochemical analysis will aid in the
classification of these mafic units.

STRUCTURAL GEOLOGY
The Chenaux gabbro has likely been affected by both the Shawinigan (1190 to 1170 Ma) and the
Ottawan orogenies (1080 to 1020 Ma) (Easton 1992; Carr et al. 2000) after arc amalgamation within the
Composite Arc Belt. In addition, the Cobden area, including the Chenaux gabbro, has been affected by
Paleozoic and Mesozoic normal faulting related to development of the Ottawa–Bonnechere graben system
(e.g., Lumbers 1982a).
The Muskrat fault, which cuts the centre of the Chenaux gabbro along Coldingham Lake and
Catherine Lake, has been attributed to the Ottawa–Bonnechere graben system (Lumbers 1982a). Previous
workers (Lumbers 1982b; Russell and Williams 1985) have suggested that the northern block was
downthrown relative to the southern block, or gave no indication of the throw direction on this segment of
the fault. To the south, and most notably on the west side of the Chenaux gabbro, there are abundant
shallowly dipping calcite marbles structurally overlying the gabbro, which have been interpreted as roof
pendants by Abdurahman (1989). This suggests that much of the Chenaux gabbro to the south of the
Muskrat fault is just barely unroofed, and may explain the high abundance of leucogabbro found in this
part of the intrusion, because the leucogabbro is associated with the contact. This relationship, however,
only makes sense if the Muskrat fault is south-side-down. Alternatively, there could have been 2 stages of
movement along the Muskrat fault: an early south-side-down movement allowing for uplift and erosion of
the Chenaux gabbro in the northern block, which was followed by younger, north-side-down movement.
The intensity of deformation is varied within the Chenaux gabbro. Much of the gabbro is massive,
but there is a north-northwest-striking, steeply dipping, tectonic foliation developed at the centre of the
intrusion in the olivine-bearing gabbro. South of the Muskrat fault, the foliation is north- to northeaststriking and also steeply dipping (Photo 14.1F). This foliation is oriented parallel to the contact of the
intrusion and is associated with disharmonic folds in the surrounding calcite marble (Photo 14.1B).
Within the gabbro and the adjacent calcite marble there are small-scale, steeply dipping shear zones that
strike dominantly to the east and south. It is likely that the multiple deformation events listed above do
not manifest themselves clearly within the Chenaux gabbro, because the gabbro is rheologically more
competent than the surrounding calcite marbles. Pehrsson, Hanmer and van Breemen (1996) suggested
that emplacement of the Chenaux gabbro occurred syntectonically during northwest-directed overthrusting;
however, this scenario has yet to be confirmed during the current mapping program.
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Table 14.1. Main mineral occurrences present in the Chenaux gabbro (data from Carter, Colvine and Meyn 1980).
Occurrence
Ottawa River occurrence
MDI31F10SE00019
Ross Township iron occurrence
MDI31F10SE00018

Number in Commodities Best Historic Value
Host Rock
Figure 14.1
1
Fe, Ti (V)
29.78% FeO, 17.23% TiO2, Chenaux gabbro
0.63% V2O5, 0.10% NiO
2
Fe
Not Available
Magnetite and specular hematite
vein cutting calcite marble and
Chenaux gabbro

ECONOMIC GEOLOGY
Oxide Mineralization
One of the primary goals of this project is to determine the mineral potential of the Chenaux gabbro.
Only 2 oxide mineral occurrences are present in the Chenaux gabbro (Carter, Colvine and Meyn 1980):
an iron occurrence along the Ottawa River just south of Portage du Fort; and another iron, titanium and
minor vanadium occurrence in Lot 22, Concession 7 of Horton Township (Table 14.1). Neither site was
located by field party personnel, nor were they located by Carter, Colvine and Meyn (1980). Nonetheless,
even though their locations may be uncertain, both occurrences are consistent with field observations
indicating an abundance of magnetite-ilmenite oxide minerals within the Chenaux gabbro. The oxide
minerals tend to occur as segregations and are not uniformly distributed throughout the gabbro. This
uneven distribution explains in part the highly varied magnetic susceptibility readings obtained from the
gabbro, which range from 1 to 130 ×10–3 SI units. Metamorphism also results in lower magnetic
susceptibility in the more recrystallized parts of the intrusion. The northern part of the Chenaux gabbro
appears to have the greatest concentration of oxide minerals and would be the most prospective area for
economic titanium and secondary vanadium mineralization.

Sulphide Mineralization
Lumbers (1982b) indicates a nickel-copper occurrence in the Chenaux gabbro, roughly 300 m north
of Highway 17. Just to the south of this occurrence, at the west end of a 350 m long roadcut in the
Chenaux gabbro on Highway 17, is a 3 to 5 m wide zone containing abundant blebby and disseminated
sulphide minerals, predominantly pyrrhotite, hosted within vari-textured gabbro. Preliminary assay results
from 2 samples collected from this zone are 77 and 68 ppm Co, 64 and 107 ppm Cu, 31 and 34 ppm Ni,
respectively; no gold, platinum or palladium was detected in either of the samples. Blebby and
disseminated sulphide minerals, predominantly pyrrhotite, were also sampled within finer grained dikes
cutting the Chenaux gabbro. Analysis of additional results from samples taken this season is required to
more fully evaluate the sulphide mineralization potential for the Chenaux gabbro.
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INTRODUCTION
The Admaston–Horton map area covers over 544 km2 and is bounded by latitudes 45°22′30″ to
45°30′N and longitudes 77°00′ to 76°30′W. It includes all or parts of Admaston, Bagot, Bromley,
Brougham, Grattan, Horton and McNab townships. The 2011 field season focussed on the east half of the
area (Horton) (Easton, Duguet and Magnus 2011), whereas the western part (Admaston) was mapped
during the 2012 field season (Duguet, Magnus and Ratcliffe 2012).
Approximately 12 weeks of the 2013 field season were spent conducting mapping and sampling in
the Mud Lake area, which is located immediately south of the Admaston area. The Mud Lake area is
bounded by latitudes 45°15ʹ to 45°22ʹ30ʺN and longitudes 77°00ʹ to 76°45ʹW. It includes most of
Brougham Township, with small parts of Admaston and Blithfield townships.
This paper focusses on the geodynamic and geochronologic history of the Admaston area (Figure 15.1).
In addition, preliminary interpretations from the 2013 field season in the Mud Lake area are presented,
along with possible structural correlations between the 2 areas (Figure 15.2). The last section of this article
deals with the economic potential of the Mud Lake area, which includes skarn-hosted molybdenum,
graphite and possible rare earth element (REE) mineralization.

SHAWINIGAN-AGE OROGENY IN THE ADMASTON AREA
Mapping in 2012 indicated significant structural differences between the Admaston and Horton
areas, with the Admaston area characterized by a top-to-the-northwest thrusting event and the Horton area
affected mainly by a sinistral strike-slip shearing event (Duguet, Magnus and Ratcliffe 2012). Although
the relative timing of the 2 events is reasonably well understood, with the earlier thrusting event being
overprinted by the sinistral strike-slip event, the absolute age of the thrusting event is uncertain (Duguet,
Magnus and Ratcliffe 2012; see Figure 15.1). Consequently, samples from 3 different synkinematic
intrusions were chosen for geochronological analysis to resolve this question. The first intrusion is an
equigranular, medium-grained, pink biotite monzonite elongated parallel to the northeast-trending thrust.
It shows a wide variety in composition, including granodiorite, monzonite, syenite and minor diorite.
Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.15-1 to 15-12.
© Queen’s Printer for Ontario, 2013
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Figure 15.1. Simplified geological and structural map of the Admaston–Horton area. Ages beside intrusive suite names refer to age determinations from the study area, not the
age range of the intrusive suite.
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Figure 15.2. Simplified geological and structural map of the Mud Lake area. Ages beside intrusive suite names refer to age
determinations from the study area, not the age range of the intrusive suite.
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Near its margins, the intrusion is strongly deformed and, locally, the original protolith has been
metamorphosed to a biotite-rich schist. Zircons extracted from this sample yielded a U/Pb age of
1167±13 Ma, obtained by laser ablation inductively coupled plasma mass spectrometry (LA-ICP–MS)
(Kamo 2013). A second synkinematic intrusion, located farther west in the Admaston area, was also
sampled. It consists of a highly strained porphyroclastic mylonitic granite in which the fabric was
acquired during crystallization. Conspicuous shear criteria give a top-to-the-northwest shear sense (see
Duguet, Magnus and Ratcliffe 2012, Photo 13.2). Zircons extracted from this sample yielded an age of
1135±3 Ma, which was obtained by chemical abrasion isotope dilution thermal ionization mass
spectrometry (CA-ID-TIMS) (Kamo 2013). The third geochronology sample, from a migmatitic mafic
gneiss, yielded a U/Pb age of 1187.1±2.4 Ma by LA-ICP–MS (Geospec Consultants 2013), which is
interpreted as the age the migmatization.
These ages provide strong evidence for a protracted orogenic event in this area from 1190 Ma to
1130 Ma, before the onset of the terminal Grenville collision (Ottawan orogeny) at circa 1090 Ma. They
also call for several remarks.
•

With an age of 1167 Ma, the biotite monzonite is similar in age and petrography to the
monzonite-diorite-gabbro plutons of the Frontenac Suite in Ontario and the Chevreuil Suite in
Quebec (Wynne-Edwards et al. 1966; Corriveau and van Breemen 2000).

•

The age range of this tectono-metamorphic event falls within that of the previously defined
Shawinigan orogeny (cf. Corriveau and van Breemen 2000; Carr et al. 2000; Rivers 2012).

•

The Mazinaw and Black Donald domains and the Bancroft terrane were all regionally affected
by the 1190 to 1130 Ma event, both in terms of deformation and plutonic activity.

•

These ages also raise the question of the geographic extension of this event within the Central
Metasedimentary Belt in Ontario, as this Shawinigan-age event seems unknown in domains
within the Elzevir terrane farther to the south. Is this absence real, or rather does it reflect a lack
of information?

GEOLOGY OF THE MUD LAKE AREA
Stratigraphy
Figure 15.2 illustrates the main geological features of the Mud Lake area. The Mud Lake area
contains rocks of the Mazinaw domain to the east and the Black Donald domain to the west. Both domains
are part of the Central Metasedimentary Belt (Easton 1992). The following descriptions will be limited to
a short overview of the different rock units mapped in the study area, as well as noting critical
observations and unsolved problems.

Supracrustal Rocks
The main rock units within the Mazinaw domain consist of the following units, from top to bottom.
Rocks assigned to the Flinton Group uncomformably overlie all the other supracrustal rocks in the
area, which belong to the Grenville Supergroup. Flinton Group rocks are exposed on the northeastern
corner of the Mud Lake area. They are composed of garnet-sillimanite-bearing mica schists that overlie
metaquartzarenites. A more comprehensive description of these rocks can be found in Duguet, Magnus
and Ratcliffe (2012). Partly due to poor exposure, Flinton Group strata could not be traced south of the
Paleozoic rocks located north of Ashad road (see Figure 15.2).
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A package of calcite and dolomite marbles; dolomite marbles are mostly located near the
unconformity with the Flinton Group rocks and can be traced as a mappable unit. Both the calcite and
dolomite marbles are medium to coarse grained and white. This package is the dominant supracrustal unit
in the Mazinaw domain in the Mud Lake area.
A unit composed of grey gneiss in which the protoliths show a wide range in composition, including
calc-silicate rocks, calcareous arkoses, arkoses and possible intermediate volcaniclastic rocks. These
gneisses underwent varied degrees of partial melting with some of them exhibiting a clear and abundant
segregation of the melt, qualifying them as metatexite. This unit is well represented in the Horton map
area where they are stratigraphically laid down upon mafic volcanic rocks geochemically akin to arc
tholeiites (see Figure 15.1). This relationship is far less obvious in the Mud Lake area and will need
further work to resolve.
A mafic volcanic rock unit, which crops out on the eastern side of the map area, has been assigned
tentatively to the lowermost unit in the Mazinaw domain in the Mud Lake area (see Figure 15.1). This
assignment may change pending geochemical results of this study. This unit is composed of fine-grained,
nematoblastic, locally massive, dark bluish-grey amphibolite. Some layers of this unit have widespread
epidote pods (Photo 15.1A). Despite the pervasive strain and stretching, the shape of these epidote pods
strongly suggests that they are former pillow selvages. The interpretation of this unit as volcanic in nature
is strengthened by the presence of garnet-bearing schists interlayered with the mafic rocks. The gradational
transition between the two suggests that the schists may be metamorphosed synvolcanic alteration. The
mafic volcanic unit was affected on its southern boundary by potassic metasomatism, which induced
recrystallization of the calc-silicate pods. This metasomatism is likely the result of emplacement of the
Calabogie syenite (1088±2 Ma: Corriveau et al. 1990), located further to the southeast near Calabogie Lake.
To the west, the supracrustal units within the Mazinaw domain overthrust those of the Black Donald
domain (see Figure 15.2).
The lowermost unit in the Black Donald domain is composed mostly of stromatic metatexite derived
from sedimentary protoliths ranging in composition from pelitic to psammitic. This unit underwent subsolidus deformation near the contact with the Mazinaw domain. Garnet is abundant in both the leucosome
and melanosome (Photo 15.1B). Based on textural relationships, garnet crystallization is likely a peritectic
product of the partial melting. Sillimanite clots are also present in the more pelitic-derived metatexite. In
other units nearby (e.g., marble, gneiss, etc.), garnet-bearing granitic sills are present. They possess the
same mineralogy and composition as the leucosomes in the metatexite (Photo 15.1C). They are
particularly abundant in the northern part of the Mud Lake map area and follow the general regional
structural trend. We have interpreted these sills as originating from the melting of the underlying
metatexite. They constitute indirect evidence that the melt started to interconnect and migrate upward into
the crust. Other evidence of melt migration is provided in the migmatite itself. For example, garnet
crystals corroded by melt percolating into the melanosome are locally present (Photo 15.1D). The melt
migration can be traced over a distance of 10 cm to 1 m and partly or entirely erases the metamorphic
fabric. Texturally, these rocks are similar to those pictured in Photo 15.1D and qualify as diatexite.
Knowing the age of the partial melting of this unit will be critical for understanding the geodynamic
framework of the Mud Lake area. As stated previously, in the Admaston area, geochronology results
indicate the presence of Shawinigan migmatization.
The bulk of the Black Donald domain is composed of calcite, dolomite marble and marble breccia
with intercalated calc-silicate rocks. These carbonate rocks overlie the migmatites previously described in
this section. Clasts in the marble breccias are of 2 main types: granitic and amphibolitic. They most likely
come from dismemberment of mafic and granitic sills that intruded the marble prior to regional deformation.
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Photo 15.1. Rock units in the Mud Lake area. A) Highly strained epidote pods interpreted as pillow selvages in mafic volcanic
rocks (Mazinaw domain)(UTM 361439E 5017497N). Hammer handle is 45 cm long. B) Stromatic metatexite formed from the
partial melting of pelitic sediment. Note the high concentration of garnet, in both the melanosome and leucosome (UTM
354190E 5018797N). C) Granitic sill containing a high proportion of garnet possibly peritectic (UTM 352819E 5023421N).
This sill is identical in composition to the leucosome part of the nearby migmatite and has been interpreted as being proximal to
its source. The pen is 14 cm long. D) Garnet in a migmatite corroded by melt infiltration (UTM 354668E 5022365N). The
initial fabric is almost erased by the melting and this rock is very close to being a diatexite. The pen is 14 cm long. E) Calcsilicate rock of the Black Donald domain (UTM 350155E 5012963N). These calc-silicate rocks are interlayered with the
marbles. The hammer is 45 cm long. All UTM co-ordinates are in NAD83, Zone 18.
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Intact or slightly boudinaged counterparts of these 2 clast types are also quite abundant. One of the main
features of the Black Donald domain is the presence of calc-silicate units intercalated within the marbles.
Relationships between these 2 rock types are particularly well exposed on the shoreline of Green Lake
and also along Renfrew County road 508, just east of Green Lake (Photo 15.1E). They display a wide
range of textures and compositions. Closely interlayered with the calc-silicate rocks are very fine- to finegrained, dark green schist, medium-grained, diopside felsic gneiss, and fine- to medium-grained,
granoblastic garnet-diopside-rich felsic gneiss. All of these calc-silicate rocks are likely derived from the
metamorphism of mudstones and calcareous siliciclastic sediments. The garnet-diopside-rich end member
is sometimes hard to differentiate from skarnoid rocks that occur in the marbles adjacent to mafic sills
because they contain the same mineralogy.

Intrusive Rocks
Several generations of intrusive rocks were emplaced into the supracrustal rocks in all 3 map areas
over a 230 million-year period. To the east, within the Mazinaw domain in the Horton map area, the
gneissic to mylonitic monzogranites of the Methuen Suite (Easton 1992; Lumbers et al. 1990) have
yielded a U/Pb zircon age of 1229±3 Ma (Duguet, Magnus and Ratclifffe 2012), where they are
dominant. They constitute the oldest intrusive rocks identified within all 3 map areas so far. They usually
form elongated bodies parallel to the main composite regional foliation. The gabbro-syenite-diorites of
the Norway complex straddle the eastern edge of the Mud Lake map area. They display identical
geochemical features to the Glasgow complex in the Horton map area (see Figure 15.1; see also DubéBourgeois, Gall and Duguet, this volume, Article 16) and are considered to be part of the same plutonic
event. The Glasgow complex has yielded a U/Pb zircon age of 1223±1 Ma (Duguet, Magnus and
Ratcliffe 2012). Further west in the Mud Lake area, several smaller bodies have been assigned to this
plutonic suite based on petrographic similarities (see Figure 15.2).
In the western part of the Mud Lake map area, and south of the Mount St. Patrick syenite, 2 large
plutons—the Kennelly pluton and the Mud Lake pluton—intruded marble and calc-silicate rocks of the
Black Donald domain (see Figure 15.2). They display a significant range in both texture and composition.
For instance, the Kennelly pluton is an equigranular, fine-grained, medium grey diorite in its southern
part, but is an equigranular, medium-grained leucocratic hornblende tonalite in its northern part. Due to
their range of compositions, the assignment of these plutons to either the Shawinigan diorite-monzonites
of the Admaston and northern Mud Lake map areas or the Hurds Lake tonalite of the Horton map area
remains problematic. Geochemical and geochronological studies are underway to resolve this problem.
Gneissic tonalites of the Elzevir Suite (1290 to 1250 Ma) and the Hurds Lake tonalite in the Horton area
emplaced at circa 1211 Ma (Duguet, Magnus and Ratcliffe 2012) have not been clearly identified in the
Mud Lake area.
The oldest Grenvillian intrusion identified in the Mud Lake area is the Mount St. Patrick syenite,
which intruded supracrustal rocks of the Black Donald domain. This ovoid-shaped intrusion is interpreted
as being of similar age to the Calabogie syenite, which has a U/Pb zircon age of 1088±2 Ma (Corriveau et
al. 1990). This assessment is based on strong petrographic, magnetic, radiometric and geometric
similarities between the 2 intrusions. Two facies were identified in the field. The first facies, located on
the margin of the pluton, is a gneissic, fine-grained beige syenite. The second facies is a coarse-grained,
porphyritic light grey syenite. The potassium feldspar phenocrysts commonly range in size from 1 to 5 cm
and the interstitial mineral phases are either biotite or pyroxene (Photo 15.2A). The porphyritic facies is
the dominant one, with a gradational transition from the rim toward the centre of the intrusion from
strongly aligned potassium feldspar phenocrysts to randomly oriented crystals.
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The youngest intrusive rocks consist of porphyritic monzogranite and quartz syenite veins and sills.
The grain size in these veins and sills is highly varied, ranging from pegmatitic (the most abundant) to
medium grained. They are rarely deformed and the only foliated examples were found in sills in the
Mazinaw domain along the Calabogie road (Renfrew County road 508). Graphic texture was also
observed in pegmatitic quartz syenite and monzogranite intruded into the northern edge of the Kennelly
diorite (Photo 15.2B). These felsic intrusions are also magnetite bearing and are likely responsible for the
molybdenite-hosted skarn mineralization present in the Mud Lake area.

STRUCTURAL GEOLOGY
The Mud Lake area is structurally complex. This complexity is due to a conjunction of several
plutonic events and polyphase deformation, along with younger shear zones and faults that cut earlier
structures at high angles.
Generally, the Mud Lake area is characterized by a northeast-trending regional foliation that
typically dips shallowly to the southeast. This foliation contains a composite northeast-trending
stretching–mineral lineation plunging shallowly to the northeast throughout the entire Mud Lake area.
The most conspicuous megastructure in the Mud Lake area is a 5 kilometre long synform–antiform
pair located in the northern part of the area. The core of the antiform is occupied by a massive migmatitic
amphibolite. The nature of the protolith of these mafic rocks (e.g., intrusive or extrusive) is unknown.
Nonetheless, the bulk of this anticline is composed mostly of stromatic metatexite that is assigned to the

Photo 15.2. Rock units in the Mud Lake area. A) Porphyritic texture in the Mount St. Patrick syenite (UTM 342572E
5022405N). The pen is 14 cm long. B) Graphic texture in pegmatitic pink quartz syenite and white monzogranite (UTM
349601E 5018674N). The pen is 14 cm long. All UTM co-ordinates are in NAD83, Zone 18.
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basal unit of the Black Donald domain. Field investigations indicate that this folding event affected the
entire Mud Lake area in both the Mazinaw and Black Donald domains. If some of these folds are locally
upright, their axial planes mostly display a shallow dip to the east-southeast (Photo 15.3A). These folds
are deflected and possibly refolded near the margins of the Mount St. Patrick syenite, resulting in
numerous fold interference structures. On northeast margin of the pluton, the axes of these folds become
more northwest trending. On the southern margin, the fold axes are east trending.
The Mud Lake area was also affected by several shearing events. A sinistral top-to-the-northeast
shearing, well represented on the eastern side of the Admaston–Horton area (Easton, Duguet and Magnus
2011; Duguet, Magnus and Ratcliffe 2012), was also identified along strike in the northeast corner of the
Mud Lake area within the Flinton Group rocks (see Figures 15.1 and 15.2). As the Flinton Group rocks
cannot be traced to the south, evidence of this event becomes scarcer. However, along strike from the
northern structures, some mylonitic rocks just north of Renfrew County road 508 show the same sense of
sinistral shearing (Photo 15.3B). For the moment, it is unclear if this lack of evidence is due to the nature
of the rock (dominantly marble), the lack of outcrop, or the overprinting by other events.
The main observed shearing event, which is widespread in both the Mazinaw and the Black Donald
domains in the Mud Lake area, is represented by a top-to-the-southwest shearing parallel to the strike of
the belt. The locus of this event is along the boundary between the Mazinaw domain to the east and the
Black Donald domain to the west (see Figure 15.2). It results in sub solidus deformation of leucosomes
and melanosomes of the stromatic metatexite and their associated granitic sills (Photo 15.3D). At this
location along the domain boundary is observed the highest concentration of melt within this stromatic
metatexite unit, with the proportion of leucosome reaching up to 60 volume % in some places. It is
unlikely that such a high melt content was generated in situ. Rather, it is more likely that this shear zone
channelized and facilitated the migration of melt produced at lower structural levels. This southwestdirected shear event was reworked by the folding event described earlier in this section, and likely locally
induced reversal of the shear sense indicators (namely, giving a shear sense to the northeast) in the
inverted flanks of the folds (Photo 15.3C). From a regional point of view, this southwest-directed
shearing event is unknown in the northern Admaston area or to the northeast in the Horton area. It may be
tentatively correlated to the thrust shear zone located along the Madawaska River, which displays a
similar kinematic sense (Duguet, Magnus and Ratcliffe 2012; see Figure 15.1). The relative timing of this
event with respect to the well-documented Shawinigan thrusting in the Admaston area and the Grenvillian
sinistral northeast-directed event in the Horton area is still under investigation. It seems likely that this
top-to-the-southwest event is overprinting the earlier Shawinigan northwest-directed thrusting, although
the relative timing regarding the sinistral top-to-the-northeast shearing is unclear. It will be problematic to
sort out the field relationship based only on the colinearity of the 2 events.
Late deformation in the Mud Lake area is characterized by northwest-trending shear zones and faults
that crosscut at a high angle the earlier regional fabric. This set of faults goes across the entire Mud Lake
map area and extends further to the northwest into the Brudenell map area of Easton (2012). Some of
these faults clearly influenced the deposition of Paleozoic limestone in the region, and usually they have
been interpreted as coeval with the opening of the Ottawa–Bonnechere graben between 590 and 420 Ma.
This association is conspicuous along Renfrew County road 508 just northeast of Calabogie Lake, where
Paleozoic limestone is in direct contact with Grenville Supergroup rocks, separated only by a sliver of
fault gouge. However, the history of some of these faults might have started much earlier than the
Paleozoic normal motion (cf. Easton 2012). Traces of ductile deformation near the main fault of this set
going through Calabogie Lake and up to the northeast edge of the Mount St. Patrick syenite have been
found in the Mud Lake area. Near this fault, mylonitic foliation is reworked by drag folds, giving a
dextral sense of shear (Photo 15.3E). Similar kinematic criteria are also found on the southern edge of the
Mount St. Patrick syenite and may be coeval with this event (Photo 15.3F). On a map scale, the regional
fabrics near this major structure are bent counter-clockwise into a northwest trend (see Figure 15.2).
Another interesting feature is that this bending seems to be more prominent in the rock units located south
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Photo 15.3. Structural features in rocks from the Mud Lake area. A) Northwest-directed upright fold (UTM 352308E 5010980N).
Stylus is 9.6 cm long. B) Sinistral top-to-the-northeast shearing in a gneissic gabbro (UTM 359012E 5015802N). Note the grain
size reduction of the mylonitic facies (shear plane) right above the stylus. Stylus is 9.6 cm long. C) Asymmetric boudinage of a
granitic vein hosted in amphibolite and giving a sinistral top-to-the-northeast shearing (UTM 354721E 5015203N). Stylus is
9.6 cm long. D) Sheared leucosome of a metatexite. The asymmetric recrystallization tails around a potassium feldspar
porphyroclast give a top-to-the-southwest shear sense (UTM 355949E 5016581N). The pen is 14 cm long. E) Drag fold
reworking a mylonitized monzogranite giving a dextral sense of shear (UTM 351808E 5018651N). The pen is 14 cm long.
F) Drag fold affecting granitic sills in a marble matrix and giving a dextral sense of shear (UTM 345945E 5018006N). The pen
is 14 cm long. All UTM co-ordinates are in NAD83, Zone 18.
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of the shear zone. At this stage, it is unclear if folding had occurred during this bending, but the shear
sense deduced from the deflected foliation trajectories at the map scale seems to contradict those deduced
from the outcrop-scale microstructures. This contradiction warrants further study. If the kinematic sense
of this shear zone (possibly polyphase) is still ambiguous, the northwest trend and the evidence for offsets
that can be attributed to the Grenville orogeny are comparable to other shear zones described within the
Admaston–Horton area (Duguet, Magnus and Ratcliffe 2012; see also Liu, Lin and Duguet, this volume,
Article 17).

RECOMMENDATIONS FOR EXPLORATION
Within the Mud Lake area, molybdenum was historically mined from 1915 to 1918 at the underground
Hunt Mine. Approximately 10 000 tonnes of ore were extracted by Renfrew Molybdenum Mines Ltd. The
mineralized zone, hosted in a skarn, is located on the southern edge of a pegmatite intrusion and has been
the subject of many studies, which are summarized in Lentz (1991). Other molybdenum skarn-hosted
mineralization occurs in the Mud Lake area, especially on the northern edge of the Mud Lake pluton
(Carter, Colvine and Meyn 1980). Many of these historic showings are now either extensively overgrown
or are on private property, and thus could not be evaluated in detail by field party personnel.
Ongoing exploration for graphite is also occurring in the Mud Lake area (cf. Sangster et al. 2013).
This exploration focusses on the marble belts in the area, which lie just north of the historic Black Donald
graphite mine, which was flooded during the creation of Black Donald and Centennial lakes (cf. Storey
and Vos 1981, p.55-58).
The Mud Lake area is also cut by numerous syenite intrusions. The Mount St. Patrick syenite is
compositionally similar to the Calabogie syenite and, consequently, may host REE mineralization in its
contact aureole where it is intruded into marbles (see Dubé-Bourgeois, Gall and Duguet, this volume,
Article 16). Within the Mud Lake area, the scope of REE mineral potential is still unknown, in part
pending the results of geochemical analysis.
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INTRODUCTION
Over the past 3 years, the Ontario Geological Survey (OGS) has been conducting 1:20 000 and
1:50 000 scale mapping in the Admaston–Horton and Brudenell areas in the Central Metasedimentary
Belt of the Grenville Province (Easton, Duguet and Magnus 2011; Duguet, Magnus and Ratcliffe 2012;
Easton 2012). During mapping of the Admaston–Horton area near Renfrew, Ontario (Duguet, Magnus
and Ratcliffe 2012), several rock samples were collected during the 2011 season that yielded anomalous
total rare earth element concentrations. One of the most prominent anomalies was hosted in a marble
roadcut near Burnstown.
This article summarizes the main results of a BSc thesis undertaken by the senior author at the
University of Ottawa and completed in the spring 2013 (Dubé-Bourgeois 2013). The purpose of the thesis
project was to examine the lithologic and geochemical character of the different rock units comprising the
Burnstown outcrop, with an emphasis on the anomalous rare earth element (REE)-bearing units.
The study area is located just south of Burnstown in McNab Township, approximately 70 km west of
Ottawa and 300 km northeast of Toronto. The outcrop is located on the south side of the Madawaska River
on Renfrew County road 52. The roadcut exposure extends from Universal Transverse Mercator (UTM)
co-ordinates 376661E 5026866N to 376819E 5026623N (North American Datum 1983 (NAD83), Zone
18), and is approximately 200 m long and up to 30 m high.

LOCAL GEOLOGY
The detailed regional geology of the map area is summarized by Duguet, Magnus and Ratcliffe
(2012). In brief, the Burnstown outcrop is part of a wide belt of calcite and dolomite marbles and intrusive
rock units located in the hanging wall of a northeast-trending thrust fault situated on the southern border
of the Hurds Lake tonalite (Figure 16.1). The trace of this thrust fault follows the course of the Madawaska
River from Calabogie Lake toward the Ottawa River. The thesis study outcrop is a large exposure of
metasomatized marbles intruded by sills belonging to most of the different intrusive suites present in the
area (see Figure 16.1; Duguet, Magnus and Ratcliffe 2012). Rocks in the outcrop have been subjected to
upper amphibolite-facies metamorphism.

Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.16-1 to 16-10.
© Queen’s Printer for Ontario, 2013

16-1

Earth Resources and Geoscience Mapping Section (16)

V. Dubé-Bourgeois et al.

Figure 16.1. Geological map of the Horton area (from Duguet, Magnus and Ratcliffe 2012). All UTM co-ordinates are NAD83,
Zone 18.
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Table 16.1. Sample locations and descriptions from the Burnstown outcrop (UTM co-ordinates provided in NAD83, Zone 18).
Sample
Number
V1A
V1B

UTM
Easting
376661
376668

UTM
Description (Hand Sample and Thin Section)
Northing
5026866 Medium- to coarse-grained dolomite marble
5026858 Medium-grained porphyritic granite; feldspar,
quartz with subordinate biotite, tremolite,
pyrite, calcite
5026850 Medium- to coarse-grained calcite marble with
minor silicate impurities
5026842 Medium-grained felsic gneiss; feldspar, quartz
with subordinate biotite, tremolite, pyrite,
calcite
5026822 Medium- to coarse-grained dolomite marble
5026797 Medium- to coarse-grained dolomite marble
5026819 Medium- to coarse-grained dolomite marble
5026788 Medium-grained felsic gneiss; feldspar, quartz
with subordinate biotite, tremolite, pyrite,
calcite
5026822 Medium-grained gneiss; feldspar, quartz with
subordinate biotite, tremolite, pyrite, calcite
5026774 Hornblende-biotite-plagioclase schist to
plagioclase-biotite-hornblende schist

V1C

376675

V1D

376682

V2A
V2A-1
V2A-2
V2-1

376697
376715
376698
376722/

V2-2

376697

V3

376724

V4A-1

376731

5026767

V4A-2

376731

5026767

V5A

376737

5026754

V5B

376737

5026754

V6A

376748

5026736

V6B

376754

5026724

V6C
V7B

376754
376761

5026724
5026707

V7C

376762

5026713

V8A

376764

V8B

Unit Interpreted Protolith;
Geochemical Features
2
Limestone
4
Limestone
1

Limestone

4

Tonalite sill; REE pattern similar to
the Hurds Lake tonalite

2
2
2
4

Limestone
Limestone
Limestone
Granite (now porphyroclastic)

4

Calc-silicate rocks dominated by plagioclase
feldspar, alkali feldspar, calcite, diopside
Calc-silicate rocks dominated by plagioclase
feldspar, alkali feldspar, calcite, diopside
Calc-silicate rocks dominated by plagioclase
feldspar, alkali feldspar, calcite, diopside
Medium-grained gneiss; feldspar, quartz with
subordinate biotite, tremolite, pyrite, calcite
Plagioclase-calcite ± hornblende granofels

3

Tonalite sill; REE pattern similar to
the Hurds Lake tonalite
Possible monzonite sill; REE pattern
identical to syenite and monzonite
of the Glasgow complex
Skarn

3

Skarn

3

Skarn

4

7
5
1

Skarn
Limestone

7

Protolith unknown, possible skarn

5026702

Hornblende-biotite-plagioclase-garnet schist to
plagioclase-biotite-hornblende schist
Plagioclase-calcite ± hornblende granofels
Medium- to coarse-grained calcite marble with
minor silicate impurities
Hornblende-biotite-plagioclase schist to
plagioclase-biotite-hornblende schist
Biotite-plagioclase-quartz granofels

Monzogranite sill; REE pattern
similar to Methuen suite
Mafic sill, possibly Woermke-type
type or metasomatized Glasgow
complex gabbro
Skarn

6

376764

5026702

Biotite-plagioclase-quartz granofels

6

V8C
V9A

376761
376780

5026702
5026677

Mainly diopside (70–90%) and plagioclase
Hornblende-biotite-plagioclase schist to
plagioclase-biotite-hornblende schist

8
7

V9B

376780

5026677

1

V10A

376793

5026660

Medium- to coarse-grained calcite marble with
minor silicate impurities
Mainly diopside (70–90%) and plagioclase

Monzogranite sill; REE pattern
similar to Methuen suite
Monzogranite sill; REE pattern
similar to Methuen suite
Skarn
Mafic sill (now amphibolite);
REE pattern related to the Glasgow
complex gabbro?
Limestone

V11A

376800

5026653

1

V11B

376819

5026623

Medium- to coarse-grained calcite marble with
minor silicate impurities
Hornblende-biotite-plagioclase schist to
plagioclase-biotite-hornblende schist
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Table 16.2. Selected geochemical data for the rare earth element–rich samples in the Burnstown outcrop. All analyses by the
OGS Geoscience Laboratories, Sudbury, Ontario. Sample locations as UTM co-ordinates using NAD83 in Zone 18.
Sample
Number
V11A
V4A-1
V7B
V9B
V6A

Rock Type
Calcite marble
Skarn
Calcite marble
Calcite marble
Mafic gneiss

UTM
Easting
376800
376731
376761
376780
376748

UTM
Northing
5026653
5026767
5026707
5026677
5026736

Total RRE
(ppm)
1347.6
608.0
574.5
549.4
438.1

P2O5
(wt %)
0.616
0.073
0.091
0.046
0.320

Zr
(ppm)
<6
49
<6
<6
132

Ba
(ppm)
305
1157
>1740
749
>1740

Th
(ppm)
0.32
7.37
0.17
0.20
7.10

Sr
(ppm)
372
>1560
>1560
>1560
1541

Abbreviations: ppm = parts per million; wt % = weight percent.

RESULTS
Description of the Rare Earth Element–Rich Units
Sampling was conducted during a single day in August 2012. A panoramic picture of the entire
outcrop was also taken, and a map of the outcrop was prepared. Structural and magnetic susceptibility
measurements were also taken. A total of 27 samples were collected from the northwest to the southeast
parts of the outcrop (numbered V1A through V11B, Table 16.1). Every major rock unit was sampled at
least once. In the case of larger units, several samples were taken. A polished thin section was made from
each sample. Chemical analyses were performed at the Geoscience Laboratories in Sudbury and are listed
in Dubé-Bourgeois (2013).
Eight different units were recognized, as summarized in Table 16.1. This article is only focussing on
the 2 rare earth element–rich units: a calcite marble (unit 1) and a calc-silicate rock (possibly a skarn, unit 3).
Of the 7 samples in total collected from these 2 units, total REE range from 76.8 to 1347.5 ppm (DubéBourgeois 2013). Only the 4 samples from these 2 units that contain more than 550 ppm total REE are
listed in Table 16.2.
Samples V1C, V7B, V9B and V11A are from the calcite marble unit. It is beige weathering, and
white-beige on fresh surfaces, and consists mostly of medium- to coarse-crystalline calcite (80 to 97 volume %)
with minor silicate impurities (Photo 16.1A; see Table 16.1). The calcite crystals contain mostly subhedral
apatite, with apatite only visible in thin section (see Photo 16.1A). Apatite abundance varies between 5 to
15 volume %. Apatite crystal size varies in each polished section, but overall ranges between 0.2 to 2 mm.
Up to 5 volume % phlogopite is also present (see Photo 16.1A).
The calc-silicate rocks are dominated by plagioclase feldspar, alkali feldspar, calcite and diopside.
Based on field relationships, they are interpreted as metamorphosed skarns (Dubé-Bourgeois 2013).
Samples V4A-1, V4A-2 and V5A are from this unit. The samples are white to green and are fine to
medium grained (Photo 16.1B).
In thin section, the quartz (5 to 10%), plagioclase feldspar (2 to 40%), alkali feldspar (absent to
25%), diopside (10 to 40%) and calcite (20 to 25%) display a weak alignment (foliation). Unlike the other
2 samples, sample V4A-1 has less plagioclase than alkali feldspar. Diopside crystals are mostly 0.5 to
2.0 mm, anhedral and broken, and are commonly replaced by calcite. Minor tremolite is also present in
samples V4A-1 and V5A as euhedral, 0.5 to 1.0 mm crystals. Sample V4A-2 also contains minor apatite,
pyrite and zircon.
The major element chemistry for all the calc-silicate samples analyzed is similar (Dubé-Bourgeois
2013), except that sample V4A-2 has an MgO content of approximately 18.57 weight %, compared to
approximately 5 weight % for samples V4A-1 and V5A (5.53 and 4.64 weight % MgO, respectively).
16-4

Earth Resources and Geoscience Mapping Section (16)

V. Dubé-Bourgeois et al.

Photo 16.1. A) Cross-polarized photomicrograph of sample V7B. B) Cross-polarized photomicrograph of sample V5A.
Abbreviations: Di, diopside; Pl, plagioclase; Tr, tremolite.
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Geochemistry
The chondrite-normalized REE plot of the marble samples (Figure 16.2A) shows elevated amounts
of the light REE (LREE). The samples do not show a europium anomaly. Sample V1C contains REE
content an order of magnitude lower than the other samples. The chondrite-normalized REE plot of the
calc-silicate samples (Figure 16.2B) contains high LREE contents for all the samples. Sample V4A-1 has
the second highest total REE concentration (608 ppm; see Table 16.2) for all the calc-silicate samples
collected. The REE content for sample V4A-2 is approximately one order of magnitude lower than for the
2 other samples from this unit. No europium anomaly is present.

Figure 16.2. A) Chondrite-normalized rare earth element plot for the marble samples. B) Chondrite-normalized rare earth
element plot for the calc-silicate samples. Normalizing factors from Sun and McDonough (1989).

16-6

Earth Resources and Geoscience Mapping Section (16)

V. Dubé-Bourgeois et al.

Table 16.3. Rare earth element content of analyzed minerals. Data from Dubé-Bourgeois (2013).
Sample Rock
Number Type
V11A
V7B
V9B
V4A-1

Marble
Marble
Marble
Skarn

Number of
Analyses
10
7
3
8

min
13.54
10.64
1.17
3.10

La (wt %)
avg
max
18.40
22.18
13.91
15.50
11.88
12.28
5.94
8.13

min
37.28
20.02
21.56
9.51

Ce (wt %)
avg
38.06
25.44
23.16
12.46

max
39.75
31.35
24.86
14.72

min
7.01
5.21
6.64
0.00

Nd (wt %)
avg
max
10.35
13.98
5.21
8.64
6.64
7.36
3.20
7.72

Abbreviations: avg = average; max = maximum; min = minimum; wt % = weight percent.

The REE pattern of the marble and calc-silicate rocks do not match the REE patterns for the various
mafic and felsic sills observed in this outcrop (see Table 16.1; Figure 16.3), all of which can be assigned
to known intrusive suites present in the Admaston–Horton area (see Figure 16.3).

Scanning Electron Microscopy
The objective of the scanning electron microscope energy dispersive analysis (SEM-EDS) work was
to determine which mineral(s) host the REE. The SEM-EDS analysis was done on the 4 samples containing
the highest REE contents (V7B, V9B, V11A and V4A-1). Samples V7B, V9B and V11A are calcite
marbles; sample V4A-1 is a calc-silicate rock.
In the calcite marble samples, apatite did not contain any REE; rather, the REE were hosted in monazite
(ideal formula: (Ce,La,Nd,Th)PO4). The analyzed monazite grains contained between 11 to 22 weight % La,
20 to 40 weight % Ce and 5 to 14 weight % Nd (Table 16.3). There is an inverse relationship between
lanthanum and neodymium abundance. The monazite is found in close association with apatite (Photo 16.2A),
with the exception of sample V9B, which contains no apatite grains. Samples V7B and V9B contain small
amounts of barite-celestine.
The SEM-EDS analyses of sample V4A-1 showed that apatite does not contain REE, but that the
REE are hosted in allanite (ideal formula: (Ca,Ce,La,Y)2(Al,Fe)3(SiO4)3(OH)). The allanite grains contain
between 3 to 8 weight % La, 9 to 15 weight % Ce and 0 to 8 weight % Nd (see Table 16.3). Allanite

Figure 16.3. Chondrite-normalized rare earth element plot of the major intrusive suites and typical marble samples in the
Admaston–Horton area (data from Duguet, Magnus and Ratcliffe 2012). Normalizing factors from Sun and McDonough (1989).
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constitutes approximately 2 to 3 volume % of the sample. The allanite grains also show minor zoning
(Photo 16.2B), which reflects variation in light REE content. The darker rim contains 3 weight % more
neodymium and 2.5 weight % less lanthanum than the lighter interior; cerium content is 2 weight % lower
on the outside, darker rim.

Photo 16.2. A) Scanning electron microscope image of sample V11A showing monazite crystal around apatite. B) Allanite
grain in sample V4A-1 displaying concentric zoning.
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DISCUSSION
Prior to this study, apatite was thought to be the primary phase containing the REE in the samples
because of their high P2O5 content (see Table 16.2) and because it was the only microscopically visible
REE-bearing mineral in the polished sections. The SEM work, however, demonstrates that the REE are in
fact contained in monazite in the calcite marble unit and in allanite in the calc-silicate unit. Only light rare
earth element-bearing minerals were detected during the SEM work, consistent with the whole-rock
geochemistry results.
Previous work postulated that the marbles in the Burnstown outcrop were carbonatites (Bartlett
1980). In his classification of metasomatic and magmatic carbonatites, Mitchell (2005) identified 2 main
groups: primary carbonatite and pseudocarbonatite. Mitchell (2005) defined the first group as “calcite or
dolomite carbonatite (or both)” that are primary and genetically related to nephelinite, melilitite, kimberlite
and other mantle-derived magmas; and the second type is “carbothermal residua” derived from a wide
variety of magmas. Mitchell (2005) defined “carbothermal” as a term referring to low-temperature fluids
derived from a fractioned magma dominated by CO2, but also containing fluorine and H2O in varied
proportions. Mitchell (2005) recognized 2 subgroups of “pseudocarbonatite”, both of which may be
present in the Burnstown outcrop. The first is a potassic “carbonatite”, which occurs adjacent to potassic
intrusions, such as the Mountain Pass intrusion in California, which hosts the only past-producing REE
mine in the United States. The other subgroup is an anatectite skarn. The description given by Mitchell
(2005) of this type of pseudocarbonatite or skarn rock is consistent with many of the rocks described in
the Burnstown outcrop (Dubé-Bourgeois 2013). Samples from the Burnstown outcrop match both
subgroups, but most of the samples are most similar to the skarn subgroup.
As previously noted (see “Geochemistry”), the REE patterns in the rare earth element–rich marble and
calc-silicate units do not show a match with any of the major intrusive rocks in the area (see Figure 16.3).
Even if the REE patterns of the tonalite sills in the Burnstown outcrop were similar to the nearby Hurds
Lake tonalite (see Figure 16.1), the low content in barium, phosphorus and strontium of this intrusion
makes it an unlikely candidate as the source of the fluids that metasomatized the marbles and created the
skarn rocks. Only 1 sill from the Burnstown outcrop (sample V6A) could potentially be a source of
metasomatizing fluids. This mafic sample has high contents of barium, phosphorus and strontium and a
strongly fractionated REE pattern. This sill may be related to either the Woermke gabbro (Easton 2012) or
the Calabogie syenite (Corriveau et al. 1990), as both these intrusions are characterized by light REE
enrichment, elevated barium, potassium and strontium.
The samples with the high total REE contents show broad geochemical similarities with the
Calabogie syenite (emplaced at circa 1088 Ma; Corriveau et al. 1990), located approximately 12 km to
the southwest of, and along strike with, the Burnstown outcrop, on the south side of the thrust fault
present along the Madawaska river (see Figure 16.1). Other, less well-studied syenite intrusions are
located between the northeastern tip of the Calabogie syenite and the Burnstown outcrop (Lumbers 1982).
This geometric relationship suggests that the emplacement of these plutons may have been structurally
controlled, as was the migration of the fluids responsible for the REE mineralization. These syenitediorite-gabbro intrusions make the best candidate for the origin of the fluids causing the metasomatism
and REE enrichment of the Burnstown outcrop.
It should also be noted that a relationship between syenite intrusion, related metasomatism and REE
enrichment of adjacent marbles has been described by Easton (2012) and Easton and Clarke (this volume,
Article 11), but for late syenite intrusions emplaced after 1050 Ma. A significant difference in the marbles
described by Easton (2012) is that the REE are hosted primarily in REE-carbonate minerals and allanite,
not monazite (see Easton and Clarke, this volume, Article 11).
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INTRODUCTION
This article summarizes the main results of a BSc thesis project performed by the senior author on a
shear zone located within the Horton map area. Field work was carried out in July 2012 over 3 days. The
project area consists of 2 large roadcuts located on the north and south sides of Highway 17, southeast of
Renfrew, 80 km west of Ottawa. It covers an area from 45°26′44.77ʺ to 45°26′46.85ʺN and 76°34′02.49ʺ
to 76°34′26.66ʺW, a length of 250 m. The roadcut is in the northern Mazinaw domain of the Central
Metasedimentary Belt. This roadcut was chosen for detailed study because of the exceptional quality of
the outcrops, and it is in a key area for understanding the geological history of the Mazinaw domain.
The regional geological setting of the Horton area has been described by Easton (1992), Easton,
Duguet and Magnus (2011), and Duguet, Magnus and Ratcliffe (2012). This article focusses mainly on
structural aspects of the studied transect with the purpose of better understanding the structural history of
the area through detailed structural mapping and available geochronology data.

GENERAL GEOLOGY
Description of Rock Units
Four main rock types are present in the roadcut: marble, amphibolite gneiss, tonalite and pegmatite.
The roadcut is dominated by amphibolite gneiss, which is composed of amphibole, biotite, feldspar
and quartz grains. The outcrops on the south side of Highway 17 show clearer and more complex
deformation structures than outcrops on the north side. At one locality, mafic layers in the amphibolite
gneiss have 2 different grain sizes: a fine-grained black layer, and a coarse-grained dark grey layer, with a
pegmatite dike cutting across both layers (Photo 17.1A). The crosscutting relationship indicates that the
intrusive event happened after the formation of the foliation in the amphibolite gneiss. The amphibolite
gneiss has been assigned by Duguet to the Mazinaw Lake Formation (Duguet, Magnus and Ratcliffe 2012),
which, in its type locality, has an age range of 1245 to 1240 Ma (Corfu and Easton 1995). Eastward from a
point near the middle of the southern outcrop, garnet is present in the amphibolite gneiss (Photo 17.1B).

Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.17-1 to 17-9.
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Crosscutting relationships indicate that tonalite is the oldest intrusive rock (1211±1.4 Ma: Duguet,
Magnus and Ratcliffe 2012). As the amphibolite gneiss has been assigned to the Mazinaw Lake Formation,
the tonalite is believed to be younger than 1245 Ma and, thus, is probably part of the Hurds Lake tonalite
(1211±1.4 Ma: Duguet, Magnus and Ratcliffe 2012).
The youngest intrusions are pegmatite veins. Pegmatite in the Mazinaw domain has an age range of
1080 to 1020 Ma (Corfu and Easton 1995). The pegmatite veins in both outcrops show varied degrees of
deformation intensities and varied grain sizes. It is possible that there are several generations of pegmatite
dikes and sills, which would explain the possible age range and textural variations of these intrusions.

STRUCTURAL GEOLOGY
The entire Horton map area first underwent a major sinistral strike-slip deformation (Easton, Duguet
and Magnus 2011), and then a dextral ductile deformation that cuts at a high angle the general northeast
trend of rock units in the Horton area (Duguet, Magnus and Ratcliffe 2012). Both events seem to be
coeval with emplacement of pegmatite sills and dikes, and this study of the roadcut provides further
constraints on the relationships between the different deformation events.
Based on overprinting and crosscutting relationships, 3 generations of ductile structures (G1 to G3) as
well as brittle faults (G4) are recognized. The related foliations, lineations and folds, where observed, are
termed as S1 to S3, L1 to L3, and F1 to F3, respectively. The regional sinistral shear event is considered to
be coeval with the G2 deformation period, whereas the dextral shear event is considered to be coeval with
G3 deformation and a dextral shear zone present in the area.

Overview of Structures
One locality preserves clearly the first 3 deformation generations (Photo 17.2). In this locality, the
dominant dextral shearing in the roadcut is distinct from the regional sinistral shearing event, and it is
interpreted that the dextral shearing happened after the sinistral shear event.

Photo 17.1. A) Pegmatite (lower right) cutting across 2 amphibolite gneiss layers. The pen is 15 cm long. B) Garnet grains in
amphibolite gneiss show both pretectonic or syntectonic textures. The pen tip is 3.5 cm long.
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The earliest deformation (G1) is only preserved as the folded S1 foliation (see Photo 17.2), which is
defined by preferred orientation of mafic minerals. The dominant and most complex deformation event
(G2) formed the east-trending, steeply dipping (72 to 87°) S2 foliation and F2 folds (which deformed the
S1 foliation). The G3 deformation event formed F3 folds and L3 lineation (with trends of 100° and 10°,
respectively). The last deformation generation (G4) formed 5 brittle faults on the north side of the highway.
Descriptions of specific structural features of each generation is presented in the next 2 sections.

Folds
Folds are common in both outcrops, and include outcrop-scale folds and macroscopic folds. Two
generations of folds have been recognized. The earlier generation folds (F2) are tight to open and have
well-developed axial planar foliation (S2) (see Photo 17.2). The F2 folds are scarce and are only observed
at the locality shown in Photo 17.2. Thus, the orientation of F2 fold hinges and other properties are
unknown. The F3 folds are associated with dextral shearing and are tight to open folds with a rounded
closure and typical “Z” shape. One of the measured folds has a hinge line that trends 075° with a plunge
of 9°, and another one has a hinge line that trends 084° with a plunge of 16°. The hinge lines of folds in
Photo 17.3 have varied orientations, indicating that the F3 folds are non-cylindrical.

Shear Zones
A regional sinistral shear event is considered to be coeval with the G2 deformation period (Easton,
Duguet and Magnus 2011). Sinistral shear sense indicators are present, although scarce, in the roadcut.
Photo 17.4 shows an outcrop-scale example.
The whole area has undergone a later dextral ductile deformation (Duguet, Magnus and Ratcliffe
2012) during G3. Evidence for this shear event includes asymmetric F3 folds (Photos 17.5A and 17.5B),
boudinaged pegmatite intrusions (Photos 17.5C and 17.5D) and other dextral shear sense indicators

Photo 17.2. Outcrop photograph showing the 3 generations (G1 to G3) of structures present in the Highway 17 roadcut. The pen
in the lower left corner is 15 cm long.
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(Photos 17.5E and 17.5F). During this phase, the S2 foliation and the pegmatite intrusions were intensely
deformed. This dextral shear is oblique and has a south-side-up and north-side-down dip-slip component.
The outcrop shown in Photo 17.6A supports this interpretation, and the asymmetry of the F3 folds and the
boudinaged pegmatite dikes, as illustrated in Photos 17.5A to 17.5F, all indicate a south-side-up and
north-side-down dip-slip component.

Photo 17.3. Example of the F3 folds. The pen is 15 cm long.

Photo 17.4. Small pegmatite dike that serves as a kinematic indicator, giving a sinistral shear sense (horizontal plane view).
The pen tip is approximately 3.5 cm long.

17-4

Earth Resources and Geoscience Mapping Section (17)

Z. Liu et al.

An outcrop-scale, 1 m wide, dextral shear zone is preserved on the north side of the highway. In the
shear zone, pegmatite dikes are strongly deformed and are wider (~20 cm wide) near the shear zone
margin, becoming progressively narrower (~3 cm wide) toward the centre. Only half of the shear zone is

Photo 17.5. A) S2 foliation and boudinaged pegmatite dike showing south-side-up and north-side-down vergence. The hammer
is 45 cm long. B) “Z”-shaped F3 folds indicating dextral shear sense. The pen is 11 cm long. C) and D) Boudinaged pegmatite
dikes indicating dextral shear sense. The pen is 15 cm long. E) S-C fabric in amphibolite gneiss indicating dextral shear sense.
The exposed pen is 12 cm long. F) Mineral fish indicating dextral shear sense. The exposed pen is 14 cm long. Horizontal plane
view for all photos except Photo 17.5A.
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preserved and, on the horizontal surface, the sheared S2 foliation and pegmatite dikes both indicate dextral
shear sense, corresponding to the observations on the south side of the highway. A ductile striation
lineation (L3) developed on the vertical plane of the shear zone (Photo 17.6B) has a trend of 100° and a
plunge of 10°. The shallow plunge angle indicates that the dip-slip component is relatively minor.

Photo 17.6. A) Outcrop photograph showing the three-dimensional geometry resulting from the dextral shear event. The marker
is 16 cm long. B) Example of an L3 lineation developed on shear zone surface. The pen is 15 cm long.

17-6

Earth Resources and Geoscience Mapping Section (17)

Z. Liu et al.

Thin section examination confirms the above field-based interpretations. Mylonitic foliations formed
during the dextral shearing are defined by preferred orientation of biotite and amphibole grains and
dynamically recrystallized quartz grains. Feldspar porphyroclasts show σ-type geometry (Photo 17.7)
supporting dextral shear sense. Also developed in the shear zone are S-C fabrics, in which the C-planes
are defined by well-oriented biotite grains, and the S-foliations are defined by dynamic recrystallized
quartz grains.

Brittle Faults
Faults are present on the north side of the highway in tonalite (Photo 17.8A). Four faults share
similar strike and dip angles, namely approximately 025° and 40° southeast, respectively. A fifth fault
dips at a steep angle to the west. Fault gouge and fault breccia (Photo 17.8B) are well developed along
these faults. Locally, pyrite is present in the fault breccia (see Photo 17.8B), indicating fluid activity along
the fault.

SUMMARY
The results of this study support the interpretation that the dextral shear event happened later than the
sinistral strike-slip deformation, and is the major shear activity in the roadcut. It cuts the regional structural
trend at a very high angle. The steep S2 foliations in the roadcut contrast with those in the surrounding
Horton area. As a concluding remark, it should be noted that these 2 events are coeval with emplacement
of Grenvillian pegmatites. Geochronological analysis of the pegmatites is needed in order to constrain the
absolute ages of these 2 events.

Photo 17.7. Example of a feldspar porphyroclast (σ-type) showing dextral shear sense.
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Photo 17.8. A) One of the 5 brittle faults present in the Highway 17 roadcut. Fault trace is parallel to the 45 cm long rock
hammer. B) Close-up view of fault breccia associated with brittle faults in the outcrop. Pyrite (brown square grains) is also
present in this example. The exposed pen is 13 cm long.
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INTRODUCTION
This report describes the results of 2 weeks of reconnaissance mapping that constitutes part of an
MSc thesis at Dalhousie University by S. Van de Kerckhove. The thesis work is supported by the Ontario
Geological Survey as part of a graduate mapping school project with Dalhousie University. The project
location is west of Lake Nipissing, bounded to the north by Highway 17, extending 1 or 2 km west of
Highway 535 and as far south as the French River (Figure 18.1). It is located in the Nepewassi domain of
the Central Gneiss Belt of the Grenville Province (Easton 1992). The majority of the mapping related to
this project will occur during the 2014 field season.
The mapping component of the thesis will focus primarily on documenting structure in an area of the
Nepewassi domain known to contain map-scale polyphase folding. Selected structures will be traced
southward into the structurally overlying Britt domain. Structural and lithological mapping will be
concurrent with sampling for determination of metamorphic conditions and geochronology (protolith and
metamorphic age).
The aims of this mapping school project are to document the structural history of
•

the Nepewassi domain by building on recent work by Dalhousie University researchers on a
structure formed by 2 phases of kilometre-scale Grenville-age folding (later than the West Bay
granite (circa 1240 Ma)).

•

the immediately overlying Britt domain with an aim to compare and contrast the tectonic
development of the Nepewassi and Britt domains. Do the domains have phases of their
Grenvillian tectonic histories in common? Are some phases unique to one or the other domain?
The justification for asking these questions is recently acquired structural data that suggest a
more complex structural history and difference in style within the Nepewassi domain as
compared to the Britt domain.

OVERVIEW
Reconnaissance mapping of the Nepewassi domain east of Highway 535 reveals that the study area
is divided into distinct subdomains by a deformation zone characterized by straight structures trending
northwest through St. Charles, Lavigne and thence into islands in Lake Nipissing (see Figure 18.1). This
deformation zone will henceforth be referred to as the St. Charles–Lavigne straight zone (SCLSZ). North
of the SCLSZ, Archean protolith ages are known (Chen, Krogh and Lumbers 1995); south of the SCLSZ,
there are no rocks known of Archean age (see Figure 18.1). The Mesoproterozoic West Bay granite (circa
1240 Ma: L.M. Heaman, cited in Prevec 2004) outcrops in both subdomains and in the SCLSZ.
Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.18-1 to 18-5.
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Figure 18.1. Simplified map of the study area depicting the Northern subdomain separated from the Southern subdomain by the
St. Charles–Lavigne straight zone (SCLSZ). Labelled rock units include the West Bay granite (WBG), anorthosites and
leucogabbros (An), and the Cosby batholith (CB) (after Lumbers 1974). Also shown is the fold interference pattern within the
Southern subdomain (indicated by the red star), axial traces of folds and U/Pb geochronology locations, with ages in Ma. Ages in
the Northern subdomain are from Chen, Lumbers and Krogh 1995; ages in the Southern subdomain are from Prevec (1993).
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ROCK UNITS
Northern Subdomain
A gneiss complex with metre-scale layering is characteristic of parts of the Northern subdomain,
based on current observations. Gneiss types forming the layering include relatively leucocratic grey
biotite-hornblende tonalite, a darker hornblende-biotite tonalite and subordinate pink leucogranite.
Centimetre- to decimetre-scale amphibolite bands (hornblende-plagioclase ± garnet), layers and
pegmatitic stringers are ubiquitous. The component gneiss types generally display monocrystalline
aggregates, indicative of deformed plutonic igneous textures. The layered gneiss displays granitic
leucosome filling internal boudin necks and scarce intrafolial isoclinal folds of centimetre-scale layers.
On the basis of comparison with rocks proximal to the Archean geochronology locations in the study area
(Chen, Krogh and Lumbers 1995) (see Figure 18.1), this assemblage is interpreted to be an Archean
tonalite-trondhjemite-granite (TTG) suite that, together with the West Bay granite, dominates the
Northern subdomain. Chen, Krogh and Lumbers (1995) reported that paragneiss forms the country rock to
the Archean plutons. We observed no evidence of this unit.

Southern Subdomain
The southern gneiss complex differs in composition and scale of layering from that in the north. The
section inspected so far (several kilometres across strike) reveals an interlayering of gneissic packages on
the scale of tens of metres. The West Bay granite is a prominent unit that is interlayered with
equigranular, medium-grained, grey biotite gneiss lacking textural evidence for plutonic origin;
subordinate layered gneiss with contrasting mafic (hornblende-biotite dominated) and felsic intervals; and
plutonic orthogneiss of unknown age, including dark hornblende-rich quartz diorite. A metasedimentary
interval tens of metres thick forms a significant component of the section. Characteristic protoliths in the
metasedimentary interval include discontinuous units of garnet-biotite semipelite, sillimanite-biotitegarnet pelite and orthoquartzite. All of the units of the Southern subdomain (except the orthoquartzite),
including the West Bay granite, are migmatitic. Because the West Bay granite is Mesoproterozoic, the
peak metamorphism is inferred to be Grenvillian in age.

St. Charles–Lavigne Straight Zone
The St. Charles–Lavigne straight zone (SCLSZ) includes rock units from the 2 adjacent subdomains.
Of note is the presence along the straight zone of 3 bodies of leucogabbroic gneiss of the St. Charles
anorthosite type. The leucogabbros display foliations that are either transposed or were initiated parallel
to the SCLSZ trend. The SCLSZ affects the West Bay granite and thus has a Grenvillian-age phase of
deformation.

LARGE-SCALE STRUCTURE
Northern Subdomain
Folds in the Northern subdomain recognized on satellite imagery are kilometre-scale Grenvillian
structures (defined by gneissosity of the West Bay granite). One investigated example, similar to several
others recognized on satellite imagery, is upright, plunges shallowly east-southeast and is quite open. The
relationship of these folds in the West Bay granite to structure in the Archean country rock has not been
clarified (e.g., are Archean structures deformed?). Other folds, with asymmetric patterns on maps, which
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occur close to the SCLSZ, have not been investigated. An outstanding problem in the study area is the
relationship of these asymmetric folds to map-scale recumbent minor folds present at outcrop scale in
well-exposed roadside outcrops of Archean rocks.

Southern Subdomain
Two sets of Grenvillian folds are posited on the basis of fold interference patterns exposed in the
eastern part of the Southern subdomain (see Figure 18.1) (Tyler 2013). The first are kilometre-scale
asymmetric horizontal inclined folds with approximately north-trending hinges. The second set of fold
hinges plunge gently and trend east-southeast, similar to those of the Northern subdomain, but, in
contrast, the axial surfaces of a significant number of the folds dip moderately northward. In the western
segment of the Southern subdomain, the layered complex displays similar structures to the second set of
folds of the interference patterns. The layered complex, with its spaced intervals of straight gneiss
(comparable to parts of the Parry Sound shear zone lying approximately 100 km to the south) may be the
lower limb of a kilometre-scale, west-verging asymmetric fold-nappe. A northwest-trending topographic
lineament lies close to the boundary of the Cosby batholith and minor occurrences of mylonite are
associated with this feature.

St. Charles–Lavigne Straight Zone
A steep north-northeast dip is the principal feature of the SCLSZ, as exposed in the eastern part of
the study area. The northeast dip of the SCLSZ is approximately parallel to the dip of the overturned axial
planes of the second phase folds: this suggests a genetic relationship between the SCLSZ and the second
phase folds.

REMAINING QUESTIONS
•

Is there a fundamental difference in age between rocks that predate the West Bay granite in the
Northern and Southern subdomains? This is suggested by contrasting rock types in the
subdomains. An obvious target for further study would be a detrital zircon study of the
orthoquartzite in the Southern subdomain. Is it the same or different from the French River
quartzite studied by Krogh (1989); that is, are there both Archean and Paleoproterozoic detrital
zircons?

•

Is there also a fundamental difference in Grenvillian structure? This is suggested by the
apparent lack of fold interference patterns visible in the rocks of the Northern subdomain. The
tectonic implications of a positive answer to this question would be interesting.

•

What is the timing of metamorphism in both subdomains? Chen, Krogh and Lumbers (1995)
document Grenvillian metamorphism between 996 and 975 Ma in the Archean rocks of the
Northern subdomain.

The questions above do not represent an exhaustive list, but may be the most pertinent to furthering
understanding the nature of the Nepewassi domain. Answers to these questions will be addressed during
the 2014 field season.
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INTRODUCTION
This article reports on the second year of a two-year bedrock geology mapping project begun in 2012
to map the geology of Albanel and Varley townships (formerly townships 169 and 176). These townships,
located northwest of Elliot Lake, cover 200 km2 and span the contact between the Superior Province and
the Southern Province. The area has potential for hosting a variety of metals (including uranium, copper,
nickel, zinc, lead, silver, rare earth elements, and potentially gold and platinum group elements) in a
variety of deposit types. The area has also been suggested to have potential for magmatic nickel-copper
deposits (Lightfoot, Prevec and Keays 1995) and several copper anomalies in lake sediment were
documented in Albanel and Varley townships by Dyer (2010a, 2010b). Varley Township was mapped for
this study during the 2013 field season.

REGIONAL GEOLOGY
Varley Township includes rocks of the Archean Ramsey–Algoma granitoid complex and the
unconformably overlying Paleoproterozoic Huronian Supergroup rocks of the Southern Province. The
Ramsey–Algoma granitoid complex ranges in composition from tonalite and diorite to alkali-feldspar
syenite (Card 1979). In Varley Township, the complex is dominated by felsic plutonic rocks with local
mafic enclaves. Uranium–lead zircon ages of the granitoid rocks range from 2651 to 2697 Ma (Prevec
1993; Easton 2006; R.M. Easton, OGS, written communication, 2012). The Archean rocks are intruded
by north-northwest-trending Paleoproterozoic Matachewan mafic dikes.
The Proterozoic Huronian Supergroup is a cyclic sequence of sedimentary rocks that were
unconformably deposited on rocks of the Superior Province, and extend from Sault Ste. Marie into the
province of Quebec. The Huronian Supergroup is divided into 4 groups (from oldest to youngest): the
Elliot Lake, Hough Lake, Quirke Lake and Cobalt groups (Figure 19.1; Robertson, Card and Frarey
1969). With the exception of the Elliot Lake Group, the individual groups follow a general sequence of
conglomerate, overlain by siltstone, overlain by sandstone, although there is some variation to this
repetition. The sedimentary rocks are cut by a variety of mafic dikes (most notably Nipissing gabbro and
Sudbury swarm dikes).

Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.19-1 to 19-11.
© Queen’s Printer for Ontario, 2013
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LOCAL GEOLOGY
A generalized stratigraphic section of the Huronian Supergroup is presented in Figure 19.1. The
rocks in Varley Township are variably metamorphosed and in the subsequent text the prefix “meta” is
omitted for simplicity and brevity. All bedding thickness values given are true, not apparent, thicknesses
(i.e., perpendicular to bedding).

Ramsey–Algoma Granitoid Complex, Superior Province
In Varley Township, the Archean rocks account for approximately one-third of the bedrock outcrop
(Figure 19.2; Siemiatkowska 1977, 1978). They are restricted to the north part of the township and to an
east-trending band through the centre of the township. They consist largely of granitoid rocks with lesser
mafic volcanic rocks, and are intruded by Matachewan dikes.

Figure 19.1. Stratigraphic section for the Huronian Supergroup (modified after Jackson 2001).
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The mafic volcanic rocks in Varley Township predate the felsic rocks and occur as 200 to 500 m
wide bands that stretch up to 2 km long. They consist of fine- to medium-grained black amphibole and
fine-grained plagioclase and are generally massive flows, although some volcaniclastic flows were
observed. A weakly to strongly developed foliation, defined by aligned amphibole needles, is present in
the mafic volcanic rocks. The presence of black amphibole in these rocks suggests that they are
metamorphosed to amphibolite facies.

Figure 19.2. Simplified geological map of Varley Township (geology modified after Siemiatkowska 1977). Abbreviations:
ELF, Endikai Lake fault; FLF, Flack Lake fault; PLF, Pearl Lake fault; WLS, Wakomata Lake syncline. Universal Transverse
Mercator (UTM) co-ordinates provided using North American Datum 1983 (NAD83) in Zone 17.
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The felsic plutonic rocks are medium to coarse grained and range in composition from granite to
granodiorite. Crystal size is generally consistent between quartz, plagioclase, and potassium feldspar (i.e.,
in the range of 5 to 20 mm), with amphibole and rare biotite crystals being finer grained. The granites
typically contain amphibole (hornblende), whereas the granodiorites contain amphibole and varied
amounts of biotite. Pegmatitic texture is seen locally. The rocks contain sporadic epidote- or potassium
feldspar-altered fractures.
The northwest-trending Matachewan dikes cut all the Archean rocks. They are mesocratic, fine- to
medium-grained, variably magnetic (range 0.115 to 34.5 ×10–3 SI units; average 11.5 ×10–3 SI units)
mafic intrusive rocks that are relatively homogenous with little compositional or textural differences
across strike. Disseminated euhedral pyrrhotite mineralization is sporadically present in these dikes.

Huronian Supergroup, Southern Province
Rocks of the Huronian Supergroup account for approximately two-thirds of the bedrock of Varley
Township (see Figure 19.2; Siemiatkowska 1977, 1978). They are metamorphosed to subgreenschist
facies and comprise formations of the Hough Lake, Quirke Lake and Cobalt groups; rocks of the Elliot
Lake Group are not exposed on surface in Varley Township.

HOUGH LAKE GROUP
Locally, the Mississagi Formation is the basal unit of the Huronian Supergroup exposed on surface. It
varies from a grey to red, medium-grained quartz arenite with a slight yellow tint, and it is thickly bedded
(>2 m). On West Twin Lake, it is exposed in a fold hinge for over 30 vertical metres (Photo 19.1A).

QUIRKE LAKE GROUP
The Bruce Formation is the lowermost unit of the Quirke Lake Group and, in Varley Township, it
overlies rocks of either the Mississagi Formation of the Hough Lake Group or the Archean basement. It is
a poorly sorted, matrix supported, polymictic conglomerate. The clasts are dominantly granitic to
granodioritic, with lesser sedimentary and volcanic clasts. At the base of the Bruce Formation, granitic
clasts dominate (Photo 19.1B). The clasts are mostly subangular, but range from subangular to rounded.
Clast size ranges from less than 0.5 cm to more than 40 cm. The matrix ranges from a poorly sorted fineto medium-grained, immature sand to a fine-grained grey sand. The Bruce conglomerate is generally
massive bedded, but local sandstone lenses may be thinly bedded.
The Espanola Formation overlies the Bruce Formation and it consists of several facies. It is
dominated by a thinly bedded, very fine-grained, silty limestone that is well-suited to preserve
deformational features. Less commonly, it consists of a massive, homogeneous calcitic siltstone with
poorly preserved bedding. Very rarely, the Espanola Formation is a breccia consisting of bedded to
massive, angular, poorly sorted clasts that may show coarse layering (Photo 19.1C). These brecciated
rocks were likely formed as mass flows during syndepositional normal growth faults.

COBALT GROUP
In Varley Township, the Gowganda Formation of the Cobalt Group consists of conglomerate,
siltstone and sandstone. The conglomerate facies contains matrix-supported, subrounded to rounded
granitic clasts that range in size from less than 1 cm to greater than 30 cm, although 2 to 5 cm diameter is
typical. The clasts range from subangular to rounded, but subrounded is the most common clast shape.
Clast content represents from less than 1% to 50% of the total rock volume. The matrix is either a
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medium-grained arkose or a grey massively bedded siltstone. The sandstone facies of the Gowganda
Formation is pink to salmon, medium-grained, well-sorted, equigranular sandstone. Compositionally, the
sandstone is an arkosic arenite, with roughly equal amounts of feldspar and quartz. The sandstone
commonly contains several conglomerate clasts, suggesting that the clasts were being deposited during
changing depositional settings. The Gowganda Formation generally consists of massive to thickly bedded
conglomeritic sandstone or thinly bedded conglomeratic siltstone.
The overlying Lorrain Formation consists of polymictic conglomerate and sandstone. The conglomerate
layers are concentrated near the base of the formation and consist of well-sorted, poorly rounded to wellrounded quartz and jasper pebble beds, known locally as “puddingstone”. The pebbles in these beds are
generally 3 to 5 cm in diameter, and vary from matrix supported to almost clast supported. The sandstone
is a white to pale pink quartz arenite. In Varley Township, outcrops of sandstone regularly contain thin

Photo 19.1. A) Folded contact between the underlying Mississagi Formation and the overlying Bruce Formation of the Huronian
Supergroup. Note the change in bedding thickness between the 2 units. Photo taken facing west. Person (lower left), for scale,
is circled in white (UTM 337649E 5158186 N). B) Bruce Formation conglomerate adjacent to an inferred unconformity with
underlying Archean granitoid rocks. The location of the inferred unconformity is on the other side of the hill (see text for further
explanation). Photo taken facing northwest. Person for scale (UTM 334585E 5160008N). C) Brecciated limestone clasts in a
mass flow in the Espanola Formation. Brecciated clasts are rare in the Espanola Formation, which is more typically well bedded
and internally competent. These breccias suggest the presence of syndepositional normal growth or slump faults. (UTM
333016E 5159633N). D) Bedded sandstone and pebble conglomerate of the Lorrain Formation. Rare red jasper clasts are visible
in the quartz-pebble conglomerate. (UTM 339732E 5161536N). Where included for scale, pencil is approximately 15 cm long
and the tip points north.
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(~5 cm thick) pebble conglomerate beds, which are excellent bedding marker horizons (Photo 19.1D).
The conglomerate layers occur as thin beds within the sandstone, whereas the sandstone layers range from
thinly to thickly bedded and are locally planar cross-bedded.

PROTEROZOIC DIKES
Nipissing gabbro dikes and sills are fine- to medium-grained, mesocratic mafic intrusive rocks with
variable magnetic susceptibility (range 0.195 to 27.5 ×10–3 SI units; average 6.00 ×10–3 SI units) that cut
the Huronian and Archean rocks in Varley Township. Rare examples of medium- to coarse-grained rocks
do occur that are more leucocratic than the typical fine- to medium-grained texture. Although similar in
appearance to the Matachewan dikes, the Nipissing rocks typically have a lower magnetic susceptibility.
No unclassified dikes of the type noted by Gordon (2012) were observed in Varley Township.
Dikes of the Sudbury swarm are medium- to coarse-grained, melanocratic rocks that have high
magnetic susceptibility (range 0.821 to 36.6 ×10–3 SI units; average 19.9 ×10–3 SI units). They are
associated with serpentine veins.

Nature of the Basal Unconformity
The basal unconformity between the Archean and Paleoproterozoic rocks was observed in 2
locations in Varley Township; at a third location, the unconformity was estimated to be less than 2 m
away, buried under overburden. In all 3 cases, the Bruce Formation is the overlying unit (see Figure 19.2).
These 3 localities are described below.
The first exposure of the basal unconformity is along the northwest shoreline of Castra Lake (see
Figure 19.2). Here, the Bruce conglomerate lies directly on unsheared Archean granitoid rocks and
coarsely plagioclase-phyric leucogabbroic rocks. Bedding in the Bruce conglomerate was measured
1.2 km east of this outcrop, where it strikes 110° and dips 57° to the south. At the outcrop where the
unconformity is exposed, the contact dips generally to the south but subvertical fractures in the granitic
rocks dip steeply north and are infilled by conglomerate clasts (Photo 19.2A). This outcrop is interpreted
to have been fractured prior to the deposition of the sediments, and the conglomerate clasts filled these
fractures during sedimentation.
The second exposure is located east of Varley Lake (see Figure 19.2). Here, laminated sandstones
striking 105° and dipping 43° south drape the basement granitic rocks (Photo 19.2B). The orientation of
bedding in these sandstones is undulatory, suggesting an uneven depositional surface. Neither rock type is
foliated, although the granitic rocks at the contact appear to contain mafic minerals that are altered to
chlorite. Approximately 20 m away from the unconformable contact, across strike to the south, the
sedimentary rocks are polymictic conglomerates of the Bruce Formation. The sandstones at the
unconformity are interpreted to be part of the Bruce Formation, but it is conceivable that they are a thin
veneer of Mississagi Formation.
The inferred unconformable contact is located northeast of Ellis Pond (see Figure 19.2). The
unconformity is not seen directly at this location because of overburden. However, on the other side of the
hill shown in Photo 19.1B, there is a 2 m wide interval of overburden between the conglomerate and the
basement; thus, the unconformity is inferred to be located there. The underlying basement rocks are not
foliated, but the overlying polymictic conglomerates of the Bruce Formation (see Photo 19.1B) host a
moderately developed spaced slaty foliation.
The well-preserved nature of the unconformity at these 3 localities does not suggest the presence of
faulting along the unconformity, implying that, at least in Varley Township, the Huronian Supergroup lies
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in situ with respect to the basement Archean rocks. Even though there is no faulting associated with the
unconformity in Varley Township, it is unlikely that the unconformable surface was flat at the time of
deposition. This is suggested by the fact that near West Twin Lake, at least 30 m of the Mississagi
Formation underlies the Bruce conglomerate (see Photo 19.1A). It is possible that a transgressive
paleoshoreline was rising northward away from the geographic hinge area of the Quirke Lake syncline in
the Elliot Lake area. Alternatively, the Huronian Supergroup rocks may have been deposited on a
topographically uneven or dipping surface.

STRUCTURAL GEOLOGY
Varley Township contains 2 distinct metamorphic and structural domains. These domains preserve
different structures that are not interpreted as correlating with one another.

Photo 19.2. A) Basal unconformity between the Archean Ramsey–Algoma granitoid complex and the overlying Bruce
Formation. This photo, taken on the shore of Castra Lake, shows vertical cracks in the Archean granite filled by Bruce
conglomerate. Bedding at this location is subhorizontal and dips to the south. Hammer for scale is 33 cm. The photo was taken
facing northwest (UTM 331656E 5160570N). Photo courtesy of R.M. Easton (OGS). B) Basal unconformity between the
Archean Ramsey–Algoma granitoid complex and the overlying Huronian Supergroup. This photo, taken east of Varley Lake,
shows unsheared, bedded sandstone (brown, to the right of the pencil) deposited on altered granitoid rocks (grey, left). (UTM
337058E 5158843N). C) Massive, amphibolite-facies Archean mafic volcanic rocks. These rocks display a folded alignment of
dark amphibole (most likely hornblende). (UTM 338600E 5159723N). D) Lineated bedding surface of Lorrain Formation
sandstone. The lineation is preserved as slickensides and displays steps that are oriented perpendicular to the lineation. The steps
suggest south-block-up displacement parallel to the lineation. (UTM 336291E 5162259N). All UTM co-ordinates provided using
NAD83 in Zone 17. Where included for scale, pencil is approximately 15 cm long and the tip points north.
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Archean Structural Domain
The oldest deformation in the study area is preserved in the Archean mafic volcanic rocks. These
rocks are characterized by a pervasive foliation defined by the alignment of black amphibole
(hornblende)(Photo 19.2C). This alignment is interpreted to have formed under amphibolite-facies
metamorphism. The S- and Z-shaped folds, that lack an axial planar foliation, may be parasitic to larger
scale structures in the Archean volcanic rocks. No regionally consistent fabric was observed in the
granitoid rocks.

Proterozoic Structural Domain
The earliest phase of deformation in the Huronian Supergroup is interpreted to have occurred during
deposition. Local brecciated clasts of bedded Espanola fragments (see Photo 19.1C) are massive or
coarsely layered, suggesting the presence of early normal slump—or growth—faults. In the Gowganda
Formation, the presence of these growth faults is indicated by local abrupt changes in bedding orientation;
bedding orientation changes from flat lying to steeply dipping within less than 5 m. Although these faults
are uncommon, they may be related to early mineralizing events in the Huronian Supergroup.
In Varley Township, post-depositional tectonic deformation in the Huronian Supergroup is identified
by intensification of foliation, disruption in stratigraphy, change in orientation of bedding, and/or outcropscale folds or faults. The most prominent structure is one or more east-trending foliations that dip
moderately to the south (Lewis 2012). In the Gowganda Formation, it is a pervasive micaceous foliation,
whereas in the Bruce, Espanola, Serpent and Lorrain formations, it is a spaced, anastomosing, slaty
foliation. At a faulted contact between the Serpent and Gowganda formations, the strike of the respective
foliations is parallel but the dip is approximately 20° steeper in the Gowganda Formation.
Lineations are rarely developed in the sedimentary rocks, as these rocks generally do not preserve
bulk elongation. However, mineral lineations and slickensides occur in quartz veins and along bedding
and fault planes (Photo 19.2D). The mineral lineation is defined by quartz growth and it plunges
shallowly and uniformly to the south. The slickensides also plunge shallowly southward, but they
commonly form steps that are oriented perpendicular to the lineation.
Two generations of folds are documented in Varley Township. The Wakomata Lake syncline is
defined by a change in bedding orientation in the Lorrain Formation. The axial trace of this fold trends
southeast and the fold also closes to the southeast. Bedding dips southwest on the northeast limb,
northwest in the hinge, and north on the southwest limb; there is no associated axial planar foliation. The
anticline–syncline pairs near West Twin and East Twin lakes are defined by folded bedding of the
Mississagi, Bruce, Espanola and Serpent formations (see Figure 19.2). The axial trace of these folds
trends east and the folds plunge shallowly to the west. The spaced slaty foliation preserved in the rocks is
axial planar to parasitic S-shaped folds in the Bruce Formation and parallel to the regional fold axial trace
(Photo 19.3A). These fold pairs are offset by a sinistral, northwest-trending fault, the fold axis of which
can be traced to the north (see Figure 19.2). The Wakomata Lake syncline is interpreted as an F1 fold,
whereas the east-trending fold pairs near West Twin Lake are interpreted as F2 folds. Consistent with the
folds in Albanel Township, the early folds lack an axial planar foliation, whereas the late folds do have an
axial planar foliation (Lewis 2012).
Three generations of faults were documented in Varley Township. The syndepositional normal
growth faults are described above. These normal growth faults are overprinted and likely reactivated by
south-block-up reverse faults, as shown by intense drag folds (Photo 19.3B) in shear zones. These shear
zones are subparallel to the continuous micaceous and spaced slaty foliations, which intensify near the
shear zones. These south-block-up reverse faults cut F1 folds, but are folded about the F2 hinges. The
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reverse faults are overprinted and/or reactivated by transcurrent sinistral and dextral faults that trend east,
northwest and northeast. These transcurrent faults cut both the F1 and F2 folds (see Figure 19.2).

Structural Interpretations
Based on the observations described above, some correlations between structures can be inferred and
a general sequence of deformation established.
Tectonic foliations in the sedimentary rocks of Varley Township are preserved as spaced slaty
anastomosing fabrics and pervasive micaceous fabrics. However, establishing clear overprinting
relationships between these different foliation styles is difficult, as only a pervasive micaceous foliation is
documented in the Gowganda Formation and only a spaced slaty anastomosing foliation is documented in
the Bruce, Espanola, Serpent and Lorrain formations. At a faulted contact between the Serpent and
Gowganda formations, the respective foliations in the 2 rock units have the same strike, but a slightly
different dip, suggesting that the physically different foliations are simply preserved differently in rock
units of contrasting competency.

Photo 19.3. A) F2 folded, bedded Espanola Formation silty limestone with an axial planar foliation. (UTM 339583E 5157507N).
B) Isoclinal rootless folds of bedded Espanola limestone. The intensely foliated zone, outlined by black dotted pattern, is
interpreted as a discrete fault plane. The Z-shaped folds suggest south-block-up displacement. (UTM 338619E 5158046N).
C) Pyrite veins and disseminated malachite in a trenched exposure of Espanola Formation limy siltstone. (UTM 332686E
5159698N). D) Specular hematite vein hosted in Lorrain Formation sandstone. This mineralization is interpreted to be related to
displacement on the nearby Pearl Lake fault. (UTM 335256E 5157051N). All UTM co-ordinates provided using NAD83 in Zone 17.
Where included for scale, pencil is approximately 15 cm long and tip points to the north.
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Table 19.1. Interpreted sequence of deformation in the Huronian Supergroup of Varley Township.
Deformation Event
D0
D1
D2

Fault
Normal slump faults

D3

East-, northeast- and northwesttrending transcurrent faults

East-trending reverse faults

Fold
Northwest-trending folds
East-trending folds

Foliation

Lineation

Pervasive micaceous
foliation

South-plunging
slickensides

The orientation and distribution of the intensity of this regional foliation mimics the orientation and
distribution of south-block-up faults and it is parallel to the axial plane of regional and parasitic F2 folds
throughout Varley Township. The regional foliation is therefore interpreted to have formed during southblock-up fault displacement and F2 folding.
The diverse nature of the semi-regional slickensides in Varley Township renders them difficult to
interpret, yet the slickensides are commonly associated with small steps oriented perpendicular to the
lineation. These steps suggest south-block-up ramping parallel to the lineation (e.g., Hobbs, Means and
Williams 1976). The slickensides are therefore interpreted to have formed during south-block-up faulting
and would therefore be contemporaneous with the development of the regional foliation and F2 folding.
A relative sequence of deformation in Varley Township is summarized in Table 19.1. The earliest
deformational structure recognized is syndepositional slump or growth faults. This is followed by a series
of shallowly plunging F1 folds that lack an axial planar foliation. This deformation is overprinted by
south-block-up reverse faults, a regional S2 foliation, F2 folds, and an associated slickenside. All of these
are overprinted by sinistral and dextral transcurrent (strike-slip) faults. This structural framework is
consistent with the fold and fault generations, fold orientations, and styles of displacement seen in
Albanel Township (Lewis 2012).

ECONOMIC GEOLOGY
The earliest mineralization in Varley Township is spatially associated with the brecciated Espanola
Formation rocks. The mineralization is visible in trenched exposures of weakly foliated, massive bedded,
limy siltstones to cherts. The mineralization shows no obvious structural control. The zones of brecciated
limestone clasts (see Photo 19.1C) are located north and northeast of the mineralized area and are
indicative of early growth faults. The mineralization consists of sulphide-bearing veins, specifically
pyrite, and disseminated malachite (Photo 19.3C). This mineralization is interpreted to be related to the
growth faults and may have originated as Mississippi Valley-type mineralization.
Subsequent mineralization in the area is associated with faults. Hematite veins in the Lorrain
Formation (Photo 19.3D) are located near the Pearl Lake fault and are oriented anticlockwise to the
structure. The orientation of these veins suggests that they were formed as sinistral tension gashes to the
fault, which is consistent with the large block of Lorrain Formation being in fault contact with the
Gowganda, Espanola and Mississagi formations (see Figure 19.2). Disseminated pyrite also occurs in
Nipissing gabbro along the northeast flank of the Pearl Lake fault.
There are several large quartz veins in Varley Township. These veins are up to 1 m wide, are milky
white, translucent and coarse grained (“bull” quartz), but do not seem to be associated with any
economically significant or gangue minerals.
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INTRODUCTION
The Otter Township–Morin Township bedrock mapping project was initiated in 2012 as one of two
Ontario Geological Survey (OGS) projects designed to update geoscience data west of the Elliot Lake
area. Otter and Morin townships were targetted for their potential to host uranium, nickel, copper and
platinum group element mineralization, and to address several outstanding geological problems. The 2013
field season focussed on the 1:20 000 scale mapping of Morin Township and select areas of Otter
Township. This article summarizes results from both the 2012 and 2013 field programs.

REGIONAL GEOLOGY
Otter Township and Morin Township straddle the boundary between the Superior and Southern
provinces (Figure 20.1), and are located approximately 40 km north of Lake Huron. The majority of the
study area is underlain by the Archean Ramsey–Algoma granitoid complex of the southern Abitibi
Subprovince. Little information is available on this part of the Superior Province, but the Ramsey–Algoma
granitoid complex is known to contain granite, granodiorite and granitic gneiss with numerous greenstone
enclaves and massive to foliated granite, granodiorite and syenite intrusions (Card 1979). The Ramsey–
Algoma granitoid complex is unconformably overlain by the Paleoproterozoic Huronian Supergroup of
the Southern Province. The Huronian Supergroup is subdivided into 4 groups: Elliot Lake Group, Hough
Lake Group, Quirke Lake Group and Cobalt Group. Beginning with the Hough Lake Group, these
divisions define cycles of conglomerates at the base, followed by mudstone-dominated rocks and capped
by sandstones (Bennett, Dressler and Robertson 1991).

GENERAL GEOLOGY
Ramsey–Algoma Granitoid Complex
Archean basement comprises two thirds of the map area and is part of the Ramsey–Algoma granitoid
complex. Two units of the complex have been identified within the project area: these consist of an older
quartz monzodiorite and quartz diorite gneiss, crosscut by a younger unit of monzogranite and granodiorite
(Photos 20.1A and 20.1B). The quartz monzodiorite and quartz diorite gneiss crop out in the northern
Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.20-1 to 20-14.
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Figure 20.1. Geological map of Otter and Morin townships. Universal Transverse Mercator (UTM) co-ordinates provided based on North American Datum 1983 (NAD83) in
Zone 17.
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Photo 20.1. A) Quartz diorite gneiss crosscut by monzogranite, Ramsey–Algoma granitoid complex (UTM 294656E
5165320N). B) Monzogranite with epidote alteration, Ramsey–Algoma granitoid complex (UTM 295929E 5163969N).
C) Quartz-pebble conglomerate, Matinenda Formation (UTM 298530E 5158640N). D) Greenish coloured, massive quartz
arenite, Matinenda Formation (UTM 294731E 5160166N). E) Thinly bedded mudstone-siltstone-sandstone of the McKim
Formation overlain by cobble orthoconglomerate with sandy matrix, Ramsey Lake Formation (contact shown by dashed line)
(UTM 302728E 5157027N). F) Polymictic paraconglomerate with muddy to sandy matrix, Ramsey Lake Formation (UTM
301172E 5160067N). Hammer, for scale, is 40 cm long. All UTM co-ordinates in NAD83, Zone 17.
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portion of Morin Township and are interpreted to be fault bounded (see Figure 20.1). The quartz
monzodiorite phase is massive, medium to coarse grained, equigranular and contains quartz, plagioclase,
alkali feldspar, amphibole, biotite and titanite. The quartz diorite gneiss contains two centimetre-wide
alternating bands of whitish-pink quartz- and feldspar-rich layers with black hornblende- and biotite-rich
layers. This unit is crosscut extensively by monzogranite and granodiorite, which are the dominant
granitoid phases in the study area. The monzogranite and granodiorite are typically massive, with a
locally developed northwest-trending foliation. They are medium grained, equigranular and contain alkali
feldspar, quartz, plagioclase and amphibole. The monzogranites are locally potassium feldspar-phyric
and/or pegmatitic.
Medium- to fine-grained mafic to intermediate xenoliths are common. In addition, a sliver of
Archean metavolcanic rock is preserved northeast of Burden Lake in Otter Township. The metavolcanic
rocks consist of deformed pillow basalts, which are plagioclase-phyric and contain quartz-filled
amygdules. Alteration of the basement rocks varies across both townships, but is predominantly patchy
and/or concentrated along fractures and consists of potassic, hematitic and/or minor epidote alteration.
The Archean basement is crosscut by numerous mafic dikes, most of which are interpreted to be
Proterozoic; however, a few are interpreted to represent Archean mafic intrusions. The main feature that
suggests these are Archean is the presence of granitoid dikes in the mafic intrusions.

Huronian Supergroup
Sedimentary rocks of the Huronian Supergroup crop out in the southern portion of Otter and Morin
townships and within outliers across both townships (see Figure 20.1). These units are assigned to the
Elliot Lake Group, Hough Lake Group and the Cobalt Group (broadly keeping with their original
designation by Chandler (1976)). As noted in previous investigations (Chandler 1973, 1976), formations
of the Quirke Lake Group and upper Cobalt Group are either not preserved, or were not deposited within
the map area.

ELLIOT LAKE GROUP
The Livingstone Creek Formation, lowermost formation of the Elliot Lake Group, is rare in the study
area with the exception of a few exposures. The formation is made up of massive to thickly laminated,
fine- to medium-grained, feldspathic greywacke and quartz arenite. In most locations, it is directly
overlain by pyritic quartz-pebble conglomerate and/or quartz arenite belonging to the Matinenda
Formation. Mafic volcanic rocks of the Thessalon Formation were not identified in Otter or Morin
townships. It has been suggested by Bennett, Leahy and Walmsley (1990) that, in the vicinity of the study
area, the Matinenda Formation lies disconformably upon the Livingstone Creek Formation, and that the
Thessalon Formation volcanic rocks were removed by “pre-Matinenda” erosion.
With the exception of the locations described above, the Matinenda Formation directly overlies rocks
of the Ramsey–Algoma granitoid complex. The formation is composed of interlayered pyritic quartzpebble conglomerate, buff- to green-coloured quartz arenite, pink subfeldspathic arenite and greycoloured feldspathic greywacke (Photos 20.1C and 20.1D). Most of these units contain minor quartz
pebbles and appear to be either massive, thinly to thickly planar bedded or cross-bedded. Bedding trends
roughly northwest and dips shallowly to moderately (10 to 50°) southwest.
The McKim Formation, uppermost unit of the Elliot Lake Group, was observed in a single location in
Otter Township and consists of light to dark brown, interlayered, thickly laminated mudstone, siltstone and
arkosic sandstone overlain by polymictic orthoconglomerate of the Ramsey Lake Formation (Photo 20.1E).
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HOUGH LAKE GROUP
The Ramsey Lake Formation typically overlies the Matinenda Formation in the study area. The basal
conglomerate unit is a thick bedded, poorly sorted, polymictic orthoconglomerate. Clasts are predominantly
medium-grained, grey to pink granitoid. They are well rounded, cobble sized and are locally weakly
oriented, with a sandy, pink to grey, subfeldspathic matrix. The upper and more dominant unit is a
massive, poorly sorted, polymictic paraconglomerate with a grey, sandy to muddy matrix (Photo 20.1F).
Angular, white quartz and pink feldspar granules are abundant. Clasts, which compose 10-25% of the
outcrops, range from pebble to cobble sized, and are predominantly grey granodiorite with lesser finegrained mafic clasts and quartz pebbles.
To the southwest, the Ramsey Lake Formation is overlain by the Mississagi Formation, as mudstones
belonging to Pecors Formation appear to be absent in the study area. The sandstones of the Mississagi
Formation are comprised of massive to cross-bedded, well-sorted, grey to light pink, fine- to coarsegrained subarkosic arenite and quartz arenite (Photo 20.2A). Northeast of St. Onge Lake in Otter
Township, the contact between the Ramsey Lake and Mississagi formations is overlapped by polymictic
conglomerates of the Gowganda Formation.

COBALT GROUP
The Gowganda Formation is exposed southwest of the Mississagi Formation, within the central to
eastern portions of Morin Township and in small outliers throughout both townships. The formation
directly overlies the Archean basement, except where it overlaps the Mississagi Formation in the southern
portion of the map area. The predominant rock types are a thickly bedded polymictic paraconglomerate
with a grey-coloured, sandy matrix, interlayered with coarse-grained, pink, arkosic sandstones and/or a
polymictic paraconglomerate with a pink, sandy arkosic matrix (Photo 20.2B). The polymictic
conglomerates are poorly sorted and contain pebbles and cobbles of dominantly pink granitoid with lesser
medium- to fine-grained mafic intrusive rocks, quartz pebbles, sandstone and very rare, red chert. Small
outliers in the northern half of the map area, just south of Darragh Lake in Otter Township and north of
Sheldon Lake in Morin Township, contain brown, thinly laminated, interlayered siltstone and mudstone
with east-trending, steeply dipping beds (Photo 20.2C).
Approximately 2 km west of Sheldon Lake in Morin Township, a narrow band of quartz-rich
conglomerate and sandstone belonging to the Lorrain Formation is present. The base of the Lorrain
Formation contains a quartz-pebble–rich polymictic conglomerate with a green-coloured, muddy matrix.
The upper unit consists of white to light pink, poorly sorted, granule-rich, coarse-grained subarkosic
arenite (Photo 20.2D). This unit contains less than 5% quartz pebbles. There is interlayering of the
Gowganda and Lorrain formations within the transition zone, as shown in Photo 20.2E, where distorted
beds of polymictic conglomerate belonging to the Gowganda Formation occur in the quartz-pebble–rich
conglomerate of Lorrain Formation.
The Gordon Lake and Bar River formations have not been identified within the study area.

PROTEROZOIC MAFIC INTRUSIONS
A significant geological problem faced in the mapping was unravelling the complex history of mafic
intrusive events in the area. Available geophysical surveys are of too low a resolution to aid in the
identification and delineation of the mafic intrusions. With the exception of the Nipissing suite, many of
the mafic intrusions in the map area are diabase (i.e., fine grained) and cannot be readily distinguished
from one another based on field observations alone. Samples were collected in 2012 and 2013 from the
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various mafic dikes for petrographic and geochemical analysis, to aid in further characterization. The
resulting classification described below is based on a combination of field observations, structural
orientations, geochemical signatures, textural similarities and magnetic susceptibility measurements.

Photo 20.2. A) Scour mark in thickly laminated quartz arenite, Mississagi Formation (UTM 297494E 5156796N).
B) Polymictic paraconglomerate with sandy, arkosic matrix interlayered with arkosic arenite, Gowganda Formation (UTM
298611E 5163212N). C) Thinly laminated mudstone, Gowganda Formation (UTM 300650E 5165779N). D) Granule-rich,
coarse-grained subfeldspathic arenite, Lorrain Formation (UTM 298041E 5161670N). E) Quartz-pebble-rich polymictic
conglomerate of the Lorrain Formation, with discontinuous bed of polymictic paraconglomerate of the Gowganda Formation
(UTM 298005E 5161705N). F) Vesicular basaltic dike with quartz-filled amygdules, possible feeder to the Thessalon Formation
(UTM 300336E 5158159N). All UTM co-ordinates in NAD83, Zone 17.
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Paleoproterozoic Mafic Intrusive Rocks
MATACHEWAN AND HEARST DIKE SWARM
A series of northwest-trending, relatively narrow (0.5 m up to 50 m wide), mafic dikes that appear to
pre-date the larger mafic intrusions in the area and the sedimentary rocks of the Huronian Supergroup are
interpreted to belong to the Matachewan and Hearst dike swarm (2475 to 2455 Ma: Heaman 1997). These
dikes are mesocratic, range from norite to clinopyroxene norite in composition and typically contain
minor to trace amounts of quartz. They are fine to medium grained, mostly equigranular and locally
plagioclase phyric. Plagioclase phenocrysts are typically 3-4 mm in size, subhedral to anhedral, with rare
occurrences of plagioclase glomerocrysts up to 3 cm in diameter. They have low to moderate magnetic
susceptibility signatures (0 to 29 ×10–3 SI units).

FEEDERS TO THE HURONIAN SUPERGROUP METAVOLCANIC ROCKS
Several vesicular mafic dikes have been identified in Otter and Morin townships and are interpreted
to represent feeders to the Thessalon Formation volcanic rocks. The vesicular dikes crosscut Livingstone
Creek Formation exposures where they are overlain, but do not appear to transect Matinenda Formation
(Bennet, Leahy and Walmsley 1990; Gordon 2012) and are present as isolated outcrops adjacent to
Matinenda Formation exposures. The mafic dikes are basaltic andesite in composition and are typically
fine grained to aphanitic, east trending, vertically dipping and contain 10 to 35% vesicles with quartz-,
carbonate- and/or chlorite-filled amygdules (Photo 20.2F). They have low to moderate magnetic
susceptibility signatures (1 to 36 ×10–3 SI units).

NIPISSING INTRUSIVE SUITE
One of the main objectives of the Otter–Morin townships bedrock mapping project is to characterize
the large roughly east-trending mafic sill that is up to 2 km wide at its thickest point, as well as several,
relatively smaller, 100 to 500 m wide, discontinuous mafic intrusions (see Figure 20.1). These were
previously assigned to the Nipissing intrusive suite by Chandler (1973, 1976). Recent work by Easton
(2009, 2010) in the Elliot Lake area to the west suggested that intrusions belonging to the East Bull Lake
intrusive suite (2475 Ma) may be present in the study area. A sample of the large sill was submitted for
U/Pb geochronology by thermal ionization mass spectrometry analysis and gave an age of 2214.8±7.7 Ma
(Geospec Consultants 2013). This falls within the Nipissing intrusive suite age range of 2210 to 2220 Ma
(cf. Noble and Lightfoot 1992). Based on this age determination, as well as lithological and textural
relationships, the author agrees with the original interpretation of Chandler (1973, 1976) that the large sill
and related smaller intrusions are part of the Nipissing intrusive suite.
The smaller intrusions of the Nipissing suite are medium to coarse grained, and are composed of
clinopyroxene norite and monzodiorite. Rock types in the larger intrusions are broadly consistent with the
upper portions of other known differentiated Nipissing intrusions (Figure 20.2). These can be subdivided
(from base to top) into medium-grained clinopyroxene norite, vari-textured clinopyroxene norite,
monzodiorite, vari-textured monzodiorite, vari-textured quartz monzodiorite, with an upper medium- to
fine-grained clinopyroxene norite (Photo 20.3A). Granophyric textures are well developed in the
monzodiorite and quartz monzodiorite phases (Photo 20.3B). Pegmatoidal pods occur within the varitextured clinopyroxene norite and quartz monzodiorite. These pods range from a few centimetres up to 1–
2 m in diameter, have a sharp contact with the host vari-textured rock, contain plagioclase, quartz and/or
pyroxene crystals up to 2 cm long and locally contain dendritic amphibole crystals up to 7 cm in length
(Photos 20.3C and 20.3D). Magnetic susceptibility ranges from very low to high (0 to 68 ×10–3 SI units).
The high magnetic susceptibility measurements correspond with a magnetite cumulate horizon that occurs
within the vari-textured monzodiorite.
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Mesoproterozoic Mafic Intrusive Rocks
SUDBURY DIKE SWARM
A series of olivine gabbro dikes are assigned to the Sudbury dike swarm (1238 Ma: Krogh et al.
1987). These dikes are fine to medium grained, trend northwest and cut the sedimentary rocks of the
Huronian Supergroup and Nipissing intrusions. They have a moderate to high magnetic susceptibility
(30 to 55 ×10–3 SI units), which aids in distinguishing them in the field from Matachewan diabase dikes,
which have a similar trend. These appear to be the only olivine-normative dikes in the study area.

Figure 20.2. Generalized Nipissing intrusion stratigraphy (from Jobin-Bevans 2006, used with permission).
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Photo 20.3. A) Vari-textured monzodiorite, Nipissing intrusion (UTM 299958E 5160343N). B) Photomicrograph of
granophyric texture in monzodiorite, Nipissing intrusion (qtz, quartz; kspr, alkali feldspar; pl, plagioclase; cpx, clinopyroxene);
cross-polarized light. C) Dendritic amphibole crystal, 7 cm long, within pegmatoidal pod, Nipissing intrusion (UTM 300698E
5160678N). D) Vari-textured clinopyroxene norite with metre-wide pegmatoidal pod, Nipissing intrusion (UTM 300698E
5160678N). E) Massive specular hematite mineralization in quartz vein that crosscuts monzogranite, Ramsey–Algoma granitoid
complex (UTM 295255E 5158334N). F) Semi-massive specular hematite mineralization and blebby sulphide mineralization
(weathered purple) in quartz vein that crosscuts monzogranite, Ramsey–Algoma granitoid complex (UTM 300497E 5160611N).
Hammer, for scale, is 40 cm long. All UTM co-ordinates in NAD83, Zone 17.
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Mafic Intrusive Rocks of Unknown Affinity
Two sets of mafic dikes with unknown affinities were identified in both Otter and Morin townships.
The first set consists of northeast-trending mafic dikes that crosscut the large Nipissing intrusions. They
are mesocratic, noritic in composition, fine grained to aphanitic and appear to range from a few metres up
to 30–40 m in thickness. They were identified in the field by their northeast trend and very high magnetic
susceptibility (64 to 103 ×10–3 SI units). The only dike swarm known to occur within the general vicinity
of the study area that is of similar composition and orientation is that of the Preissac dike swarm (Osmani
1991). Samples were collected for geochemical and petrographic analysis and will be compared with
those of the Preissac dike swarm.
A second set of mafic dikes trend northwest to west and also crosscut the large Nipissing intrusions.
These dikes are relatively narrow (up to 50 m), range from clinopyroxene norite to orthopyroxene gabbro
in composition, are fine to medium grained and have low to moderate magnetic susceptibility signatures
(0 to 29 ×10–3 SI units). They are most readily distinguished by their westerly orientation and
geochemical signature (see “Geochemistry – Preliminary Results”). It is believed that these dikes may
belong to a previously undocumented dike swarm. Other intrusions with similar orientations and
unknown affinities have been identified in the Elliot Lake area by Easton (R.M. Easton, OGS, personal
communication, 2012) and Lewis (2012).

Geochemistry – Preliminary Results
The majority of the mafic intrusions in the study area, with the exception of Sudbury dikes, are
quartz normative and were formed from tholeiitic parental magmas. The Sudbury dikes also have
tholeiitic affinities but are olivine normative. Trace element profiles are broadly similar, with a few
important distinctions. All the mafic intrusions, with the exception of the northwest- to west-trending
dikes of unknown affinity, are characterized by relatively flat trace element profiles, with slight
enrichment in the light rare earth elements and other more incompatible elements. There are negative
niobium, tantalum and strontium anomalies and positive thorium and lead anomalies common amongst
the profiles (Figure 20.3). The magnitude of the lead and strontium anomalies varies considerably. The
differentiated nature of the Nipissing intrusions is reflected in the large spread of absolute trace element
concentrations (Figure 20.3C). Even though the trace element concentrations are controlled by
stratigraphy, the overall profile remains the same. The northwest- to west-trending dikes of unknown
affinity have a distinct trace element profile: the profile is less fractionated (flatter), with slight
enrichment in the most incompatible elements and does not exhibit the strong niobium and tantalum
anomalies that characterize the profiles of the other mafic intrusions.
All of the mafic intrusions in the study area have undergone some degree of contamination with
upper continental crust. This is exhibited on a (Nb/Th)PM versus (La/Sm)PM binary diagram (Figure 20.4),
where thorium and lanthanum, elements abundant in the crust, are enriched, whereas samarium and
niobium, elements depleted in the crust, are diluted. The Nipissing intrusions display the highest degree
of crustal contamination and the northwest- to west-trending intrusions of unknown affinity exhibit the
least degree of contamination.
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Figure 20.3. Primitive mantle–normalized multi-element spider diagrams: A) Matachewan dike swarm; B) feeder dikes to the Huronian Supergroup volcanic rocks, Thessalon
Formation; C) Nipissing intrusions; D) Sudbury dike swarm; E) northeast-trending dikes of unknown affinity; and F) northwest- to west-trending dikes of unknown affinity.
Normalization values from McDonough and Sun (1995).
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Mineralization
Three styles of sulphide and/or oxide mineralization were identified in Otter and Morin townships.
1.

Oxide- and sulphide-mineralized quartz veins: Quartz veins cut the Archean basement,
Nipissing intrusions and sedimentary rocks of the Huronian Supergroup and contain semimassive to massive specular hematite and minor amounts of chalcopyrite and pyrrhotite (Photos
20.3E and 20.3F). The quartz veins vary from a few centimetres up to at least 2 m in width and
display a variety of orientations, ranging from 90° to 307°. All historic documented mineral
occurrences of copper and secondary gold, silver, nickel, zinc, cobalt and bismuth in the map
area are associated with these veins.

2.

Oxide- and sulphide-mineralized hydrothermal breccia zones: Centimetre- to metre-wide
breccia zones crosscut Archean basement. These zones are typically barren, with the exception
of those few in close proximity to mineralized quartz veins. Mineralization consists of minor
amounts of disseminated chalcopyrite and pyrite.

3.

Internal, magmatic sulphide mineralization of the large Nipissing intrusion: Elevated
concentrations (up to 5–7%) of chalcopyrite, pyrrhotite and pyrite are associated with the
monzodiorite and vari-textured clinopyroxene norite phases.

There are only a few documented occurrences of uranium mineralization in Otter and Morin
townships (Chandler 1973, 1976). Although units of similar lithological character to the main uraniumbearing quartz-pebble conglomerate beds in the Elliot Lake area were identified, scintillometer
measurements of uranium, thorium and potassium collected throughout the map area did not reveal any
elevated or anomalous uranium concentrations.

Figure 20.4. (Nb/Th)PM versus (La/Sm)PM binary diagrams for the Proterozoic mafic intrusions. Symbols: circles (not filled) =
Nipissing intrusions; circles (grey fill) = Sudbury dike swarm; circles (filled) = Matachewan dike swarm; diamonds (not filled) =
northeast-trending dikes of unknown affinity; squares (not filled) = feeder dikes to the Huronian Supergroup volcanic rocks,
Thessalon Formation; × = northwest- to west-trending dikes of unknown affinity. Abbreviations: EMORB, enriched mid-ocean
ridge basalt (Sun and McDonough 1989); LCC, lower continental crust (Rudnick and Fountain 1995); MORB, mid-ocean ridge
basalt (Sun and McDonough 1989); OIB, ocean island basalt (Sun and McDonough 1989); PM, primitive mantle; R-A, Ramsey–
Algoma granitoid complex (this study); UCC, upper continental crust (Taylor and McClennan 1985).
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FUTURE WORK
Samples from the quartz diorite gneiss and monzogranite were collected for geochronology, in order
to confirm the relative ages of the 2 main phases of the Ramsey–Algoma granitoid complex. Samples
were collected from Morin Township for geochemical and petrographic analysis to complement the
ongoing investigation of samples collected from Otter Township. The final map and digital data release
for the Otter and Morin townships area is scheduled for publication in 2014.
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SUPPORT FOR THE BEDROCK GEOLOGY MAPPING PROGRAM
Ongoing geophysical support for the bedrock geology mapping program primarily consisted of the
compilation of regional geophysical data sets published by the Ontario Geological Survey (OGS) and the
Geological Survey of Canada (GSC). Where possible, compatible data sets were merged prior to creating
geographic information system (GIS)–compatible images and layers. The geophysical layers were
brought together with other geoscience data sets and, in many cases, were reviewed in collaborative
interpretation sessions held prior to the field season in order to gain further insight into the geology and to
identify areas requiring further investigation in the field and/or from the office. In the case of the
McFaulds Lake region compilation, inversion model studies of the aeromagnetic and airborne gravity
gradiometer data were carried out over the area of the known chromite mineralization.
Geophysical support was provided for the following projects:
•

Otter and Morin townships bedrock geology mapping project

•

Varley and Albanel townships bedrock geology mapping project

•

Cobden Township bedrock geology mapping project

•

Wabigoon Subprovince synthesis

•

McFaulds Lake region bedrock geology mapping and compilation

•

Aldina Township bedrock geology mapping project

•

Mud Lake area bedrock geology mapping project

•

Minnitaki (Southeast Bay) area bedrock geology mapping project

SUPPORT FOR THE GROUNDWATER PROGRAM
In order to better understand the results of an airborne electromagnetic (EM) test survey that was
previously flown in south Simcoe County (Ontario Geological Survey 2012; Bajc, Rainsford and
Mulligan 2012), 11 existing drill holes in the area were logged with borehole geophysics. The borehole
logging, which comprised measurements of inductive EM conductivity and natural gamma responses, was
performed by DGI Geoscience Inc. Because these boreholes did not penetrate very far into the bedrock
and were, in some cases, obstructed part way down, only limited information was obtained on the bedrock
physical properties. However, good-quality data were obtained on the thick drift cover through which the
Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.21-1 to 21-5.
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boreholes were drilled. The results of conductivity logs have been aggregated according to lithological
unit and are summarized in Figure 21.1.
Median conductivities range from approximately 55 milliSiemens per metre (mS/m) for bedrock up
to approximately 135 mS/m for organic clays and silts. The latter units were appreciably more conductive
than any of the others, which, in most cases, gave values in a relatively narrow range between 60 and
80 mS/m. The sand and gravel units are less conductive than the clay and silt units as would be expected.
However, the fact that the absolute differences in electrical conductivities are quite small assists in
explaining why there appears to be relatively little discrimination between the drift units as imaged by the
airborne EM data.
The integration of the electrical conductivity sections, derived from the airborne EM survey, with the
three-dimensional (3-D) geological model (created using borehole and water-well logs) has helped to
better assess the results of the EM survey. It appears that the conductivity sections in the northern part of
the survey area contradict the borehole conductivity and geological data, whereas the EM results in the
southern part of the survey area appear to be in accord with geological data and borehole geophysics.
There are 2 factors that may influence the observed change in behaviour: 1) drift thickness is generally
thicker in the northern part (150 to 160 m) than the southern part (70 to 100 m) and 2) the bedrock
consists of resistive limestone in the north, but shales, black shales and siltstones in the southern part of
the survey area, which would be expected to be more conductive (although no down-hole electrical
conductivity data were obtained from these units). As a result, it is likely that the greater drift thickness in
the northern part of the area in combination with the resistive nature of the bedrock resulted in an inability
to correctly image the bedrock; whereas thinner drift cover and (probably) more conductive bedrock are
more favourable for properly imaging the electrical conductivity section down to and including bedrock.
A ground gravity survey, consisting of 6247 stations, was carried out in the Orangeville area in
support of the Groundwater Program. The objective of this work was to detect buried river valleys that
might be favourable for hosting aquifers and was an expansion of a pilot study performed in 2010 (Burt
and Rainsford 2010). The survey was executed by Excel Geophysics during October and November 2012,

Figure 21.1. Summary of borehole electromagnetic (EM) conductivity logs, from the south Simcoe County area, aggregated by
lithological unit. Grain size abbreviations: c, coarse; f, fine; m, medium; vf, very fine.
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and the results were published June 2013 (Ontario Geological Survey 2013). The regional and residual
gravity fields were separated and the final products include databases, profiles, regional and residual grids
along with a processing and logistics report. A preliminary identification of thalwegs (buried river valley
axes) has been made from the profile data. These, along with borehole and water-well geological logs,
will be used to help develop a 3-D model of the Quaternary stratigraphy in the area.

ACQUISITION OF NEW AIRBORNE GEOPHYSICAL DATA
An aeromagnetic gradiometer survey that was started in the Fort Severn region was terminated at the
request of Fort Severn First Nation because of complex issues between the Governments of Canada,
Ontario, and the First Nation. MNDM respected the request to stop the airborne survey. The 127 714 linekilometres aeromagnetic survey was approximately 33% complete when flying ceased.
Two adjacent airborne geophysical surveys are currently underway in the Renfrew and Ottawa areas
(Figure 21.2). The Renfrew area survey is acquiring aeromagnetic gradiometer and gamma-ray spectrometer
data at 200 m flight-line spacing. The aim of the survey is to obtain higher resolution data than the 800 m
flight-line data previously acquired in the 1940s and 1950s. The results of the survey will be used to
supplement the OGS geological mapping projects of the Central Metasedimentary Belt currently
underway in the area.
To the east of the Renfrew area survey, the eastern Ontario survey is being flown to map Precambrian
crystalline basement rocks that are generally overlain by Paleozoic sedimentary strata. The aeromagnetic
gradiometer survey, which, when completed, will cover an area of approximately 12 300 km2, is being
flown at 400 m flight-line spacing. As with the Renfrew area survey, the new data are expected to have
improved resolution and be of higher quality than the older existing data. As well as improving the
understanding of the Precambrian basement geology, it is hoped to identify basement faults that may
propagate into the overlying sedimentary rocks. These structures may provide important information for
groundwater studies in the region.
A third airborne geophysical survey is planned for the winter of 2013–2014. A helicopter-based timedomain electromagnetic (TDEM) and aeromagnetic survey is slated to be carried out in the Nestor Falls
area (see Figure 21.2). The survey, which is to be flown at 200 m flight-line spacing, will help fill a gap in
the EM coverage of the area and will assist in the ongoing geological mapping program in the district.

PURCHASED DATA
From time to time, the MNDM issues Requests For Data (RFD) to invite companies to submit
proprietary airborne geophysical data for possible purchase. The submitted surveys are evaluated on the
basis of size, type, age, location and quality. Offers are then made to purchase the surveys of greatest
interest. This process has proved to be an effective means of acquiring existing airborne geophysical data
at a greatly reduced cost relative to the expense of commissioning new surveys.
Two previously purchased airborne geophysical data sets are currently being reprocessed. Once
complete, they will be released as the Burchell Lake survey and the Latchford area surveys with
Geophysical Data Sets (GDS) 1241 and 1242, respectively. Both surveys are scheduled to be released by
the end of 2013.
As a result of a Request For Data (RFD), issued in the spring of 2013, an airborne magnetic,
radiometric and very low frequency EM (VLF–EM) survey, of approximately 3000 line-kilometres, from
the Scadding Township area was purchased and will be released to the public after reprocessing.
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GEOPHYSICAL DATA RELEASES FOR 2013
Two geophysical data publications were released during 2013. Table 21.1 lists the data sets and
Figure 21.2 shows the locations of the geophysical surveys.
Table 21.1. Summary of geophysical data released by the Ontario Geological Survey in 2013.
Publication ID
GDS 1072
MRD 273–Revised

Data Name
Orangeville area
Magnetic susceptibility geodatabase

Year of Survey
2013
2001–2012

Survey Type
Ground gravity
Magnetic susceptibility

Data Points
6247
28 985

Figure 21.2. Locations of geophysical surveys released, in progress and proposed (survey abbreviations: AM, airborne
magnetic; ARA, airborne radiometric; TDEM, time-domain electromagnetic).
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The data sets comprise the results of the Orangeville ground gravity (described above) and an
updated magnetic susceptibility data set. The magnetic susceptibility data (Muir 2013) is published in
ESRI® ArcGIS® geodatabase format and contains in situ measurements collected during geological
mapping between 2001 and 2012. The magnetic susceptibility data are fully attributed and can be queried
according to rock type, location, project and other criteria.

OTHER ACTIVITIES
The OGS online data warehouse—GeologyOntario (www.ontario.ca/geology)—continues to provide
free downloads of the OGS geophysical data sets as well as other OGS geoscience publications. Hardcopy (paper) reports and maps, and physical media (CD or DVD) of digital data are also available for
purchase through
Publication Sales
Tel:
705-670-5691 (local)
Toll-free: 1-888-415-9845 ext. 5691 (Canada and United States)
Fax:
705-670-5770
E-mail:
pubsales.ndm@ontario.ca
Geoscience data collected by the OGS can also be viewed geographically using the OGSEarth
(www.ontario.ca/ogsearth) application, which helps users with data discovery through a graphical interface
(keyhole mark-up language (.kml) files for use with applications such as Google Earth™ mapping
service). In addition to data discovery through the geophysical indexes (www.mndm.gov.on.ca/en/minesand-minerals/applications/ogsearth/geophysical), embedded links allow the users to download geophysical
maps and data from GeologyOntario.
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INTRODUCTION
During the summer of 2013, field work for an aggregate resources inventory was undertaken by the
Ontario Geological Survey (OGS) for the County of Middlesex, including the City of London, in
southwestern Ontario (Figure 22.1). Middlesex County occupies approximately 331 754 ha and is
bounded to the east by the counties of Perth and Oxford; to the south by the County of Elgin; to the west
by the counties of Chatham-Kent and Lambton; and to the north by the County of Huron. The study area
is covered by all or parts of the following 1:50 000 scale map sheets of the National Topographic System
(NTS): Grand Bend (4 P/5), Parkhill (4 P/4), Strathroy (4 I/13), Bothwell (4 I/12), St. Marys (4 P/6),
Lucan (4 P/3), St. Thomas (4 I/14), Woodstock (4 P/2), Tillsonburg (4 I/5).
The purpose of this study is to delineate the sand and gravel deposits and bedrock formations within
the study area and to assess their potential as an aggregate resource. This information is essential for
construction and infrastructure applications and for land use planning purposes. Approximately 700 field
observations, 100 sand and gravel pit investigations, 2 quarry investigations, 500 material gradation and
aggregate test results, and 7600 other data points (e.g., water well, test holes) will be used to interpret the
aggregate resources of Middlesex County.

SURFICIAL GEOLOGY, PHYSIOGRAPHY AND AGGREGATE
POTENTIAL
The physiography and distribution of surficial material in the County of Middlesex are primarily the
result of glacial activity that took place during the Late Wisconsinan approximately 23 000 to 10 000
radiocarbon years before present (Barnett 1992). The study area was subjected to oscillating ice margins
and multiple ice lobes that have produced a complex suite of tills with distinct properties. The repeated
advance and retreat of the ice lobes, along with fluctuating lake levels and associated fluvial activity
during this time, are the main events that have moulded the landscape. Activity during the Holocene, or
the last 10 000 years has altered Late Wisconsinan deposits via wind and alluvial activity.
During the Late Wisconsinan, 3 periods of ice advance—the Nissouri, Port Bruce and Port Huron
phases—are separated by 2 periods of ice-margin recession, the Erie and Mackinaw phases (Barnett 1992).
The Nissouri Phase marks the main advance of the Laurentide ice during the Late Wisconsinan
(Barnett 1992). The ice sheet moved in a southward direction and, at its farthest extent, covered the entire
study area, extending as far south as Indiana in the United States (Cooper 1979). The record of this
advance in the study area is represented by the Catfish Creek Drift (Barnett 1992). This drift complex is
composed of subglacial till, the Catfish Creek Till, with lesser amounts of glaciofluvial and glaciolacustrine
Summary of Field Work and Other Activities 2013,
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stratified sediments. The Catfish Creek Till is generally a stony, overconsolidated, calcareous, sandy silt to
silt till (Barnett 1992). Fine-grained early and late lobate facies have been recognized to the east within
Oxford County (Bajc and Dodge 2011). There are no surface exposures of the drift complex in the study
area, as these sediments have been deeply buried by later glacial event. As a result, sand and gravel
material of the Nissouri Phase are not identified as having potential as an aggregate resource.
The Erie Phase represents a period of ice recession. The degree of recession is debated, a result of
the limited thickness of Erie Phase deposits. The study area was free of ice during this period (Cooper
1979; Sado 1980). It has been suggested that, during this time, proglacial lakes developed south of the
retreating ice margin in the Erie and Huron lake basins (Barnett 1992). Fine-grained lacustrine material
was likely deposited locally during this interval; however, there is no direct evidence for this. The
subsequent ice advance of the Port Bruce Phase, discussed below, overrode and reworked material
deposited during the Erie Phase incorporating it into its matrix (Barnett 1992). Indirect evidence for these
events is the fine-grained nature of the overlying tills. Other interpretations (Bajc and Dodge 2011)
suggest that the Erie Phase was a period of ice recession with minor readvances of the ice margin.
Evidence for this is thin glaciolacustrine sediments interbedded with tills. Nevertheless, there is no
aggregate potential of the sand and gravel material specific to the Erie Phase.
During subsequent ice re-advances, the flow of ice occurred as lobes originating from the basins
presently occupied by the Great Lakes (Barnett 1992). During the Port Bruce Phase, the study area was
subjected to ice flowing radially outward from the Huron and Erie lake basins. The ice lobes overrode the
Erie Phase glaciolacustrine sediments, discussed above, incorporating them into the tills of the
readvancing ice. This is evidenced by the fine-grained nature of both the Port Stanley Till, deposited by
the Erie ice lobe, and the Tavistock Till, deposited by the Huron ice lobe (Barnett 1992).

Figure 22.1. Location of Middlesex County and surrounding area in southwestern Ontario.
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Ice advancing from the Huron basin deposited multiple layers of Tavistock Drift. The Tavistock
Drift has a complex history with the Tavistock Till being interlaid with fine-textured glaciolacustrine,
outwash and ice-contact stratified sediments produced during successive melting events associated with
the development of proglacial lakes (Sado 1980). The Dorchester, Cherry Grove and Arva moraines were
deposited during these events. A number of predominantly sandy, ice-contact stratified deposits are
associated with the Dorchester, Cherry Grove and Arva moraines. These deposits include the Lakeside,
Cobble Hills and North Dorchester ice-contact deposits. As they are largely sandy and comparatively
small in size, as an aggregate resource they have a reduced potential. These ice-contact deposits are likely
able to supply smaller scale local aggregate needs.
The Dorchester, Cherry Grove and Arva moraines and the Lakeside ice-contact deposits were
overridden by ice which deposited layers of Tavistock till. The morphology of these older deposits is
subdued and likely palimpsest. They faintly extend above the general level of the till plain that extends
across the northeast to central portion of the study area. Part of this area is identified as the physiographic
region of the Stratford Till plain (Chapman and Putnam 1984; Figure 22.2).
Huron basin ice advancing from the northwest met with Erie basin ice advancing from the southeast
during the Port Bruce Phase (Sado 1980). Interbedding Tavistock and Port Stanley tills occurred as the ice
masses abutted and fluctuated against each other in this position. The Ingersoll interlobate moraine marks
the position of this interaction (Sado 1980). In general, The Tavistock Till is located north of the Ingersoll
interlobate moraine, whereas the Port Stanley Till is located to the south. It is, however, likely that the
reach of the Huron and Erie ice lobes extended beyond the Ingersoll moraine (Sado 1980).
The Erie ice lobe advanced from the eastern end of the basin extending northwestward into the area
occupied by the present-day City of London, meeting the Huron ice lobe. The Port Stanley Drift deposited
by this advance consists of several layers of till and associated waterlain sediment including lacustrine
sand, silt and clay (Sado 1980). The Ingersoll moraine is generally composed of a layer of Port Stanley
Till overlying a core of gravel attributed to Catfish Creek Drift. Several kettle lakes (ponds) are present in
the vicinity of the Ingersoll moraine. Directly south of the Ingersoll moraine, the Westminster moraine
was deposited and, similar to the Ingersoll moraine, is composed of layers of Port Stanley Till
interbedded with stratified sediment. These moraines, along with the kettle lakes, have resulted in the area
having a high degree of local relief. As a result, the area is known as the physiographic region of Mount
Elgin ridges (Chapman and Putman 1984; see Figure 22.2).
A large ice-contact deposit located east of Arkona is believed to have been deposited by the Huron
ice lobe. The sand and gravel materials are similar to those forming the core of the Seaforth moraine,
discussed below, and were likely deposited along the same ice margin (Cooper 1979). This deposit, which
extends into the County of Lambton, is a significant source of sand and gravel material for the county.
A later re-advance of the Huron ice lobe, during the latter part of the Port Bruce Phase, resulted in
the deposition of the Rannoch Till (Sado 1980). The Rannoch Till is a strongly calcareous, silt to silty
clay till (Barnett 1992). This till occurs both in till plains and as end moraines including the Mitchell,
Lucan, Seaforth and Centralia moraines in the study area (Barnett 1992). The Huron ice lobe advanced
from the northwest forming the Mitchell moraine, then changed direction to a more westerly direction
forming the Lucan, Seaforth and Centralia moraines (Sado 1980). Morainal ice-contact material
associated with these moraines may be overlain by fine-grained till (e.g., Vanderveer 1989). As a result,
there are a number of buried sand and gravel deposits throughout the study area that will be able to satisfy
local aggregate needs. A number of small ice-contact deposits associated with the moraines and located
on the surface will also be able to provide aggregate for small-scale local projects. The till plains and
moraines deposited at this time comprise the remaining portion of the physiographic region of Stratford
Till plain and a portion of the physiographic region of the Horseshoe moraines (Chapman and Putnam
1984; see Figure 22.2).
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The last incursion of ice from the Huron basin during the Port Bruce Phase resulted in the deposition
of a silty clay to clay till that contains numerous inclusions of glaciolacustrine sediments and overlies the
Rannoch Till (Cooper 1979). This till, informally referred to as the “southern till”, can be found as a
veneer in the southern part of the Seaforth moraine. As a result, the Seaforth moraine is noticeably less
rugged than other moraines in the area (Cooper 1979). In the Strathroy area (east-central portion of the
county), lacustrine deposits merge with and are gradational with the southern till. This till is limited in its
extent and does not represent a major event (Cooper 1979).
Throughout the Port Bruce Phase, ponded meltwater fronted the retreating ice margins, resulting in a
series of discrete lake phases associated with changing water levels in the Great Lake basins. Meltwater
collected, in the western end of the Lake Erie basin and in the southern end of the Huron basin, forming

Figure 22.2. Physiography of Middlesex County (modified from Chapman and Putnam 2007) (Univeral Transverse Mercator
(UTM) co-ordinates provided using North American Datum 1983 (NAD83) in Zone 17).
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glacial Lake Maumee I (Barnett 1992). Glacial Lake Maumee II developed with the northward expansion
of the lake with farther northward retreat of the Huron ice lobe. The delta and outwash complex deposited
at Coldstream and Poplar Hill are believed to have been deposited at this time (Terasmae, Karrow and
Dreimanis 1972). Glacial Lake Maumee III formed as a readvance of ice, possibly marked by the Mitchell
moraine in the study area, blocked meltwater channels, raising the water level of the lake. Subsequent ice
retreat allowed meltwater channels to reopen dropping lake levels to that of glacial Lake Maumee IV
(Barnett 1992).
During the fluctuating levels of glacial Lake Maumee, the Komoka delta, located at the present-day
town of Komoka, was being constructed (Barnett 1992). Large amounts of sediment were carried by
meltwater channels and fed into the lake. Outwash and deltaic deposits continued to be deposited through
to the end of the last major ice advance, the Port Bruce Phase, discussed below. They run from Komoka,
through Bryon to the Fanshawe deposit, largely following the Thames River and its tributaries.
Warmer climate during the Mackinaw Phase caused the further retreat of the ice margins. Lake
levels in the Huron and Erie basins lowered forming glacial Lake Arkona. (Cooper 1979). Exposed
Arkona beach deposits are present in the northwest portion of the study area (Cooper 1979). The beach
deposits are relatively small and thin, and are not well developed. Therefore, these deposits have limited
potential as an aggregate resource.
The last major ice advance in the study area occurred during the Port Huron Phase. The Huron ice
lobe extended into the northwest corner of the study area. The St. Joseph Till was deposited along with
the Wyoming moraine (Cooper 1979). The Wyoming moraine is a dominant feature in the northwest
portion of the study area as it is juxtaposed against a predominantly flat terrain. It is a hummocky belt of
land rising 30 to 60 m above the surrounding till plains. It is approximately 8 km wide and runs parallel to
Lake Huron (Cooper 1979). The outer edges of the till tend to be clast free and enriched in lacustrine
sediments due to the influence of glacial Lake Whittlesey, discussed below (Cooper 1979). The northern
edge of the moraine marks the southern boundary of the physiographic region of the Huron slope. The
Wyoming moraine and associated St. Joseph till plain make up the remainder of the physiographic region
of the Horseshoe moraines and a portion of the Huron slope (Chapman and Putnam 1984; see Figure 22.2).
During and continuing until shortly after the Port Huron Phase, glacial Lake Whittlesey developed
around the perimeter of the ice sheet as readvancing ice had closed off the eastern drainage outlets
(Barnett 1992). Lake Whittlesey water levels began to recede a short time after the Port Huron ice
advance (Cooper 1979). While Lake Whittlesey was a relatively short-lived lake, it deposited up to 10 m
or more of sediments in the Ausable River valley (Cooper 1979).
The deltaic and outwash deposits located in and around the City of London proper were deposited
during the stages of glacial Lake Maumee and glacial Lake Whittlesey. These deposits, which occur from
Komoka, west of the City of London, to the Fanshawe Dam area, developed in association with glacial
lakes by extensive fluvial systems flowing down the present-day Thames River valley (Barnett 1992).
These deposits occupy the physiographic region identified at the Caradoc sand plains and London Annex
(Chapman and Putnam 1984; see Figure 22.2). The gravel content varies, with some portions of the
deposits being only a sand source. Even so, these deposits are generally thick and consistent in nature and
represent the most important source of sand and gravel in the study area.
During the numerous lake stages, thick sequences of clay, silt and sand were deposited in the lake
basins. The southwest portion of the study area contains a thick sequence of these fine-grained deposits.
These areas are identified as the physiographic regions of the Ekfrid clay and Bothwell sand plains
(Chapman and Putnam 1984; see Figure 22.2). With the retreat of glacial lakes during the Holocene, the
fine sand material of the Bothwell sand plain deposited with the lakes was now left exposed. Wind action
reworked much of these deposits. A number of dunes have been identified in the extreme southwest corner
of the study area. The fine nature of the material of these deposits leaves them with little aggregate potential.
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As the ice margins began to recede from their maximum, lake levels fell to the glacial Lake Warren
level (Barnett 1992). The lake roughly parallelled present-day Lake Huron and extended into the
northwest corner of the study area abutting the Wyoming moraine. Wave action reworked material and
developed a relatively large beach deposit. It is approximately 1.5 km at its widest and 20 km long. The
deposit is not significant to the county as a whole, but is an important resource to aggregate-poor
municipalities in the northwest. The glacial Lake Warren beach deposits along with deeper lacustrine
sediments comprise of the remainder of the physiographic region of the Huron slope (Chapman and
Putnam 1984; see Figure 22.2).
Following the Port Huron Phase, all of the study area was free of ice and the majority of the study
area was free of glacial lakes. Individual lakes formed in the Great Lake basin and the shores of early
Lake Erie failed to extend into the study area. The waters of the Lake Huron basin, however, combined
with those of the Michigan basin forming glacial Lake Algonquin (Barnett 1992). The lake extended into
the northwest corner of the study area.
During the Holocene, the Nipissing Phase developed in the Lake Huron basin. In the study area, the
extent of glacial Lake Algonquin and the Nipissing Phase are identical with both lakes extending into
only the very far northwest corner of the area. As a result, the beach deposits of Lake Algonquin and
Nipissing cannot be differentiated. The small beach deposits of glacial Lake Algonquin–Nipissing define
the edge of the physiographic region of the Huron Fringe (Chapman and Putnam 1984; see Figure 22.2).
None of the deposits associated with glacial Lake Algonquin or the Nipissing phase have significant
potential as an aggregate resource.

Aggregate Quality
It is important to note that the sand and gravel sources within the study area are not always of the
quality required for high-specification aggregate products such as those used in concrete and asphalt
applications. At times, significant amounts of chert and shale were observed in the field. In addition,
aggregate test results obtained from the Ministry of Transportation confirm these observations. In
particular, this was noted to occur in many of the deltaic and outwash deposits in the study area. The
probability of beneficiation being required on sand and gravel resources of Middlesex County to mitigate
the presence of chert is fairly high.

BEDROCK GEOLOGY AND AGGREGATE POTENTIAL
Middlesex County is underlain by a thick succession of Devonian Paleozoic rock, generally
limestone and shales (Figure 22.3).
The Lucas Formation is the oldest Paleozoic unit underlying the study area. This Middle Devonian
formation consists of limestone, dolostone, anhydritic beds and locally sandy limestone. The Lucas
Formation is subdivided into 3 lithological units: the Lucas Formation undifferentiated, the Anderdon
Member limestone and the Anderdon Member sand limestone (Armstrong and Cater 2010).
The Lucas Formation is disconformably overlain by limestones of the Dundee Formation. The
Middle Devonian formation consists of grey to tan to brown, fossiliferous, medium- to thick-bedded
limestones and minor dolostones. Oil staining and chert nodules are commonly observed in the formation
(Armstrong and Cater 2010). This formation is quarried near St. Marys in the County of Perth for the
manufacturing of Portland cement (Rowell 2013).
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The Hamilton Group, comprising calcareous shales with limestone interbeds, disconformably
overlies the Dundee Formation. The group consists of 6 formations. In ascending stratigraphic order (i.e.,
oldest to youngest), they include
•

The Bell Formation disconformably overlies the Dundee Formation. It consists of blue-grey,
soft, calcareous shales with abundant fossils. The basal contact with the Dundee Formation is
commonly marked by the presence of pyrite (Armstrong and Carter 2010).

•

The Rockport Quarry Formation consists of grey- to-brown, fine-grained, argillaceous limestone.
The basal contact with the underlying Bell Formation is sharp (Armstrong and Carter 2010).

Figure 22.3. Bedrock geology of Middlesex County (modified from Armstrong and Dodge 2007) (UTM co-ordinates in NAD83,
Zone 17).
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•

The Arkona Formation conformably overlies the underlying Rockport Quarry Formation; the
contact between the 2 formations is gradational. The formation consists of blue-grey, soft,
calcareous shale, with thin argillaceous limestone beds (Armstrong and Carter 2010). The
formation has been extracted in the past for use in the manufacturing of brick and tile. Detailed
information on the formations role in the manufacturing of brick and tile is provided by Rowell
(2009, 2012).

•

Disconformably overlying the Arkona Formation is the Hungry Hollow Formation. The
formation consists of an upper coral-rich, calcareous, shale-dominated interval and a lower
fossiliferous, bioclastic limestone (Armstrong and Carter 2010). Bedding contacts are sharp and
often pyritized (Armstrong and Carter 2010).

•

Conformably overlying the Hungry Hollow Formation is the Widder Formation. The formation
consists of calcareous, grey to brown-grey shale interbedded with bioturbated, fine-grained,
argillaceous, nodular limestone and coarse-grained bioclastic limestones (Armstrong and Carter
2010).

•

Sharply, but conformably overlying the Widder Formation is the Ipperwash Formation. The
formation consists of grey-brown, fine- to coarse-grained, argillaceous and bioclastic limestone
with shaly interbeds (Armstrong and Carter 2010).

The general shaly nature of the Hamilton Group formations makes them unsuitable for use as a
typical aggregate product.
Disconformably overlying the Hamilton Group is the Kettle Point Formation. This Upper Devonian
formation consists of dark brown to black organic-rich shales and siltstone. Beds of organic-poor, greygreen silty shale and siltstone interbeds are common. Kettle Point is an exposed bedrock shelf located
north of the study area. The type section of the Kettle Point Formation exposes large round concretions,
called “kettles”, for which the formation is named.
The only outcropping of bedrock occurs in the western portion of the study area along the Ausable
River where the Arkona Formation of the Hamilton Group is exposed. Subsequently, the only licenced
quarries in the study area are located at these outcroppings. As discussed above, the Arkona Formation
has been used for the manufacturing of brick and tile, but is not suitable for typical aggregate
applications. All other areas with shallow overburden (<8 m), and therefore economical for bedrock
extraction, generally occur in areas along deep river valleys. The restricted size of these areas along with
a number of planning and environmental constraints makes these areas unsuitable for licensing and
extraction. For these reasons above, the potential for bedrock extraction to produce suitable aggregate is
not likely in the study area.

PRELIMINARY CONCLUSIONS
The 2013 field work indicates that the most significant aggregate resources available in Middlesex
County are the outwash and deltaic complexes deposited by meltwater channels during the numerous
stages of glacial retreat. The largest of these deposits, the Komoka, Byron and Fanshawe complexes, are
well known in the area and are currently the most active deposits due to their quantity, quality and
location close to the urban centre. All of these deposits have significant resource depletion due to
previous extraction and are, or have already in the case of the Byron complex, experiencing intense
sterilization due to urban encroachment. Remaining areas of these deposits should be protected for future
extraction. Smaller outwash, ice-contact and beach deposits located throughout the county will be able to
supply local road needs.
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INTRODUCTION
The County of Oxford and the County of Brant (herein referred to as “Oxford County” and “Brant
County”, respectively) occupy 295 532 ha in southwestern Ontario (Statistics Canada 2011). The study
area is bounded to the east by the City of Hamilton; by the Regional Municipality of Waterloo and the
County of Perth to the north; to the west by the County of Middlesex; and to the south by the counties of
Elgin, Norfolk and Haldimand. The study area is covered by all or parts of 9 National Topographic
System (NTS) 1:50 000 scale map sheets. The 9 map sheets from the northwest to the southeast are
St. Marys (40 P/6), Lucan (40 P/3), Stratford (40 P/7), Woodstock (40 P/2), Tillsonburg (40 I/15),
Cambridge (40 P/8), Brantford (40 P/1), Simcoe (40 I/16) and Grimsby (30 M/4).
Assessment of the aggregate resources (both sand and gravel deposits, and bedrock-derived
aggregate resources) will be based upon 967 field station observations, 201 gradation results and 7169
other data points (e.g., water well records, geotechnical boreholes, oil and gas wells, and other drill
holes). The final maps and report for this project should be available in the spring of 2014.

SURFICIAL GEOLOGY
The distribution of surficial materials in Oxford and Brant counties are primarily the result of glacial
activity that took place during the Late Wisconsinan (Barnett 1992). This period, which lasted from
approximately 23 000 to 10 000 years BP, was marked by the repeated advance and retreat of glacial ice
originating in the Huron–Georgian Bay and the Erie–Ontario basins (Cowan 1970, 1975a, 1975b, 1975c;
Karrow 1977, 1987, 1993a; Barnett 1982). The direction of ice movement in the study area is generally
recorded by depositional forms (drumlins, moraines and fluted ground moraine). As the ice advanced
across the study area, debris from the underlying soil and bedrock accumulated within and beneath
the ice. The debris—a mixture of stones, sand, silt and clay—was deposited over large areas of the
map area as till plains, drumlins and moraines.

Bedrock Topography and Overburden Thickness
The bedrock topography underlying Oxford and Brant counties is generally flat lying with a gentle
regional dip to the south. The bedrock surface elevation varies from approximately 310 m asl in the
northwest (Tavistock–Hickson area) to approximately 172 m asl in the southeast corner of Brant County,
and approximately 204 m asl in the southwest corner of Oxford County. Two significant bedrock features
occur in the study area. The Dundas Valley, a deep valley cut into the underlying bedrock surface, trends
east from the St. George area in Brant County to Dundas and then northwesterly from St. George to the
Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.23-1 to 23-11.
© Queen’s Printer for Ontario, 2013
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Kitchener–Waterloo area. Further details on this bedrock feature are provided by Marich et al. (2011).
The second is the Onondaga Escarpment, a buried-bedrock scarp that trends westward from upstate New
York to the Fort Erie area and then northwesterly to the southeast corner of the map area and
northwesterly from there. Recent drilling by Bajc and Dodge (2011) has helped to delineate the position
and trend of this bedrock feature. The caprock of the escarpment is a series of erosion-resistant limestones
and dolostones.
Generally, the overburden cover throughout the study area is quite thick. Water-well records indicate
an overburden thickness from 0 m (bedrock outcrops located along the Grand River at Paris), to
approximately 2.5 m of overburden (along the Thames River in the Woodstock to Ingersoll area), to over
92 m of overburden in the St. George area (overlying the Dundas Valley). The average overburden
thickness in the study area for water-well records that intersect the bedrock surface is 33.9 m (based on
3096 bedrock-intersecting water-well records). Figure 23.1 shows the overburden thickness throughout
the map area.
The surface elevation of the study area has the same general trend as the bedrock surface noted
above; specifically, a higher elevation in the northwest and dipping to the southwest and southeast. The
highest surface elevation noted in the northwest corner of the study area is approximately 366 m asl in the
Tavistock–Hickson area. The highest point in the northeast corner of the map area is approximately 296
m asl, whereas the lowest surface elevation in the southeast corner of the study area is approximately 189
m asl along the Grand River. Finally, the lowest surface elevation in the southwest corner of the map area
is approximately 216 m asl. Cowan (1975c) noted an isolated high surface elevation of 381 m asl just
south of the City of Woodstock.

Till and Related End Moraines
Overlying the Paleozoic bedrock is a complex sequence of unconsolidated Quaternary sediments.
Because the area has been affected by multiple ice lobes over an extended period of time, the area has a
rather complicated depositional history. One of the oldest buried till units in the study area is the Catfish
Creek Till. Its presence has been widely documented in water-well records, boreholes and subsurface
exposures throughout a large portion of the study area (e.g., deep-cut river valleys, roadcuts and quarry
sections). The Catfish Creek Till has been mapped at surface just southwest of Tavistock. The till was
deposited during the Nissouri Phase (Stadial) approximately 23 000 to 17 000 years BP. It is generally
described as an extremely compact, moderately to very stony to bouldery (up to 15%), sandy silt to silty
sand till. The till is generally 3 to 6 m thick in the study area (Cowan 1975a), but Bajc and Dodge (2011)
report much greater thicknesses in some of the boreholes they examined. The till appears yellow to buff to
olive in colour when oxidized and grey when unoxidized. Pebble lithology and till fabric analysis
suggests that the till was deposited by a major ice advance into the map area from the north-northeast
(Georgian Bay lobe). A reddish-brown, substratified, clayey-silt till-like material often occurs on the
upper surface of the Catfish Creek Till (Cowan 1970, 1975c). This material is considered to be englacial
debris deposited subaqueously into a proglacial lake near the start of the Erie Phase (Interstadial). There
are areas where the Catfish Creek Till lies directly on the bedrock surface. In other areas, the Catfish
Creek Till overlies older unconsolidated sediments including older till units and nonglacial (interstadial)
glaciolacustrine or lacustrine sediments. Because the Catfish Creek Till is relatively consistent and
homogeneous across much of southwestern Ontario, it is an important regional stratigraphic “marker bed”
as indicated in Figure 23.2.
The only named pre-Catfish Creek till in the study area is the Canning Till (Cowan 1970, 1975a;
Karrow 1993a), named after the community of Canning where the type section of this till can be found
along the Nith River. The till is described as a reddish-purplish to dark greyish brown, clayey to clayeysilt, nearly stone-free till. Till matrix analysis indicates 32 to 60% clay, 1 to 23% sand and a calcite to
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Figure 23.1. Overburden thickness of Oxford and Brant counties.
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Figure 23.2. General Quaternary stratigraphy in Oxford and Brant counties.
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dolomite ratio of 0.8 to 1.1 (Karrow 1993a). The reddish colour of this till, and the presence of granules
of red shale, are indicative of the Queenston Formation located along the base of the Niagara Escarpment,
suggesting that this till was deposited by ice moving from the Erie–Ontario basin (i.e., the ice advanced to
the north-northwest). Cowan (1975a) reported glacial striae directly below the Canning Till at 168° to
177°, and a till fabric with an average of 130°. The Canning Till is believed to be Early Wisconsinan
(Cowan 1970, 1975c; Barnett 1992) or older (Bajc and Dodge 2011). The distribution of the Canning Till
appears to be discontinuous or “patchy” and, therefore, is shown as discontinuous in Figure 23.2. There
are areas where the Canning Till lies directly on the bedrock surface. In other areas, the Canning Till
overlies older unconsolidated sediments including older unnamed till units and nonglacial (interstadial)
alluvial, glaciolacustrine or lacustrine sediments. Cowan (1970, 1975c) describes and characterizes an
unnamed till stratigraphically below the Canning Till: he correlates this unit to “Till A” as described by
Westgate and Dreimanis (1967). Overlying the Canning Till in many areas throughout the study area are
fine-textured, nonglacial (interstadial) glaciolacustrine or lacustrine sediments (Cowan 1970, 1975a).
Cowan (1970, 1975a, 1975c) states that there does not appear to be any till sediments of Middle
Wisconsinan age in the study area, although he clearly indicates the presence of nonglacial (interstadial)
sediments and organic material (wood). Cowan (1970, 1975a, 1975c) draws this conclusion from the logs
of water wells drilled within the study area, and even provides some of these logs in his report (Cowan
1970). Furthermore, Cowan (1975c) analyzed organic material from the Innerkip area by radiocarbon
techniques and obtained ages of 33 300 to >43 000 years BP, suggesting that this material is of Port
Talbot Phase (Interstadial) age (Middle Wisconsinan). Bajc and Dodge (2011) were able to test some
organic material from similar nonglacial (interstadial) sediments and report radiocarbon ages ranging
from 23 500 to 50 500 BP. The age of these sediments are part of an ongoing study.
Disconformably overlying the Catfish Creek Till, either directly or in some areas over layers of
nonglacial (interstadial) glaciolacustrine or lacustrine sediments, is the Maryhill Till. This till unit has
been mapped on surface in the northeastern part of Oxford County (Karrow 1993b). The Maryhill Till
was deposited by Erie–Ontario ice and is correlative to the Stirton Till deposited by Huron–Georgian Bay
ice, further to the northwest.
Stratigraphically above the Maryhill Till is the Tavistock Till. This till is generally located in the
northwestern part of the map area. Cowan (1975a) mapped this area as the Zorra Till, but later correlated
the Zorra and Tavistock as the same till. In the study area, the Tavistock Till has been described as a
dolomitic, highly calcareous, stiff to very stiff, brown to yellowish-brown, sandy silt to clayey silt till
(Cowan 1975a). The clast content is low, usually less than 5%, and is dominated by carbonate and shale
clasts, with many of the shale clasts being from the Kettle Point Formation to the west of the study area
(Brown 1985). Till matrix analysis indicates 20% sand, 26% clay, 54% silt and a calcite to dolomite ratio
of 1.4. It has been suggested that the Tavistock Till was deposited by a readvance of the Huron–Georgian
Bay ice during the Port Bruce Phase (Stadial), and is slightly younger or contemporaneous with the Port
Stanley Till of the Erie–Ontario lobe (see Figure 23.2). The variability of the till texture can be explained
by the ice overriding previously deposited material (i.e., clayey silt where the ice overrode fine-grained
sediments and sandy silt where previous sediments were sandier). The till has a thickness that varies from
1 to 9 m in the study area. The till is generally a basal till and an ablation till locally (Feenstra 1975).
The Port Stanley Till is slightly older or correlative to the Tavistock Till, but was deposited by ice
moving from the Erie–Ontario basin during the Port Bruce Phase (Stadial). The till is described as a stiff
to very stiff, dark brown to brown to yellowish-brown, clayey silt to silt till. It has been estimated to be
from 1.5 to 10.5 m thick in the study area with up to 27.5 m recorded in end moraines (Cowan 1975a).
The till matrix has a total carbonate content of about 38% and a calcite to dolomite ratio of 0.8. Most
pebbles are subangular to angular (Cowan 1975c). A sandy facies of this till has been identified in the
Woodstock area (Bajc and Dodge 2011). The Port Stanley Till often overlies older till units or undisturbed
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Erie Phase (Interstadial) glaciolacustrine or lacustrine sediments. The Port Stanley Till is mapped in the
study area as far north as the Ingersoll moraine in the west, and may be present as far north as Embro
(Cowan 1975a). The till extends eastward toward the City of Brantford. The till is associated with the
Ingersoll, Norwich and Tillsonburg moraines. Many of the low-lying, till-covered areas between these
end moraines are also comprised of Port Stanley Till.
In the eastern part of the study area is the Wentworth Till. This till is described as a strongly calcareous,
silty sand till. The matrix of the till contains about 30 to 40% carbonate content with a clast content ranging
from 7 to 10% (Karrow 1987; Barnett 1992). The clasts are often angular to subangular to subrounded,
indicating transport over a short distance. Average grain size analysis of the till matrix indicates 50%
sand, 35% silt and 15% clay, with a calcite to dolomite ratio of 0.8 (Cowan 1975a). The till is believed to
be Mackinaw Phase (Interstadial) in age (see Figure 23.2). The Wentworth Till can be found in, or
capping, the Paris, Galt and Moffat moraines, as well as a few partially buried drumlins that are located in
the eastern part of the study area. These moraines form part of the Horseshoe moraine physiographic
region as defined by Chapman and Putnam (1984). Sediments in the Paris, Galt and Moffat moraines
have been partially reworked and flattened by wave action from glacial lakes Whittlesey and Warren.
Till is generally not suitable for the production and manufacture of aggregate products because it
often has a high fines content (therefore considered “dirty”) and may have a high percentage of oversized
material (cobbles, boulders). Therefore, to manufacture granular material would require significant
handling and processing, which can be uneconomical.
There are 3 other moraines located in the study area: the St. Thomas moraine, Waterloo moraine and
Dorchester moraine. These will be discussed in the final report because these moraines are often
associated with significant buried granular material: one important aspect of the final report will be buried
granular material. Some of the other moraines already discussed are also known to be partially cored by
granular material (e.g., Ingersoll moraine).

Glaciofluvial Deposits
As the glacial ice receded from the study area, sediment-laden meltwater flowing within and beneath
the ice deposited a few small esker ridges (along the southern boundary of the County of Perth and the
Regional Municipality of Waterloo) and other ice-contact deposits, particularly in the north-central part of
the map area. These deposits can be recognized by their internal structure, which includes abrupt grainsize changes, collapse structures and inclusion of till. Granular material within eskers and other icecontact deposits is generally clean and varies from sand to gravel to crushable sized clasts, suitable for the
manufacture of aggregate products.
Glaciofluvial outwash deposits occur as meltwater channel fills, outwash plains and outwash
terraces, distributed throughout the study area, but are particularly noticeable and concentrated along the
Grand, Thames and Nith rivers. The outwash deposits are generally 1 to 5 m thick. The lithology (chert
content) of some of the coarse aggregate clasts may limit the suitability of these granular resources for the
production of high-specification aggregate products.

Glaciolacustrine Deposits
As the glacial ice continued to recede from the study area, large volumes of glacial meltwater
accumulated in front of the retreating ice margin, forming glacial Lake Whittlesey and, later, glacial Lake
Warren (starting approximately 13 000 BP). As the sediment-laden meltwaters flowed into these glacial
lakes, glaciolacustrine deltas, subaqueous fans and glaciolacustrine plains would have been deposited.
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Many of the glaciolacustrine deltaic deposits have been included and mapped as outwash deposits
(Cowan 1970). Some of these sediments would have been reworked by glacial lake shoreline processes
forming glaciolacustrine beach deposits. Shoreline features at approximately 275 m asl have been
associated with glacial Lake Whittlesey (Cowan 1975a; Feenstra 1981; Karrow 1987; Barnett 1982),
whereas shoreline features with an elevation from 256 to 265 m asl have been correlated to glacial Lake
Warren. The granular materials associated with these surficial deposits have provided valuable aggregate
material to local and surrounding municipalities.

General Glacial History
Following the deposition of the Canning Till in the Early Wisconsinan or older, there was deposition
of nonglacial (interstadial) lacustrine and/or alluvial sediments (Cowan 1975c; Bajc and Dodge 2011).
These sediments may represent early proglacial lakes, local ponding or alluvial sedimentation. The
deposition of the Catfish Creek Till represents a major advance of glacial ice from the north-northeast into
the study area. This advance during the Nissouri Phase (Stadial) covered all of southwestern Ontario and
extended into Ohio at approximately 23 000 to 17 000 years BP (Late Wisconsinan). Approximately
16 000 years ago, the ice retreated north of the study area, at least as far as Mount Forest (Cowan 1979)
during the Erie Phase (Interstadial). Nonglacial (interstadial) glaciolacustrine or lacustrine sediments were
deposited at this time in proglacial lakes or in local ponds (Cowan 1975c). This was followed by a
readvance of the Huron–Georgian Bay ice to the Ingersoll–Woodstock area depositing the Tavistock Till.
At approximately the same time or slightly earlier, ice advancing from the Erie–Ontario basin deposited
the Port Stanley Till (Barnett 1982), at least as far north as the Ingersoll moraine. As this ice began to
recede from the area, the ice front halted temporarily and deposited the Norwich and Tillsonburg
moraines, both associated with the Port Stanley ice. The ice retreated from most of the map area during
the Mackinaw Phase (Interstadial), followed by an oscillation of the Erie–Ontario ice depositing the
Wentworth Till, at least as far west as the Paris moraine (approximately 13 300 years BP). The
Wentworth Till is also associated with the Galt and Moffat moraines located to the east of the Paris
moraine in the study area.
Glacial meltwaters flowing beneath and away from the ice margin deposited a number of
glaciofluvial ice-contact and outwash deposits. Glacial meltwaters flowing into glacial Lake Whittlesey at
approximately 13 000 years BP; later, glacial Lake Warren deposited glaciolacustrine deltaic and
subaqueous fan deposits. Shoreline processes (e.g., wave action) reworked shoreline sediments into
glaciolacustrine beach deposits; fine-grained sediments were deposited offshore (deep-water sediments)
forming glaciolacustrine plain deposits. Far greater detail on the Quaternary geology and glacial history
of the study area are provided by Barnett (1982, 1992), Cowan (1970, 1975a, 1975c), Karrow (1977,
1987, 1993a) and Sado (1980). Bajc and Dodge (2011) provide a different interpretation and description
of some of the sediments based on their observations.

BEDROCK GEOLOGY AND RESOURCE POTENTIAL
The oldest Paleozoic rocks in the study area are the moderately to well-laminated, tan to tan-brown
to brown, fine- to medium-crystalline, saccharoidal dolostones of the Upper Silurian Guelph Formation;
located along the eastern part of the map area (Johnson et al. 1992; Armstrong and Dodge 2007). There
are a number of biohermal (reef) structures in the rock unit with a porous, coarser texture and numerous
fossil fragments. The Guelph Formation is generally acknowledged to have high chemical purity (Kelly
1996) and has been used for the production and manufacture of cement, metallurgical flux, agricultural
lime and chemical stone in the Hamilton to Guelph area. The Guelph Formation is locally soft and porous
and may not be suitable for use as aggregate particularly where the formation contains reefal material;
however, the Guelph Formation can also be quite competent in other locations and is capable of meeting
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high-specification aggregate products. The Ontario Geological Survey has an active project currently
underway to try to better define and delineate where the Guelph Formation is acceptable for aggregate
production (Rowell, this volume, Article 25).
Overlying the Guelph Formation are the buff, fine-crystalline dolostones; greenish grey and reddish
shales; and evaporites (salt and gypsum) of the Upper Silurian Salina Group, which are located to the
west of the Guelph Formation in the eastern part of the map area. The Salina Formation has recently been
upgraded to Group status by Armstrong and Carter (2010). The Salina Group was deposited during
evaporite conditions in the Late Silurian. Lateral lithological changes are thought to be due to uplift of the
Algonquin Arch (Johnson et al. 1992). The Salina Group rocks have not been utilized for the production
of aggregate due to a thick overburden cover, poor accessibility, a high shale content, and poor physical
properties (Hewitt 1960). Salt extraction from the Salina Group occurs in southwestern Ontario near
Windsor and Goderich, as well as a number of salt brine wells.
South of the map area, gypsum-rich beds of the Salina Group have been mined and processed to
manufacture gypsum wallboard (Guillet 1964). Gypsum had previously been extracted in the Paris and
Drumbo areas (Guillet 1964), and gypsum beds of the Salina Group are exposed in outcrops along the
Grand River near Paris (Cowan 1970). There is little doubt that gypsum beds underlie other areas of the
study area (Guillet 1964; Bajc and Dodge 2011), but bed thickness, depth to these beds and purity play an
important role in the economic development of this resource.
The Upper Silurian Bass Islands Formation conformably overlies the Salina Group. The lithology of
the Bass Islands strata consists of buff to brown, fine-grained dolostone in even, vertically jointed, thin to
medium beds (Johnson et al. 1992). Locally, thick beds up to 60 cm are present. The formation does not
generally contain fossils. The formation is overlain by a thick overburden cover and does not crop out in
the study area except for a small area near Innerkip. A sample of Bass Islands Formation rock was
submitted for standard aggregate testing by Rowell (2012) and some strata have historical use for the
manufacture of lime elsewhere in southwestern Ontario (Hewitt 1960). The Bass Islands Formation is
roughly equivalent to the Bertie Formation located in the Niagara Peninsula (Johnson et al. 1992).
Disconformably overlying the Bass Islands Formation are the greenish-grey to grey-brownish, thinto medium-bedded, fine- to medium-grained, fossiliferous, bioturbated, cherty limestones and dolostones
of the Lower Devonian Bois Blanc Formation (Johnson et al. 1992). The unit is locally very fossiliferous
containing rugose and tabulate corals, brachiopods, and some amphipora. Perhaps most characteristic of
this unit is the presence of abundant nodules and lenses of white chert. In some weathered exposures, the
chert can form up to 90% of the rock. The formation is between 3 and 50 m thick and is generally thicker
toward the centre of the Michigan Basin (Johnson et al. 1992). The formation is covered by a thick and
extensive overburden cover and only crops out in the Innerkip area. South of the study area, the formation
has been quarried at Hagersville, Cayuga and Port Colborne for crushed stone suitable for base course
aggregate. The Bois Blanc and Bass Islands formations have been extracted near Innerkip for the
production of lime and railway ballast (Hewitt 1960). The high chert content of this unit makes it
unsuitable for the production of asphalt and concrete aggregate.
The Amherstburg Formation is a Middle Devonian formation with the lower part of the formation
possibly Lower Devonian in age (Johnson et al. 1992; Armstrong and Carter 2010). The formation varies
from 0 to 50 m thick and consists of tan to grey-brown to dark brown, fine- to coarse-grained, bituminous,
bioclastic, fossiliferous, commonly cherty limestones and dolostones. Fossils that have been noted in the
formation include rugose and tabulate corals, brachiopods, crinoids, cephalopods and trilobites (Johnson
et al. 1992). In the Teeswater–Formosa area of southern Bruce County, biohermal limestone and
dolostone units are considered to belong to the Amherstburg Formation (Uyeno, Telford and Sanford
1982). This biohermal facies is known locally as the Formosa Reef Limestone or Formosa reef facies.
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The Amherstburg Formation is covered by thick overburden and does not crop out in the map area,
however, it is exposed in the lower benches of the Lafarge Zorra Quarry. Historically, the main utility of
the strata has been for the production of cement, metallurgical flux, agricultural lime, chemical stone and
granular material (Hewitt 1960). Use of the stone for high-specification aggregate (concrete and asphalt)
is less likely, due to the porous and sometimes soft nature of the rock (Hewitt 1960).
Conformably overlying the Amherstburg Formation in the study area is the Lucas Formation. The
formation consists of brownish-grey, brown and cream, thin- to thick-bedded, fine crystalline dolostone;
and high purity limestone and sandy limestone. Locally, the strata contain chert nodules, bituminous
streaks, algal laminae and anhydritic beds. Rutka and Birchard (1993) and Birchard, Rutka and Brunton
(2004) have proposed 4 depositional environments for the various lithologies noted within the Lucas
Formation in the Michigan Basin and 5 depositional environments for the Lucas Formation in the
Appalachian Basin.
The Lucas Formation contains a high-purity limestone facies, referred to as the Anderdon Member.
The Anderdon Member generally occurs in the upper part of the Lucas Formation; however, in the
Ingersoll to Woodstock area, the Anderdon Member is reported to comprise the entire Lucas interval
(Uyeno, Telford and Sanford 1982). The Anderdon Member is described as a light to dark grey-brown,
thin- to medium-bedded, fine-grained, sparsely fossiliferous limestone; alternating with coarse-grained,
bioclastic limestone. The Anderdon Member also contains a medium- to massive-bedded, medium- to
coarse-grained, fossiliferous sandy limestone facies. Historically, the Lucas Formation (Anderdon
Member) has been extracted in the Ingersoll to Woodstock area for the production of cement, and
chemical and metallurgical stone.
Disconformably overlying the Lucas Formation are the grey to tan to brown, fossiliferous, mediumto thick-bedded limestones and minor dolostones of the Dundee Formation. The formation is
approximately 35 to 45 m thick and displays bituminous partings and oil staining in more porous
segments and along fractures (Johnson et al. 1992; Armstrong and Carter 2010). Chert nodules are locally
abundant. Fossils are generally abundant and include crinoid debris, brachiopods, rugose and tabulate
corals, trilobites and algal cysts. The Dundee Formation is quarried near Port Dover and on Pelee Island
for crushed stone, and is extracted near St. Marys for the manufacture of cement (Derry Michener Booth
and Wahl and Ontario Geological Survey 1989; Rowell 2013).
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INTRODUCTION
High-purity silica deposits are a source of industrial silica sand that can be used for a variety of uses
including abrasives, filtration, foundry, glassmaking and silicon metal applications. There has also been a
recent increased demand for silica sand proppant because of the recent increased demand for North
American oil and gas production and technological advances in horizontal drilling and fracturing
techniques.
Proppant—more commonly referred to as “frac sand”—are sized particles that are mixed with
fracturing fluids to hold fractures open after hydraulic fracturing treatment has been completed. The
chemical and physical properties of these frac sands are extremely important for providing an open and
efficient conduit that allows fluids and gases to drain from a reservoir. As a result, the demand for frac
sand has been increasing over the past 10 years and growth in the frac sand industry has experienced yearto-year increases of 16% in Canada and 45% in the United States (Sangster et al. 2011).
Frac sand specifications are regulated by the American Petroleum Institute (API) with the current
standard being API RP 56. The specifications are rigid and, therefore, suitable deposits are limited. Frac
sands are generally produced from high-purity quartz (silica) sandstones or unconsolidated deposits.

Standard Frac Sand Tests
MINERALOGY AND GEOCHEMISTRY
Frac sand must be greater than 99% quartz or silica. From previous work completed on silica
deposits throughout Ontario (see “Referencesˮ), there are deposits in Ontario that meet this particular
specification.

GRAIN SIZE
There are a variety of grain sizes that can be used to manufacture a frac sand, but the grains must be
reasonably uniform as noted below. The standard grain sizes for frac sand are
US Sieve No.
8–12
10–20
20–40
70–140

Screen Size
2.38–1.68 mm
2.00–0.84 mm
0.84–0.42 mm
210–105 µm

The 20 to 40 US sieve size (0.84–0.42 mm) is the most widely used sand fraction.
Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.24-1 to 24-12.
© Queen’s Printer for Ontario, 2013
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The sieve analysis information is also valuable in designing a wet processing facility, specific to the
nature of the material within the deposit. It also helps to establish the type and size of the equipment
required, if settling ponds will be required and the nature of the slurry, and whether scrubbing and other
beneficiation processes will be necessary. All of this information is critical to the economic evaluation of
the deposit.

PARTICLE SHAPE (SPHERICITY AND ROUNDNESS)
The specifications outlined by the API require an estimate of how closely the quartz grains conform
to a spherical shape and their relative roundness. The grain is assessed by determining the following ratio:
the average radius of the corners divided by the radius of the maximum inscribed circle. Krumbein and
Sloss (1963) devised a chart for the visual estimation of sphericity and roundness. The API specification
recommends sphericity and roundness values of 0.6 or greater.

CRUSH RESISTANCE
Frac sands are injected into deep rock formations, a process that exerts extremely high pressures on
the sand grains. A general rule of thumb is the deeper the well, the higher the pressure exerted on the frac
sand particle. Well drillers do not want the frac sand grains to break apart under pressure for one simple
reason: broken sand grains can actually plug the conduit and make it more difficult to extract the oil and
gas resource.
The API specification requires frac sand particles to be subjected to pressures of between 600 and
4000 pounds per square inch for 2 minutes in a uniaxial compression cylinder to determine their crush
resistance. The allowable limit for the amount of fines (crushed or broken particles) generated by this test
are listed below:
US Sieve No.
6–12
16–30
20–40
30–50
40–70

Maximum Fines (Breakage) by Weight
20%
14%
14%
10%
6%

An alternate measurement of the crush resistance has been proposed and accepted by the
International Organization for Standardization (ISO). Sand particles are subjected to higher pressures of
between 1000 and 15 000 pounds per square inch (psi) using 1000 psi increments, regardless of sand
fraction size tested (ISO 13503-2). The maximum crush resistance is the psi value below the point where
breakage is 10% or greater. For example, breakage is 8.2% at 3000 psi and 10.9% at 4000 psi. The crush
resistance of this hypothetical sample would be 3000 psi. The OGS sample was tested using the ISO
13503-2 standard.

SOLUBILITY
This test measures the loss in weight of a sample that has been added to a 100 mL solution consisting
of 12 parts HCl and 3 parts HF and is subsequently heated at 150°F (51°C) in a water bath for 30 minutes.
The objective of this test is to determine the amount of non-quartz minerals present. The API
specifications require that loss by weight as a result of this test is restricted to less than 2% across all sieve
size ranges. The permitted loss for the 40 to 70 sieve size fraction is 3%. This test is very important
because frac sand must be resistant to well treatments, which can be extremely acidic in nature.
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TURBIDITY
Turbidity refers to the amount of silt- and clay-sized particles that cling or bond to the sand-size
particles. This is generally not an issue in frac sand as production often requires a washing process that
effectively removes these unwanted particle sizes. Attrition scrubbers used in the wet process ensure that
most silt and clay particles do not end up in the final manufactured product. There can also be additional
beneficiation processes that serve to remove unwanted fines as well as weaker grains. The test is
important because any silt and clay that is injected into a well during the fracturing process can block the
conduit, making it more difficult to extract the oil or gas resource.

THE PILOT PROJECT
Sangster et al. (2011) indicated that Ontario may have the potential to produce and supply frac sand
to this growing North American industrial mineral market. Recognizing the rigid specifications, a
literature review was conducted to eliminate high-purity silica sources that could not meet the obvious
specifications (e.g., % SiO2). Many unconsolidated sand and gravel deposits throughout southern Ontario
were eliminated from further testing by their low SiO2 content (Hewitt and Karrow 1963, p.37-44). Most
unconsolidated sand and gravel deposits in southern Ontario are of glacial origin or are recent deposits
derived by reworking glacial material. For this reason, high-purity silica sands are scarce because most
deposits have a significant percentage of carbonate and Precambrian clasts.
Although some Ontario quartz veins, quartzite and quartz pegmatite deposits met the requirement of
greater than 99% SiO2 purity as noted earlier (Hewitt 1962, 1963; Vos 1978, 1981; Powell and Klugman
1979; Klugman and Yen 1980; McAuley 1996), the deposits were eliminated from frac sand testing. Vein
deposits are usually not economically feasible because of the large quantity of silica required and the
generally small nature and size of quartz veins. Quartzite occurs when quartz grains of a sandstone are
recrystallized by metamorphic activity; the rock becomes quartzite and loses the granular texture of the
original sandstone. Upon crushing, the quartzite fractures and usually produces characteristically sharp
and angular edges (sphericity and roundness become an issue). Pegmatite or vein quartz usually produce
similar sharp and angular edges. In addition, impurities from host rocks (quartz veins) and associated
minerals in close proximity to quartz crystals (e.g., potassium feldpars and biotite in quartz pegmatites)
reduce the silica purity without further attrition or beneficiation.
High-purity, silica-rich sandstone is composed essentially of the mineral quartz, which was
originally derived through the weathering of quartz-bearing igneous rocks such as granite. Quartz is a
very stable mineral and does not break down easily, either chemically or physically during the weathering
cycle. Most high-purity sandstone deposits have resulted from the cumulative concentration of quartz
grains, which persisted as a very stable mineral through several cycles of weathering, sorting and
transportation; whereas other less stable minerals were destroyed. For example, younger sandstone units
are often derived from the weathering and reconsolidation of older sandstone units, with each cycle
resulting in a product that becomes purer. Proof of this is the well-rounded, worn character of the quartz
grains and the paucity or lack of associated accessory minerals (Hewitt 1963). Some facies of sandstone
are actually consolidated eolian deposits that have been further “screened” and “purified” by windblown
processes. Sandstone consists of aggregated sand grains bonded by mineral cement, usually a silica- or
calcareous-rich cement.
There are a number of sandstone formations spread throughout the province which could be tested. The
“Medina”, “Whirlpool”, “Oriskany”, “Springvale”, and “Sylvania” sandstones (some are proper formation
names, others are local “product” names) were eliminated based on currently existing geochemical analyses
(i.e., <99% SiO2) (Hewitt 1964; Martini and Salas 1983; Martini and Kwong 1985). The Jacobsville
sandstone was eliminated based on lithology, mineralogy and geochemistry (Hamblin 1958; Kalliokoski
1982; Russell 1987), which all indicated that the purity of the sandstone would be less than 99% silica.
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Therefore, by process of elimination, it was decided to test the Nepean Formation for geochemical
and frac sand testing (physical properties). Historic testing by the Ontario Department of Mines of
selected sandstone deposits in southeastern Ontario indicated high purity of greater than 99% silica (Keith
1948). At the time of the original study, testing for frac sand specifications was not considered.

NEPEAN FORMATION
The lower formation of the Potsdam Group in southeastern Ontario comprises the non-marine
siliciclastic rocks of the Covey Hill Formation. The formation consists of a relatively thin succession of
feldspathic conglomerates and sandstones. This poorly exposed formation only crops out in the
southwestern part of eastern Ontario and its distribution is generally limited to depressions in the
Precambrian surface (Johnson et al. 1992). The geographic distribution of this formation was far more
extensive in the past, but erosion has reduced its distribution to the currently mapped areas (Sanford and
Arnott 2010). Unconformably overlying the Covey Hill Formation is the Nepean Formation, the upper
formation of the Potsdam Group (Williams 1991).
The Nepean Formation crops out in a belt of varying width following the Precambrian–Paleozoic
boundary in eastern Ontario. The formation is irregularly distributed, but is observed mainly in a
triangular area between Kingston, Brockville and Perth (Big Rideau Lake area), with exposures extending
into the western part of the City of Ottawa (Figure 24.1). The unit straddles the Frontenac Arch and an
area along the southwest margin of the Ottawa Valley (Keith 1948; Wynne–Edwards 1962; Wilson 1964;
Carson 1982; Williams, Rae and Wolf 1984; Williams and Wolf 1984a, 1984b, 1984c). The formation is
named after the former Township of Nepean where large quarries were developed to supply building
stone for the Parliament buildings. The type section for this formation is a roadcut along Highway 417
(locally named the Queensway), west of Ottawa.
The Nepean Formation has generally been described as the earliest marine unit in southeastern
Ontario (there are 2 terrestrial facies as defined by Wolf and Dalrymple (1985)). Based on the presence of
sparse conodont fauna, it was suggested that the upper portion of the formation was Lower Ordovician;
whereas the rest of the formation was Upper Cambrian. Dix, Hersi and Nowlan (2004) have re-defined
the upper contact of the Nepean Formation and suggest that the entire formation is Upper Cambrian in
age (as illustrated in Figure 24.1). The Nepean Formation is approximately equivalent to the Potsdam
Formation in New York State (Johnson et al. 1992) and the Cairnside Member of the Chateauguay
Formation of the Montreal area (Hersi and Lavoie 2000; Dix, Hersi and Nowlan 2004).
The Nepean Formation has been described as a generally flat-lying unit; thinly to massively bedded
(up to 2 m thick), sugar-textured quartz sandstone with some minor conglomerate interbeds. The
formation consists of both marine and eolian (terrestrial) facies and, therefore, flat-lying beds and crossbedding is quite common. Vertical, cylindrical “pillars” with horizontal and vertical dimensions of up to
5 m have been observed and are believed to be dewatering structures (Johnson et al. 1992).
The thickness of the formation varies from a few centimetres over Precambrian topographic highs
and the underlying Covey Hill Formation to about 40 m on the eastern side of the Frontenac Arch; to
more than 300 m as recorded in drill-core logs in the very eastern part of Ontario (Williams 1991). Where
the formation overlies the Covey Hill Formation, the contact has been defined as the first appearance of
feldspar-free sandstone. The upper contact with the overlying Beekmantown Group (March Formation) is
the lowermost appearance of dolomitic beds.
The formation consists primarily of medium-grained, well-sorted quartz sandstones. Fine-grained
beds predominate in the upper part of the formation. Quartz grains are often between the 30 US sieve
(0.60 mm) and 100 US sieve size (0.15 mm) (Vos 1981). The quartz grains are generally well rounded to
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Figure 24.1. Location of the Nepean Formation in the southwestern part of eastern Ontario. Sample locations are also shown.
Geology compiled for this project.
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subrounded. The fresh surface is white to light brown, and small rusty spots are common. The colour of
the sandstone unit is often determined by the character and nature of the cement, as well as impurities
such as the presence of iron oxide (hematite) or clay minerals. The weathered surface ranges from pure
white to dark brown to brick red, but is usually cream to light brown (Johnson et al. 1992).
Wolf and Dalrymple (1984, 1985) concluded that there are 5 facies associated with the Nepean
Formation in southeastern Ontario. The first facies is dominated by very large, simple crossbeds
composed of well-sorted, medium-grained quartz sand. Wolf and Dalrymple (1984) suggest a terrestrial
eolian dune complex depositional environment for this first facies, quite possibly in a coastal setting
where intermittent marine inundation occurred (Wolf and Dalrymple 1985).
The second facies is represented by continuous beds of quartz arenite that demonstrate a cyclic
alternation between cross-beds and bioturbated sandstone. The cycles are generally from 1 to 3 m thick. It
is suggested that facies 2 represents a tide-dominated marine depositional environment. The third facies is
made up of flat to very gently undulating beds. Scattered throughout are trough and cross-beds, and
formsets of ripples and small megaripples, suggesting a high-energy, wave-dominated nearshore
depositional environment under both fair-weather and storm conditions (Wolf and Dalrymple 1985).
The fourth facies as identified by Wolf and Dalrymple (1985) are repeating, parallel-sided beds with
thicknesses ranging from a few centimetres to approximately 20 cm. Each bed begins with an erosional
surface overlain by a thin quartz granule layer; overlain by fine- to medium-grained quartz arenite,
containing parallel lamination and/or ripple cross-lamination. Wolf and Dalrymple (1985) suggest a
storm-dominated marine environment. The final facies is described as abundant trough cross-bedding in
sets 20 to 50 cm thick. Some cross-bedding is separated by quartzite pebble and cobble beds. Wolf and
Dalrymple (1985) suggest deposition in a braided-fluvial environment. Greater detail and evidence for the
5 facies and depositional environments are provided in Wolf and Dalrymple (1984, 1985).
The aggregated rounded to subrounded individual quartz grains are poorly cemented by silica
cement. In some areas, the sand has a calcareous or argillaceous bond instead of silica. Due to a general
lack of coherence, it is easily broken down upon milling into a silica sand with little crushing or damage
to the individual grains.

Recent Work
Despite the great deal of research and the vast number of studies that have been completed on the
Potsdam Group, there is still confusion over stratigraphic nomenclature, regional correlations and
depositional history of the Potsdam Group rocks. Part of the confusion can be attributed to these rock
units crossing over provincial and international boundaries and jurisdictions. Sanford and Arnott (2010,
p.3) state the challenge this way, “Despite the voluminous literature relating to the Potsdam Sandstone,
there has long been a need for gathering consistent information to reconstruct the succession of
depositional and tectonic events on a broad regional scale throughout eastern Ontario, western Quebec,
and northern New York State. Such information has important ramifications in establishing more reliable
correlation of geological events that took place along the entire length of the St. Lawrence Platform
during the Neoproterozoic, Cambrian and Early Ordovician.”
Sanford and Arnott (2010) have tried to standardize nomenclature, better define stratigraphic
boundaries, lithological descriptions, and regional tectonic activity with regard to the Potsdam Group.
Some of their conclusions and recommendations are 1) the Potsdam Group has 3 formations—the Abbey
Dawn Formation, Covey Hill Formation (equivalent to the Ausable Formation in New York State) and
the Nepean Formation (equivalent to the Cairnside Formation in Quebec and the Keeseville Formation in
New York State); 2) the Covey Hill Formation can be divided into 4 members, in ascending order:
24-6

Earth Resources and Geoscience Mapping Section (24)

P.J. Sangster and D.J. Rowell

Table 24.1. Nepean Formation whole-rock geochemical results.
Oxide (wt %)
SiO2
Al2O3
MnO
MgO
CaO
Na2O
K2O
P2O5
TiO2
Fe2O3
LOI
Total

Sample 1
97.24
1.77
<0.01
0.07
0.07
<0.02
0.22
0.02
0.07
0.22
0.47
100.15

Sample 2
96.05
1.48
<0.01
0.08
0.36
<0.02
0.19
0.15
0.05
0.33
0.58
99.27

Sample 3
95.55
2.89
<0.01
0.07
0.03
<0.02
0.38
0.02
0.06
0.09
0.71
99.82

Sample 4
95.30
2.51
<0.01
0.10
0.02
<0.02
0.93
0.02
0.09
0.12
0.54
99.65

Jericho, Hannawa Falls, Chippewa Bay and Edwardsville; and 3) the Potsdam Group is from
Neoproterozoic to Early Ordovician in age. There are other important conclusions from their work, but
these are beyond the scope of this project.

RESULTS OF GEOCHEMICAL ANALYSIS
Four Nepean Formation samples were collected in May 2013 (see Figure 24.1 for sample location);
each sample was approximately 60 kg (~120 pounds). The samples were hand washed and air dried.
Representative rock pieces were photographed and submitted for thin section preparation. Other
representative rock pieces from each sample were submitted to the Geoscience Laboratories, Ontario
Geological Survey, for whole-rock geochemical analysis with particular interest in the silica (SiO2)
content. Finally, the rest of the sample material was lightly crushed by the Geoscience Laboratories so
they could be packaged and forward to FracTAL LLC (Frac Sand Testing and Analytical Laboratory) in
St. Paul, Minnesota, for frac sand testing. Two pails for each sample were shipped to Minnesota.
Geochemical results from the Geoscience Laboratories are provided in Table 24.1. Geochemically,
all 4 Nepean Formation samples are close to the required 99% SiO2 purity, as set out in the API
specification; however, all 4 samples were below the limit with the highest SiO2 value being 97.24%.
Wolf and Dalrymple (1984) suggest that facies 1 and 2 (as described above) may have higher silica
values, ranging from 98 to 99.5%. Iron is often present as hematite or limonite coating the quartz grains
or in the inter-granular cement. Other minor impurities include rutile, zircon, magnetite, orthoclase and
plagioclase.

RESULTS OF FRAC SAND TESTING
The crush resistance test described previously can be quite expensive. Therefore, it was
recommended by personnel from FracTAL LLC that, as a cost-saving measure, other standard tests would
be completed first and, if the Nepean Formation samples failed those tests, further analysis would not be
performed (a staged or phased analysis).
The Geoscience Laboratories provided light crushing with no extensive preparatory or beneficiation
work (e.g., a light sieving). Therefore, the results of the grain-size analysis are actually quite encouraging.
A reasonably small percentage of each sample was too fine (200 sieve size or 75 µm), and the mean
diameter for the 4 samples was very close to the 20 to 40 US sieve size results as recommended by the
API. With processing and proper beneficiation, this component of the overall API specifications could be
met. Other acceptable frac sand fractions could also be manufactured.
24-7

Earth Resources and Geoscience Mapping Section (24)

P.J. Sangster and D.J. Rowell

Table 24.2. Results of Nepean Formation sphericity and roundness test.
Sample
Sample 1
Sample 2
Sample 3
Sample 4

Specification

Sphericity
>0.6
0.5
0.5
0.5
0.5

Roundess
>0.6
0.5
0.4
0.5
0.4

Particle shape results were a little less encouraging as indicated in Table 24.2. All 4 samples tested
had sphericity values of less than 0.6. As noted earlier, a value of greater than 0.6 is recommended by the
API specification. A value of greater than 0.6 roundness is also recommended by the API specification,
and all 4 Nepean Formation samples collected are below the greater than 0.6 value. Photos 24.1 to 24.4,
provided by FracTAL LLC, illustrate the particle shape and roundness.
Once these early frac sand test results were completed, personnel from FracTAL LLC recommended
that 1 sample be tested for crush resistance. This would provide additional information with regard to the
suitability of the Nepean Formation to produce frac sand, but would greatly reduce the cost of analysis.
Therefore, Sample 1 was submitted for the crush resistance test.
Crush resistance testing is generally completed with pressures between 600 and 4000 pounds per square
inch, as described previously (API specification). The OGS sample was tested using the ISO-13503-2
standard and was subjected to pressures of 5000 and 6000 pounds per square inch for 2 minutes in the uniaxial
compression cylinder. The sample had a 7.80% loss at 5000 pounds per square inch and a 10.30% loss at
6000 pounds per square inch. At these pressures, a 10% loss or less is acceptable; so the crush resistance of
the OGS Nepean Formation sample was 5000 pounds per square inch; acceptable for use as a frac sand.

CONCLUSION AND NEXT STEPS
From the geochemical and frac sand test results, the Nepean Formation does not appear to be a
potential resource to be used in the production of frac sand. The 4 Nepean Formation samples did not
meet the greater than 99% SiO2 purity standard as recommended by the API specification. The Nepean
Formation sandstone did meet the API specification for some frac sand testing (i.e., grain size and crush
resistance), but failed other frac sand test requirements (i.e., sphericity and roundness).
As with many industrial minerals, one of the other major considerations (beyond specifications) with
regard to the development of a frac sand manufacturing operation is the opportunity for substitution
(Wilson et al 2008). In hydraulic fracturing, other materials (e.g., bauxite-based proppants, ceramic
proppants and resin-coated silica) compete with the silica sand market. Although they are more expensive
and not used as extensively as silica sand, bauxite-based and ceramic proppants exhibit improved
performance in deeper, higher pressure formations than silica sand (Dolley 2013).
As the demand for frac sand continues to increase (Sangster et al. 2011; Dolley 2013), industry and
government will ensure that both the environmental sustainability and technical efficiency of the hydraulic
fracturing process is maintained. As a result, it has been recognized and suggested that frac sand
specifications may need to be adjusted (O’Neill 2012).
There are several other important and growing markets for industrial sand with a high silica content
(Dolley 2013). Ontario high-purity silica deposits may meet the specifications for some of these other
uses including abrasives, filtration, foundry, glassmaking and silicon metal applications. The 2013
sampling was not a comprehensive assessment of the potential of the Nepean Formation for these other
industrial mineral applications. Further testing of this formation and other high-purity silica sand
formations in Ontario for industrial sand applications is recommended.
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Photo 24.1. Sphericity and roundness of grains in sample 1.

Photo 24.2. Sphericity and roundness of grains in sample 2.
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Photo 24.3. Sphericity and roundness of grains in sample 3.

Photo 24.4. Sphericity and roundness of grains in sample 4.
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INTRODUCTION
Previous aggregate test results of the Guelph Formation confirm an enigma that aggregate industry
representatives have been struggling with for some time. Some areas of the Guelph Formation test
extremely well for the manufacture of high-specification aggregate products, with some aggregate test
results better than the premium aggregate-producing formations in southern Ontario. Other areas of the
Guelph Formation fail miserably and are not capable of manufacturing even low-specification aggregate
products (Rowell 2012a). It has been suggested that reefal or biohermal zones within the Guelph
Formation are areas of failure and poor aggregate performance, whereas inter-reefal areas are more
competent and quite capable of meeting high-specification bedrock-derived aggregate products.
The Guelph Formation is a high-purity dolostone that is extracted, processed and used for the
manufacture of metallurgical flux and chemical stone (Kelly 1996). The industrial mineral industry was
confused by the 2010 Aggregate Resources Inventory for the City of Hamilton (Marich 2010) that did not
identify the Guelph Formation as a selected bedrock resource area. The 1984 Aggregate Resources
Inventory of the Regional Municipality of Hamilton–Wentworth (Ontario Geological Survey 1984) did
identify the Guelph Formation as a selected bedrock resource area of primary significance, if only for the
production of metallurgical flux and chemical stone. Ontario Geological Survey (OGS) management had
made a decision in 2008 to no longer identify industrial minerals in Aggregate Resource Inventory Papers
(ARIPs), leaving the Guelph Formation in limbo and land-use planners seeking direction as to the
protection of this resource (D.J. Rowell, meeting and presentation with City of Hamilton planners,
Ministry of Municipal Affairs and Housing staff, and industry representatives, December 2010).
As a result of the confusion, it was proposed that a two-year study be completed to collect additional
Guelph Formation samples, and perform geochemical analysis and “standard” aggregate testing to
1) provide the industrial mineral industry with some additional data and guidance as to the true potential
of the Guelph Formation; and 2) provide the aggregate industry with information on where the Guelph
Formation may be competent enough to meet high-specification bedrock-derived aggregate products. This
article covers the first 10 months of this two-year study, and presents new data from January 2013.

STUDY AREA
The Guelph Formation is located at or near surface in a slightly northwest-southeast–trending band,
west of the brow of the Niagara Escarpment in south-central to southwestern Ontario (outlined in Figure
25.1). Outcrops are numerous and more prominent in the counties of Bruce, Grey and Wellington, the
Regional Municipality of Waterloo and the City of Hamilton. Thick Quaternary sediments overlie the
Guelph Formation in the Niagara Peninsula area and in the County of Dufferin, resulting in few outcrops
to examine and a greater reliance on drill core.
Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.25-1 to 25-5.
© Queen’s Printer for Ontario, 2013
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Figure 25.1. Surface and near-surface locations of the Guelph Formation. Existing geochemical and aggregate test sites, and the
location of the January 2013 test site (Sheffield drill core at Freelton, is represented by large star symbol) are also provided.
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Table 25.1. Geochemical results from the Sheffield drill-core samples.
Sample No.
(Drill-hole depth)
SiO2
Al2O3
MnO
MgO
CaO
Na2O
K2O
P2O5
TiO2
Fe2O3
Total
S
CO2
H2O+
H2O-

12DJR-0020
(21–50 feet)
0.17
0.15
0.02
19.47
27.73
<0.01
0.01
<0.01
<0.01
0.11
99.54

12DJR-0021
(50–80 feet)
0.04
0.12
0.02
20.30
28.70
<0.01
<0.01
<0.01
<0.01
0.09
99.75

12DJR-0022
(80–109 feet)
0.04
0.09
0.02
19.90
28.33
<0.01
<0.01
<0.01
<0.01
0.09
99.06

12DJR-0023
(109–139 feet)
0.05
0.12
0.04
20.27
28.78
<0.01
<0.01
<0.01
<0.01
0.17
99.97

0.01
45.3
0.32
0.34

<0.01
46.5
0.36
0.34

<0.01
46.6
0.36
0.33

<0.01
48.1
0.36
0.30

Because of the southwest regional dip of Paleozoic strata in southwestern Ontario, the Guelph
Formation is located deeper in the subsurface farther west from the brow of the Niagara Escarpment and,
as a result, the Guelph Formation is buried under younger rock formations. For example, at the Bruce
Nuclear site near Kincardine along Lake Huron, an average of 23.4 m of Guelph Formation was intersected
at approximately 337.6 m below surface (Raven et al. 2009). At Woodstock, 84 m of Guelph Formation
was intersected at 182 m below the Beachville quarry floor (Feenstra 1996). It should be noted, however,
that Feenstra (1996) may have included portions of the Eramosa and Goat Island formations as part of the
Guelph Formation in his drill-core logs.
The sedimentologic, stratigraphic and diagenetic features of the Guelph Formation and the revision
of the Early Silurian stratigraphy of the Niagara Escarpment area are part of 2 recent OGS projects:
Project Unit 02-015 (Brunton, Dekeyser and Coniglio 2005); and Project Unit 08-004 (Brunton 2009;
Brunton et al. 2010; Brunton and Brintnell 2011). The geochemical and aggregate-quality test results
from this study will be related to the Guelph Formation as identified by the new mapping of these Early
Silurian rock units, which is expected in 2014.

WINTER OF 2012–2013 RESULTS
Guelph Formation samples from the Sheffield drill core, near Freelton, Ontario (shown on Figure 25.1
as a large star), were submitted for geochemical analysis and aggregate-quality testing in the winter of
2012–2013, after the project proposal received final approval.
The results of the geochemical analyses performed on this drill core are presented in Table 25.1. The
results indicate that the Guelph Formation in this location is a reasonably pure (i.e., little evidence of iron
sulphides, aluminosilicates and other impurities), slightly calcitic dolostone. The MgO content is a little
low for a high-purity dolostone.
Table 25.2 presents the results of the aggregate-quality tests. Test results that fail to meet aggregate
specifications are underlined. Generally, the results of these tests are encouraging for this particular
location of the Guelph Formation. The aggregate-quality test results and the geochemical analyses will be
incorporated into the final report for this project.
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Table 25.2. Aggregate-quality test results for the Sheffield drill-core samples.
Coarse Aggregate Petrographic
Number
(Asphalt
Sample (Drill-hole depth)
and Concrete)
<125–140
Generally acceptable value
12DJR-0020 (21–50 feet)
105.0
12DJR-0021 (50–80 feet)
104.0
12DJR-0022 (80–109 feet)
105.0
12DJR-0023 (109–139 feet)
111.0

MgSO4

Micro-Deval
Abrasion

(%)
<12.0–15.0
1.7
1.5
0.7
4.7

(% Loss)
<14.0–17.0
9.2
11.3
13.3
14.4

Freeze– Absorption
Bulk
Accelerated
Thaw
Relative
Mortar
Density
Bar
(% Loss)
(%)
(% Loss)
<6.0
<2.000
>2.500
<0.150
4.2
1.230
2.680
0.031
3.8
2.100
2.596
0.027
2.7
2.300
2.571
0.027
3.4
2.800
2.550
0.021

Note: analytical results that do not meet generally acceptable values are underlined.

NEXT STEPS
During the fall and winter of 2013–2014, more drill core from the Niagara Peninsula area will be
examined and subjected to both geochemical analysis (industrial mineral use) and aggregate-quality
testing (aggregate use). These test results will be combined with previous testing, and test results from the
summer of 2014, leading to the publication of a map and report on the Guelph Formation—similar to the
recently released update on shale resources of southern Ontario (Rowell 2012b, 2012c). The resulting
publication will assist land-use planners as they strive to protect mineral resources through the Provincial
Policy Statement (PPS), under the authority of the Planning Act; and industry representatives looking for
locations to develop and extract the Guelph Formation for aggregate and chemical stone.
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INTRODUCTION
After the initial work in 2011 (Gao 2011), till sampling was resumed for indicator minerals in the
McFaulds Lake area of the James Bay Lowland in the Far North of Ontario in 2013. The study area
covers the region of extensive mineral exploration known as the “Ring of Fire”, an area where high-grade
chromite ores and other metallic deposits, for example, nickel and copper have been discovered in recent
years. The bedrock consists of Precambrian granitic to gneissic suites with lesser metavolcanic and mafic to
ultramafic intrusive rocks (Ontario Geological Survey 2006; Stott and Josey 2009) (Figure 26.1). The main
chromite deposit is associated with northeast-aligned intrusive rocks near the Cliffs Natural Resources
“Esker Camp” in the south-central part of the study area. Along the eastern margin of the report area, the
lowland is underlain by Paleozoic carbonate bedrock (see Figure 26.1).
Several large rivers flow northward across the study area and in the immediate adjacent region,
namely from west to east, the Winisk, Winiskisis Channel, Ekwan, Muketei and Attawapiskat rivers (see
Figure 26.1). Except for some prominent glaciofluvial kame hills and eskers reaching 220 m above sea
level (asl), approximately 15 km south-southwest and 40 km south-southeast of the camp, respectively,
the entire study area is a flat, featureless swampy lowland with elevations ranging from 210 m asl in the
south to 120 m asl in the north.

SURFICIAL DEPOSITS
A thorough understanding of the Late Quaternary stratigraphy and glacial history of this region will help
with the interpretation of both the field and laboratory data for follow-up exploration work. Late Quaternary
sections up to 10 m high are exposed sporadically in the large river valleys, such as the Attawapiskat and
Winisk rivers in the study area. No reference to them has been made in previous investigations (McDonald
1969; Thorleifson, Wyatt and Warman 1993). The representative section is the one described previously in
the upper Winisk River where up to 10 m exposures above the river contain 3 till units sandwiched between
Holocene and suspected pre-Wisconsinan interglacial fossiliferous deposits (Gao 2011). This year, 3 till units
were also observed in the Attawapiskat River; these till units are silty to clayey, react strongly to 10% HCl
solution, and contain a low to moderate amount of stones (Photo 26.1). They can probably be correlated
with the aforementioned tills of the Winisk River. In the lower Winisk River, till deposits are suggested to
be a result of ice sheets with regional ice-flow directions to the west, southwest and south-southeast upward
in the sequence (Thorleifson, Wyatt and Warman 1993). But, with the data available from this project,
these sequential flow directions cannot be confirmed. Instead, the striae measured on bedrock in the river
valleys all point toward the south. Locally, the large rivers such as the Attawapiskat and Muketai cut
through these till deposits and expose them in the river valleys of the study area.
Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.26-1 to 26-6.
© Queen’s Printer for Ontario, 2013
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Figure 26.1. Location map of the McFaulds Lake (“Ring of Fire”) study area showing the sample sites and bedrock geology.
Bedrock geology from Ontario Geological Survey (2006). Universal Transverse Mercator (UTM) co-ordinates in metres using
North American Datum 1983 (NAD83) in Zone 16.
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The tills are similar in clast lithology, containing predominantly dark-toned argillite and light-toned
limestone clasts, including various amounts of sandstone, granite, basalt and mafic intrusive rocks. These
tills can be differentiated when exposed in a single section based on the presence of unconformities and
variations in texture (Gao 2011). The argillite and sandstone clasts are hard and well indurated. The
argillite clasts contain occasional spherical holes resulting from erosion of softer concretions. Gravels of
the argillite containing such concretions, referred to by many as “omars”, originate from the Omarolluk
Formation in southern Hudson Bay (Prest, Donaldson and Mooers 2000). The sandstone clasts commonly
display fine laminations, some even containing well-preserved stromatolite fossils (Gao 2011). Massive
to banded pinkish ironstone cobbles with oolitic textures were observed occasionally. These clasts are
erratics probably transported here by the ice sheets from the Proterozoic bedrock seen in the Sutton Inlier
and Belcher Islands approximately 300 and 600 km, respectively, to the northeast in the Hudson Bay
Lowland and in Hudson Bay, respectively (Bostock 1969).
The uppermost till is draped by a glaciolacustrine clay deposit ranging from 0.5 to 1.5 m thick as
observed in the field (Photo 26.1B). The latter is massive to faintly laminated. The pebble clasts, that are
relatively abundant in this deposit and lithologically similar to those of the underlying till, are interpreted as
resulting from ice rafting. The glaciolacustrine clay can probably be correlated to glacial Lake Ojibway,
which persisted in front of the retreating ice sheet until the Early Holocene (Gao 2013a, 2013b). Large
iceberg keel marks occur as linear to curvilinear depressions on the landscape, in particular, in areas with
relatively high relief where Holocene peat is thin and does not completely mask the features (Photo 26.2).

Photo 26.1. Three till units were documented below a glaciolacustrine clay deposit in the study area. A) A section showing a
lower till that is overlain by a middle till (above the boulder pavement as highlighted) in the Attawapiskat River. Most of the till
samples obtained in large rivers such as the Attawapiskat and Muketei rivers likely came from the lower till. B) Close-up view
of the contact between the upper till and the overlying glaciolacustrine clay as indicated by the hammer head. The latter is
massive to laminated. Hammer 35 cm long.

Photo 26.2. A) Part of an iceberg keel mark north of the Cliffs Esker Camp. It is straight to curvilinear and has a total length of
over 3.5 km and a width up to 80 m, with a flow direction probably to the southeast (photo looking to the southeast). B) Internal
geometry of an iceberg keel mark, consisting of pools or depressions, with flow direction probably from the right to the upper left.
Note that it bends at the end to the left.
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The Cliffs Esker Camp sits on a till ridge covered by up to 1.5 m of glaciolacustrine clay. In the vicinity of
the camp, well-preserved iceberg keel marks occur frequently, some reaching widths of 80 m and extending
for more than 3.5 km (Photo 26.2B). Along the Winisk River, the glaciolacustrine clay deposit is covered by
a marine sand and silt of Early Holocene age rich in fossil foraminifera and molluscs (Gao 2011).

FIELD SAMPLING
Field work was carried out by helicopter with sampling targets focussed along river valleys and
lakeshores (Photos 26.3A and 26.3B; see also Figure 26.1). To increase the sampling grid density,
samples were collected in areas between the previous sample sites (Gao 2011). At each site, both till and
gravelly material of river bars were sampled for comparison of the indicator minerals. In cases where till
was not available, gravelly material was sampled from gravel-rich bars (mostly lateral or point bars) in
the river valleys. A sieve was used to remove pebbles larger than 10 mm in diameter. For tills, this was
not always practical because of the high clay and moisture content of the till. In those cases, multiple
small till lumps were obtained and squeezed or disaggregated by hand to detect and remove any large
clasts. At each landing site, notes were also taken on the local bedrock outcrops and to document striae if
present. In total, 99 drift-sediment samples were collected, each weighing 11 to 12 kg. They will be
processed for indicator minerals including gold, kimberlite (diamond) and base metals; as well, the finegrained material of the silt and clay fractions (<0.063 mm) will be prepared for geochemical analysis.

Photo 26.3. A) Sampling in a small stream of the upper Ekwan River where the till contains relatively abundant granitic
boulders derived from the local bedrock (refer to Figure 26.1 for bedrock geology). B) The Attawapiskat River cuts into the till
deposits, resulting in a riverbank covered with lag clasts dominated by Paleozoic limestone and Proterozoic argillite derived from
the tills. C) Typical lag gravels and boulders derived from tills on the bank of the Attawapiskat River. The whitish ones are
limestone and the dark grey are Proterozoic argillite probably derived from southern Hudson Bay. The cracked argillite boulder
beside the hammer contains a rust-coloured concretion and is likely an “omar”. Hammer 35 cm long. D) Argillite boulders in
the lag clasts frequently show visible striae, indicating minimal reworking and short-distance transportation by rivers. Coin
1.7 cm diameter.
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The calibre and lithology of the gravel-bar material in the rivers is closely linked to the substrate
material on which the river flows and the degree of fluvial incision. Major rivers such as the Attawapiskat
and Muketei rivers cut deep into the underlying till deposits and the resultant gravel bars show a clast
lithology that usually matches that of the tills (Photos 26.3B and 26.3C). The clasts of the gravel bars are
probably not far-travelled as evidenced by fresh striae visible on numerous gravels and cobbles (Photo
26.3D). This observation suggests that heavy minerals in the stream sediments are reworked material
mainly from the tills. This means that, instead of a source area located upstream, that is, to the south, any
indicator-mineral anomalies in samples of stream sediments likely have an up-ice source, that is,
downstream to the north. This has strong implications for the interpretation of previously published heavy
mineral data resulting from the stream-sediment sampling projects conducted by the Ontario Geological
Survey. For instance, the anomalies of kimberlite indicator minerals and chromite reported from stream
sediments appear to have an up-ice source in the James Bay Lowland (Crabtree 2003).

SUMMARY
Helicopter-supported till sampling was conducted this summer in the McFaulds Lake (“Ring of
Fire”) area. At each site, where possible, both till and gravelly stream-sediment and lakeshore material
were sampled. In total, 99 samples were obtained, each weighing 11 to 12 kg. They will be processed for
indicator minerals including gold, kimberlite (diamond) and base metals, as well as for the geochemistry
of the silt and clay material (<0.063 mm fraction). These results will be combined with those of the
samples obtained in 2011 and released together in the future. A better understanding of the glacial and
fluvial geology of this region helps to better interpret the published and unpublished heavy mineral data
from the stream-sediment sampling programs conducted in this region.
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INTRODUCTION
After the initial work in 2011 (Gao 2011), surficial geology mapping and till sampling was resumed
in the Chapleau area, northern Ontario in the summer of 2013 (Figure 27.1). Previous modern alluvium
sampling in this area suggests some potential for kimberlite (diamond), volcanogenic massive sulphide
(VMS), gold and carbonatite-hosted rare earth element mineralization in this region (Ontario Geological
Survey 2001a, 2001b). However, the lack of detailed Quaternary geological information regarding the
type and distribution of surficial materials, ice-flow directions and glacial history hampers a thorough
interpretation of existing data.
The study area is located within the Kapuskasing Structural Zone that trends southwest to northeast,
and covers 3, 1:50 000 scale National Topographic System (NTS) map sheet areas (41 O/11, 41 O/14 and
42 B/3) (see Figure 27.1). The bedrock consists primarily of Precambrian gneissic and granitic rocks with
lesser mafic to ultramafic intrusive and metavolcanic rocks in the northern and eastern portions of the
study area, respectively (Ontario Geological Survey 2006) (see Figure 27.1). Several carbonatite–alkalic
intrusions are present in this area, which may have potential for rare earth element mineralization.
Recently, gold mineralization was reported from gneissic metasedimentary rocks in this region (Murahwi,
Gowans and Martin 2012). Probe Mines Limited has since explored this deposit, which is located on its
Borden Lake property north of the Borden Lake.

FIELD WORK
The presence of 2 highways, several major gravel roads and numerous backcountry logging roads
provides good access across the study area (see Figure 27.1). Trucks and all-terrain vehicles (ATVs) were
the main modes of transportation for field mapping and sampling. Quaternary deposits were examined
and sampled from sections in roadcuts, road ditches and pits. Where no exposures exist, shallow trenches
were dug and boreholes up to 2.2 m deep were sunk using a soil auger with extension rods. At each site,
the local bedrock geology was also noted.
The study area consists of Precambrian bedrock in the north and extensive glaciofluvial sand and
gravel deposits in the south. Much of the bedrock in the northern area is capped by a veneer of till ranging
from less than 1 m to over 4 m in thickness as observed in the field. The till is a sandy and bouldery
diamicton that consists typically of slightly silty, fine- to medium-grained sand mixed with moderate to
large amounts of pebble to boulder clasts (Photo 27.1A). Slight to strong compaction and fissility were
usually observed in the till deposit (Photo 27.1B). Locally derived, gneissic and granitic rock fragments
Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.27-1 to 27-5.
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Figure 27.1. Location map of the Chapleau study area showing generalized bedrock geology and sample sites. Solid black lines
in the inset map indicate faults of the Kapuskasing Structural Zone. Bedrock geology from Ontario Geological Survey (2006).
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dominate the clast lithology of the till. Limestone clasts are present, but rare. The till is texturally and
lithologically similar to the Matheson Till of the Cochrane region that was deposited during the height of
the Late Wisconsinan (Hughes 1965; Gao 2013). The regional ice-flow direction is consistently around
190°. However, at one locality, this direction crosscuts an array of east-west–aligned striae preserved on a
fine-grained flat-lying gabbro bedrock outcrop (Photo 27.1C). This indicates either an earlier westward or
eastward ice flow. Westward ice flows prior to the major Late Wisconsinan ice sheets have been reported
in northern Ontario (Veillette 1986). However, such east-west–aligned striae were observed only in one
location in the study area and further work is needed to confirm the ice flow direction they represent.
In shallow exposures, the till matrix does not react to 10% HCl solution. However, locally, at the
base of some deep exposures, the till is calcareous and reacts strongly to 10% HCl (Photo 27.1D). This
would suggest a different and earlier till deposit. However, the examined sections are often slumped and
none show the contact between the 2 tills and, except that the former is more strongly compacted and
firmer, they are similar in clast lithology and texture. Alternatively, this feature may be interpreted as
being localized material within the glacial system, for example, basal parts of a subglacial till, or englacial
clusters of calcareous till material somehow not fully diluted by the glacial ice. There is also a possibility
that the enriched calcareous material results from leaching processes in the topsoil. The uncertainty
toward the till deposits in such sections requires further work. It is also relevant to mention that silty till
clasts were found in the sandy and bouldery till, suggesting the possible presence of an earlier silt-rich till
in the region or adjacent area to the north.

Photo 27.1. A) Sandy and bouldery till typical for the Chapleau area, northern Ontario. B) Close-up view of the till, showing
horizontal joints along layered texture or fissility in till matrix. Coin 2.1 cm diameter. C) Striae on a flat-lying gabbro bedrock
outcrop. The lower pencil (pointing down) indicates the most recent regional ice-flow direction at approximately 190°. The
upper pencil (pointing right) indicates an array of earlier east-west–aligned striae, probably resulting from an earlier ice flow to
the west at approximately 280°. D) Till deposits exposed in a wayside pit that was dug into a moraine ridge. The till above the
dashed line is noncalcareous, which is typical for the study area. The greyish till that is the core of the ridge (below the dashed
line) appears similar in lithology and texture, but it is calcareous and reacts strongly with 10% HCl. Whether or not it is part of
an earlier till formation or merely represents localized material within the glacial system remains undetermined. Note that the
material in the ridge top above the greyish till has been removed.
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The sandy and bouldery till is overlain in many places by glaciofluvial sand and gravel deposits in
eskers, moraines, fans and plains. Numerous, south-southwest-trending eskers exist in the study area, and
segments of some major roads are built on them because of the high relief and abundance of sand and
gravel material they provide. The sand and gravel deposits in the southern part of the study area contain
many large kettle lakes some of which (e.g., McLennan Lake) can exceed 30 m in depth (D. Lynn, local
resident, personal communication, 2013). South of Highways 129 and 667, an extensive glacial meltwater
plain or ramp occurs, which gently slopes to the south with a flat topography and is often referred to locally
as the “Sultan Sand Belt”. It is likely a result of prolonged ice stagnation north of this ramp, which was
associated with a moraine system named the Chapleau II moraine by Boissonneau (1968). Sporadic till
ridges extend above the sand and gravel deposits, providing suitable locations for till sampling in this
area.
The postglacial sequence consists of lacustrine sand and silt, peat and recent bog deposits. Dunes
composed of fine sand up to several metres in relief occur on former glaciolacustrine and/or outwash
sandy plains. These dunes are likely of eolian origin and probably formed under dry conditions during the
Early Holocene when the ground lacked vegetation cover following the retreat of the ice sheet. The dunes
are now completely stabilized by the forest.
A total of 52 samples were obtained, which includes 7 kimberlite/lamprophyre boulders collected
from eskers. It is noteworthy that lamprophyre boulders were frequently encountered in eskers in this
region, indicating the presence of such intrusive rocks in the study area and adjacent regions.

PROJECT STATUS
The samples will be processed for indicator minerals including gold, kimberlite (diamond) and base
metals, as well as for geochemical analysis of the fine-grained silt and clay material. The kimberlite/
lamprophyre boulders will be crushed and the resultant heavy mineral concentrate will be examined to
confirm their affinity to lamprophyre or kimberlite. The results of this year’s samples will be combined
and released together in the future with those of the samples obtained in 2011.
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INTRODUCTION
This report summarizes field work completed during the summer of 2013, the first of 2 planned field
seasons of mapping in the Lindsay and Peterborough areas of southern Ontario. The study area is located
within the City of Kawartha Lakes, and is approximately 40 km east of the city of Peterborough.
Previous mapping in the area by Gravenor (1957) was completed at a scale of 1:126 720. Higher
resolution mapping is required in this area in order to provide base-line geologic information for land-use
planning, groundwater and source water protection studies, and for additional geologic work planned by
industry. The aim of the current study is to update the Quaternary geology of the area by identifying and
delineating the various Quaternary units, and determining the genesis of the landforms and sediments.

BEDROCK GEOLOGY
The bedrock geology of the Lindsay area consists of Ordovician limestone and shale of the
Bobcaygeon, Verulam and Lindsay formations (Figure 28.1). The bedrock units dip gently southward
toward Lake Ontario, and the bedrock surface is irregular, with gentle undulations and well-confined
valleys currently occupied by the Kawartha Lakes (Gao et al. 2006).
The Bobcaygeon Formation underlies a very small portion of the study area. It occurs along the
northwest shores of Sturgeon and Pigeon lakes. The Bobcaygeon Formation is a light grey-brown to bluegrey to grey-brown, fine- to coarse-textured fossiliferous limestone. Thin shale interbeds and partings
increase in content upward through the formation; crinoidal grainstones and nodular texture are more
common in the lower sequence. Outcrops of the Bobcaygeon Formation were not seen in this study.
The Verulam Formation underlies approximately the northern one-third of the study area and
consists of grey interbedded bioclastic to very fine-grained limestone and grey-green calcareous shale.
This formation crops out in several locations within the study area (Armstrong and Carter 2010).
The Lindsay Formation underlies the southern two-thirds of the study area and is a fine- to coarsegrained, fossiliferous and argillaceous limestone that is commonly nodular. This formation crops out
along a scarp northwest of the City of Lindsay, and was observed in roadside ditches under a thin veneer
of till north of Woodville (Armstrong and Carter 2010).
All of the bedrock outcrops identified within this study are confined to the northern part of the
Lindsay study area. The bedrock surface is commonly highly fractured and weathered; in many instances,
glacial striae have not been preserved. Striae measurements made in this study indicate ice flow was to
the south and southwest.
Summary of Field Work and Other Activities 2013,
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Figure 28.1. Simplified bedrock geology of the study area (after Armstrong and Carter 2010; Armstrong and Dodge 2007).
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QUATERNARY GEOLOGY
The landscape of the Lindsay area was shaped during the last glaciation beginning approximately
20 000 years ago. A range of glacial landforms and associated sedimentary deposits have been identified
within the study area. Glacial ice originating from the north to northeast extended south of the current
study area and occupied the area for a sustained period of time, during which the various landforms were
constructed. The final stages of glaciation saw the development of the Schomberg ponds, a series of icemarginal ponds bordered to the south by the Oak Ridges Moraine, which developed as the retreating ice
mass stagnated and melted in place (Gravenor 1957).
Sediment thickness within the study area varies between just less than 1 m in the north to greater
than 260 m toward the southeast and southwest corners of the study area. These thicker sediments occur
in the northern extensions of the Oak Ridges Moraine deposits (Sharpe, Russell and Pugin 2013).
The most dominant sediment type within the study area is till (Figure 28.2). The till is commonly a
silty sand diamicton with an estimated 10 to 15% grits to pebble gravel. Large boulders up to 5 m in
diameter have also been observed. Local limestone dominates the clast rock types, although shieldderived rock types are also noted. Clasts within the till are commonly subangular and are bulleted, faceted
and locally striated. This till occurs in broad, flat to undulating ground moraine, drumlins, hummocks, as
well as small linear ridges. Ground moraine occurs most commonly in the northern half of the study area;
hummocks, and small, narrow linear ridges are located to the south. Drumlins occur throughout the study
area. The till identified here can be correlated with the Newmarket and Northern tills identified by
Barnett, Dodge and Henderson (1996) just south of the current study area. It is the oldest sedimentary
deposit identified within the study area; additional deposits below the till were not observed. Older
sediments may exist, but available exposures did not extend below the till.
The Peterborough drumlin field occupies parts of the southern half of the Lindsay study area. These
drumlins show classic morphology: steep stoss sides and gradually sloping lee sides (Photo 28.1). The
drumlins are oriented in 2 dominant directions; the most numerous are centrally located and oriented
north-northeast to south-southwest. At the west-central edge of the study area, the drumlins are oriented

Photo 28.1. Photograph showing a single drumlin from the Peterborough drumlin field. In this image, ice flow was from left
(northeast) to right (southwest).
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Figure 28.2. Simplified surficial geology of the study area including field station locations (after Ontario Geological Survey 2010).
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northeast to southwest and are located in a small narrow band, within a broad flat valley. The highest
drumlins are located in the southeast corner of the study area and are up to 30 m higher than the
surrounding landscape. Drumlins are less common in the northern part of the study area. Deep sections
cut through the drumlins are non-existent; therefore, it is not currently possible to indicate what material
can be found within their cores. The upper 1 to 5 m of sediment within the drumlins is commonly
composed of till, with lesser sand and gravel. Shaw and Sharpe (1987) hypothesized that drumlins in the
Peterborough drumlin field are erosional remnants produced by subglacial meltwater flow, or were
formed within cavities eroded by meltwater into the underside of glacial ice.
In addition to till, large portions of the study area are covered by fine-textured glaciolacustrine
deposits. Gravenor (1957) attributed the laminated silts and sands to the Schomberg ponds. These
sediments occupy much of the southern half of the study area, in swales between the higher relief
drumlins and hummocks. In places, glaciolacustrine sand deposits drape the lower slopes of the drumlins;
in others, there is evidence of fine-textured sediments having been winnowed from till by wave action.
The glaciolacustrine sediments have resulted in broad, flat-lying areas that are extensively used for
farming. The areas of lower lying glaciolacustrine sediments are commonly occupied by wetlands, with
peat thicknesses generally greater than 5 m in the centre of the wetland.
Glaciofluvial and ice-contact stratified deposits are also present within the study area. Eskers are
the most prominent features composed of these sediments, and there are several located within the area.
A large and spectacular Y-shaped esker complex is located to the west of, and extending southwestward
from, Pigeon Lake through Omemee (Figure 28.3). The branches of this esker system range from 8 to
13 km in length and are up to 23 m higher than the surrounding land surface. An esker approximately
10 km in length also extends southward from Sturgeon Lake. Smaller eskers are located in the northwest
corner of the study area and are spatially associated with larger ice-stagnation deposits, such as kames and
kettles. The largest concentration of ice-contact deposits is located in the west-central part of the study
area, south of Woodville and surrounding Goose Lake. The final stage of deglaciation within the study
area was marked by stagnating ice. Deposits of glaciofluvial sands and gravels have also been found
draping portions of the drumlins. The largest of these ice-contact sediment deposits are the primary source
for aggregate sand and gravel used within the study area.
Meltwater erosional features are also present throughout the study area. Notable channels occur in the
north end of the study area where the drift cover is thin, and they are recognized easily on shaded-relief
imagery maps. The largest erosional features identified in the study area are tunnel valleys: broad flatbedded linear valleys. A large tunnel valley, oriented northeast to southwest, is located along the valley of
the Pigeon River, southwest of Pigeon Lake. The tunnel valleys within the current study area correspond
to those previously identified by the Geological Survey of Canada (Sharpe, Russell and Pugin 2013).

FIELD WORK
Mapping in the Lindsay area (NTS map sheet 31 D/7) was carried out between May and August
2013. The map sheet encompasses an area of approximately 1100 km2. Access to the study area was via
highways 7 and 35, as well as county and municipal roads. Field work consisted of sampling and making
observations of the Quaternary sediments visible in existing pits, road cuts and roadside ditches, and in
hand-augered or probed holes.
In excess of 1500 m of sediment was augered or probed, and observations were made at over 1330
sites in various types of sediment throughout the study area. In addition, observations of freshly tilled
fields containing stones and boulders—indicating the likely presence of till—were made early in the field
season prior to crop growth. Till samples were collected for grain size and carbonate analysis, and for
pebble lithology identification. As well, 45 C-horizon till samples were collected and will be submitted
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Figure 28.3. Shaded-relief [hillshade] digital elevation map (DEM) image showing the Omemee esker (1), tunnel valley (2) and
Oak Ridges Moraine deposits (3).
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for grain size and carbonate analyses. These samples will provide additional data to help determine
whether or not there are multiple facies to the till within the study area. Pebble counts for lithologic
determinations will also be made from the till samples.

FUTURE WORK
Field work in the study area will continue to the east during the summer of 2014, within the
Peterborough area (NTS map sheet 31 D/8). Mapping and sampling procedures in 2014 will be the same
as during the 2013 field season, and samples taken in 2014 will be analyzed for the same elements and
characteristics as those collected in 2013. Once the field work and laboratory analyses are complete for
the entire study area, an updated map of the Quaternary geology for both the Lindsay and the
Peterborough NTS map sheets will be prepared, along with a detailed report. The results of this project
should serve to update the Quaternary geology database for the study area, a necessary aid for land-use
planners and for groundwater and source water protection studies. The data will provide additional insight
for geoscientists studying the genesis of the landforms and sediments within the study area.
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INTRODUCTION
Field studies in support of the Far North Terrain Mapping Project continued during the summer of
2013 (Figure 29.1; Barnett et al. 2008; Barnett, Webb and Hill 2009; Barnett and Yeung 2009a, 2009b,
2010, 2011, 2012). There was one main area of field investigation in the southern part of the Hudson Bay
Lowland that included the examination of river exposures along the Ridge and Drowning rivers, to
provide information on material change with depth and the coring of 3 surface wetland deposits to
understand the changes within and timing of organic accumulation since the regression of the Tyrrell Sea
in the Hudson Bay Lowland. The senior author also assisted in wetland coring and permafrost
investigations in the central part of the Hudson Bay Lowland with staff of the Ministry of Natural
Resources (MNR), Ontario, who are studying peat sequestration and the University of New Brunswick
who are evaluating the use of Radarsat-2 in permafrost and surficial geology mapping. The study of
exposures along the Ridge River also forms part of an MSc thesis being undertaken by M.K. Nguyen at
Western University (see Nguyen, Hicock and Barnett 2012, 2013, this volume).
Remote predictive mapping continued with object-based image analysis of SPOT tiles, digital
surface model and digital surface model derivatives within the “Ring of Fire” area and the central and
southern part of the Hudson Bay Lowland.

FINDINGS
The purpose of the work in the southern part of the Hudson Bay Lowland was primarily to sample
exposures of sub-till organic-bearing deposits that occur along the Ridge and Drowning rivers. The
significance and timing of sub-till organic sites in the Hudson Bay Lowland, often referred to as the
“Missinaibi Formation”, have been the topic of discussion for nearly a century (Tyrrell 1913; Terasmae
and Hughes 1960; McDonald 1969; Prest 1970; Skinner 1973; Shilts 1984; Dredge and Neilson 1985;
Dredge and Cowan 1989; Karrow 1989; Thorleifson, Wyatt and Warman 1993). Debate, over age and
ranking (interglacial or interstadial), continues today. It is hoped that with further study and the use of
additional geochronological techniques that some of this uncertainty can be removed. During previous
field investigations for the remote predictive mapping project, organic-bearing sediments were observed
beneath till at 13 sites throughout the Hudson Bay Lowland of northern Ontario (Barnett and Finkelstein
2013; Finkelstein and Barnett 2013).
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Evidence for marine, fluvial (channel, cut-off meander and oxbow lake), soil, forest floor litter,
marsh, fen or bog or pond or lake environments occur beneath till at the various sites, as has previously
been suggested by R.G. Skinner (1973). The fluvial environment dominates at most sites. With the
associated deep dissection of the surrounding terrain recorded in the sedimentological and stratigraphic
records preserved at the sites, it is not surprising that this environment is relatively well preserved in the
older record, being deposited in valleys somewhat more protected from subsequent glacial advance than
the surrounding tableland (Barnett and Finkelstein 2013). It is envisioned that during deposition of the
nonglacial sediments, the environment was not much different than along the present-day northern rivers
where extensive meandering is occurring within steep canyon walls (Barnett and Finkelstein 2013).
It was planned to visit 5 sites along the Ridge River and 1 site along the Drowning River where these
sediments were found to occur during field work in 2011 and 2012. Water levels along the rivers were
high; therefore, landing with a helicopter was difficult. Only 1 site along the Ridge River and the site
along the Drowning River were revisited (Photo 29.1). One additional site was found, described and
sampled along the Drowning River.
The organic-bearing units at the 3 sites that were visited were sampled for palynology, microfossils,
geochemical analysis, geochronology (optically stimulated luminescence (OSL) and U disequilibrium
techniques), paleoecology, paleoclimatology and carbon biochemistry. These materials will form the basis
of a PhD thesis by April Sue Dalton at the University of Toronto under the supervision Dr. S.A. Finkelstein.

Figure 29.1. Location of field observation sites and status of map production (Ontario Geological Survey Preliminary Maps
(“PMaps”)) for the Far North Terrain Mapping Project.
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In addition to the work on the sub-till organic sites, 3 Holocene peat sites were selected and cored
using a Russian Peat Corer and soil probes. Each site was within the extent of the Tyrrell Sea
transgression and selected based on position in relation to abandoned marine shorelines and elevation,
possibly to obtain an estimate of glacial isostatic adjustment during the early part of the Holocene. Cored
sites included 2 bogs and 1 fen. Peat depths ranged from 145 to 223 cm (Photo 29.2).
Cores of the peat will be used for paleoecological analyses, biochemistry and basal radiocarbon
dating for carbon pool calculations. Samples were also collected by SAF for modern testate amoeba
assemblages (used for development of a paleohydrology calibration data set). These samples include
surface peat and measurements of depth to water table (DWT), pH, conductivity and qualitative
vegetation survey.
Field work continued later in the summer in the central Hudson Bay Lowland where permafrost
investigations were being undertaken as part of a Canadian Space Agency Grant to Dr. B. Leblon,
University of New Brunswick on “Assimilation of optical and radar data into permafrost/soil temperature
modelling in relationship to carbon and water cycles in northern ecosystems”. Two main study sites were
selected for this study: the Umiujalik Lake area in Nunavut and the central Hudson Bay Lowland in
Ontario. PJB provided background information for the study area in the Hudson Bay Lowland and
brought to the attention of the principal investigator the possible problem of separating, in remotely
sensed data, palsas—permafrost mounds that occur in peat lands—from bioherms that occur in the
bedrock of the area (Silurian Attawapiskat Formation). KHY is attempting to separate, based on optical
and digital surface model data properties, these 2 types of similar appearing features and this field work
was in part to verify his interpretations.

Photo 29.1. Sub-till organic sediments exposed along the Drowning River (Site 2012-pjb-109). Pictured here is the upper part
of the fluvial sediment sequence overlain by an organic-rich zone that contains pieces of wood and organic-bearing muds (shovel
approximately 1 m long, knife blade 12 cm).

29-3

Earth Resources and Geoscience Mapping Section (29)

P.J. Barnett et al.

Wetland coring was also part of this study to determine the depth to permafrost, as well as to
contribute to an ongoing carbon sequestration study being undertaken by J. McLaughlin, MNR, Sault Ste.
Marie, Ontario. It may also provide additional data in the study of glacial isostatic adjustment within the
Hudson Bay Lowland.
In the office, remote predictive mapping procedures continue to be modified as terrain conditions
and relationships between surface material, vegetation and topography change. Extensive areas of
disturbance, such as previously burned or logged areas, continue to provide problems for the remote
predictive mapping process. In these areas, traditional airphoto interpretation is being used to verify the
remotely predicted surficial geology. Maps for the traditional land of the Moose Cree and Weenusk First
Nations and along the proposed transportation corridors to and from the “Ring of Fire” chromite
occurrences have been released, with work continuing within the traditional land of the Washaho Cree
First Nation, the southern part of the Hudson Bay Lowland and within the area of the “Ring of Fire”
chromite occurrences.
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Photo 29.2. Holocene peat overlying (up is to the right) marine deposits of sand and tidal flat muds at the base of core (Site
2013-pjb-004). Base of peat occurs at 223 cm below surface.
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INTRODUCTION
During the summer of 2012, 50 till samples were collected from the Ridge River area of the Hudson
Bay Lowland, and then were analyzed for particle size distribution and carbonate proportions. The
lithologies of pebbles collected with till samples were identified to determine provenance and potential
ice flow paths. Till fabrics, striae and glaciotectonic structures such as shear planes and tension fractures
were plotted on lower-hemisphere projections. Work completed during 2013 is a continuation of an MSc
thesis project started in 2012 (Nguyen, Hicock and Barnett 2012) and is part of a larger mapping project
encompassing the Far North region of Ontario (Barnett and Yeung 2012). A better understanding of Late
Wisconsinan ice-flow directions, till stratigraphy and lithology, and their relationships to glaciotectonic
structures should enhance our knowledge of this sparsely studied region and may be useful to drift
exploration for mineral commodities.

STUDY AREA AND FIELD WORK
The Ridge River area was revisited during the 2013 field season in support of a new PhD thesis
project undertaken by April Dalton and supervisor Dr. Sarah Finkelstein of the University of Toronto,
which aims to explore and characterize the sub-till organic deposits (see Barnett, Finkelstein and Yeung,
this volume). The study area is located approximately 85 km northwest of the town of Hearst, and covers
an area of nearly 6000 km2. It lies along the boundary between the Paleozoic carbonates of the Hudson
Bay Lowland and Precambrian Shield rocks. The area is largely flat lying with a broad topographic high
toward the shield rocks in the south. The majority of the area is covered by thick glacially streamlined
deposits that have been incised by streams up to 30 m deep.
Almost all of the field work was completed during the 2012 season, which consisted of helicopter
exploration of river banks. The stratigraphy of each section was described and till units were sampled.
Striae on in situ stones and boulders were recorded together with structural measurements of shear planes
and tension fractures within each till unit and their substrates. The long-axis orientations of approximately
25 to 30 pebbles were recorded for till fabrics.

Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.30-1 to 30-5.
© Queen’s Printer for Ontario, 2013
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ANALYSES
The till matrix samples were analyzed for particle size distribution following the methods outlined
by the American Society for Testing and Materials (2007). With the exception of a few anomalies, the
Ridge River samples are dominated by silt (average 54%) with significant amounts of sand (33%) and
minor clay (13%). Till samples were also analyzed for their carbonate content through gasometric
determination (Dreimanis 1962). With an average of 42% total carbonates, the tills in the Ridge River
area are particularly carbonate rich with an average calcite to dolomite ratio of 1.5. The high carbonate
content of the samples reflects the up-ice bedrock lithology, which is largely composed of the Paleozoic
carbonates in the Hudson Bay Basin.
Approximately 50 to 60 in situ pebbles were collected with each till matrix sample in order to study
their lithologies, which may shed light on transport directions and distances. The pebbles were classified
in 3 broad categories: Paleozoic carbonate, Proterozoic Belcher Group and Archean Superior Province
rocks. The Belcher Group rocks are derived from the Belcher Islands in southeast Hudson Bay and are
typified by distinct rounded to subrounded dark red oolitic jasper and greywacke containing carbonate
concretions “omars” from the Omarolluk Formation (Prest, Donaldson and Mooers 2000). Assuming
northeast was the dominant up-ice direction during the Late Wisconsinan, the Superior Province rocks are
likely derived from the eastern shore of Hudson Bay and include granitoid rocks, schists, gneisses and
other metavolcanic and metasedimentary rocks.
While nearly all of the sample locations overlie carbonate bedrock, carbonates in the pebble fraction
average 66% with Belcher Group and Superior Province erratics making up 34% (one third; Figure 30.1).
Although most of the carbonates are likely locally derived, distal sources of carbonate rocks do exist for
hundreds of kilometres north and northeast of the study area across the Hudson Bay Basin. The abundance
of distal glacial erratics in the Ridge River area, including greywacke omars from the Belcher Group and
granitoid rocks from the Superior Province, infers at least one major southwest glacial advance during the
Late Wisconsinan.

Figure 30.1. Histogram of average pebble lithologies from the Ridge River area.
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Till fabrics were plotted on lower-hemisphere projections from the 25 to 30 long-axis orientations
measured in each till unit (Figure 30.2). The fabrics range in modality from bimodal clusters to polymodal,
which may represent ductile shear in deforming till. Striae and glaciotectonic structures such as shear
planes and tension fractures were also plotted (as poles to planes). Generally, the striae display a
southwest trend, but, in many cases, they are inconsistent with dip directions of tension fractures and
shallow shear planes, suggesting some stone rotation in deforming till.

Figure 30.2. Examples of till fabric diagrams (scatter plots) from the study area showing stone long axes (black dots), striae
(black lines) and poles to planar fractures (red triangles).
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Figure 30.3. Digital surface model (DSM) of the study area (from Ministry of Natural Resources 2010; projection system: North American Datum 1983 (NAD83), Lambert
conformal conic). Several prominent glacial lineations have been highlighted. Two distinct sets of irregularly spaced lineations are visible. Red stars indicate study sites.
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ICE FLOW
The majority of the Ridge River area is covered by thick drift deposits that are glacially streamlined.
These large-scale glacial lineations are well preserved and are easily visible on the digital surface model
(DSM; Figure 30.3). Elongate features may simply be drumlins, flutes or crag and tails, although this
distinction is not always clear from remotely sensed images. Two sets of irregularly spaced lineations are
apparent with one set trending west-southwest in the central part of the study area, whereas the other set
in the northern part has a southwest trend. These sets may represent 2 distinct generations of ice
movement. Furthermore, the great length of some of these features (exceeding 15–20 km) may imply
rapid ice-flow over carbonate bedrock (Clark et al. 2003). The regional basin setting and the pervasive
muddy carbonate till across the surrounding region could have supported high subglacial water pressure
providing a low-resistance substrate for overriding ice (Hicock, Kristjansson and Sharpe 1989). The
presence of a Late Wisconsinan ice stream through the study area has not been ruled out.
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INTRODUCTION
Field work for a high-density lake sediment and water geochemical survey of the Marathon area, in
northwestern Ontario, was carried out between June 5 and July 4, 2013. This survey area fills the gap
between the existing high-density lake geochemistry coverage in the Terrace Bay–Schreiber area to the
west (Dyer 1997) and the Hemlo area to the east (Dyer 1998). This survey area also extends
approximately 60 km north of the town of Marathon to include all of the Goodchild Lake area and the
Killala Lake alkalic complex. The results from this new survey will provide updated high-resolution
geochemical data for both mineral exploration and environmental baseline purposes.
This field season, a total of 1166 water samples and 2249 lake sediment samples were collected over
an area of approximately 3000 km2. The 2249 sediment samples comprise 1129 shallow samples (0 to
15 cm sediment depth) and 1118 deep samples (>20 cm sediment depth). The sample coverage
corresponds to an average density of 1 sample site per 2.6 km2. Complete coverage was obtained over the
areas represented by National Topographic System (NTS) map sheets 42 D/15 and 42 E/1 and partial
coverage over map sheets 42 D/9, 42 D/16 and 42 E/2.
This region was previously sampled at a much lower density during the late 1970s and early 1980s
for the National Geochemical Reconnaissance (NGR) lake sediment program, which was carried out
jointly by the Geological Survey of Canada (GSC) and the Ontario Geological Survey (OGS) (Friske et
al. 1991).

BEDROCK GEOLOGY
The study area is underlain predominantly by Archean rocks of the Superior Province, primarily the
Schreiber–Hemlo greenstone belt and basement granitoids of the Wawa Subprovince (Williams et al.
1991); however, the northwestern corner of the study area extends over migmatites and metasedimentary
rocks of the Quetico Subprovince (Williams 1991). The Proterozoic Port Coldwell alkalic complex
effectively bisects the greenstone belt, with the Schreiber assemblage lying to the west and the Hemlo
assemblage to the east (Figure 31.1).
The Schreiber–Hemlo greenstone belt is composed of 3 supracrustal assemblages referred to as the
Schreiber assemblage, Heron Bay assemblage and the Hemlo–Black River assemblage (Williams et al.
1991). The Hemlo–Black River supracrustal assemblage consists of tholeiitic and calc-alkalic metavolcanic
rocks and metasedimentary rocks. Mapping by Muir (1982a, 1982b) shows that mafic to intermediate
metavolcanic rocks are predominant in the western portion of the assemblage. In the east, toward the
Hemlo area (the Hemlo deposit area lies just outside the survey boundary), metasedimentary and felsic
Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.31-1 to 31-6.
© Queen’s Printer for Ontario, 2013
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metavolcanic rocks are the predominant rock types. Numerous intermediate to felsic plutons, stocks and
dikes intrude the supracrustal rocks (Beakhouse 1996). Gold mineralization at Hemlo is contained within
highly sheared, tectonized, intermediate to felsic metavolcanic rocks and sedimentary rocks located near
the southern contact of the assemblage (Williams et al. 1991). Of the original 3 operating gold mines at
Hemlo (Williams, David Bell and Golden Giant mines), Barrick Gold Corporation continues to produce
ore from the Williams and David Bell properties under the banner of Hemlo Gold Mine. A comprehensive
and detailed study of the Hemlo gold deposit area was published in 1997 (Muir 1997).
The Heron Bay assemblage, located south of the present study area, consists predominantly of
tholeiitic mafic metavolcanic rocks and calc-alkalic intermediate to felsic pyroclastic rocks (Williams et
al. 1991). Numerous thin ultramafic bodies have been mapped within the tholeiitic mafic metavolcanic
rocks (Muir 1982a). Mineral exploration efforts have resulted in the discovery of silver, gold, copper,
molybdenum, nickel, platinum, palladium, rhodium and zinc mineralization in this area, most notably by
MetalCorp Ltd. within their Big Lake property.
The Port Coldwell alkalic complex is one of the largest alkalic complexes in the world covering an
area of approximately 580 km2 (Miller, Smyk and Hollings 2010). It was most recently mapped by
Walker et al. (1993) and, in general, consists of 3 subcomplexes or intrusive centres: 1) gabbro and ironrich augite syenite; 2) alkalic biotite gabbro and nepheline syenite; and 3) syenite and quartz syenite
(Mitchell and Platt 1994). A thin intrusive body known as the Two Duck Lake gabbro, located along the
eastern margin of the complex (Good 1993), hosts the Marathon copper-platinum group elements (PGE)
deposit, which is the most significant economic mineralization discovered to date within the Port Coldwell
alkalic complex. The proven mineral reserve at this deposit has been reported to be approximately
59 million tonnes at a grade of 0.29% Cu, 0.08 g/t Au, 0.23 g/t Pt and 0.79 g/t Pd (Puritch et al. 2009).
This deposit is owned by Stillwater Mining Corporation and is currently proceeding through the
environmental assessment process for anticipated future development.
The greenstone belt northeast of the Port Coldwell alkalic complex, centred on Goodchild Lake, may
be an extension of the Hemlo assemblage. Poor access into this area has hampered exploration efforts and
the most recent OGS bedrock mapping dates to the mid 1960s (Milne 1966a, 1966b, 1967). Gold anomalies
in lake sediment surveys published in 1991 (Friske et al. 1991) sparked interest in the area that resulted in
the discovery of gold-bearing quartz vein float material near Smoke Lake in 1993. During a property visit
to Smoke Lake in 1996, OGS geologists B.R. Schnieders and M.C. Smyk discovered a mineralized quartz
vein with 26.7 g/t Au (0.78 ounce gold per tonne) (Newsome and Laderoute 1997). Diamond drilling in
2011 by Entourage Metals Ltd. at Smoke Lake (Black Raven “Super G” prospect) returned an intersection
of 2.38 m grading 44.57 g/t Au (including 0.95 m of 107 g/t Au) (Campbell et al. 2012).

PHYSIOGRAPHY AND QUATERNARY GEOLOGY
The project area lies within the uplands of the James physiographic region of Canada (Bostock
1970). Rugged topography and the greatest relief are found in the southern half of the study area,
particularly where underlain by rocks of the Port Coldwell alkalic complex. By contrast, relatively low
relief characterizes the central and northeastern portions of the survey area, which, because of the
glaciolacustrine deposits and granitoid terrain, results in flat plains, rounded hills and shallow slopes.
Several large expanses are devoid of lakes (see Figure 31.1) because of the presence of thick
glaciolacustrine drift centred on the Pic and Little Pic river valleys. In general, bedrock-dominated
landscapes (e.g., Port Coldwell alkalic complex) have a significantly higher density of lakes than the
glacial drift–dominated landscapes. The landscape in the northwestern corner of the survey area is
bedrock dominated and is characterized with high lake density similar to that found over the Port
Coldwell alkalic complex (see Figure 31.1).
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Figure 31.1. Marathon study area and sample locations overlain on bedrock geology (geology from Ontario Geological Survey
2011).
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Quaternary geological mapping of the region, at reconnaissance scale, was completed by Zoltai
(1965, 1967). Engineering terrain maps, at a scale of 1:100 000, were produced for the region by Gartner
(1979a, 1979b). Most of the survey area has not benefited from any detailed Quaternary geological
mapping. Only the extreme southern portion of the survey area at the town of Marathon and along the
Highway 17 corridor, has been mapped in detail (at a scale of 1:50 000: Bajc and Kristjansson 2009). The
available data indicate that surficial materials within the region vary in extent and thickness. The thickest
accumulations (>100 m) occur within the Black River Valley, which runs approximately eastward within
the southern portion of the survey area. The central and northeast portions of the survey area have large
areas that are dominated by glaciofluvial and glaciolacustrine material; these materials are primarily
centred on major river valleys such as the Pic and Little Pic rivers. Relatively sparse glacial drift is
present over the Port Coldwell alkalic complex, the area east of the Pic River in the Cirrus Lake area and
in the northwest corner of the survey area; the latter area is underlain by metasedimentary rocks of the
Quetico Subprovince.
The dominant ice direction, based on bedrock striae and other ice-flow indicators, is 210 to 220°
throughout the north and central parts of the survey area, gradually increasing to 230 to 260° in proximity
to the Black River valley and, in particular, along the Lake Superior coastline near Marathon (Bajc and
Kristjansson 2009; Zoltai 1967).

SAMPLING METHODS
Organic-rich lake sediment samples were collected from a helicopter float using the OGS-designed
gravity corer. Wherever possible, both shallow (0 to 15 cm) and deep (>20 cm) sediment samples were
obtained at each sampling site. Based on average sedimentation rates of approximately 1.5 cm per decade
in lakes within shield landscapes (e.g., Hunt 2003; Dickman and Fortescue 1991), the shallow sample is
considered to represent sedimentation during the past 100 years (approximately) and, therefore, may
include anthropogenic contamination. The deep sediment sample represents sedimentation older than
100 years; therefore, this portion better reflects the effects of natural geochemical inputs that may be
traced to local geology and/or mineralization.
Lake water samples were collected from a depth of between 0.5 and 1.0 m using a weighted intake
hose and pump. Water-quality parameters, including pH, electrical conductivity, dissolved oxygen and
turbidity were measured at each lake site using a flow cell attached to a multiparameter probe. Lake water
was pumped from each lake and allowed to purge the sampling system prior to the collection of a 250 mL
water sample and the recording of water-quality parameters. Water samples were kept cool and processed
(filtered and preserved with nitric acid) within 6 hours of collection.
A global positioning system (GPS) receiver was utilized to record accurate sample-site positions and
to record each flight track. In addition, a GPS receiver connected to a tablet computer was utilized to
provide “heads up” real-time navigation between lake sites. A depth finder was mounted on the OGSdesigned platform on the float and utilized to record accurate sample-site depth measurements.

SAMPLE PREPARATION AND ANALYTICAL METHODS
Lake sediment samples were placed in breathable fabric bags and allowed to partially air dry prior to
shipment to Sudbury. Final drying was done in ovens at a temperature of less than 40°C prior to partial
pulverization in a ceramic ring and puck pulverizer and sieving to obtain the –60 mesh (<250 μm) size
fraction. Laboratory analysis will include nitric acid–aqua regia digestion followed by inductively
coupled plasma mass spectrometry (ICP–MS) to determine approximately 50 trace elements. Nitric acid–
aqua regia digestion attacks all sample matrix constituents, except for silicate minerals and, therefore, is
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considered a nonselective, relatively strong near total extractant. Quality control will be monitored
through the use of certified and internal reference materials and sample pulp duplicates. Loss-on-ignition
(LOI) is determined at 500°C using an automated gravimetric technique. The deep (>20 cm) sediment
samples will undergo further analysis for arsenic, gold and rare earth elements (REE) by instrumental
neutron activation analysis (INAA).
The water samples were passed through 0.45 µm syringe filters and acidified with 1% ultrapure nitric
acid within 6 hours of collection. The analysis of water samples will include direct aspiration ICP–MS to
determine approximately 50 elements. The quality of the analyses is monitored through the use of sample
duplicates, CANMET-certified reference standard SLRS-5 and distilled water blanks.
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INTRODUCTION
Field work for a lake sediment and water geochemical survey in the McFaulds Lake (“Ring of Fire”)
region of the Far North of Ontario, was carried out over a 17 day period in July 2013. Medium-density
sampling was completed over an area of approximately 6400 km2 that included some infill sampling
within the area of the pilot study that was initiated in 2011 (Dyer 2011, 2012). Figure 32.1 illustrates the
sampling coverage that is now complete over the entire McFaulds Lake greenstone belt. Sampling since
2011 has resulted in 1325 sample sites for an overall sample density of 1 sample per 7.7 km2. The pilot
study was conceived for 2 reasons: 1) to determine the suitability of conventional lake sediment and
water geochemistry for mineral exploration over the James Bay Lowland landscape and 2) to create a
database of the baseline geochemical and environmental conditions of the area prior to any mine or
infrastructure development. The success of the pilot study, based on preliminary results (Dyer and Burke
2012), led to the decision to expand the project area and increase the sample density in 2013.
The 2013 field operations were carried out from the Cliffs Natural Resources “Esker Camp” located
at latitude 52°44′33″N and longitude 86°17′51″W, approximately 15 km west of McFaulds Lake. A total
of 1024 water samples and 2001 lake sediment samples were collected; the sediment samples comprise
1011 shallow samples (<15 cm sediment depth) and 990 deep samples (>15 cm sediment depth). The total
sample inventory for this project now stands at 1323 water samples and 2585 lake sediment samples. In
addition, a total of 39 water samples and 38 shallow sediment samples (<15 cm sediment depth) were
collected in 2013 from lakes and/or ponds for hexavalent chromium analysis. These sample sites were
chosen based on proximity to the known chromite deposits and from lakes that returned anomalous
chromium concentrations from the lake sampling previously completed in 2011 and 2012.

GEOLOGY
Geological investigation of the region is an active and ongoing effort by staff at the Ontario
Geological Survey (OGS) and updates are presented in this volume (e.g., Ratcliffe and Armstrong, Article
36; Gao, Article 26; Metsaranta and Houlé, Article 50). The most recent surficial geology maps of the
area were published by the OGS in 2013 (Barnett, Yeung and McCallum 2013a, 2013b, 2013c). These
maps cover most of the McFaulds Lake greenstone belt including the area of the known chromite and
nickel-copper-platinum group elements (PGE) deposits. These maps illustrate the preponderance of
organic peat and till deposits on the landscape surface. The dominant ice-flow direction of the most recent
glaciation, based mostly on streamlined forms (e.g., flutes), was toward the south-southeast between 165°
and 180° (Barnett, Yeung and McCallum 2013b). Very little is known about the Quaternary deposits in
the third dimension (i.e., depth). Some details on their general character and thickness can be gleaned
Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.32-1 to 32-17.
© Queen’s Printer for Ontario, 2013
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Figure 32.1. McFaulds Lake “Ring of Fire” survey outline and sample locations superimposed on bedrock geology (geology
from Stott and Josey 2009; Rainsford et al. 2011). Universal Transverse Mercator (UTM) co-ordinates are provided in Zone 16
using North American Datum 1983 (NAD83).
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from the exploration activities in the “Ring of Fire” area. For example, diamond drilling by Noront
Resources Inc. indicates that thickness of surficial cover ranges from approximately 33 to 76 m (Golder
Associates Ltd. 2010) and materials such as sandy till, varved sand, glaciolacustrine clay and marine clays
have been intersected (Thomas 2004). It is anticipated that the OGS surficial sampling project (Gao, this
volume, Article 26) will further advance the understanding of the Quaternary deposits over the “Ring of
Fire” area.
Current mapping in the survey area shows the Archean bedrock to be composed of a least 5 distinct
supracrustal packages (Metsaranta and Houlé 2012), separated by granitoid basement and later felsic and
mafic to ultramafic intrusions. Most of the industry exploration focus to date has been on the Butler Lake
and Muketei River supracrustal packages. Within the Muketei River supracrustal package (Metsaranta
and Houlé 2012), the nickel-copper-PGE and chromite deposits are contained in ultramafic intrusive bodies
that appear to be emplaced near the contact between metavolcanic rocks (circa 2770 Ma) and tonalite
(circa 2773 Ma) (Mungall et al. 2010). Distinct from this package and centred approximately 40 km to
the west is the Butler Lake supracrustal package. The bedrock consists of ultramafic to felsic volcanic
rocks; the felsic metavolcanic rocks in this package host significant volcanogenic massive sulphide
(VMS)-style mineralization and are intruded by nickel-sulphide–bearing gabbro and iron-titaniumvanadium–rich magnetite gabbro (Metsaranta and Houlé 2012).
Along the eastern boundary of the survey area, the Paleozoic rocks, consisting of Upper Ordovician
limestone and dolostone and Lower Silurian limestone rocks, unconformably overlie the Archean bedrock
(Ontario Geological Survey 1991). The Paleozoic cover rocks are exposed sporadically over the known
magmatic massive sulphide and chromite deposits and typically consist of beige fossiliferous limestone
and rare muddy dolostones; this stratigraphy thickens considerably toward the east, where up to 100 m of
strata have been observed at McFaulds Lake (Golder Associates Ltd. 2010).

SAMPLING METHODS
Organic-rich lake sediment samples were collected from a helicopter float using the OGS-designed
gravity corer. Wherever possible, both shallow (0 to 15 cm) and deep (>15 cm) sediment samples were
obtained at each sampling site. The expectation that the shallow sample would represent sedimentation during
the past 100 years (approximately) and, therefore, perhaps reflect some airborne anthropogenic component, is
based on experience from southern Boreal forest lakes, which average a sedimentation rate of approximately
1.5 cm per decade (e.g., Hunt 2003; Dickman and Fortescue 1991). Therefore, assuming an undisturbed
stratigraphic record, the deep sediment sample would represent sedimentation older than 100 years and,
therefore, reflect natural geochemical inputs that may be traced to local geology and landscape.
Lake water samples were collected from a depth of between 0.5 and 1.0 m using a weighted intake
hose connected to a diaphragm pump inside the helicopter. Water-quality parameters, including pH,
conductivity and dissolved oxygen, were measured at each lake site using a flow cell attached to a
multiparameter probe. Lake water was pumped from each lake and allowed to purge the sampling system
prior to the collection of a water sample and the recording of water-quality parameters. Water samples
were kept cool after collection and processed (filtered and acidified) within 6 hours of collection. The
samples for hexavalent chromium analysis were collected during the last day of the project. These were
filtered and preserved within a few hours of collection and kept cool (~6°C) until they were delivered to
the Ministry of Environment laboratory in Toronto.
A global positioning system (GPS) receiver was utilized to record accurate sample site positions and
to record each flight track. In addition, a GPS receiver connected to a tablet computer was utilized to
provide “heads up” real-time navigation between lake sites.
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SAMPLE PREPARATION AND ANALYTICAL METHODS
Lake sediment samples for geochemical analysis were collected in breathable fabric bags and then
placed into plastic Ziploc® bags to prevent leakage. The samples were shipped to Sudbury where they
were hung to drip dry before being placed in ovens at a temperature of less than 40°C. After drying, the
samples were subjected to complete disaggregation in a ceramic ring-and-puck pulverizer and sieved to
obtain the –60 mesh (<250 μm) size fraction. Laboratory analysis will include nitric acid–aqua regia
digestion followed by inductively coupled plasma mass spectrometry (ICP–MS) to determine approximately
50 trace elements. Nitric acid–aqua regia digestion attacks all sample matrix constituents, except for
silicate minerals and, therefore, is considered to be a nonselective, relatively strong near total extractant.
Quality control will be monitored through the use of sample pulp duplicates and certified reference
materials. Loss-on-ignition (LOI) is determined at 500°C, using an automated gravimetric technique. The
deep (>15 cm) sediment samples will undergo further analysis for gold by instrumental neutron activation
analysis (INAA) and platinum group elements by fire assay-ICP–MS.
Water samples for geochemical analysis were passed through 0.45 µm syringe filters and acidified to
1% ultrapure nitric acid within 6 hours of collection. Analysis of water will include direct aspiration ICP–MS
to determine approximately 50 elements. Major anions will also be determined on an aliquot of unacidified
water sample that has been kept cool since collection. The quality of the analyses is monitored through the
use of sample duplicates, CANMET-certified reference standard SLRS-5 and distilled water blanks.

PILOT STUDY PRELIMINARY RESULTS
Soil Gas Hydrocarbon (SGHSM) Analysis
The soil gas hydrocarbon (SGHSM) technique is a proprietary exploration method that has been
offered by Activation Laboratories (Actlabs), Ancaster, Ontario, for well over a decade. It is marketed as
a deep-penetrating geochemical technique that detects the presence of 162 hydrocarbon compounds in the
C5 to C17 range at the parts per trillion (ppt) level. Unique hydrocarbon signatures, possibly related to
bacterial biomass, are thought to develop in the overburden above mineral deposits, perhaps in response
to the presence of redox gradients (electrochemical cells). Vectors to mineralization (pathfinders) are
calculated from the sums of up to 14 of the hydrocarbon compounds that are considered diagnostic (based
on Actlabs internal, unpublished case study data) for specific metal commodities (e.g., gold, copper,
uranium). These pathfinder “sums” are presented as contour maps using a kriging algorithm and
anomalies are interpreted and graded with an exploration significance confidence level based on the
symmetry and pattern of relative lows and highs. The success of this method at the property scale, using
primarily soil samples, is based on anecdotal evidence (i.e., presentations and abstracts by Actlabs staff at
various symposia (e.g., Sutherland 2009, 2011)). The presence of soil gas hydrocarbons have been
measured over known mineral deposits and these appear to be related to buried mineralization (e.g., Hale
2000; Cook and Dunn 2007; Heberlein 2010). However, to the authors’ knowledge, the SGHSM method
applied to a regional-scale lake sediment sample survey has not previously been undertaken, nor does
there exist, in the peer-reviewed published literature, any independent case study evaluation, including
quality-control samples, of soil gas hydrocarbon geochemistry.
Actlabs was contracted to perform the soil gas hydrocarbon (SGHSM) analysis and interpretation on the
287 deep lake sediment samples collected in 2011 and 2012 (Figure 32.2). Sample site co-ordinates provided
to Actlabs were transposed into a far distant granitoid terrane in order that the origin of the samples was
completely blind to the laboratory, thereby preventing any interpretational bias. The sample submission
included blind quality-control samples for independent assessment of data quality, considered a vital
component of this study because the level of analytical sensitivity (ppt) can exacerbate sources of error
including those related to environmental contamination, cross-contamination and sample inhomogeneity.
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Figure 32.2. McFaulds Lake “Ring of Fire” pilot project study area showing sample locations for lake sediment and water samples collected in 2011 and 2012 superimposed on
bedrock geology (geology from Stott and Josey 2009; Rainsford et al. 2011). The UTM co-ordinates are provided in NAD83, Zone 16.
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The results and interpretation for the 128 samples collected in 2011 were reported to the OGS in
early 2012 (Dyer and Burke 2012). The results for 159 samples collected in 2012 were reported to the
OGS in early 2013, along with a new interpretation that incorporates the results from the previous (2011)
year. These new results form the basis of the discussion below.

ASSESSMENT OF DATA QUALITY
Data reproducibility was assessed with scatterplots of duplicate pairs and by calculating the average
coefficient of variation (%CV), also known as the percent relative standard deviation (%RSD) for each
compound. Actlabs internal quality-control protocols included the analysis of sample pulp splits that were
reported and underwent the same %RSD calculations. The overall average %RSD for all compounds are
as follows: OGS duplicates (35%), Actlabs duplicates (26%), OGS standard RAFT-1 (51%) and OGS
standard R-1 (36%). Figure 32.3 contains a subset of the %RSD data grouped by pathfinder class. In
addition to the raw data for 162 organic compounds, certain combinations of compounds are summed by
Actlabs to provide “Pathfinder Class Sum” values that are considered diagnostic for the presence of the
commodities of interest:
•

massive sulphides (MS) = 7 low to medium molecular weight light branched alkanes (LBA)
series compounds.

•

copper (Cu) = 3 low molecular weight light alkane (LA) series compounds.

•

gold (Au) = 12 low molecular weight light benzene (LB) series compounds.

The apparent better reproducibility (lower %RSD) of the Actlabs duplicates compared to the OGS
duplicates shown in Figure 32.3 can be explained by 1) the laboratory duplicates were pulp duplicates,
split after sample preparation whereas the OGS duplicates were split before sample preparation (therefore
can be considered field duplicates). Field duplicates inherently have more variability as they are a
measure of the combined sampling, preparation and analytical precision (error); and 2) the back-to-back
position of the Actlabs duplicates during analysis compared to the widely spread out sequencing of the
OGS quality-control samples. Therefore, the Actlabs duplicates are a measure of the instrumental
precision, whereas the OGS duplicates and standards also incorporate a measure of systematic errors
inherent by being analyzed in a different batch and at a significantly different time.
Quality-control charts (Figure 32.4) of the SGHSM massive sulphide and copper pathfinder class data
along with the OGS standards serves to illustrate that the variance of the unknowns greatly exceeds the
variance in the performance of the standards. The vast majority of the 88 compounds that returned data
above detection limit show a similar pattern;. therefore, it is concluded that, although some of the data
variance can be attributed to systematic and instrumental errors, the majority of the signal is related to real
variations in the concentration of the hydrocarbon compounds in the samples.

INTERPRETATION
The anomaly in the massive sulphide pathfinder class, determined by the area of highest confidence
level (interpretation by Actlabs), is located in the west-central portion of the study area, which coincides
with the area of the McFaulds Lake greenstone belt, associated ultramafic complex and the “Ring of Fire”
mineral deposit area (Figure 32.5a). The confidence levels of the anomaly in the eastern portion of the
study area (blue dashed oval) are lower; this, in part, is because of the lack, and irregular distribution, of
sample points. The combined results of the year 1 (2011) data and the infill sampling in year 2 (2012) are
presented in Figure 32.5b. The increased resolution has provided more detail in the region of the deposit
area and increased the confidence rating of the Actlabs interpretation of the data. Note also, in Figure
32.5b, the disappearance of the blue oval anomaly in the east. The anomaly centred on the deposit area is
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considered by Actlabs to be a “nested halo” feature, perhaps corresponding to a broad redox cell or zone
developed in the overburden.

Figure 32.3. Chart showing residual standard deviations (RSD) expressed as a percent (%) for the compounds that comprise the
SGHSM copper, massive sulphide and gold pathfinder sum classes.
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Figure 32.4. Quality-control charts of the SGHSM massive sulphide and copper pathfinder class data for year 1 (2011) and year 2
(2012) of the study.
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Figure 32.5. Contour plots of SGHSM massive sulphide pathfinder class sum data for a) year 1 (2011) and b) combined year 1
(2011) and year 2 (2012). The UTM co-ordinates are provided in NAD83, Zone 16.

32-9

Earth Resources and Geoscience Mapping Section (32)

R.D. Dyer and L.A. Handley

Inductively Coupled Plasma and Instrumental Neutron Activation
Analyses
Laboratory analysis of the –60 mesh size fraction of the deep lake sediments consisted of nitric acid–
aqua regia digestion of 0.5 g of sample pulp followed by ICP–MS and inductively coupled plasma optical
emission spectrometry (ICP–OES) for the determination of approximately 50 trace, minor and major
elements. Instrumental neutron activation analysis (INAA) using thermal irradiation was also performed
on the deep sediments by an external laboratory for gold and a suite of 26 other elements. At the time of
writing, the ICP data for the year 2 (2012) samples were not available; therefore, the discussion below
refers to ICP data from year 1 (2011) and INAA sample data for both years (2011 and 2012).

ASSESSMENT OF DATA QUALITY
Quality control for the lake sediments was monitored through sample pulp duplicates, certified
reference materials (CRM) and internal (OGS collected) bulk standards, inserted randomly into the
sample sequence. Analytical pulp duplicates were prepared by halving randomly chosen sample pulps and
inserting them into the sample sequence. CANMET certified reference standards (LKSD-4, Lynch 1990)
and an OGS internal standard (Dill-1 in 2011; RAFT-1 in 2012) were also inserted as dried pulps between
the sample preparation and analysis stages. Analytical precision for each element was determined by
plotting duplicate data on an X–Y chart and determining the variation of 95% of the data from a 1:1 ratio.
The quality-control charts shown in Figure 32.6 are typical for most of the elements determined and
illustrate the overall excellent data quality for both the ICP and INAA methods. The precision estimates
(based on sample duplicates) and accuracy (based on the performance of the CRM LKSD-4) fall within a
range that is typical and expected by the methods employed. Estimates of precision were determined
based on the performance of the duplicate pairs and are included in Figures 32.7 to 32.10.

INTERPRETATION
The results for a subset of the metals determined (Cr, Ni, Cu, Zn, Ti, V and Co) are shown as dot
plots overlain on glacial features in Figures 32.7 through 32.10. The most striking feature of these plots is
the pattern of elevated to anomalous concentrations in the down-ice direction from the area of the “Ring
of Fire” chromite and nickel-copper deposits. The trend of elevated metal abundances to the southsoutheast is interpreted as evidence of glacial dispersal. The glacial till deposits in the down-ice direction
have incorporated detritus from the mineral deposits (and mafic to ultramafic host rocks) in the north
resulting in subsequent geochemical dispersion into the lake basins. It follows that at least some of the
surface expression of the mineral deposits are not covered by Paleozoic rocks and, therefore, were
available to come into contact with glacial ice during the last advance and retreat. To the west of the
mineral deposit area (south of the Butler Lake supracrustal package), there is a similar but diffuse pattern
of elevated to anomalous metal concentrations in the lakes; it is possible that this is also a reflection of
down-ice dispersal as there are significant mineral occurrences in the Butler Lake supracrustal package
(Metsaranta and Houlé 2012).
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Figure 32.6. Quality-control charts for year 1 (2011) data: chromium (INAA and ICP–OES), nickel (ICP–MS) and titanium
(ICP–MS).
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Figure 32.7. Chromium and nickel concentrations determined in deep lake sediment presented as proportional dots overlain on
ice-flow indicator map modified from Barnett, Yeung and McCallum (2009). The UTM co-ordinates are provided in NAD83,
Zone 16.
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Figure 32.8. Copper and zinc concentrations determined in deep lake sediment presented as proportional dots overlain on ice-flow
indicator map modified from Barnett, Yeung and McCallum (2009). The UTM co-ordinates are provided in NAD83, Zone 16.
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Figure 32.9. Titanium and vanadium concentrations determined in deep lake sediment presented as proportional dots overlain on
ice-flow indicator map modified from Barnett, Yeung and McCallum (2009). The UTM co-ordinates are provided in NAD83,
Zone 16.
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Figure 32.10. Combined INAA data from year 1 and year 2 data for cobalt and chromium concentrations determined in deep
lake sediment overlain on ice-flow indicator map modified from Barnett, Yeung and McCallum (2009). Black arrows added for
emphasis showing trend of increasing concentrations (especially chromium) in direction of glacial ice flow. The UTM coordinates are provided in NAD83, Zone 16.
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SUMMARY AND CONCLUSIONS
The landscape in the McFaulds Lake area is complex; coverage with peat deposits is extensive and
overlies Quaternary glacial and marine deposits that are up to 76 m thick. Detailed lake sediment
sampling, over, and down-ice of the “Ring of Fireˮ mineral deposits has revealed geochemical evidence
of a dispersal plume developed in the complex drift that covers the region. The use of lake sediment
geochemistry as a proxy to till geochemistry is particularly advantageous over such landscapes where till
is inaccessible or very difficult to sample because of thick accumulations of the overlying peat deposits.
The lake sediments were also analyzed for soil gas hydrocarbons (SGHSM), which is a proprietary
technique offered by Activation Laboratories. Unique hydrocarbon signatures, possibly related to
bacterial biomass, are thought to develop in the overburden above mineral deposits, perhaps in response
to the presence of redox gradients (electrochemical cells). An area centred on the “Ring of Fireˮ mineral
deposit area was identified as the most significant SGHSM anomaly. Collectively, these results indicate
that, despite the complexity and thickness of the cover material, the known chromite and nickel-copperPGE deposits are imparting a significant geochemical signal to the landscape that is detectable by lake
sediment geochemistry. This has important implications for the use of surficial geochemical techniques in
a region that has historically been difficult for mineral explorationists because of the complexity of the
landscape and sparse bedrock outcrop.
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INTRODUCTION
The Ontario Geological Survey (OGS), in co-operation with the Ministry of Agriculture and Food
and Ministry of Rural Affairs (OMAFRA) commenced a stream water and sediment sampling survey in
the Lake Erie region in 2013 to better understand and characterize phosphorus. The Lake Erie watershed
phosphorus study will form the basis of an MSc thesis study being completed by the author through the
University of Guelph and supported by the OGS and OMAFRA. This work also complements the
ongoing Southern Ontario Stream Sediment project (SOSS); a collaboration with the Ministry of
Environment (MOE), conducted throughout southern Ontario during 2008–2009 (Baker et al. 2009; Dyer,
Fletcher and Reiner 2010; Dyer and Burke 2012).

SOUTHERN ONTARIO STREAM SEDIMENT STUDY
The primary objective of the study was to collect sediment for geochemical analysis to determine
baseline and anthropogenic levels of organic compounds and inorganic elements. The results of this
survey have direct relevance in the assessment of watershed health and will assist in understanding if
current municipal, industrial and agricultural management best practices are appropriate. In addition, the
establishment of an environmental baseline database of southern Ontario will provide relevant data for the
determination of stream sediment quality guidelines.
The main phase of the SOSS sampling was conducted during the months of October 2008 to January
2009 by 2 consulting firms, Conestoga–Rovers and Associates and XCG Consultants Ltd. Some areas
that were omitted due to inaccessibility in the winter months, or to replace samples that were lost or
compromised during laboratory processing, were sampled by the OGS in June 2009 and July 2010 (Dyer,
Fletcher and Reiner 2010). The bulk of the inorganic metals data was published in 2012 (Dyer and Burke
2012). Sample sites with unreliable positional data were not included in this data release pending field
verification and possible resampling. This was one of the tasks undertaken during the summer of 2013.

PHOSPHORUS STUDY
Coincident with the preliminary data release (Dyer and Burke 2012), interest in nutrient concentrations
in watersheds was growing due to particularly widespread algal blooms in Lake Erie during the summer
of 2012 (Ohio Department of Natural Resources–Department of Agriculture–Environmental Protection
Agency 2013). The impacts of the algal blooms include fouled beaches and waterways negatively affecting
both the fisheries (e.g., fish kills) and tourism industries (Ohio Department of Natural Resources–
Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.33-1 to 33-9.
© Queen’s Printer for Ontario, 2013
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Department of Agriculture–Environmental Protection Agency 2013; Koonce, Busch and Czapla 1996).
Studies have shown that the most significant nutrient affecting many ecosystems is phosphorus (North et
al. 2007; Baker and Richards 2002). The largest rivers flowing into Lake Erie from the state of Ohio, the
Maumee and Sandusky Rivers, are known to export very large quantities of phosphorus to the lake as
dissolved and suspended loads as compared with other rivers of their size (Dolan and McGunagle 2005;
Rockwell et al. 2005; Baker and Richards 2002). Unfortunately, similar studies on major Ontario rivers
do not exist nor did the SOSS project adequately cover all Lake Erie watersheds.
The data from the SOSS show regional geochemical patterns all across the study area, although
sample density and coverage issues were identified in most areas, including the area along the north shore
of Lake Erie. This data gap provided the main stimulus for the creation of the detailed phosphorus study
being carried out by the OGS in collaboration with OMAFRA. The investigation will focus on
phosphorus concentrations in stream sediments and the dissolved phosphorus concentration in the waters.
These 2 variables, as well as others, will be correlated with measured physical properties of the sediment
and water with the aim of determining the degree to which geological landscape contributes to, and/or
influences transport and fate of nutrients in the selected watersheds.
Several smaller tributaries closer to Lake Erie’s western basin will be studied in detail with regard to
their physical and geochemical properties to determine whether nutrient (in particular phosphorus)
variations are related to changes in surficial geology (sediment texture). Another component of the study
will be to look for temporal variations by sampling identical sites in the spring late summer and winter.
This study will help to better understand the contributions from several major watersheds (e.g., the
Thames and Grand rivers) to phosphorus and sediment loadings in Lake Erie.

Surficial Geology
Most of southern Ontario is covered by deposits of glacial drift materials including glaciolacustrine
clay, glaciofluvial sand and gravel and various types and generations of till (Barnett 1992). In southern
Ontario, the bedrock is dominantly limestone and dolostone with interbedded shale, sandstone and chert
units (Johnson et al. 1992). Along Lake Erie’s north shore, the main physiographic regions and glacial
units from east to west are the Haldimand clay plains and Norfolk sand plains, and the Port Stanley and
Tavistock tills. In addition, glaciolacustrine deposits associated with a succession of proglacial lakes
began developing near Lake Erie’s western basin as the Laurentide Ice Sheet receded (Barnett 1992).
Each of these units are interbedded with glaciofluvial spillway deposits and glaciolacustrine clay and
beach sand deposits of varying ages as the ice sheet advanced and retreated. After the glaciers had
receded, rivers carved through these sediments and created deposits of their own from these materials
downstream within the river channel and ultimately carried sediment into Lake Erie. The watersheds of
interest to this study are located mainly within the Haldimand clay plains, the Port Stanley Till and
glaciolacustrine deposits.

Fall 2012 Orientation Survey
Field work was carried out in November 2012 and involved the collection of sediment, water and
water-quality data from near the mouth of every major river and stream draining into Lake Erie
(Figure 33.1). The objective of this orientation survey was to identify watersheds most impacted by
nutrients and, therefore, would warrant further detailed study. At total of 52 sites were visited and the
samples sent to the Agriculture and Food Laboratory (AFL) in Guelph and the Geoscience Laboratories
(Geo Labs) in Sudbury. The analyses included dissolved metals, major ions and nutrients including
reactive phosphate and nitrate. The data from AFL were used to determine which watersheds to focus the
future phases of the project that were planned for the spring, late summer and fall of 2013.
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Summer 2013 Field Work
Building on the orientation survey conducted in November 2012, 2 two-week periods of field work
during the summer 2013 were dedicated to sampling the major tributaries that discharge into Lake Erie in
southwestern Ontario. In addition to the results of the orientation sampling, the strategy for choosing
watersheds also took into consideration the underlying surficial geology compiled by the OGS (Ontario
Geological Survey 2010). In late April to early May, 61 sites were chosen for sampling sediment and
water in 8 different watersheds: the Grand River (4), Nanticoke Creek (6), Kettle Creek (8), Two Creeks (8),
Hillman Creek (14), Sturgeon Creek (4), Cedar Creek (8) and the Thames River (9) (see Figure 33.1). The
second sampling period occurred during the last 3 weeks of August, in which 50 of the 61 original sites
were resampled for both sediment and water. At each site, 4 samples of water as well as 2 sediment samples
were collected. Water and sediment samples were also collected from several Lake Huron watersheds,
namely, at a few strategic locations along the Beaver River near Owen Sound and the Maitland River near
Goderich, as reference sites to compare phosphorus loadings outside the Lake Erie watershed.
Additional field work, carried out during July and early August of 2013, was focussed on infill and
verification sampling of the original SOSS survey. In total, 94 new locations were sampled for sediment,
to infill the original survey (Figure 33.2). In addition, 13 sites sampled by contractors in 2008–2009 were
resampled to test for temporal variations. Of the 186 sites that were not published with the 2012 data
release (Dyer and Burke 2012) because of location discrepancies, 44 sites were verified as either accurate
at their reported location or the actual location was determined using photographs taken at the time of
collection by the contractors.

SAMPLING METHODOLOGY
Sampling water for the phosphorus study also included taking measurements for temperature,
conductivity, pH, dissolved oxygen and turbidity in the field using a YSI 6600 multiparameter water

Figure 33.1. Locations of the sites sampled during the November 2012 orientation survey and 61 sites that were subsequently
chosen for sampling of sediment and water in 8 different watersheds for the phosphorus study. Universal Transverse Mercator
(UTM) co-ordinates are provided in Zone 17 using North American Datum 1983 (NAD83).
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analyzer. The sensors for the YSI unit were held in the water channel where flow and depth were greatest
until readings were stable. The measurements were then recorded manually and transferred to the digital
data logger. Following the in situ water-quality measurements, a water sample was taken using a Van
Dorn Horizontal Beta 3.2 L water sampler from which subsamples were filtered with 45 µm membrane
filters attached to syringes into 4 separate 60 mL high-density polyethylene (HDPE) bottles. Two of the
samples for analysis by gas chromatography did not require preservation other than chilling to a temperature
less than 4°C. The sample for total Kjeldahl phosphorus required acidification to pH less than 2 with
sulphuric acid and the sample for analysis by inductively coupled plasma (ICP) spectroscopy required
acidification with nitric acid. All samples were kept cool immediately after collection.
For each of the 103 new infill sediment sample sites, one 500 mL sediment sample was collected for
inorganic analysis and another 250 mL sample for analysis of organic contaminants. The sampling
procedure and analysis was identical to that described in Baker et al. (2009) and Dyer, Fletcher and
Reiner (2010). For the phosphorus study sites, one 500 mL sediment sample was collected for inorganic
analysis and another 250 mL sample for the analysis of the phosphorus fractionation. At sites where a
water sample was collected, this was done first along with water-quality readings with the YSI. The
sediment sample was then collected upstream from the site of the water sample and YSI measurements.
Samples were taken at least 15 m upstream from any road or railway bridge and only the top 2 to 5 cm of
stream sediment (alluvial) material was collected and even less if there were noticeable colour and/or
texture changes with depth.
The preferred sample medium was fine-grained material in the clay to silt particle size range, but, if
necessary due to the fluvial conditions, coarser material was collected. In order to ensure a representative
sample from the site, material was harvested from a minimum of 3 locations per site typically from
relatively quiescent catchment (pool) areas. The material was worked through a 4 mm sieve in the field,
homogenized and excess water slowly decanted before placing in the 500 mL and 250 mL bottles. Every
precaution was taken to avoid any contamination from equipment, handling or fallout from the road.
Upon collection, both the 250 mL and 500 mL samples for organic analyses were kept chilled by being
stored upright in a small fridge. Within a day, the remaining standing water was decanted from the jars,

Figure 33.2. Locations of the 94 sites sampled to infill the southern Ontario stream sediment (SOSS) project coverage.
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then the 200 mL samples were frozen with dry ice to maintain the sample integrity until they were
shipped to the Geo Labs in Sudbury for frozen storage. The inorganic samples were kept chilled in
coolers by rotating ice packs until delivery to cold storage at the Geo Labs in Sudbury.

SAMPLE ANALYSES
Sample analyses for the phosphorus study will be split between the Geo Labs in Sudbury and the
AFL in Guelph. At the Geo Labs, work will include sediment preparation, particle size analysis (PSA),
loss-on-ignition (LOI) and analysis by ICP for trace metals and major elements in both sediments and
waters. Major anions (nutrients) in water will be determined by ion chromatography. The remaining
samples were submitted to the AFL in Guelph for the analysis of reactive phosphate, nitrate/nitrite, total
Kjeldahl phosphorus and total nitrogen in waters and for analysis of phosphorus fractionation in
sediments. The data sets received to date are undergoing quality-control (QC) review prior to statistical
and graphical analysis.
The phosphorus study sediment samples will be dried, disaggregated and split by Geo Labs into 2
aliquots for different analyses. The first aliquot will undergo particle size analysis using a S3500
Microtrac Analyzer to determine sample texture characteristics. The second aliquot will be thoroughly
disaggregated prior to aqua regia digestion followed by ICP analysis for a suite of elements including
phosphorus. A portion of the pulverized aliquot will also undergo 3-step loss-on-ignition (LOI) procedure
to determine weight percent organic and volatile matter.

PRELIMINARY RESULTS
Preliminary analysis of the data from the original SOSS survey indicated a few areas along the north
shore of Lake Erie with relatively high phosphorus concentrations as compared with other parts of the
study area (Figure 33.3). Using these data and water chemistry data collected as part of the orientation

Figure 33.3. Total phosphorus (ppm) in stream sediment data from the SOSS survey with dissolved reactive phosphorus
concentrations (mg/L) data from the November 2012 sampling period superimposed as proportional dots. All UTM co-ordinates
provided using NAD83 in Zone 17.
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survey in 2012, 8 different watersheds discharging to Lake Erie were identified as being either severely
impacted or not impacted by elevated nutrient concentrations or in need of further study. Both surveys
showed that the area around Leamington–Kingsville has especially high concentrations in water of all
forms of phosphorus, nitrate, sulphate, chloride and potassium (Figures 33.4, 33.5, 33.6 and 33.7). The
Grand and the Thames rivers show slightly elevated levels of chloride and sulphate, but not of other
nutrients such as nitrate and phosphate.

Figure 33.4. Dissolved reactive phosphorus concentrations (mg/L) from AFL for the April 2013 sampling period. All UTM coordinates provided using NAD83 in Zone 17.

Figure 33.5. Nitrate concentrations (mg/L) from AFL for the April 2013 sampling period. All UTM co-ordinates provided using
NAD83 in Zone 17.
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Statistical analyses of the SOSS data show that total phosphorus concentrations in sediments correlates
moderately with mean volume diameter and calculated specific surface area summary values determined
from particle size analysis results. From the multiparameter correlation matrix, another very interesting
observation stands out: the greatest element correlation for phosphorus is with rare earth elements (e.g.,
yttrium, cerium, praseodymium, lanthanum), which suggests that a significant portion of the phosphorus
signal may originate in phosphate minerals (such as apatite and monazite) and not the secondary signal

Figure 33.6. Sulphate concentrations (mg/L) from AFL for the April 2013 sampling period. All UTM co-ordinates provided
using NAD83 in Zone 17.

Figure 33.7. Potassium concentrations (mg/L) from AFL for the April 2013 sampling period. All UTM co-ordinates provided
using NAD83 in Zone 17.
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adsorbed to sediment particle surfaces from the dissolved form. This may be a reflection of the SOSS
sample preparation methodology whereby the samples were completely pulverized prior to digestion
thereby incorporating the primary signal due to the entire sediment particles that comprise the river
substrate. Therefore, consideration will be given to exploring the relationship further by comparing the
results of both a light disaggregation and a complete pulverization preparation procedure prior to ICP
analysis.

FUTURE WORK
The Geo Labs has begun the sample preparation for ICP, particle size and loss-on-ignition analysis
on the remaining 293 sediment samples. AFL will have results for all samples by November 2013. The
fall sampling period is planned for late November or early December 2013.
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INTRODUCTION
In 2008, the Geological Survey of Canada (GSC) initiated a project to evaluate the hydrocarbon
resource potential of the Hudson Platform. This project was part of Natural Resources Canada’s Geomapping for Energy and Minerals (GEM) program and was undertaken by the GSC in partnership with
provincial and territorial surveys, including the Ontario Geological Survey (OGS). The role of the OGS in
this project commenced in 2010 and focussed on updating the stratigraphic framework of the Hudson
Platform and evaluating components (e.g., source rocks) of potential hydrocarbon systems (Armstrong
and Lavoie 2010a, 2010b; Armstrong 2011, 2012).
The article presents an overview of the Paleozoic stratigraphy of the Aquitaine Sogepet et al.
Pen No. 1 exploration well, the thickest and most stratigraphically complete, cored well in the Hudson
Platform of northern Ontario. Proposed refinements to the Ordovician and Silurian stratigraphy based on
our analysis, are also presented.
Aquitaine Sogepet et al. Pen No. 1 (herein referred to as “Pen No. 1”) was drilled in 1969 by the
Aquitaine Company of Canada Inc. on the southern shore of Hudson Bay (location: 56°45ʹN, 88°45ʹ15ʺW;
Figure 34.1). There are very few other cored and geophysically logged drill holes that have been drilled in
the Hudson Bay Lowland of northern Ontario, so Pen No. 1 represents a key reference section. It was
drilled vertically, so depths listed in this article are all true vertical depths below ground surface.
Pen No. 1 is located on the southwestern margin of the Hudson Bay Basin, which, together with the
Foxe Basin to the north and Moose River Basin to the south, form the Hudson Platform (see Figure 34.1).
The geologic setting and stratigraphy of the Hudson Platform was reviewed by Armstrong and Lavoie
(2010a, 2010b), Hamblin (2008), and Norris (1993). New models for basin formation and subsidence
based on work conducted under the GEM program are presented by Pinet et al. (2013).
Previous logs for Pen No. 1 include those by Aquitaine Company of Canada Inc. (1969) and other
unpublished logs and well records on file at the Ontario Oil Gas and Salt Resources Library (OGSRL) in
London (well licence number T002784). Le Fèvre, Barnes and Tixier (1976) presented conodont
biostratigraphic analysis of this well in the context of a paleoecological study of the Ordovician and
Silurian of the Hudson Platform. Suchy (1992) included stratigraphic details for Pen No. 1 as part of his
work on the Silurian Attawapiskat Formation. Petrophysical analysis of Pen No. 1 geophysical logs by
K. Hu (GSC–Calgary) is presented in Lavoie et al. (2013).
Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.34-1 to 34-21.
© Queen’s Printer for Ontario, 2013
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Figure 34.1. Bedrock geology of northern Ontario showing location of Aquitaine Sogepet et al. Pen No. 1 (red circle) and other cores (black circles) and outcrops (black squares)
examined for this study. Geology from Ontario Geological Survey (2011). Inset map of the Hudson Platform from Zhang (2010).
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METHODS
The Hudson Platform project in Ontario involved examination of archival cores and new mineral
exploration cores and representative outcrops in the Hudson and James Bay lowlands (Armstrong and
Lavoie 2010a; Armstrong 2011, 2012). Selected cores and outcrops were systematically sampled for
biostratigraphic analysis (specifically conodonts and chitinozoans), geochemical analysis, and stable
carbon and oxygen isotopic analyses. Chemostratigraphic profiles are being created in an effort to assist
in litho- and biostratigraphic correlations.
Splits of the Pen No. 1 core are archived at the OGSRL in London and at the Ministry of Northern
Development and Mines (MNDM) office in Timmins. More than 800 m of Pen No. 1 core was logged for
this project in 2010 and 2011. Top of bedrock in Pen No. 1 was encountered at 41.8 m, although coring
did not commence until a depth of 217.32 m (Aquitaine 1969). It was continuously cored through the
Paleozoic strata into the Precambrian basement, which was encountered a depth of 1021.33 m.
Geophysical logs for Pen No. 1 on file at the OGSRL include gamma-ray, neutron, sonic, caliper,
temperature and electrical (resistivity) logs. Digitization of selected Pen No.1 logs by IHS Canada Ltd.
was co-ordinated by GSC–Calgary.
The MNDM core split was sampled for petrographic, geochemical and biostratigraphic analyses.
The OGSRL core split was systematically sampled for isotopic analysis using a carbide-tipped drill. Finegrained carbonate matrix material was targeted for isotopic analysis. In coarser grained samples, larger
sample sizes were drilled in an effort to obtain isotopic values representative of depositional seawater.
Analysis of stable isotopes of carbon (δ13C) and oxygen (δ18O) of matrix carbonate were performed
at the Keck Paleoenvironmental and Environmental Stable Isotope Laboratory at the University of
Kansas, using a ThermoFinnigan™ GasBench II in-line with a ThermoFinnigan™ MAT 253™ isotope
ratio mass spectrometer. Values are reported in per mil (‰) relative to the Vienna Pee Dee belemnite
(VPDB) standard.
Representative core samples were collected for conodont and chitinozoan analyses and submitted
for processing to the GSC and the Institut national de la recherche scientifique, Centre Eau, Terre,
Environnement (INRS–ETE) laboratories in Calgary and Quebec City, respectively. The GSC and OGS
sample numbers are cross-referenced in Table 34.1, which also includes sample depths and brief sample
descriptions. Results for conodont and chitinozoan analyses are summarized in Figures 34.2 and 34.3,
respectively.
Graphic lithostratigraphic logs were generated for this project using Strater™ software. Three plots
were generated for Pen No. 1: mostly Upper Ordovician (Figure 34.4); mostly Lower Silurian (Figure 34.5);
and Lower Silurian to Lower Devonian(?) (Figure 34.6). These graphic logs display the main lithofacies of
each unit and are indented according to carbonate classification or grain size (for siliciclastics). Lithofacies
patterns are explained in the legend in Figure 34.7. Graphic logs also include the gamma-ray log, an
indicator of argillaceous (i.e., clay mineral) content.
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Table 34.1. List of samples that yielded conodonts and chitinozoans for this study.
Conodont Samples
OGS Sample ID GSC C-#

Con No.

Top (m)

Stratigraphy

Lithology

10DKA004U
10DKA004V
10DKA004W
10DKA004X

C-548298
C-468246
C-548299
C-468245

1769-1
1763-2
1769-2
1763-1

458.24
470.59
484.91
505.94

459.62
471.20
485.37
506.27

Attawapiskat
Attawapiskat
Attawapiskat
Attawapiskat

bio-wackestone (megalodonts)
bio-packstone
bio-wackestone
bio-pack-grainstone

10DKA004Y
10DKA004AA

C-548300
C-548301

1769-3
1769-4

506.40
516.61

507.01
517.53

Ekwan River
Ekwan River

bio-wacke-packstone
bio-wacke-packstone

10DKA004AB
10DKA004AD
10DKA004AI
10DKA004AN
10DKA004AP

C-548302
C-548303
C-548304
C-548305
C-548306

1769-5
1769-6
1769-7
1769-8
1769-9

524.23
549.22
586.41
620.54
639.85

525.75
550.14
587.63
621.76
640.51

upper Severn River
upper Severn River
upper Severn River
upper Severn River
upper Severn River

shaly limestone
bio-pack-wackestone
bio-grainstone
packstone/grainstone
bio-wackestone

10DKA004AT
10DKA004AW

C-468247
C-468253

1763-3
1763-9

678.15
713.73

678.76
714.49

middle Severn River
middle Severn River

bio-pack-wackestone
bio-pack-grainstone

10DKA004BA
10DKA004BC

C-468248
C-468249

1763-4
1763-5

754.04
772.17

755.26
772.78

lower Severn River
lower Severn River

lime-mud/wackestone (Virgiana)
limestone (ribbon)

10DKA004BG

C-468250

1763-6

822.01

823.00

Red Head Rapids

limestone

10DKA004BM

C-468251

1763-7

863.76

864.83

Chasm Creek (CRG)

bio-wackestone

10DKA004BX
10DKA004BO
10DKA004CM
10DKA004CP

C-550583
C-468252
C-550586
C-550587

1775-1
1763-8
1775-2
1775-3

880.87
905.82
914.55
921.11

882.09
906.58
915.49
922.02

Caution Creek (CRG)
Caution Creek (CRG)
Caution Creek (CRG)
Caution Creek (CRG)

bio-wacke/packstone
bio-wackestone
bio-wacke/packstone
bio-wackestone

10DKA004DE
10DKA004DM
10DKA004DS
10DKA004DY
10DKA004EI

C-550588
C-550589
C-550590
C-550591
C-550592

1775-4
1775-5
1775-6
1775-7
1775-8

954.40
971.70
984.50
1000.96
1017.42

955.55
972.92
985.72
1002.18
1018.74

Portage Chute (BCR)
Portage Chute (BCR)
Portage Chute (BCR)
Portage Chute (BCR)
Portage Chute (BCR)

bio-wacke/packstone
bio-wacke/packstone
bio-wacke/packstone
bio-wackestone
bio-wackestone

Bottom (m)

Chitinozoan Samples
OGS Sample ID GSC C-#

Lab INRS No. Top (m)

Bottom (m)

Stratigraphy

Lithology

10DKA004AB
10DKA004AC

C-548302
Q-008850

32325
32414

524.23
538.25

525.75
541.91

Ekwan River
Ekwan River

shaly limestone
bio-wackestone to lime-mudstone

10DKA004AE
10DKA004AF
10DKA004AL

Q-008851
Q-008852
Q-008854

32415
32416
32418

552.88
557.15
607.28

553.49
557.76
607.69

upper Severn River
upper Severn River
upper Severn River

dolostone with shale
limestone
lime-mudstone to wackestone

10DKA004CA
10DKA004BN
10DKA004CD
10DKA004CG
10DKA004CI
10DKA004CK
10DKA004CN
10DKA004CQ

Q-008872
Q-008866
Q-008873
Q-008874
Q-008875
Q-008876
Q-008877
Q-008878

32434
32429
32435
32436
32437
32438
32439
32440

886.18
888.75
889.41
899.16
905.71
912.01
915.87
922.35

886.36
889.36
889.63
899.29
905.87
912.22
916.23
922.32

Caution Creek (CRG)
Caution Creek (CRG)
Caution Creek (CRG)
Caution Creek (CRG)
Caution Creek (CRG)
Caution Creek (CRG)
Caution Creek (CRG)
Caution Creek (CRG)

bioturbated bio-wacke/packstone
argillaceous bio-wackestone
argillaceous limestone
slightly argillaceous bio-wackestone
bio-wackestone/lime-mudstone
bio-wackestone
limestone
bio-wackestone to lime-mudstone

10DKA004CS

Q-008879

32441

923.62

923.82

Surprise Creek (CRG) *

bio-wackestone

10DKA004DC
10DKA004DG
10DKA004DO
10DKA004DR
10DKA004DV
10DKA004DZ
10DKA004EC
10DKA004EG
10DKA004EJ

Q-008882
Q-008883
Q-008885
Q-008886
Q-008887
Q-008888
Q-008890
Q-008891
Q-008891

32443
32444
32446
32447
32448
32449
32450
32451
32452

950.37
957.30
977.04
984.30
991.51
1002.18
1009.80
1013.89
1018.87

950.65
957.55
977.19
984.50
991.82
1002.46
1010.11
1014.07
1018.95

Portage Chute (BCR)
Portage Chute (BCR)
Portage Chute (BCR)
Portage Chute (BCR)
Portage Chute (BCR)
Portage Chute (BCR)
Portage Chute (BCR)
Portage Chute (BCR)
Portage Chute (BCR)

bio-wackestone
bio-wackestone and packstone
bio-wackestone
argillaceous bio-wackestone
bio-wackestone
bio-wackestone
bio-wackestone
limestone
bio-wackestone

OGS sample numbers are listed with corresponding GSC, conodont (Con), and INRS lab (chitinozoan) sample numbers.
Top and bottom sample depths are in metres below surface in Pen No. 1.
CRG and BCR indicate Churchill River Group and Bad Cache Rapids Group, respectively; “bio-” indicates bioclastic.
* indicates proposed nomenclatural change.
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Figure 34.2. Stratigraphic distribution of conodont taxa in samples from Pen No. 1 (see Table 34.1 for sample depths and corresponding GSC sample numbers). Solid boxes
indicate occurrence of a species. A dash ( | ) indicates assumed continuation of the species range.
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Figure 34.3. Stratigraphic distribution of chitinozoan taxa in samples from Pen No. 1 (see Table 34.1 for sample depths and corresponding GSC sample numbers). Solid boxes
indicate occurrence of a species; “?” indicates possible occurrence; * indicates proposed nomenclatural change.
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Figure 34.4. Graphic log of the Upper Ordovician interval of Pen No. 1, showing depth below surface (metres), age,
stratigraphy, lithofacies, with indent indicating carbonate classification (or grain size for siliciclastics) and basic description for
each unit. The gamma-ray log and δ13C and δ18O isotopic profiles for this core interval are also displayed. See Figure 34.7 for
legend; * indicates proposed nomenclatural change; VPDB, Vienna Pee Dee belemnite standard.
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Figure 34.5. Graphic log of the lower part of the Lower Silurian of Pen No. 1, showing depth below surface (metres), age,
stratigraphy, lithofacies, with indent indicating carbonate classification (or grain size for siliciclastics) and basic description for
each unit. The gamma-ray log and δ13C and δ18O isotopic profiles for this core interval are also displayed. See Figure 34.7 for
legend; VPDB, Vienna Pee Dee belemnite standard.
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Figure 34.6. Graphic log of the upper Lower Silurian to Lower Devonian(?) of Pen No. 1, showing depth below surface
(metres), age, stratigraphy, lithofacies, with indent indicating carbonate classification (or grain size for siliciclastics) and basic
description for each unit. The gamma-ray log and δ13C and δ18O isotopic profiles for this core interval are also displayed.
See Figure 34.7 for legend; VPDB, Vienna Pee Dee belemnite standard.

34-9

Earth Resources and Geoscience Mapping Section (34)

D.K. Armstrong et al.

STRATIGRAPHY
Upper Ordovician
The Upper Ordovician succession in northern Ontario records large-scale transgressive–regressive
cycles, with locally well-developed metre- to decimetre-scale evaporitic cycles. This succession consists of,
in ascending order: the Bad Cache Rapids Group, Churchill River Group and Red Head Rapids Formation.
Formational subdivisions of the Bad Cache Rapids and Churchill River groups as defined in northern
Manitoba (e.g., Nelson 1963, 1964) have not been formally recognized in Ontario (e.g., Johnson et al.
1992; Cumming 1975). Tentative correlations with the Manitoba stratigraphy are presented herein.

BAD CACHE RAPIDS GROUP
The Bad Cache Rapids Group was proposed by Nelson (1963, 1964) for the Ordovician limestones
and basal siliciclastic rocks that unconformably overlie the Precambrian basement in the Hudson Bay
Lowland of northern Manitoba. Nelson (1963, 1964) subdivided this group into 2 formations: the Portage
Chute and Surprise Creek formations. While these strata extend into the Ontario portion of the Hudson
Platform (see Le Fèvre, Barnes and Tixier 1976), arguments presented below propose that the Surprise
Creek Formation should eventually be re-assigned to the overlying Churchill River Group. The proposed
revised Bad Cache Rapids Group, therefore, includes only strata assigned to the Portage Chute Formation
of Nelson (1963, 1964).

Portage Chute Formation
The Portage Chute Formation, approximately 73 m thick in Pen No. 1, can be subdivided into at least
2 parts: 1) a lower thin basal siliciclastic-dominated, transgressive unit; and 2) a much thicker, shallow
marine carbonate unit (see Figure 34.4). The basal unit is approximately 2.3 m thick and characterized by
white to green-grey, quartz-rich, argillaceous, calcareous sandstone to sandy shales that grade upward into
moderately fossiliferous, sandy packstones with blue-rimmed burrows, locally abundant pyrite and bluerimmed hardgrounds. The remaining Portage Chute Formation (>70 m) consists of a relatively
monotonous succession dominated by bioturbated, semi-nodular, burrow-mottled, fossiliferous wackepackstones that are locally dolomitized (Photo 34.1A). Faunal content is diverse (e.g., trilobites, crinoids,
brachiopods, bryozoans, molluscs, ostracods and dasycladacean calcareous algae) and abundant, which is
consistent with deposition in a relatively open, shallow subtidal, normal marine environment (Hahn and
Armstrong, this volume, Article 35).
Values of δ13C exhibit a gradual increase from –5‰ near the base of the unit to about 0‰ in the
middle and then remains relatively constant for the upper half, suggesting stable marine conditions.

Figure 34.7. Legend explaining lithofacies patterns used in Figures 34.4, 34.5 and 34.6.
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Photo 34.1. Photographs of typical lithofacies of Upper Ordovician and Lower Silurian units in Pen No. 1 core. White arrow
indicates “up”. Wood blocks are labelled in feet below surface. A) Typical burrow-mottled texture of the upper Portage Chute
Formation, Bad Cache Rapids Group. B) Anhydrite nodules and beds (dark grey) in dolomudstone and greenish argillaceous
dolostone, of the Surprise Creek Formation, Churchill River Group. C) Typical burrow-mottled, semi-nodular texture of the
Chasm Creek Formation, Churchill River Group. D) Various lithofacies characteristic of evaporitic cycles in the Red Head
Rapids Formation. E) Disconformable contact between the Red Head Rapids Formation and the Severn River Formation
(circled), also the Ordovician–Silurian boundary; note the salt in the upper Red Head Rapids (ellipse). F) Virgiana-bearing
limestone of the lower Severn River Formation (Virgiana brachiopods are circled).
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Conodonts indicate a middle Edenian to middle Maysvillian age for the Portage Chute Formation in
Pen No. 1 (see Figure 34.2). Most of the chitinozoan associations observed for this unit are regarded as
late Edenian or late Edenian–early Maysvillian in age (see Figure 34.3). Considering both of these, a
middle Edenian to early Maysvillian age is interpreted for the Portage Chute Formation, Bad Cache
Rapids Group, in Pen No. 1.

CHURCHILL RIVER GROUP
Nelson (1963, 1964) proposed the term Churchill River Group for Ordovician limestones that overlie
the Bad Cache Rapids Group and underlie the Red Head Rapids Formation based on outcrops along rivers
in northern Manitoba. He subdivided the group into 2 formations: the Caution Creek and Chasm Creek
formations.
In northern Ontario, Armstrong (2012) informally subdivided the Churchill River Group into lower
and upper units. Strata informally assigned to the lower Churchill River Group are now preliminarily
considered equivalent to the Surprise Creek Formation of the Bad Cache Rapids Group of northern
Manitoba. Strata informally assigned to the upper Churchill River Group include the Caution Creek and
Chasm Creek formations of northern Manitoba. For reasons presented below, it is proposed that the
Surprise Creek Formation be eventually assigned to the Churchill River Group as its basal unit.

Surprise Creek Formation
The Surprise Creek Formation is 25.45 m thick in Pen No. 1 and is characterized by nonfossiliferous, massive to laminated, tan dolomudstones, with thin green shale beds, desiccation features
(e.g., mudcracks), anhydrite nodules and beds, and gypsum-filled fractures (see Figure 34.4; Photo
34.1B). These features are indicative of restricted, peritidal conditions that represent either a regressive
phase at the top of the Bad Cache Rapids Group or initiation of a new transgressive phase at the base of
the Churchill River Group. This formation’s sharp (disconformable?) basal contact and gradational upper
contact support the latter interpretation. Also, strata to the southeast in the Moose River Basin, interpreted
to be equivalent to the Surprise Creek Formation (Ratcliffe and Armstrong, this volume, Article 36),
include basal, cross-stratified quartzitic sandstones, further supporting a transgressive interpretation.
The Surprise Creek Formation was not sampled for conodonts. Extraction of some diagnostic
chitinozoans from a single sample favours a late Richmondian age for this unit (see Figure 34.3).

Caution Creek Formation
The Caution Creek Formation is almost 37 m thick and consists of sparsely to moderately fossiliferous,
bioturbated, semi-nodular, locally burrow-mottled, argillaceous bioclastic wackestone. The argillaceous
content of this unit is evident in its slightly elevated gamma-ray response (see Figure 34.4). The fauna is
dominantly shelly, including brachiopods, bivalves, gastropods and trilobites, with locally abundant crinoids
(Hahn and Armstrong, this volume, Article 35). These are indicative of a return to subtidal conditions.
Conodonts indicate a middle Maysvillian to Richmondian age for the Caution Creek Formation (see
Figure 34.2). Chitinozoan associations yielded short-ranging species that are linked to late Richmondian
(see Figure 34.3).

Chasm Creek Formation
The Chasm Creek Formation is similar in many respects to the underlying Caution Creek Formation
except for its lack of an argillaceous component (see Figure 34.4; Photo 34.1C). It is approximately 25 m
thick in Pen No. 1 and contains a rich and diverse macrofauna (Hahn and Armstrong, this volume, Article
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35). The lower part of this formation contains bioclastic packstone to grainstone interbeds. The uppermost
few metres are dolomitic, less bioturbated and appear to be gradational with the overlying Red Head
Rapids Formation.
The Chasm Creek Formation yielded long-ranging conodont species that are not diagnostic (see
Figure 34.2) and no chitinozoans.

Red Head Rapids Formation
The youngest Ordovician unit in northern Ontario is the Red Head Rapids Formation. The strata
assigned to this formation were originally included in the Port Nelson Formation as defined by Savage
and Van Tuyl (1919). For reasons presented in Lavoie et al. (2013), the term Red Head Rapids Formation
is retained for this article.
The Red Head Rapids Formation is approximately 74.5 m thick in Pen No. 1, where it is characterized
by evaporitic cycles typically consisting of burrow-mottled, fossiliferous bioclastic wackestones that
grade upward into non-fossiliferous, locally laminated, tan dolosiltites and dolomudstones that, in turn,
become anhydrite-bearing, tan dolomudstones, then anhydrite or halite beds (Photo 34.1D). The cycles
are capped by grey to green argillaceous dolosiltites that yield a distinct positive spike in the gamma-ray
log (see Figure 34.4). Five such cycles are identified in Pen No. 1, ranging from approximately 7.5 to
more than 25 m thick. These lithofacies indicate deposition in environments ranging from shallow
subtidal, through intertidal to supratidal. The highly varied δ13C profile for this unit is consistent with
periodic exposure within intertidal to supratidal conditions. A positive excursion in δ13C values at a depth
of approximately 813 m may be the Hirnantian isotopic carbon excursion (or HICE), which is thought to
be related to Late Ordovician glaciation (Bergström et al. 2009).
The sparse conodont fauna of this unit comprises long-ranging species (see Figure 34.2) and samples
of this formation did not yield any chitinozoans.

Lower Silurian
The Lower Silurian of northern Ontario is dominated by cyclic deposition that constitutes most of the
Severn River Formation. The Severn River Formation is disconformably overlain by biostromal and
biohermal limestones of the Llandovery Ekwan River and Attawapiskat formations (Suchy 1992; Suchy
and Stearn 1993). Disconformably(?) overlying these formations are evaporite-bearing dolomudstones,
red mudstones and brecciated dolostone, traditionally assigned, with little or no biostratigraphic control,
to the Wenlock to Lower Devonian Kenogami River Formation (e.g., Norris 1993). Biostratigraphic
evidence from off-shore wells indicate that strata logged in the off-shore as Kenogami River Formation,
are mainly early Middle Devonian (Hu et al. 2011).

SEVERN RIVER FORMATION
The oldest Silurian strata in the Hudson Platform are the shallow marine carbonates of the Severn
River Formation proposed by Savage and Van Tuyl (1919), based on a series of outcrops along the
Severn River, above (south of) the mouth of the Fawn River. The Severn River Formation was later
expanded (Sanford, Norris and Bostock 1968) to include outcrops located up to 10 km downstream of the
Fawn River. Sanford, Norris and Bostock (1968) also included the underlying Nelson River Formation of
Savage and Van Tuyl (1919) and the upper member of Red Head Rapids Formation of Nelson (1963,
1964). Subsequently, Sanford and Norris (1973) removed the Ordovician strata so that the Severn River
Formation is now defined as Silurian limestones unconformably overlying the Ordovician Red Head
Rapids Formation and conformably overlain by limestones of the Ekwan River Formation (Heywood and
Sanford 1976).
34-13

Earth Resources and Geoscience Mapping Section (34)

D.K. Armstrong et al.

The Lower Silurian Severn River Formation is commonly reported to unconformably overlie the
Upper Ordovician Red Head Rapids Formation (e.g., Norris 1993). The uppermost Red Head Rapids
Formation typically contains green to grey siliciclastic mudstones to argillaceous dolomudstones that are
commonly overlain by dolomudstones with argillaceous content decreasing upward. The formational
contact (and systemic boundary) in Pen No. 1 is placed at a sharp, apparently disconformable (or possibly
unconformable) contact within dolomudstones at a depth of 787.41 m (2583.5 feet), less than 1.5 m above
the top of the shales (Photo 34.1E). Sparse fauna in this interval makes biostratigraphic control difficult.
Lithologically, the Severn River Formation is characterized by tan, burrow-mottled, bioclastic
wackestones to bioclastic packstones with periodic thin green argillaceous dolosiltites (see positive
gamma-ray spikes in Figures 34.4 and 34.5). Dolostones and anhydrite occur in evaporitic cycles that are
best developed in the middle of the formation. The resulting informal three-fold subdivision consists of a
middle evaporitic unit overlain and underlain by more fossiliferous carbonate units. These units appear to
correlate with the 3 conodont ecozones identified by Le Fèvre, Barnes and Tixier (1976). This article
proposes that these informal units be recognized as members. Formal names will be proposed in a later
publication.

Lower Member, Severn River Formation
The lower member of the Severn River Formation consists of approximately 37 m (in Pen No. 1) of,
in ascending order: dolomudstone grading rapidly up into “ribbon” dolomitic limestone (lime and
dolomudstones to wackestones) and then to fossiliferous, burrow-mottled bioclastic wackestones and
brachiopod-rich packstones that are dominated by the thick-shelled pentamerid brachiopod Virgiana
decussata (Jin, Caldwell and Norford 1997) (see Figure 34.5; Photo 34.1F). Other macrofauna include
tabulate corals, bryozoans, crinoid fragments and calcareous microbes (Hahn and Armstrong, this volume,
Article 35).
The lower “ribbon” limestones yielded conodonts that are not diagnostic, whereas the Virgianabearing limestone contains species regarded as Rhuddanian to Aeronian in age. None of the samples
yielded chitinozoans.
The carbon isotopic profile for the lower member is relatively stable between 0 and +2‰, suggesting
stable, subtidal conditions, consistent with its faunal assemblage.

Middle Member, Severn River Formation
The middle member of the Severn River Formation is approximately 81 m thick in Pen No. 1 and
consists of at least 6 evaporative cycles ranging from 6 to 21 m in thickness. The cycles are similar to
those of the Red Head Rapids Formation: burrow-mottled, fossiliferous, bio-intraclastic and peloidal,
wackestones, packstones and grainstones, overlain by anhydrite-bearing dolomudstones and capped by
light green argillaceous dolosiltites (Photo 34.2A). The latter beds are highlighted by positive spikes in
the gamma-ray profile (see Figure 34.5). The carbon isotope profile exhibits highly varied values, similar
to the evaporitic profile of the Red Head Rapids Formation.
Conodonts extracted from the middle Severn River Formation suggest an age extending from
Rhuddanian to Aeronian (see Figure 34.2). No chitinozoans were recovered from samples of this unit.
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Photo 34.2. Photographs of typical lithofacies of Lower Silurian to Lower Devonian(?) units in Pen No. 1 core. White arrow
indicates “up”. Wood blocks are labelled in feet below surface. A) Typical lithofacies of the middle Severn River Formation,
with dark grey anhydrite in tan dolomudstone. B) Typical bioturbated, semi-nodular lithofacies of the upper Severn River
Formation. C) Semi-nodular, stromatoporoid-bearing lithofacies of the upper Ekwan River Formation. D) Coral-stromatoporoid
boundstone of the lower Attawapiskat Formation. E) Laminated dolomudstones and massive brown gypsum beds, lower
Kenogami River Formation. F) Red, dolomitic, sandy mudstone with green mottling, characteristic of the middle Kenogami
River Formation.
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Upper Member, Severn River Formation
The upper member of the Severn River Formation in Pen No. 1 consists of almost 118 m of burrowmottled, sparsely to moderately fossiliferous, bioclastic wackestone, with thin bioclastic and/or intraclastic
packstone–grainstone beds, local “ribbon limestones” and laminated lime mudstones (Photo 34.2B).
Fossils include trilobites, crinoids, bryozoans, pentamerid brachiopods, stromatoporoids, molluscs and
ostracods (Hahn and Armstrong, this volume, Article 35). There are also a few thin argillaceous limestone
intervals and local thin, light green, argillaceous dolosiltites, indicated by elevated gamma-ray responses
(see Figure 34.5). There appears to be cyclicity in this unit’s lithofacies; however, cycles are not as fully
developed (e.g., evaporites are rare). This unit has a relatively stable δ13C profile, suggesting few if any
significant disconformities. It is interpreted that this unit was deposited under mainly shallow subtidal
conditions with minor intertidal to supratidal conditions.
Conodonts from the upper Severn River Formation indicate a Telychian age (see Figure 34.2).
Chitinozoans in samples from the upper 50 m of the unit suggest an age ranging from late Aeronian–early
Telychian to Telychian (see Figure 34.3).

EKWAN RIVER FORMATION
The term Ekwan River limestones was proposed by Savage and Van Tuyl (1919) for outcrops of
fossiliferous limestones along the Ekwan River that underlie coral reefs of the Attawapiskat Formation.
The Ekwan River Formation is characterized by well-bedded, fossiliferous, biostromal limestones (Norris
1993) with locally significant chert nodules (Sanford, Norris and Bostock 1968). It is variously
interpreted to conformably (e.g., Norris 1993; Jin, Caldwell and Norford 1993) or disconformably (e.g.,
Suchy 1992; Suchy and Stearn 1992) overlie the Severn River Formation. Preliminary results of this
study favour the latter interpretation (Armstrong 2011).
In Pen No. 1, the Ekwan River Formation consists of thin-bedded, semi-nodular, bioturbated,
bioclastic wackestone and packstones, with lime mudstones and “ribbon limestones” in the lower half
(see Figure 34.6; Photo 34.2C). A rich and diverse fauna, including crinoids, brachiopods, bryozoans,
trilobites, molluscs, stromatoporoids and gastropods, indicates normal marine conditions.
A 13 m interval of argillaceous bioclastic wackestone occurs in the middle of the formation. A
similar grey-green argillaceous interval occurs within the Ekwan River Formation in the Moose River
Basin (Ratcliffe and Armstrong, this volume, Article 36). The significance of this interval remains to be
determined.
The basal contact of the Ekwan River Formation with the underlying Severn River Formation is
disconformable (evident in outcrop and core; Armstrong 2011; Ratcliffe and Armstrong, this volume,
Article 36), with bioclastic and or intraclastic grainstones commonly occurring at the base of the Ekwan
River Formation. In Pen No. 1, the basal contact is not as obvious because of the occurrence of several
possible discontinuities and that the formation is not especially fossiliferous in this core. Carbon isotope
values decrease sharply at this contact, supporting the interpretation of a significant disconformity (e.g.,
Theiling et al. 2007).
Both conodonts and chitinozoans indicate a Telychian age for the Ekwan River Formation (see
Figures 34.2 and 34.3).
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ATTAWAPISKAT FORMATION
Savage and Van Tuyl (1919) proposed the term Attawapiskat coral reefs for outcrops of coral and
stromatoporoid-bearing limestones along the Ekwan and Severn rivers. Reefs of this formation on the
Attawapiskat River were initially described by Bell (1887). More recent studies of the Attawapiskat
Formation reefs and their fauna include Chow and Stearn (1988), Suchy (1992), Suchy and Stearn (1992,
1993), Jin, Caldwell and Norford (1993).
As part of the present study, outcrops of the Attawapiskat Formation on the Severn River were
examined and the formation was logged in the Pen No. 1 core. This formation is approximately 82 m
thick in Pen No. 1, where it consists of 2 coral-stromatoporoid boundstones (Photo 34.2D) separated and
overlain by crinoidal to skeletal packstones and grainstones as well as megalodont bivalve and gastropodbearing wackestones (see Figure 34.6). Very porous Nuia(?) (Suchy 1992) grainstones occur toward the
top of the formation. In Pen No. 1, glauconite occurs in the matrix of an intraformational breccia near the
top of the formation suggesting a disconformable contact with the overlying evaporitic dolostones
Kenogami River Formation. A conformable upper contact with the Kenogami River Formation has been
reported by some researchers (e.g., Norford 1971; Jin, Caldwell and Norford 1993).
The δ13C profile for the Attawapiskat Formation is relatively stable (see Figure 34.6), ranging from
+1 to +2‰, suggesting relatively stable marine conditions. A small negative anomaly near the top of the
formation may indicate a disconformable upper contact.
Samples of this formation yielded conodonts that are not diagnostic (see Figure 34.2) and did not
yield any chitinozoans. Jin, Caldwell and Norford (1993) report the occurrence of the Telychian age
brachiopod Pentameroides from the Attawapiskat Formation.

Upper Silurian? to Lower Devonian?
The uppermost cored interval in Pen No. 1 consists of evaporites, dolostones and thick red sandy
mudstones of the Kenogami River Formation. This unit is virtually barren of fossils, making age
determination difficult. Traditionally, the Kenogami River Formation is thought to span the Silurian–
Devonian boundary (e.g., Norris 1993; Johnson et al. 1992; Sanford and Norris 1975). According to some
researchers (e.g., Norford 1971; Jin, Caldwell and Norford 1993), the Kenogami River Formation
conformably overlies the Attawapiskat Formation. Lower Devonian (Gedinnian and Siegenian) spores
have been reported in the upper member of the Kenogami River Formation (McGregor, Sanford and
Norris 1970; McGregor and Camfield 1976).
A recent re-appraisal of available and new biostratigraphic data for offshore wells in Hudson Bay
(Hu et al. 2011) indicates that much of the approximately 800 m that had been assigned to the Kenogami
River Formation in Hudson Bay (e.g., Sanford 1987) is late Early Devonian (Emsian) and, therefore,
equivalent to the overlying Stooping River Formation. Hu et al. (2011) reassigned these offshore strata to
the Stooping River Formation. The possible disconformity identified at the top of the Attawapiskat
Formation in Pen No. 1 (discussed above) allows for a larger time gap between these formations.
The Kenogami River Formation in Pen No. 1 was not sampled for conodonts during this study and
did not yield any chitinozoans. The traditional age assignments for the Kenogami River Formation are
retained for this article (e.g., Johnson et al., 1992; see Figure 34.6).
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KENOGAMI RIVER FORMATION
The Kenogami River Formation was proposed by Dyer (1929) for outcrops of red and green shale
and dolostones on the Kenogami River and other rivers in the Moose River Basin. These outcrops were
recently examined and sampled for new biostratigraphic analysis (Ratcliffe and Armstrong, this volume,
Article 36).
The Kenogami River Formation is subdivided into 3 informal lithostratigraphic members (Sanford,
Norris and Bostock 1968): a lower evaporitic dolostone and anhydrite/gypsum member; a thick mainly
red siliciclastic member (mudstone to sandstone); and an upper dolostone member consisting of oolitic
and brecciated dolostones.

Lower Member
In Pen No. 1, the lower member of the Kenogami River Formation is approximately 42 m thick and
consists of laminated to massive, locally brecciated, dolomudstone and dolomitic silty mudstone, with
thick beds of brown gypsum and locally abundant, thin (2 to 15 mm), white, subhorizontal, sparry
gypsum-filled fractures (see Figure 34.6; Photo 34.2E). The lower member appears to be conformably
overlain by gypsum-bearing red mudstones of the middle member.

Middle Member
The middle member of the Kenogami River Formation is a siliciclastic-dominated unit, ranging from
mudstones through silty and sandy mudstones to argillaceous sandstones (see Figure 34.6; Photo 34.2F).
Petrographic analysis (Hahn and Armstrong, this volume, Article 35) indicates that this unit contains
some carbonate content (dolomudstone) and, in part, can be considered a mixed siliciclastic-carbonate
sediment. It is mainly red, with minor to locally significant light green intervals or mottling. Gypsum
and/or anhydrite nodules or fracture fillings occur locally. Massive pink gypsum beds occur in silty
dolomitic mudstone at the base of this unit.
The middle member is 140 m thick in Pen No. 1. Some researchers (e.g., McGregor and Camfield
1976) place the Silurian–Devonian boundary within the middle member. Others (e.g., Sanford and Norris
1975) place the boundary at the contact between the upper and middle members. The latter option is
favoured because of the more pronounced lithologic change (see Figure 34.6).

Upper Member
The upper member of the Kenogami River Formation is 25 m thick in Pen No. 1 (see Figure 34.6),
but may be thicker since it is the uppermost cored bedrock. Younger bedrock strata are interpreted in this
well from drill cuttings and geophysical logs (Aquitaine 1969). Core recovery toward the top of Pen No. 1
is very poor with rock fragments mostly composed of light tan to cream lime and dolomudstone. The
uppermost part of the unit consists of a breccia with dolomudstone fragments in a light red calcareous
mudstone matrix.
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INTRODUCTION
In 2008, the Geological Survey of Canada (GSC) initiated a project to evaluate the hydrocarbon
resource potential of the Hudson Platform. This project was part of Natural Resources Canada’s Geomapping for Energy and Minerals (GEM) program and was undertaken by the GSC in partnership with
provincial and territorial surveys, including the Ontario Geological Survey (OGS). The role of the OGS in
this project commenced in 2010 and focussed on refining the stratigraphic framework of the Hudson
Platform and evaluating components (e.g., source rocks) of potential hydrocarbon systems (Armstrong
and Lavoie 2010a, 2010b; Armstrong 2011, 2012).
This article presents results of a preliminary petrographic analysis of Paleozoic strata in the Hudson
Platform of northern Ontario. The objectives of this study were to identify key features at the microscopic
scale that could be used to characterize lithostratigraphic units and support stratigraphic interpretations.
This study compliments other studies in this volume by Armstrong et al. (this volume, Article 34) and
Ratcliffe and Armstrong (this volume, Article 36).

METHODS
Thin sections from representative core and outcrop samples collected for the Hudson Platform
project in 2010, 2011 and 2012 were examined for this study. All thin sections were stained with Alizarin
Red for calcite (red/pink) and potassium ferricyanide for iron-rich phases (blue for dolomite, purple for
calcite). Only one-half of each thin section was stained.
The following lithostratigraphic descriptions are based primarily on petrographic analysis of thin
sections of core samples obtained from the Aquitaine Sogepet et al. Pen No.1 well (Ministry of Natural
Resources well number number T002784; herein referred to as “Pen No.1”) (Figure 35.1, see field core
location 10DKA004). This petroleum exploration well was drilled by Aquitaine Company of Canada
Limited in 1969 (Table 35.1 provides location co-ordinates). Pen No.1 represents the most complete
section through the Hudson Bay Basin in Ontario and, thus, is a significant reference well.
The lithostratigraphic descriptions in this article are presented stratigraphically, from oldest to
youngest Paleozoic unit. Some of the unit descriptions are augmented by descriptions of thin sections
from other cores or outcrops in the basin. Locations of these cores and outcrops are shown in Figure 35.1.
Sample locations and depths (in core) or height (in outcrop) are provided in Table 35.1.

Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.35-1 to 35-12.
© Queen’s Printer for Ontario, 2013
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Figure 35.1. Paleozoic geology of the Hudson Platform showing the locations of drill cores (black circles) and outcrops (white squares) sampled for this study (geology after
Ontario Geological Survey 2011).
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Table 35.1. Locations of cores and outcrops sampled for this study.
Station ID
10DKA001*
10DKA002
10DKA004*
10DKA024
11DKA001*
11DKA002
11DKA017
11DKA021
11DKA022
11DKA024*
11DKA032
11DKA033
11DKA034
11DKA035
11DKA036
12DKA001
12DKA002

Location or Core Name
INCO–Winisk #49212
INCO–Winisk #49204
Aquitaine Sogepet et al. Pen No. 1
DeBeers V03-270AH
Mantle Diamonds DDH-08-010
Mantle Diamonds DDH-08-012
Attawapiskat River
Asheweig River
Asheweig River
Asheweig River
Severn River
Severn River
Severn River
Severn River
Severn River
KWG–Spider DR-94-09
KWG–Spider DR-94-10

Type
core
core
core
core
core
core
outcrop
outcrop
outcrop
outcrop
outcrop
outcrop
outcrop
outcrop
outcrop
core
core

UTM Easting
467110
497448
392508
306247
641589
581731
668037
455834
460710
469185
423313
432886
430159
430465
434923
608446
608882

UTM Northing
6039872
6017656
6291237
5854737
5868412
5822253
5883029
5979910
5980880
5985218
6142483
6163762
6171515
6171554
6179964
5813808
5788342

UTM Zone
16
16
16
17
16
16
16
16
16
16
16
16
16
16
16
16
16

Universal Transverse Mercator (UTM) co-ordinates reported in metres, using North American Datum 1983 (NAD83).
Asterisks mark sample locations for photomicrographs in Photos 35.1 to 35.3.

Samples were chosen in order to represent lithofacies from each formation, and to highlight features
that could not be described at the macroscopic scale. Samples were not necessarily collected at regular
intervals and, therefore, may not reflect the regular distribution of lithofacies that constitute each
formation. Armstrong et al. (this volume, Article 34) provide more general descriptions of lithofacies
distribution in each formation; refer to Figure 35.2 for the stratigraphic distribution of samples.

STRATIGRAPHY
Armstrong et al. (this volume, Article 34) informally propose revisions to the Paleozoic stratigraphy
of the Hudson Platform in Ontario (see Figure 35.2). In the Ordovician interval, they propose that the
Surprise Creek Formation of the Bad Cache Rapids Group (Nelson 1963, 1964) be re-assigned as the
basal formation within the overlying Churchill River Group. This group would then consist of, in
ascending order, the Surprise Creek, Caution Creek and Chasm Creek formations. The remaining, and
underlying, Bad Cache Rapids Group strata mainly consist of the Portage Chute Formation (Nelson 1963,
1964). The re-assignment of the Surprise Creek Formation is consistent with the nomenclature previously
used by Armstrong (2012) in that his “lower Churchill River Group” includes strata now assigned to the
Surprise Creek Formation. The Boas River Formation, characterized by organic-rich lime mudstone,
appears to be locally developed within the upper Bad Cache Rapids Group (Armstrong et al., this volume,
Article 34).
Armstrong et al. (this volume, Article 34) also propose a three-fold subdivision of the Severn River
Formation: a lower Virgiana brachiopod-bearing fossiliferous limestone; a middle evaporitic interval;
and the remaining cycles of fossiliferous burrow-mottled limestones and minor dolostones constituting
the upper member. They also propose refinement of the upper Severn River–Ekwan River–Attawapiskat
formational contact definitions, based in part on chemostratigraphy.
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RESULTS
Bad Cache Rapids Group
The Bad Cache Rapids Group (BCRG) contains interstratified burrowed bioclastic wackestone to
packstone and sandstone of the Portage Chute Formation. Thin sections from the basal BCRG are
characterized by sandstone that is bimodal in grain size distribution between rounded, sand-sized quartz
grains and angular silt-sized quartz grains. The basal sandstone is cemented by calcite and hematite
(Photo 35.1A). Samples from the rest of the Bad Cache Rapids Group are predominantly burrowed
bioclastic wackestone to packstone that contain varying amounts of quartz grains (Photo 35.1B).
Sandstone interbeds are present throughout the unit, but the number and thickness of sandstone beds and

Figure 35.2. Stratigraphic chart for the Aquitaine Sogepet et al. Pen No. 1 core (after Armstrong 2011; Armstrong et al., this
volume, Article 34). Note (*) that Surprise Creek Formation was formerly assigned to the Bad Cache Rapids Group. Also (**)
the Boas River Formation is not present in this core, but occurs in the eastern part of the Hudson Platform.
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Photo 35.1. Photomicrographs of typical lithofacies of the Bad Cache Rapids Group (BCRG) and Churchill River Group (CRG)
in cores Pen No. 1 (samples 10DKA004xx) and INCO–Winisk 49212 (samples 10DKA001xx). All samples, unless otherwise
noted, are stained (see “Methods”) and viewed under plane-polarized light. Sample numbers (e.g., 11DKA004EQ) and depths
are listed for each photo. A) Basal sandstone of the BCRG in cross-polarized light; note the bimodal grain size distribution
(10DKA004EQ, 1021.05m). B) Mixed siliciclastic and carbonate lithofacies of the lower BCRG (10DKA004EL, 1019.35m).
C) Typical lithofacies of the upper BCRG, with abundant dasyclad algae (das) (10DKA004EG, 1014.04m). D) Laminated
dolomudstone of the Surprise Creek Formation, CRG (10DKA004CT, 927.76m). E) Typical bioclast-rich lithofacies (unstained)
of the Caution Creek Formation, CRG (10DKA001U, 60.71m). F) Typical bioclastic packstone with dolomitized burrows of the
Chasm Creek Formation, CRG (10DKA004BW, 880.54m).
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quartz-bearing wackestone to packstone decreases up section. The wackestone to packstone is burrowed
throughout the section and most burrows have been dolomitized (fabric destructive). The faunal assemblage
is diverse and fossils are abundant; trilobites, crinoids, brachiopods, bryozoans, molluscs, ostracods and
dasyclad algae are all present (Photo 35.1C). Evaporite mineral laths and disseminated pyrite (<2% of total
sample) are common in samples through the section, and rare phosphate and glauconite are also present. The
upper part of the Bad Cache Rapids Group is similar to the lower part of the BCRG and is characterized by
burrowed bioclastic wackestone to packstone. The main distinguishing feature is a higher abundance of
dasyclad algae, and the presence of moldic porosity (after bioclasts) which increases up section.
Rounded grains of phosphate are present in samples of the Bad Cache Rapids Group from the upper
Winisk River area. Chitinozoans are common in all the Bad Cache Rapids Group samples at this location.
Samples of the Bad Cache Rapids Group from the Moose River Basin are extensively dolomitized. They
are burrowed and contain abundant skeletal material; however, the destructive nature of the dolomitization did
not allow any further comparison to be made with samples from the reference section (i.e., Pen No.1).

Boas River Formation
The Boas River Formation was encountered in only 2 diamond-drill cores (INCO–Winisk drill holes)
and an outcrop from the southern Hudson Bay Basin (Armstrong 2011). This unit is not present in the
reference core (i.e., Pen No. 1). While the Boas River Formation is commonly described as an organicrich lime mudstone (e.g., Armstrong 2011), organic content varies through the formation and occurs in
enriched horizons that contain over 50% dark brown, discontinuous, wispy laminations (Photos 35.2A
and 35.2B). These horizons are generally several millimetres to a centimetre thick and are interstratified
with laminae that contain anywhere from 5 to 30% dark brown, discontinuous, wispy laminations. Ostracod
shells are present in all microfacies of the formation, but are generally higher in abundance in the laminae
with a slightly lower organic content. Ostracods commonly occur as disarticulated fragments that lie
parallel to bedding. It is not uncommon to find articulated ostracods that are filled with calcite spar cement
and are perpendicular to bedding. Laminae that contain dominantly articulated ostracods are present
sporadically. In some descriptions of the Boas River Formation (e.g., St. Jean 2012), graded beds have
been described, but none were observed in this study. There was also no evidence of current-formed
structures. The Boas River Formation was not observed in drill-core samples from the Moose River Basin.

Churchill River Group
Samples from the Surprise Creek Formation (lower Churchill River Group) in Pen No.1 are
dominantly characterized by fossil-barren dolomudstone. Dolomitization has obscured primary fabrics
and most samples appear structureless. Some of the samples exhibit a lamination that is identified by
variations in crystal size from dolo-microspar to very fine-grained dolomite. Anhydrite laths were
observed in one sample (Photo 35.1D).
Samples from the overlying Caution Creek and Chasm Creek formations are variably burrowed,
bioclastic wackestone to packstone, and dolomudstone. Local dolomitization has occurred in samples
from the lower part of the interval and is characterized by fabric-destructive dolomite that is not fabric
specific. Skeletal floatstone with a wackestone to packstone matrix is not uncommon in the interval. The
greater than 2 mm size component of the floatstone is typically characterized by 1 or 2 specific types of
bioclasts (brachiopods and bivalves, or crinoids and trilobites). The faunal assemblage of the wackestone
to packstone is diverse and abundant, typically containing varying amounts of trilobites, bryozoans,
crinoids, brachiopods, molluscs, rare gastropods and rare unidentified calcispheres (Photos 35.1E and
35.1F). Intervals of dolomudstone are barren of fossils, bioturbated and commonly contain microstylolites
of opaque material.
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Photo 35.2. Photomicrographs of typical lithofacies of the Boas River, Red Head Rapids and Severn River formations in
samples from an outcrop on the Asheweig River (11DKA024), drill core Pen No. 1 (10DKA004) and drill core Mantle Resources
DDH-08-10 (11DKA001). All samples, unless otherwise noted, are stained (see “Methods”) and viewed under plane-polarized
light. Sample numbers (e.g., 11DKA024A11) and depth (in cores) or height above base of outcrop are listed for each photo.
A) Organic-rich lithofacies of the Boas River Formation; note small discontinuous laminae of dark brown organic matter
(11DKA024A11, 0.25m). B) Example of the ostracod-rich (small shells) and organic-rich lithofacies in the Boas River
Formation (11DKA024A01, 0.03m). C) Dolomudstone with moldic porosity, characteristic of the Red Head Rapids Formation
(10DKA004BH, 835.26m). D) Example of quartz sandstone, cemented by calcite, Red Head Rapids Formation. Grains of
muscovite (long, linear grains) are present in some samples from the Moose River Basin (11DKA001S04, 112.88m). E) Sample
of lower Severn River Formation, with large, millimetre-thick fragments of the brachiopod Virgiana (Vir) (11DKA001T06, 105.0m).
F) Laminated, evaporite-bearing, dolomitic mudstone from the middle Severn River Formation (10DKA004AS, 674.41m).
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Churchill River Group samples from the Moose River Basin most closely resemble the Surprise
Creek Formation lithofacies of Pen No. 1. Armstrong (2012) previously interpreted that the upper
Churchill River Group units thin or are absent in the Moose River Basin. The Churchill River Group
lithofacies present in the thin sections examined from core in this area are evaporite-bearing dolomudstones
with varying amounts of quartz sand grains. Overall, the interval was fossil barren, but some of the Moose
River Basin samples contained disarticulated ostracod shells. Some of the core samples from the Moose
River Basin have been extensively de-dolomitized (i.e., limestone that had been dolomitized was then
diagenetically altered back to calcite), completely obscuring primary textures and making it difficult to
differentiate between lower or upper Churchill River Group lithofacies (e.g., samples from station
12DKA001; see Table 35.1).

Red Head Rapids Formation
The samples of the Red Head Rapids Formation are characterized by dolomudstone and dolosiltstone
that range from massive, to burrowed, to laminated (Photo 35.2C). Rare evaporite mineral laths and
quartz-bearing horizons were present in the samples from Pen No. 1. Most samples were barren of fossils,
with only rare occurrences of crinoid or ostracod bioclasts. Dolomitization is largely fabric retentive and
likely occurred rapidly and early during diagenesis. Microstylolites are present and are usually associated
with diagenetic evaporite mineral laths.
Core samples of the Red Head Rapids Formation in the Moose River Basin contained more
siliciclastic material than the samples of this unit examined from the Hudson Bay Basin (i.e., Pen No. 1
core). Calcareous sandstone, quartz-bearing wackestone to packstone, and quartz-bearing dolomudstone
were all observed in the Moose River Basin core samples. Sample textures ranged from laminated, to
burrowed, to massive. In 2 drill cores (stations 11DKA001 and 11DKA037; see Table 35.1) the Red Head
Rapids Formation contained sandstone beds with abundant grains of muscovite and feldspars (Photo 35.2D).
Most other sandstones are dominated by abundant quartz and common feldspar.

Severn River Formation
The Severn River Formation is a thick interval that is characterized by a variety of lithofacies. As
discussed by Armstrong et al. (this volume, Article 36), this unit can be subdivided into 3 parts: a lower
burrow-mottled, fossiliferous limestone; a middle evaporitic dolostone; and an upper unit consisting of
cycles from subtidal, burrow-mottled, fossiliferous limestone, to evaporitic dolostone, to possibly
supratidal, green, argillaceous dolosiltites.
Only 2 samples of the lower Severn River Formation in Pen No.1 were examined: an ostracodbearing, dolomitic lime mudstone; and bioclastic floatstone with large fragments of tabulate corals,
bryozoans, and smaller fragments of crinoids, brachiopods, and calcareous microbes (Photo 35.2E). These
lithofacies are consistent with previous macroscopic descriptions of the lower member as a fine-grained,
burrow-mottled, fossiliferous limestone containing the thick-shelled, pentamerid brachiopod Virgiana
(Armstrong 2011, 2012).
Samples examined from the middle Severn River Formation were all dolomudstone with the
exception of one sample, which was a brachiopod floatstone. Most of the samples also contained varying
amounts of bedded or nodular anhydrite, and many were laminated (Photo 35.2F).
The upper Severn River Formation is characterized by cyclic sedimentation and many different
lithofacies ranging from bioclast floatstone to dolomudstone. Bioclasts observed include trilobites,
crinoids, bryozoans, pentamerid brachiopods, stromatoporoids, molluscs and ostracods (Photo 35.3A).
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Photo 35.3. Photomicrographs of typical lithofacies of the upper Severn River, Ekwan River, Attawapiskat and Kenogami River
formations in core Pen No. 1. All samples, unless otherwise noted, are stained (see “Methods”) and viewed under plane-polarized
light. Sample numbers (e.g., 10DKA004AK) and depths are listed for each photo. A) Trilobite (tri) floatstone with crosscutting
anhydrite (anh) in cross-polarized light, from the upper Severn River Formation (10DKA004AK, 596.24m). B) Bioclastic
packstone facies (unstained) from the Ekwan River Formation (10DKA004AA, 517.07m). C) Fragment of a cephalopod (cep),
encrusted by microbial material (mic), in the Attawapiskat Formation (10DKA004X, 506.11m). D) Stromatoporoid (strom)
fragment, with abundant, fibrous marine cement (ce), in the Attawapiskat Formation (10DKA004V, 470.89m). E) Laminated
dolomudstone in the lower Kenogami River Formation (10DKA004Q, 423.80m). F) A ripple in a dolomitic siltstone, in the
middle Kenogami River Formation (10DKA004I, 313.01m).
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Ekwan River Formation
Only 3 samples of the Ekwan River Formation were examined from Pen No.1. The lithofacies
observed are all bioclastic wackestone to packstone with varying amounts of dolomitization
(Photo 35.3B). Fossils are abundant in all samples and include crinoids, brachiopods, bryozoans,
trilobites, molluscs, stromatoporoids and gastropods. Rare isopachous marine cement occurs in the
vicinity of isolated stromatoporoids. Moldic porosity after originally aragonitic allochems is common.
Calcispheres of unknown origin are present in this unit.

Attawapiskat Formation
A variety of lithofacies were observed in samples of the Attawapiskat Formation. Samples of
stromatoporoid floatstone with a bioclastic wackestone to packstone matrix are common. The
stromatoporoid-bearing samples are characterized by abundant, cloudy, marine cement, and high fossil
diversity. In some samples, possible microbial material (Renalcis?) encrusts large bivalve shells, tabulate
coral and stromatoporoids (Photos 35.3C and 35.3D). This lithofacies contains little mud, much of which
is dolomitized.
The other Attawapiskat Formation samples examined are bioclastic wackestone to packstone. This
lithofacies contains a faunal assemblage similar to the floatstone, but lacked framework-building organisms
like stromatoporoids and corals. It also contains no marine cement.
In samples of this formation from outcrops along the Severn River (stations 11DKA034, 11DKA035
and 11DKA036; Armstrong 2011), abundant unidentified green algae allochems were observed. In all
samples, aragonitic bioclasts have been replaced with calcite and clear blocky calcite spar fills intraparticle
and interparticle pore space. Rare microstylolites were also observed. One sample from uppermost part of
the formation in Pen No.1 is described as Nuia (?) grainstone, which is consistent with occurrences
described from this formation in outcrops along the Attawapiskat River (Suchy 1992).

Kenogami River Formation
The Kenogami River Formation is subdivided into 3 members: a lower evaporitic dolostone and
anhydrite and/or gypsum member; a thick mainly red siliciclastic member (mudstone to sandstone); and
an upper dolostone member. Samples were examined from all 3 members.
The lower member is characterized by laminated dolomudstone (Photo 35.3E), with quartz grains
present in some samples, and moldic porosity after evaporites present in other samples. The dolomite is
largely fabric retentive and was likely an early diagenetic feature.
The middle member samples are mixed siliciclastic and carbonates. All samples contained siliciclastic
material. The finer grained samples contain silt-sized quartz within dolomudstone matrix, and the coarsegrained samples are quartz sandstone. One sample (10DKA004H; 277.51m) is extremely rich in hematite,
and resembles a soil crust. Another sample displays low-angle, cross stratification (Photo 35.3F).
Samples of the upper member are mostly dolomudstone; however, 1 sample (10DKA004C; 228.13m)
is an unusual breccia, and hematite is common in all samples.
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DEPOSITIONAL ENVIRONMENTS
The samples examined from the Bad Cache Rapids Group were consistent with deposition in an open
marine environment. The presence and abundance of dasyclad green algae suggests that, during at least
some intervals of time, some lithofacies in the Bad Cache Rapids Group were deposited in a water depth
of approximately 5 to 10 m (Wray 1977). Evaporite laths crosscut bioclasts in many samples indicating
they are products of diagenesis, possibly by brines from overlying units such as the Surprise Creek
Formation. In the upper Winisk River area, abundant rounded phosphate grains occur throughout the Bad
Cache Rapids Group. This suggests proximity to marine hardgrounds that underwent erosion.
Hardgrounds are common in the lower Bad Cache Rapids Group and this location, on the northern flank
of the Cape Henrietta-Maria Arch, may have been a paleotopographic high.
The Boas River Formation was deposited in a restricted, low-energy, and low-oxygen environment.
The abundance of organic material suggests that at least the pore waters, and possibly the bottom waters,
were anoxic. The monofaunal assemblage of fossils indicate that the environment was extremely stressed
(either variable salinity, or low oxygen). There are no definitive bedding structures that indicate whether
the Boas River Formation was subject to any wave or current reworking and so it was likely below wave
base. The lack of any definitive Boas River Formation strata in the Moose River Basin highlights the
restricted nature of this formation. To date in Ontario, this unit has only been found on the northern flank
of the Cape Henrietta-Maria Arch.
The Surprise Creek Formation, lower Churchill River Group, was deposited in a highly restricted
environment as indicated by the lack of bioclasts, presence of possibly primary evaporites, and extensive
dolomitization. The upper Churchill River Group units were largely deposited in an open marine
environment as indicated by the abundant and diverse fossils, with intervals of restriction, as indicated by
intervals of fossil-barren (but burrowed) dolomudstone. Samples from the Moose River Basin are
interpreted to have been deposited in a highly restricted environment and most closely resembled the
Surprise Creek Formation of the Pen No. 1 core. Our results support the interpretation of Armstrong
(2012) that there may not have been any upper Churchill River Group deposited in the Moose River Basin
or that it may have been removed by erosion before deposition of the Red Head Rapids Formation
(Ratcliffe and Armstrong, this volume, Article 36).
The Red Head Rapids Formation is described as a cyclic unit (Armstrong 2012) with several
shallowing-upward evaporitic sequences. Examples of all the lithofacies of a normal shallowing-up
sequence were observed in this study. Lithofacies that are characteristic of highly restricted environments
such as a fossil-barren dolomudstone and evaporite-bearing dolomudstone were common. A significant
component of terrigenous material was also present in the formation, indicating a proximal terrigenous
source, or potential subaerial deposition. The cycles are less well developed in the Moose River Basin
(Armstrong 2012) and the terrigenous material included a less mature assemblage of grains (quartz,
muscovite, feldspars, hornblende), which may have been shed from local Precambrian sources (e.g.,
paleotopographic highs that may have been islands during the Ordovician) in the basin.
The lower member of the Severn River Formation is interpreted to have been deposited in a normal,
open marine environment, because of the presence of tabulate corals, which require well-oxygenated and
agitated seawater. The middle member reflects a period of deposition in a restricted environment as
indicated by the presence of evaporite-bearing dolomudstone and lack of fauna. The upper member was
deposited in shallowing-upward cycles from subtidal, open marine conditions, to restricted and possibly
supratidal environments. At the thin-section scale, there were no major differences observed between the
Severn River Formation in the Hudson Bay and Moose River basins.
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Only a limited number of samples from the Ekwan River Formation were examined during this
study, but all of them contained an assemblage of fossils that is considered characteristic of an open
marine environment. No further interpretation can be made with the small sample set.
The Attawapiskat Formation has been mapped as a series of stromatoporoid coral reefs (Suchy 1992).
Findings of this study agree with previous interpretations that the Attawapiskat Formation was deposited
in a shallow, well-oxygenated, open marine environment.
The lower member of the Kenogami River Formation was deposited in a restricted environment
which is evident by the presence of well-preserved dolomudstone and abundant evaporites. The middle
member is a siliciclastic unit that contains mostly red and green siltstone and some quartz sandstone. The
depositional environment may have been a shallow marine, restricted environment as suggested by the
presence of evaporites. The depositional environment of the upper member is enigmatic: there were
several breccias of unknown origin as well as mudstone samples extremely rich in iron oxides that may be
a record of periods of subaerial or vadose-zone meteoric alteration.
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INTRODUCTION
In 2008, the Geological Survey of Canada (GSC) initiated a project to evaluate the hydrocarbon
resource potential of the Hudson Platform. This project was part of Natural Resource Canada’s Geomapping for Energy and Minerals (GEM) program and was undertaken by the GSC in partnership with
provincial and territorial surveys, including the Ontario Geological Survey (OGS). The role of the OGS in
this project commenced in 2010 and focussed on refining the stratigraphic framework of the Hudson
Platform and evaluating components (e.g., source rocks) of potential hydrocarbon systems (Armstrong
and Lavoie 2010a, 2010b; Armstrong 2011, 2012).
During the 2013 field season, work was done to further constrain the stratigraphy of the Moose River
Basin through 1) helicopter-supported field work in the western Moose River Basin and 2) logging of
archival and field-based cores intersecting the lower Silurian and Ordovician strata in this region.
Additionally, graphic core logs were constructed for select cores and utilized to create an east-west cross
section in the northern Moose River Basin.
The 2013 field area is shown, with field station and drill-hole locations, on the regional bedrock
geology map in Figure 36.1. The geologic setting of the Moose River Basin and its relationship with the
rest of the Hudson Platform was reviewed by Armstrong and Lavoie (2010), Armstrong (2011, 2012) and
Armstrong et al. (this volume, Article 34). The Ordovician to Lower Devonian(?) stratigraphy of the
Moose River Basin is presented in Figure 36.2.

METHODOLOGY
Field work in 2013 was helicopter supported and based out of Webequie, Hearst and Nakina. Work
focussed on filling in gaps in previous mapping for this project (Armstrong 2011) and followed the
Ordovician and Silurian outcrop belts to the southwestern part of the Moose River Basin. Transects were
conducted along the upper Ekwan, Muketei, Attawapiskat and Albany rivers, and along the Little Current,
Drowning, Kenogami, Nagagami and Kabinakagami rivers in the western Moose River Basin. Water
levels were relatively low on the upper Ekwan River, but high in all of the other rivers. This resulted in
fewer outcrops than hoped for. Mapping station locations are shown in Figure 36.1 and co-ordinates are
provided in Table 36.1.

Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.36-1 to 36-19.
© Queen’s Printer for Ontario, 2013
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Figure 36.1. Geology of the western Moose River Basin in northern Ontario showing location of cores and outcrops examined in
2013 (black) and 2011 and 2012 (white) (see Table 36.1 for outcrop and drill hole locations). This figure also shows the trace of
the cross section in the northwestern Moose River Basin discussed in this report; the cross section is shown in Figure 36.7.
Bedrock geology from Ontario Geological Survey (2011).
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Nine diamond-drill cores were logged at drill sites in the field or in mineral exploration camps.
Additionally, archival cores (donated by industry and archived at the OGS–Sudbury warehouse) from the
northwestern Moose River Basin were logged in Sudbury. Original drill-site locations for cores logged in
2013 are listed in Table 36.1 and plotted on the map in Figure 36.1. In this report, cores will generally be
referred to by their OGS map station number (e.g., 11DKA003 for DiamondEx core DDH-09-008). Both
station number and drill-core number are listed in Table 36.1.

Figure 36.2. Stratigraphic chart for the Moose River Basin. Note (*) that the Surprise Creek Formation was formerly assigned
to the Bad Cache Rapids Group (modified from Armstrong et al., this volume, Article 34).
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Table 36.1. Locations of 2013 field stations (including cores logged and outcrops examined).
Station ID
13DKA001
13DKA002
13DKA003
13DKA004
13DKA005
13DKA006
13DKA007
13DKA008
13DKA009
13DKA010
13DKA011
13DKA012
13DKA013
13DKA014
13DKA015
13DKA016
13DKA017
13DKA018
13DKA019
13DKA020
13DKA021
13DKA022
13DKA023
13DKA024
13DKA025
13DKA026
13DKA027
13DKA028
13DKA029
13DKA030
13DKA031
13DKA032
13DKA033
13DKA034
13DKA035
13DKA036
13DKA037
13DKA038
13DKA039
13DKA040
13DKA041
13LMR001
13LMR002
13LMR003
13LMR004
13LMR005
13LMR006
13LMR007

Type
outcrop
outcrop
core
outcrop
outcrop
outcrop
outcrop
outcrop
core
core
outcrop
outcrop
outcrop
outcrop
outcrop
core
core
core
core
core
outcrop
outcrop
outcrop
outcrop
outcrop
outcrop
outcrop
outcrop
outcrop
outcrop
outcrop
outcrop
core
outcrop
outcrop
outcrop
outcrop
outcrop
outcrop
outcrop
outcrop
core
core
core
core
outcrop
outcrop
outcrop

Location
Ekwan River
Ekwan River
Mantle core DDH-09-005
Muketei River
Albany River
Albany River
Muketei River
Attawapiskat River
Metalex core TT-3
Melkior core MMF-08-2011
Attawapiskat River
Attawapiskat River
Attawapiskat River
Attawapiskat River
Attawapiskat River
Noront core NOT-12-IF0
Noront core NOT-12-IF0
Cliffs core FW-08-16
Cliffs core BH12M-04
White Pine core 2.11-0
Kenogami River
Kenogami River
Kenogami River
Little Current River
Little Current River
Kenogami River
Drowning River
Drowning River
Kabinakagami River
Nagagami River
Nagagami River
Kabinakagami River
Zenyatta core Z124F6
Kenogami River
Kenogami River
Little Current River
Drowning River
Drowning River
Drowning River
Drowning River
Drowning River
Northern Shield 09-EB-01
Northern Shield 06-HB-08
Northern Shield 09-EB-02
KWG–Spider DR-94-19
Little Current River
Drowning River
Drowning River

Latitude
53.414413
53.709593
53.164185
53.16414
51.750938
51.761275
53.156265
52.600712
52.678592
52.636278
52.636312
52.688308
52.85537
53.02302
53.100147
50.362682
50.380131
50.37705
50.375337
50.379156
50.362785
50.289492
50.885922
50.933423
50.910172
50.283465
50.858595
50.87373
50.02622
49.995398
50.082707
50.05488
50.034456
50.228067
50.225253
50.866735
50.857558
50.796452
50.796442
50.720392
50.617393
52.303904
52.461941
52.261549
52.629441
50.875395
50.826972
50.781348

Longitude
-86.157918
-85.70412
-85.701633
-85.701572
-86.181032
-86.215758
-85.729418
-86.012988
-85.668773
-85.969013
-85.968938
-85.943592
-85.877068
-85.681827
-85.447783
-84.441983
-84.440582
-84.445744
-84.449582
-84.427709
-84.441913
-84.536523
-84.589242
-84.78962
-84.98353
-84.964792
-84.943817
-84.847645
-84.021823
-84.446208
-84.38977
-84.078488
-84.452931
-85.343157
-84.796097
-85.166025
-84.960327
-85.162507
-85.193545
-85.319033
-85.368242
-85.572223
-86.080613
-85.473956
-84.516045
-85.243985
-85.074242
-85.261948

UTM Easting UTM Northing
555969
5918702
585532
5951991
593813
5914117
586805
5891317
556534
5733655
554124
5734778
584959
5890408
566847
5828312
589999
5837349
592890
5861916
569774
5832313
571404
5838122
575611
5856772
588414
5875644
603925
5884537
546994
5842798
546773
5842682
550875
5846305
553005
5845345
577040
5873340
681936
5582097
675478
5573721
669566
5639908
655315
5644748
641762
5641772
644992
5572130
644713
5636115
651432
5637990
713304
5545796
683030
5541245
686735
5551090
709122
5548822
682400
5545570
618175
5565302
657201
5566000
629053
5636608
643555
5635967
629495
5628799
627308
5628744
618657
5620080
615436
5608550
597350
5795800
562464
5812816
604149
5791226
668109
5833947
623545
5637437
635627
5632351
622527
5626950

Universal Transverse Mercator (UTM) co-ordinates in metres, using North American Datum 1983 (NAD83), Zone 16.
Core locations include company names and drill-hole number.
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Graphic lithostratigraphic logs are being generated for this project with the Strater™ software. The
graphic logs display the main lithofacies of each unit and are indented according to carbonate classification
or grain size (for siliciclastics). Four of the logs were selected for this report (Figures 36.3, 36.4, 36.5 and
36.6) to illustrate lateral continuity or variability of various lithofacies and to facilitate the construction of
an east-west cross section across the northwestern Moose River Basin (Figure 36.7). A legend for the logs
is provided in Figure 36.3.
Many of the cores and outcrops studied for this project have been systematically sampled for carbonate
stable isotope analysis (δ13C and δ18O). These analyses have been done at the Keck Paleoenvironmental
and Environmental Stable Isotope Laboratory at the University of Kansas, Lawrence, Kansas. The data
were used to generate chemostratigraphic profiles with the goal of assisting in stratigraphic correlations.
Conodont and chitinozoan biostratigraphic analysis of core and outcrop samples have been undertaken
by biostratigraphers at the GSC through the GEM program. Preliminary results are presented by Armstrong
et al. (this volume, Article 34).

CORE LOGGING RESULTS
Four of the cores logged in the northern Moose River Basin were selected for the purpose of this
report (from west to east): 1) Noront Resources diamond-drill hole NOT-12-IF012 (station 13DKA016);
2) DiamondEx diamond-drill hole DDH-09-008 (station 11DKA003); 3) Mantle Diamonds diamond-drill
hole DDH-080-10 (station 11DKA001); and 4) KWG–Spider Resources diamond-drill hole DR-94-19
(station 13LMR004) (see Figure 36.1; see Table 36.1).
Drill hole NOT-12-FW012 (13DKA016) is the westernmost core and intersected only the Bad Cache
Rapids Group overlying Precambrian basement (see Figure 36.3). DiamondEx drill hole DDH-09-008
(11DKA003) is located 48 km to the east. This core intersected the Bad Cache Rapids Group up to the
Red Head Rapids Formation (see Figure 36.4). Mantle Diamonds drill hole DDH-08-010 (11DKA001)
was drilled approximately 50 km to the northeast and intersected units from the Bad Cache Rapids Group
up to the middle Severn River Formation (see Figure 36.5A and 36.5B). Spider–KWG drill hole DR-94-19
(13LMR004) was located 44.5 km to the southeast of 11DKA001. This core has the thickest Paleozoic
section, from the Upper Ordovician Bad Cache Rapids Group up to the Lower Silurian Attawapiskat
Formation (see Figures 36.6A and 36.6B).
The stratigraphy of these cores has been correlated to generate a cross section across the northwestern
Moose River Basin (see Figure 36.7). All of these cores have well-defined top-of-bedrock and top-ofPrecambrian contacts. The stratigraphy is considered to be continuous east to west with the exception of a
unit provisionally assigned to the upper Bad Cache Rapids Group(?) that occurs in one core (11DKA003)
and appears to pinch out toward the east.
The cross section (see Figure 36.7) illustrates the easterly dip of the Precambrian surface and the
stratigraphic contacts of the overlying Paleozoic units. Post-Paleozoic erosion resulted in a pattern of
progressively younger units being exposed to the east (see Figure 36.1). The apparent regional dip of the
Precambrian surface from 13DKA016 to 13LMR004 is 2.25 m/km.
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Figure 36.3. Stratigraphic log of the Noront Resources core NOT-12-IF012 (OGS Station: 13DKA016) showing the main
lithofacies and carbonate classification or grain size (for siliciclastics) of each unit. The lithology legend applies to all of the
stratigraphic logs (see also Figures 36.4, 36.5A, 36.5B, 36.6A and 36.6B) in this article.
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Figure 36.4. Stratigraphic log of the DiamondEx core DDH-09-008 (OGS Station: 11DKA003) showing the main lithofacies
and carbonate classification or grain size (for siliciclastics) of each unit. The δ13C and δ18O isotopic profiles for this core are also
displayed. See Figure 34.3 for legend; VPDB, Vienna Pee Dee belemnite standard.
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Figure 36.5. A) Lower Silurian stratigraphic log for the upper part of the Mantle Diamonds core DDH-08-010 (OGS Station
11DKA001) showing the main lithofacies and carbonate classification or grain size (for siliciclastics) of each unit. The δ13C and
δ18O isotopic profiles for this core are also displayed. See Figure 34.3 for legend; VPDB, Vienna Pee Dee belemnite standard.
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Figure 36.5. B) Upper Ordovician stratigraphic log for the lower part of the Mantle Diamonds core DDH-080-10 (OGS Station
11DKA001) showing the main lithofacies and carbonate classification or grain size (for siliciclastics) of each unit. The δ13C and
δ18O isotopic profiles for this core are also displayed. See Figure 34.3 for legend; VPDB, Vienna Pee Dee belemnite standard.
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Figure 36.6. A) Stratigraphic log of the upper KWG–Spider Resources core DR-94-19 (OGS Station: 13LMR004) from the
Attawapiskat to middle Severn River formations showing the main lithofacies and carbonate classification or grain size (for
siliciclastics) of each unit. The δ13C and δ18O isotopic profiles for this core are also displayed. See Figure 34.3 for legend;
VPDB, Vienna Pee Dee belemnite standard.
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Figure 36.6. B) Stratigraphic log of the lower KWG–Spider Resources core DR-94-19 (OGS Station: 13LMR004) from the
middle Sever River Formation to the Bad Cache Rapids Group showing the main lithofacies and carbonate classification or grain
size (for siliciclastics) of each unit. The δ13C and δ18O isotopic profiles for this core are also displayed. See Figure 34.3 for
legend; VPDB, Vienna Pee Dee belemnite standard.
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Bad Cache Rapids Group
The Bad Cache Rapids Group is an easily recognizable and consistent unit throughout the examined
cores (see Figures 36.3, 36.4, 36.5B and 36.6B). It is primarily bioclastic dolo-wacke-packstone with a
basal argillaceous and/or sandy dolostone to sandstone unit overlying the Precambrian basement. Other
distinctive characteristics of this unit observed in these cores is bioturbation in the form of burrows and
burrow networks (burrows commonly blue-rimmed), as well as semi-nodular to slightly irregular
bedding, microstylolites and hardgrounds increasing in abundance to the base (Photo 36.1A). The fossil
assemblage is primarily skeletal material, consisting of crinoids and indeterminate small dark flecks
(possibly trilobite fragments). This fossil assemblage is consistent with petrographic analysis of the Bad
Cache Rapids Group in the Hudson Platform (Hahn and Armstrong, this volume, Article 35). Carbonate
isotopic analysis shows a δ13C profile with values consistently close to 0 per mil (‰) in all 3 data sets.
This is indicative of a stable normal marine depositional environment.

Upper Bad Cache Rapids Group?
Overlying the typical Bad Cache Rapids Group in core 11DKA003 (see Figure 36.4) is a unit
consisting of thin- to medium-bedded, non- to sparsely fossiliferous dolomudstone to siltite, with chert
nodules. This unit is sharply overlain by sandstone to sandy dolostone of the Surprise Creek Formation
and so is tentatively interpreted to be part of the Bad Cache Rapids Group. This unit does not occur in
cores to the east and so is interpreted to be cut out by a sub-Surprise Creek disconformity. A thin bed of
wackestone at the top of the Bad Cache Rapids Group in 11DKA001 (see Figure 36.5B) may represent
the last vestige of this unit.

Figure 36.7. Cross section highlighting the extent and distribution of Paleozoic stratigraphic units transecting the northwestern
Moose River Basin. Location of cores and section line shown on inset and on location map in Figure 36.1 (geology from Ontario
Geological Survey 2011).
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Photo 36.1. Core photographs of some typical lithofacies in the Moose River Basin stratigraphy. Small red and white divisions
on the tape measure 0.5 cm long. “Up” is to the left in all photographs. A) Bioclastic wacke-packstone showing burrowing
networks, microstylolites, hardgrounds and skeletal material typical of the Bad Cache Rapids Group (11DKA001). B) Blue-grey
thinly interbedded argillaceous dolomudstone with white fibrous gypsum seams, gypsum nodules and a massive brown gypsum
bed of the Surprise Creek Formation (13LMR004). C) Brick red mudstone thinly bedded to laminated with light grey mudstone
of the Red Head Rapids Formation (11DKA001). D) Tan to grey burrow-mottled bioclastic wackestone with Virgiana brachiopod
beds of the lower Severn River Formation (13LMR004). E) Various colours of massive dolomudstone of the middle Severn
River Formation (13LMR004). F) Green thin irregularly bedded bioclastic wacke-packstone marker bed overlain by typical tan
faintly burrowed bioclastic wacke-packstone of the Ekwan Formation (13LMR004).
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Surprise Creek Formation
The Surprise Creek Formation is a distinct package of grey to blue-grey, thinly interbedded
dolomudstone, mudstone, and gypsum seams and beds or nodules, with shaly partings (Photo 36.1B).
This unit occurs in all cores except for the farthest west of the 4 cores (absent due to erosion at the
western core location) in the cross section (see Figure 36.7) with minor variations. The evaporite
component of this unit is missing in the core 11DKA003 (see Figure 36.4), whereas cores 11DKA001 and
13LMR004, to the east, contain both white fibrous gypsum seams in the upper beds and thick brown
gypsum beds and nodules toward the base. The basal part of this unit contains sandstone (11DKA003; see
Figure 36.4) and/or sandy dolostone (11DKA001 and 13LMR004; see Figures 36.5B and 36.6B).

Red Head Rapids Formation
The Red Head Rapids Formation is found across the northwestern Moose River Basin (see
Figure 36.7). It remains consistent with previous descriptions of the Red Head Rapid Formation within
the Moose River Basin (Armstrong 2012; Norris 1993). It is characterized by dolomudstones to siltites
and sandy mudstones to thin sandstones of various colours with a massive to thinly interbedded or
laminated textures and sparse fossils. Brick red mudstones and sandy mudstones (Photo 36.1C) are
characteristic of this unit in the Moose River Basin and are more prevalent in the eastern 2 cores
(11DKA001 and 13LMR004). Overlying these “red beds” in the 2 eastern cores are sandstones or sandy
dolostones. The “red beds” and upper sandy beds are not present in 11DKA003 (see Figure 36.4), likely
due to erosion of the upper part of the formation at this location.
Breccias are common in the Red Head Rapids Formation and range from thin intraclastic beds
(intertidal rip-ups?) to thicker intervals of open framework or calcite-cemented breccia. Karstic processes
are indicated locally (e.g., 11DKA003; see Figure 36.4) by open or sediment-filled cavities. A breccia at
the base of the Red Head Rapids Formation unit may indicate a disconformable contact with the
underlying Surprise Creek Formation.

Lower Severn River Formation
The lower member of the Severn Formation is characterized by Virgiana brachiopod-bearing,
burrow-mottled, fossiliferous limestone (Armstrong et al., this volume, Article 34). This member is found
in the 2 easternmost cores 11DKA001 and 13LMR004 (see Figure 36.7). The lithofacies of the lower
Severn River Formation is fairly similar between these cores; tan to grey, burrow-mottled, bioclastic
wackestone with pack-grainstone beds and Virgiana brachiopod shell beds in the lower half (see Photo
36.1D). The basal few metres consist of sparsely fossiliferous, burrow-mottled lime to dolomudstone. In
addition to the large brachiopods, this unit contains locally abundant tabulate corals, crinoidal material
and other shelly fauna. Locally abundant vugs in this unit in core 11DKA001 appear to be fossil molds
after Virgiana brachiopods.
Fauna in the lower member of the Severn River Formation suggest deposition in an open normal
marine environment. This is supported by relatively smooth isotopic profiles with δ13C values of
approximately 0‰ (see Figures 36.5A and 36.6B).

Middle Severn River Formation
The middle member of the Severn River Formation was observed in both 13LMR004 and
11DKA001 (see Figures 36.6A and 36.6B and Figure 36.5A, respectively; see also Figure 36.7). The
lithofacies of this member in these cores comprise several cycles of burrow-mottled to massive to
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laminated dolomudstone and lime-mudstone to bioclastic wackestone with argillaceous beds throughout
(Photo 36.1E). There are several lithologic similarities in the middle Severn River Formation between
these 2 eastern cores: 1) “chalky” textured, cream coloured dolomudstone basal unit; 2) an argillaceous
lithofacies above the basal chalky unit; and 3) evaporite blades or blade casts occur near the top of the
unit (see Photo 36.1E). In 13LMR004, the argillaceous lithofacies contains thin dark grey shale beds that
may be organic rich. The lowermost few metres of middle Severn River Formation contain anomalous
thin, dark brown, argillaceous (organic?) beds. These have been sampled for organic geochemical
analysis. A key difference between the cores is the absence of fossils in 13LMR004, whereas 11DKA001
has some sparse shelly fauna (ostracods?) and other skeletal material.
The carbonate isotope plots in Figures 36.5A and 36.6 show δ13C values fluctuating positive and
negative. This trend may indicate a restricted intertidal environment for the middle Severn River
Formation, which is consistent with previous interpretations of this unit (Norris 1993; Armstrong 2011).

Upper Severn River Formation
The upper member of the Severn River Formation was observed only in core 13LMR004 in this
transect. In this core, this unit consists of burrow-mottled, bioclastic wackestone with thin interbeds of
bio-intraclastic pack-grainstones. Burrow intensity and packstone-grainstone bed abundance vary
cyclically through the unit (see Figure 36.6). Fauna include crinoidal and shelly material, including
gastropods. The depositional environment is interpreted from the fauna, lithofacies and the relatively
stable δ13C and δ18O carbonate isotope profiles to be normal marine (see Figure 36.6A).

Ekwan River Formation
The Ekwan River Formation also was observed only in the 13LMR004 core (see Figure 36.6). In this
core, the Ekwan River Formation consists of thin, irregularly bedded, bioturbated, bioclastic wacke- to
packstones with intervals near its base of coral and stromatoporoid floatstone to rudstone. Dark grey chert
nodules are common. The basal contact of the Ekwan River Formation in 13LMR004 is a sharp,
disconformity overlain by bio-intraclastic packstone. These characteristics are very similar to those
reported by Armstrong (2011) for the lower Ekwan River Formation in outcrops on the Attawapiskat
River. A grey to green, argillaceous bioclastic wacke-packstone (or “green marker” bed) that occurs in the
middle of the formation in 13LMR004 (see Figure 36.6A; Photo 36.1F) may be correlative with a similar
green argillaceous bed in the Pen No. 1 core (Armstrong et al., this volume, Article 34) over 500 km to
the northwest, on the edge of the Hudson Bay Basin.
The δ13C isotopic profile for the Ekwan River Formation (see Figure 36.6A) exhibits positive and
negative fluctuations up to 2‰, possibly indicating depositional breaks during deposition of the Ekwan
River Formation. A sharp negative excursion at the base of the formation is consistent with the
disconformity observed there. Above the “green marker” bed, δ13C values are consistently +1 to +2‰.

Attawapiskat Formation
The Attawapiskat Formation is considered to be biohermal in character and has been well studied in
the Hudson Bay and Moose River basins (e.g., Suchy 1992; Suchy and Stearn 1993; Norris 1993). In this
transect, the Attawapiskat Formation was observed only in core 13LMR004 where it is described as a
bioclastic pack-floatstone. Although fossils are present in this lithofacies, they are difficult to identify and
to determine whether they were in place. They appeared to be mainly corals and stromatoporoids. The
distinguishing feature of the Attawapiskat Formation in 13LMR004 is abundant thin irregular vugs that
appear to be caused by microfractures of allochems or early cemented limestone.
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The δ13C and δ18O isotopic profiles for the Attawapiskat Formation (see Figure 36.6A) show stable
trends that are indicative of a normal marine environment during the deposition of the Attawapiskat
Formation. Values for δ13C are consistently just under +2‰. Similar trends and values are reported for the
Attawapiskat Formation in the Pen No. 1 core (Armstrong et al., this volume, Article 34).

FIELD WORK RESULTS
Northwestern Moose River Basin
Calcareous and argillaceous sandstones, shales and sandy dolostones are well known from the basal
Bad Cache Rapids Group (e.g., Armstrong 2011), although they are rarely preserved in outcrops. Clean
quartz-rich sandstones and sandy dolostones are reported from stratigraphically higher in the Surprise
Creek and Red Head Rapids formations in drill cores (Hahn and Armstrong, this volume, Article 35).
Outcrops of these higher sandstones were found on the Ekwan River (13DKA002), Attawapiskat River
(13DKA008) and Albany River (location 13DKA006). At the latter 2 locations, the sandstone exhibits
low angle (possibly swaley) cross stratification (Photo 36.2A) and contains very fossiliferous (gastropods,
trilobites, rugose corals, bryozoans) interbeds. The upper beds of the Attawapiskat River sandstone
occurrence contain large multi-compartment vugs, probably after gypsum nodules (Photo 36.2B). All of
these sandstone outcrop occurrences are interpreted to be equivalent to the sandstone and sandy dolostone
beds at the base of the Surprise Creek Formation (e.g., see Figure 36.3).
Eight diamond-drill cores were logged at original drill sites or mineral exploration camps in the
northwestern Moose River Basin. Four of these cores were drilled at or very near to chromite and nickel
ore deposits of Cliffs Natural Resources and Noront Resources, and contained thin intervals of the Bad
Cache Rapids Group (e.g., 13DKA016; see Figure 36.3). The other 4 were collared in the Bad Cache
Rapids Group or Red Head Rapids Formation. One of these, Metalex core TT-3 (13DKA009) contained a
thick, organic-rich Quaternary(?) interval.

Southwestern Moose River Basin
High water levels on the rivers in the southwestern Moose River Basin covered low-lying outcrops
known from previous mapping (e.g., Sanford, Norris and Bostock 1968; Cumming 1975). Outcrops of the
Silurian Ekwan River Formation and Silurian to Devonian Kenogami River Formation were examined on
the major rivers in this region (see Table 36.1, see Figure 36.1).
Ekwan River Formation outcrops in this area consist of 2 general types: 1) thin-bedded, burrowmottled limestones with abundant shelly fauna (Photo 36.2C); and 2) thick-bedded, chert-bearing, coral
and stromatoporoid biostromal limestones. The thin-bedded lithofacies consists of bioclastic wackestones,
lime mudstones and bioclastic packstone and bio-intraclastic grainstones. This lithofacies occurs
stratigraphically lower than the biostromal lithofacies and has characteristics similar to the underlying
Severn River Formation.
The biostromal lithofacies of the Ekwan River Formation consists mainly of thick beds of coral and
stromatoporoid floatstone with dark grey chert nodules (Photo 36.2D). This lithofacies forms long,
moderate-size cliffs along the upper part of this formation’s outcrop belt on the Little Current and
Drowning Rivers (see Figure 36.1).
The characteristic red shales of the middle member of the Kenogami River Formation are exposed
in large outcrops along the Kenogami (Photo 36.2E), Drowning and Little Current rivers. These are
accompanied by subordinate beds of green shale and green argillaceous dolostone. Outcrops of the lower
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Photo 36.2. Photographs of key outcrop features. Locations for mapping stations (e.g., 13DKA008) are listed in Table 36.1.
A) Cross-stratified quartzitic sandstone, lower Surprise Creek Formation, Attawapiskat River (13DKA008). B) Vuggy quartzitic
sandstone, lower Surprise Creek Formation, Attawapiskat River (13DKA008); vugs appear to be after gypsum nodules. C) Thinbedded lithofacies of the lower Ekwan River Formation, Drowning River (13LMR007). D) Planar stromatoporoids, tabulate
corals and dark grey chert in biostromal lithofacies of upper Ekwan River Formation (13DKA038). E) Red and minor green
shales in large outcrop of the middle Kenogami River Formation, Kenogami River (UTM co-ordinates: 677550E 5576270N).
F) Domal stromatolitic(?) dolostone bed with vugs possibly after evaporites, lower Kenogami River Formation, Kenogami River
(13DKA026).
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Kenogami River Formation are characterized by thin, tabular-bedded, argillaceous dolostones, that appear
locally to be stromatolitic and with vuggy porosity after evaporites (Photo 36.2F). Only one poor outcrop
of the upper member of the Kenogami River Formation was found, along the Kenogami River, near the
mouth of the Drowning River. It consisted of tabular-bedded dolomudstone with small evaporite blade
casts and vugs.

CONCLUDING REMARKS
Mapping and core logging conducted in 2013 in the western Moose River Basin has added much to
our understanding of the Paleozoic stratigraphy of the basin. Detailed lithostratigraphic logs have proven
useful in identifying trends or commonalities in lithofacies across the study area and have provided a
more robust framework with which to generate cross sections. It has also created new questions that need
to be addressed.
The foremost of these questions concerns the correlation of Upper Ordovician units from the Moose
River Basin to the Hudson Bay Basin. Lithostratigraphically, it appears as though the Surprise Creek
Formation extends into the Moose River Basin, but the overlying Churchill River Group strata generally
do not. This implies differential subsidence of the Hudson Bay Basin relative to the Moose River Basin
during the Late Ordovician (Richmondian), which is much earlier than previously proposed (e.g., Norris
1993).
Sandstones and sandy carbonates occur throughout the Upper Ordovician section. Aside from the
basal transgressive sandstone, they tend to occur within very shallow, possibly intertidal units (i.e.,
Surprise Creek and Red Head Rapids formations). The highly irregular Precambrian surface, as indicated
by numerous Precambrian inliers (e.g., Sutton Inliers to the north), likely meant that there were local
sources of siliciclastic sediments during sea level lowstands. The sandstone beds in the lower Surprise
Creek Formation are better developed to the west, suggesting a local source, or perhaps reworking of the
basal siliciclastics from a paleo-shoreline to the west.
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BACKGROUND AND OBJECTIVES
The Ontario ministries of Natural Resources (MNR), Municipal Affairs and Housing (MMAH), and
Agriculture and Food and Rural Affairs (OMAFRA) have been reviewing existing policies related to
land-use and development throughout southern Ontario and Manitoulin Island to update hazard lands
guidelines, nutrient management practices and to develop best practices documents for various forms of
development in karst terrains. The Ontario Geological Survey (OGS) has provided a summary of some
key geological and geotechnical investigation methods for addressing karst hazards in selected
jurisdictions of Ontario at the request of MNR planning staff in the ministry’s Southern Region.
One of the key objectives of this article is to address concerns of provincial staff involved in
municipal land-use planning, specifically in eastern Ontario. The main purpose of this document is to
provide a more comprehensive summary of the kinds of geoscience field work and data sets that could be
integrated into field-based studies in order to address gaps in the current guidelines framework (e.g.,
Natural Hazards Technical Guidance documents for use with the current Ontario Provincial Policy
Statement).

INTRODUCTION
The mandate of the Ontario Geological Survey is to provide citizens and institutions of Ontario with
accurate and objective earth science knowledge about Ontario, in order to sustain and support quality of
life, economic prosperity, environmental quality, and public health and safety. The OGS does not comment
on best practices or recommended approaches for reviewing and approving changes to land-use or
development applications in karst terrains.
Because karst is where you find it, concerns regarding structural collapse, and regulations and
guidelines related to sinkhole hazards and subterranean caves are best addressed at the local or site
specific level. Karst features presented in the OGS karst map (Brunton and Dodge 2008) and
accompanying reports divided karst features into 3 main types:
known karst,
inferred karst, and
potential karst.
Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.37-1 to 37-24.
© Queen’s Printer for Ontario, 2013

37-1

Earth Resources and Geoscience Mapping Section (37)

F.R. Brunton

The boundaries between each of these differentiated features within the more susceptible or probable
regions, where bedrock geology demonstrates susceptibility to karstification processes, is subject to
change because karst features were mapped, for that study, at a reconnaissance (regional) scale. Also, the
Quaternary (surficial) sediment cover masks much of the bedrock character across southern Ontario and
Manitoulin Island, making it difficult to map the continuity of karst features on and below the Paleozoic
sedimentary bedrock surface. In addition, little information is available (i.e., good-quality threedimensional (3-D) bedrock borehole data) that would allow the character of deeper karst features and
controls on karst-controlled, bedrock groundwater flow zones to be outlined.
Local knowledge of Quaternary geology, soil materials and underlying bedrock type and
mineralogy/chemistry is necessary to provide an idea of relative susceptibility to karstification and
address the relative karst hazards and risks for a given area. There is no right or wrong answer regarding
the optimum thickness of soil and overburden sediments above bedrock that would be required to reduce
or eliminate the risk of sinkhole development where there is potential for the interaction of aggressive
groundwaters and more susceptible bedrock (see “Definitions” (next page)).
Because Ontario is a glaciated terrain, many of the older bedrock karst features exposed at and near
the top of the bedrock surface have been variably eroded (removed) and/or filled in with Quaternary
sediments. Therefore the preglacial karst drainage systems on the varied Paleozoic (Devonian, Silurian
and Ordovician) carbonate (limestone, dolostone) plains and cuesta (cliff) margins have been altered
during multiple advances and retreats of continental-scale glacial ice sheets in the past few million years.
The relative ability for sieving of this relatively young sedimentary material into deeper bedrock crevices
and solution-enhanced regional joint systems is dependent upon the ability of aggressive rain and surface
waters and shallower groundwaters in overlying sediments to find their way into the bedrock and begin
dissolution and physical transport of the sediments, resulting in soil and/or sediment collapse and sinkhole
development.
Proximity to buried-bedrock valleys and cliffs favourable to topographically driven groundwater flow
(e.g., Middle Devonian carbonates of the Onondaga Escarpment; Early Silurian carbonates of the Niagara
Escarpment; Late Ordovician carbonates of the Carden plain, or Ordovician Escarpment; Figure 37.1)
within karst-susceptible bedrock (e.g., limestone, dolostone, evaporites) does provide a basic predictive
means to address the probability of future sinkhole development. Additional considerations include
1) the delineation and mapping of sharp geologic contacts between more susceptible carbonate rocks and
gypsum- and salt-bearing rock units (e.g., Salina Group and Lockport Group contact); 2) the resultant
geomorphologic bedrock landforms and karst-controlled drainage networks that would have been created
by differential erosion from both preglacial weathering and the many advances and retreats of continental
ice sheets and introduction of trillions of gallons of cold aggressive waters into the bedrock over the past
few million years; and 3) the fact that a number of Paleozoic formations change their lithologic character
from being limestones to dolostones throughout their regional distribution across southern Ontario (not all
sedimentary rock formations are made equally, that is, have the same mineralogy, depositional features
and diagenetic history). This last point is quite relevant to the observed changes in karst character for rock
units such as the Middle Devonian Lucas Formation. This formation is a high-purity marine limestone in
the Ingersoll area that changes to a high-purity dolostone west of St. Marys and north of London, where it
has up to 40% or more permeability and possesses among the largest sinkholes in southern Ontario and one
of the most significant regions of breathing wells in Canada (Birchard, Rutka and Brunton 2004; Hurley et
al. 2005; Brunton, Dodge and Shirota 2006; Luinstra, Brunton and Cowan 2006; Freckelton 2012).
Much of the general field-based observations made on these varied carbonate plains has been
summarized in Brunton and Dodge (2008). The next sections of this article provide excerpts from this
report and a condensed reference list of key karst studies carried out in Ontario, as well as key
engineering and guidance references for working in karst terrains, mostly from other jurisdictions.
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Definitions
Aggressive groundwater – unsaturated groundwater with respect to the local bedrock
geochemistry, so the rock is susceptible to dissolution.
Carbonate rocks – sedimentary rocks (e.g., limestones, dolostones) composed mainly of calcium
carbonate. Dolostones have magnesium and calcium within the carbonate rock.
Carbonic acid – a mild acid formed when water and carbon dioxide chemically combine in the
atmosphere and soil.
Cave – a natural opening in rock large enough to be entered by man and extending to points where
daylight does not penetrate.
Cave system – a cave or caves having a complex network of interconnected chambers and
passages that constitute an underground drainage system.
Disappearing streams – areas of exposed bedrock or thin sedimentary cover where surface
streams disappear into the ground; these locations are often referred to as sinkholes or
sinks.
Dissolution or chemical solution – a chemical weathering process of bedrock in which the
combination of water and carbonic acid slowly removes mineral compounds from
bedrock and carries them away in solution; when waters become saturated or over
saturated with dissolved elements then precipitation will happen.
Dolines or sinkholes – a closed surface depression draining underground in karst terrain. Dolines
are usually “bowl-shaped” and can be a few to many hundreds of metres in diameter.
Groundwater – water below the level at which all voids in the rock are completely filled with
water.
Karren – a complex group of small- to medium-scale karstic landforms, commonly found on
limestone pavements, showing a variety of dissolutional, sculpted features, such as
sharp-ridged grooves, widely opened joints, horseshoe-shaped stepped structures.
Karst – a distinctive landform topography created by a combination of physical erosion and
chemical dissolution of underlying soluble rocks (carbonates, gypsum, salts) by surface
water or groundwater.
Permeability – a property of rock or unconsolidated soils and underlying sediments that permits
water to pass through it via interconnected voids (spaces). Permeable bedrock makes a
good aquifer, a rock layer that yields water to wells.
Porosity – a volume of void space in soils, unconsolidated surficial sediments or bedrock. When
these voids are interconnected, water or air (or other fluids) can migrate through voids
making the sediment or bedrock permeable.
Sinkholes or dolines – are closed surface depressions that allow rain and river waters to flow
underground and help create subterranean karst features. Sinkholes are often “bowlshaped” and can be a few to many hundreds of metres in diameter.
Springs or resurgence – the point where ground water reappears at the earth’s surface and begins
flowing downhill as a surface stream. It is the opposite of a sinking stream.
Water table – the surface between the zone of pure water saturation and zone of pure aeration
under the ground surface. In some low-lying areas, the water table can be above ground
surface resulting in springs and/or groundwater discharge, usually into rivers.
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This article also builds upon the 2008 report by Grace & Associates Inc. and Oakridge
Environmental Ltd. (ORE), Karst Hazard Mitigation – Next Steps Strategy for Ontario, that was
produced for MNR.
Some of the statements made in that report are relevant here, one of which is mentioned in italics
below:
Karst hazard mitigation guidelines will influence land development, source water
protection and ecological features preservation. The challenge is to create an approach to karst
hazard mitigation which recognizes the four types of hazards (structural, hydrogeological,
ecological and cultural) while providing practical guidelines that can be implemented in a
systematic and practical manner.
The karst hazards mitigation approach outlined in the abovementioned 2008 report should be
expanded to include some of the regional information and data set layers provided in publications by
Armstrong and Carter (2010), Brunton (2009b), Brunton and Dodge (2008), Chapman and Putnam
(2007), Gao et al. (2006), Hamilton (2011) and Ontario Geological Survey (2010).

Figure 37.1. Karst map for southern Ontario with selected field examples of karst features in Devonian, Silurian and Ordovician
carbonate plains and escarpment (cuesta) margins. The general orientation of various Paleozoic carbonate escarpments are
shown, with green lines, for Onondaga, Niagara and Carden plain escarpments (modified from Brunton and Dodge 2008).
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An interpretive and review “toolkit” for municipalities, agencies, practitioners and the public will also be
needed. Research is needed to assess karst hazard mitigation strategies employed in other jurisdictions, to
improve assessment methods for determining intrinsic susceptibility (groundwater) in karst areas, and to address
data sensitivity and potential liabilities, which include public safety, privacy issues and property values.
Public awareness and education will be the key components in the Next Steps initiative. A web site
dedicated to karst features and karst hazard information could be considered, which could also become an
interactive tool to accept reports of karst occurrence locations, ecological function, perceived hazard and
public response regarding this initiative. Education for municipalities that contain known or potential
karst features could include the preparation of a brochure that provides the definition of karst and karst
hazards. It is recommended that all levels of government stakeholders, and the public, be involved in the
development of the Karst Hazard Mitigation Strategy for the province of Ontario.
Note: As MNR, MMAH and OMAFRA update the Provincial Policy Statement regarding rural and
urban development in karst terrains, the above suggestions would be helpful. However, for health and
safety considerations, some of this information (e.g., cave locations) should remain confidential.

KARST IN ONTARIO
Karst, karst terrains or karst landscapes are terms that remain largely foreign to most Ontarians.
Karst is a term used to describe landscapes that display distinctive features resulting from chemical
dissolution and precipitation of carbonates (e.g., limestone, dolostone and marble), gypsum and salt. Such
landscapes are typified by a wide range of closed-surface depressions, a well-developed underground
drainage system and a paucity of surface streams. The highly varied interactions among chemical,
physical and biological processes have a broad range of geological effects, including dissolution,
precipitation, sedimentation, subterranean collapse and/or ground subsidence. Diagnostic features include
karren of various forms, sinkholes (dolines), caves, sinking streams and large springs resulting from
solutional interactions of varied surface waters and groundwaters, which may exit to entrenched effluent
streams (see glossary of terms in Field 2002). Although all of these features are present across the
southern Ontario and Manitoulin Island portion of the western St. Lawrence Lowland region, they are
best developed in the Silurian and Devonian, carbonate-dominated cuestas in southwestern Ontario,
including Manitoulin Island (see Figures 37.1, 37.2 and 37.3).
At present, only select regions of exposed or thin drift-covered limestone and dolostone (carbonate)
plains, representing about 10% of southern Ontario, allow for the nature of karstification to be described
and interpreted. The combination of extensive physical and/or chemical erosion and regional stress-fieldinduced jointing of the upper bedrock surfaces has occurred through millions of years of physical and
chemical weathering, and up to and including the last ice age.
The Niagara Escarpment portion of Manitoulin Island and the central and northern Bruce Peninsula
constitutes one of the most regionally extensive and significant dolostone karst plains in North America and
arguably the world (see Figure 37.3; Cowell 1974, 1976; Enyedy-Goldner 1994). One of the first GIS-based
karst geomorphology studies in the Great Lakes region was conducted on Manitoulin Island (EnyedyGoldner 1994). The Silurian and Middle Devonian mixed limestone to high-purity dolostone cuestas in
Ontario show more intense and extensive karstification than the Ordovician limestone plains because of a
number of factors, including 1) bedrock stratigraphic framework; 2) paleohydrologic set-up enabling
intermittent deeper penetration of glacier-derived cold and aggressive meltwaters, resulting in deep and
continuous recharge; 3) relative elevation above sea level, and resultant increased precipitation, enhanced
vertical and lateral hydraulic gradients, and proximity to the hydraulically connected Lake Michigan–Lake
Huron waterways. It is not a coincidence that the locations of southern Ontario’s known, inferred and
potential key karst regions (see Figures 37.1, 37.2 and 37.3) coincide with those regions that possess the
best-developed bedrock aquifer systems (Brunton 2009a, 2009b; Brunton and Piersol 2009; Figure 37.4).
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Karst landscapes are caused mainly by chemical erosion of bedrock by acidic surface water and
groundwater (aggressive waters) over a substantial time span, generally thousands to millions of years.
Chemical leaching of these mainly sedimentary carbonate rocks creates enhanced permeability, especially
along major faults (lineaments), penetrative joint sets and key bedding planes (i.e., breaks extending
laterally in a sequence of rock layers and representing either significant physical or biological (lithofacies
and biofacies) changes or time breaks, sequence boundaries and/or lesser diastems) in the upper tens of
metres of exposed or thinly buried bedrock (see Palmer 2007; Brunton and Dodge 2008). This results in
conduit-style groundwater flow and greater connectivity between surface waters, sinking streams and
groundwater aquifers.
Although the presence of caves within the Paleozoic limestones and dolostones of southern Ontario
has been known for almost 200 years (Bigsby 1825), the establishment of karst studies is a relatively
recent phenomenon. The main reasons for this include lack of accessibility (land is privately owned for
the most part), and the fact that most of the limestone plains of the western and central St. Lawrence
Lowlands have had their surficial expressions of karst either removed by erosion during glacial events
spanning the past few million years and/or are presently covered by thick glacial drift (gravel, sand, clay
and till). Such glacial deposits would have filled in and/or partially eroded surficial bedrock expressions
of caves and sinkholes.
The limestone–dolostone bedrock karst features of southern Ontario are generally regarded as
immature to mature. However, some of the interconnected maze and crevice caves within Ordovician and
Silurian carbonates exceed many kilometres in length and have formed within joint-controlled labyrinths.

Figure 37.2. Location map showing coverage of OGS karst mapping and drilling activities for 2005 and 2006 (field mapping
extended into spring and summer of 2007) in relation to regional Paleozoic bedrock geology, St. Lawrence Lowland geographic
regions, and Precambrian Shield crystalline and metasedimentary “basement” rocks.
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They are among some of the longest 3-D karst networks in Canada (cf. Ford 1983; Ford and Quinlan
1973; Ford and Williams 1989; Gordon 2005; Palmer 1991; White 1988). Some of the Ordovician karst
caves (e.g., Moira Cave system and Ottawa River sinkhole and cave systems, southeastern Ontario) and
Silurian karst caves (e.g., Root Cave and St. Edmunds system on Bruce Peninsula) show evidence of
being preglacial in origin (see Figure 37.1).

KARST AND RELATED REPORTS IN ONTARIO: AN HISTORICAL
PERSPECTIVE
The first systematic attempt to provide a regional compilation of caves and other karst features in
southern Ontario was by Ongley (1965), who listed and described 33 caves, mostly from south-central
and southeastern Ontario (emphasis was on caves in Ordovician bedrock) and a total of 90 karst features
(e.g., sinkholes, karren and caves). The next overview of karst in southern Ontario was by MacGregor
(1977). He provided an updated estimate of approximately 150 caves in southern Ontario. By 2005, the
estimate was at more than 400 caves and other key karst features for southern Ontario (Gordon 2005;
Marcus Buck is cited as the source of this number; data compilation was co-ordinated by Daryl Cowell
through contracts with Parks Canada to map caves and karst on the northern Bruce Peninsula). Some of
the floodwater and maze-cave networks in Ordovician and Silurian carbonates are among the longest
described in Canada, not in overall size, but in combined length of joint-controlled labyrinths. It is fairly
safe to estimate that there are well over 500 caves in southern Ontario. The most comprehensive geologic-

Figure 37.3. Key karst regions coincide with the thin drift-covered carbonate plains of southern Ontario and Manitoulin Island
(from Brunton and Dodge 2008).
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focussed karst studies in Ontario have been carried out by only a few individuals (see reference list for
articles by: F.R. Brunton, M.J. Buck, D.W. Cowell, D.C. Ford, M. Gordon and S.R.H. Worthington).
They, along with friends and colleagues, have been responsible for finding, investigating and describing
the vast majority of caves and sinkholes, and conducting related karst investigations in southern Ontario,
such as dye-tracing and surface hydrological and shallow to deeper bedrock hydrogeological studies.
The Ontario Geological Survey produced the first ArcGIS® karst map and accompanying reports for
southern Ontario, including Manitoulin Island, in 2008 (Brunton and Dodge 2008). That project was
undertaken as part of a broader geoscience initiative to compile various regional geologic data layers
(e.g., bedrock geology, surficial geology, physiography, etc.) in an ArcGIS® format so that they could be
more easily used by clients wishing to integrate geoscience data with other data layers.
As a part of future planning and policy considerations related to karst terrain features across Ontario,
it is recommended that information from Brunton and Dodge (2008) and Grace & Associates and
Oakridge Environmental Ltd. (2008) be incorporated into any resulting guidance or best practices
documents.

Figure 37.4. Paleozoic bedrock geology in relation to locations of karstic bedrock aquifers. Compare to distributions of key
karst regions shown in previous figures (from Brunton 2009b; and discussions in Brunton and Dodge 2008; compare with Singer
et al. 1997, 2003). The relative thicknesses of lines signifies the regional extent and importance of both shallower and deeper
bedrock potable water sources for growing communities in southwestern Ontario (e.g., Silurian Lockport Group carbonates of
Niagara Escarpment region, from north of Hamilton through Cambridge to the Bruce Peninsula; Middle Devonian Lucas
Formation and, to a lesser extent, the Dundee Formation). There are no significant regional aquifers known from Ordovician
carbonate bedrock aquifers across the Carden plain and in small tectonic slices of carbonates found in the Renfrew (Westmeath)
area to south of Ottawa.
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POSITIVE BENEFITS OF LIVING IN KARST TERRAINS
When managed properly, karst terrains provide a number of financial benefits to a given jurisdiction:
•

provision of significant bedrock aquifers and drinking water supplies;

•

significant groundwater recharge and discharge;

•

storm-water storage;

•

spring-runoff storage to dissipate flooding;

•

enhanced recreational and agricultural opportunities, such as highly varied sports and camping
activities, cuesta vistas, unique and varied landscapes to attract mixed rural and urban
development and varied agricultural activities (from vineyards to potatoes); and

•

unique ecosystems, such as alvars with associated cliff and crevice plants, animals, insects (e.g.,
the oldest trees in Ontario survive in karst crevices on the Niagara Escarpment cuesta cliffs).

NEGATIVE ASPECTS OF LIVING IN KARST TERRAINS
There are, however, a few negative aspects of living in karst terrains:
•

rapid drainage of rain and surficial waters may result in low water in wells during summer and
reduced water supplies in late summer;

•

rapid drainage or infiltration of waters into overburden and bedrock systems can transport waste
contaminants from various sources (e.g., human, farm animal, nutrients, industrial) to
groundwater drinking supplies;

•

structural concerns, land subsidence and ground movements, resulting in property damage and
possible threats to life—these are often induced by changes in land-use planning and redirection
of surface waters and groundwater supplies.

Because karst terrain development is tied to the interaction of aggressive waters and favourable rock
types, it is essential that groundwater conditions and karst features are properly documented. Solutionally
aggressive waters associated with karstification are undersaturated in mineral phases of a particular rock
type (e.g., limestone, dolostone, gypsum) and enriched in carbon dioxide gas (slightly acidic), so
dissolution of that material may arise until saturation is achieved. Cave and spring precipitates (e.g., tufa,
stalactites, and stalagmites) result from supersaturation of mineral phases in these waters. Therefore,
karstification involves both dissolution and precipitation geochemical processes associated with water–
rock interactions.

KARST TERRAIN PRESERVATION AND HAZARDS MITIGATION: A
GEOSCIENCE PERSPECTIVE
A “best practices” approach to addressing karst hazards should be carried out in a staged manner,
one that involves a general geologic- and geomorphologic-data-gathering desktop investigation (Phase 1
study) that would progress to a more detailed field-based study (Phase 2) to quantify and qualify
identified karst terrain hazards (i.e., progress from Phase 1- to Phase 2-level site investigation depending
upon nature of land use or development project being proposed; see below).
As particular karst hazards are identified, a flow chart or series of check boxes could be created to
establish the level of field work required to address possible concerns in order to mitigate various threats
to human health and safety, structural damage and potential groundwater contamination relative to the
proposed changes to rural and/or urban land use development. Such field studies should be undertaken by
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Qualified Persons, including those professionals who possess either a P.Geo. or P.Eng. designation and
having pertinent experience and knowledge, for example
•

Paleozoic bedrock geologist (P.Geo.);

•

hydrogeologists and/or hydrologists (P.Eng. optional; karst experience preferred);

•

geotechnical or geological engineer.

PROPOSED GUIDELINES FOR GEOTECHNICAL INVESTIGATIONS
RELATED TO KARST HAZARDS IN ONTARIO
The following proposed guidelines were written by an OGS geoscientist for engineers and nongeoscientists (e.g., MNR and MMAH planners, biologists, ecologists, hydrologists) to improve
understanding of karst terrain features, such as ground cavities, subsurface processes, sinkhole collapses
and ground subsidence, that together constitute geohazards on limestone, dolostone, marble and mixed
evaporitic rocks (gypsum-rich and salt-rich strata) in Ontario. As mentioned above, a “best practices”
approach to understanding the karst terrain features of an area and the hazards associated with them
involves 2 phases of study.

Phase 1: Preliminary Work—Desktop Study and Initial Site Visit
Phase 1 involves a desktop study and preliminary site visit of given area of interest for evaluating
engineering geological factors (see Herbert et al. 1987). This would involve the establishment of a proper
“Terms of Reference” and should involve, but not be limited to, the search for and review of various
historical data, such as the following:
•

appropriate maps and summary ArcGIS® layers that show historical and present-day information:
karst, ground and bedrock topography, physiography, hydrology, Quaternary and Paleozoic
bedrock geology. It is imperative that glacial tills and partial aquitards (layers of rock or surficial
material that act as vertical or lateral barriers to water movement) versus more permeable
materials are distinguished in overburden and rock;

•

existing scientific reports: engineering, geological (including oil and gas, and geotechnical well
records), hydrogeological, hydrological, geographic, agricultural studies; land-use publications;
and other archival records;

•

surface water and groundwater well record data to determine the position of the water table and
seasonal fluctuations; rainfall records; river discharge data; water chemistry data;

•

comparison of historic and recent air photos and/or satellite imagery to determine changes in
landscape that may be natural and resulting from karstification and subsurface drainage and/or
influenced by various anthropogenic changes in study area;

•

walk entire site and take photos to compare present-day ground conditions and drainage
conditions to information shown on older air photos and/or satellite imagery.

This stage begins the process of constructing an adequate geological model for the site. The degree
of effort expended to conduct this desktop study should relate to the type of project and geological and
geotechnical complexity of the site, and availability of relevant information. Phase 2—field-based
investigation work—will only commence should karst features and/or karst terrain characteristics be
identified during Phase 1 of the geotechnical site investigation. The type of field work and associated
costs will depend upon the areal extent and complexity of the proposed development relative to the risk or
potential for impacts related to karst.
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Phase 2: Field-Based Karst Investigations—Passive to Invasive Site
Investigations
Phase 2 involves integrating various field-based studies (geophysical, soil analysis, bedrock drilling and
tracer studies) to investigate buried karst in favourable bedrock (carbonates and/or gypsum- and salt-bearing
strata) where Quaternary (surficial) sediments are thick and do not enable direct mapping of bedrock.

PASSIVE GEOPHYSICAL METHODS
Passive geophysical methods utilize inherent physical properties of soil mineral and bedrock
characteristics and are most useful for sinkhole and cave detection in bedrock. Methods include
•

electromagnetic profiling (EM) – relates electrical resistivity or conductivity of ground to
variations in porosity, fluid conductivity and degree of saturation;

•

ground penetrating radar (GPR) – measures similar properties to EM. Techniques have
advanced substantially in the last decade (see Ontario examples in Dekeyser et al. 2007);

•

gravity and microgravity – measures relative density contrasts of overburden sediments and
bedrock lithologies and presence of cavities;

•

cross-hole tomography – this 3-D tomographic imaging provides excellent ground data (see
discussion in Waltham, Bell and Culshaw 2005);

•

airborne and satellite remote sensing – LIDAR (light detecting and ranging system) – maps
ground elevation and joint-fracture and fault orientations in exposed bedrock regions.

Some useful references regarding utility of various geophysical techniques related to karst studies include
McCann, Jackson and Culshaw (1987), McDowell et al. (2002) and Waltham, Bell and Culshaw (2005).

SOIL PROBING
Because the most common sinkhole hazard is due to new soil subsidence over solution-enhanced
joints and caves, most karst-focussed field work involves the relative stability or potential failure of soil
cover on susceptible carbonate and/or gypsum- and salt-bearing sedimentary strata. Two of the main
probing tests in soils are the standard penetration test (SPT) and the Dutch cone or cone penetrometer test
(CPT). Bloomberg et al. (1988) compared both of these compressive tests over 4 sinkhole sites in Florida
and concluded that the CPT test was a superior technique because it produces more information, is
sensitive to minor lithological variations and is particularly useful for detecting bedrock conduits,
solution-enhanced joint systems and piping failures (see summary in Waltham, Bell and Culshaw 2005).
In thinner drift areas, where digging of excavation pits to examine the nature of bedrock is
economically feasible, data gathered during the desktop study (Phase 1) should provide information on
the orientations of major regional joints fractures on bedrock and whether there are any known karst
features. This may assist in determining location and number of pits to be dug relative to the extent and
nature of proposed development.

ROCK DRILLING AND WELL STUDIES
Rotary drilling holes through identified karstic carbonates and chemical sedimentary strata (gypsumand salt-bearing chemical sedimentary rocks) can provide important information regarding the karstic
nature of bedrock groundwaters within a site area. Some tools relevant to investigating the nature of karst
features in the shallow to deeper bedrock strata include the following:
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•

downhole cameras;

•

geophysical borehole tools: optical and acoustic televiewer, groundwater electrical conductivity
loggers;

•

3-D tomography tools;

•

heat-pulse tools to demonstrate upward and downward gradients in the karstic bedrock
groundwater flow regimes; and

•

packer and/or pumping tests to examine draw down responses between boreholes.

Integration of oil and gas well data, geotechnical holes and downhole cameras in available bedrock
wells may help delineate karst features and susceptible rock strata (see Brunton and Dodge 2008; Brunton
et al. 2007; Lee et al. 2011; Priebe, Brunton and Lee 2012).

TRACER STUDIES
Tracer studies involves the use of dyes, salts (chloride or bromide) and low conductivity or
deuterated waters to trace speed and direction of water movement within bedrock. Field work is usually
carried out where streams sink and where springs occur. Such studies can also be carried out between
bedrock wells (see Ontario references by J. Hurley, F.R. Brunton, M.J. Buck, D.W. Cowell, C.C. Smart
and S.R.H. Worthington).

NEXT STEPS—INTEGRATION OF SITE ASSESSMENTS AND
REGIONAL DATA
Nature of Karst Hazards and Risk—Buried Sinkholes and Caves
Natural and/or anthropogenically influenced karst hazards when related to human activities can be
measured in terms of their degree of risk. The main elements at risk include life (human safety), health
(groundwater and/or surface water contamination) and damage to property and/or possessions. Karst areas
present a variety of risks including subsidence (both slow and quick) and surface water and groundwater
contamination.
One of the possible outcomes of undertaking risk and hazard analysis studies is the creation of
hazard maps and land-use planning maps (see discussions in Waltham, Bell and Culshaw 2005; Waltham
and Fookes 2003; Waltham et al. 1997).
One possible series of maps could involve the following:
Level 1 – Environmental and Geotechnical Maps: incorporating land surface and bedrock
topography, drift thickness, overburden type and bedrock geology, known karst features,
hydrogeology, hydrology or surface water chemistry and drainage, ambient groundwater
chemistry, climate, and vegetation – portrays results of Geoscience and Geotechnical
Phase 1 and 2 Investigations;
Level 2 – Danger Maps: showing the locations of known sinkholes, sinking streams, caves and
vulnerable bedrock geology units. Such maps may provide sizes, ages, rate of growth,
geological controls, and other relevant parameters of sinkholes – Phase 2 data portrayed
on these maps support the development of Mitigation Strategies (Phase 3 Study) – whereby
“buffer zones” and/or “Recommended Construction Guidelines” are invoked;
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Level 3 – Hazard Maps: showing spatial and temporal probabilities of mapped sinkholes, including
any quantitative or qualitative probabilities of occurrences and susceptibility information;
Level 4 – Risk Maps: the simplest of these maps may include a combined sinkhole hazard map with
a land-use map to evaluate severity of the hazard relative to proposed land use;
Level 5 – Management Maps: Potential mitigation maps showing engineering works and procedures
required; produced, perhaps, as part of a 5-year planning process to have regulatory maps
to prevent or control development in the most karst-prone regions.
The map series listed above (adapted from Waltham, Bell and Culshaw 2005) combines geoscience
information and MMAH and MNR land-use policy requirements. Although overlap exists between the
Phase 1 and 2 studies outlined above in the “Guidelines for Geotechnical Investigations” section and
“Stages” sections outlined below, they differ in that responsible ministries should generate regionally
based desktop studies and field-based pilot project studies to have the most appropriate Best-Practices
Guidelines possible to address various Ontario-based hazard lands issues related to karst. Stages involved
in generating ministry pilot project studies are described below.

Stage 1: Ministry Pilot Studies for Locally Based Karst Terrain Mapping
Stage 1 involves the compilation and use of available maps, satellite imagery, air photos and reports
within a given study area to identify and delineate the location, distribution, physical characteristics of
karst features and available data concerning surface water hydrology (drainage patterns on a seasonal
basis) and groundwater quality. The Ontario Geological Survey has a number of ArcGIS®-based data sets
that could be integrated for a given development application or an application for a change in land-use
planning. Data layers that should be included in such studies are the following: Karst, Bedrock
topography, Physiography, Quaternary and Bedrock Geology, as well as hydrology and subsurface
groundwater data.
The complexity and associated costs of the initial desktop study of a geotechnical or engineering site
investigation, only one component of which would be an examination of karst hazard concerns, would be
dependent upon the nature of the development being proposed (i.e., ranging from a few thousand dollars
for a single dwelling home with a septic system, to millions of dollars that would be required for the
development of a nuclear facility).

Stage 2: Ministry Pilot Studies for Karst Terrain Mapping and Hazard
Land Mitigation
Specific or Comprehensive Planning: address karst hazards directly by 1) field-based mapping of
hazards (e.g., irregular surface drainage patterns and disappearing streams, presence of sinkholes, caves,
solution-enhanced joints); 2) identifying compatible land-use activities; 3) establishing construction
standards for development; 4) developing policies for addressing current inappropriate land uses; and
5) producing karst feature buffers that are specific to a given region and local set of land-use policies.
This would involve restricting development around karst features through establishment of a fixed radius
of no development or no storage of farm-related materials such as fertilizers or manure piles.
Structural Concerns: limit development that would require extensive blasting of carbonate or mixed
carbonate–gypsum–evaporite bedrock, and/or intensive construction that would create excessive weight
(large subdivisions, industrial parks) and/or alter drainage that could compromise underlying caves or
buried sinkholes.
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Surface Water and Groundwater Contamination Concerns: prevention of the construction of
industrial point sources (e.g., chemical plants, dry cleaning facilities), waste lagoons, underground storage
tanks, landfills and/or related changes in designation of land uses for either rural subdivision development
(intensive septic system installations) or animal and crop agricultural uses.
Land uses that drastically alter the position of local water tables and/or modify local drainage patterns, in
association with inadequate storm-water management, may accelerate sinkhole subsidence and increase
sinkhole and cave flooding in an unpredictable manner.
Geotechnical Studies: provide specific information relative to karst features through the identification
and characterization of surface and deeper soils (overburden characterization – Quaternary geology
studies), bedrock geology and an evaluation of local to regional hydrologic and hydrogeologic studies.

SUMMARY
Some of the main challenges concerning the production of comprehensive provincial policy
statements and guidelines for conducting various forms of construction development and/or farming
practices in karst terrains of Ontario include the fact that 1) the bedrock geology and nature of Quaternary
sediments covering the Paleozoic bedrock vary across southern Ontario and 2) a number of the ministries
involved in Provincial Policy Statement–decision making and in creating best practices documents have
few or no Qualified Persons.
Because karst terrain development is tied to the interaction of aggressive waters and favourable rock
types, it is essential that groundwater conditions and karst features are properly documented at both a
local and regional scale. Solutionally aggressive waters associated with karstification are undersaturated
in mineral phases of particular rock types (e.g., limestone, dolostone, gypsum) and enriched in carbon
dioxide gas (slightly acidic), so dissolution of that material (rock) may arise until saturation in those
mineral phases is achieved. Cave and spring precipitates (e.g., stalactites, stalagmites, tufa) result from
supersaturation of groundwaters and resultant deposition of carbonate. Therefore, karstification involves
both dissolution and precipitation geochemical processes associated with water–rock interactions. The
presence of biological and/or organic compounds in soils and rock (e.g., bacterial activity and hydrogen
sulphide and presence of organic compounds, such as oil, gas, and bitumen) also may increase carbonate
solubilities and enhance karst terrain development.
Therefore, the above geotechnical and other studies, which were designed to examine potential
structural and water-quality considerations, will require some flexibility to accommodate the variability of
the waters, sedimentary rock types and overlying Quaternary sediments relative to karst potential. A
recent Karst Environment Sustainability Index approach (van Beynen, Brinkman and van Beynen 2012),
tested in part of the Metropolitan Tampa Bay area in Florida, may prove helpful in creating a standardized
metric of sustainable development practices in the varied karst terrains of Ontario.
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INTRODUCTION
The May 2000 Walkerton tragedy and resulting Clean Water Act focussed the attention of
conservation authorities, all levels of government and members of the public on the importance of
protecting Ontario’s groundwater resources. A critical component of evaluating the resource is having a
thorough understanding of the three-dimensional (3-D) distribution of Quaternary (surficial) sediments.
Accurate 3-D models will improve volumetric estimations of the provincial groundwater resource, may
allow undiscovered aquifers to be located and will improve our understanding of groundwater recharge
and discharge zones. Equally important is the use of the models to identify aquifers susceptible to
contamination and potential pathways for contaminants.
The Ontario Geological Survey (OGS) has initiated a new 3-D mapping project, encompassing the
Niagara Peninsula and extending westward to the city of Brantford (Figure 38.1). This project is in
response to both a recent gap analysis meeting held in the fall of 2012 and project proposals submitted as
part of the 2012 project planning cycle. Several gaps in geoscience knowledge were identified during this
process: 1) there is currently limited information available regarding the subsurface distribution of
aquifers and aquitards in the Niagara Peninsula; 2) there is a need for a regional stratigraphic framework
identifying key lithostratigraphic units; 3) there is an incomplete understanding of the location and
geometry of the buried-bedrock valley network as well as the nature of the infilling sediments hindering
hydrogeological studies; 4) there is an absence of a regional-scale 3-D model providing the scientific
results to inform policy development, aquifer sustainability and use, provincial instruments (e.g., Permits
to Take Water), management of contaminated sites, optimization of dewatering systems, management of
conservation areas and possibly, protection of coastal wetlands; 5) there is a need to identify new
groundwater resources for rural applications, such as agriculture (wineries), golf courses and domestic
supply; and 6) because of high groundwater demand and vulnerability, the Lake Erie north shore area has
been designated as a priority area for enhanced groundwater monitoring as part of the Canada–US Great
Lakes Water Quality Agreement and Canada–Ontario Agreement (COA) respecting the Great Lakes basin
ecosystem. Additional subsurface information and groundwater monitoring is required to effectively
proceed with this project.
The goal of the Niagara Peninsula project is to build an interactive 3-D model of Quaternary deposits
that form both regional and local aquifers and aquitards. Key objectives are 1) reconstruction of the
regional Quaternary history, 2) development of a 3-D model of Quaternary sediments and
3) characterization of the properties of the modelled sediment packages. The model will be based on the
interpretation of natural and man-made exposures, existing subsurface records (e.g., water wells,
geotechnical records) and new drilling and geophysical data.
Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.38-1 to 38-21.
© Queen’s Printer for Ontario, 2013
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LOCATION
The study area encompasses approximately 5000 km2 of the Niagara Peninsula (bounded by Lake
Ontario to the north, the Niagara River to the east and Lake Erie to the south) extending west and north to
join with the boundaries of the Brantford–Woodstock 3-D project area (Bajc and Dodge 2011). Included
within the project area are the Regional Municipality of Niagara (Town of Grimsby, Town of Lincoln,
City of St. Catharines, Town of Niagara-on-the-Lake, Township of West Lincoln, Town of Pelham, City
of Thorold, City of Niagara Falls, City of Welland, Township of Wainfleet, City of Port Colborne and
Town of Fort Erie), Six Nations of the Grand River and portions of Norfolk County, Haldimand County,
the County of Brant, the City of Brantford, the Regional Municipality of Waterloo (Township of North
Dumfries), the City of Hamilton and the Regional Municipality of Halton (City of Burlington). These are
represented on 1:50 000 scale NTS map sheets 30 L/13, 30 L/14, 30 L/15, 30 M/3, 30 M/4, 30 M/5,
40 I/16, 40 P/1, and 40 P/8 (see Figure 38.1). Major urban areas include Niagara Falls, St. Catharines,
Welland, Burlington, Hamilton and Brantford. The communities of Old Town Niagara-on-the-Lake,
Fonthill, Port Colborne, Fort Erie, Dunnville, Port Dover, Ancaster, Dundas, Grimsby and Beamsville, as
well as numerous smaller towns and hamlets, are also located within the study area (Figure 38.2).

REGIONAL SETTING
Bedrock Geology
The study area is underlain by southward-dipping Ordovician, Silurian and Devonian bedrock
formations, elements of which give rise to the prominent features of the Niagara and Onondaga
escarpments (Ontario Geological Survey 2011). The Niagara Escarpment generally follows the shore of

Figure 38.1. Location of the Niagara Peninsula study area in southwestern Ontario showing township and county boundaries.
All Universal Transverse Mercator (UTM) co-ordinates provided using North American Datum 1983 (NAD83) in Zone 17.
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Lake Ontario at a distance of between 2 and 12 km (Figure 38.3). Deep and partially infilled re-entrant
bedrock valleys extending south (St. David’s buried gorge and the Erigan channel) and west (Dundas
buried valley) from the escarpment contain thick Quaternary sediments. Near the escarpment, these and
other smaller bedrock valleys often contain well-developed late glacial drainage networks and misfit
modern streams. Below the escarpment, the bedrock surface is dissected by channels that extend from the
re-entrant bedrock valleys toward Lake Ontario. The Onondaga escarpment is much more subdued and
trends eastward across the study area, angling away from the Lake Erie shore in the west. The Erigan
Channel and numerous small and relatively shallow re-entrant bedrock valleys extend south from the
Onondaga escarpment.
The Paleozoic stratigraphy of southern Ontario has recently been described in detail in an Ontario
Geological Survey special volume (Armstrong and Carter 2010); the bedrock formations that crop out and
subcrop within the study area are thus only briefly summarized here. The Ordovician Queenston
Formation comprises a distinctive red and green shale and siltstone which crops out and subcrops below
the Niagara Escarpment and in some buried valleys. Rising up the escarpment, resistant formations of the
Clinton–Cataract Group (shale, sandstone, dolostone and limestone) form intermittent benches. The
Lockport Formation (locally cherty and bituminous shale, dolostone, limestone and argillaceous
dolostone) forms the principal escarpment cuesta and, along with the Guelph Formation (porous, finely
crystalline to granular reefy dolostone), occurs in a broad 5 to 15 km wide band generally following the
escarpment. The central portion of the study area is characterized by the 15 km wide east-trending Salina
Formation (calcareous shale, dolostone, gypsum and anhydrite), which forms a relatively deep basin
beneath the surficial deposits. At the southern edge of this basin is a narrow 2 to 3 km wide band of the
Bertie Formation (argillaceous, laminated and bituminous dolostone), which rises up the Onondaga
escarpment. The Devonian Bois Blanc Formation (thin- to medium-bedded, cherty, fossiliferous or
argillaceous limestone with minor shale and dolostone) is present as a 1 km band along the escarpment

Figure 38.2. Larger communities, lakes, rivers and highways within the Niagara Peninsula study area. All UTM co-ordinates
provided in NAD83, Zone 17.
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cuesta. The Onondaga Formation (cherty, fossiliferous or argillaceous limestone and minor shale) forms
the bedrock above the escarpment, extending south to Lake Erie across most of the survey area. The
Dundee Formation (fossiliferous limestone and minor dolostone, with bituminous partings and locally
abundant chert nodules) is present along Lake Erie in the far southwest of the survey area.

Surface Drainage
The major drainage basins within the study area define the boundaries of 5 conservation authorities
(Figure 38.4). The surface drainage is controlled by the bedrock topographic surface and also by human
activity. To date, there have been 4 shipping canals and associated feeder canals, as well as the canals and
tunnels associated with electric generating stations, modifying the natural stream flow across the eastern
Niagara Peninsula (see Menzies and Taylor 1998) for a summary of the history of the canals and hydroelectric developments).
South of the Onondaga escarpment, in the area defined by the Long Point Region Conservation
Authority, streams such as Nanticoke and Sandusk creeks flow in a generally southward direction,
draining directly into Lake Erie. Many of the streams in this region have bedrock exposed along their
channels, which was readily apparent during the late summer low-flow period. To the north, in the area
defined by the Grand River Conservation Authority, the Grand River flows southeastward into Lake Erie,
along its way capturing streams flowing northeastward down the Onondaga escarpment and southwestward
following the dip slope of the Silurian bedrock. At the western edge of Lake Ontario, streams, such as
Spencer Creek and Redhill Creek, flow down the Niagara Escarpment into Lake Ontario. There are 2
conservation authorities in this portion of the study area, the Hamilton Conservation Authority and

Figure 38.3. Bedrock geology of the Niagara Peninsula study area (from Ontario Geological Survey 2011). The Niagara and
Onondaga escarpment cuestas and major buried-bedrock valleys are indicated on the map. All UTM co-ordinates provided in
NAD83, Zone 17.
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Conservation Halton. The Niagara Peninsula Conservation Authority lies entirely within the study area
boundaries. South of the Onondaga escarpment, there is limited drainage directly into Lake Erie. In the
flat-lying central area, the Welland River once flowed eastward toward the Niagara River. This natural
flow regime has been modified by the Welland Canal to the extent that there are flow reversals and
backwater conditions (Fitzpatrick and Campbell 2012). Farther north, streams such as Forty Mile Creek
and Twenty Mile Creek, flow eastward before turning north over the Niagara Escarpment and emptying
into Lake Ontario. These and many other creeks flowing directly north, for example Twelve Mile Creek,
occupy re-entrant bedrock valleys and are often misfit streams (Photo 38.1).

Quaternary Geology
Detailed descriptions of surface sediments in the Niagara Peninsula area, published in conjunction
with 1:50 000 scale maps, may be found in several OGS reports (Karrow 1963; Barnett 1978; Feenstra
1981). Regional-scale 3-D mapping has been completed to the west and northwest of the study area; the
uppermost units identified there extend into this study area (Bajc and Shirota 2007; Bajc and Dodge
2011). This section very briefly summarizes the history and surficial geology of the study area.
Wentworth Till, deposited during the late glacial readjustments of the Erie–Ontario ice lobe, represents
the oldest sediments mapped at surface within the study area. The till is found in drumlins east of the Galt
moraine (Photo 38.2) and in the Galt and Moffat moraines in the far northwest of the study area, in the
Cayuga–Caledonia drumlin field north of the Onondaga escarpment and in isolated exposures along Lake
Erie west of Port Dover (Figure 38.5). A series of proglacial lakes (Whittlesey, Warren I, Warren II,
Wayne, Warren III, Grassmere, Lundy, Dana and Dunnville) followed the retreating ice front, depositing
laterally extensive and thick deep-water silts and clays, blanketing the older landforms. Erosional and

Figure 38.4. Conservation authorities and major rivers within the Niagara Peninsula study area. All UTM co-ordinates provided
in NAD83, Zone 17.
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depositional shoreline features, including wave-cut scarps and localized shore sands and gravels, further
modified the landscape.
Port Huron Phase Halton Till was deposited as ice advanced out of the Lake Ontario basin across the
Niagara Peninsula and into the eastern Lake Erie basin. Halton Till is exposed in a series of small
recessional moraines that lie along the top of the Onondaga (Mohawk Bay, Wainfleet, Crystal Beach and
Fort Erie–Buffalo moraines) and Niagara escarpments (Waterdown, Fort Erie, Niagara Falls and Vinemount
moraines) as well as in large exposures between the Niagara Escarpment and Lake Ontario. The Fonthill
Kame, an ice-contact delta complex, was deposited at a re-entrant along the ice margins of the Fort Erie
and Niagara Falls moraines (Feenstra 1981), while the Niagara Falls ice-contact delta formed at the
Niagara Falls moraine ice margin. Dropping water levels exposed land in the western portion of the study
area and a large proglacial delta formed at the mouth of the Grand River near Dunnville. The delta was

Photo 38.1. Misfit stream within a small tributary of Twelve Mile Creek, Short Hills Provincial Park. Field assistant for scale.

Photo 38.2. Large east-trending drumlin located between the Moffat and Waterdown moraines, northwest of Hamilton.
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later reworked by wind, forming a large field of inland dunes. As lake levels continued to drop, first the
Onondaga escarpment and then the Niagara Escarpment created distinct basins, forming Early Lake Erie
in the Erie basin, the remnant Wainfleet pond between the escarpments, and Lake Iroquois between the
Niagara Escarpment and the ice front. Small deltas were deposited in Lake Iroquois by streams flowing
from the escarpment (Feenstra 1981). Lake Iroquois water levels dropped then rose again to the main
stand in response to rapid isostatic rebound of the eastern Lake Ontario basin. The distinctive Lake
Iroquois shore bluff between the Niagara Escarpment and Lake Ontario (Photo 38.3), the Hamilton bar in
Hamilton harbour and the Homer bar in St. Catharines indicate the main stand water levels. Drainage of
Lake Iroquois, and the subsequent flooding of Lake Ontario, is recorded in the sediments of the Burlington
bar. Radiocarbon ages indicate water levels have risen 60 m in 10 000 years (Karrow 1963).

FIELD ACTIVITIES
Field operations were conducted from June to August of 2013 and targeted portions of the study area
where stratigraphic information required to develop a 3-D model could be obtained. A total of 130 sites
were investigated, including 5 surface observation sites, 3 shallow test pits ranging from 0.35 to 1 m deep,
24 soil probe sites ranging from 0.45 to 5 m deep, 64 hand auger sites ranging from 0.25 to 7.4 m deep
and 34 sections ranging from 1 to 14.5 m high (Figure 38.6). The sediments were described,
photographed and sampled for pollen (peat), radiocarbon analysis (wood and detrital organics from peat
and stratified sediments), particle size analysis (diamicton and stratified sediments) and carbonate content,
heavy mineral analysis and pebble counts (diamicton). A total of 484 samples were obtained, some of
which will be subsampled prior to analysis. Composite logs have been developed for this report for 6
target areas (Figures 38.7A and 38.7B).

Figure 38.5. Surficial geology of the Niagara Peninsula study area (from Ontario Geological Survey 2010). All UTM coordinates provided in NAD83, Zone 17.
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Photo 38.3. The main stage Lake Iroquois shore bluff between St. Catharines and Queenston.

Figure 38.6. Sites investigated during the 2013 field season including surface observations, test pits, soil probe sites, hand auger
sites and sections. All UTM co-ordinates provided in NAD83, Zone 17.
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Figure 38.7. A) Composite logs compiled for the Port Dover bluffs, Onondaga escarpment re-entrant bedrock valleys, Lake Erie
shore dune and peat and Wainfleet Bog target areas.
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Figure 38.7. B) Composite logs compiled for the northwest Hamilton, Lake Ontario bluffs and Niagara River target areas.
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Port Dover Bluffs
The Port Dover area, located south of the Onondaga escarpment in the far southwest corner of the
study area, is dominated by gently southward-dipping deep water glaciolacustrine sediments. Isolated
patches of nearshore sand, outliers of the Norfolk sand plain, are found in the far west. Rare southwesttrending drumlins composed of Wentworth Till protrude through the glaciolacustrine sediments. The
Mohawk Bay moraine, located at the far eastern part of this area, marks the Halton ice limit. Dundee
Formation cherty limestone is exposed in river valleys and at the modern Lake Erie shoreline. Striations,
grooves, chattermarks, miniature rock “crag-and-tail” features and p-forms were observed at 4 sites
(Photo 38.4). The western 2 sites in this area (see Figure 38.6), located beyond the Halton ice margin,
indicate ice flow directions of 260° (205 striation and groove measurements from 6 subareas) and 252°
(45 striation and groove measurements). Rare crosscutting striations and tool marks in a shallow linear
depression average 266°, 257° and 251°, respectively. The area’s 2 eastern sites are located near the
mapped extent of Halton Till (Mohawk Bay moraine). One site has striations indicating an ice flow
direction of 233° (24 measurements). Closer to the moraine the record is more complex. The average ice
flow direction is still 233° (57 measurements); however, there is one subarea averaging 219°, one with
groove directions of 238° and crosscutting striation directions of 233° and 245° (appears older), and one
subarea with crosscutting striation directions of 226° and 236° (possibly older).
Three bluff sections were able to be examined, as actively eroding shorelines have led property
owners to construct seawalls along most of the lake front. One property owner reported losing nearly
20 m of land during a single storm. Fresh exposures are thus limited, and previous mapping in the area
(Barnett 1978, 1987) will provide information appropriate for a regional assessment. West of Port Dover
a silty till, interpreted as Wentworth Till, was observed overlying Dundee Formation cherty limestone
(Figure 38.7A, log A). Nearly 2 m of laminated silt to sand, in part deformed, probably corresponds with
the buried Simcoe delta deposits described by Barnett (1978). The upper 6 m of rhythmically bedded silt
and clay, silt and deformed silt are deep water glaciolacustrine sediments deposited in glacial lakes
Whittlesey and Warren. Farther east, the till and silty sands pinch out and thick beds of laminated clay
were deposited on bedrock (Figure 38.7A, log B).

Photo 38.4. Dundee Formation striated bedrock surface at the Lake Erie shore east of Port Dover.
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Onondaga Escarpment Re-entrant Bedrock Valleys
A series of 9 hand auger sites, a test pit and a quarry, focussing on re-entrant bedrock valleys along
the Onondaga escarpment, were investigated between Port Colborne and Fort Erie (see Figure 38.6). The
upland sites proved to be shallow, terminating less than 2 m below surface either at bedrock, or because
the sediments were too hard to penetrate (Figure 38.7A, log D). A red, stone-poor, fine-textured
diamicton overlies bedrock or is the terminal unit in this area (see Figure 38.7A, log D; Photo 38.5A).
This is typically overlain by interbedded diamicton and silty clay to clay. These sediments are interpreted
as a subfacies of Halton Till. There are mapped exposures of Halton Till at the nearby Wainfleet, Crystal
Beach and Fort Erie recessional moraines. Striations on the underlying bedrock surface average 212°
based on 25 measurements at a site near Fort Erie. The upper approximately 1 m of the upland sites is
characterized by gritty silty clay or clay, laminated silt and clay and laminated clay indicating decreasing
influence of the ice sheet on a deep water glaciolacustrine environment.
Three bedrock valleys were augered to depths ranging from 4.75 to 7.4 m (Figure 38.7A, log C). The
valleys are characterized by rhythmically bedded silt and clay, laminated silt and clay and laminated clay
that exhibit a slightly fining-, then coarsening-upward trend, reflecting rising then falling water levels
(Photo 38.5B). These sediments are correlated with the upper glaciolacustrine sediment package
described by Feenstra (1981). Auger holes in the valley sites were terminated in diamicton (likely Halton
Till), bedrock, or because of suction in deep water glaciolacustrine sediments at depth.
The eastern Onondaga escarpment region would have been ice-free from the time of Lake Warren II
and remained submerged through the Lake Wayne, Lake Warren III, Lake Grassmere, Lake Lundy and
Lake Dana stages (Feenstra 1981). The deep water glaciolacustrine sediments observed at both the upland
and valley sites are consistent with rising then falling water levels. Other than rare increases in silt content
there is no evidence in the sedimentary record of the various lake stages defined by a complex succession
of outlets controlled by fluctuating ice margins and isostatic rebound.

Photo 38.5. Examples of sediments from the Onondaga escarpment re-entrant bedrock valley target area obtained using a hand
auger. Tape measure for scale. A) Halton Till. B) Laminated deep water glaciolacustrine sediments.
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Lake Erie Shore Dunes and Peat
There is a narrow zone of dunes adjacent to Lake Erie extending from west of Port Colborne to
Crystal Beach (see Figure 38.5; Photo 38.6). The dunes continue east of Crystal Beach, but are considerably
lower. There are discontinuous peat deposits behind dunes between Port Colborne and Crystal Beach. A
total of 14 auger, probe and test pit sites, ranging from 1 to 5 m deep, were investigated between western
Port Colborne and Crystal Beach to determine the stratigraphic sequence; to determine the presence and
nature of a confining layer under the dunes and peat; to obtain samples for pollen analysis; and to obtain
material suitable for radiocarbon analysis to establish when the peat began to accumulate (see Figure 38.6).
The dune sites were restricted to dune edges (augering thick sequences of dry sand is not feasible).
The majority of dune sites were 1 to 1.5 m deep, terminated because of slumping below the water table.
The high water table at most of these sites may be attributed to a fine layer at depth and/or the close
proximity to Lake Erie. Up to 1 m of medium-fine- to medium-textured dune sand typically overlain by up
to 0.5 m of peat or organic rich sand was observed at these sites (Photo 38.7A). At one site, approximately
0.25 m of sand and gravel was intersected below the dune sand. This site terminated in rock, likely cherty
limestone bedrock, indicating that confining layers do not extend under all dune sites. Farther west the
dune and organic succession overlies almost 1 m of rhythmically bedded sand and silt, a thin, older
organic-rich layer and 1.5 m of variably massive, laminated and gritty clay. These sediments are interpreted
as Lake Warren to Lake Dunnville deep water sediments deposited in an Onondaga re-entrant valley
(Figure 38.7A, log E). The thin organic-rich layer may have been deposited in a lagoon or embayment that
was later infilled as water levels dropped, indicated by the transition from organic material to shallow
water sand and silt.
Three of the discontinuous peat areas were investigated. The sites were located less than 100 m to
approximately 600 m from the base of the dunes. Several probe sites yielded results similar to the shallow
dune sites, with 0.5 to 1 m of peat or gritty peat overlying medium-fine- to medium-textured sand interpreted
as dune sand. Two sites had very thin silty beds under the peat and 2 sites contained beds with small shell
fragments. All of these sites terminated within 1.5 m of the surface because of a high water table. Three
peat sites yielded a much thicker record (Figure 38.7A, log F), and at each of these sites 0.25 to 3.5 m of
peat has developed on top of variably rhythmically bedded sand and silt, rhythmically bedded and/or
laminated silt and clay and laminated clay (Photo 38.7B) interpreted as Lake Warren to Lake Dunnville
deep water and nearshore deposits that collectively record the complete transgression–regression cycle.
Two of the sites terminate at bedrock and one in a fine-textured diamicton interpreted as Halton Till. One
of the thick peat sites, located less than 100 m from the base of a large dune, is of considerable interest as

Photo 38.6. Lake Erie shore dune near Crystal Beach.
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it consists of interbedded peat, gritty peat and organic-rich sand, suggesting an interplay of wet conditions
favourable for peat development and drier periods when the coastal dunes were reactivated (Photo 38.7C).
Rare thin beds of gritty peat were intersected at a second site farther from the dunes.
Feenstra (1981) identified the dunes as recent backshore or coastal dunes, with the sediment being
sourced from the Lake Erie Beach. The results of the current survey suggest that the dunes could be much
older, possibly forming during the Early Lake Erie phase when water levels were 40 m lower than in
historic times. The lower water levels may have presented a larger sediment source area than the modern
beach. It is anticipated that geochronological analyses of the basal peats (radiocarbon) and of the dune
sand (optically stimulated luminescence) will help to resolve this question.

Wainfleet Bog
Wainfleet Bog, just west of Port Colborne, is a shallow, but slightly domed bog covering approximately
1460 hectares (www.mnr.gov.on.ca/en/Business/Wildlife/2ColumnSubPage/STDPROD_099959.html, accessed
September 16, 2013) of which 800 hectares forms the Wainfleet Bog Conservation Area. The bog developed
in a small remnant lake, the Wainfleet pond, against a long southwest-trending ridge of the Onondaga
escarpment. Five sites were investigated within the conservation area to determine the depth of peat, the
nature of the underlying sediments and to obtain material suitable for determining age (see Figures 38.5 and
38.6). Feenstra (1981) estimates that the bog is at least 8000 years old.
As shown on the composite log, the sediments underlying the Wainfleet Bog are deep water
glaciolacustrine deposits interpreted as glacial Lake Warren to Lake Dunnville deposits (Figure 38.7A,
log G). The stratigraphic sequence of laminated silt and clay fining upward to laminated clay is typical of
deepening conditions or the gradual shutting off of the sediment supply. These sediments are overlain by
rhythmically bedded and laminated silt and clay (Photo 38.7D) then silt to very fine-textured sand at some
locations. This succession records a gradual shallowing and shrinking of the remnant glacial lake prior to
peat growth. The lake deposits are overlain by 1 to 3 m of peat. The peat is variably well decomposed,
fibrous and woody. Commercial peat extraction during the 19th and 20th centuries has much reduced peat
thickness.

Northwest Hamilton
A series of 14 sites were examined in the thin drift area northwest of Hamilton (see Figure 38.6).
The surficial geology of this portion of the study area is characterized by a fairly flat, exposed or thinly
covered Silurian bedrock plane punctuated by large west to west-northwest-trending drumlins composed
of Wentworth Till, many of which are ringed by glacial Lake Whittlesey shoreline features, such as wavecut terraces (Karrow 1963). The sites are located between the Galt and Moffat moraines (Wentworth Till)
in the west and the series of moraine ridges collectively named the Waterdown moraine (Port Huron
Phase Halton Till) in the east (see Figure 38.5). The Waterdown moraine is fronted by and draped with
outwash and nearshore glaciolacustrine sediments that would have been deposited in Lake Warren as the
Halton ice retreated. There are also small pockets of deeper water glaciolacustrine sediments. Low-lying,
typically forested wetland areas interspersed between moraines and drumlins, the largest of which is the
Beverly swamp, contain peat deposits.
Eight sites were investigated in the southern portion of the Beverly swamp and adjacent small
wetlands to determine the depth of peat, the nature of the underlying sediments and to obtain material
suitable for radiocarbon age determination (see Figure 38.6). A full stratigraphic sequence was developed
for the Beverly swamp area by investigating multiple sites. At the base of the sequence is Silurian
bedrock overlain by a silty sand diamicton interpreted as Wentworth Till (Figure 38.7B, log H). This is
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overlain by sand or rhythmically bedded sand and silt, then variable thicknesses of rhythmically bedded
silt and clay, laminated silt and clay and laminated clay with occasional finely disseminated organic
material (Photo 38.7F). These sediments record the inundation of the site by glacial Lake Whittlesey with
pervasive deep water conditions through later lake stages. A widespread shift to increasingly sandy
nearshore sediments overlain by silt suggests a short regression–transgression cycle, or may simply reflect
changes in sediment supply. Interbedded peat and silt (Photo 38.7E), gritty peat or organic-rich silt at the
contact between glaciolacustrine sediments below and peat above may reflect an early phase during which
the wetland was periodically inundated with a higher sediment load. Peat thicknesses in the Beverly
swamp ranged from 0.25 m at the edge to 2 m in more central locations. The small wetland areas adjacent
to the main Beverly swamp have a similar sedimentary record with the exception of one site where 1.5 m
of peat has accumulated directly over bedrock.
A further 6 sites from the outwash and nearshore sands draping the Waterdown moraine were
investigated, including 3 from an isolated wetland (see Figure 38.6). In this area, gravel or pebbly coarsetextured sand, observed using a hand auger, are interpreted as outwash and are the basal sediments (Figure
38.7B, log I). These are overlain by thin, progressively finer textured sands followed by silts, which
record the flooding of the area by a proglacial lake. The upper portion of the sequence is more varied than

Photo 38.7. Examples of sediment from the Lake Erie shore dune and peat, Wainfleet Bog and northwest Hamilton target areas
obtained using a soil probe. Tape measure for scale. A) Gritty peat overlying dune sand. B) Peat overlying deep water
glaciolacustrine sediments. C) Peat with a very thin bed of dune sand. D) Interbedded peat and silt (far left) overlying laminated
deep water glaciolacustrine sediments. E) Interbedded peat and silt. F) Laminated deep water glaciolacustrine sediments with
finely disseminated organic material.
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in the Beverly swamp, but generally reflects a similar coarsening-upward regressive sequence followed
by peat formation. In this area, there is a thicker sequence of interbedded silt and peat as well as thicker
beds of gritty peat. This may just reflect more marginal sampling locations.

Lake Ontario and Niagara River Bluffs
Widespread erosion along the shore of Lake Ontario previously exposed shore bluff sections for
study. However, in the past 2 decades, the majority of property owners have installed seawalls in an effort
to halt this process. For the most part, actively eroding shore bluffs are now confined to publicly held land
such as public parks, conservation areas, the ends of public roads (typically used as dump sites) and land
owned by the St. Lawrence Seaway Management Corporation. Despite these limitations, 20 bluff sections
were examined along Lake Ontario and 6 bluff sections from the Niagara River (see Figure 38.6). These
bluff sections form the basis of the following discussion. Additional information was obtained from the
44 hand auger sites used to assess the thickness of surface sands away from the modern lake shore. All of
the sites are below the well-defined main Lake Iroquois shore bluff.
Queenston Formation shale bedrock is exposed, or thinly covered, north of the Lake Iroquois bluff
between Hamilton and Jordan Harbour, with additional isolated exposures east of St. Catharines (see
Figure 38.5). Bedrock was observed in sections around Grimsby and along the Niagara River (Photo 38.8).
Stone-poor, fine-textured Halton Till is found at surface in large areas between the Lake Iroquois bluff
and Lake Ontario, extending from Hamilton to the Niagara River; however, fresh exposures are limited,
as these areas are more resistant to erosion. There are extensive deposits of Lake Iroquois nearshore sands
near Lake Ontario around Beamsville, from Jordan Harbour to east of St. Catharines, and sporadically in
Niagara-on-the-Lake. There is an additional sandy area, attributed to an older pre-main Iroquois lake
phase (Feenstra 1981), below the main Iroquois bluff north of Queenston. In the field, the nearshore sands
are readily distinguished from the underlying till by the presence of peach orchards which require good
drainage. Deeper water Lake Iroquois sediments are found at surface around Niagara-on-the-Lake and
north of the main Iroquois shore bluff.

Photo 38.8. Ordovician Queenston Formation shale exposed along Lake Ontario near Grimsby.
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Two texturally distinct tills were observed along the Lake Ontario bluffs. An overconsolidated slightly
stony, fine-textured sandy silt till was observed overlying bedrock or extending up to lake level at several
sites (Photo 38.9A). Stone-poor silty and clayey till, interpreted as Halton Till, was observed in several
sections in areas where till is mapped at surface as well as at or near the base of several additional sites
(Figure 38.7B, logs J, K and L). In many locations, there is an upper facies of diamicton interbedded with
clay, silty clay, or silty deep water glaciolacustrine sediments (see Figure 38.7B, logs J and K; Photo 38.9B).
The sandy silt till may be the lower till (correlated with Wentworth Till) described and mapped at isolated

Photo 38.9. Niagara Peninsula study area tills exposed along Lake Ontario. A) Slightly stony sandy silt till. Knife is 30 cm
long. B) Interbedded diamicton and laminated deep water glaciolacustrine sediments interpreted as a subfacies of Halton Till.
Survey pole is divided into centimetres.
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locations along the shore bluffs by Feenstra (1981), but may also be a slightly coarser facies of Halton
Till. It is anticipated that sample analysis will allow comparison with the detailed work on till matrices
performed by Barnett (1975).
The Halton Till is overlain by up to 5 m of typically highly deformed beds of silt to very fine-textured
sand, silt, silty clay and clay (see Figure 38.7B, logs K and L; Photos 38.10A and 38.10B). Many of these
beds retain some their original rhythmically bedded or laminated structure. At some sites, there are intervals
with little or no deformation while at others the deformation extends throughout this sediment package.
There is also evidence of loading, for example flame structures, during deposition. The sediments are
interpreted as deformed deep water glaciolacustrine deposits that may have been deposited in a pre-main
Iroquois proglacial lake (Feenstra 1981). The deformation may be due in part to slumping and dewatering
as water levels dropped.

Photo 38.10. Examples of highly deformed early Lake Iroquois sediments exposed along Lake Ontario. A) Sand with very thin
beds of silt and clay. Knife handle is approximately 10 cm long. B) Silt and clay.
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The lower glaciolacustrine package is overlain by a thin unit of coarser sediments, typically 0.25 to
0.5 m thick, including planar cross-bedded and planar bedded sand and gravel and planar bedded or
rippled fine- to medium-textured sand (Figure 38.7B, logs J, K, L and N; Photo 38.11A). These coarser
textured sediments were observed in bluff sections, in numerous hand auger sites and were described by
several property owners from Beamsville to the Niagara River extending from the Lake Ontario shore
south to the main Lake Iroquois bluff. The sediments are interpreted as nearshore and beach sediments
deposited during a period of lower water levels. The lateral extent of the coarser sediments makes it less
likely that they reflect a change in sediment source.
There is more variability in the upper portion of the bluff sections and 2 representative end members
are present see (Figure 38.7B, logs K and L). At several sites, up to 5 m of silt, rhythmically bedded silt
and clay and laminated clay exhibiting little or no deformation extend to the modern ground surface

Photo 38.11. Examples of Lake Iroquois sediments exposed along Lake Ontario. A) Beach deposits. Knife is 30 cm long.
B) Fining-upward rhythmically bedded deep water glaciolacustrine silt and clay. Tape measure for scale.
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(Photo 38.11B). More commonly, these deep water glaciolacustrine sediments, interpreted as main Lake
Iroquois deposits, are overlain by up to 1 m of nearshore silt to very fine-textured sand (see Figure 38.7B,
log J). In contrast, several sites are dominated by thick beds of rippled sand, planar bedded sand and
rhythmically bedded silt and sand with thin beds of silt and silty clay deposited in a nearshore environment
of Lake Iroquois (see Figure 38.7B, log K).
A similar, though thinner, sequence of deep water glaciolacustrine sediment overlain by coarsetextured beach deposits and finally nearshore fine-textured sand and silt was observed in several hand
auger sites north of Queenston and overlying bedrock in adjacent sections along the Niagara River (see
Figure 38.7B, log N). Feenstra (1981) includes all of these sediments in his upper glaciolacustrine unit
(not the main Lake Iroquois unit), attributing them to an earlier proglacial lake phase. The similarity
between the main Lake Iroquois sediments observed near Lake Ontario (bluff sections and hand-auger
sites) and these more southerly sites challenges that interpretation.
The remaining Niagara River composite section (Figure 38.7B, log M) represents several small
windows of exposure that were cleared at sites along the river bluff. The upper 2 to 3 m are alluvial sand,
gravel and cobbles deposited when the Niagara River was only a few metres lower than the modern
ground surface. The chutes and bars of these abandoned terraces are clearly visible along the modern
Niagara Parkway trail system. Glimpses into the underlying deposits are sparse and fragmentary,
hindering interpretation. Four metres of silt and clay, in places rhythmically bedded, were observed
overlying cross-bedded sand and gravel as well as beds of cobbles and boulders. The deep water
glaciolacustrine sediments may be correlated with either the lower glaciolacustrine sediments (pre-dating
the Halton ice advance) described by Feenstra (1981) or with a later proglacial lake.

PROJECT PLAN
A ground gravity geophysical survey will be conducted at targets across the study area in the fall of
2013 (see Rainsford, this volume). The objective of this survey is to investigate the bedrock surface in
areas with known or predicted buried-bedrock valleys extending south from the Onondaga and Niagara
escarpments, as well as search for outlets of major buried valley systems below the Niagara Escarpment.
The survey will aid in the selection of drill targets and inform the 3-D model in areas not drilled. Continuous
coring of the overburden and upper 3 m of bedrock will take place during the 2014 and 2015 field
seasons. It is anticipated that monitoring wells will be installed by project partners and other agencies at
sites of greatest hydrogeologic interest.
A database will be assembled from existing subsurface information, including Ministry of the
Environment water-well records, Ministry of Transportation geotechnical records, Ontario Oil, Gas and
Salt Resources Library oil and gas well records, geotechnical records from the Urban Geology Automated
Information System (UGAIS) and archived field notes. The data will be standardized in preparation for
modelling. As with previous OGS 3-D modelling projects, Datamine Studio® software, a software
package developed for the mining industry and adapted for overburden mapping for groundwater
modelling applications, will be used for modelling and the preliminary generation of products (see Bajc
and Newton (2005) and Bajc and Shirota (2007) for more information on the scripts; and Burt and Dodge
(2011) for more information on database standardization).
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INTRODUCTION
Groundwater geochemical samples were collected in an area between Kingston and Peterborough
(Figure 39.1) as a part of the multi-year Ambient Groundwater and Geochemistry Program. This year’s
study area is approximately 24 000 km2 in size and completes the program’s coverage of southern
Ontario. The 2013 field season was unusually long and covered approximately twice the land area of
previous years (see Figure 39.1). This was planned to allow publication of a contiguous data set covering
all of central and eastern Ontario that also includes the 2011 and 2012 study areas (Hamilton 2011;
Hamilton et al. 2011; Freckelton and Hamilton 2012). Groundwater is an important source of fresh water
throughout the province for the domestic, municipal and agricultural sectors. The primary objective of
this program is to map the regional baseline geochemical conditions in groundwater across Ontario, using
a wide variety of parameters at a consistent scale and high standard of quality. The results to date have
revealed numerous groundwater geochemical processes that control chemistry, some of which have been
the subject of previous graduate and undergraduate theses (Mellor 2008; Burke 2010; Matheson 2011;
Freckelton 2013).

STUDY AREA
The 2013 study area is located on the transitional geological boundary of the Precambrian Canadian
Shield and the Phanerozoic borderland. It is bounded in the south by Lake Ontario, extending about
20 km east of Kingston westward to the Town of Uxbridge (see Figure 39.1). The study area is located in
the physiographic regions of the western St. Lawrence Lowland to the south and Laurentian Highlands to
the north (Chapman and Putnam 1984). The Laurentian Highlands are a southeast-trending moderately
elevated region, underlain by Precambrian bedrock that is onlapped by flat to gently dipping Paleozoic
strata to the south (Thurston 1991).
In the northern portion of the study area, the Precambrian bedrock is part of the Proterozoic
Grenville Province and comprises metavolcanic and metasedimentary rocks including paragneiss and
abundant marble. In the middle to southern portion of the study area (see Figure 39.1) Phanerozoic
sedimentary strata unconformably overlie Precambrian rocks. These strata are part of an intracratonic
basin and are generally flat-lying with comparatively uniform thickness, resulting from deposition on a
tectonically stable, shallow shelf, largely unaffected by Paleozoic orogenic events (Johnson et al. 1992).
In the eastern portion of the study area, the Precambrian basement rocks are overlain with Cambrian
sedimentary formations: Covey Hill and Nepean (Potsdam Group). The Covey Hill Formation consists of
a relatively thin succession of terrigenous feldspathic conglomerates and sandstones. It is a poorly exposed
Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.39-1 to 39-5.
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Figure 39.1. Station locations of all sites sampled as part of the Ambient Groundwater Geochemistry Mapping Program (from 2007 to 2013). This year’s study area
encompasses an area approximately 24 000 km2 (bedrock geology from Armstrong and Dodge (2007)).
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unit that is found in areas of depressed Precambrian surface (Williams 1991; Johnson et al. 1992). The
Nepean Formation comprises the earliest marine Paleozoic sedimentary strata in eastern Ontario and
consists of a thick succession of quartz-rich sandstones and minor conglomerates (Wilson 1946; Williams
1991) (as stated in Johnson et al. 1992).
In the Ottawa area, the Nepean Formation is an important aquifer, particularly for municipal water
supplies (Mississippi–Rideau Source Protection Committee 2011), but is much thinner in the current
study area and, therefore, is likely a poorer aquifer.
Westward across the study area, Upper Ordovician rocks subcrop; these units are the March Formation
(Beekmantown Group); Shadow Lake, Gull River, Bobcaygeon, Verulam and Lindsay formations
(Simcoe Group); and Blue Mountain Formation (Collingwood Member) (Armstrong and Dodge 2007;
Armstrong and Carter 2010). The March Formation (Beekmantown Group) is composed of interbedded
quartz sandstone, and sandy dolostone (Wilson 1946; Williams 1991). The Simcoe Group is the largest
group in the study area, containing 5 formations. The Shadow Lake Formation is relatively thin ranging
between 0 to 20 m in thickness and comprises primarily dolostone with interbeds of sandstone and shaly
partings. This formation is rare in the study area, but can be observed near the Palaeozoic–Precambrian
boundary. The Gull River Formation is heterogeneous, containing numerous sedimentary sequences
ranging from crystalline limestone (lower) to shaly laminated limestone (middle) to dolomitic limestone
(upper). The Bobcaygeon Formation consists mainly of fossiliferous limestone with varying argillaceous
content. The Verulam Formation, consisting of interbedded limestone with calcareous shale, overlies the
Bobcaygeon Formation, and comprises a large portion of the study area. The Lindsay Formation also
covers a significant portion of the study area and is primarily a limestone with shale interbeds. The Blue
Mountain Formation (Collingwood Member) exists in the southwesternmost portion of the study area and
consists of shale with minor limestone (Johnson et al. 1992).
Quaternary glacial sediments vary in thickness from zero in the north and eastern parts of the study
area to 200 m in the southwestern portion in the Oak Ridges Moraine. Tills are some of the most common
glacial deposits, with 3 end-member compositions: sandy tills derived from the erosion of the
Precambrian rock, silty till derived from the erosion of carbonate rock, and clayey tills derived from a
combination of fine-grained glaciolacustrine sediments (Barnett 1992).

METHODS
Both monitoring and domestic wells are sampled as part of this program, with the latter being the
majority. Using the Ontario Ministry of Environment (MOE) water-well database records, in each 10 by
10 km grid node, both a bedrock and overburden well were selected for sampling. Domestic wells were
sampled by first contacting the homeowner and, if permission was granted, the well was sampled using
the existing domestic pump and distribution system. Water treatment systems were always bypassed, so
that the natural raw groundwater chemistry could be determined. More specific information regarding the
Ambient Groundwater and Geochemistry Program field methodology can be found in Hamilton et al.
(2007) and Hamilton and Brauneder (2008).
A total of 88 parameters are analyzed at each site. Field parameters include temperature, dissolved
oxygen (DO), pH, conductivity and oxidation–reduction potential (ORP), which are measured using a
multi-parameter instruments equipped with a flow cell. Notes are also taken regarding the nature of the
well and plumbing, the sampling point, the nature of the water (e.g., gaseous, odours, colour, turbidity,
etc.), and field-determined chemical and physical parameters. Additional parameters measured in the field
include bicarbonate (HCO3–), hydrogen sulphide (H2S), dissolved gases (CO2, O2, CH4) and iodide (I–).
Several parameters are analyzed in a laboratory: metals, anions, mercury, isotopes, tritium, nitrates/nitrite,
total Kjeldahl nitrogen (TKN)–organic nitrogen, bacteria (total and fecal coliform), and dissolved
inorganic/organic carbon.
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PRELIMINARY RESULTS
A total of 361 samples were collected from 341 wells (stations), in addition to 38 standard reference
material (SRM) samples placed within the data set for quality-control purposes. Of the 341 wells sampled,
209 were bedrock and 132 were overburden. Depth of bedrock wells varied from 3.65 to 199.5 m (12 to
655 feet), whereas overburden wells varied from 12.5 to 130.1 m (5 to 427 feet). Preliminary assessment
shows that bedrock groundwater samples were obtained from 9 different units ranging in age from
Precambrian (51) to Ordovician (Nepean (6), March (1), Gull River (20), Bobcaygeon (32), Shadow Lake
(3), Verulam (44), Lindsay (47) and Blue Mountain (5) formations).
The majority of wells sampled as part of this program were drilled into fractured bedrock both at
surface and subcropping. Throughout much of the study area, overburden wells were present in localized
areas, but were often unused by homeowners because of alternate water sources and poor water quality
and quantity. Overburden wells, however, became more predominant in the western part of the study area,
as the study area entered the area of the Oak Ridges Moraine.
Groundwater temperature for all well types was measured as low as 7.1°C and had an upper limit
that varied according to the distance between the sampling point and the well and/or the completeness of
purging of the plumbing system. Conductivity varied from 133 to 3869 µS/m, oxidation–reduction
measurements ranged from 259.9 to –314.9 and pH ranged from 5.9 to 8.7. Varying dissolved oxygen
was detected ranging from 0.0 to 98.1% saturation, with the median values of 17.4% saturation. The
highest elevated concentrations of dissolved oxygen were measured in groundwater obtained from
overburden wells.
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INTRODUCTION
The need for an Aquifer Capability Screening Tool (ACST) with respect to groundwater resource
use and protection has been identified by the United Counties of Prescott and Russell, where poor natural
groundwater quality is a persistent issue that limits development of private services. A proposed ACST is
an assessment of the expected groundwater quality and quantity (i.e., a series of aquifer characteristic
maps scored by aquifer capability) to assist in evaluating the development potential of a property. The
overall goal of this two-year project is to design, test and improve a protocol and methodology for
generating an ACST. A single municipality within United Counties of Prescott and Russell was selected
as a pilot study, the City of Clarence–Rockland, where development pressures are relatively high.
Protocols to produce a “development potential” screening tool will be assessed for use and applicability in
other municipalities across Ontario.
The project includes a field program to refine and enhance the ACST by collecting high-quality
geochemistry data at a regular spacing across the City of Clarence–Rockland. The results of the
geochemical sampling will be used to help map local aquifers and define groundwater flow patterns.
The field work outlined below reflects efforts made by the University of Ottawa, the South Nation
Conservation Authority (SNCA) and the Ontario Geological Survey (OGS) toward the measurement and
collection of groundwater samples from private residential wells across the City of Clarence–Rockland.
This work is part of an MSc thesis study at the University of Ottawa and is supported through a datasharing and collaborative project agreement between the SNCA and the OGS.

METHODS
Site Selection
Site selection and communications were organized by South Nation Conservation Authority. Site
selection generally followed the methodology developed for the Ontario Ambient Groundwater
Geochemistry Project (OAGGP) (Hamilton, Brauneder and Mellor 2007). The methodology applies a grid
across the project area to ensure samples are collected at a regular spacing, with samples collected from
one overburden well and one bedrock well per grid block. In this study, samples were collected on a 2 by
2 km grid across the City of Clarence–Rockland; thus providing an intended resolution that is greater than
the OAGGP, which uses 10 by 10 km grid blocks. The sampling grid and distribution of wells sampled
are shown in Figure 40.1.
Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.40-1 to 40-7.
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40-1

Earth Resources and Geoscience Mapping Section (40)

S.R. Morton et al.

Figure 40.1. Study area boundaries, bedrock geology and sample locations. Fine mesh shows the 2 by 2 km grid blocks, within
which ideally 1 overburden well and 1 bedrock well would be sampled. Base data modified from the Ministry of Natural
Resources under licence to the South Nation River Conservation Authority.
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Site selection was initiated prior to the commencement of sampling in order to expedite the sampling
season (8 weeks in July and August) and to foster communication about the project within the community.
The project was advertised in June and July through presentations and printed advertisements. A one-page
advertisement, designed to introduce the project and solicit volunteers for well sampling (English and
French), was displayed as posters in public areas and delivered as a directed mail drop to nearly 8000
residents across the Municipality. In addition, the advertisement was issued as a press release and run in
several local newspapers throughout the summer.
Prior to advertising, site scheduling protocols were developed. First, a sampling schedule was
established for the 8 week field season, with 2 grid blocks (4 samples) scheduled per day. If the well was
deemed suitable to sample (criteria listed below), then the volunteer was told on what date the field team
would visit their residence. Next, the sampling grid was added to Google MapsTM mapping service and each
grid block was given a unique identifier consisting of a letter (A to K, running north to south) and a number
(1 to 7, running west to east). When a volunteer contacted the SNCA, their address was entered into Google
MapsTM to determine in which grid block the well was located. Once the grid location was determined, the
volunteer was asked the type of well (drilled or dug) and if they had a copy of the well record. To simplify
site scheduling, it was assumed that drilled wells were bedrock wells and dug wells were overburden wells.
This assumption holds true for overburden wells and, based on local Ministry of Environment (MOE) waterwell records, is generally true for bedrock wells. If the volunteer responded that they did not have a copy of
the well record, then geology would be inferred from proximal well records in the MOE water-well
database as long as well depth could be measured. However, if the well could not be accessed (i.e., buried
wells), and there was no well record, then the well was not sampled. Site scheduling was done on a firstcome-first-served basis for suitable wells. If a volunteer contacted the SNCA and another volunteer had
previously been scheduled for that well type and grid block, then the well was not sampled; however, their
address and contact information were added to a waiting list for future consideration.
As a result of advertising the project, 203 residents volunteered to be part of the study; 82 of the
volunteers’ wells were deemed suitable and were sampled. In grid blocks where no residents volunteered
to be part of the study, the field team would select wells to sample at random by door-to-door contact with
residents within the grid block. Soliciting volunteers door-to-door was time consuming and sometimes
unsuccessful. Residents who had previous knowledge of the project (i.e., through newspaper ads, flyers,
posters or neighbours) were more likely to participate when approached.
An issue with the scheduling protocol was identified near the end of the sampling season. The
Universal Transverse Mercator (UTM) co-ordinates of some sampled wells were not located in the
intended grid block. This issue was due to Google MapsTM being used to identify the grid block;
Google MapsTM evenly distributes addresses along a length of a road between points of known house
numbers, which may be incorrect for long roads where houses are not evenly distributed. To rectify the
issue, volunteers from the waiting list were contacted and additional wells were sampled in the grid
blocks that were missing data.

Field Sampling
The field sampling was generally carried out in accordance with the protocols developed by the
Ontario Geological Survey (OGS) in their Ontario Ambient Groundwater Geochemistry Project
(Hamilton, Brauneder and Mellor 2007; Hamilton and Brauneder 2008).
Each site visit started with the well owner signing a consent form, followed by a brief well owner
interview. The interview included questions about the age and depth of the well, whether they had
documentation or a well record for their well, historic quality or quantity issues, treatment systems,
whether they consume the water, the type of pump and whether there was a connection point ahead of any
treatment.
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A visual inspection was made and measurements were taken at the well head; measurements
included casing diameter, casing height above surface (“stick-up”), water level and well depth (using a
water-level tape) and UTM co-ordinates (using a Garmin® GPSMAP® 60Cx global positioning system
(GPS) handheld unit). Water level and well depth were not obtained at all sites; drilled wells with a
sanitary well seal or sites with buried wells were inaccessible, those wells were only sampled if a
corresponding well record or well tag was available.
An apparatus used to purge water and collect samples was connected to a faucet that provided
untreated water that either bypassed or otherwise avoided any kinds of treatment apart from standard 5
micron sediment filters.
The main component of the water apparatus featured 4 tubes. The first 2 were quick connects for
inflow from the faucet line and outflow toward a garbage pail used to purge the initial volume of water
prior to sampling. The other 2 tubes featured switch valves to allow control of the flow rate; one was used
for filling sample bottles and the other was used to run water through a flow cell with which a YSI multiparameter data logger could be inserted to record and log measurements of temperature, pH, conductivity,
oxidation–reduction potential and dissolved oxygen.
Sampling commenced once stable temperature readings were observed on the YSI multi-parameter
probe. This usually occurred after 3 garbage pails had been purged—approximately 225 L, but some
exceptions were made depending on whether the homeowners had indicated a history of droughts in the
given well. In such circumstances, as little as 150 L were purged. In other cases, where temperature took
longer to stabilize or if there was a large reservoir, greater volumes were purged.
Eleven sample bottles were filled at each site. The sample bottles to be filled included metals, anions,
mercury, iodide, isotopes, tritium, dissolved organic/inorganic carbon, total Kjeldahl nitrogen + ammonia/
ammonium, nitrate/nitrite, bacteria and methane. The sample bottles for metals, anions and mercury were
each filled using a syringe and 0.45 µm filter.
Alkalinity was measured on-site by titrating 1.6 N H2SO4 into 100 mL of sample with an added
indicator packet of bromocresol green. Titrated amounts were recorded at 3 endpoints—blue grey, violet
grey and pink.
Hydrogen sulphide (H2S) content was measured on-site by preparing a blank of de-ionized water and
comparing it to a prepared sample via a colour wheel. However, H2S was not measured at every site; if
oxygen was present and oxidation–reduction potential was positive, then it was reasonable to assume that
H2S would not be present and, thus, at such sites, a value of zero was noted for H2S.
Water samples for bacterial analyses were obtained directly from the faucet, following disinfection
by scrubbing the faucet with a Lysol® wipe for at least 20 seconds and splashing water upward to rinse
away the soapy suds.
Collected samples were divided to be analysed by 2 laboratories: SGS Environmental Laboratories
(“SGS”) and the Ontario Geological Survey Geoscience Laboratories (“Geo Labs”). At the end of each
field day, a cooler was prepared containing the SGS samples (dissolved organic/inorganic carbon, total
Kjeldahl nitrogen + ammonia/ammonium, nitrate/nitrite, bacteria) along with a Chain of Custody form,
and shipped for analysis using an overnight courier service. Methane bottles were stored at room
temperature and all other samples were refrigerated. Methane samples were measured the following
morning, iodide was measured within 5 days; all other samples were stored and were sent to the Geo Labs
at the end of the field season.
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Measurement Probes
For this study, a YSI 650 data logging instrument was used to record all of pH, electrical
conductivity, temperature, oxidation–reduction potential and dissolved oxygen. The YSI instrument
connected to a sonde that incorporated 3 probes: pH and oxidation–reduction potential; temperature and
electrical conductivity; and rapid-pulse dissolved oxygen.
One difference between the OAGGP protocol and the method applied in this study was the
measurement of dissolved oxygen (DO). This study used a Rapid PulseTM Clark cell sensor for measuring
DO; however, after years of using a Clark cell, the OGS now uses an optical DO probe, which offers
increased reliability with less maintenance and no risk of damage in the presence of H2S, at the small cost
of a slightly slower response time (Priebe, Brunton and Lee 2012). There were indeed some issues in the
reliability of the DO probe during the 2013 field season and, as a result, some sites were revisited to
obtain a second reading of DO using the OGS optical DO probe in September 2013.

YSI Calibration
At the beginning of each sampling day, the YSI probes were calibrated or checked for accuracy: the
pH probe was calibrated using a three-point calibration at pH of 4, 7 and 10; the dissolved oxygen probe
was calibrated to 100% using water vapour as a reference; and electrical conductivity was checked with a
1413 μS/cm solution and was found to be within 70 μS/cm. The probe was only calibrated on the first
sampling day using a 10 000 μS/cm standard. Oxidation–reduction potential and temperature were not
calibrated.

Methane Measurements
Every morning following field sampling, methane was measured on samples that were collected on
the previous day. Gas contents of CH4, O2 and CO2 were measured using an RKI EAGLE 2 multi-gas
portable monitor, and temperature was measured using a HANNA® hand probe. Methane (CH4)
measurements were made using 2 sensors: a low-level sensor capable of measuring from 0 to 25 000 ppm
CH4 and a high-level sensor capable of measuring up to 50 volume % CH4.
The Eagle 2 was calibrated prior to methane measurement for low-level methane and carbon dioxide
and approximately every 3 days for high-level methane. High-level methane was calibrated less
frequently because the calibration process of high-level methane left residual methane in the lines that
could only be purged by letting the machine run for up to 20 minutes.
Low-level methane was calibrated using a 25 000 ppm CH4 gas cylinder; high-level methane was
calibrated using a 50.0 volume % CH4 gas cylinder; and carbon dioxide was calibrated using a 2.50
volume % CO2 cylinder. The hand probe did not need to be calibrated for temperature and, if the Eagle’s
O2 readings of air differed from 20.9, a normal air adjustment (zeroing) was performed by selecting it
within the device.
The methane measurements differed slightly from OAGGP protocols; this project used an Eagle 2
rather than an Eagle 1, and temperature was measured independently for all samples. The OAGGP
protocols assume the same temperature for each sample; however, it was determined early in the sampling
season that bottles stored in the same location could still vary by up to 1°C at the time of measurement, so
individual temperatures were kept and were not pooled.
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Iodide Measurements
The iodide ion-selective electrode (ISE) was connected and operated through a Thermo Orion Star™
A324 pH/ISE portable meter. The meter was calibrated to 10 ppb and 1000 ppb prior to measurement.
An additional measurement of each calibration standard was performed after calibration to ensure the
calibrations were successful. The low-level (10 ppb) standard always required 2 calibrations before
success, and the high-level (1000 ppb) standard always measured 1140 to 1200 ppb after 2 calibrations—
a problem which will need to be remedied by a linear adjustment of the data. For each measurement or
standard calibration, a time allotment of 15 minutes was required, causing the calibration procedures of
the iodide ISE meter to take roughly 1 hour.
Iodide samples were measured within 5 days of their collection. Prior to measurement, samples were
placed in a warm water bath to bring them to room temperature. The headspace (2 cm) of each sample
was discarded and, in return, 1 mL of ionic strength adjuster and one magnetic stir bar were added. The
probe was inserted into the sample bottle over top of a magnetic stirring plate. A fifteen-minute timer was
started and measurements were recorded within 5 seconds of the timer sounding.

RESULTS
A total of 150 samples were submitted for geochemical analysis as a result of the field program.
Groundwater was sampled from private residential wells at 127 locations throughout the City of
Clarence–Rockland: 68 bedrock wells and 59 overburden wells. The remaining 23 sample sets comprise
13 standards, 3 blanks and 8 duplicates.
Every grid block was explored as per the sampling protocol; however, data gaps do exist where grid
blocks did not contain wells. Poor water quality was reported in the deeper aquifer in some regions and, in
those areas, bedrock wells could not be located (i.e., east and southeast areas of the grid). Overburden
wells could not be located in areas of thinner overburden (i.e., northwest portion of the grid). The City of
Rockland is serviced by municipal water and private wells could not be located. In addition, several grid
blocks were located in forested areas where there is no development and, thus, no wells; this includes the
Larose Forest, which is located in the southernmost grids. After searching all of the grid blocks,
additional wells were visited to collect samples in areas with data gaps and other areas of interest.
A database of field data has been maintained throughout the field season. Laboratory results are still
pending at the time of writing. Once the data are available, individual analytical reports will be prepared
for each of the well owners that participated in the project. Analytical results will be used to help produce
maps of groundwater quality, which will be used to develop the ACST. Data scales and minimum data
requirements will be assessed as part of the pilot study. The comparison will serve to assess whether field
study is a necessity for developing ACSTs in other municipalities.
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INTRODUCTION
The objective of this study was to investigate the diamondiferous kimberlite fields of Kirkland Lake
in northeastern Ontario, a site of low-temperature serpentinization (Sader et al. 2007). The kimberlite
groundwaters at these sites have previously been studied for geochemical signatures relevant for diamond
exploration purposes (Sader et al. 2007), but, prior to this study, had not been investigated for the
production of reduced gas species H2 and CH4, and associated microbiology.
In November 2012, members of the Stable Isotope Laboratory from the University of Toronto and
S.M. Hamilton, Ontario Geological Survey (OGS), carried out a gas and water sampling trip in the
Kirkland Lake kimberlite field. The results from this investigation demonstrate that geochemical
similarities exist between the Kirkland Lake groundwaters and other sites dominated by low-temperature
serpentinization worldwide.
To further investigate the nature and origin of reduced gas production in the Kirkland Lake
kimberlites, a second sampling trip was carried out in June–July 2013 with members of the Stable Isotope
Laboratory from the University of Toronto, S.M. Hamilton (OGS) and M. Schrenk, Michigan State
University. The purpose of the trip was to re-visit the field sites identified in the November 2012 trip and
to 1) conduct a drill-hole water rehabilitation program; 2) investigate drill holes identified during the 2012
trip and any newly identified drill holes; 3) expand the study to include a microbiological investigation in
addition to water and gas; and 4) conduct a hydrogeological investigation.
This project is part of a MSc thesis completed in 2013 by B. Esen and a continuing PhD thesis study
by T.H. Brisco, with funding for the University of Toronto work and personnel from NSERC CREATE
Canadian Astrobiology Program, the Canadian Space Agency and in-kind support from the Ontario
Geological Survey.

GEOLOGICAL SETTING
The Kirkland Lake kimberlite field is located in the Timiskaming district of northeastern Ontario.
Abandoned diamond-drill holes completed during mineral exploration activities provided access to the
kimberlite pipes and groundwaters. The holes extend from the surface to tens or hundreds of metres into
the kimberlite pipes. The Jurassic kimberlites contain xenoliths composed of mafic to felsic intrusive
Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.41-1 to 41-6.
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rocks and volcanic rocks (Heaman and Kjarsgaard 2000; Jensen 1975) with ages from Archean,
Paleoproterozoic and Paleozoic (Brummer, Macfadyen and Pegg 1992; Sage 1996) as well as macrocrysts
of olivine and garnet (McClenaghan et al. 1996, 1998, 1999).

METHODS AND FIELD MEASUREMENTS
The field program was divided into 4 stages: 1) drill-hole reconnaissance and baseline data collection;
2) select drill-hole rehabilitation; 3) a hydrogeological investigation; and 4) water, gas and microbiological
sampling of rehabilitated drill holes. The following section will discuss all 4 stages in detail.

Drill-Hole Reconnaissance and Baseline Data Collection
The initial stage of the field program involved a field reconnaissance for new drill holes. Fourteen
drill holes were identified in the Kirkland Lake kimberlite field, 6 of which were new. A baseline data
collection was then carried out for all identified drill holes. Physical measurements taken include drillhole depth, casing depth, water level, drill-hole diameter and drill-hole collar height (casing height above
surface) and chemical measurements taken include pH, conductivity, temperature and oxidation–reduction
potential. These measurements were used to support stage 2 of the field program.

Drill-Hole Rehabilitation
The second stage of the field program was select drill-hole rehabilitation. Several of the identified
drill holes were found uncapped, and only one had artesian flow. It is therefore possible that foreign
material entered into these drill holes and contaminated the water column at some point in time. In fact,
many of the uncapped drill holes had a stench of decaying organic matter, possibly from rodents falling
into them. To ensure collected samples accurately represented their subsurface environments and were not
polluted by surface contaminants, uncapped drill holes were rehabilitated before they were sampled.
Rehabilitation was carried out in 3 distinct steps. The first step involved pouring 25 to 150 pounds of
sodium bentonite into the drill holes. Sodium bentonite is a clay material consisting mostly of
montmorillonite and swells when wet. This material would descend through the water column and
accumulate above the first obstruction within the drill hole (e.g., solid organic contaminant). The swelling
clay would seal the obstruction or contaminant from the upper portion of the drill hole. The second step
was pumping the drill holes. The water column located above the bentonite sealant was mechanically
pumped from the drill hole and fresh groundwater flowing through the fractured kimberlite naturally
recharged the water column.
Pumping a water column can take hours or days depending on the depth and diameter of the drill
hole and the groundwater recharge rate. In anticipation that rehabilitation would be a slow process and
that not all drill holes would be rehabilitated in the first field season, priority for pumping was given to
those with chemical signatures most suggestive of low-temperature serpentinization. In order to calculate
recharge rates, the water column was pumped down to a known elevation and then measuring its ascent
over a set period of time; this procedure is referred to as a “flow test” and was carried out on all
rehabilitated drill holes and some non-rehabilitated drill holes.
Two pumps were used to purge the kimberlite drill holes: a 10 horsepower suction (“trash”) pump
with a 3-inch outside diameter (OD) intake line and a 1.8-inch OD Grundfos® Redi-Flo2® submersible
surface pump with 0.5-inch inside diameter (ID) low-density polyethylene tubing. The trash pump is more
powerful than the submersible with an ideal pumping capacity of more than 150 L per minute as
compared to the Grundfos pump’s maximum of 30 L per minute. However, because the trash pump is a
suction pump, it can only draw water up against 6 m of head. If the rate of groundwater recharge is slower
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than the minimum pumping rate, the trash pump will completely empty the top 6 m of the drill hole and
the pump will lose its prime and stop pumping. In direct contrast, the pumping depth of the Grundfos
pump is limited only by the length of the wire that connects the pump to the power source. The Grundfos
pump used during this study had a wire length of 200 feet, making this the preferred method of pumping
when the rate of groundwater recharge was too slow to accommodate the trash pump.
Using the trash pump and Grundfos pump, 3 techniques were successfully applied to the
rehabilitation of the Kirkland Lake kimberlite drill holes: 1) trash pump only, 2) Grundfos pump only and
3) trash–Grundfos pumps combined. A schematic for each technique is shown in Figure 41.1. Of the 3
techniques, the trash–Grundfos pumps combined is the most efficient and effective. This technique uses
the trash pump to purge the water column from the top of the drill hole and the Grundfos pump to transfer
water from just below the intake of the trash pump to the bottom of the drill hole. This transfer ensures a
complete recovery of the drill hole by forcing bottom stagnant water to the surface where it can be
removed from the drill hole. While this technique utilizes the fast pumping rate of the trash pump and
ensures a complete recovery of the drill hole, it requires fast-recharge rates and, as a result, both pumps
are in use on a single drill hole. As some drill holes in the study area have recharge rates that are too slow
to accommodate the trash pump and because multiple drill holes required pumping during this field
program and time was also a limiting factor, the preferred trash–Grundfos pumps combined technique
was not used to purge all drill holes. For those drill holes where either the trash pump-only or Grundfos
pump-only techniques were applied, a zone of non-rehabilitated water may have developed between the
drill-hole bottom and wherever the groundwater recharge zone was located. However, if a zone of
stagnant water did exist in any one of the water columns and remained so after several hours, or even
days, of pumping, it is expected that upon sampling, this stagnant zone would remain unmixed with the
upper water column, and the collected sample would accurately represent the kimberlite groundwater.
The final step in the drill-hole rehabilitation process was attaching a cap to the drill-hole tops. This
was done to prevent future contamination and was done after the drill hole was sampled for water, gas
and microbiology.

Hydrogeological Investigation
The third stage of the field program was a hydrogeological investigation of one of the kimberlite
pipes investigated in this study. This stage involved a collar survey of the drill holes identified within the
kimberlite pipe, a downhole temperature profile of one of the drill holes and an assessment of
transmissivity between the drill holes. The temperature profiling used a Solinst Levelogger Edge® with a
maximum operating depth of 200 m, a temperature accuracy of 0.05° and resolution of 0.003°C. It was
lowered successively in discreet intervals prior to pumping and during pumping of the drill hole in order
to detect changes in temperature resulting from the pumping. Such changes in groundwater temperature
provide an indication of the location of fracture zones within the kimberlite. Data loggers were added to
select drill holes during pumping to investigate the hydrogeological connection or transmissivity between
drill holes. The data loggers measured water-level drawdown in adjacent drill holes during pumping by
measuring changes in pressure. They were placed 8 m into the drill hole, approximately 7 m below the
water table. A barrel logger was placed inside one drill hole, above the water table, to correct for pressure
changes in the atmosphere, which may affect the data logger readings.
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B) Grundfos pump only; and C) trash–Grundfos pumps combined.
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Sampling
WATER SAMPLING
For June–July 2013 sampling, water samples were collected by 1 of 3 methods. 1) Pumping water to
the surface (see Figure 41.1) and sampling directly from the pump’s tubing; water was collected at depths
of 60 m or 6 m, depending on the pump that was used. 2) Using a single-valve polyvinyl chloride (PVC)
bailer; the metre-long bailer was lowered to a desired depth in the water column where it filled up with
groundwater and as the bailer was raised slowly, the non-return valve shut preventing any water from
leaking out. 3) Diverting the water into sample vials using Tygon® tubing when the drill hole had artesian
flow. The water sampling for the 2012 trip was carried out using methods 2 and 3.

GAS SAMPLING
Water was diverted from the drill hole (artesian or pumped), using Tygon® tubing, into an upside
down Nalgene® bottle submersed inside a bucket of groundwater. As water inside the Nalgene® bottle
was displaced with free gas, samples were collected in pre-evacuated gas serum bottles fixed with HgCl2
(common bactericide). The sample bottle was placed over the needle at the base of the Nalgene® bottle to
collect the gas. An aliquot of 10 mL of drill-hole water was added to each sample bottle for
overpressurization (after the method of Ward et al. 2004). Gas sampling at the artesian drill hole also
included wide neck jars submerged in a bucket of water. The jar lids were opened underwater and, over
time, the free gas displaced the water allowing for sample collection. In addition to adding HgCl2,
samples were refrigerated to minimize isotopic fractionation and microbiological activity.

MICROBIOLOGICAL SAMPLING
Samples were collected for microbiological analyses in parallel to samples for geochemical analysis.
These included samples for total direct counts, DNA extraction and analysis, and cell culturing. For total
direct counts, 45 mL water samples were collected in triplicate in sterile 50 mL Falcon™ tubes and fixed
with 3.7% formaldehyde (final concentration) and stored at 4°C until analysis. Cell concentrations were
determined in the laboratory by filtration of known volumes onto 0.22 µm pore size black polycarbonate
filters, staining with the fluorescent nucleic acid dye DAPI (4ʹ,6-diamidino-2-phenylindole), and
examination by epifluorescence microscopy.
For nucleic acid analyses, known volumes of drill-hole water were collected in a rinsed, pre-cleaned
10 L carboy and filtered through 0.22 μm Sterivex™ cartridge filters (Millipore Inc.) using a Cole-Parmer®
portable peristaltic pump. Following the filtration of between 1 and 10 L per sample, cartridge filters were
placed in a sterile Whirl-Pak™ bag and flash frozen, prior to storage at –20°C. In the laboratory, total
genomic DNA was extracted from the trapped microbial cells using chemical and mechanical lysis,
quantified by fluorometric methods, and is being prepared for analyses of microbial diversity and
abundance. Detailed methods are reported by Brazelton et al. (2013).
For cell culturing, water samples were collected in sterile 50 mL falcon tubes and stored at 4°C until
analysis in the laboratory. These samples are being used for the enrichment and isolation of different
physiological classes of microorganisms. Colony-forming units of alkaliphilic, heterotrophic aerobes are
being quantified through 100-fold concentration of the water sample by centrifugation at 8000× g and
plating the concentrate on pH 11 agar plates containing complex organic molecules. Anaerobic microcosm
experiments containing a hydrogen-enriched headspace and oxidized iron and sulphur compounds as
electron acceptors were established, and are being monitored during long-term (1 to 3 months)
incubations. Each of these cultivation experiments is being conducted at 20°C.
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INTRODUCTION
The Larder–Cadillac fault (LCF) is one of the crustal-scale faults known to play a central role in the
localization of gold mineralization within the Abitibi Subprovince. Figure 42.1 illustrates the simplified
geology of the western Abitibi greenstone belt and the major, gold-bearing crustal faults.
Arguments have been presented that there may be as much as approximately 50 km of sinistral
displacement on the LCF (Bleeker and van Breemen 2010; Beakhouse 2011). However, the location of
the fault in the area to the west of Matachewan is poorly constrained, although it has historically been
considered to trend southwesterly, partially concealed beneath Paleoproterozoic strata, and possibly
merge with the Ridout fault. The Ridout fault lies along the southern margin of the Kenogamissi Batholith
and transects the southern portion of the Swayze greenstone belt. Recent mapping in the Gogama area by
Berger (2011) concluded that the Ridout fault zone has significant differences and is not the westward
continuation of the LCF. Berger’s lines of evidence include
1.

Timiskaming sedimentary rocks lie on the north side of the LCF, but occur on the south side of
the Ridout fault zone

2.

different kinematic histories are recorded along the faults

3.

the fault zones occur in different parts of the regional stratigraphy

4.

the faults are physically separated by up to 60 km

These relationships and interpretations raise questions regarding the location of the potential
extension of the LCF to the west of Matachewan and transfer of the significant transcurrent displacement.
Powell (1991) and Powell and Hodgson (1992) attempted to trace the LCF beneath Paleoproterozoic
cover rocks east of Matachewan by the examination of sedimentary structures and cleavages in the
Gowganda Formation, which they attributed to reactivation of the LCF beneath the cover rocks. East of
Matachewan, Berger (2004) traced the LCF through Holmes, Burt and Flavell townships and into Cairo
Township, but overlying Gowganda Formation rocks necessitated reliance on airborne geophysical magnetic
surveys. Berger and Préfontaine (2005) indicated that the fault extended to the Montreal River fault at
Matachewan, but complex folding in Powell Township (500 m west of the town of Matachewan) left its
location to the west unresolved. Compounding the difficulty of locating the LCF beneath the Paleoproterozic
rocks is the presence of subparallel splay faults, including the Galer Lake and Kinkaid faults, as well as
later offsets along northwest-trending faults. Jensen (1995) identified the Galer Lake fault in Bannockburn
Township, with the LCF presumably to the south beneath Gowganda Formation rocks.
Summary of Field Work and Other Activities 2013,
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Possible evidence for a significant amount of sinistral offset along the Larder–Cadillac fault has been
suggested by Bleeker and van Breemen (2010), Beakhouse (2011) and Bleeker (W. Bleeker, Geological
Survey of Canada, written communication, 2010, cited in Beakhouse 2011, p.118). On the basis of similar
petrology, geochemistry, age relationships and structural features for the Lebel and Cairo stocks (Figure
42.2), Bleeker, van Breemen and Beakhouse suggest that the stocks may be component parts of an
original stitching pluton that was emplaced prior to late-stage sinistral displacement of up to 50 km along
the LCF. Added to that is the similar horizontal separation of the Lebel–Murdock Creek and Cairo—
Young–Davidson intrusive bodies, which straddle the fault. That offset must be accommodated to the
west and, while it is possible that this happens on a detachment fault along the approximately northtrending contact between the Deloro and Tisdale assemblages east of the batholith, the possibility exists
that the LCF continues west through the Halliday Dome and the Kenogamissi Batholith. Subsequent
offset along the north-trending Mattagami fault would displace the LCF southward within the batholith,
similar to displacement of volcanic rocks on the west side of the Mattagami fault at Timmins.
Evidence that the LCF might pass through the Halliday Dome area include strongly deformed
Timiskaming sedimentary rocks in Midlothian and Halliday townships and the presence of talc + chlorite
+ carbonate schists identified in diamond-drill holes at the Edleston gold deposit in Sothman Township.

Figure 42.1. Simplified geology of the western Abitibi greenstone belt and the Kapuskasing Structural Zone. Also shown are
major faults and the postulated westward projection (denoted by question marks (“?”)) of the Larder–Cadillac fault through the
Kenogamissi Batholith, which links gold-bearing areas on either side of the batholith. Universal Transverse Mercator (UTM) coordinates provided using North American Datum 1983 (NAD83) in Zone 17.
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The possible reappearance of the LCF on the west side of the Kenogamissi Batholith is suggested by
a west-trending deformation zone in southern Newton and Dale townships (Atkinson et al. 2011) and
syenite-hosted gold mineralization at the Claude Rundle Mine.

Figure 42.2. Generalized geological map illustrating the setting of late tectonic alkalic plutons (e.g., Lebel, Murdock Creek,
Otto, Cairo, Young–Davidson) in the Kirkland Lake–Matachewan area (modified from Beakhouse 2011). All UTM co-ordinates
provided in NAD83, Zone 17.
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SETTING OF THE KENOGAMISSI BATHOLITH
The Kenogamissi Batholith covers an area of approximately 4200 km2 and separates the Swayze
greenstone belt from the west part of the Abitibi greenstone belt. The geology of the batholith is depicted
in Figure 42.3, based on, and modified from, reconnaissance mapping by Benn (2008) and Benn and
Moyen (2008).
Current field work over a period of several weeks in 2012 and 2013 included a reconnaissance of the
central part of the Kenogamissi Batholith, to examine many readily accessible outcrops in Crothers,
McBride, Regan, Northrup, Roblin, Wigle, Middleboro, Whalen and Carter townships for evidence of the
presence of the LCF. The study area is bounded by latitudes 47°45ʹ19ʺN to 48°6ʹ10ʺN and longitudes
81°35ʹ50ʺW to 82°1ʹW. The townships examined are underlain by Regan, Roblin and Somme phases of
the Kenogamissi Batholith. To account for any southward offset of the LCF and potential dip either north
or south, the area of investigation was extended for 20 km to the north and south of the projected extension
of the fault. A series of logging roads branch off Highway 144 and provide good access through much of
the area.

Figure 42.3. Geology of the Kenogamissi Batholith, based on reconnaissance mapping by Benn (2008), with Al-in-hornblende
barometry pressure estimates in kilobars as determined by Beakhouse (2011). The pressure estimates in the central part of the
batholith coinciding with the Roblin and Regan phases equate to a depth of emplacement of about 20 km. Border phases of the
batholith, including the margins and northern part of the Roblin and the Neville plutons, record significantly lower estimates of
depth of emplacement at about 12 km. All UTM co-ordinates provided in NAD83, Zone 17.
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Superimposed on the geology shown in Figure 42.3 are paleopressure data obtained by Beakhouse
(2011). The surface projection of the postulated westward continuation of the LCF roughly coincides with
the Somme granite, a late, crustal-melt-derived felsic intrusive phase of the batholith. An age of 2662±4 Ma
(Heather and Shore 1999) indicates that the Somme granite possibly postdates the development of the
major fault structures. Consequently, evidence for a pre-existing LCF may have been overprinted or
destroyed entirely by the younger Somme granite. Paleopressure data across the Kenogamissi Batholith
(Beakhouse 2011) suggest that the central part of the batholith was emplaced at significantly deeper levels
than the margins, that is, up to about 20 km depth (7 kilobars) for the centre of the batholith versus about
12 km depth (4 kilobars) near the margins.

FIELD OBSERVATIONS
The subdivision of the Kenogamissi Batholith presents a challenge due to the complexity of the
various phases. For instance, extensive sheets of subhorizontal pegmatitic granite with simple mineralogy
of plagioclase, orthoclase, quartz, biotite and very rare garnet and magnetite, occur on the crests of hills
where much of the bedrock is exposed. The pegmatites exhibit varying degrees of brittle deformation.
Some of this is north oriented and may be a response to the emplacement of abundant north-trending
Matachewan diabase dikes. Strongly foliated biotite ± hornblende tonalite and interleaved biotite
granodiorite exhibit several stages of deformation, including isoclinal folds with axes trending 110° and
shallow plunges (10 to 20°) to the north-northwest. Regional foliations are generally oriented southeast
across the area, but can be highly variable in trend. Photo 42.1 illustrates various features of the
components of the Kenogamissi Batholith.
Minor amounts of pseudotachylite and fault breccia were observed, but could not be correlated between
outcrops. For example, in Regan Township (UTM 434014E 5309406N, NAD83, Zone 17), pseudotachylite
occurs at the contact between biotite tonalite and pegmatitic granite with a foliation trending 160°.
Pseudotachylite and fault breccia with injections of quartz and rare pyrite occur in Northrup Township
(UTM 443635E 5309317N, NAD83, Zone 17), trending 052/70S. In southeast Northrup Township, where
a north-trending linear feature (now covered by a lake) intersects west-trending foliated rocks and a
coarse-grained gabbro, an unusual diatreme with rounded to angular clasts of amphibolite, felsite and a
biotite-porphyritic intrusive unit occurs.
In the northeast corner of Wigle Township, several interesting features coincide that could be attributed
to the presence of a major fault. In a pronounced steep-sided, west-trending valley, over a width of about
600 m, outcrops of biotite tonalite have consistent west-trending, north-dipping foliation, and a 5 m wide
band of amphibolite gneiss with east-plunging mineral lineations is present.
An example of the complexity of the various phases of the Kenogamissi Batholith is presented in
Figure 42.4. Small xenoliths of mafic volcanic rock and tonalite gneiss preserve evidence of early stage
deformation. Superimposed on that, the intrusion of several phases of tonalite, amphibolite, biotitic
gabbro (possibly lamprophyre), pegmatitic granite and aplite occur.
The geochemical results of a select suite of rock samples collected from the Kenogamissi Batholith
are presented in Tables 42.1 to 42.4 and Figure 42.5. Despite the variability in age of the various phases
of the batholith, the geochemistry suggests all share a common origin and tectonic history. Samples
2012BTA24 and 2012BTA27 to 2012BTA32 were analyzed for gold by fire assay; all returned values
less than the detection limit of 0.01 ounce gold per ton. Samples 2012BTA33 to 2012BTA38 were
analyzed for gold, platinum and palladium, but all results were below the detection limit for each element
(i.e., <6 ppb Au, <0.4 ppb Pt, <1.3 ppb Pd).
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Photo 42.1. Various features of the Kenogamissi Batholith. A) Granitic pegmatite intruding complexly deformed amphibolite
and biotite-hornblende tonalite with epidote (UTM 434395E 5312454N). B) Xenolith of mafic volcanic rock in biotite tonalite
(UTM 430326E 5297817N). C) Banded fine- and coarse-grained phases of biotite-hornblende tonalite (UTM 445648E
5310217N). D) Isoclinally folded biotite tonalite, Regan Township (UTM 435895E 5310674N). E) Strained mafic dike with
potassic aureole at contacts, intruding medium-grained, foliated biotite tonalite, Roblin Township (UTM 452323E 5317449N).
F) Graphic-textured granite pegmatite with simple mineralogy of orthoclase, plagioclase, quartz and biotite (UTM 443738E
5309414N). All UTM co-ordinates provided in NAD83, Zone 17.
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Table 42.1. Description and location of select rock samples from the Kenogamissi Batholith.
Sample Number
2012BTA 24
2012BTA 25
2012BTA 27
2012BTA 28
2012BTA 29
2012BTA 30
2012BTA 31
2012BTA 32
2012BTA 33
2012BTA 34
2012BTA 35
2012BTA 36
2012BTA 37
2012BTA 38

Township
Jack
Carter
Northrup
Northrup
Northrup
Roblin
Northrup
Northrup
Regan
Whalen
Whalen
Whalen
Wigle
Wigle

Easting
444455
443194
437359
437359
437359
446779
440860
436747
432615
431123
430377
431252
428652
429676

Northing
5286070
5292374
5316271
5316271
5316271
5316763
5317129
5316022
5311944
5297846
5298671
5297419
5302346
5307196

Description
Pegmatitic granite: orthoclase plagioclase, quartz, biotite
Massive fine-grained biotite-tonalite
Mafic phase, biotite-hornblende tonalite
Coarse-grained biotite granodiorite
Medium-grained biotite-quartz monzonite gneiss
Medium-grained biotite-quartz monzonite gneiss
Medium-grained massive diabasic textured gabbro
Quartz albite dike
Biotitic lamprophyre
Feldspar-porphyritic biotite granodiorite with magnetite
Clotty textured gabbro
Biotite granodiorite
Medium-grained biotite tonalite to granodiorite
Medium-grained granodiorite

All UTM co-ordinates are in North American Datum 1983 (NAD83), Zone 17.

Figure 42.4. Outcrop detail of a select area of the Kenogamissi Batholith in Whalen Township, showing geologic complexity.
All UTM co-ordinates provided in NAD83, Zone 17.
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Table 42.2. Major oxide analyses for select rock samples from the Kenogamissi Batholith.

Al2O3
CaO
Fe2O3
K2O
LOI
MgO
MnO
Na2O
P2O5
SiO2
TiO2
Total

Sample Number
Detection Limit
0.02
0.006
0.01
0.01
0.05
0.01
0.002
0.02
0.002
0.04
0.01

31

33

34

35

36

37

38

14.37
9.668
14.37
0.72
1.02
5.91
0.207
2.34
0.13
50.57
1.09
100.4

14.44
9.371
12.96
1.64
1.41
7.01
0.203
2.97
0.566
47.54
1.19
99.29

13.79
0.868
0.71
5.11
0.5
0.15
0.014
3.57
0.014
74.69
0.05
99.48

13.35
8.249
10.97
1.53
1.54
7.79
0.189
3.2
0.462
51.19
1.14
99.61

15.48
1.135
3.24
4.28
1.47
1.66
0.056
4.03
0.137
68.01
0.45
99.94

15.55
2.636
2.25
1.1
1.05
0.86
0.027
4.9
0.076
71.93
0.27
100.65

15.33
2.785
2.42
1.72
0.78
0.86
0.039
4.82
0.096
69.92
0.3
99.07

All sample numbers are preceded by “2012BTA”. All data reported as weight %. Analyses by OGS Geoscience Laboratories.

Table 42.3. Trace element analyses for select rock samples from the Kenogamissi Batholith.

Al
Ba
Be
Ca
Co
Cr
Cu
Fe
K
Li
Mg
Mn
Na
Ni
P
Pb
S
Sc
Sr
Ti
V
Y
Zn

Sample Number
Detection Limit
120
5
1
15
2
2
1
45
40
1
15
1
300
2
15
15
60
1
2
3
1
1
5

24

25

27

28

29

30

31

32

33

35

63224
30
2
7869
1
107
<6
3087
10773
11
436
140
>31000
<2
<15
<15
<60
1
49
257
<1
4
18

67275
967
2
10074
3
88
<6
10004
32204
36
2000
152
30236
<2
184
<15
61
1
345
938
12
3
38

69581
403
2
23474
11
107
293
29847
11465
52
9029
420
>31000
19
381
<15
266
11
395
3159
60
9
88

72296
339
1
20233
6
99
<6
18046
8547
24
4498
174
>31000
5
309
<15
108
3
399
1962
28
3
56

73985
319
2
21783
7
90
<6
16477
7794
39
5237
183
>31000
9
378
<15
114
2
393
2181
33
2
44

73657
357
1
19461
5
95
<6
15917
8686
32
4520
173
>31000
6
325
<15
91
3
493
1779
26
2
54

66169
179
2
53381
45
117
143
85024
5705
13
29777
1316
18575
68
417
<15
1329
34
159
5706
253
23
111

82654
238
1
15422
1
66
<6
3363
4914
6
1039
57
>31000
<2
82
<15
<60
1
501
405
4
1
14

67583
444
2
57833
35
129
4
80312
12785
56
38708
1435
19894
20
1871
N.D.
N.D.
32
517
6337
274
23
126

64500
393
4
52438
29
53
4
69264
12348
36
43846
1361
22281
27
1557
N.D.
N.D.
29
477
6294
232
20
121

All sample numbers are preceded by “2012BTA”. All data reported in ppm. N.D., not detected.
Analyses (IAC-100) from Geoscience Laboratories.
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Table 42.4. Trace element analyses for select rock samples from the Kenogamissi Batholith.

Ba
Be
Bi
Cd
Ce
Co
Cr
Cs
Cu
Dy
Er
Eu
Ga
Gd
Hf
Ho
In
La
Li
Lu
Mo
Nb
Nd
Ni
Pb
Pr
Rb
Sb
Sc
Sm
Sn
Sr
Ta
Tb
Th
Ti
Tl
Tm
U
V
W
Y
Yb
Zn
Zr

Sample Number
Detection Limit
0.8
0.04
0.15
0.013
0.12
0.13
3
0.013
1.4
0.009
0.007
0.0031
0.04
0.009
0.14
0.0025
0.0018
0.04
0.4
0.002
0.08
0.028
0.06
1.6
0.6
0.014
0.23
0.04
1.1
0.012
0.16
0.6
0.023
0.0023
0.018
7
0.005
0.0019
0.011
0.8
0.05
0.05
0.009
7
6

24

25

27

28

29

30

31

33.8
2.45
<0.15
0.028
1.63
0.32
135
1.344
<1.4
0.638
0.426
0.2668
21.82
0.489
0.27
0.1382
0.0071
1.06
11.9
0.0624
1.76
5.32
0.83
1.6
22.2
0.21
80.27
<0.04
1.6
0.343
0.69
49
0.465
0.092
5.426
261
0.467
0.0675
5.784
8.2
0.11
3.63
0.43
18
6

1116.3
1.47
<0.15
0.039
53.43
2.64
112
2.217
6.6
0.568
0.364
0.4069
17.72
0.988
4.1
0.1091
0.0066
24.13
37.6
0.082
0.9
4.545
14.8
3.8
19.7
4.722
157.11
<0.04
1.5
2.007
0.53
354.1
0.571
0.1117
13.822
962
0.89
0.061
1.07
21.9
0.14
3.63
0.474
39
140

476.6
1.62
0.82
0.084
33.44
13.72
139
8.031
328.3
2.125
1.08
0.9842
21.51
2.588
3.12
0.3909
0.0464
16.33
54.9
0.1479
1.12
5.831
15.15
27.3
5.1
4.046
71.12
<0.04
15
3.065
1.45
409.3
0.565
0.3668
3.367
3403
0.437
0.1571
0.792
78.6
0.09
10.91
0.989
90
117

387
0.82
<0.15
0.041
40.6
6.92
123
0.912
<1.4
0.621
0.286
0.631
19.46
1.117
3.14
0.1036
0.0116
21.69
24.2
0.036
1.54
2.322
13.96
7.2
4.4
4.295
29.07
<0.04
3.9
1.87
0.46
402.1
0.155
0.1248
2.279
1980
0.183
0.0381
0.289
40.7
0.11
2.84
0.247
55
125

376.3
0.96
<0.15
0.042
26.56
8.83
119
7.453
5.3
0.515
0.247
0.3872
19.46
0.89
3.27
0.0923
0.0106
13.63
41.1
0.039
0.92
2.339
10.17
13.4
5.5
2.877
53.56
<0.04
3.2
1.458
0.42
408.7
0.165
0.0977
1.627
2311
0.301
0.0358
0.526
50.1
0.1
2.49
0.238
45
133

419.2
0.8
<0.15
0.038
35.9
6.71
124
0.87
<1.4
0.517
0.217
0.6125
20.52
1.003
3.28
0.0838
0.0145
20.05
32.4
0.032
1.8
1.451
12.83
9
4.9
3.732
39.77
<0.04
4.7
1.719
0.48
509.6
0.088
0.1063
1.849
1824
0.225
0.0299
0.29
40.4
0.08
2.26
0.199
54
139

217.3
0.71
<0.15
0.144
27.29
56.98
154
1.338
162.4
4.881
3.125
1.199
17.68
4.386
2.63
1.0261
0.0757
12.59
12.6
0.454
0.73
4.408
14.95
94
4.3
3.573
22.06
0.05
43
3.834
1.06
167
0.292
0.7408
2.493
6127
0.134
0.456
0.617
299.5
0.21
27.49
2.945
108
99

32
233.1
1.34
<0.15
0.036
2.67
1.01
82
0.724
3.8
0.081
0.033
0.0957
19.14
0.167
2.05
0.0139
0.0031
1.23
4.8
0.0044
0.9
0.529
1.36
1.7
6.7
0.329
12.42
<0.04
<1.1
0.255
<0.16
398.3
0.032
0.0204
0.446
412
0.085
0.0045
0.165
11.4
0.08
0.31
0.028
13
74

All sample numbers are preceded by “2012BTA”. All data reported in ppm. Analyses (IMC-100) from Geoscience Laboratories.
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DISCUSSION AND CONCLUSIONS
Despite the preservation of strongly foliated granodiorite and tonalite phases within the Kenogamissi
Batholith that may have preserved evidence of the LCF, no compelling evidence for a major west-trending,
through-going structure was identified. A structural link across the Kenogamissi Batholith remains
unproven, but the lack of discovery has several explanations:
•

it doesn’t exist

•

the scarcity of outcrop prevented discovery

Figure 42.5. Tectonic discrimination diagrams after Pearce, Harris and Tindle (1984). Plots of Y +Nb versus Rb (upper
diagram) and Y versus Nb (lower diagram) for select samples from the Kenogamissi Batholith. Note that all samples lie within
the VAG or the VAG+syn-COLG field, suggesting a common origin and tectonic history. Abbreviations: VAG+syn-COLG,
volcanic arc granite + syn-collisional granite; ORG, ocean ridge granite; WPG, within-plate granite.
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•

it is entirely overprinted by the intrusion of the Somme granite, which may have used the fault
as an emplacement conduit

•

the fault was shallow and has been entirely removed by erosion

•

at recorded paleopressures of approximately 7 kilobars, the fault would be in the ductile
structural regime and not readily apparent in the field

Based on the current field work, the westward extension of the Larder–Cadillac fault through the
Kenogamissi Batholith remains unproven, but the alignment of west-trending, gold-bearing structures on
either side suggest further, detailed structural work is warranted to determine if a linkage can be made.

RECOMMENDATIONS FOR EXPLORATION
Both the Porcupine–Destor fault and the Larder–Cadillac fault are first-order controlling structures
for the major mines at Timmins and Kirkland Lake. By extension, one can apply this characteristic gold
association with the faults along the proposed westward extension of the Larder–Cadillac fault into the
Halliday Dome area where the presence of Timiskaming sedimentary rocks is recorded (Préfontaine and
Robichaud 2013). The potential of this area is evidenced by the fact that gold has been mined at the Stairs
Mine in Midlothian Township coupled with the recently discovered Edleston gold deposit in Sothman
Township.
The identification of gold mineralization associated with major west-trending deformation within
supracrustal rocks on either side of the Kenogamissi Batholith suggests a physical link may exist, and this
presents intriguing exploration targets. For example, at the Claude Rundle Mine, on the west side of the
Kenogamissi Batholith, gold occurs associated with syenite intrusive bodies that are not unlike those at
Matachewan and Kirkland Lake. In Midlothian Township, gold occurs associated with Timiskaming
sedimentary rocks and, in Sothman Township, gold occurs spatially associated with strongly deformed
talc schists, all traits of potentially economic gold deposits elsewhere in the Abitibi Subprovince. If the
LCF does indeed transect the Kenogamissi Batholith, it opens up new possibilities for gold exploration
within the batholith and enhances the prospectivity of the area to the west in the Swayze greenstone belt.
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43. Carbon and Sulphur Analysis in
Geological Samples by Combustion–
Infrared: Verifying Method
Capabilities on New Instrumentation
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1
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INTRODUCTION
In April 2013, the old LECO SC-444 carbon and sulphur analyzer at the Ontario Geological Survey
Geoscience Laboratories (Geo Labs) was replaced by the LECO CS844 and the methods were transferred
from the old to the new instrument. This article summarizes the data obtained during the revalidation of
the total carbon and sulphur method (Geo Labs method code IRC-100), demonstrating that data integrity
has been maintained or improved.

BACKGROUND
The CS844 carbon and sulphur analyzer is designed for a wide range of measurements of total
carbon and sulphur in metals, ores, ceramics and other inorganic materials.
A preweighed sample of approximately 0.2 g undergoes combustion in a stream of purified oxygen
using radio-frequency (RF) induction to heat the sample. Carbon and sulphur present in the sample are
oxidized to carbon dioxide (CO2) and sulphur dioxide (SO2), and swept by the oxygen carrier gas through
a heated dust filter, a drying reagent, and then through 2 non-dispersive infrared (NDIR) cells, where
sulphur is detected as SO2. The gas flow continues past a heated catalyst, where carbon monoxide (CO) is
converted to CO2, which can be detected by the NDIR cell.
The use of an induction furnace is the preferred method of heating and combusting metals for total
carbon and sulphur analysis. In an induction furnace, radio-frequency fields induce electrical currents that
rapidly heat the sample. This heating effect is enhanced by a metallic accelerator (e.g., copper, iron or one
of their oxides), which couples with the RF field to more readily achieve the high temperatures required
for the complete oxidation of the carbon and sulphur present in samples. In addition to helping ignite the
sample, the accelerator also acts as a flux to dissolve any oxide skins, making the melt thoroughly fluid.
A completely fluid melt is essential for the rapid oxidation of the carbon and sulphur in the sample.
The non-dispersive infrared cells function on the principle that CO2 and SO2 absorb infrared (IR)
energy at unique wavelengths within the IR spectrum. Incident IR energy at these wavelengths is
absorbed as the gases pass through IR absorption cells. Since absorption is dependent upon the path
length, short and long path-length IR cells are provided for the measurement of high- and low-range
signals. The software automatically selects the cell to use for optimum measurement. The CO2 and SO2
absorbance is calibrated against reference materials of known concentration. The results for the IRC-100
method are reported as total carbon and sulphur expressed as CO2 and S, respectively.
Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.43-1 to 43-5.
© Queen’s Printer for Ontario, 2013
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Table 43.1. Summary of figures of merit obtained for the IRC-100 method from duplicate analyses.
Analyte
CO2
S

# of Groups
15
16

LLoD (ppm)
Value
0.023
0.0034

±2SD
± 0.008
± 0.0010

Precision
# of Groups
Value
17
2.1%
17
1.8%

Precision: Estimated precision at infinite concentration.

ANALYTICAL WORK
In order to confirm and, if necessary, update the method lower limits of detection (LLoD) and
precision on the new instrumentation, 123 sample duplicate pairs were analyzed over a four-month period
(April to August 2013), using routine internal and interlaboratory certified reference materials (CRM) for
quality control. At the end of this period, 16 CRMs were repeatedly analyzed in separate runs over 5 days
to confirm the accuracy and working ranges of the method. The choice of CRMs was based on a range of
carbon and sulphur concentrations and chemical forms (organic versus inorganic and/or carbonate carbon
and sulphide versus sulphate sulphur). All samples were analyzed using a similar method, in which
approximately 0.2 g was weighed into a ceramic crucible that contained approximately 1 g of iron chip
accelerator (blank samples contain only the accelerator) and the crucible placed into the LECO instrument
for automatic analysis. For each sample, the instrument automatically selected the IR cell (long or short)
to use depending on the amount of gases evolved. The short cells were used for measurements of samples
with high sulphur and/or carbon concentrations, whereas the long cells were used for measurements of
samples with lower concentrations.

DATA REDUCTION
The LLoDs and maximum precision of the method were calculated from duplicate data using the
method described by Thompson and Howarth (1976). The data were grouped into 17 groups of 7 samples;
each sample pair averaged and relative differences calculated. For each group, the mean concentration,
group median difference, relative difference (%) and expected difference (95% relative uncertainty) were
calculated. The LLoDs and optimal precisions that are achievable by the method were estimated from the
regression of median differences against the group means. To minimize the effect of the highest
concentration groups on the regression and the uncertainty in the calculated LLoDs, the groups containing
the samples with highest total carbon and/or sulphur concentrations were not used to calculate the LLoDs
for the respective analyte (Figure 43.1), resulting in 15 groups being used for the calculation of the LLoD
for CO2 (0.023 weight % or 230 ppm) and 16 groups for S (0.0034 weight % or 34 ppm). The final
LLoDs and estimated maximum precisions for CO2 and S (in weight %) are shown in Table 43.1 along
with the number of groups used in their estimation.
The accuracy (bias and trueness) and ULs were estimated using the data obtained for the test set of
CRMs and are shown in Figure 43.2 and Table 43.2. The upper validated limit for the method was taken
as the highest successfully measured test standard, with a +10% window added for extrapolation. In contrast
to the excellent reproducibility observed for sulphur during the duplicate analyses of production samples
(see Figure 43.1), the sulphur contents determined for the reference materials SCo-1, BCSS-1, BCS-354,
LKSD-4, BCS-372-1, and LKSD-1 show a high degree of variability. Although the reason for this
discrepancy is unclear, it is notable that all 6 of these reference materials are sediments, sedimentary
rocks, or cements with large uncertainties in their certified values. The large variability in the values
determined for these samples may therefore reflect reference material sample heterogeneity rather than
poor method precision.

43-2

Figure 43.1. Plots summarizing the data used for the estimation of LLoD and precision at infinite concentration for CO2 and S analyses under method code IRC-100. In the top
plots (relative difference vs. mean concentration), the numbers within symbols indicate group numbers. In the bottom plots (LLoD vs. concentration), the numbers within
symbols indicate the number of group means used in the calculation. For both analytes, the most reliable estimate of the LLoD was obtained by excluding the groups with the
highest concentrations.
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Figure 43.2. Plots of the mean measured carbon and sulphur contents determined in certified and/or in-house reference materials as a function of their certified or reference
values and relative standard deviation and trueness of analyses as a function of measured concentration.
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Table 43.2. Summary of figures of merit obtained for the Geo Labs IRC-100 method from the analysis of certified reference
materials.
CO2 (wt %)
0.0053
0.019
110

S (wt %)
0.0021
0.007
36

Relative Standard Deviation (Sr) (%)
Relative Measurement Precision (%)

2.8%
± 5.6%

6.5% 1
± 13%

Method Bias (Weighted Regression, %)
Method Trueness (Mean Absolute Trueness%)

-0.9%
± 6.9%

4.9%
± 7.9%

Lower Limit of Detection (LLoD)
Limit of Quantitation (LoQ)
Upper Limit of Validated Range

Lower Limit of Detection: Calculated from the mean ± 3σ for the blank determinations.
Limit of Quantitation: Calculated from the mean ± 10σ for the blank determinations.
Validated Working Range: Defined as the working range in which the method has been validated (LoQ to the maximum
concentration used in validation statistics or calibration regression). For CO2, an upper limit of >100% CO2 is feasible when a
large proportion of the carbon is present as organic or reduced species.
Relative Standard Deviation (Sr): Defined as the average relative standard deviation for all measurements greater than
3 × LoQ (Richardson and Morrison 1995).
Method Bias (Weighted Regression): Calculated from the gradient of the linear regression of the measured concentrations
against the certified concentrations of the reference materials, with points weighted according to the square root of their
variance (Reed 1989; Richardson and Morrison 1995). Bias = (Gradient – 1) × 100 (result in percent).
Method Trueness (Mean Absolute Trueness): Defined as the average absolute trueness of the suite of reference materials using
only samples with measured concentrations greater than 3 × LoQ. Absolute Trueness = (│Measured Value – Certified
Value│/Certified Value – 1) × 100 (result in percent) (Richardson and Morrison 1995).
1
For all samples. Method precision decreases to ± 5.0 % when sedimentary and/or cement samples are excluded.

SUMMARY
For both carbon and sulphur analyses, the quality of the data produced using the new instrumentation
was demonstrated to meet and, in many cases, exceed, that previously produced at the Geo Labs.
•

Duplicate data indicate that the LLoD for the analytes decreased from 0.03 weight % CO2 and
0.01 weight % S to 0.023 weight % CO2 and 0.0034 weight % S, respectively; these values are
supported by estimates based on the blanks (0.0053 and 0.0021 weight %, respectively).

•

The average precision of analyses is better than ±10% for concentrations greater than
0.2 weight % CO2 or 0.03 weight % S.

•

Analyses of CRMs indicate that accurate carbon and sulphur data can be obtained over a wide
concentration range in a variety of sample matrices and for the most common carbon and
sulphur species.

•

The low detection limits and good precision results of the sulphur method under routine
conditions suggest that reporting of sulphur data to 3 decimal places may be valid and that, with
additional measures such as pre-ignition of crucibles and/or selection of a low-blank
accelerator, it may be possible to further decrease the detection limit.
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INTRODUCTION
Over the last 15 to 20 years, the digestion of samples using a combination of nitric, hydrofluoric,
perchloric and nitric acids followed by inductively coupled plasma mass spectrometry (ICP–MS) analysis
has been the mainstay for the preparation and quantitative analysis of geological samples for trace and
ultra-trace elements at the Geoscience Laboratories (Geo Labs). Although mixed acid digestion has
proven to be clean, reasonably rapid, and able to recover a wide range of elements from a variety of
sample matrices, recent work on samples that are either very rich in calcium or aluminum (and so form
insoluble fluorides in the presence of HF) or contain abundant acid-insoluble minerals has shown that
quantitative recovery may be difficult or impossible to obtain for many analytes without prejudicing the
analysis of others (Burnham et al. 2002; Burnham and Hechler 2007). In order to overcome these
problems and to potentially offer more appropriate methods of analysis for problematic samples,
alternative approaches are being investigated at the Geo Labs. One such approach is to switch from acid
digestions to using lithium metaborate (LiBO2) fusions in the preparation of solutions. Although a number
of different fusion types can be applied to geological samples, lithium metaborate fusions were preferred
owing to the high solubility of most major oxides in molten LiBO2, the solubility of the resulting fusion
melts in dilute acid, the ability to perform fusions in inert platinum-alloy crucibles (minimizing
contamination during solution preparation), and the Geo Labs’ previous experience with borate fusions
for the preparation of glass disks for XRF analysis. To support this work, in the fall of 2011, the Geo Labs
purchased and installed a TheOx six-position electric fluxer from Corporation Scientifique Claisse, and
began initial method development work in late 2012.
When designing appropriate new methods, samples were divided into 3 types:
• routine silicate-dominated samples that contain hard to digest accessory phases (e.g., zircon,
cassiterite, and tungstate minerals)
• oxide-rich samples characterized by hard to digest major phases such as chromite, irontitanium-oxides, and/or ferro-manganese minerals
• calcium and/or aluminum-rich samples, including limestones, bauxites and clay-rich samples
Initial method development work focussed on setting up techniques for the analysis of routine silicatedominated samples containing acid-resistant accessory minerals. However, in spring 2013, owing to
intense and ongoing demand for detailed trace element data for chromitite and iron-titanium-oxide-rich
samples from deposits associated with projects in the McFaulds Lake (“Ring of Fire”) area, work shifted
to establishing methods for the analysis of oxide-rich samples. This article documents the work carried
out on these methods to date and presents preliminary results for reference materials analyzed during
method development.
Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.44-1 to 44-14.
© Queen’s Printer for Ontario, 2013

44-1

Geoscience Laboratories (44)

O.M. Burnham

METHOD DESIGN
The targeted range of analytes, analyte concentration ranges and sample matrices were defined using
the major and trace element compositions of matrix-matched reference materials and whole-rock X-ray
fluorescence (XRF) analyses of samples from the “Ring of Fireˮ deposits together with electron probe
microanalyzer (EPMA, or “microprobe”) and preliminary laser ablation ICP–MS (LA-ICP–MS) analyses
of chromite samples from the McFaulds Lake area. Particular attention was paid to obtaining accurate data
for the transition metals (Ti, V, Co, Ni, Cu and Zn), high field strength elements (HFSE) (Zr, Nb, Mo, Hf,
Ta, W, Th and U), and a selection of semi-metals and/or metalloids (e.g., Ga, Ge, Sn, Sb, Pb and Bi).
Several of these analytes were expected to be present at low to very low concentrations in many or most
samples, but were deemed to be of sufficient potential interest to researchers to warrant their inclusion in
the method.
Because the major elements had to be analyzed in order to monitor or correct for interferences, it was
decided to also quantify their concentrations in the samples as part of the ICP–MS analysis. Even though
major element analysis is not generally the forte of ICP–MS instruments (the signal intensities in undiluted
solutions commonly being too high for accurate analyses), by electronically attenuating the signal within
the instrument, it was possible to obtain reasonable data for all but Na2O, SiO2, P2O5 and CaO.

ANALYTICAL CHALLENGES
Because the application of LiBO2 fusions to the preparation of solutions and the analysis of such
solutions by ICP–MS were new to the Geo Labs, and because the trace and ultra-trace element analysis of
oxide mineral–rich samples is relatively uncommon, there were many analytical challenges that had to be
overcome during the development of the method.
The first analytical challenge was the solubility of many oxide minerals in the metaborate melt.
Although most metal oxides are reasonably soluble in LiBO2, permitting sample:flux ratios as low as 1:4
to be used, the solubility of Cr2O3 is relatively low (≤1.6 weight % in a 50:50 lithium tetraborate–lithium
metaborate flux; Burnham, Hechler and Chrétien 2010); testing during method development indicated
that sample:flux ratios of 1:14 (70 mg sample/1 g flux) or more were required to obtain quantitative fusion
of the most chromium-rich samples (up to 55 weight % Cr2O3).
At the end of the fusion cycle, the molten sample is poured directly into Teflon® beakers containing
dilute nitric acid, resulting in precipitous quenching, solidification and subsequent rapid fragmentation of
the melt and transfer of heat to the acid. Although heating of the acid is advantageous for the dissolution of
the fused sample, the use of an insufficient volume of acid will not prevent the fusion melt from coming into
contact with and potentially melting the base of the Teflon® beaker. Based on the fluxer manufacturer’s
recommendations, a minimum of 50 mL acid was therefore used per gram of flux, leading to final solutions
containing approximately 2 weight % dissolved solids and an initial dilution factor of ~700 for the samples.
For ICP–MS analysis, it is desirable to keep the total dissolved solid (TDS) content of the sample
solutions reasonably low (typically <0.2 weight %) to prevent damage to the instrument and/or to maximize
stability over long runs. Many of the problems associated with the analysis of samples containing a high
TDS can be avoided by appropriate choices for the sample uptake system (e.g., a nebulizer designed for
high TDS and/or a ceramic torch to minimize or prevent devitrification). However, to minimize salting of
the cones and maximize the stability of the instrument over long runs during method development, it was
decided to initially limit the total dissolved solids to ~0.05 weight %, necessitating a further 40-fold
dilution of the initial solutions (using an off-line 20-fold dilution and a 2-fold online dilution of the
resulting solution prior to analysis) and yielding final dilution factors of ~28 000 for the samples. This is
considerably higher than the ~5000-fold dilution (resulting in ~0.01 weight % TDS) that is usually
applied to acid-digested samples.
44-2
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Table 44.1. Summary of blank contributions to LiBO2 fusions.
Analyte
Cr
Ni
Cu
Zn
Mo
Ag
Sn
Sb
Ba
La
W
Pb

Flux
(ppm equiv.1)
5
6
0.5
7.5
5
0.014
0.4
5
3.3
0.004
0.13
1.3

Gas Fluxers
(n=3)
5.6 ± 0.7
6.1 ± 1.6
2.1 ± 0.7
2±8
1.21 ± 0.11
1.4 ± 0.8
0.25 ± 0.16
-7.1 ± 1.6
1.7 ± 0.3
-0.001 ± 0.004
3.8 ± 0.7
0.41 ± 0.09

Average Blank (ppm2)
Electric Furnace
Electric Furnace
W-Alloy Spacer (n = 8)
Ceramic Spacer (n = 34)
79 ± 19
36 ± 21
44 ± 17
23 ± 11
21 ± 4
18 ± 9
6 ± 10
2±5
15 ± 3
1.5 ± 1.1
12 ± 9
10 ± 6
2.3 ± 1.0
2.2 ± 1.3
1.2 ± 1.2
0.6 ± 1.0
-0.4 ± 1.0
0.4 ± 1.2
0.35 ± 0.22
0.006 ± 0.015
54 ± 21
3.9 ± 1.5
4.0 ± 2.6
5±3

1

Concentrations are presented as the in-sample equivalent, assuming 70 mg sample and 1 g LiBO2 flux.
Mean blank (±2 × standard deviation), measured relative to dissolved flux (no fusion).

2

Owing to the high dilution factors and low concentrations of many analytes, controlling contamination at
all stages of solution preparation and analysis was an important factor in obtaining accurate and precise
data. The main identifiable sources of contamination were found to be the LiBO2 flux (Ni, Mo and Sb), the
fluxer itself (Cr, Ni, Mo, La and W), the crucibles (Ag and Rh), the water and acids used during sample prep
(Cu, Zn, Sn and Pb), and the overall lab environment (including the spatulas, test tubes, pipette tips, etc.). In
order to minimize contamination of HFSE, in particular zirconium and hafnium, samples were made up to
volume in 50 mL polypropylene centrifuge tubes rather than glass volumetric flasks. The volume of the
centrifuge tubes fixed the final solution volume after the fusion stage and, as a result, set the masses of sample
and flux that were used (70 mg and 1 g, respectively). One critical source of contamination that was identified
during early analyses was a tungsten-alloy spacer used to position the crucibles in the furnace. Replacement
of the metal spacer with a ceramic alternative considerably reduced the blank for lanthanum, tungsten,
molybdenum, zinc and chromium (Table 44.1), although a significant blank remained for copper, zinc, silver,
tin and lead.
In addition to the acid matrix- and plasma-based interferences that are encountered during the routine
analysis of acid digestions of geological samples, analyses of solutions produced by LiBO2 fusion of
chromium-, iron-, titanium- and manganese-rich samples have to contend with a range of additional
spectroscopic interferences that profoundly influence the accurate measurement of many of the analytes
of interest (Table 44.2). Whereas it was possible to use reactions with NH3 within the ion beam to remove
the acid matrix–plasma-based interferences on calcium, iron, vanadium and aluminum, the sodium-,
magnesium-, calcium-, chromium-, titanium-, manganese-, zirconium-, niobium- and rare earth element
(REE)-based interferences were not amenable to such reactions and had to be corrected by monitoring the
interfering atomic ion (attenuated to bring their signal intensities within the operating range of the
instrument) and applying inter-element equations.
Because the matrices of the sample solutions are dominated by the flux, the behaviour of samples
and matrix-matched calibration solutions should be similar during the ICP–MS analysis. However, in
order to correct for possible inaccuracies when making up to volume in the centrifuge tubes as well as for
instrument drift during analysis, it is beneficial to add an internal standard spike to the acid into which the
fusion melts are poured. Owing to their low abundance in most crustal rocks and the absence of significant
isobaric interferences on their atomic ions, ruthenium and rhenium are conventionally used as the internal
standards for most solutions prepared for ICP–MS analysis at the Geo Labs. However, when analyzing
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Table 44.2. Principal spectroscopic interferences encountered during the analysis of LiBO2 fusions of chromium-iron-titaniummanganese–rich samples.
Plasma/Acid Matrix-Based Interferences
Interferent
Affected Analyte
40
Ar+
Ca+
+
54
ArN
Fe+
+
54,56 +
ArO
Fe
57
ArOH+
Fe+
51 + 53
ClO+
V , Cr+
+
23
LiO
Na+
+
42,44
LiCl
Ca+
43
LiAr+
Ca+, 46,47Ti+
+
26
BO
Mg+, 27Al+
+
42,43
BO2
Ca+
+
51 +
BAr
V
95,97
BrO+
Mo+

Direct Isobaric Overlaps
Interferent Affected Analyte
54
54
Fe+
Cr+
136
2+
68
Ba
Zn+
2+
71
+ 74
LREE
Ga , Ge+
114
+
114
Sn
Cd+

Sample-Based Polyatomic Interferences
Interferent
Affected Analyte
43,44
59
CaO+
Co+, 60Ni+
23
+
63
NaAr
Cu+
25,26
+
65
MgAr
Cu, 66Zn+
47,49,50
+
63,65
TiO
Cu+, 66Zn+
50,52
+
66,68
CrO
Zn+
55
+
71
MnO
Ga+
50,52,53
+
90,92
CrAr
Zr+, 93Nb+
91
107
ZrO+
Ag+
93
+
109
NbO
Ag+
+
LREEO
MREE+
+
MREEO
HREE+
+
+
HREEO
Hf , Ta+, W+

Bold: Unique or of elevated importance during the analysis of LiBO2 fusions of Cr-Fe-Ti-Mn–rich samples.

samples prepared by LiBO2 fusion, ruthenium cannot be used if molybdenum is to be analyzed owing to
isobaric interferences with the only molybdenum isotopes (98,100Mo) that are not affected by spectroscopic
interferences (in particular 92,94,96Zr+ and 79,81BrO+ species). Of the remaining mid-mass elements that were
not analytes of interest, only indium was not expected to be present at significant concentrations in most
samples or to be extracted from the platinum crucibles, so this was selected along with rhenium for use as
an internal standard.
The final, and possibly the most difficult, challenge when setting up the method was the dearth of
suitable reference materials with which to demonstrate the accuracy of the method. Although a reasonable
number of ore-grade reference materials exist with suitable mineralogy and bulk chemistries, few are well
characterized for trace and ultra-trace elements and the accuracy of many of their certificate values are
questionable. Where possible, reference values were checked or augmented by independent XRF analysis
of pressed pellets and/or fused disks before use. However, for elements present at or below single ppm
levels, such analyses were generally too imprecise to use for comparison. The reference materials used in
the study are shown in Table 44.3.

ANALYTICAL METHOD
Fusions
In the developed method, pulverized samples are prepared for fusion by weighing ~70 mg of ignited
material onto a premixed combination of ~1 g flux (lithium metaborate, LiBO2), ~50 mg lithium bromide
(LiBr, a release agent), and ~50 mg ammonium nitrate (NH4NO3, an oxidizing agent) in a platinum-gold
beaker. The sample and flux are then vortexed to mix the components and the crucibles placed into the
carriage of the automated fluxer, which transports them into the furnace at 850°C. Because 850°C is
below the melting point of the flux, but above the temperature required for thermal decomposition of the
NH4NO3, the sample undergoes solid-phase pre-oxidation of any reduced species that remain in the
ignited sample and could damage the platinum ware prior to fusion. At the end of the pre-oxidation stage,
the temperature is ramped to 1050°C to melt the flux and dissolve the sample and the crucible rocked to
mix the contents. After ~ 8 minutes of heating, the molten mixture is poured directly into ~45 mL
10% v/v nitric acid containing the indium-rhenium internal standard and stirred using a magnetic stirring
rod until fully dissolved. The dissolved sample is then transferred to a 50 mL centrifuge tube, made up to
volume and an aliquot diluted 1:20 with 2% v/v HNO3, ready for ICP–MS analysis.
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Table 44.3. Reference materials used during development and validation of the LiBO2 fusion method for the analysis of
chromium-iron-titanium-manganese–rich samples.
Reference Material
AMIS 027
AMIS 013
AMIS 073
AMIS 075
AN-G
BE-N
CHR-Bkg
CHR-Pt+
DC19003b
DC19014
ECRM-879-1
HHH
IF-G
MFC-1
MnH
MO-5
MRG-1
NIM-P
OKUM
SARM-8
SARM-9
SX67-05
UB-N

Supplier
AMIS
AMIS
AMIS
AMIS
CNRS
CNRS
CNRS
CNRS
NCS
NCS
ECSC
CGL
CNRS
IH QCM
CGL
IGEM
CCRMP
SABS
IH QCM
SABS
SABS
DH
CNRS

Description
PGE reference material UG2 Reef (ore grade)
Merensky Reef (ore grade) PGE reference material
Nickel-copper sulphide standard, Nkomati Mine, South Africa
UG2 Reef, eastern limb, PGE reference material
Anorthosite
Basalt
Chromitite
Chromitite
Ti-V-Fe concentrate
Iron ore
Basic slag
Chromium ore
Iron formation
Chromitite (McFaulds Lake)
Mn ore
Gabbro (ore)
Gabbro
Pyroxenite
Komatiitic basalt
Chromium ore
Chromium ore
Ilmenite
Serpentine

Abbreviations: AMIS, African Mineral Standards; CCRMP, Canadian Certified Reference Materials Project; CGL, Mongolian
Central Geological Laboratory; CNRS, Centre National de la Recherche Scientifique; DH, Dillinger Hütte; ECSC, European
Coal and Steel Community; IGEM, Institute of Ore Deposits, Petrography, Mineralogy & Chemistry; IH QCM, in-house qualitycontrol material; NCS, China National Analysis Centre for Iron and Steel; SABS, South African Bureau of Standards.

Analysis
Analyses are carried out on a Perkin Elmer Elan 6100 DRC ICP–MS equipped with platinum cones
and a ceramic demountable torch to minimize the effects of devitrification and to ease cleaning. The
instrument is operated in both standard and dynamic reaction cell (DRC) modes, using NH3 as the
reaction gas. Dwell times for individual isotopes range from 10 to 20 milliseconds (ms) (e.g., Li, B, major
elements, Sr, Br) to 100 to 120 ms (Be, Ge, Ag, Cd, Sn, REE, HFSE, Pb, In and Re), with 3 sweeps per
reading and 8 readings per analysis. To bring the intensities of the major elements within the comfortable
working range of the instrument, the direct current components of the quadrupole settings (RPa) for these
elements were increased, leading to attenuation factors of up to 4000 to 10 000 (39K and 40Ca). Where
interferences could not be removed by reactions within the ion beam, corrections are applied using interelement correction ratios determined using single or multi-element synthetic solutions analyzed during the
run. During method development, many more elements and isotopes of each element were analyzed than
are in the final method, enabling interferences to be monitored, any analytical problems to be recognized
easily and the best isotopes and methods of data processing to be determined. A full summary of the
analytes measured during the method development is shown in Table 44.4.
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RESULTS
The accuracy (bias and trueness), lower limits of detection (LLoD) and upper working limits (UL)
were estimated using the data obtained for method blanks and the certified reference materials (CRM)
analyzed in 4 runs over a four-week period. They are summarized in Table 44.5 and the results for
selected major and trace elements are shown in Figures 44.1 to 44.4. Prior to use in the calculations, the
data were screened for known analytical problems as well as statistical outliers using an iterated Grubbs’
test with α = 0.02 (i.e., a 1% chance of false rejection on a 2-tailed test). The upper validated limits for
each analyte were taken as the highest successfully measured test standard, with a +10% window added
for extrapolation.

DISCUSSION
For most of the trace elements of interest, the metaborate fusion method yielded data with adequate
accuracy and precision (better than ±10% 2Sr, trueness and bias for concentrations greater than 3 times
the limit of quantification (LoQ)). However, the results indicate that rubidium, cesium, thallium and
possibly cadmium are not quantitatively recovered by the fusion method, leading to low recoveries, and
that the performance for many elements (e.g., Be, Ni, Cu, Zn, Mo, Ag, Sn, Sb, W, Pb and Bi) is marred
by high blanks and/or backgrounds during analysis. For some elements (e.g., Ni, Cu, Zn, Sb, W and Pb),
this leads to elevated limits of detection, but does not appear to prevent their accurate analysis in oxiderich samples as the elements were enriched in the reference materials used during method validation and
are generally expected to be present at reasonable concentrations in samples. However, for beryllium,
molybdenum, silver, tin and bismuth, the blank levels are too high, preventing an adequate assessment of
the method with the selected suite of reference materials as well as accurate analyses of unknown
samples. Consequently, these elements are currently not included those reported from the method.
For several analytes, the assessment of accuracy and precision was hampered by sample heterogeneity
and/or poor reference values for the CRMs, as seen in the results for zirconium and hafnium (see
Figure 44.2). A handful of reference materials (in particular, the South African Bureau of Standards’
chromitite SARM-8 and pyroxenite NIM-P) show significantly poorer precision for these elements and the
mean concentrations determined for several reference materials deviate strongly from their certificate
values (e.g., the African Mineral Standards’ chromitite AMIS 027 and nickel-copper sulphide ore AMIS
073, and IGEM’s gabbro MO-5). Investigation of these issues indicated that a) any particular fused
aliquot yields consistent data within and between instrument runs, but that there is considerable variation
between different preparations of these materials, suggesting that these materials may not be homogeneous
at the 70 mg sample size, and b) the reference values of some materials may be biased low owing to the
inclusion of a number of values obtained by multi-acid digestion methods that may have failed to have
quantitatively recovered zirconium and hafnium from acid-resistant phases. Analysis of AMIS 027, AMIS
073 and MO-5 using pressed-pellet XRF produced values that are consistent with those obtained by ICP–
MS after LiBO2 fusion.
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Be
23
Na
25
Mg
27
Al
27
Al
35
Cl
39
K
40
Ca
43
Ca
49
Ti
51
V
51
V
53
Cr
53
Cr
54
Fe
55
Mn
56
Fe
57
Fe
59
Co
60
Ni
63
Cu
65
Cu
66
Zn
68
Zn
138
Ba2+
141 2+
Pr
71
Ga
74
Ge
85
Rb
86
Sr
88
Sr
89
Y
90
Zr
91
Zr
92
Zr
93
Nb
98
Mo
99
Ru
99
Ru

9

Analyte

100
20
20
20
40
20
40
40
30
30
30
120
50
60
30
30
30
30
30
50
50
50
90
50
50
100
80
100
50
20
10
30
20
50
30
70
100
75
30

Dwell Time

Std.
Std.
Std.
Std.
DRC
Std.
DRC
DRC
Std.
Std.
Std.
DRC
Std.
DRC
DRC
Std.
DRC
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
DRC

Mode
0.25
0.7
0.25
0.25
0.4
0.25
0.73
0.7
0.45
0.25
0.25
0.7
0.25
0.55
0.7
0.25
0.7
0.5
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.55

RPq
0
0.115
0.015
0.016
0.032
0.014
0.09
0.093
0
0.011
0
0.055
0.015
0.055
0.08
0.014
0.087
0.047
0
0
0
0.012
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

RPa
1
70
20
70
70
7
~4000
10000
1
2
1
3
20
~30
100
7
1000
~10
1
1
1
2.5
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Attenuation
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CrAr+

CrAr+

MnO+,Ce2+, Nd2+
Nd2+, Sm2+

CaO+
NaAr+, TiO+
MgAr+, TiO+
MgAr+, CrO+, TiO+
CrO+, Ba2+

54Cr+

ClO+

Corrections
Rh
103
Rh
107
Ag
109
Ag
114
Cd
115
In
115
In
120
Sn
121
Sb
123
Sb
133
Cs
137
Ba
139
La
140
Ce
141
Pr
143
Nd
147
Sm
151
Eu
157
Gd
159
Tb
160
Gd
163
Dy
165
Ho
167
Er
169
Tm
173
Yb
175
Lu
178
Hf
181
Ta
182
W
185
Re
193
Ir
205
Tl
206
Pb
207
Pb
208
Pb
209
Bi
232
Th
238
U

103

Analyte
30
30
100
100
100
75
30
100
50
50
30
50
30
30
80
90
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
75
20
100
100
70
100
100
100

Dwell Time

Table 44.4. Summary of analytes measured during method development. Reported analytes are shown in bold.
Std.
DRC
Std.
Std.
Std.
Std.
DRC
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.
Std.

Mode
0.25
0.7
0.25
0.25
0.25
0.25
0.5
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25

RPq
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

RPa
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

Attenuation

BaO+
PrO+
NdO+
NdO+, SmO+
SmO+
SmO+
EuO+
EuO+
GdO+
TbO+
DyO+
HoO+
ErO+
TmO+

ZrO+
NbO+
Sn+

Corrections
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5.4%
± 11%
0.2%
± 4.1%

6.6%
± 13%
-0.2%
± 2.0%

Relative Std Dev. (Sr) (%)
Relative Meas. Precision (%)

Method Bias (%)
Method Trueness (%)

-1.8%
± 3.2%

4.3%
± 8.6%

Cr2O3
Std
ppm
136
342
410 000

-0.8%
± 2.8%

6.9%
± 14%

MnO
Std
wt %
0.0097
0.029
50

-2.8%
± 3.3%

5.5%
± 11%

Al2O3
DRC
wt %
0.035
0.12
33

7.8%
± 7.6%

6.4%
± 13%

K2O
DRC
wt %
0.0037
0.012
2

-3.3%
± 5.5%

16.9%
± 34%

CaO
DRC
wt %
0.21
0.63
48

0.5%
± 2.1%

5.6%
± 11%

Fe2O3
DRC
wt %
0.031
0.086
61

44-8
3.7%
± 7.4%
7.4%
± 9.1%

4.2%
± 8.4%
-2.0%
± 12%

Units
Lower Limit of Detection (LLoD)
Limit of Quantitation (LoQ)
Upper Limit

Relative Std Dev. (Sr) (%)
Relative Meas. Precision (%)

Method Bias (%)
Method Trueness (%)

-0.6%
± 6.8%

3.8%
± 7.6%

Ni
ppm
64
155
6400

-4.8%
± 7.0%

3.6%
± 7.2%

Cu
ppm
44
106
2700

-0.5%
± 7.7%

3.9%
± 7.8%

Zn
ppm
17
53
1200

-0.5%
± 7.6%

3.9%
± 7.8%

Ga1
ppm
0.091
0.29
56

-3.6%
± 8.0%

6.9%
± 14%

Ge
ppm
0.082
0.24
26

-1.6%
± 2.9%

3.4%
± 6.8%

Sr
ppm
5.5
17
1500

-9.8%
± 9.1%

2.9%
± 5.8%

Y
ppm
0.49
1.3
110

-0.2%
± 8.5%

1.9%
± 3.8%

Ba
ppm
4.1
12
10 000

Lower Limit of Detection: Calculated from the mean ± 3σ for the blank determinations.
Limit of Quantitation: Calculated from the mean ± 10σ for the blank determinations.
Validated Working Range: Defined as the working range in which the method has been validated (LoQ to the maximum concentration used in the validation statistics).
Relative Standard Deviation (Sr): Defined as the average relative standard deviation for all measurements >3× LoQ (Richardson and Morrison 1995).
Method Bias (Weighted Regression): Calculated from the gradient of the linear regression of the measured concentrations against the certified concentrations of the reference
materials, with points weighted according to the square root of their variance (Reed 1989; Richardson and Morrison 1995). Bias = (Gradient – 1) × 100 (result in percent).
Method Trueness (Mean Absolute Trueness): Defined as the average absolute trueness of the suite of reference materials using only samples with measured concentrations
>3× LoQ. Absolute Trueness = (│Measured Value – Certified Value│/Certified Value – 1) × 100 (result in percent) (Richardson and Morrison 1995).
1
For samples containing up to 5 weight % MnO.

Co
ppm
1.1
3.2
350

V
ppm
12
38
4800

Table 44.5b. Summary of preliminary figures of merit for the analysis of trace elements by ICP–MS after metaborate fusions. All analyses were carried out in standard mode,
with no reaction gas.

TiO2
Std
wt %
0.021
0.055
13

MgO
Std
wt %
0.018
0.059
39

Analytical Mode
Units
Lower Limit of Detection (LLoD)
Limit of Quantitation (LoQ)
Upper Limit

Table 44.5a. Summary of preliminary figures of merit for the analysis of major element oxides by ICP–MS after metaborate fusions.
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3.1%
± 6.2%
-1.9%
± 4.7%

3.1%
± 6.2%
-1.9%
± 4.5%

Relative Std Dev. (Sr) (%)
Relative Meas. Precision (%)

Method Bias (%)
Method Trueness (%)

-3.7%
± 4.9%

3.5%
± 7%

Pr
ppm
0.0083
0.028
19

-3.2%
± 6.5%

4.7%
± 9.4%

Nd
ppm
0.048
0.16
87

-2.4%
± 4.6%

5.6%
± 11%

Sm
ppm
0.012
0.04
15

-2.9%
± 7.2%

5.7%
± 11%

Eu
ppm
0.0042
0.014
4

2.6%
± 3.7%

5.3%
± 11%

Gd
ppm
0.021
0.084
17

2.6%
± 3.7%

5.3%
± 11%

Tb
ppm
0.021
0.084
17

-4.2%
± 4.7%

4.4%
± 8.8%

Dy
ppm
0.0047
0.013
4

-1.7%
± 3.4%

6.5%
± 13%

Ho
ppm
0.0059
0.023
10

-7.9%
± 10%

4.9%
± 9.8%

Er
ppm
0.0069
0.024
1

-4.4%
± 8.8%

7.4%
± 15%

Tm
ppm
0.0069
0.024
9

-4.2%
± 4.8%

7.8%
± 16%

Yb
ppm
0.0013
0.0041
1

-4.2%
± 4.7%

4.4%
± 8.8%

Lu
ppm
0.0047
0.013
4

44-9
3.2%
± 6.4%
-6.4%
± 8.5%

11.7%
± 24%
-4.7%
± 19%

Relative Std Dev. (Sr) (%)
Relative Meas. Precision (%)

Method Bias (%)
Method Trueness (%)

-6.2%
N/A

1.5%
± 3%

Sb
ppm
3.7
11
27

1.6%
± 9.5%

12.0%
± 24%

Hf
ppm
0.015
0.04
6

-5.8%
± 3.6%

3.9%
± 7.8%

Ta
ppm
0.057
0.16
6

2.1%
± 4.6%

2.5%
± 5%

W
ppm
8
18
240

-61.0%
N/A

N/A
N/A

Pb
ppm
17
46
42

-5.9%
± 9.8%

5.2%
± 10%

Th
ppm
0.014
0.048
11

-4.5%
± 3.5%

3.3%
± 6.6%

U
ppm
0.053
0.2
4

Lower Limit of Detection: Calculated from the mean ± 3σ for the blank determinations.
Limit of Quantitation: Calculated from the mean ± 10σ for the blank determinations.
Validated Working Range: Defined as the working range in which the method has been validated (LoQ to the maximum concentration used in the validation statistics).
Relative Standard Deviation (Sr): Defined as the average relative standard deviation for all measurements greater than 3 × LoQ (Richardson and Morrison 1995).
Method Bias (Weighted Regression): Calculated from the gradient of the linear regression of the measured concentrations against the certified concentrations of the reference
materials, with points weighted according to the square root of their variance (Reed 1989; Richardson and Morrison 1995). Bias = (Gradient – 1) × 100 (result in percent).
Method Trueness (Mean Absolute Trueness): Defined as the average absolute trueness of the suite of reference materials using only samples with measured concentrations
>3× LoQ. Absolute Trueness = (│Measured Value – Certified Value│/Certified Value – 1) × 100 (result in percent) (Richardson and Morrison 1995).

Nb
ppm
0.12
0.31
120

Zr
ppm
1.2
2.7
400

Units
Lower Limit of Detection (LLoD)
Limit of Quantitation (LoQ)
Upper Limit

Table 44.5d. Summary of preliminary figures of merit for the analysis of Sb, Pb, and high-field strength elements by ICP–MS after metaborate fusions. All analyses were carried
out in standard mode, with no reaction gas.

Ce
ppm
0.062
0.22
170

La
ppm
0.047
0.14
97

Units
Lower Limit of Detection (LLoD)
Limit of Quantitation (LoQ)
Upper Limit

Table 44.5c. Summary of preliminary figures of merit for the analysis of the REE by ICP–MS after metaborate fusions. All analyses were carried out in standard mode, with no
reaction gas.
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Figure 44.1. Plots of the precision (2Sr, left) and trueness (right) of analyses as functions of mean measured concentration for TiO2 and Cr2O3 determined by ICP–MS after
LiBO2 fusion of oxide- and silicate-rich reference materials. The outlined diamond symbols in the trueness of analyses plots indicate the data used in the determination of the
figures of merit (Table 44.5).
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Figure 44.2. Plots of the precision (2Sr, left) and trueness (right) of analyses as functions of mean measured concentration for MgO and total iron as Fe2O3 determined by ICP–
MS after LiBO2 fusion of oxide- and silicate-rich reference materials. The outlined diamond symbols in the trueness of analyses plots indicate the data used in the determination
of the figures of merit (Table 44.5).
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Figure 44.3. Plots of the precision (2Sr, left) and trueness (right) of analyses as functions of mean measured concentration for V and Ga determined by ICP–MS after LiBO2
fusion of oxide- and silicate-rich reference materials. The outlined diamond symbols in the trueness of analyses plots indicate the data used in the determination of the figures of
merit (Table 44.5). The poor precision and low mean value determined for Ga in the reference material MnH are the result of variable, and most likely, overcorrection for
MnO+.
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Figure 44.4. Plots of the precision (2Sr, left) and trueness (right) of analyses as functions of mean measured concentration for Zr and Hf elements determined by ICP–MS after
LiBO2 fusion of oxide- and silicate-rich reference materials. The outlined diamond symbols in the trueness of analyses plots indicate the data used in the determination of the
figures of merit (Table 44.5). The high variation in concentrations measure in the reference materials NIM-P and SARM-8 are inferred to originate from poor sample
homogeneity at the 70 mg level. The high results for Zr and Hf in the reference materials AMIS 027, AMIS 073 and MO-5 are inferred to result from low certificate values.
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SUMMARY
The ICP–MS analysis of solutions produced by LiBO2 fusions of oxide-rich samples has been shown
to yield accurate data for major and trace elements over a wide range of concentrations, achieving better
than ±10% accuracy and precision for concentrations ranging from >60 weight % for some major elements
to <0.01 ppm for ultra-trace elements. Whereas the initial results for the method are encouraging, there
are still many aspects that will benefit from improvement with further work:
•

Despite the upgrade to the fluxer, the method is unable to obtain acceptable data for several target
analytes, in particular molybdenum, silver, tin, tungsten, lead and bismuth, owing to high
background or blank levels. Further work is needed to determine and potentially remove the
source(s) of this contamination.

•

Further investigation is needed into the poor recovery of rubidium, cesium, cadmium and possibly
thallium. Although the low recoveries may be accounted for by the volatility of the elements
(boiling points range from 671°C (Cs) to 765°C (Cd)), the near quantitative recovery of potassium,
the boiling point of which is in a similar range (759°C), is inconsistent with evaporation of volatile
species during fusion and another mechanism to explain the loss may need to be found.

•

At 70 mg, several reference materials appear to be heterogeneous, suggesting that larger sample
masses may be required to obtain representative values for production samples. Future work
will scale up the fusions to enable at least 140 mg to be used. In addition to improving the
reproducibility of analyses, larger sample masses may improve the performance for some of the
elements suffering from high environmental blanks.

•

In order to improve detection limits for all elements and decrease the relative contribution of the
acid diluent to the blank, the effect of lower dilution factors on instrument stability will also be
investigated. Initial work at dilution factors of ~28 000 and/or 0.05 weight % TDS may have
been overly conservative and so failed to let the method perform to its optimum ability.
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INTRODUCTION
In the fall of 2012, the furnaces used for the preparation of samples for precious metal analysis using
lead fire-assay methods were deemed to be ageing, with issues arising because of insufficient sealing
around their doors and difficulties in finding replacement parts. After 20 years of service, it was therefore
decided to decommission the furnaces and replace them with newer models. In October 2012, 4 new
furnaces were purchased and installed in the lead fire-assay area of the Geoscience Laboratories (Geo Labs),
Ontario Geological Survey, with one of the furnaces dedicated to the gravimetric analysis of silver and
gold in rocks and ores (Geo Labs method code GFA-PBG). This article documents the methods used
during the gravimetric fire-assay (GFA) method and the data obtained during the verification of the
method using the new furnace. Because of the difficulty in finding appropriate certified reference materials
for silver, this article will focus solely on the analysis of gold. Data for the analysis of silver will follow at
a later date.

SUMMARY OF ANALYTICAL METHOD
There are 4 major steps to an assay by the gravimetric fire-assay method:
1.

fusion

2.

cupellation process

3.

parting and annealing

4.

weighing

Fusion
After mixing with dry reagents (a premixed flux containing borax glass (sodium tetraborate), sodium
carbonate, litharge (lead oxide), flour and silica) in fire clay crucibles, samples are decomposed in a
furnace at approximately 1065°C for 1 hour. The reagents from the flux react with each other and the
sample to form a borosilicate melt that contains the waste material from the ore and a lead button (~30 g)
that collects the precious metals.
In fire-assay analysis, ores are classified according to their oxidizing and reducing properties relative
to a blank crucible fusion, and the flux composition is adjusted accordingly:
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•

Class I (neutral ores) have no oxidation or reduction power. In order to obtain an optimal 30 g
lead button, 2.5 g of flour is required in the fusion mixture. This amount of flour is incorporated
into the premixed flux purchased by the Geo Labs.

•

Class II (reducing ores) have a reducing power relative to a blank fusion, which leads to a
larger than optimal lead button. These samples may contain sulphides, arsenides or impurities
such as selenium, tellurium, copper and nickel that can interfere with assays. Nitre (potassium
nitrate) is added to the flux to oxidize the reducing component in the ore.

•

Class III (oxidizing ores) have an oxidizing power relative to a blank fusion, which leads to a
smaller than optimal lead button. To obtain the correct size lead button, additional flour (or a
carbon source) is added to the fusion mixture. Prior to use, the reducing power of the specific
flour being used is tested in order to calibrate the addition relative to the deviation of the lead
button from its optimal size.

Cupellation
Cupellation is the separation of the gold and silver from the lead button by reheating the button under
oxidizing conditions in a furnace at 900°C, the oxidation of lead to molten lead oxide and the absorption
of the molten oxide into a bone ash cupel. This process yields a silver-rich prill that sits on top of the
cupel as a metal bead and contains the silver, gold and precious metals. The cupellation stage offers the
greatest chance for loss of precious metals during the gravimetric fire-assay process. The amount of loss
depends upon many factors including temperature, impurities in the button and the condition of cupels.
Silver, because of its ability to be readily oxidized, is more susceptible to loss than gold.
To minimize contamination of samples being fused for the instrumental lead fire-assay method
(Geo Labs method codes IMP-100/IMP-101), both the fusion and cupellation steps are performed in the
same furnace, with the temperatures adjusted accordingly between steps.

Parting and Annealing
Parting and annealing is the final preparation stage of the gravimetric fire-assay process. Parting
refers to the separation of the gold from the silver by dissolution of the prill in dilute (10% v/v) nitric
acid. After parting, the gold is present as a dark, highly porous mass that is annealed at 600°C to weld the
material into a natural yellow piece of gold. A ratio of 4 parts silver to 1 part gold in the silver prill is
optimal for its dissolution. A smaller ratio requires a longer heating time and a more concentrated acid.
If the ratio is greater than 6 parts silver to 1 part gold, then the porous mass of gold will break up into
small pieces, increasing the risk of the loss of gold through the escape of the smaller fragments. In order
to optimize the silver-to-gold ratio of the prill, an accurately weighed piece of silver foil (~10 mg) or a
small volume of silver nitrate is added to the assay charge prior to the initial fusion. Care should be taken
to ensure that the pieces of gold are dry before the annealing process because of the possibility of losing
the gold through explosive crepitation.

Weighing
The silver prills and annealed pieces of gold are weighed on a 5-figure microbalance, from which the
concentration of each metal in the sample can be calculated. Results of the GFA-PBG method are reported in
ounces gold per ton (oz/ton), with a detection limit of approximately 0.016 oz/ton and, when an appropriate
sample mass is used (one Assay Ton, 29.166 g), each milligram of precious metal equates to 1 oz/ton in the
original rock. Although it is preferable to use a sample weight of a whole Assay Ton (29.166 g), the sample
matrix may require less sample to obtain a proper fusion. A half Assay Ton (14.583 g) with a conversion
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Table 45.1. Frequently used reference materials in the GFA-PBG method.
Reference Material
Certified Reference Materials
PM-928
DS-1
Ma-1b
In-House Reference Material
PJV-2
TTL-2
TTL-6

Au (oz/ton)
0.122
0.95
0.5
0.27
1.675
0.056

Table 45.2. Summary of figures of merit for the GFA-PBG method.
Lower Limit of Detection (LLoD)
Limit of Quantitation (LoQ
Upper Limit of Validated Range
Relative Standard Deviation (Sr) (%)
Relative Measurement Precision (2Sr))
Method Bias (Weighted Regression, %)
Method Trueness (Mean Absolute Trueness, %)

Au (oz/ton)
0.016
0.13
1.00
4.5%
± 9%
– 2.3%
± 5.1%

factor of 2, is generally used for sulphide-, calcium-, magnesium- or oxide-rich samples. A quarter
Assay Ton (7.29 g), with a conversion factor of 4, is used for massive sulphides and chromite ores.

QUALITY CONTROL
The quality of data is monitored through the analysis of duplicates and in-house and/or certified
interlaboratory reference materials. The capacity of the furnace limits batch sizes to a maximum of 24
crucibles, within which a duplicate is prepared for every 10 samples (or for every job), and an in-house
and certified reference material is prepared for every 20 samples. The frequently used reference materials
are shown in Table 45.1.
Control charts are used to monitor trends. If the reference material value falls within the control chart
Upper and Lower Control Limits (based on 3 standard deviations of the mean of the method validation
data), then the data are released in the Laboratory Information Management System (LIMS). Results
above the Upper Control Limit or below the Lower Control Limit are investigated. Results falling between
the Upper Warning Limit and Lower Warning Limit are released to clients.
When reviewing duplicate analyses, the inherent potential heterogeneity of gold in geological
samples (the so-called “nugget effect”) is taken into consideration. Duplicates are considered fit for
purpose if their values are within ±10%. If the difference between duplicate analyses is greater than 10%,
then the sample is re-analyzed to confirm the initial results. If the discrepancy remains, then the sample is
inferred to be heterogeneous and a quality-control note is sent to the client.

METHOD VERIFICATION
A summary of the revised figures of merit for the GFA method is shown in Table 45.2.
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Table 45.3. Gold contents of certified reference materials and in-house quality-control materials determined by method GFA-PBG.
All values are given in ounces gold per ton (oz/ton). No certified or reference values are available for the TTL-2 and TTL-6
in-house quality-control materials.

DS-1
MA-1b
MA-3a
PM-928
Rocklabs S8
PJV-2
TTL-2
TTL-6
MA-3

Certified Values
(oz/ton)
0.950
0.500
0.250
0.122
0.055

±

Reference Values
(oz/ton)

0.017
0.009
0.003
0.007
N/A
0.280

0.218

0.006

±

Analysis Average
(oz/ton)
0.932
0.485
0.227
0.120
0.060
0.010
0.268
1.697
0.060
0.234

n
7
5
8
9
5
10
6
6
4

Standard RSD
2Sr
Deviation
0.005
0.5% 1.1%
0.024
5.0% 9.9%
0.017
7.4% 14.7%
0.008
7.0% 14.1%
0.013
21.4% 42.8%
0.008
3.0% 6.0%
0.037
2.2% 4.4%
0.005
9.1% 18.2%
0.021
9.1% 18.2%

Lower Limit of Detection
The lower limit of detection (LLoD) of the GFA-PBG method was estimated using the method
described in Thompson and Howarth (1976) applied to the data obtained for 42 duplicate pairs analyzed
over a four-month period from December 2012 to April 2013. This method uses the results of duplicate
analyses to model the precision over a range of concentrations. When applied to duplicate analyses of
individual sample splits, it provides an estimate of the overall uncertainty of all the stages used in the
preparation and analysis of the duplicates. In the case of the GFA-PBG method, this includes all processes
of sample preparation (e.g., sample weighing, fusion, cupellation and parting) as well as the final
weighing of the annealed pieces of gold and the reporting of the data. However, it does not identify the
individual source(s) of the uncertainty. By applying similar methodologies to sample splits, this technique
may be used to identify and/or quantify the sources of uncertainty at earlier stage of analysis and possibly
during individual stages of the fusion stage. The duplicated samples included client samples, as well as
certified reference materials and in-house quality-control materials, so are believed to be representative of
the performance routinely expected for the method.

Precision and Accuracy
Data for certified reference materials and in-house quality-control materials are summarized in
Tables 45.2 and 45.3 and are presented graphically in Figure 45.1. The data were obtained over a twomonth period from February 8 to April 11, 2013. As per the data objectives of the Geo Labs Quality
Assurance program, only reference materials with concentrations greater than three times the limit of
quantitation (~0.4 oz/ton) were used for the calculation of the overall precision and accuracy of the
method. Using these data, the method bias was estimated from a weighted linear regression of the mean
measured versus reference concentrations, the overall measurement precision was estimated from the
mean relative standard deviation for all materials, and method trueness was estimated from the mean
absolute trueness (relative deviation from the reference value) for each material (see the top, centre and
bottom figures in Figure 45.1, respectively) (Richardson and Morrison 1995). All 3 parameters are well
within the target value of ±10%, so the method was deemed fit for purpose.
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Figure 45.1. Plots of the mean measured gold content of certified and in-house reference materials as a function of their certified
or reference values (top) and precision (2Sr, centre) and trueness of analyses (bottom) as functions of measured concentration.
An unweighted regression (top figure) indicates a bias of –2.7%. At greater than 3 times the Limit of Quantitation (LoQ), the
accuracy and precision are better than ±10%.
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FACILITATING ACCURATE ANALYSES
An accurate description of the sample greatly assists at the front end of the process. In many
instances, any required additions to the premixed flux may not become apparent until an unsuccessful
fusion occurs. By supplying a description of the sample, it may save sample (running a sample twice
could use up 60 g of sample) and analysis time.

FUTURE WORK
A number of actions are being taken at the Geo Labs in order to expand the validated range for gold
and to better constrain the performance of the method for silver:
•

A suite of reference materials with higher precious metal contents and/or certified values within
the analytical range for both elements was recently purchased.

•

When appreciable concentrations of gold or silver are found in samples, they are flagged for
duplicate analysis (if there is enough sample to allow for it). This will allow a better estimate of
the overall uncertainty of all the stages used in the preparation and analysis for higher level
samples.

•

Analyses of duplicate sample splits will be incorporated into the uncertainty calculations,
allowing the large-scale homogeneity or heterogeneity of the samples received for GFA analysis
to be constrained and the total laboratory uncertainty for the method to be determined.
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INTRODUCTION
In March 2012, trace element analysis by wavelength dispersive X-ray fluorescence (WD–XRF) at
the Geoscience Laboratories (Geo Labs), Ontario Geological Survey, was reviewed because of a change
in staff and a perceived shift in the needs of a significant number of clients. Many of the trace element
analytical applications had been developed “on demand” since 2005, were lacking robustness and did not
correct adequately for a broad range of matrices, in particular mass absorption and overlaps.
It was determined that a comprehensive overhaul of all trace element analytical applications was
required. It was also necessary to re-organize the measuring sequences in order to take full advantage of a
software module (Pro-Trace) developed by the instrument manufacturer (PANalytical 2006). Pro-Trace
provides analysts with a much more robust mass absorption correction method that is particularly useful
in improving detection limits and correcting for a much wider range of sample types, including
chromitites and sulphide-, titanium- (>10 weight % TiO2) or strontium-rich (>1 weight % Sr) samples.
Included in the overhaul of the trace element analytical applications was a verification of the lower
limits of detection (LLoD) and upper limits (UL) for reporting. One of the objectives when preparing the
new applications was to evaluate and prepare the new trace element method (Geo Labs method code
XRF-T02) for validation at a future date. The new calibrations were completed in December 2012 for 21
previously offered analytes (As, Ba, Cs, Cr, Co, Cu, Ga, Pb, Mn, Mo, Ni, Nb, Rb, Sc, Sr, Th, U, V, Y, Zn
and Zr), and 3 new analytes (Br, Ce and La).

BACKGROUND
Trace element analysis using WD–XRF is particularly sensitive to matrix, grain size and oxidation
state effects. A full review of the various trace element measuring applications indicated that they were no
longer adequate for the range of samples being received as they used only Compton scattering ratios for
correction with classic calibration algorithms. Matrix effects are usually the most significant and the most
difficult to correct for most types of geological samples. The new applications use Pro-Trace in
combination with synthetic standards and a wider range of interlaboratory geological reference materials
in order to enhance LLoDs, improve mass absorption corrections, expand overlap corrections, and
increase the overall robustness of the applications. Sample preparation was also reviewed and it was
concluded that no modifications or significant revisions were necessary at this time.
Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.46-1 to 46-6.
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With any change to a calibration, it is mandatory to verify the performance of the revised method
and update the LLoDs and ULs as necessary. This article presents a summary of the work done to update
the calibrations and the revised figures of merit for the method.

ANALYTICAL WORK
The new spectrometer measuring applications were built based on parameters provided by the
instrument manufacturer (PANalytical) and those already in use by Geo Labs in the previous versions.
The method XRF-T02 uses a mass attenuation calibration technique (PANalytical 2006; Willis and
Duncan 2008) based on empirical measurements of expected matrices with new corrections for tube lines
(from tube contamination), improved baseline determination and interference overlaps. The measuring
parameters were expanded based on similar successful applications used in other research laboratories.
Molybdenum, strontium, lead, zinc, copper, nickel, iron, chromium and titanium are measured and the
totals ratioed to Rh Compton scatter lines or Kβ absorption edges for mass absorption corrections.
Bismuth, calcium, iron, neodymium, titanium and tungsten are measured for overlap corrections, in
addition to the overlaps from other analytes, but are not reported. All of the measuring parameters were
carefully optimized based on the types of samples received in past and anticipated projects. Altogether, 24
analytes (As, Ba, Br, Ce, Co, Cr, Cs, Cu, Ga, La, Mn, Mo, Nb, Ni, Pb, Rb, Sc, Sr, Th, U, V, Y, Zn and Zr)
are measured for quantification with XRF-T02.
The spectrometer was calibrated with 112 certified reference materials (CRM) along with 39
synthetic materials purchased from PANalytical or made in-house from high-purity materials. Whenever
possible, new preparations of CRMs were made to ensure infinite thickness and robust pressed pellets.
An independent set of CRMs (AMIS013, AMIS073, AMIS085, AMIS098, CG-2, COQ-1, ECRM879-1,
GSD-11, GSP-2, GXR-4, MGR-N, NIM-L, NIST2710, NIST8608, NKT-1, NOD-P-1, OU-8, OU-9,
STSD-1, STSD-2, SY-4, TDB-1) with a wide range of compositions and analyte concentrations were
freshly prepared using the same protocol that was applied to samples. These new preparations were used
to check the calibration regressions for all 24 elements over the range of analysis. A summary of the
figures of merit obtained from the CRM analyses is given in Table 46.1.

METHOD VERIFICATION
The LLoDs were estimated from 129 client samples and CRMs that had routinely been prepared in
duplicate in the Geo Labs between December 2011 and December 2012. By using duplicate analyses
carried out on separate sample splits and analyzed on different days, it was possible to obtain an estimate
of the overall “method” uncertainty as a function of concentration for each analyte that includes most of
the major sources of variation (including those from sample preparation and within-run or between-run
instrumental variations) and from which the method LLoD can be calculated. The sample pairs were chosen
to represent a broad range of rock types, ensuring completeness over the entire desired range of analysis.
The uncertainty and LLoD calculations were based on the seminal article published by Thompson and
Howarth (1976).
The data were grouped into 18 groups of 7 samples with the averages and relative differences
calculated for each sample pair. For each group, the mean concentration, group median difference,
relative difference (%) and expected difference (95% relative uncertainty) were calculated. The LLoDs
that are achievable by the method were estimated from the regression of median differences against the
group means. To minimize the effect of the highest concentration groups on the regression and the
uncertainty in the calculated LLoDs, only the lowest concentration groups (points closest to the LLoD)
were used to calculate the LLoDs for most elements. In most cases, at least 10 groups (70 sample pairs)
were used in the calculation, but as few as 7 or 9 groups (49 to 63 samples) were used for some elements.
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To generate robust LLoDs, the upper confidence limits on the LLoDs calculated from the regressions
were selected as the final values for reporting. A typical set of plots (Zr) used to evaluate the LLoD
statistics for the data are presented in Figure 46.1. The final LLoDs for the method XRF-T02 analytes are
listed in Table 46.1.
Table 46.1. Summary of figures of merit obtained for the XRF-T02 method from the analysis of certified reference materials.
As
6
18
4000

Ba1
8
24
2700

Br
1.2
3.6
240

Ce1
15
45
2500

Co1
1.3
3.9
3500

Cr1
9
27
4000

Cs1
7
21
700

Cu
9
27
7000

Relative Standard Deviation (Sr, %)
Relative Measurement Precision (%)

3.3%
±6.6%

3.1%
±6.2%

2.6%
±5.2%

2.4%
±4.8%

7.3%
±14.6%

1.3%
±2.6%

9.6%
±19.2%

0.6%
±1.2%

Method Bias (Weighted Regression, %)
Method Trueness
(Mean Absolute Trueness, %)

-1.0%
±5.9%

11.0%
±7.9%

0.8%
±6.8%

5.0%
±6.8%

8.6%
±8.8%

3.9%
±5.1%

-5.0%
±10.7%

-2.3%
±5.1%

Lower Limit of Detection (LLoD, ppm)
Limit of Quantitation (LoQ, ppm)
Upper Limit of Validated Range (ppm)

Ga2
1.3
3.9
100

La1
7
21
800

Mn
9
27
4000

Mo
0.8
2.4
2000

Nb3
0.7
2.1
2000

Ni2
1.6
4.8
7000

Pb
1.7
5.1
6000

Rb
0.8
2.4
3500

Relative Standard Deviation (Sr, %)
Relative Measurement Precision (%)

2.5%
±5%

5.8%
±11.6%

1.6%
±3.2%

2.2%
±4.4%

3.0%
±6%

1.4%
±2.8%

3.4%
±6.8%

1.5%
±3%

Method Bias (Weighted Regression, %)
Method Trueness
(Mean Absolute Trueness, %)

5.1%
±7.2%

-0.5%
±3.3%

4.7%
±3.5%

-2.2%
±5.2%

2.4%
±4.5%

-5.0%
±6.4%

-1.7%
±6.7%

-3.2%
±5.4%

Sc1
4
12
100

Sr
0.8
2.4
6000

Th3
1.5
4.5
220

U3
1.6
4.8
1600

V1
3
9
5000

Y3
0.7
2.1
800

Zn
1
3
7000

Zr3
1.8
5.4
2400

Relative Standard Deviation (Sr, %)
Relative Measurement Precision (%)

14.8%
±29.6%

1.5%
±3%

5.5%
±11%

3.4%
±6.8%

2.9%
±5.8%

2.6%
±5.2%

1.9%
±3.6%

1.0%
±2%

Method Bias (Weighted Regression, %)
Method Trueness
(Mean Absolute Trueness, %)

-8.8%
±3.1%

0.3%
±5.9%

-3.2%
±6.4%

-1.2%
±4.6%

0.3%
±5.5%

-0.5%
±6.0%

-2.6%
±7.2%

-0.8%
±4.7%

Lower Limit of Detection (LLoD, ppm)
Limit of Quantitation (LoQ, ppm)
Upper Limit of Validated Range (ppm)

Lower Limit of Detection (LLoD, ppm)
Limit of Quantitation (LoQ, ppm)
Upper Limit of Validated Range (ppm)

Validated Working Range: Defined as the working range in which the method has been validated (LoQ to maximum
concentration used in validation statistics or calibration regression). Minimum and maximum values of reference materials
used.
Relative Standard Deviation (Sr): Defined as the average of the relative standard deviations of all measurements
greater than 3 × LoQ (Richardson and Morrison 1995).
Method Bias (Weighted Regression): Calculated from the gradient of the linear regression of the measured concentrations
against the certified concentrations of the reference materials, with points weighted according to the square root of their
variance (Reed 1989; Richardson and Morrison 1995). Bias = (Gradient – 1) × 100 (result in percent).
Method Trueness (Mean Absolute Trueness): Defined as the average absolute trueness of the suite of reference materials.
Only for samples with measured concentrations greater than 3 × LoQ. Absolute Trueness = (│Measured Value – Certified
Value│/Certified Value – 1) × 100 (result in percent) (Richardson and Morrison 1995).
1
In samples containing <2 weight % Mn.
2
In samples containing <7000 ppm Cu.
3
In samples containing <7500 ppm Sr.
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The ULs were estimated using a combination of the calibration and test set of CRMs. The highest
reasonable trace concentration value of either the calibration standards or successfully measured test standard
was chosen, with a +10% window for extrapolation (Table 46.1 provides a summary of the final values).

Figure 46.1. Plots summarizing the data used for the estimation of LLoD and precision at infinite concentration for Zr analyses
under method code XRF-T02. In the top figure, relative difference vs. mean concentration, the numbers within the symbols
indicate group numbers. In the bottom figure, LLoD vs. concentration, the numbers within the symbols indicate the number of
group means used in the calculation. For Zr, the most reliable estimate of the LLoD (1.15 ± 0.64 ppm) was obtained using the
9 lowest concentration groups, generating a LLoD of 1.8 ppm for reporting.
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SUMMARY
The overhaul of the XRF-T02 method was informative and provided a detailed analysis of its
performance for routine and atypical samples. Based on the analyses used to verify the technique, several
conclusions were reached:
•

The method is accurate over a wide range of concentrations for many elements and yields
results that are within accepted published uncertainties for a wide suite of CRMs.

•

All figures of merit (LLoD, UL, precision and accuracy) are now confirmed empirically for the
total method, including the preparation of the pressed pellets.

•

For several analytes (As, Br, Cr, Cu, Mn, Ni and Zr), there may be room for improvement with
respect to precision and/or LLoD; the revised LLoDs are higher than those previously offered at
the Geo Labs. However, higher detection limits for these analytes are not unreasonable since the
effects of X-ray tube contamination (Cu, Ni, Zn), grain size (Cr, Mn), mineralogy (Cr, Zr
inhomogeneity and oxidation state) and volatility (As, Br) can contribute significantly in the
analysis of these elements.

•

On the other hand, more than 50% of the analytes yielded LLoD results that exceeded previous
expectations (in particular, Ba, Co, Ga, Pb, Mo, Nb, Rb, Sc, Sr, Th, U, V, Y and Zn). During the
process of verifying the updated calibrations, LLoDs as low as 0.7 ppm were demonstrated for
these analytes.

•

Based on the statistical evaluation of the reference materials used for method verification,
several limitations of the method were identified:

•

○

Materials containing greater than 2 weight % Mn or 1 weight % Zr are inadequately
corrected for mass absorption. High concentrations of manganese affect analysis of
manganese, chromium, cerium, vanadium, lanthanum, barium, cesium and scandium for
such samples. High concentrations of zirconium will affect the analysis of all analytes
discussed in this article.

○

Niobium, zirconium, thorium, uranium and yttrium are inadequately corrected for
strontium concentrations higher than 7500 ppm. Samples that contain large amounts of
strontium yield biased values for these analytes.

○

Cerium and lanthanum are inadequately corrected for manganese, chromium, vanadium
and neodymium. Preparation of synthetic materials will resolve this issue.

○

There is a lack of suitably prepared (suitable grain size, tolerable mineralogical effects),
well-characterized or well-constrained reference materials to choose from for refining
calibrations (overlaps, concentrations) and checks. This is particularly evident for bromine,
scandium, uranium, lanthanum and cerium.

Further work employing synthetic (doped) materials should help to resolve many of the
limitations and improve overall performance.
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Chloride Concentrations in
Geological Materials by Ion Selective
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INTRODUCTION
In previous years, the determination of fluoride and chloride in geological materials at the
Geoscience Laboratories (Geo Labs) was performed following a fusion dissolution procedure with the
resulting solution analyzed by coulorimetry (Geo Labs method code ANT-100). This analytical method
made use of toxic reagents to make the determinations and required heavy user intervention during the
analysis and for the interpretation of the results. The age of the instrument and the lack of user-friendly
functionality made it difficult to address client samples in an efficient and timely manner.
As interest continued in the Geo Labs’ ability to provide accurate and reproducible results for
fluoride and chloride, research into alternate analytical techniques was undertaken. Several factors were
considered for the new methodology: the elimination of toxic chemicals required to resolve the fluoride
and chloride peaks by colourimetry; a reduction of the required time for the analyst’s intervention; and a
more user-friendly interface. The method selected was the direct determination of fluoride and chloride
by ion selective electrode.
In March 2007, the Geo Labs acquired a modular automated titration system (Mandel Scientific
Limited PC-Titrate) specifically designed to automate current applications such as the direct determination
of pH in solutions (Geo Labs method code PHS-200) and the acid base accounting method (Geo Labs
method code ABA-200). The modular design of the system also allowed for the automation of a multistep analytical method for the determination of fluoride and chloride. While the initial method
development focussed on the analysis of fluoride, the method was recently expanded to add chloride
determination. This paper summarizes the methodology and the validation results for the ion-selective
electrode method that was set up at the Geo Labs (Geo Labs method code ISE-R01).

SOLUTION PREPARATION
The preparation of samples for ion-selective electrode (ISE) analysis (Geo Labs method code SOLFDI) is very similar to that used for the analysis of fluoride and chloride by colourimetry (Whitmore
1997). The previous FDI method has been altered to remove several unnecessary solution preparation
steps and to eliminate reagents found to be detrimental to the analysis.
The new solution preparation method requires 0.5 to 1.0 g of pulverized sample (>0.5 g per analyte
requested, see below), which is mixed in a 4:1 ratio with sodium carbonate and fused in Inconel®
crucibles at 900°C. The resulting fusion cake is dissolved or disaggregated in deionized (18 MΩ) water.
The slurry is centrifuged to remove particles, transferred and brought to volume prior to analysis.
Summary of Field Work and Other Activities 2013,
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A major limitation of this preparation method is the chemical incompatibility of the fusion crucible
material with samples containing high concentrations of sulphides, which leads to severe corrosion and
possible disintegration of the crucible in the furnace (Pamer 2013). The upper tolerable limit of sample
sulphide contents has not been established, but the method is not suitable for sulphide-rich samples.
Samples believed to contain low to moderate levels of sulphide should be flagged in order to allow
appropriate precautions to be taken during the fusion stage.

SOLUTION PRETREATMENT
Following the SOL-FDI preparation, the sample solutions are highly alkaline (pH>12) and contain
high levels of total dissolved solids (TDS). Additionally, there are large concentrations of ions of similar
ionic radius and charges to the analytes that may interfere with the analysis. These aspects negatively
affect the determination of fluoride and chloride and must be addressed before analysis.
Certain chemical equilibrium conditions need to be met for detection and to minimize interferences
that are present even in relatively clean matrices. These conditions include the presence of H+ species,
which will react with free fluoride in solution to form HF at low pH and will produce false low fluoride
results; and the OH– species at high pH, which has an ionic radius comparable to chloride and will return
false high chloride results. To circumvent these interferences, the final solution is acidified to a pH of
either 5.5 to 6.5 using citric acid (for the fluoride analysis) or to a pH of less than 4 using dilute nitric acid
(for the chloride analysis). This adjustment is normally performed off-line by the analyst immediately
prior to analysis, but the automated nature of the PC-Titrate facilitates this step and reduces user
intervention.
Once the pH is adjusted to the appropriate range for the analyte, the sample is treated to overcome
the difficulties presented by the high TDS content of the sample. High TDS can affect the analyses in
3 ways: by presenting analyte interferences, by impeding the detection, and by changing the working
range of the electrode.
An excess of ionic strength buffers are added to the solution to chemically mask interferents of
similar ionic size to the analyte of interest. For the determination of fluoride, the buffer is a mixture of
non-toxic organic compounds. A solution of sodium nitrate is used for the determination of chloride.
The high TDS of the sample solution also impedes accurate analysis by increasing the time required
for the detection of the analytes of interest. In general, an electrode measures the activity or electrical
potential as the analyte passes through an ion selective membrane. In a complex matrix, the response of
the electrode is slowed to the point where the electrode reading does not change over a set period of time
and meets the method stability criteria before the reaction with the buffer has been completed. This is
particularly problematic at low analyte concentrations. The detection of fluoride close to the lower limit
of detection (LLoD) may take up to a minute, while chloride requires up to 3 minutes before a constant
signal is achieved.
Additionally, the TDS content has an impact on the working range of the method. Ion selective
electrodes are of fixed construction and have a limited dynamic range that correlates with the sensitivity
of the membrane. This dynamic range is similar and typical among different manufacturer brands and is
associated with the concentration of the ion of interest in a relatively “cleanˮ matrix. The large TDS
concentration of the SOL-FDI solution matrix causes a significant shift in the activity coefficient of the
analyte, which, in turn, changes the dynamic range of the electrode. This is more noticeable for chloride
than it is for fluoride. Although the calibration solutions are matrix matched, the effect of the high TDS
on the analytical range of the method cannot be corrected, resulting in LLoDs that may be higher than
desired.
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Finally, the chemical reagents used to facilitate the analysis of each of the anions of interest are
incompatible with the analysis of the other anion. Fluoride and chloride cannot be determined
concurrently and must be analyzed in 2 separate analytical runs on two differently treated aliquots of the
original fusion solution. Therefore, it is necessary to prepare double the volume of solution, which, in
turn, requires twice the normal sample mass (≥1.0 g versus ≥0.5 g) if both analytes are requested.

METHOD PERFORMANCE
The addition of an excess of ionic strength buffers to minimize the matrix effects in the determination
of chloride and fluoride, and using 2 separate aliquots to avoid chemical incompatibilities will resolve the
majority of the analytical issues. Unfortunately, the matrix causes a substantial shift in the electrode
response such that the LLoD for chloride is closer to 1 ppm in solution (equivalent to 100 ppm in the
original sample) rather than the ~0.01 ppm in solution (equivalent to 1 ppm in the samples) that would be
expected in clean solutions.
A similar matrix effect is also present during the determination of fluoride, but is less pronounced
and calibration as low as 0.1 ppm in solution is possible, leading to a calculated LLoD of 10 ppm in
samples. The theoretical LLoDs are supported by empirically testing artificially spiked fusion matrix
solutions. However, the analysis of internationally certified reference materials (CRMs) with certified
concentrations of fluoride and chloride approaching the LLoD indicates that there is a discrepancy
between what is analytically possible and the results obtained from the CRM.
Additionally, as the Nernstian slope related to the analyte concentration and activity, is curved and
the slope varies depending on the concentration range, it is not possible to determine a “true” blank in
samples measured using ion selective electrodes. The LLoD is, therefore, not calculated using the
statistics from blank solution measurements, but predicted using the Hubaux–Vos method. This method
calculates confidence limits at concentrations approaching zero using CRMs with known certified
concentrations of the analytes and establishes detection limits based on a probability of error at less than
95% confidence interval (Hubaux and Vos 1970; Haworth and Vincent 1974).
The problem of determining accurate LLoDs ties in with an overall issue that was observed while
validating the new method: the paucity of well-constrained fluoride and chloride contents in most CRMs.
Most CRM certificates of analysis offer fluoride and chloride data as information-only values and every
effort was made in selecting reference materials that included standard deviations or confidence intervals
for the method validation for an appropriate evaluation of trueness and precision. Concentrations of
fluoride and chloride determined following SOL-FDI and ISE-R01 analysis, particularly at the low range,
do not necessarily agree with the certificate values and are of consistent but higher concentrations. It is
unknown whether the differences between the certified values and the measured results are an effect of
the solution preparation technique (more aggressive), or from unknown additive interferences. This lack
of certainty also influences the LLoD.
The upper limits (UL) of the method were set by rounding the concentrations of the most chlorideand fluoride-rich CRM determined with a trueness and precision of 10% or better and which also fell
within the theoretical working range of the electrode.
The method validation limits of the ISE-R01 method are summarized in Table 47.1 and graphically
represented in Figures 47.1 and 47.2. Eleven (chloride) and 9 (fluoride) CRMs were used as part of the
method validation. Certified and reference (information-only values are italicized) values for GSD-11,
GSR-1, GSR-3 (Brammer 1986), QLO-1 (Gladney and Roelandts 1988), MRG-1, SY-3 (Gladney and
Roelandts 1990), SO-3 (Gladney and Roelandts 1989), SY-4 (CCRMP 1995), GSP-2 (USGS 1998),
BHVO-2 (Michael and Villemant 2003), NIM-L (MINTEK 2013), GS-N (Govindaraju and Roelandts
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1989) and MO-7 (Govindaraju 1994) are provided with uncertainties, where available. Bracketed
numbers refer to the number of individual solution preparations and determinations of the CRMs. The
certified reference materials SO-3, SY-3 and SY-4 were not prepared nor analyzed for fluoride; and QLO-1
and GSR-3 were not analyzed for chloride.

Figure 47.1. Correlation between measured and certified values for the analysis of fluoride for Geo Labs method code ISE-R01.

Figure 47.2. Correlation between measured and certified values for the analysis of chloride for Geo Labs method code ISE-R01.
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Table 47.1. Summary of the ISE-R01 method limits and reference material data for chloride and fluoride (italicized values are
for information-only data).

LLoD
UL
GSR-1
SY-3
BHVO-2
MRG-1
SO-3
GSD-11
GSP-2
GS-N
MO-7
NIM-L
SY-4

Chloride
ppm
100
10 000
Certified
Measured
127 ± 11
159 ± 34 (10)
150 ± 30
219 ± 36 (10)
150 ± 30
171 ± 23 (10)
170 ± 30
247 ± 41 (11)
210
412 ± 38 (10)
290 ± 17
334 ± 33 (10)
400 ± 10
346 ± 56 (26)
450 ± 208.1
461 ± 39 (10)
750
849 ± 69 (9)
1200
1116 ± 80 (10)
6000
6171 ± 709 (9)

LLoD
UL
MRG-1
QLO-1
GSR-3
GS-N
MO-7
GSD-11
GSR-1
GSP-2
NIM-L

Fluoride
ppm
115
5000
Certified
Measured
240 ± 40
337 ± 88 (26)
280 ± 20
402 ± 83 (20)
700 ± 26
680 ± 75 (14)
1050 ± 156 1057 ± 148 (29)
1300
1251 ± 85 (7)
1650 ± 3
1669 ± 112 (33)
2350 ± 80
2338 ± 156 (11)
3000
3627 ± 254 (15)
4400
4256 ± 358 (24)

SUMMARY
The SOL-FDI solution preparation method and the ISE-R01 analytical finish are designed for the
determination of fluoride and chloride in conventional geological materials, but are unsuitable for rock
types containing high concentrations of sulphides. The working range has been validated to between 100
and 10 000 ppm for chloride and 115 to 5000 ppm for fluoride with a precision better than ±20% and a
trueness better than ±10% for both analytes.
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INTRODUCTION
Data for reference materials used for the quality assurance of 2 Geoscience Laboratories (Geo Labs)
laboratory methods are summarized for the years 2012–2013. Method code IMP-101 is a lead fire assay
with an inductively coupled plasma mass spectrometry (ICP–MS) finish, and method code IML-100 is an
ICP–MS analysis of modified aqua regia extractions of soils, humus, unconsolidated sediments and
sulphides (Geoscience Laboratories 2009). The reference material data for these methods indicate the
precision and accuracy routinely obtained at the Geo Labs.
The IMP-101 method uses the classical lead fire-assay process to preconcentrate the precious metals
into a silver prill, which is then dissolved in nitric acid and analyzed by ICP–MS for gold, palladium and
platinum. This method routinely utilizes in-house standards LDI-1 and LK-NIP-1, and certified reference
materials (CRM) TDB-1 and WGB-1. The running means, standard deviations, and their respective inhouse or certified values are listed in Table 48.1, along with the lower limits of detection (LLoD) and
upper reporting limits (UL) for the method. During the period covered by the compilation, low precious
metal recoveries were observed in several CRM preparations because of a faulty seal on the furnace door.
These values were not used in the data summary.
The IML-100 method consists of a modified (nitric acid-rich) aqua regia extraction designed to
extract labile elements from silicate, sulphide and oxide matrices followed by ICP–MS analysis. This
method is most commonly applied to the analysis of soils, unconsolidated sediments, humus samples and
sulphides. The aqua regia extraction is not a total dissolution, and the data should be compared to
reference values that correspond to similar partial extractions. Such values are available for the CANMET
lake sediment reference materials LKSD-1, LKSD-2, LKSD-3 and LKSD-4 (Lynch 1990, 1999).
However, the reference values for WMS-1a are mostly for total dissolutions. Although, in WMS-1a, most
of the elements of interest are primarily contained within sulphides and other minerals that are accessed
relatively easily by the aqua regia extraction, the discrepancy between the measured and certificate values
for many lithophile elements attests to the partial nature of the extraction. The running means, standard
deviations and their respective certified values are listed in Table 48.2, along with the lower limits of
detection (LLoD) and upper reporting limits (UL) for the method.
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Table 48.1. Summary of reference material data for IMP-101 method (units = ppb).

LDI-1
LK-NIP-1
TDB-1
WGB-1

LLoD
UL

Au
6
5000

Pd
1.3
5000

Pt
0.4
11000

average ± SD
In-house mean
average ± SD
In-house mean
average ± SD
Certificate
average ± SD
Certificate

86 ± 18 (110)
84 ± 11
<6
4.6 ± 0.4
6.1 ± 1.8 (69)
6.3 ± 1
<6
2.9 ± 1.1

862 ± 54 (110)
834 ± 26
15.7 ± 1.1 (16)
18.0 ± 0.6
21.8 ± 1.3 (44)
22.4 ± 1.4
12.0 ± 2.7 (36)
13.9 ± 2.1

98 ± 11 (110)
98 ± 11
12.4 ± 0.5 (16)
13.43 ± 0.28
4.6 ± 1.0 (69)
5.8 ± 1.1
5.1 ± 1.7 (39)
6.1 ± 1.6

Notes: Average ± SD (n) is average of results ± standard deviation of results (number of measurements).
LDI-1 and LK-NIP-1 are in-house reference materials. TDB-1 and WGB-1 are certified reference materials.
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LLoD
UL

2.76 ± 0.11 (8)
7.9

38.6 ± 1.5 (54)

>70

>70

7.46 ± 0.31 (25)
9±1
14.7 ± 0.7 (15)
17 ± 1
28.0 ± 1.1 (180)
30 ± 2
8.5 ± 0.5 (54)
11 ± 1
>200
1450 ± 80

Ce
1.9
70
16.7 ± 0.6 (25)

Co
0.03
200

2.84 ± 0.17 (8)
3.7 ± 0.5

average ± SD
Certificate
average ± SD
Certificate
average ± SD
Certificate
average ± SD
Certificate
average ± SD
Certificate

35.6 ± 1.4 (25)
30 ± 6
9.5 ± 0.7 (15)
9±3
25.4 ± 1.1 (182)
23 ± 6
14.3 ± 0.6 (54)
30.9 ± 2.9
30.4 ± 1.7 (8)
30.9 ± 2.9

0.605 ± 0.029 (25)
0.6 ± 0.2
0.792 ± 0.026 (15)
0.8 ± 0.2
2.67 ± 0.10 (182)
2.4 ± 0.4
0.235 ± 0.011 (54)

As
0.8
500

average ± SD
Certificate
average ± SD
Certificate
average ± SD
Certificate
average ± SD
Certificate
average ± SD
Certificate

Ag
0.01
100

11.4 ± 0.7 (25)
12 ± 2
26.0 ± 1.7 (15)
29 ± 3
48.2 ± 2.2 (180)
51 ± 5
19.0 ± 1.1 (54)
21 ± 2
34.9 ± 1.6 (8)
68 ± 10

Cr
1
120

0.006 ± 0.011 (54)
0.300 ± 0.018
0.24 ± 0.07 (8)
0.300 ± 0.018

0.0043 ± 0.0028 (182)

0.0030 ± 0.0011 (15)

0.0047 ± 0.0030 (25)

Au
0.002
100

0.505 ± 0.026 (8)
0.6

1.03 ± 0.06 (54)

1.39 ± 0.07 (180)

1.22 ± 0.12 (15)

0.498 ± 0.020 (25)

Cs
0.023
30

15.6 ± 0.9 (8)
70

93.0 ± 1.4 (25)
85 ± 4
206 ± 10 (15)
211 ± 12
165 ± 5 (180)
169 ± 10
132 ± 9 (54)

Ba
0.1
800

42.4 ± 1.7 (25)
44 ± 5
35.1 ± 1.3 (15)
36 ± 3
33.8 ± 1.3 (180)
34 ± 3
29.9 ± 1.4 (50)
30 ± 3
>500
13 960 ± 210

Cu
0.7
500

0.088 ± 0.022 (8)

0.43 ± 0.05 (54)

0.62 ± 0.05 (180)

0.67 ± 0.06 (15)

0.138 ± 0.023 (25)

Be
0.04
10

0.40 ± 0.04 (8)
0.8

2.90 ± 0.15 (54)

3.37 ± 0.16 (180)

4.94 ± 0.24 (15)

1.61 ± 0.06 (25)

Dy
0.06
100

0.94 ± 0.05 (8)
1.2

0.481 ± 0.017 (54)

2.90 ± 0.12 (182)

1.07 ± 0.04 (15)

0.88 ± 0.05 (25)

Bi
0.01
50

0.217 ± 0.013 (8)
0.4

1.65 ± 0.07 (54)

1.78 ± 0.08 (180)

2.67 ± 0.14 (15)

0.88 ± 0.03 (25)

Er
0.011
100

1.228 ± 0.026 (8)
1.4

1.33 ± 0.04 (25)
1.2 ± 0.3
0.83 ± 0.03 (15)
0.8 ± 0.2
0.540 ± 0.021 (182)
0.6 ± 0.3
2.04 ± 0.06 (54)

Cd
0.02
40

Notes: Average ± SD (n) is average of results ± standard deviation of results (number of measurements). Certificate values for LKSD materials represent provisional values for
partial extractions with concentrated nitric/hydrochloric acid. Certificate values for WMS-1a represent certified (underlined), provisional, or information values (italics).

WMS-1a

LKSD-4

LKSD-3

LKSD-2

LKSD-1

WMS-1a

LKSD-4

LKSD-3

LKSD-2

LKSD-1

LLoD
UL

Table 48.2. Summary of reference material data for IML-100 method (units = ppm).
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Eu
0.03
50

Ga
0.004
125

48-4
4.1 ± 0.3 (25)
14.3 ± 1.0 (15)
19.6 ± 1.3 (180)
8.3 ± 0.7 (54)
1.39 ± 0.22 (8)
3

>50

41.3 ± 1.5 (180)

20.8 ± 0.8 (54)

1.20 ± 0.04 (8)
4.3

Li
0.03
200

10.08 ± 0.28 (25)

La
0.8
50

0.0278 ± 0.0014 (8)
0.08

0.235 ± 0.011 (54)

0.237 ± 0.012 (180)

0.361 ± 0.021 (15)

0.124 ± 0.006 (25)

Lu
0.003
20

0.450 ± 0.020 (8)
0.8

3.97 ± 0.21 (54)

5.39 ± 0.26 (180)

7.6 ± 0.4 (15)

2.23 ± 0.07 (25)

Gd
0.15
150

Hg
0.01
350

Ho
0.013
25

In
0.002
35

9.73 ± 0.25 (25)
12 ± 2
1.15 ± 0.07 (15)
2 ± 0.7
1.02 ± 0.07 (182)
2 ± 0.9
1.74 ± 0.08 (54)
2 ± 0.6
2.17 ± 0.07 (8)
3.0

Mo
0.03
350

0.64 ± 0.03 (8)
2.0

1.02 ± 0.09 (54)

2.03 ± 0.14 (180)

1.29 ± 0.11 (15)

0.47 ± 0.10 (25)

Nb
0.02
60

1.62 ± 0.06 (8)
4

21.9 ± 0.8 (54)

37.0 ± 1.5 (180)

49.2 ± 2.6 (15)

11.4 ± 0.4 (25)

Nd
0.6
200

13.2 ± 0.7 (25)
11 ± 1
24.9 ± 1.9 (15)
23 ± 3
47.6 ± 2.1 (180)
44 ± 4
31.5 ± 1.8 (54)
32 ± 5
>3000
30 200 ± 700

Ni
0.7
3000

0.112 ± 0.013 (25) 0.316 ± 0.011 (25)
0.483 ± 0.021 (25)
0.11 ± 0.015
0.104 ± 0.015 (15) 0.168 ± 0.017 (15)
0.95 ± 0.05 (15)
0.0578 ± 0.0029 (15)
0.16 ± 0.019
0.102 ± 0.013 (180) 0.301 ± 0.021 (181) 0.640 ± 0.031 (180) 0.0440 ± 0.0023 (182)
0.29 ± 0.036
<0.05
0.21 ± 0.06 (54)
0.572 ± 0.024 (54) 0.0527 ± 0.0022 (54)
0.19 ± 0.017
0.118 ± 0.009 (8)
0.33 ± 0.21 (8)
0.077 ± 0.004 (8)
0.177 ± 0.004 (8)
0.5
0.2

<0.05

Hf
0.05
70

Notes: Average ± SD (n) is average of results ± standard deviation of results (number of measurements). Certificate values for LKSD materials represent provisional values for
partial extractions with concentrated nitric/hydrochloric acid. Certificate values for WMS-1a represent certified (underlined), provisional, or information values (italics).

LKSD-1 average ± SD
Certificate
LKSD-2 average ± SD
Certificate
LKSD-3 average ± SD
Certificate
LKSD-4 average ± SD
Certificate
WMS-1a average ± SD
Certificate

LLoD
UL

LKSD-1 average ± SD 0.451 ± 0.017 (25) 1.89 ± 0.10 (25)
Certificate
4.6 ± 0.3 (15)
LKSD-2 average ± SD 1.28 ± 0.07 (15)
Certificate
LKSD-3 average ± SD 0.96 ± 0.05 (180) 5.48 ± 0.28 (180)
Certificate
3.74 ± 0.21 (54)
LKSD-4 average ± SD 0.90 ± 0.04 (54)
Certificate
2.23 ± 0.09 (8)
WMS-1a average ± SD 0.079 ± 0.005 (8)
Certificate
0.2
4

LLoD
UL
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average ± SD
Certificate
average ± SD
Certificate
average ± SD
Certificate
average ± SD
Certificate
average ± SD
Certificate
1.25 ± 0.07 (15)
1.07 ± 0.06 (180)
3.19 ± 0.15 (54)
1.38 ± 0.07 (8)
2.3

6.40 ± 0.29 (180)

4.18 ± 0.17 (54)

0.385 ± 0.024 (8)
0.8

Sn
0.04
140

Sm
0.06
160

8.7 ± 0.5 (15)

0.57 ± 0.08 (8)
1.91 ± 0.05

0.370 ± 0.015 (8)
1.0

3.18 ± 0.14 (25)

<0.003

5.57 ± 0.19 (54)

2.38 ± 0.06 (25)

<0.003

10.0 ± 0.4 (180)

64.8 ± 2.2 (25)
62 ± 4
22.0 ± 2.0 (15)
32 ± 6
23.2 ± 1.8 (180)
36 ± 8
38.1 ± 1.9 (54)
41 ± 5
8.6 ± 0.5 (8)
31.3 ± 4.3

Sr
1.6
600

<0.003

13.2 ± 0.7 (15)

LLoD
UL

<0.003

2.73 ± 0.08 (25)

Pt
0.003
150

78 ± 4 (25)
84 ± 10
36.3 ± 2.1 (15)
40 ± 7
23.9 ± 1.6 (182)
26 ± 5
87 ± 3 (50)
93 ± 8
13.07 ± 0.26 (4)
33

average ± SD
Certificate
average ± SD
Certificate
average ± SD
Certificate
average ± SD
Certificate
average ± SD
Certificate

Pr
0.2
25

<0.004
0.1

0.0058 ± 0.0016 (54)

0.0070 ± 0.0019 (180)

0.0087 ± 0.0028 (15)

<0.004

Ta
0.004
25

1.20 ± 0.10 (8)
3

9.3 ± 0.5 (54)

24.1 ± 1.0 (180)

15.2 ± 1.3 (15)

3.33 ± 0.14 (25)

Rb
0.15
90

0.069 ± 0.004 (8)
0.1

0.546 ± 0.028 (54)

0.69 ± 0.03 (180)

0.97 ± 0.05 (15)

0.305 ± 0.011 (25)

Tb
0.02
25

0.61 ± 0.06 (25)
1.2 ± 0.4
0.65 ± 0.04 (15)
1.2 ± 0.5
0.94 ± 0.05 (182)
1.4 ± 0.5
1.22 ± 0.06 (54)
1.5 ± 0.6
6.8 ± 0.4 (8)
6.92 ± 0.96

Sb
0.06
50

3.85 ± 0.11 (8)

0.138 ± 0.013 (54)

0.054 ± 0.009 (182)

0.062 ± 0.007 (15)

0.026 ± 0.007 (25)

Te
0.01
750

1.09 ± 0.06 (8)
3

3.61 ± 0.31 (54)

5.6 ± 0.4 (180)

5.3 ± 0.4 (15)

2.14 ± 0.19 (25)

Sc
0.5
20

0.575 ± 0.020 (8)
1.2

1.91 ± 0.14 (54)

7.6 ± 0.6 (180)

7.7 ± 0.7 (15)

1.22 ± 0.08 (25)

Th
0.07
20

93.0 ± 3.1 (8)
87

2.38 ± 0.27 (54)

0.70 ± 0.21 (182)

0.78 ± 0.30 (15)

1.32 ± 0.17 (25)

Se
0.4
4500

Notes: Average ± SD (n) is average of results ± standard deviation of results (number of measurements). Certificate values for LKSD materials represent provisional values for
partial extractions with concentrated nitric/hydrochloric acid. Certificate values for WMS-1a represent certified (underlined), provisional, or information values (italics).

WMS-1a

LKSD-4

LKSD-3

LKSD-2

LKSD-1

WMS-1a

LKSD-4

LKSD-3

LKSD-2

LKSD-1

Pb
0.2
150

LLoD
UL
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0.180 ± 0.009 (8)
0.5

1.56 ± 0.06 (54)

1.58 ± 0.07 (180)

2.34 ± 0.13 (15)

0.79 ± 0.04 (25)

Yb
0.02
65

LLoD
UL

average ± SD
Certificate
average ± SD
Certificate
average ± SD
Certificate
average ± SD
Certificate
average ± SD
Certificate

308 ± 36 (25)
619 ± 126
506 ± 62 (15)
1010 ± 166
850 ± 109 (180)
1410 ± 236
412 ± 42 (54)
660 ± 86
400 ± 19 (8)
840 ± 80

average ± SD
Certificate
average ± SD
Certificate
average ± SD
Certificate
average ± SD
Certificate
average ± SD
Certificate
0.245 ± 0.012 (180)
0.233 ± 0.010 (54)
0.0302 ± 0.0013 (8)
0.08

0.278 ± 0.011 (182)
0.414 ± 0.026 (54)
0.165 ± 0.018 (8)

317 ± 14 (25)
337 ± 11
190 ± 12 (15)
200 ± 6
133 ± 7 (180)
139 ± 10
179 ± 9 (50)
189 ± 10
107.6 ± 1.6 (4)
130 ± 8
3.20 ± 0.26 (8)
20

0.77 ± 0.13 (54)

4.3 ± 0.5 (180)

3.4 ± 0.3 (15)

0.82 ± 0.16 (25)

Zr
0.2
90

0.366 ± 0.018 (15)

0.264 ± 0.014 (15)

Zn
3
600

0.120 ± 0.006 (25)

Tm
0.004
25

0.212 ± 0.009 (25)

Tl
0.003
30

0.185 ± 0.007 (8)
0.5

>20

3.64 ± 0.19 (180)

6.23 ± 0.23 (15)

8.8 ± 0.4 (25)

U
0.01
20
20.9 ± 1.3 (25)
27 ± 3
40.2 ± 3.1 (15)
48 ± 10
47.4 ± 2.4 (180)
55 ± 13
30.7 ± 1.5 (54)
32 ± 10
>80
140 ± 21

V
4
80

0.134 ± 0.008 (8)

0.242 ± 0.024 (54)

0.40 ± 0.13 (180)

0.45 ± 0.07 (15)

0.55 ± 0.05 (25)

W
0.02
90

2.03 ± 0.12 (8)
4

16.4 ± 0.7 (54)

17.7 ± 0.7 (180)

26.6 ± 1.4 (15)

9.52 ± 0.27 (25)

Y
0.3
70

Notes: Average ± SD (n) is average of results ± standard deviation of results (number of measurements). Certificate values for LKSD materials represent provisional values for
partial extractions with concentrated nitric/hydrochloric acid. Certificate values for WMS-1a represent certified (underlined), provisional, or information values (italics).

WMS-1a

LKSD-4

LKSD-3

LKSD-2

LKSD-1

WMS-1a

LKSD-4

LKSD-3

LKSD-2

LKSD-1

Ti
7.4
2250

LLoD
UL
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INTRODUCTION
This article provides an update on results of the Targeted Geoscience Initiative 4 (TGI-4) activities in
Ontario carried out under the nickel-copper-platinum group element (PGE)-chromium ore systems
project, high-magnesium ultramafic to mafic systems subproject. This ongoing project is being conducted
in collaboration between the Earth Resources and Geoscience Mapping Section of the Ontario Geological
Survey (OGS) and the Geological Survey of Canada (GSC), which is part of the Earth Sciences Sector of
Natural Resources Canada (NRCan). The main objectives of TGI-4, and the different themes associated
with the nickel-copper-PGE-chromium ore systems project, were presented by Ames and Houlé (2011),
Ames et al. (2012) and Houlé, Lesher and Metsaranta (2012); the reader is referred to these previous
contributions for more details.
This year’s update highlights the status, significant progress and achievements of research activities
under the high-magnesium ultramafic to mafic systems subproject, carried out in collaboration with OGS,
academia and the exploration and mining sector in Ontario.

RESEARCH ACTIVITIES
All the activities in progress within this subproject were introduced by Houlé, Lesher and Metsaranta
(2012) and the reader is referred to this previous contribution to learn more about the details of each
activity and their main objectives. All the research projects conducted in Ontario are also supporting the
broader scope of the high-magnesium ultramafic to mafic systems subproject by investigating possible
correlations between various mafic to ultramafic intrusions in the Oxford–Stull and Uchi domains in
Ontario, the Bird River greenstone belt in Manitoba, and the La Grande and Eastmain domains in Québec,
all of which are situated within the Superior Province (Houlé et al. 2013a, 2013b).
Activities under the high-magnesium ultramafic to mafic systems subproject have been grouped into
3 main themes: 1) system fertility; 2) toward fertility; and 3) vectors to ore. Within this overview article,
we summarize several contributions to the “system fertility” theme, as the activities described herein deal
with delineating key geological features that determine ore localization within prospective mafic to
ultramafic systems (Figure 49.1).
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Figure 49.1. Simplified geological map of the eastern Oxford–Stull and Uchi domains showing the main mafic and ultramafic
intrusions and the location of TGI-4 articles in this volume (Articles 50 to 56). Geology modified from Stott and Josey (2009).
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System Fertility
BEDROCK GEOLOGY MAPPING AND COMPILATION
(Participants: R.T. Metsaranta, M.G. Houlé, V.J. McNicoll, S.L. Kamo, R.W.D. Lodge)

In 2013, the final field season was completed on this multi-year regional compilation and bedrock
geology mapping project. This project is part of the core program of the OGS, but also represents an inkind contribution to the TGI-4, a multidisciplinary collaboration effort between geological surveys, the
mineral industry sector and academia.
Only limited field work was conducted during this last field season. This work focussed on filling
gaps in data collection from previous years (Metsaranta 2010; Metsaranta and Houlé 2011, 2012;
Metsaranta and Houlé, this volume, Article 50) in order to better understand the stratigraphy within the
least-explored and least-exposed assemblages of the McFaulds Lake greenstone belt: the Kitchie,
Winiskisis and Attawapiskat assemblages. The reader is referred to Metsaranta and Houlé (this volume,
Article 50) for more details on this year’s update. In addition, many other scientific contributions have
been made since the beginning of this study: these are highlighted in previous publications (Metsaranta
2010; Metsaranta and Houlé 2011, 2012, 2013).

REGIONAL CHARACTERIZATION OF ULTRAMAFIC TO MAFIC INTRUSIONS IN
THE OXFORD–STULL AND UCHI DOMAINS, SUPERIOR PROVINCE
(Participants: M.G. Houlé, A.-A. Sappin, C.M. Lesher, R.T. Metsaranta, V.J. McNicoll)

This research activity proposes to characterize mafic to ultramafic intrusions in the McFaulds Lake
area within both the eastern Oxford–Stull domain and the eastern Uchi domain in an effort to assess their
mineral potential and to stimulate further exploration for nickel-copper-PGE-chromium in this broad,
relatively unexplored region.
The research is well underway in the vicinity of the McFaulds Lake area, but is also targeting sites
beyond the McFaulds Lake area. The contribution of Sappin et al. (this volume, Article 51; also see
Figure 49.1) presents an inventory of all known mafic to ultramafic intrusions in the eastern Uchi domain,
and preliminary geochemical characterization of some intrusions in the eastern Uchi domain. Also, more
detailed geochemical data and petrogenetic interpretations of some of the mafic to ultramafic intrusions
within the eastern part of the Uchi domain were presented at the Geological Association of Canada–
Mineralogical Association of Canada joint annual meeting in the “Magmatic ore deposits associated with
mafic and ultramafic rocks” special session (Sappin et al. 2013). This contribution highlights that some
mafic to ultramafic intrusions in the easternmost part of the Uchi domain have better potential for
mineralization than others elsewhere in the eastern Uchi domain. This conclusion is based on several
geochemical and geological variables, including the presence and proportion of olivine cumulate rocks;
contaminated geochemical signatures; and the presence nearby of sulphide-bearing country rock.
Based on the integration of the work conducted over the entire high-magnesium ultramafic to mafic
systems subproject within the Bird River greenstone belt in Manitoba, the Oxford–Stull and Uchi
domains in Ontario, and the La Grande and Eastmain domains in Québec, a working hypothesis has been
proposed that these domains might define a major chromium-nickel-copper-PGE-vanadium metallotect
that appears to be fundamentally different than other parts of the Superior Province (Houlé et al. 2013a,
2013b).
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PETROLOGY OF THE ULTRAMAFIC TO MAFIC BLACK THOR INTRUSIVE
COMPLEX IN THE McFAULDS LAKE GREENSTONE BELT
(Participants: H.J.E. Carson, C.S. Spath III, N. Farhangi, K. Mehrmanesh, C.M. Lesher, M.G. Houlé,
R.T. Metsaranta, D.A. Shinkle, R.J. Weston)

This research activity was initiated in 2012 with the work conducted by H.J.E. Carson (PhD
candidate) at Laurentian University. Since then, 3 more graduate students have joined the research group
working on the Black Thor intrusive complex on the Cliffs Natural Resources property in the McFaulds
Lake area. The 4 graduate students spent more than 50 days at the Cliffs’ “Esker camp” during the
summer of 2013, logging core and conducting sampling related to their respective research activities.
Research by Carson (PhD candidate) is focussing on the deposit at a broader scale, to establish the
internal stratigraphy, geochemical signatures and petrogenesis of the Black Thor intrusive complex and its
associated chromium and nickel-copper-PGE mineralization. The reader is referred to Carson et al. (this
volume, Article 52) for more details on the progress of this activity.
Research by Mehrmanesh (MSc candidate) is designed to establish the stratigraphy and genesis of
the undisrupted parts of the Black Label chromitite horizon. This will involve characterization of the
layering, textures, mineralogy and chemistry of the chromite-rich layers, to establish stratigraphic
variations through the sequence, along strike, and with depth. The reader is referred to Mehrmanesh et al.
(this volume, Article 53) for more details on the progress of this activity.
Research by Spath (MSc candidate) is designed to establish the geology and genesis of a late
pyroxenite intrusion in the Black Thor intrusive complex and its influence on the Black Label chromite
horizon. This will involve characterization of the rock units and breccias associated with this late
pyroxenite and determination of their geochemical signature, in order to constrain the nature of the
parental magma and mechanisms of emplacement, brecciation and mobilization of chromitite. The reader
is referred to Spath et al. (this volume, Article 54) for more details on the progress of this activity.
Research by Farhangi (MSc candidate) is designed to characterize the mineralogy, textures and
geochemistry of nickel-copper-PGE mineralization in the Black Thor intrusive complex, in order to
constrain the metallogenesis of the sulphides and platinum group minerals (PGMs), and the sulphide
saturation history of the intrusion. The reader is referred to Farhangi et al. (this volume, Article 55) for
more details on the progress of this activity.

PETROLOGY OF IRON-VANADIUM-TITANIUM MAFIC INTRUSIONS IN THE
McFAULDS LAKE GREENSTONE BELT
(Participants: B. Kuzmich, P. Hollings, M.G. Houlé, R.T. Metsaranta, V.J. McNicoll, Q. Yarie, E. Mosley,
R. MacNally)

This research project by B. Kuzmich (MSc candidate, Lakehead University) is well underway and
field work on the project was completed in the fall of 2012. Thus far, this research project has highlighted
some textural and geochemical similarities between 3 magnetite-bearing intrusions in the McFaulds Lake
area: the Butler West, the Butler East and the Thunderbird intrusions. Preliminary results of this study
have also revealed phosphorous mineralization within the Thunderbird intrusion (another style of poorly
recognized (to date) mineralization within these geographically widespread, magnetite-bearing gabbroic
intrusions in the McFaulds Lake area), and the usefulness of geochemical data for defining the internal
stratigraphy of these intrusions. The reader is referred to Kuzmich, Hollings and Houlé (this volume,
Article 56) for more details on the progress of this activity.
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Other Activities
Under the “method development theme” (toward fertility), 3 main activities were targeted at the
beginning of this subproject: 1) re-examining the geochemistry of detrital chromite in the McFaulds Lake
region; 2) an airborne gravity gradiometer and magnetic survey; and 3) geophysical modelling of a
gravity survey. Under the first activity, a re-analysis of chromite grains from a previous stream sediment
sampling program in the James Bay Lowland (Crabtree 2003) was started last summer, to produce a new,
high-quality chromite mineral analysis data set and to be comparable to other chromite data sets currently
generated under other activities such as by Laarman, Barnett and Duke (2012), Méric et al. (2012) and
Carson et al. (this volume, Article 52). The highlight of the geophysical activities to date is the joint
release in August 2011 of an airborne gravity gradiometer and magnetometer survey for the McFaulds
Lake area (OGC–GSC 2011). Further processing of the McFaulds Lake geophysical data sets is ongoing,
to support the compilation and regional bedrock geology mapping project.
Under the “chemistry and geochemistry theme” (vectors to ore)”, 3 main activities were targeted at
the beginning of this subproject: 1) chromite geochemistry of the Black Label, Black Thor and Big Daddy
deposits in the McFaulds Lake greenstone belt; 2) chromite geochemistry of komatiitic rocks in the
Abitibi greenstone belt; and 3) multiple sulphur isotopes associated with nickel sulphide deposits in the
Abitibi greenstone belt and other areas. The main objectives and preliminary results of these 3 research
activities were presented previously by Laarman, Barnett and Duke (2012), Méric et al. (2012) and
Hiebert et al. 2012). The most recent update on these research activities was featured at the Geological
Association of Canada–Mineralogical Association of Canada joint annual meeting in the “Magmatic ore
deposits associated with mafic and ultramafic rocks” special session (Laarman et al. 2013; Méric et al.
2013; Hiebert et al. 2013).

CONCLUSION
In summary, the high-magnesium ultramafic to mafic systems subproject of TGI-4 is a
multidisciplinary project designed to improve and expand geoscience knowledge within emerging and/or
established mining districts, and to develop better predictive exploration models to support exploration
for buried nickel-copper-PGE-chromium-vanadium mineral deposits across Canada.
New advances in our understanding of the geology of the McFaulds Lake area are being made,
demonstrating the merit of a collaborative approach that uses the traditional strengths of the OGS
(bedrock mapping), the thematic strengths of the GSC, the research skills of universities, and the
comprehensive geological knowledge of mining companies on their properties. A significant effort is also
being devoted to developing further collaboration with universities in order to aid in the training of new,
highly qualified geoscientific personnel, which is one major goal of the TGI-4 program. Thus far, for the
entire subproject, activities are being conducted in 4 provinces and involve 1 postdoctoral fellow, 3 PhD
candidates, 5 MSc candidates and 4 BSc candidates from 6 universities across Canada.
We believe that an integrated approach is needed to advance our understanding of the geology of the
highly prospective McFaulds Lake area and its numerous mineral deposit types. We are also confident
that the new geoscience information resulting from this program will provide many innovative scientific
ideas and concepts that are, and that will continue to be, relevant to exploration in this area, but also
elsewhere within Archean terranes.
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INTRODUCTION
In 2010, the Earth Resources and Geoscience Mapping Section of the Ontario Geological Survey
(OGS) started a multi-year regional compilation and bedrock geology mapping project in the McFaulds
Lake region (Figure 50.1). The project is part of the Ontario Geological Survey’s core bedrock geology
mapping program, but it is also an in-kind contribution to the Targeted Geoscience Initiative 4 (TGI-4) of
the Geological Survey of Canada (GSC), which is part of the Earth Sciences Sector of Natural Resources
Canada.
The main purposes of this contribution are 1) to provide an update on the data compilation and
bedrock mapping project of the McFaulds Lake (“Ring of Fire”) region and 2) to report on the final year
of field work on regional bedrock mapping carried out in this region during the summer of 2013. Further
information on the project is also available to the reader in previously published articles (Metsaranta
2010; Metsaranta and Houlé 2011, 2012; Rainsford et al. 2011).

PROJECT UPDATE
Bedrock mapping and data compilation in the McFaulds Lake area was initiated during the summer
of 2010. A slightly revised project area encompasses a 125 by 125 km area centred approximately 75 km
east-southeast of Webequie (see Figure 50.1). Figure 50.1 shows a compilation of diamond-drill hole
locations, relogged drill-core locations and outcrop locations mapped during the project, overlain on the
1:250 000 geological compilation (Stott and Josey 2009) for the area, which existed prior to this project.
In total, 260 diamond-drill cores were re-examined and 262 outcrops were mapped during the regional
bedrock mapping project.
The summer of 2013 marked the final summer of field work on this project. Only limited field work
was conducted during this time. The field work consisted of a seven-day drill-core logging program
carried out in June at the Cliffs Resources Inc. and Noront Resources Inc. “Esker camp”, and a fifteen-day
helicopter-supported drill-core relogging and outcrop mapping program carried out in July from
Webequie. The main focus of the field work was to fill gaps in data collection from previous years.
Specifically, core logging was carried out to better understand the stratigraphy of the McFaulds Lake
greenstone belt in the Kitchie, Winiskisis and Attawapiskat assemblages, the 3 least-explored and leastexposed tectonostratigraphic assemblages provisionally identified by Metsaranta and Houlé (2012, 2013).

Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.50-1 to 50-12.
© Queen’s Printer for Ontario, 2013
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Figure 50.1. Project location and distribution of compiled diamond-drill hole locations, mapped outcrops and relogged drill
cores. Also shown is the area of a 2011 OGS–GSC airborne gravity gradiometer and magnetic survey (OGS–GSC 2011),
significant lakes and rivers, and the town of Webequie. Geology from Stott and Josey (2009).
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FIELD OBSERVATIONS—SUMMER 2013
Kitchie Assemblage
The Kitchie assemblage (KA) is a poorly exposed sequence of supracrustal rocks occurring
immediately to the west of the Highbank–Fishtrap Lake intrusive complex in the southern part of the
project area (Figure 50.2; Metsaranta and Houlé 2012, 2013). Outcrops of the KA mapped during 2012
comprised limited exposures of deformed, amphibolite-facies mafic metavolcanic rocks and
metasandstones cut by foliated mafic dikes potentially related to the Highbank–Fishtrap Lake intrusive
complex. In 2013, core from a series of drill holes (FH-08-01 to FH-08-11) were briefly re-examined.
These holes were drilled in the KA by East-West Resources Corp. in 2008 to test a series of
electromagnetic conductors (Nielsen 2010).
Based on reconnaissance drill-core logging, the KA is composed primarily of fine- to mediumgrained amphibole-plagioclase-biotite ± garnet schists (Photo 50.1A), interpreted as mafic metavolcanic
rocks, and grey, quartz-plagioclase-biotite ± garnet ± muscovite schists (Photo 50.1B), interpreted as
felsic to intermediate metavolcanic rocks. They are associated with rare fine-grained, bedded quartzbiotite-plagioclase schists with poorly preserved bedding (Photo 50.1C), interpreted as metasedimentary
rocks. Pillow selvages are observed locally within the mafic metavolcanic rocks (see Photo 50.1A) and
are defined by centimetres to several centimetres thick, irregular, in places garnet-bearing bands of finer
grain size, suggesting that, at least in part, these mafic metavolcanic rocks represent deposition in a
subaqueous environment. Rare, foliated metagabbroic to metapyroxenitic rocks (Photo 50.1D) were
observed to crosscut supracrustal units, and appear to be similar to mafic dikes observed in outcrop.
Several generations of felsic intrusive rocks crosscut the KA. These include 1) foliated to gneissic tonalite
with amphibolite xenoliths; 2) foliated biotite tonalite to granodiorite; 3) pink, massive biotite granite to
granodiorite and; 4) pink to white pegmatitic biotite granite. Overall, rocks of the KA are strongly
deformed, as shown by the presence of a single well-developed planar to linear fabric and common smallscale folding within the supracrustal rocks. However, the structural geometry and stratigraphy of the area
is difficult to establish because of a lack of facing indicators and a general lack of exposure and drill core
to examine.
Previous reported geochronology for the Highbank Lake intrusion yielded zircon with an age of
circa 2808 Ma, interpreted as the crystallization age of the intrusion (M.A. Hamilton, Jack Satterly
Geochronology Laboratory, unpublished data, referenced in Stott 2008). However, new preliminary
detrital zircon geochronology analyses carried out during this project indicates that a sedimentary unit in
the eastern KA is younger than circa 2725 to 2730 Ma, showing some contradictory evidence between the
field relationships (i.e., crosscutting mafic intrusions) and existing geochronology about the relative age
relationships between the KA and the Highbank–Fishtrap Lake intrusive complex. However, a
comagmatic affinity between the Highbank–Fishtrap Lake intrusive complex and the mafic dikes cutting
the KA has not been established. A re-examination of the zircon populations of the previous
geochronological work for the Highbank Lake intrusion will be undertaken to test the possibility that the
circa 2808 Ma age reflects an inheritance age rather than a crystallization age. Also, another
geochronological sample from a coarse-grained anorthositic gabbro from the Fishtrap Lake intrusion is
being analyzed and might help resolve this issue.
Regionally, the KA is spatially isolated from the rest of the McFaulds Lake greenstone belt, which is
more or less contiguous. The western part of the Kitchie assemblage was previously interpreted as the
southwest extension of the Muketei assemblage (see Metsaranta and Houlé 2012, Figure 43.2). However,
based on compilation data and limited examination of drill core, rock types in this area are very similar to
the KA. Speculatively, the KA and the Wunnumin greenstone belt (Thurston, Osmani and Stone 1991)—
which is broadly along strike to the west—may be correlative. On a broader scale, this interpretation could
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Figure 50.2. Simplified geology of the McFaulds Lake (“Ring of Fire”) project area, showing the locations of provisional
subdivisions of the McFaulds Lake greenstone belt (MLGB) and the locations of major mafic and ultramafic intrusions. More
detailed descriptions of the geology of the assemblages are provided in the text and in Metsaranta and Houlé (2012).
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also support a link between the series of mafic-dominated intrusive complexes emplaced along the Stull–
Wunnumin fault zone, which is interpreted to separate the Oxford–Stull domain and the Island Lake
domain from the main core of the North Caribou terrane (Stott et al. 2010). However, a lack of recent
bedrock mapping in that area and the lack of geochronology data make this interpretation difficult to
support at present.
Anomalous amounts of zinc and copper reported in Nielsen (2010) suggest the KA has potential for
volcanogenic massive sulphide (VMS)-style base metal mineralization. For example, drill hole FH-08-07
contains a 5 m interval with 2013 ppm Zn within sulphide-bearing felsic metavolcanic rocks. However,
more detailed interpretation of available geophysical data to map the stratigraphy and structure of the KA,
and geochemical sampling to delineate hydrothermal alteration zones would likely be necessary to
effectively assess the potential for sulphide mineralized zones in the area.
Mafic to ultramafic intrusions, such as the Highbank–Fishtrap Lake intrusive complex and the
ultramafic to mafic intrusion in the potential extension of the KA in the southwest part of the study area
(see Figure 50.2), have the potential to host nickel-copper-PGE-chromium and iron-titanium-vanadium
mineralization. Vanadium and titanium mineralization is present in holes drilled by Northern Shield

Photo 50.1. Typical rock types of the Kitchie assemblage. A) Pillow-like features in fine-grained amphibole-plagioclase-garnetbearing mafic metavolcanic rocks, cut by weakly foliated white to pink biotite granodiorite-tonalite (pillow selvages indicated by
red lines). B) Strongly deformed quartz-biotite-garnet schist, typical of rocks interpreted as felsic to intermediate metavolcanic
rocks in the Kitchie assemblage. Minor folds are evident just below the tip of the pen . C) Thinly bedded (?) quartz-biotitegarnet–bearing metasedimentary rocks. D) Green, chloritic, biotite-bearing melagabbro to pyroxenite. For all photos, core size is
BQ (4 cm in diameter) and top of hole is to the left. Pen, 15 cm long, is shown for scale.

50-5

Targeted Geoscience Initiative 4 (50)

R.T. Metsaranta and M.G. Houlé

Resources in the Highbank Lake intrusion (see Metsaranta and Houlé 2012). Ultramafic intrusive rocks in
the southwest part of the KA contain visible disseminated chromite in green, serpentinized, cumulatetextured peridotite to dunite, based on observations from a single diamond-drill hole (DDH MC-9010-01;
Husselage and Laarman 2009). The relationship of this intrusion to the main suite of intrusions in the
central “Ring of Fire” area that are mineralized with nickel-copper-PGE-chromium remains unclear.

Winiskisis Assemblage
The east-striking Winiskisis assemblage (WA) forms the northern part of the McFaulds Lake
greenstone belt (see Figure 50.2). Supracrustal rocks in the WA are exposed in a limited number of
outcrops, notably on the Ekwan River and Winiskisis Channel. In addition, a limited number of holes
were drilled by various companies since circa 2008 (see Figures 50.1 and 50.2). The WA is part of a
younger supracrustal rock package, based on geochronology from Buse et al. (2009), which yielded a
maximum age of circa 2714 Ma, the youngest detrital zircon recovered from a reworked tuff. Further
sampling for geochronology was carried out during the summer of 2013, to better constrain the
stratigraphy of this assemblage.
The eastern part of the WA is dominated by mafic metavolcanic rocks, based on limited outcrop. As
described in Metsaranta and Houlé (2012), these outcrops are primarily variably deformed, pillowed
mafic metavolcanic flows. Facing indicators are rare, but, in one outcrop, pillowed flows were observed
to young toward the northeast.
The central part of the WA appears to be dominated by felsic to intermediate volcanic strata, based
on a series of diamond-drill holes (e.g., Kilbourne 2009, 2010). These are tentatively interpreted to
underlie the mafic metavolcanic section observed in outcrop in the eastern part of the assemblage. Felsic
to intermediate metavolcanic rocks in this area are typically moderately to strongly deformed quartzbiotite ± garnet ± amphibole schists, likely derived from felsic to intermediate tuffs, lapilli tuffs, quartzphyric flows and coarse tuff breccias (Photos 50.2A and 50.2B). Subordinate fine-grained amphibolite is
interlayered with these and most likely represents mafic metavolcanic rocks. Sulphide-mineralized zones,
up to several metres thick, were encountered in drill core. Reliable facing indicators are sparse in this
area; however, alteration zones around massive sulphide showings and rare graded bedding in tuffs and
tuffaceous metasedimentary rocks indicate both northward- and southward-younging directions in places,
suggesting this sequence is, at least locally, folded. Again, a lack of sufficient exposure makes mapping
the geometry of folding problematic.
The western part of the WA is exposed in a limited number of outcrops along the Winiskisis
Channel, which were mapped by Buse et al. (2009) and during this project, and in a series of 8 diamonddrill holes described in Downey and Proudfoot (2010). Outcrops of the WA consist of steeply dipping,
sheared, tuffaceous metasedimentary rocks. Based on data compilation and relogging of existing drill
core, supracrustal rocks in the western WA consist dominantly of schistose to gneissic, felsic to
intermediate rocks (quartz-plagioclase-biotite-garnet schists and gneisses) that are interpreted as felsic to
intermediate tuffaceous metasedimentary or metavolcanic rocks, and lesser interlayered fine- to mediumgrained amphibolite interpreted as mafic metavolcanic rocks. In areas with less deformation, rocks
comprised interbedded grey-coloured wacke, and black siltstone or shale; massive, in places normally
graded, felsic tuffaceous sandstone; aphyric and quartz-phyric felsic flows; and, less commonly, mafic
flows. Sporadic, thin, silicified zones with pyrite-pyrrhotite mineralization and chert-magnetite iron
formation are also present within the succession. The western part of the WA also appears to form a fold
closing to the west, with a broadly west-northwest-oriented axial plane. The fold appears to be an
anticline, with some graded tuffaceous sandstone units indicating westward younging. Minor folds are
common (Photo 50.2C), particularly close to the interpreted hinge of the fold.
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Drilling in the western part of the WA (Downey and Proudfoot 2010) also intersected deformed
serpentinized peridotite (Photo 50.2D) and dunite that are, in places, chromitiferous, as well as gabbro to
diorite. An outcrop of melagabbro to pyroxenite, potentially related to the ultramafic rocks seen in drill
core, is exposed on the Winiskisis Channel (Buse et al. 2009; Metsaranta and Houlé 2011). The contact
relationship between ultramafic and mafic intrusive phases in the area is not clear. Cumulate-textured,
ultramafic dikes were observed to crosscut the WA. This crosscutting relationship suggests that the
ultramafic intrusive rocks are significantly younger than the mineralized intrusions in the central area of
the “Ring of Fire”, if the age of younger than 2714 Ma from Buse et al. (2009) proves to be a representative
age for the WA as a whole. Pending geochronology should help to confirm this working hypothesis.
As mentioned above, the VMS-style base metal potential of this area appears to be good, based on
showings (e.g., the 5.01 property and Luc Bourdon project) that were identified through limited testing of
electromagnetic conductors in the area (e.g., Kilbourne 2009, 2010). For example, intersections from the
5.01 property include DDH5.01-06, which intersected near-massive to massive sulphides from 65 to 167
m depth, with average grades of 6.5% Zn, 0.44% Cu, 0.19% Pb and 3 g/t Ag and including a zone from
99.7 to 125.7 m depth averaging 13.8% Zn, 0.50% Cu, 0.05% Pb, and 2 g/t Ag (Metalex Ventures Ltd.,
www.metalexventures.com/html/james_bay.html; accessed September 11, 2013). The potential for deposits of
nickel-copper-PGE-chromium and iron-titanium-vanadium is also good, based on the presence of
chromium-bearing ultramafic intrusions and magnetite-bearing mafic intrusions. The area is also
transected by a major, broadly east-trending shear zone that has seen limited to no gold exploration.

Photo 50.2. Typical rock types in the Winiskisis Channel assemblage. A) Moderately deformed tuff breccia with fine-grained,
white felsic clasts. B) Foliated, felsic tuff. C) Highly deformed, felsic to intermediate schist with minor folds; core is from near
the hinge of a fold present in the western part of the Winiskisis assemblage. D) Serpentinized peridotite. For all photos, core size
is NQ (4.7 cm diameter); tip of pen or pencil points to top of hole.
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Attawapiskat Assemblage
The Attawapiskat assemblage forms the eastern part of the McFaulds Lake greenstone belt (see
Figure 50.2). Based on geophysical interpretation and limited field observations, Metsaranta and Houlé
(2012, 2013) tentatively described this assemblage as a broadly northwest-striking unit subdivided into a
felsic to mafic metavolcanic western portion, a metasedimentary central portion, and a mafic
metavolcanic-dominated eastern portion. This was largely confirmed by field work in 2013. Most of the
drill core relogged during the summer of 2013 focussed on the eastern portion of the Attawapiskat
assemblage, in particular, holes drilled by Melkior Resources during their 2011 drilling program in the
McFaulds Lake region (Melkior Resources Inc., www.melkior.com/properties/mcfaulds.aspx; accessed
September 10, 2013).
Based on relogging of core and data compilation, the eastern part of the Attawapiskat assemblage is
dominated by massive and pillowed mafic metavolcanic flows (Photos 50.3A and 50.3B), graphitic and
pyritic mudstone and siltstone intervals (Photo 50.3C), and rare, thin bands of felsic to intermediate

Photo 50.3. Typical rock types from various parts of the Attawapiskat assemblage. A) Chilled basal contact of a mafic flow
overlying calcitic flow-top breccia. Top of drill hole and stratigraphic younging direction are to the left (i.e., to the northeast).
Core size is NQ (4.7 cm diameter). B) Cherty, graphitic interflow (?) sediment with disseminated pyrite within mafic metavolcanic
rocks. Core size is NQ (4.7 cm diameter). C) Graphitic and pyrite-rich mudstone and interbedded siltstone between mafic
volcanic units. Several similar sedimentary units are interbedded with mafic flows along the southwestern contact of the eastern,
mafic volcanic-dominated portion of the Attawapiskat assemblage. The top of the drill hole is left and to the top of the photo.
Core size is BQ (4 cm diameter). D) Tuffaceous, lithic sandstone overlying a black mudstone unit. Note rusty, pyritic clasts just
above the contact (black curved line) with black mudstone. Top of hole is to the left. Core size is BQ (4 cm diameter).
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tuffaceous rocks. Some metavolcanic intervals included grey, massive, moderately carbonatized units that
could be more magnesium rich. Gabbro sills are present in both drill core and outcrop exposures and
could represent synvolcanic intrusions. Drilling of numerous electromagnetic conductors described by
Polk (2009) in the northern part of this mafic metavolcanic-dominated section suggests more geologic
complexity. In addition to the mafic-dominated metavolcanic rocks, chert-oxide iron formation, sulphidicgraphitic argillite, chloritized clastic metasedimentary intervals, and feldspar-phyric intermediate
intrusions were also reported (Polk 2009). Polk (2009) also identified areas of anomalous copper and zinc
concentrations, mainly in graphitic argillite units that were the likely source of the conductive anomalies
drilled. Younging indicators, from rare primary flow features in mafic metavolcanic rocks, show that the
succession faces to the northeast (see Photo 50.3A). In general, based on available drill-hole data, there
appear to be more interbedded sedimentary intervals toward the lower part of the unit, potentially
indicating a gradational, conformable contact with the underlying metasedimentary interval.
The central part of the Attawapiskat assemblage is not exposed in outcrop and has only been
encountered in a few locations, primarily in drill core described in assessment reports by Palmer (2007,
2009). It is inferred to be a metasedimentary-dominated assemblage. Drilling at the eastern end of its
geophysically inferred extent intersected a northeast-younging, thin- to thick-bedded grey siltstone and
sandstone that in places has well-preserved graded bedding, load structures and rare cross-laminations. A
sandstone sample from this unit has detrital zircons as young as 2702 Ma, based on preliminary data
previously reported in Metsaranta and Houlé (2012). The presence of a broad spectrum of detrital zircon
ages (spanning circa 2702 Ma to 2816 Ma) indicates that the succession was not exclusively derived from
a local volcanic source. Limited drilling along the western part of this unit suggests more volcanic
influence, and limited core relogging noted the presence of lithic, felsic, tuffaceous sandstone to
conglomerate with pyritic, graphitic mudstone and porphyritic intermediate to felsic volcanic clasts
(Photo 50.3D) interbedded with sulphide-bearing, graphitic mudstones and finer grained tuffaceous
sandstones. These preliminary observations indicate that the central part of the Attawapiskat assemblage
could be further subdivided into a western section of volcanic-derived tuffaceous sedimentary rocks and
an eastern section of terrigenous clastic metasedimentary rocks.
The western part of the Attawapiskat assemblage is loosely defined by north-striking high-gravity
gradient and magnetic anomalies. Based on core relogging, the southern part of this unit is dominated by
mafic metavolcanic rocks with subordinate felsic to intermediate tuffaceous rocks. Rare graphitic schists
are also present locally. Mafic rocks are commonly fine- to medium-grained amphibolites, or fine-grained
and schistose rocks with little preservation of primary features. Mafic metavolcanic rocks preserve rare
pillow-like features and quartz-feldspar–filled, deformed vesicles. Felsic and intermediate rocks are
commonly sericitic or biotitic schists and, in places, they display fine-grained quartz and/or feldspar
phenocrysts. Thin sulphide zones are present within felsic to intermediate units (Palmer 2007). The
supracrustal rocks of the northern part of this unit have not been extensively drilled. The very limited
available compilation data suggest the presence of both mafic and felsic metavolcanic rocks, which are
intruded by magnetite-bearing gabbro.
As summarized in Metsaranta and Houlé (2012), the Attawapiskat assemblage has good potential for
VMS-style mineralization and iron-titanium-vanadium mineralization in magnetite-bearing gabbro
intrusions, but has only been explored through a relatively small number of widely spaced drill holes. The
bulk of the Attawapiskat assemblage is also covered by Paleozoic strata, further complicating exploration.

CONCLUDING REMARKS
At the beginning of this project, the overall geological knowledge of the McFaulds Lake region was
very poor and essentially restricted to a regional geological compilation by the OGS (Stott and Josey
2009), which was based on the interpretation of the available regional geophysical data, mapping and
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limited diamond-drill hole logs. Through data compilation, bedrock mapping, geochemical and
geochronological studies carried out during this project, significant progress has been made in the
understanding of the geology and in the recognition of the diversity of mineral deposits and occurrences
present in this area of the Superior Province.
Thus far, several highlights arising from this project include the identification of
1.

5 distinct provisional tectonostratigraphic units in the McFaulds Lake greenstone belt, based on
mapping, geophysical interpretation and preliminary geochronological data. These suggest that
the McFaulds Lake greenstone belt had a complex history of volcanism, sedimentation and
deformation spanning from at least circa 2828 Ma to 2702 Ma (Metsaranta and Houlé 2012,
2013; OGS–GSC 2011).

2.

multiple phases of mafic to ultramafic intrusive rocks, such as the mafic-dominated Highbank–
Fishtrap Lake intrusive complex, the chromium-nickel-copper-PGE-bearing ultramaficdominated intrusions, and regionally extensive magnetite-bearing gabbroic intrusions. These
appear to have different prospectivity with respect to chromium-nickel-copper-PGE and irontitanium-vanadium mineralization.

3.

volcanogenic massive sulphide-style mineralization occurring in distinct stratigraphic horizons,
likely of different ages

As the field work portion of this project is complete, the next step of the project will focus on
synthesizing all geological information acquired through bedrock mapping, core relogging and data
compilation, to produce an updated set of geological maps for the McFaulds Lake region. Furthermore, all
analytical data collected during the project, such as whole rock geochemical and geochronological data,
will also be available to clients, further enhancing knowledge of the geochemical framework of the
McFaulds Lake (“Ring of Fire”) region.
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INTRODUCTION
Several mafic and ultramafic intrusions occur within the eastern Uchi domain of the North Caribou
terrane in the Superior Province (see Houlé and Metsaranta, this volume, Figure 49.1). Recently, the
discovery of a number of deposits and prospects (e.g., Black Thor (chromium), Black Label (chromium),
Eagle’s Nest (nickel-copper-platinum group element (PGE)) and Thunderbird (iron-titanium-vanadium))
in the McFaulds Lake greenstone belt, located in the northern part of the Oxford–Stull domain in the
Superior Province (see Houlé and Metsaranta, this volume, Figure 49.1), have highlighted the potential of
the eastern Uchi domain to host orthomagmatic mineralization. These discoveries justify further
investigation outside the McFaulds Lake greenstone belt.
This article presents preliminary results as part of the high-magnesium ultramafic to mafic systems
subproject under the Targeted Geoscience Initiative 4 (TGI-4), of the Geological Survey of Canada
(GSC), which is part of the Earth Sciences Sector of Natural Resources Canada. The objective of this
work is to assess the potential of mafic and ultramafic intrusions to host chromium-PGE, nickel-copperPGE, and iron-titanium-vanadium mineralization within the eastern part of the Oxford–Stull and the Uchi
domains. In this contribution, we build an inventory of all known mafic and ultramafic intrusions located
in the vicinity of the Miminiska–Fort Hope greenstone belt (MFHGB) to assess the nickel-copper-PGE,
chromium-PGE, and iron-titanium-vanadium potential of the eastern part of the Uchi domain. More
specifically, we address the geological setting, the style of mineralization, the nature of the parental
magmas, and the degree of the magmatic differentiation and crustal contamination of silicate magmas
associated with the main intrusions in the region. All of this information will be useful in identifying the
most prospective areas for hosting mafic to ultramafic intrusions with orthomagmatic deposits in the
eastern Uchi lithotectonic domain.

REGIONAL GEOLOGY OF THE EASTERN UCHI DOMAIN
The Uchi domain forms a linear east-northeast–trending belt extending from north of the Rice Lake
greenstone belt in Manitoba to the James Bay Lowland in Ontario, where it merges, under the Paleozoic
cover, with the Oxford–Stull domain (Stott et al. 2010). The Uchi domain contains several greenstone
belts and plutonic complexes that record multiple episodes of rifting, arc-magmatism, deformation and
associated sedimentation from circa 3.0 to 2.7 Ga (Percival et al. 2006).
The Miminiska–Fort Hope greenstone belt (MFHGB) is located in the eastern part of the Uchi
domain. The western part of the MFHGB was recently mapped in detail by Hall (2004, 2005a), Buse and
Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.51-1 to 51-16.
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Purdy (2010, 2012) and Buse (2011, 2012a). Based on field relationships and geochronological data,
Buse and Hamilton (2012) subdivided the Keezhik Lake and Miminiska Lake areas in the westernmost
part of the belt into 4 tectono-stratigraphic assemblages, including (from north to south) 1) the Keezhik
metavolcanic terrane, 2) the North Miminiska metavolcanic terrane, 3) the Miminiska metasedimentary
terrane and 4) the South Miminiska metavolcanic terrane. The Keezhik metavolcanic terrane (circa 2752
to 2731 Ma: Buse and Hamilton 2012) is composed of massive to pillowed mafic metavolcanic rocks
with thin interbedded tuffs, which are overlain by an intermediate metavolcanic succession of massive,
vesicular flows and breccias, with local tuffaceous units and tonalitic to trondhjemitic synvolcanic
intrusive rocks. The upper part of the sequence includes mafic metavolcanic flows and conglomerates.
The North Miminiska metavolcanic terrane is composed of massive to pillowed basaltic flows with local
synvolcanic gabbroic sills and felsic tuffaceous units. The Miminiska metasedimentary terrane is a basinal
turbidite sequence (maximum age of circa 2705 Ma: Buse and Hamilton 2012) interlayered with oxidefacies and silicate-facies iron formation, which is overlain by conglomerate and felsic metavolcanic rocks
(circa 2716 Ma: Corfu and Stott 1993). The South Miminiska metavolcanic terrane (circa 2739 to 2723 Ma:
Corfu and Stott 1993; Buse and Hamilton 2012) is composed of massive to pillowed mafic flows with
synvolcanic gabbro sills and minor felsic tuffaceous units. Most of the metavolcanic and metasedimentary
units recognized in the Keezhik Lake and Miminiska Lake areas can be correlated eastward to the units of
the Opikeigen Lake area. The latter contains similar lithofacies (Hall 2004), as well as felsic volcanic
rocks and lapilli tuffs with ages of circa 2725 to 2711 Ma (Corfu and Stott 1993; Hamilton 2005) that
overlap with the age of felsic metavolcanic rocks in the Miminiska metasedimentary terrane.
The geology of the eastern MFHGB is less well constrained because of the lack of outcrop and
limited detailed government mapping. Much of the geology of this area was interpreted by Madon,
McIlraith and Stott (2009) from geophysical data and mapping by Prest (1942a, 1942b), Jackson (1962)
and Thurston, Carter and Riley (1972). Locally, detailed mapping by exploration companies helps constrain
the geology of the eastern MFHGB. In the Norton Lake area, in the northernmost part of the belt, 2 volcanic
units were recognized by Hill et al. (1981a, 1981b) and Ellingham (1988). The first includes thin layers of
massive to pillowed mafic flows, mafic tuffs, and mafic to ultramafic sills or flows, interlayered with iron
formation and sedimentary rocks (Johnson 2005). The second includes mafic to felsic volcanic rocks,
including metamorphosed mafic pillowed lavas, massive felsic rocks and foliated lapilli tuffs (Johnson
2005). Further south, in the Wabassi River area, Vaillancourt, Bliss and Budulan (2011) identified 3
metavolcanic rock units: 1) an ultramafic unit dominated by massive and amphibole-phyric ultramafic
rocks, 2) a mafic unit comprising massive flows and breccias that are commonly variolitic and 3) a felsic
unit that is rhyolitic to dacitic, blue-quartz porphyritic, quartz-feldspar porphyritic or feldspar porphyritic.
These metavolcanic rocks are also associated with metsedimentary rocks. No geochronological
constraints are available at this time for the supracrustal successions in the eastern part of the MFHGB.

GEOLOGY OF THE MAFIC TO ULTRAMAFIC INTRUSIONS
Many mafic and ultramafic intrusions are present within the MFHGB. However, they are poorly
exposed or covered by surficial deposits. Their presence and form is interpreted mostly from geophysical
data (Madon, McIlraith and Stott 2009), but the existence of some of these intrusions has been confirmed
by drilling and/or by outcrop mapping. Despite the limited geological knowledge about many of these
intrusions, they can be subdivided into mafic-dominated (more abundant) and ultramafic-dominated (less
abundant) bodies.

Western Miminiska–Fort Hope Greenstone Belt
The western portion of the MFHGB contains several mafic-dominated intrusions that occur
predominately in the Keezhik Lake, the Opikeigen Lake, the Miminiska Lake–Petawanga Lake, and the
Attwood Lake areas (Figure 51.1).
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Figure 51.1. Simplified geology of the eastern Uchi domain and general location of the mafic and ultramafic intrusions in the area (dashed lines represent the area for which
geochemical data are available): A) Keezhik Lake area; B) Opikeigen Lake area; C) Miminiska Lake–Petawanga Lake area; D) Attwood Lake area; E) Norton Lake area;
F) Sebert Lake area; G) Wabassi River area; H) McIntyre Lake area; I) Washi Lake area; and J) Makokibatan Lake area. Names of the mafic and ultramafic intrusions:
1, Leitch; 2, Shabuskwia Lake–Ficht Lake; 3, Luella Lake; 4, Weese Lake; 5, Sim Lake; 6, Abazotikichuan Lake; 7, Norton Lake (sensu stricto); 8, Washi Lake; 9, Kagiami
Falls; 10, Max; 11, Wabassi North; 12, Wabassi Main; 13, Wabassi East; 14, Sebert Lake. Universal Transverse Mercator (UTM) co-ordinates are provided in North American
Datum 1983 (NAD83), Zone 16. Geology from Stott and Josey (2009). Mineral occurrences from OGS (2013) and Vaillancourt and Bliss (2010).
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KEEZHIK LAKE–MIMINISKA–PETAWANGA LAKES AREA (AREAS A AND C)
The mafic-dominated intrusions in the Keezhik–Miminiska–Petawanga lakes area (see Figure 51.1,
areas A and C) have been subdivided into 2 groups based on their relative timing of emplacement (Buse
2012a; Buse and Purdy 2012): 1) synvolcanic to syntectonic mafic intrusions and 2) syntectonic to
posttectonic mafic intrusions.
Synvolcanic to syntectonic mafic intrusions are the most abundant mafic intrusions in the area. They
are dispersed throughout the greenstone belt, particularly north and east of Redfern Lake, north and south
of Keezhik Lake, west of Howells Lake, south of Miminiska Lake and north and south of Petawanga
Lake (Buse 2012a; Buse and Purdy 2012). These intrusions form thin, elongate, subconcordant sills with
the surrounding metavolcanic rocks of the diverse metavolcanic terranes defined by Buse and Hamilton
(2012). The syntectonic to posttectonic mafic intrusions are less abundant and are concentrated to the
north of Keezhik Lake, around the East Arm of Keezhik Lake and on Currie Bay (Buse 2012a; Buse and
Purdy 2012). These intrusions are subconcordant to discordant sills and stocks, hosted in metavolcanic
and metasedimentary rocks, which include chert-rich iron formation (Buse and Purdy 2010). Buse and
Purdy (2010) indicated that, locally, the contact between the intrusions and the volcanic host rocks is very
irregular.
The synvolcanic to syntectonic mafic intrusions are generally composed of equigranular, and locally
porphyritic, hornblende-bearing gabbroic rocks (Photo 51.1A), gabbro and diorite (Buse and Purdy 2010;
Buse 2012b). The syntectonic to posttectonic mafic intrusions include hornblende-bearing gabbroic rocks
(Photo 51.1B) and subordinate gabbro and gabbronorite. The mafic rocks are fine grained to pegmatitic,
show multiple phases with both gradational and sharps contacts between phases (see Photo 51.1B; see
also Buse and Purdy 2010), and may contain diorite dikes and xenoliths (Buse 2012b). The syntectonic to
postteconic intrusions are equigranular to porphyritic (hornblende or plagioclase porphyritic) and some
samples show relicts of cumulate igneous textures, with cumulus pyroxenes and interstitial plagioclase.
Both types of intrusions are relatively undeformed (Buse and Purdy 2010). Preliminary geochemical data
indicate that both groups have the same composition.
Overall, the mafic intrusions in the Keezhik–Miminiska–Petawanga lakes area are not mineralized.
Only a few of the syntectonic to posttectonic intrusions contain minor pyrrhotite and pyrite.

OPIKEIGEN LAKE AREA (AREA B)
The Opikeigen Lake area contains many small but widespread concordant to subconcordant mafic
sills and dikes (see Figure 51.1, area B). The largest intrusions occur west of Opikeigen Lake and south of
Rond Lake (Madon, McIlraith and Stott 2009). The mafic intrusions in the Opikeigen Lake area occur
mainly in mafic to intermediate metavolcanic rocks, locally associated with clastic metasedimentary rocks
(see Figure 51.1). However, some of them also occur in felsic to intermediate metavolcanic sequences
(see Figure 51.1).
The mafic sills and dikes in this area are mostly gabbroic to dioritic in composition (Wallace 1978;
Hall 2005a). These rocks vary in texture from well-preserved, locally porphyritic, medium- to coarsegrained intrusive rocks, to gabbroic rocks dominated by metamorphic textures including flaser structures,
or mafic gneiss (Wallace 1978; Hall 2004). In addition, rare very coarse-grained schistose amphibolite
occurs in the sill south of Rond Lake (Wallace 1978). The mafic intrusions in the Opikeigen Lake area are
devoid of iron-, nickel- and copper-sulphide minerals.
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Photo 51.1. Typical mafic and ultramafic rocks in the Miminiska–Fort Hope greenstone belt. A) Mesocratic gabbroic rocks
from a synvolcanic to syntectonic intrusion, Keezhik Lake area (10SB213-1). Photo from Buse (2012b). B) Enclaves of
melanocratic gabbroic rocks (“Ml-gab”) in mesocratic gabbroic rocks (“Ms-gab”) from a syntectonic to posttectonic intrusion,
Keezhik Lake area (10SB074-1). Photo from Buse (2012b). C) Hornblende-bearing gabbroic rocks with various grain size from
the Wabassi North intrusion (08WA-02). Core size is 6.0 cm in diameter. D) Peridotite from the Max intrusion (08MX-02).
Core size is 6.0 cm in diameter. E) Olivine-bearing gabbronorite from the Wabassi Main intrusion (11WA-14). Core size is
4.7 cm in diameter. F) Peridotite from the Wabassi Main intrusion (10WA-10). Photos 51.1C to 51.1F are courtesy of Northern
Shield Resources Inc.
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ATTWOOD LAKE AREA (AREA D)
The Attwood Lake area (see Figure 51.1, area D) contains 8 mafic intrusions, including the Leitch,
Shabuskwia Lake–Ficht Lake, Luella Lake, Weese Lake and Sim Lake intrusions and 3 other unnamed
intrusions. Most are located between Shabuskwia Lake and Linsey Bay to the west and Weese Lake to the
east (Madon, McIlraith and Stott 2009). According to McNamee (1962), these plutons could represent a
southwest extension of the Weese Lake sill. One intrusion is located further south, south of Kilbarry
Lake, and another is located further east, west of Sim Lake (Madon, McIlraith and Stott 2009). The mafic
intrusions are mostly surrounded by a foliated tonalite suite and, locally, by migmatized supracrustal
rocks (see Figure 51.1). Two exceptions are the intrusion south of Kilbarry Lake and the Weese Lake
intrusion. The first is hosted in metasedimentary and migmatized supracrustal rocks (Madon, McIlraith
and Stott 2009), whereas the second is bounded to the west by gneissic trondhjemite and to the east by
metawackes and interbedded pebble conglomerates, associated with mafic to intermediate metavolcanic
rocks (Wallace 1981). Metre-scale metasedimentary and metavolcanic xenoliths are common within the
Weese Lake intrusion (Wallace 1981).
The composition of these mafic intrusions is mainly unknown. The Weese Lake sill was described in
detail by Wallace (1981) as composed of anorthosite to leucocratic gabbroic rocks crosscut by gabbro and
diorite dikes. The anorthosite and leucocratic gabbros are massive, homogeneous and coarse grained.
Near the eastern contact, the mafic intrusive rocks are more metamorphosed, which affects the
mineralogy and texture of the rocks. Internal deformation in the intrusion was not identified by Wallace
(1981). The intrusion located south of Kilbarry Lake is likely composed of anorthosite, based on work by
Thurston, Carter and Riley (1972). The Sim Lake mafic-dominated intrusion is weakly deformed and
consists of a gabbroic inner zone surrounded by a pyroxenitic outer zone (Spence 1999). The intrusive
rocks are fine grained to pegmatitic and variably textured (Mason et al. 1999).
Several copper and nickel occurrences have been identified in the Leitch, Shabuskwia Lake–Ficht
Lake, Luella Lake and Sim Lake mafic intrusions (OGS 2013; also see Figure 51.1). The Attwood Lake
area has potential for iron-titanium-vanadium and nickel-copper mineralization. For example, the Weese
Lake anorthositic sill (see Figure 51.1) contains disseminated titaniferous magnetite, pyrrhotite and minor
chalcopyrite (Wallace 1981). The anorthosites also host up to 2% iron-, nickel- and copper-sulphide
minerals, and locally, metre-scale disseminated sulphide lenses (McNamee 1962).

Eastern Miminiska–Fort Hope Greenstone Belt
The eastern MFHGB hosts the most voluminous mafic intrusions of the eastern Uchi domain and a
few ultramafic intrusions, which are concentrated in the Norton Lake and Wabassi River areas. The
intrusions of the eastern MFHGB are distributed throughout the greenstone belt, but concentrated in 6
main areas, including (from north to south) the Norton Lake, Sebert Lake, Wabassi River, McIntyre Lake,
Washi Lake and Makokibatan Lake areas (see Figure 51.1).

NORTON LAKE AREA (AREA E)
The ultramafic and mafic intrusions in the Norton Lake area (see Figure 51.1, area E) form an eastnortheast–trending series of small lenses and pods (ranging from 10 to 200 m in diameter), located
between Banana Lake and Camp Lake (Johnson 2005). Rarely, they also occur east of Norton Lake
(Johnson 2005). The most significant intrusion in this area, the poorly layered Norton Lake intrusion
(sensu stricto) (Jobin-Bevans and Kelso 2005), is located northeast of Banana Lake and hosts the Norton
Lake nickel-copper-cobalt-PGE deposit (see Figure 51.1). Overall, the intrusions are surrounded by
massive to pillowed mafic volcanic rocks, sulphide-facies iron formation with disseminated sulphides and
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rare millimetre-scale sulphide layers, and scarce sedimentary units (Johnson 2005). The intrusion hosting
the Norton Lake deposit is located at the contact between a mafic volcanic unit and a sheared amphibolite
unit (Johnson 2005).
The intrusions are generally weakly deformed to undeformed and composed of medium- to coarsegrained pyroxenite and minor gabbro (Johnson 2005). In particular, the intrusion hosting the Norton Lake
deposit is composed of pyroxenite and minor gabbro, which are massive and locally foliated and
brecciated (Jobin-Bevans and Kelso 2005).
The Norton Lake nickel-copper-cobalt-PGE deposit contains measured and indicated reserves of
2 258 654 tonnes averaging 0.67% Ni, 0.61% Cu, 0.03% Co and 0.46 g/t PGE, with a 0.3% Ni cut-off
(Jobin-Bevans and Kelso 2005). According to Johnson (2005), the mineralization formed in 2 stages. In
the first stage, sulphide saturation in the magmas was induced by incorporation of sulphides from nearby
sulphide-facies iron formation. This mineralization is characterized mainly by brecciated massive
sulphides with a deformed sulphide-bearing matrix showing durchbewegung [plastic deformation of
sulphides at high temperature and pressure] texture. In the second stage, the sulphides were mobilized
into stringer zones and enriched in copper and palladium-group platinum group elements (PPGE; PPGE
comprise Rh, Pt, Pd) during hydrothermal processes. The mineralization in the Norton Lake deposit
consists of pyrrhotite with lesser amounts of pentlandite, chalcopyrite and pyrite, and minor violarite,
molybdenite, galena, sphalerite, skutterudite, and precious metal minerals (e.g., platinum group and silver
minerals) (Johnson 2005).

SEBERT LAKE AREA (AREA F)
The Sebert Lake area (see Figure 51.1, area F) contains 2 identified intrusions, located east and
southeast of Sebert Lake, respectively (Stott and Josey 2009). The eastern one, named the Sebert Lake
intrusion, is about 66 km2 and is surrounded by mafic to intermediate metavolcanic rocks and a foliated
tonalite suite (see Figure 51.1). The intrusion southeast of Sebert Lake is smaller (approximately 0.6 km2)
and surrounded by granodiorite to granite (see Figure 51.1).
The composition of these intrusions is unknown. Their presence has been inferred based only on
geophysical interpretation (Stott and Josey 2009) and no occurrences of iron-, nickel- and copper-sulphide
minerals have been reported from this part of the MFHGB.

WABASSI RIVER AND WASHI LAKE AREAS (AREAS G AND I)
The Wabassi River and Washi Lake areas contain several mafic intrusions, including the maficdominated Wabassi North and Wabassi East intrusions, the ultramafic-dominated Max intrusion, and the
mafic to ultramafic Wabassi Main intrusion (see Figure 51.1, areas G and I). Most of these mafic and
ultramafic intrusions are located in the Wabassi River area. The Washi Lake area contains only 2 mafic
intrusions: the Washi Lake and Kagiami Falls intrusions (see Figure 51.1). The majority of the mafic and
ultramafic intrusions in the Wabassi River and Washi Lake areas show no internal structure; however,
airborne magnetic fabric and field observations indicate that the Wabassi Main intrusion is layered
(Vaillancourt and Bliss 2010). All of the intrusions are interpreted to have been emplaced mainly within a
mafic to felsic volcanic-dominated supracrustal succession associated with a granodioritic to granitic
complex (Vaillancourt, Bliss and Budulan 2011). The existence of the Wabassi East intrusion was
confirmed by the occurrence of a magmatic breccia with enclaves of gabbroic rocks in a granitic matrix
(C. Vaillancourt, Northern Shield Resources Inc., personal communication, 2013). In the southern part of
the Wabassi River area and in the Washi Lake area, these intrusions have been emplaced into
metasedimentary rocks and mafic to intermediate metavolcanic rocks (see Figure 51.1).
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The mafic intrusions in the Wabassi River and Washi Lake areas comprise mainly gabbroic rocks
(Thurston, Carter and Riley 1972; Hulbert and Vaillancourt 2002). In particular, the Wabassi North and
Wabassi East intrusions are composed of metamorphosed gabbroic rocks with a mineral assemblage of
plagioclase and hornblende (Photo 51.1C). The Max ultramafic intrusion is composed mainly of wellpreserved, homogeneous peridotite (harzburgite, lherzolite and wherlite; Photo 51.1D) and minor olivinebearing pyroxenite containing cumulus olivine and intercumulus pyroxene. Rare olivine-free pyroxenite
and gabbroic rocks are also present. The Wabassi Main mafic to ultramafic intrusion seems to be
composed of 2 major components. The dominant component includes olivine-bearing and olivine-free
gabbroic rocks (gabbronorite, norite, gabbro, and rare troctolite and anorthosite; Photo 51.1E) and minor
plagioclase-bearing lherzolite and harzburgite (Photo 51.1F), which is concentrated in the western part of
the intrusion. All of the rocks show well-preserved cumulate textures. The peridotites are composed of
cumulus olivine with interstitial pyroxenes and plagioclase, whereas the gabbroic rocks (± olivine) are
composed of plagioclase as the dominant cumulus crystal surrounded by intercumulus pyroxene and
olivine. The second and less abundant component is composed of hornblende-bearing gabbroic rocks
with, locally, similar textures to those of the Wabassi North intrusion. The Wabassi North, Wabassi East,
Max and Wabassi Main intrusive rocks are largely undeformed (Vaillancourt, Bliss and Budulan 2011).
The mafic intrusions appear to be barren of economic mineralization, whereas the Max and Wabassi
Main intrusions contain iron-, nickel- and copper-(PGE)-sulphide minerals, particularly in the eastern part
of the ultramafic Max intrusion (Vaillancourt and Bliss 2010; also see Figure 51.1), which contains
disseminated to patchy net-textured pyrrhotite and minor chalcopyrite and pentlandite. The Wabassi Main
intrusion area is characterized by 2 distinct types of mineralization. The first is composed of copper-,
zinc- and silver-rich volcanogenic massive sulphides (VMS) hosted by felsic porphyritic and intermediate
volcanic country rocks at the western and southern contacts of the intrusion (Vaillancourt, Bliss and
Budulan 2011). The second occurs in the western part of the Wabassi Main intrusion and appears to be a
hybrid mineralization style that has characteristics of both magmatic and VMS-style mineralization, and
is composed of pyrrhotite-dominated, massive, semi-massive, disseminated and net-textured sulphides
with copper, silver, zinc and minor nickel (Vaillancourt, Bliss and Budulan 2011).

McINTYRE LAKE AREA (AREA H)
The McIntyre Lake area contains 3 probable mafic intrusions, based on geophysics and limited
outcrop occurrences (see Figure 51.1, area H). Two occur west of McIntyre Lake and the third is located
northeast of the lake (Madon, McIlraith and Stott 2009). Country rocks include mafic, intermediate and
felsic metavolcanic rocks (see Figure 51.1).
The intrusions were mainly identified using geophysical data (Madon, McIlraith and Stott 2009),
therefore their composition was not confirmed. However, one area west of McIntyre Lake contains
outcrops of gabbroic rocks (Thurston,Carter and Riley 1972). Iron-, nickel- and copper-sulphide minerals
are not known to occur in any of the intrusions.

MAKOKIBATAN LAKE AREA (AREA J)
A few intrusions were recognized, mainly by geophysical interpretation (Madon, McIlraith and Stott
2009), in the Makokibatan Lake area (see Figure 51.1, area J). Four intrusions are located to the northwest
of Makokibatan Lake, along Albany River (including the Abazotikichuan Lake intrusion; see Figure
51.1), and 1 intrusion is located to the south of Makokibatan Lake, on and northeast of Burness Lake
(Madon, McIlraith and Stott 2009). Only 2 of the intrusions have been identified as mafic-dominated
intrusions: the intrusion north of Albany Lake (Madon, McIlraith and Stott 2009) and the Abazotikichuan
Lake intrusion. The composition of the others is unknown. The northernmost intrusions are hosted in
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mafic to intermediate metavolcanic rocks, locally associated with clastic metasedimentary rocks, and/or in
a foliated tonalite suite (see Figure 51.1). The southernmost intrusion is surrounded by migmatized
supracrustal rocks (see Figure 51.1).
Limited work has been completed on the intrusions in the Makokibatan Lake area. Based on
geophysical data and reconnaissance mapping, Thurston, Carter and Riley (1972) and Hulbert and
Vaillancourt (2002) suggested that the intrusion north of Albany Lake and the Abazotikichuan Lake
intrusion are composed of gabbroic rocks. No mineralization has been reported from intrusions in the
Makokibatan Lake area.

GEOCHRONOLOGY
Limited geochronological data are available for mafic and ultramafic intrusions in the MFHGB. One
mafic-dominated intrusion just west of the study area, the July Falls gabbro, has a U/Pb zircon age of
2749 +4/–2 Ma (Young et al. 2006). However, during the course of this study, 2 samples were collected for
single-zircon U/Pb geochronology. Intrusions sampled for geochronology include 1) a syntectonic to
posttectonic mafic intrusion in the Keezhik Lake area and 2) the Wabassi Main mafic to ultramafic
intrusion. The sample collected from the Keezhik Lake intrusions is a grab sample composed of mediumgrained mesocratic gabbro representing the most leucocratic rock of the main intrusion. This gabbro
shows relict orthocumulate texture with clinopyroxene as the dominant cumulus crystal, surrounded by
intercumulus plagioclase. The sample of the Wabassi Main intrusion was collected from drill core from
the southeast part of the intrusion, which is an evolved area of the intrusion, based on mineralogy and
mineral chemistry (Sappin et al. 2013). This sample consists of pegmatitic, mesocratic gabbroic rock and
is mainly composed of hornblende and plagioclase. Preliminary U/Pb isotope dilution thermal ionization
mass spectrometric (ID-TIMS) data from the Wabassi Main pegmatitic gabbroic rock sample suggests a
crystallization age of 2727 Ma.

DISCUSSION
The following discussion includes only the intrusions for which geochemical data are available.

Parental Magmas
The Max and Wabassi Main intrusions contain olivine with low forsterite contents (Fo67–80 and Fo36–
,
respectively;
Sappin et al. 2013) (Fo = 100× Mg/(Mg + Fe2+), atomic ratio). This indicates that the
78
parental magmas of these plutons were basaltic rather than komatiitic. Samples from the mafic and
ultramafic rocks of the Keezhik Lake, Norton Lake, Wabassi North and Wabassi East intrusions are
devoid of olivine. The mineral composition of the igneous rocks of the Norton Lake and Wabassi East
intrusions is unknown. However, the mafic rocks of the Keezhik Lake syntectonic to posttectonic
intrusions and Wabassi North intrusion contain pyroxenes and plagioclase with evolved to intermediate
compositions, also suggesting a basaltic composition for their parental magmas. The hornblende-bearing
gabbroic rocks and gabbro of the Keezhik Lake intrusions have clinopyroxene with Mg numbers ranging
from 73 to 78 (Mg# = 100× Mg/(Mg + Fe2+), atomic ratio) and feldspar with albitic composition and very
low anorthite content (An0–8) (An = 100× Ca/(Na + K + Ca), atomic ratio), suggesting a fair amount of
re-equilibration and/or modification. Plagioclase in the hornblende-bearing gabbroic rocks of the Wabassi
North intrusion has relatively low anorthite contents (An47–63).
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Magmatic Differentiation
The variation diagrams of selected major elements relative to MgO contents for the mafic and
ultramafic rocks of the Keezhik Lake (including both groups of intrusions), Opikeigen Lake, Weese Lake,
Norton Lake, Max, Wabassi North, Wabassi Main and Wabassi East intrusions are shown in Figure 51.2.
Magmatic differentiation is reflected in increases of SiO2, TiO2 and Al2O3 contents, with decreasing MgO
content. The intrusive rocks of the Norton Lake, Max and Wabassi Main intrusions show a wide
compositional spread along their differentiation trends, suggesting a high degree of differentiation from
primitive to more evolved compositions (see Figure 51.2). In contrast, the Keezhik Lake and Opikeigen
Lake plutonic rocks show a narrower compositional spread and more evolved composition (see Figure
51.2). The few samples from the Weese Lake, Wabassi North and Wabassi East intrusions indicate that
these rocks also have an evolved composition (see Figure 51.2).

Crustal Contamination
Several mafic and ultramafic intrusions in the MFHGB show convincing field evidence of interaction
between the country rocks and the silicate magmas associated with the intrusions. The ultramafic intrusion
hosting the Norton Lake nickel-copper-cobalt-PGE deposit includes breccia with enclaves of mafic rocks,

Figure 51.2. Variation diagrams for selected major elements. Major elements were recalculated to be 100% volatile free.
A) MgO versus SiO2; B) MgO versus TiO2; and C) MgO versus Al2O3. Data for the Keezhik Lake intrusions are from Buse
(2012b). Data for the intrusions of the Opikeigen Lake area are from Wallace (1978) and Hall (2005b). Data for the Weese Lake
intrusion are from Wallace (1981). Data for the Norton Lake intrusions are from Halle and Middleton (2003), Middleton (2004)
and Johnson (2005). Data for the Max, Wabassi North, Wabassi Main and Wabassi East intrusions are from Vaillancourt and
Bliss (2010), Vaillancourt, Bliss and Budulan (2011) and include unpublished data from Northern Shield Resources Inc.
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ultramafic rocks and highly siliceous fragments that represent potential iron formation in a matrix of
sulphide (Johnson 2005). The Max intrusion contains several xenoliths of country rocks (e.g., volcanic
fragments, granite) in the peridotite (staff, Northern Shield Resources Inc., personal communication,
2013). The Wabassi Main intrusion also contains several xenoliths of felsic and mafic volcanic country
rocks and fragments of volcanogenic massive sulphide (staff, Northern Shield Resources Inc., personal
communication, 2013). In contrast, in the Keezhik Lake, Wabassi North and Wabassi East intrusions,
evidence of crustal contamination was not observed.
Further evidence of crustal contamination includes the geochemical signature of the mafic and
ultramafic rocks. In most cases, the mafic rocks in both groups of intrusions in the Keezhik Lake area are
slightly enriched in highly incompatible lithophile elements (HILE, e.g., light rare earth elements, Th, Nb,
Ta) relative to moderately incompatible lithophile elements (MILE, e.g., middle rare earth elements, Y,
Zr, Hf, Ti) (Figure 51.3A). Rarely, they are also less enriched in niobium and tantalum relative to HILE
of similar compatibility and less enriched in zirconium and hafnium relative to MILE of similar
compatibility (see Figure 51.3A). The gabbroic rocks from the Opikeigen Lake area are depleted to
enriched in HILE relative to MILE (Figure 51.3B). They also show local depletion in niobium and
tantalum relative to HILE of similar compatibility, rare depletion in titanium relative to MILE of similar
compatibility, and are enriched to depleted in zirconium and hafnium relative to MILE of similar
compatibility (see Figure 51.3B). The Norton Lake mafic and ultramafic rocks show mainly flat
primitive-mantle–normalized multi-element profiles (Figure 51.3C). However, they locally show negative
anomalies in niobium and tantalum relative to HILE of similar compatibility and more rarely in titanium
relative to MILE of similar compatibility (see Figure 51.3C). The Max intrusive rocks are enriched in
HILE relative to MILE, but less enriched in niobium and locally tantalum relative to HILE of similar
compatibility (Figure 51.3D). The Wabassi North gabbroic rocks are enriched in HILE relative to MILE,
but less enriched in niobium and tantalum relative to HILE of similar compatibility and less enriched in
zirconium and hafnium relative to MILE of similar compatibility (Figure 51.3E). The Wabassi Main
intrusion exhibits more complex geochemical patterns. The rocks are normal to enriched in HILE relative
to MILE, but commonly less enriched in niobium relative to HILE of similar compatibility, and enriched
to depleted in tantalum relative to niobium and in hafnium, zirconium and titanium relative to MILE of
similar compatibility (Figures 51.3F and 51.3G). The mafic rocks of the Wabassi East intrusion are
enriched in HILE relative to MILE, but, locally, less enriched in zirconium, hafnium and titanium relative
to MILE of similar compatibility (Figure 51.3H). Crustally contaminated mafic magmas are generally
enriched in HILE, with negative anomalies in niobium and tantalum, and moderately enriched in MILE,
with negative anomalies in high field strength elements (HFSE) like zirconium, hafnium and titanium
(Lesher et al. 2001). Thus, the trace element signatures of the main intrusions of the eastern Uchi domain
are consistent with variable degrees of upper crustal contamination, with the less contaminated magmas
associated with the Norton Lake and Keezhik Lake intrusions and the more contaminated magmas
associated with the Wabassi North and Max intrusions.
In Figure 51.4, mafic and ultramafic rocks of the Keezhik Lake, Norton Lake and Wabassi East
intrusions mainly plot along the mid-ocean ridge basalt–oceanic island basalt array, suggesting that these
rocks are mantle derived and less affected by crustal contamination. In contrast, most of the mafic and
ultramafic rocks of the Opikeigen Lake, Max, Wabassi North and Wabassi Main intrusions plot above the
mid-ocean ridge basalt–oceanic island basalt array and have steep vectors oblique to the array, suggesting
mantle derivation, but extensive magma–crust interaction (see Figure 51.4).
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Figure 51.3. Primitive-mantle–normalized multi-element patterns for mafic and ultramafic rocks of the A) Keezhik Lake;
B) Opikeigen Lake; C) Norton Lake; D) Max; E) Wabassi North; F, G) Wabassi Main; and H) Wabassi East intrusions. Data for
the Keezhik Lake intrusions are from Buse (2012b). Data for the intrusions of the Opikeigen Lake area are from Hall (2005b).
Data for the Norton Lake intrusions are from Halle and Middleton (2003) and Johnson (2005). Data for the Max, Wabassi North,
Wabassi Main and Wabassi East intrusions are from Vaillancourt and Bliss (2010), Vaillancourt, Bliss and Budulan (2011) and
include unpublished data from Northern Shield Resources Inc. Primitive mantle values are from Sun and McDonough (1989) and
McDonough (2003).
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CONCLUSIONS
Most of the mafic and ultramafic intrusions of the eastern Uchi domain may have crystallized from
basaltic parental magmas, as suggested by mineral chemistry and, to a lesser extent, by the lack of
komatiitic basalt and komatiite associated with these intrusions.
Based on the distribution of the mafic and ultramafic intrusions in the eastern Uchi domain and the
geological and geochemical data from the most-studied intrusions, the eastern part of the MFHGB
appears to be the most prospective area for nickel-copper-PGE exploration. Indeed, the most significant
mafic intrusions are located in the eastern part of the greenstone belt and the ultramafic intrusive rocks are
restricted to this area. Furthermore, field data and geochemical signatures of the intrusive bodies
demonstrate that the eastern intrusions (e.g., Max and Wabassi Main) show stronger evidence of crustal
contamination and magmatic differentiation than the western intrusions. This could explain why
occurrences of iron-, nickel- and copper-sulphide minerals appear to be concentrated in the eastern part of
the MFHGB. In contrast, the occurrence of anorthosite and titaniferous magnetite in the western part of
the greenstone belt indicates that this may be a prospective area for iron-titanium-vanadium mineralization.
Other mafic and ultramafic bodies, likely of similar ages, occur further west in the Uchi domain,
outside the study area. They share many common characteristics with the studied intrusions, including a
similar composition of the intrusive rocks and the nature of the country rocks. These intrusions were
briefly described by Vaillancourt et al. (2003). Thus, although the nickel, copper, PGE, iron, titanium and
vanadium potential of the entire Uchi domain should be investigated in more detail, existing data suggest
that the eastern part of the eastern Uchi domain appears to be the most prospective area for nickel-copperPGE mineralization and the western part of the eastern Uchi domain would be the most prospective area
for iron-titanium-vanadium mineralization.

Figure 51.4. Nb/Yb versus Th/Yb proxy diagram of Pearce (2008) for mafic and ultramafic rocks of the Keezhik Lake,
Opikeigen Lake, Norton Lake, Max, Wabassi North, Wabassi Main and Wabassi East intrusions. Abbreviations: E-MORB,
enriched mid-ocean ridge basalt; N-MORB, normal mid-ocean ridge basalt; OIB, oceanic island basalt. Data for the Keezhik
Lake intrusions are from Buse (2012b). Data for the intrusions of the Opikeigen Lake area are from Hall (2005b). Data for the
Norton Lake intrusions are from Halle and Middleton (2003) and Johnson (2005). Data for the Max, Wabassi North, Wabassi
Main and Wabassi East intrusions are from Vaillancourt and Bliss (2010), Vaillancourt, Bliss and Budulan (2011) and include
unpublished data from Northern Shield Resources Inc.
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INTRODUCTION
The Black Thor intrusive complex (BTIC) contains one of the largest and best-preserved chromite
deposits in the world, and is one of an increasing number of deposits recognized to have formed in
magmatic conduits from high-chromium, low-magnesium komatiitic magmas. Similar deposits occur at
Kemi, Finland (Alapeiti et al. 1989), Inyala, Zimbabwe (Rollinson 1997), Ipueira-Medrado, Brazil
(Marques et al. 2003) and Sukinda, India (Mondal et al. 2006); however, little is known about the genesis
of this class of chromite deposits, which is fundamentally different from traditional stratiform- and
podiform-type deposits.
Indicated and inferred resources of the BTIC exceed 102 million tonnes (Mt) of chromite, with an
aggregate thickness up to 100 m of bulk ore at grades of 31% Cr2O3 in a zone measuring up to 3 km in
strike (Weston and Shinkle 2013). One of the main issues associated with this deposit and others of this
type is explaining the crystallization of such a large quantity of chromite within what appears to be a
relatively small intrusive complex. There is much debate regarding the formation of these types of
chromite deposits, and several theories have been suggested: physical transportation of slurries of finely
dispersed chromite (Mondal and Mathez 2007), with or without magmatic slumping (Maier, Barnes and
Groves 2013) and/or in situ crystallization associated with oversaturation of chromite with oxidation
(Ulmer 1969), wall-rock contamination (Irvine 1975) and magma mixing (Campbell and Murck 1993).
The purpose of this article is to present the main objectives, research methods, preliminary results,
preliminary implications, and the future work for a PhD thesis study undertaken by H.J.E. Carson at
Laurentian University. This ongoing project is being supported by Cliffs Natural Resources, the Natural
Sciences and Engineering Research Council of Canada (NSERC) Collaborative Research and Development
Program, the Ontario Geological Survey (OGS), and the Targeted Geoscience Initiative 4 (TGI-4) of the
Geological Survey of Canada (GSC), which is part of the Earth Sciences Sector of Natural Resources
Canada.

Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.52-1 to 52-15.
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OBJECTIVES
The objective of this research project is to establish the stratigraphy, geochemistry and petrogenesis
of the Black Thor intrusive complex and associated chromium and nickel-copper-platinum group element
(PGE) mineralization (Figure 52.1). The main goals are to
1.

identify all rock units and establish an overall stratigraphy and crystallization history of the
complex, to determine the nature and size of the magmatic system

2.

establish the petrography, whole-rock major and trace element geochemistry, neodymium and
osmium isotope geochemistry, mineral chemistry and igneous petrogenesis of each rock type.
This will constrain the composition of the parental magma, the nature of the mantle source, and
the relative roles of partial melting, fractional and/or equilibrium crystallization, magma
replenishment, magma mixing and contamination in the petrogenesis of the complex.

3.

use incompatible lithophile trace elements and neodymium and osmium isotopes to determine if
the ultramafic rocks, the late intrusive pyroxenite and the overlying gabbros are related and,
therefore, represent a larger and more strongly differentiated system

4.

characterize the textures and geochemistry of the chromite mineralization, including twodimensional and three-dimensional (X-ray tomographic) textural variations and vertical and/or
lateral compositional variations, in order to constrain the chromite saturation and crystallization
history (e.g., oxidation, contamination, magma mixing) and mode of accumulation (e.g.,
physical transportation of crystal slurries, magmatic slumping, in situ crystallization)

RESEARCH METHODS
Since the beginning of this project, work has been conducted during 2 field seasons, both at the
Cliffs “Esker Camp” in the McFaulds Lake area. The first season of field work (conducted during May to
July 2012 (66 days)) included logging drill core from 19 drill holes situated across and along the length of
the deposit, in order to identify the main rock types (e.g., dunite, peridotite, pyroxenite, gabbro and
chromitite) within the intrusion and to define their stratigraphy. Based on geochemical results from the
Cliffs Natural Resources assay database, an additional 20 drill cores were randomly sampled and are
included in this report. A total of 1312 samples were collected from 39 drill cores; a representative subset
of 350 samples is being prepared for petrographic, mineralogical and whole-rock geochemical analyses.
The second season of field work (conducted during June and July 2013 (57 days)) included detailed
logging of an additional 13 drill cores. Forty-six samples were taken (5 chromitite, 5 dunite, 2 peridotite,
2 olivine pyroxenite, 6 pyroxenite, 4 feldspathic pyroxenite, 6 melagabbro, 8 leucogabbro, 6 basalt,
1 granite, 1 mafic dike).
To date, 122 samples have been prepared and examined using a binocular microscope to study
mesoscopic textures relevant to the petrogenesis of the rocks. Of the prepared samples, 85 samples are
being examined in polished thin section in transmitted and reflected plane-polarized and doubly polarized
light using a compound petrographic microscope to establish mineralogy and textures relevant to the
petrogenesis of the rocks. The same samples have been crushed in a roll crusher that was carefully cleaned
between samples, and pulverized in an agate mill in preparation for whole-rock geochemical analysis.
Concentrations of major and minor elements have been determined by analysis using wavelengthdispersive X-ray fluorescence (WD-XRF) spectrometry at Activation Laboratories (Actlabs) in Ancaster,
Ontario. Concentrations of lithophile trace elements have been determined by analysis at Actlabs using
inductively coupled plasma mass spectrometry (ICP–MS) after multi-stage dissolution in HF, HClO4,
HNO3 and HCl. Gold, platinum and palladium abundances have been determined by analysis using ICP–MS
following lead fire-assay pre-concentration and tellurium co-precipitation at Actlabs.
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Eleven chromite-rich samples with mineralization styles ranging from disseminated to net-textured,
and containing a variety of textural types (from inclusion free to inclusion rich), have been analyzed by
wavelength-dispersive X-ray emission spectrometry using an electron probe microanalyzer (EPMA, or

Figure 52.1. Schematic cross section through the Black Thor igneous complex (modified from Carson et al. 2013), showing the
locations of the Black Label chromitite horizon, the Black Thor chromitite horizon, the late pyroxenite and the nickel-copperPGE mineralization.
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“microprobe”) at the OGS Geoscience Laboratories in Sudbury, Ontario to determine composition. Two
of these samples were also studied on a scanning electron microscope (SEM) and the inclusions were
analyzed by energy dispersive X-ray emission spectrometry at the same laboratory.

PRELIMINARY RESULTS
All rocks examined in this study have been metamorphosed to lower greenschist facies and parts of
the intrusion are bordered by and/or cut by faults, but most rocks are not penetratively deformed and
contain well-preserved igneous textures. (All rocks have been metamorphosed, but the “meta” prefix on
all rock names has been omitted for convenience and clarity; unless noted otherwise, the olivine in all of
these rocks has been serpentinized.) Previous work (Weston and Shinkle 2013) has shown that the BTIC
can be subdivided into 3 main series (Figure 52.2; Photos 52.1 and 52.2):
1.

a lower ultramafic series of mesocumulate to adcumulate peridotite and dunite with minor
interstitial chromite, which locally contains basal disseminated, semi-massive and massive
nickel-copper-PGE-bearing sulphides. This unit also hosts a late pyroxenite composed primarily
of websterite that intruded the lower and middle ultramafic series rocks and resulted in localized
brecciation of the chromite mineralization

2.

a middle ultramafic series of chromite-bearing heteradcumulate to mesocumulate peridotite and
dunite with heteradcumulate to mesocumulate chromitite

3.

an upper ultramafic to mafic series of mesocumulate to orthocumulate peridotite, olivine pyroxenite,
pyroxenite, feldspathic pyroxenite, melagabbro, mesogabbro, leucogabbro and anorthosite

Figure 52.2. Idealized stratigraphic section of the Black Thor intrusive complex (modified from Carson et al. 2013).
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Lower Ultramafic Series
The lower part of the lower ultramafic series (see Figure 52.2) comprises unique dark grey, mediumgrained (1 to 2 mm), serpentinized orthopyroxene-rich meso- to orthocumulate peridotite (Photo 52.1A),
which is locally intruded by, and co-mingled with, a younger pyroxenite (i.e., the “late pyroxenite”). This

Photo 52.1. Typical rock types of the lower (A to E) and the upper (F to L) ultramafic series of the Black Thor intrusive complex.
A) Basal peridotite (harzburgite); DDH BT-09-70, 37.70m. B) Late pyroxenite; DDH BT-11-198, 42.00m. C) Spinifex-textured
olivine, DDH BT-09-97, 136.09m. D) Heavily serpentinized dunite; DDH BT-09-70, 98.11m. E) Serpentinized peridotite,
DDH BT-11-196, 180.10m. F) Olivine pyroxenite; DDH BT-10-115, 83.85m. G) Pyroxenite; DDH BT-12-234, 38.05m.
H) Feldspathic pyroxenite; DDH BT-11-194, 165.92m. I) Melagabbro; DDH BT-09-70, 244.05m. J) Mesogabbro; DDH
BT-12-234, 211.33m. K) Leucogabbro; DDH BT-09-80, 245.65m. L) Anorthosite; DDH BT-12-243, 198.20m. Unless noted
otherwise, the olivine in all rocks has been serpentinized. Younging direction in all photos is to the right. For the core shown in
Photos 52.1D, 1F, 1I, 1J, 1K and 1L, the height (top to bottom) of the photo represents a core width of 4.7 cm; for all other photos,
the height (top to bottom) of the photo represents a core width of 2.35 cm.
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Photo 52.2. Chromite textures of the Black Label chromitite horizon (A, B, C, D) and the Black Thor chromitite horizon (E, F,
G, H, I, J, K, L). A) Massive chromitite layer with wavy, undulated upper contact into matrix chromitite layer in serpentinized
dunite, grading into a massive chromitite layer; DDH BT-11-198. B) Blebby, co-mingling textured chromitite ”clasts” hosted
within late pyroxenite matrix; DDH BT-08-06, 291.50m. C) Semi-massive chromitite layer, DDH BT-11-198, 195.07m.
D) Brecciated matrix chromitite layer; DDH BT-11-198, 199.00m. E) Patchy net-textured chromitite, DDH BT-11-198.
F) Matrix textured chromitite; DDH BT-11-196, 548.74m. G) Semi-massive textured chromitite, DDH BT-08-09, 143.95m.
H) Massive-textured chromitite; DDH BT-10-117, 99.40m. I) Mottled semi-massive-textured chromitite with “floating or
suspended” serpentinized and/or pseudomorphed olivine grains; DDH BT-09-70, 177.47m. J) Massive chromitite layer with
sharp upper contact to talc-tremolite-chlorite silicates and serpentinized pseudomorphed olivines, grading into semi-massivetextured chromitite with a sharp upper contact into matrix chromitite layer; DDH BT-11-196, 538.30m. K) Matrix-textured
chromitite layer in talc-tremolite-chlorite silicates and serpentinized pseudomorphed olivines with a sutured upper contact into
massive chromitite layer with a wavy, undulated upper contact into matrix texture chromitite layer; DDH BT-11-196, 559.30m.
L) Semi-massive chromitite with continuous and semi-continuous talc-tremolite-chlorite–altered silicate and serpentinized
pseudomorphed olivine grain layers; DDH BT-10-113, 172.17m. Unless noted otherwise, the olivine in all rocks has been
serpentinized. Younging direction in all photos is to the right. For the core shown in Photos 52.2B, 2D, 2I and 2L, the height
(top to bottom) of the photo represents a core width of 4.7 cm; for all other photos, the height (top to bottom) of the photo
represents a core width of 2.35 cm.
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late pyroxenite is a light grey, fine- to medium-grained (0.5 to 1 mm), relatively fresh clinopyroxene-rich
mesocumulate to adcumulate, with lesser interstitial plagioclase that commonly contains orthopyroxene
oikocrysts (Photo 52.1B). The late pyroxenite breaks up (see Spath, Lesher and Houlé, this volume, Article
54), and is interfingered with, the overlying dunitic unit that contains possible porphyritic skeletal olivine
textures (Photo 52.1C).
The upper part of the lower zone comprises light to dark green, medium-grained (1 to 5 mm),
serpentinized adcumulate to mesocumulate dunites (Photo 52.1D) that are interlayered with grey to black,
medium-grained (1 to 5 mm), serpentinized mesocumulate to orthocumulate peridotite, commonly with
fine accessory chromite (Photo 52.1E).

Middle Ultramafic Series
Chromite mineralization in the BTIC occurs in the middle ultramafic series of the complex and
includes a lower zone of banded to magmatically brecciated chromite ores (Black Label: Photos 52.2A to
52.2D) and an upper zone of thickly laminated to thickly bedded chromite ore (Black Thor: Photos 52.2E
to 52.2L), which are divided by an intervening zone of interlayered dunites and peridotites similar to those
within the lower ultramafic series.
Mineralization comprises a range of textures defined mainly by their chromite content: massive
(>90%), semi-massive (75 to 90%), matrix (50 to 75%), net (30 to 50%), heavily disseminated (10 to 30%),
and lightly disseminated (<10%). The various textural types are complexly interlayered, range from very
thinly laminated (<1 mm) to very thickly bedded (>60 cm), and individual layers are very difficult to
correlate along strike. The ores in the Black Label deposit are magmatically brecciated with angular (see
Spath, Lesher and Houlé, this volume, Photo 54.2A,) and amoeboid clasts of chromitite (Photo 52.2B).

Upper Ultramafic to Mafic Series
The upper ultramafic to mafic series comprises an interlayered but broadly progressive and upward
evolving sequence of peridotite through olivine pyroxenite, pyroxenite, feldspathic pyroxenite to
melagabbro, mesogabbro, leucogabbro and anorthosite. Olivine pyroxenite (Photo 52.1F) typically occurs
at the transition zone between the middle and upper ultramafic to mafic series. Pyroxene is commonly
altered to tremolite-talc and olivine to serpentine. This alteration overprints original pyroxenite textures,
but preserves pseudomorphed medium-grained (1 to 2 mm) olivine. Grey pyroxenite (Photo 52.1G) of the
upper ultramafic to mafic series is finer grained (1 to 5 mm) than the late pyroxenite unit in the lower
ultramafic series, and is generally massive to locally oikocrystic, with mesocumulate texture. Pyroxenites
are variably altered to tremolite-talc and contain little or no chromite. These units grade upward into a
feldspathic pyroxenite (Photo 52.1H) that contains relicts of interstitial plagioclase, resulting in a spotted
and patchy texture.
Overlying gabbroic rocks appear to be the most fractionated components of the intrusive complex.
They are typically combinations of white-grey-green, medium to coarse grained (0.25 to 0.5 cm), locally
pegmatitic in texture, and range from melagabbro (10 to 35% plagioclase: Photo 52.1I), to mesogabbro
(35 to 65% plagioclase: Photo 52.1J), to leucogabbro (65 to 90% plagioclase: Photo 52.1K) and, less
commonly, to anorthositic gabbro (90 to 100% plagioclase: Photo 52.1L). Plagioclase is altered to albite
and pyroxene is strongly altered to an assemblage of chlorite-actinolite-zoisite (Weston and Shinkle
2013). Sulphide mineralization is locally present and typically comprises patchy disseminated to patchy
net-textured chalcopyrite and pyrrhotite (Photo 52.3A). In some areas, the gabbroic units are strongly
sheared along the contact with the pyroxenite of the upper ultramafic to mafic series.
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Photo 52.3. A) Sulphide mineralization (chalcopyrite + pyrrhotite) within gabbroic rocks (leucogabbro) of the upper ultramafic
to mafic series; DDH BT-12-234, 31.07m. B) Slumping structures seen in layered chromitite horizons of Black Thor; DDH BT11-196, 548.08m. C) Normal grading of massive chromitite into net-textured chromitite with pseudomorphed serpentinized
olivine grains; DDH BT-08-05, 459.30m. D) Contact of feldspathic pyroxenite grading into melagabbro; BT-09-70, 244.05m.
Unless noted otherwise, the olivine in all rocks has been serpentinized. Younging direction in all photos is to the right. For the
core shown in Photo 52.3B, the height (top to bottom) of the photo represents a core width of 4.7 cm; for all other photos, the
height (top to bottom) of the photo represents a core width of 2.35 cm.

52-8

Targeted Geoscience Initiative 4 (52)

H.J.E. Carson et al.

Field Relationships
The basal part of the intrusion crosscuts and appears to have contact metamorphosed older granitoid
country rocks, and is itself cut by an extensive late pyroxenite unit that disrupts the Black Label
chromitite horizon (see also Spath, Lesher and Houlé, this volume, Article 54).
The ultramafic series contains multiple cyclic units. The lower and middle ultramafic series contain
repeating units of dunite-peridotite ± chromite, whereas the overlying upper ultramafic to mafic series
contains repeating pyroxenite-feldspathic pyroxenite-melagabbro-mesogabbro-leucogabbro-anorthosite
units. Peridotites and dunites in the lower ultramafic series contain 1 to 2% disseminated intercumulus
magnetite (after chromite). Dunites underlying the Black Label and Black Thor deposits contain 1 to 2 cm
thick layers of magnetite (also after chromite), which grade into chromite within the Black Label and
Black Thor horizons.
Chromitite horizons are thicker and more lensoid in the central part of the intrusion above the feeder
zone, whereas they are thinner and more sheet-like toward the north-northeast and south-southwest.
Massive and semi-massive chromitite with pyroxene oikocrysts is more common in the thicker central
units, whereas matrix, net-textured and disseminated textures are more common in the lateral parts, where
they are interlayered with silicates and contain intrafolial folding, in which some layers are undeformed
and others are folded (Photo 52.3B) and exhibit normal grading (chromite-rich bases and silicate-rich
tops: Photo 52.3C). Despite the overall continuity of the mineralization, it has not yet been possible to
correlate individual chromitite beds along strike.
The stratigraphic relationship within the uppermost part of the complex, particularly between the
upper ultramafic to mafic series, gabbroic rocks and overlying younger mafic volcanic rocks, was
previously unclear. The volcanic rocks are interfingered and layered with gabbroic rocks that were
originally thought to be unrelated to the lower ultramafic portions of the BTIC. However, gradational
contacts revealed after detailed logging of the upper ultramafic to mafic series, between feldspathic
pyroxenite and melagabbro, indicate the gabbroic rocks are related to the BTIC and represent the
uppermost fractionated portions of the intrusion (Photo 52.3D).

Petrography
The majority of the petrographic work done thus far has been on samples containing disseminated
and net-textured chromite (Photos 52.4A and 52.4B). The mineralogy of interstitial silicate material
within the chromitite horizons varies. Samples with higher chromite contents (massive, matrix and nettextured) contain highly altered olivines where original grain outlines are not preserved, whereas samples
with lower chromite contents (disseminated) contain variably altered but better-preserved pseudomorphs
after olivine ± clinopyroxene ± orthopyroxene.
Chromite exhibits 3 main textures: 1) relatively homogenous chromite with lower reflectivity, no
inclusions or holes, and only minor alteration to magnetite along fractures; 2) inclusion-rich chromite
with higher reflectivity and abundant inclusions and pits associated with minor pyrite-pyrrhotite; and
3) altered chromite with significant alteration to magnetite along fractures. These textures are not simply
“cores” and “rims”, they display a much more complex relationship that cannot be explained, for instance,
by later chromite overgrowth (Photo 52.4C). Preliminary electron microprobe analyses indicate that
massive chromite contains 40 to 50% Cr2O3 and approximately 4 to 12% MgO, and that inclusion-rich
chromites contain approximately 45 to 65% Cr2O3 and approximately 1 to 5% MgO (Figure 52.3).
Analyses using SEM indicate that the inclusions are mixtures of calcite, amphibole, chlorite and
serpentine, most likely altered melt inclusions (Photos 52.4D and 52.4E).
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Table 52.1. Samples, with descriptions, analyzed using electron probe microanalyzer.
DDH
BT-09-76
BT-10-115
BT-10-116
BT-10-116
BT-10-117
BT-10-118
BT-10-119
BT-10-127
BT-10-135
BT-10-138

Depth (m)
186.00
92.30
108.00
87.40
136.60
140.80
181.90
108.00
166.65
203.60

Rock Type
Net-textured chromitite
Pyroxenite
Pyroxenite
Pyroxenite
Pyroxenite
Pyroxenite
Patchy net-textured chromitite
Dunite
Pyroxenite
Patchy net-textured chromitite

Chromite
Net-textured
Disseminated
Disseminated
Disseminated
Disseminated
Disseminated
Patchy net-textured
Patchy disseminated
Disseminated
Patchy net-textured

Thin-Section ID Number
1331337
1331338
1331339
1331340
1331341
1331342
1331343
1331344
1331345
1331348

Photo 52.4. A) Photomicrograph of thin section (plane-polarized light), showing net-textured chromite with serpentinized
olivine matrix. B) Photomicrograph of thin section (cross-polarized light), showing net-textured chromite with serpentinized
olivine matrix. C) Photomicrograph of disseminated chromite in reflected plane-polarized light. D) Photomicrograph of nettextured chromite in reflected plane-polarized light. E) Backscattered SEM image (WDS spectrum) of an inclusion-rich chromite
showing typical silicate inclusion. Photo 52.4C is an image of thin-section sample 1331339; all other photos are of thin-section
sample 1331337; see Table 52.1 for sample descriptions. Abbreviations: Chr, chromite; Ol, olivine; Po, pyrrhotite; Py, pyrite;
Serp, serpentinite. Unless noted otherwise, the olivine in all rocks has been serpentinized.
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GEOLOGICAL IMPLICATIONS FOR THE BLACK THOR INTRUSIVE
COMPLEX
Based on 1) crosscutting relationships with underlying granitoids; 2) subvertical north-northeast
orientations of units and layering within the intrusion and in overlying volcanic rocks; 3) compositional
trends and layering grading normally to the east; and 4) the bilaterally symmetrical north-northeast–southsouthwest variations in chromitite textures, the BTIC appears to have originally been a sill-like body
overlying a feeder that has been tectonically rotated into its present subvertical orientation.
The cyclic units likely represent different magma pulses, suggesting the intrusion was a partially
open system that underwent periodic magma replenishment and/or mixing (e.g., Irvine 1977; Campbell
and Murck 1993; Cawthorn 1996). However, the upward sequence of dunite, peridotite, pyroxenite,
feldspathic pyroxenite and gabbroic rocks suggests that the BTIC also underwent some degree of in situ
fractionation. The late pyroxenite appears to represent the last pulse of magma coming from the feeder
zone.
The presence of fine-grained uniformly distributed interstitial magnetite (after chromite) in the
lowermost peridotites and dunites suggests that the first magma was saturated in chromite and that the
olivine and chromite in those rocks may have accumulated along a cotectic (Lesher and Stone 1996;
Barnes 1998; Lesher 2007). The origin of the chromite in the chromite-rich zones, which greatly exceeds
the amounts that could crystallize along a cotectic, is less clear. The very fine grain size and rare normal
grading are compatible with both in situ crystallization or mechanical transport and settling. Rare slump

Figure 52.3. Electron probe microanalyses conducted on 11 chromite samples, displaying 2 distinct populations and magnetite
rims (see Table 52.1 for sample identifications and descriptions).
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structures suggest some post-formational transport, but this may also represent syn-crystallizational
deformation during cooling and subsidence of the magma chamber between pulses (Maier, Barnes and
Groves 2013).
Azar (2010) and Mungall, Azar and Hamilton (2011) suggested that iron formation may have been
assimilated to bring the magma to chromite saturation to form the Blackbird deposit, which appears to be
a southwestern extension of the BTIC. Inclusions in Black Thor chromite that have been analyzed thus far
Table 52.2. Samples, with descriptions, analyzed under scanning electron microscope (Photos 52.5A to 52.5F).
DDH
BT-09-76
BT-10-119

Depth (m)
186.00
181.90

Rock Type
Net-textured chromitite
Patchy net-textured chromitite

Chromite
Net-textured
Patchy net-textured

Thin-Section ID Number
1331337
1331343

Photo 52.5. Scanning electron microscopic (SEM) images. A) Individual chromite grains from thin-section sample 1331337 (site
of interest 9b); spectrum analyses were taken at points 1 and 2. B) Individual chromite grains from thin-section sample 1331343
(site of interest 4c); spectrum analyses were taken at points 3 and 4. Scanning electron microscopic spectrum results. Sample
1331337: C) from point 1, chlorite; and D) from point 2, serpentine. Sample 1331343: E) from point 3, calcite; and F) from
point 4, amphibole. See Table 52.2 for sample identification and descriptions.

52-12

Targeted Geoscience Initiative 4 (52)

H.J.E. Carson et al.

are not iron rich (Photo 52.5; see Table 52.2) and, therefore, are not consistent with assimilation of iron
formation; however, upgrading of magnetite to chromite at high magma to chromite ratios in a flowthrough magma conduit is an attractive mechanism for generating so much chromite. The variety of
chromite textures indicate a complex crystallization history, likely associated with variable conditions
during magma transport and deposition.
Variations in the compositions of chromite appear to reflect minor variations in magma composition,
followed by variable and significant degrees of equilibration with trapped liquid, but it is not yet clear
whether the higher chromium contents of altered chromite reflects upgrading during alteration or a greater
susceptibility of high-chromium chromite to alteration.

FUTURE WORK
Significant progress has been made on the overall geological understanding of the BTIC since the
beginning of this project in 2012. However, additional work is still in progress to better constrain the
stratigraphy, the petrographic and geochemical signatures, and the petrogenesis of this ultramafic and
mafic intrusion that hosts world-class chromite deposits. Ongoing components of the project include
additional field work, petrography and geochemical analysis.
The majority of the field component related to this study has been completed in the past 2 summers.
However, more detailed logging of the Black Thor chromitite horizon is planned, which should address
lateral and vertical stratigraphic variations. Furthermore, some re-logging of diamond-drill core might
also be conducted, depending on new geological information that will be gathered under the petrographic
and geochemical components of this project.
Further petrographic examination of polished thin sections will continue, to characterize the different
rock units and their relationship to one another. As well, mineralogical characterization of relict igneous
phases (e.g., olivine, pyroxene, chromite and melt inclusions) will be carried out. This work will include
analysis for major, minor and trace elements by a combination of EPMA and laser-ablation ICP–MS to
constrain the composition of the magmas from which the elements crystallized. High-resolution X-ray
computer tomography studies will be done on selected samples to better constrain the spatial distribution
and the interlocking of the chromite grains within the chromite-rich lithofacies.
Initial whole-rock geochemical data (major, minor and trace elements) were acquired through a
portion of the most complete stratigraphic section in the southwestern domain of the BTIC. More
geochemical work is in progress to better characterize each of the rock types observed within the lower,
middle and upper ultramafic to mafic series. Data obtained have not yet been processed, but the
chromium contents of the parental magma will be established by plotting Cr versus MgO, and comparing
the trends in the Black Thor intrusion to experimental trends (e.g., Murck and Campbell 1986), natural
trends (e.g., Lesher and Stone 1996; Barnes 1998; Halkoaho et al. 2000; Lesher 2007) and to geochemical
models. Thermodynamic modelling of crystallization and contamination will be carried out to predict
changes in phase equilibria. Isotopic compositions (Sm/Nd, Re/Os, 32S/33S and 34S/36S) will also be
determined, to better constrain the magma source and potential crustal contamination.
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INTRODUCTION
The Black Thor intrusive complex occurs within the McFaulds Lake greenstone belt (circa 2.7 to
2.8 Ga) in northern Ontario and comprises a lower ultramafic series of dunite and peridotite; a middle
ultramafic series of dunite, peridotite and chromitite; and an upper ultramafic to mafic series of peridotite,
olivine pyroxenite, pyroxenite, melagabbro, mesogabbro, leucogabbro and anorthosite; the lower and
middle series are intruded by a late pyroxenite (see Carson et al., this volume, Figures 52.1 and 52.2; see
also Carson et al. 2013; Weston and Shinkle 2013). The Black Thor intrusive complex hosts 2 major
chromite deposits, the Black Label and the Black Thor horizons, which are similar in many respects. The
Black Label deposit—the focus of this study—has been disrupted in the central parts by a late pyroxenite
body (see Spath, Lesher and Houlé, this volume, Article 54), but appears to have been originally more
discontinuous than the Black Thor deposit. (Unless noted otherwise, the olivine in all rocks has been
serpentinized; all rocks have been metamorphosed, but the “meta” prefix on all rock names has been
omitted for convenience and clarity.)
The purpose of this article is to present the main objectives, research methods, preliminary results
and the future work for an MSc thesis study undertaken by K. Mehrmanesh at Laurentian University. This
ongoing project is supported by Cliffs Natural Resources, the Natural Sciences and Engineering Research
Council of Canada (NSERC) Collaborative Research and Development Program, the Ontario Geological
Survey (OGS), and the Targeted Geoscience Initiative 4 (TGI-4) of the Geological Survey of Canada
(GSC), which is part of the Earth Sciences Sector of Natural Resources Canada.

OBJECTIVES
The goal of the MSc thesis is to establish the stratigraphy and genesis of the Black Label chromitite
horizon. More precisely, the specific objectives targeted during this study are to
•

characterize the layering, textures and the mineralogy of the Black Label chromitite horizon

•

define the overall stratigraphy and any stratigraphic variations through the horizon, along strike,
and with depth

•

establish the geochemistry and the petrogenesis of the Black Label horizon

Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.53-1 to 53-6.
© Queen’s Printer for Ontario, 2013
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RESEARCH METHODS
Field Work
Sixty days of field work were conducted by K. Mehrmanesh and H.J.E. Carson at the Cliffs Natural
Resources “Esker Camp” in the James Bay Lowland of northern Ontario during June and July 2013.
Relevant parts of 38 drill cores through the Black Label horizon were logged by K. Mehrmanesh using
methods devised by H.J.E. Carson, C.M. Lesher and M.G. Houlé using a “sedimentary stratigraphic”
approach (e.g., Einsele, Ricken and Seilacher 1991), recording the lithologies, thicknesses and textures of
beds and interbeds, intervals, and contact styles. In total, 390 representative samples were taken of all
rock types and ore textures, including 322 chromite-bearing ultramafic rocks and 68 unmineralized
dunitic host rocks (i.e., rocks that underlie and overlie rocks of the mineralized zones).

Laboratory Work
Thus far, 23 samples representative of each rock type and texture have been prepared. Preparation of
polished thin sections is in progress. The sections of core that have been cut and ground will be examined
using a binocular microscope, to establish mesoscopic textures relevant to the petrogenesis of the rocks.
The thin and polished sections will be examined, using a compound petrographic microscope in transmitted
and reflected light, to establish the mineralogy and microscopic textures relevant to the petrogenesis of the
rocks. Chromite will be analyzed by wavelength-dispersive X-ray emission spectrometry using an electron
probe microanalyzer (EPMA) at the OGS Geoscience Laboratories in Sudbury, Ontario.
The same 23 samples are also being prepared for whole-rock geochemistry analyses that will be done
at the OGS Geoscience Laboratories. Additional samples will also be prepared for analysis. The samples
are being crushed in a roll crusher that will be carefully cleaned between samples, then pulverized in an
agate ball mill. Concentrations of major and minor elements will be determined using analysis by
wavelength-dispersive X-ray fluorescence (WD-XRF) spectrometry. Concentrations of trace elements
will be determined through analysis by inductively coupled plasma mass spectrometry (ICP–MS) after
multi-stage dissolution in HF, HClO4, HNO3 and HCl. Selected base metals, semimetals (i.e., B, Si, Ge,
As, Sb and Te), volatile metals and precious metals will be analyzed using a combination of flame,
hydride-generation and graphite-furnace atomic absorption spectrometry (AAS), inductively coupled
plasma atomic emission spectrometry (ICP–AES) and ICP–MS.

PRELIMINARY RESULTS
Rock Units
The rock units identified in the vicinity of the Black Label chromite horizon are part of the lower
chromitiferous zone of the middle ultramafic series (see Carson et al., this volume, Figure 52.1), and
include chromitite horizons of various textures (Table 53.1) and scales of layering (Table 53.2) as well as
barren interbedded units. Both are described below.

BARREN ULTRAMAFIC ROCKS
Barren ultramafic rocks have been subdivided using the same scheme described by Carson et al.
(2013; also see Carson et al., this volume, Article 52). For the most part, barren interbeds and underlying
and overlying rocks consist of black to olive green, medium-grained (1 to 2 mm), serpentinized adcumulate
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dunite and mesocumulate peridotite, with minor interstitial chromite (see Carson et al., this volume, Photo
52.2). In the central part of the Black Thor intrusive complex, the dominant ultramafic rocks are a late
pyroxenite and genetically related hybrid units (see Spath, Lesher and Houlé, this volume, Article 54).

CHROMITE-BEARING ULTRAMAFIC ROCKS
Chromite-bearing rocks have been subdivided on the basis of texture and abundance of chromite (see
Table 53.1; Photos 53.1A to 53.1F). Chromitite layering has been quantified using the scheme in Table
53.2, and the contacts between chromitite layers and interbeds have been classified as sharp (Photo 53.2I),
graded (Photo 53.2A), diffuse (Photo 53.2G), flame and load (Photo 53.2F), irregular (Photo 53.2B) or
sheared or faulted (not shown). Many chromitite seams exhibit more than one type of contact, and it is not
uncommon to see a sharp lower contact with a graded upper contact (see Photos 53.2A and 53.2C).
Table 53.1. Chromite textures in the Black Thor intrusive complex.
Texture
Lightly disseminated
Disseminated
Heavily disseminated
Patchy disseminated
Patchy net (leopard)
Net
Matrix
Brecciated
Semi-massive
Massive

% Chromite
<5
5–10
10–20
5–20
20–30
20–50
50–75
variable
75–90
>90

Notes
Uniformly distributed
Uniformly distributed
Uniformly distributed
Irregularly distributed
Patches of net texture around chromite-free pyroxene oikocrysts
Continuous networks of chromite interstitial to olivine and pyroxene
Orthocumulate chromite
Angular to ellipsoidal, rarely amoeboidal
Mesocumulate chromite
Adcumulate chromite

Table 53.2. Scale of chromite layering in the Black Thor intrusive complex (adapted from Ingram 1954).
Bedding
Very thickly bedded
Thickly bedded
Medium bedded
Thinly bedded
Very thickly laminated
Thickly laminated
Thinly laminated
Very thinly laminated

Thickness
>60 cm
30–60 cm
10–30 cm
5–10 cm
3–5 cm
3–30 mm
1–3 mm
<1 mm

Table 53.3. Lateral variations within the Black Label chromite horizon.
North-Northeast
dunite > peridotite

Centre
pyroxenite > dunite > peridotite

South-Southwest
dunite > peridotite

Textures

heavily disseminated
> lightly disseminated
> net > semi-massive

brecciated > disseminated
> heavily disseminated
> net > semi-massive

heavily disseminated
> lightly disseminated
> net > semi-massive

Contacts

sharp > irregular > graded

diffuse > fractured > irregular

sharp > irregular > graded

Thickness

thicker

thinner

thicker

Rock units
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Based on textures, chromite-bearing rocks in the Black Label horizon are dominated by 6 main
facies, including 1) massive chromitite (see Photo 53.1A); 2) semi-massive chromitite with patches of
serpentinized olivine (see Photo 53.1B); 3) matrix-textured chromitite with patches of silicate (see Photo
53.1C); 4) net-textured chromite in altered peridotite (see Photo 53.1D); 5) heavily disseminated chromite
in peridotite (see Photo 53.1E); and 6) lightly disseminated chromite in peridotite (see Photo 53.1F).
Overall, heavily disseminated and lightly disseminated chromite textures are more abundant than nettextured or semi-massive textures (see Table 53.2), but there are many zones dominated by net-textured,
semi-massive and massive chromitites. There are significant lateral variations in rock type, textures,
contacts and thicknesses related to the intrusion and brecciation of the Black Label horizon by the late
pyroxenite (Table 53.3). The abundance of chromite within individual chromite layers is generally
somewhat less in the Black Label horizon relative to the Black Thor horizon (Weston and Shinkle 2013).
It is not yet clear whether individual beds or groups of interbeds within the non-brecciated parts of the
Black Label horizon can be correlated along strike or with depth.

Photo 53.1. Photographs of chromite textures in the Black Label chromite horizon. A) Massive chromitite; DDH BT-11-183,
114.0m. B) Semi-massive chromitite with patches of serpentinized olivine; DDH BT-09-30, 111m. C) Matrix-textured chromitite
with patches of tremolite-chlorite-talc after pyroxene; DDH BT-11-195, 213m. D) Net-textured chromite in tremolite-chloritetalc–altered peridotite; DDH BT-09-48, 169m. E) Heavily disseminated chromite in tremolite-chlorite-talc–altered peridotite;
DDH BT-09-45, 108m. F) Lightly disseminated chromite in tremolite-chlorite-talc–altered peridotite; DDH BT-09-45, 137m.
Unless noted otherwise, the olivine in all rocks has been serpentinized. All cores are oriented from west (left) to east (right);
younging direction is to the right. For the core shown in each photo, the height (top to bottom) represents a core diameter of 4.7 cm.
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Photo 53.2. Photographs of contacts in Black Label horizon rock units, from drill core recovered from holes drilled along section
1200N. A) Dunite interbed with gradational lower and sharp upper contacts with massive chromitite; DDH BT-12-206, 312.4m.
B) Massive chromitite layer within dunite containing disseminated chromite. Note sharp lower and irregular upper contacts;
DDH BT-12-206, 314.0m. C) Massive chromitite with sharp lower and irregular upper contact with dunite containing heavy
disseminated chromite; DDH BT-12-206, 355.0m. D) Massive chromitite layer with sharp lower contact and graded upper contact
with dunite containing light disseminated chromite; DDH BT-12-206, 372m. E) Massive chromitite layer with thin silicate
lamination, sharp lower contact, and irregular upper contact with net-textured chromitite layer; DDH BT-12-206, 402.0m.
F) Net-textured chromitite layer with irregular lower and loaded upper contact with semi-massive chromitite layer; DDH BT-12-206,
212.0m. G) Massive chromitite layer with very thin dunitic interbeds, altered lower contact and irregular upper contact with
matrix-textured chromitite layer; DDH BT-12-207, 345m. H) Massive chromitite with diffuse lower and irregular upper contact
with dunite containing heavy disseminated chromite; DDH BT-12-207, 351.0m. I) Massive chromitite layer with sharp lower
contact with lightly disseminated chromite layer and sharp upper contact with heavily disseminated chromite layer; DDH BT-12-207,
355.0m. J) Massive chromitite layer with irregular upper and lower contacts with net-textured chromitite layer; DDH BT-12-207,
363.0m. K) Massive chromitite containing thin and thick silicate laminations; DDH BT-12-207, 370.0m. L) Massive chromite
layer with diffuse silicate laminations and sharp contacts with lightly disseminated chromite layers; DDH BT-12-207, 379.0m.
Unless noted otherwise, the olivine in all rocks has been serpentinized. All cores are oriented from west (left) to east (right);
younging direction in all cores is to the right. For the core shown in each photo, the height (top to bottom) represents a core
diameter of 4.7 cm.
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FUTURE WORK
Preliminary field observations have revealed broad variations in textures, bed thicknesses and
contact styles across the Black Label chromite horizon. Future work will characterize in detail the
vertical, lateral and down-dip variations in rock type, chemistry, bed thicknesses, textures and contact
styles to determine if coherent sequences can be correlated between different parts of the Black Label
chromite horizon, and to understand the petrogenesis of the deposit.
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INTRODUCTION
The Black Thor intrusive complex (BTIC) occurs within the McFaulds Lake greenstone belt (circa
2.7 to 2.8 Ga) in northern Ontario and comprises a lower ultramafic series of dunite and peridotite; a
middle ultramafic series of dunite, peridotite and chromitite (Black Thor and Black Label horizons); and
an upper ultramafic to mafic series of peridotite, olivine pyroxenite, pyroxenite, melagabbro, mesogabbro,
leucogabbro and anorthosite (see Carson et al., this volume, Figures 52.1 and 52.2; see also Carson et al.
2013; Weston and Shinkle 2013). A late pyroxenite—the focus of this study—intruded the lower ultramafic
series and the basal part of the middle ultramafic series, including the Black Label chromitite horizon,
producing a wide array of hybrid dunite, peridotite, olivine pyroxenite and chromitite units, and angular to
amoeboidal chromitite breccias. (Unless noted otherwise, the olivine in all rocks has been serpentinized;
all rocks have been metamorphosed, but the “meta” prefix on all rock names has been omitted for
convenience and clarity.)
The purpose of this article is to present the main objectives, research methods, preliminary results,
preliminary implications, and the future work for an MSc thesis study undertaken by C.S. Spath III at
Laurentian University. This ongoing project is being supported by Cliffs Natural Resources, the Natural
Sciences and Engineering Research Council of Canada (NSERC) Collaborative Research and Development
Program, the Ontario Geological Survey (OGS), and the Targeted Geoscience Initiative 4 (TGI-4) of the
Geological Survey of Canada (GSC), which is part of the Earth Sciences Sector of Natural Resources Canada.

OBJECTIVES
The primary goal of the MSc thesis is to establish the geology and genesis of the late pyroxenite
intrusion and its influence on the Black Label chromitite horizon. The specific objectives of this study are to
•

characterize the textures and geochemistry of the rock types relevant to the study, including the
ultramafic precursors, the late pyroxenite and the hybrid rocks

•

characterize the textural variability of brecciated units (i.e., heterolithic versus homolithic,
rounded versus angular in shape, and sharp versus diffuse contacts)

Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.54-1 to 54-7.
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•

determine the nature of chromitite mobilization within the late pyroxenite and hybrid rocks

•

establish the mechanisms of brecciation in the central part of the BTIC

•

establish the physical conditions (pressure–temperature) of emplacement and the genesis of the
late pyroxenite unit in the evolution of the BTIC

RESEARCH METHODOLOGY
Field Work
Field work was carried out during the months of June and July 2013 at the Cliffs Natural Resources
“Esker Camp” in the James Bay Lowland, located in northern Ontario. The main objectives of the work
were to record textural variations within each rock type (including each breccia type) and to collect
homogeneous representative samples of each unit, including the late pyroxenite, peridotite, hybrid rocks
and breccia, for whole-rock geochemical analysis. In total, 36 diamond-drill holes were selectively relogged in detail, from which 314 representative samples were taken (123 websterite, 82 olivine pyroxenite,
57 hybrid peridotite, 10 oikocrystic peridotite, 19 feldspathic websterite and 23 oikocrystic chromitite).

Laboratory Work
Thus far, 40 representative samples of each hybrid rock type and the late pyroxenite intrusion have
been prepared for scanning electron and binocular microscope examination. Preparation of large thin
sections and standard polished thin sections is in progress. The sections of core that have been cut and
ground will be examined using a binocular microscope to establish mesoscopic textures relevant to the
petrogenesis of the rocks. The thin and polished thin sections will be examined, using a compound
petrographic microscope in transmitted and reflected light, to establish the mineralogy and microscopic
textures relevant to the petrogenesis of the rocks.
Twelve of the most representative and homogeneous samples of the late pyroxenite and the hybrid
rocks are being prepared for whole-rock geochemical analysis at the OGS Geoscience Laboratories in
Sudbury, Ontario. Additional samples will also be prepared for analysis. Samples are being crushed in a
roll crusher that is carefully cleaned between each sample, and then pulverized in an agate ball mill.
Concentrations of major and minor elements will be determined by wavelength-dispersive X-ray
fluorescence (WD–XRF) spectrometry, whereas trace element concentrations will be determined by
inductively coupled plasma mass spectrometry (ICP–MS) after multi-stage dissolution in HF, HClO4,
HNO3 and HCl. Concentrations of selected base metals, semimetals (i.e., B, Si, Ge, As, Sb and Te),
volatile metals and precious metals will be analyzed using a combination of flame, hydride-generation
and graphite-furnace atomic absorption spectrometry (AAS), inductively coupled plasma atomic emission
spectrometry (ICP–AES) and ICP–MS.

PRELIMINARY RESULTS
Rock Units
The predominant rock unit in the central part of the BTIC is a late pyroxenite (composed of
websterite and feldspathic websterite). Two other units also occur in the vicinity of the late pyroxenite
unit: 1) pre-existing BTIC units and 2) hybrid units. Observations made during relogging of the drill core
suggest that the late pyroxenite is probably more widely distributed near the basal part of the BTIC than
previously thought.
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PRE-EXISTING BLACK THOR INTRUSIVE COMPLEX UNITS
As noted above, the lower and middle ultramafic series of the BTIC comprise dunite, peridotite and
chromitite. In the central brecciated part of the BTIC, which is the focus of this study, pre-existing BTIC
units consist of black to olive green, medium-grained (1 to 2 mm), serpentinized adcumulate dunite
(Photo 54.1A) and mesocumulate peridotite (Photo 54.1B), with minor interlayered chromitite of the
lower ultramafic series.

LATE PYROXENITE UNITS
The late pyroxenite unit is localized mainly within the central part of the BTIC (see Carson et al., this
volume, Figures 52.1 and 52.2). It occurs predominantly within the feeder, the basal peridotite, and the
lower dunitic zones of the lower ultramafic series, and within the lower chromitiferous zone of the middle
ultramafic series (see Carson et al., this volume, Figures 52.1 and 52.2). It is composed predominantly of
websterite with lesser feldspathic websterite and rare, late, blue pyroxenite veins (Photo 54.2). The
websterite is a medium grey, massive, homogeneous, medium-grained, relatively fresh pyroxenite
composed of both orthopyroxene and clinopyroxene (Photo 54.1C). The feldspathic websterite is a light
grey to blue, massive and medium- to coarse-grained websterite composed of subequal proportions of
orthopyroxene and clinopyroxene, with interstitial plagioclase. These descriptions are based on field
observations only and require further petrographic work. Feldspathic websterite (Photo 54.1D) occurs as
thin layers and/or patches that are interpreted as an uncommon fractionated facies of the websterite,
occurring mainly within the core of the late pyroxenite unit.

HYBRID UNITS
The hybrid units are the result of thermomechanical erosion of the pre-existing BTIC units during the
injection of the late pyroxenite into the chamber. The hybrid rock types include pyroxene peridotite,
pyroxene oikocrystic peridotite, olivine pyroxenite, and pyroxene oikocrystic chromitite.
Olivine pyroxenite is the most abundant hybrid unit in the BTIC and it is prominent on the periphery
of the main body of the late pyroxenite. It is generally fine to medium grained with a grey to blue weathered
surface and is composed of an assemblage of clinopyroxene, orthopyroxene and olivine, in which the
olivine is interstitial and makes up 10 to 40% of the modal content of the rock (Photo 54.1E). Pyroxene
peridotite is the second most abundant hybrid rock type within the BTIC and it is also commonly observed
on the periphery of the late pyroxenite. It is generally a fine- to medium-grained ortho-mesocumulate rock
with a grey to blue weathered surface and is composed of an assemblage of clinopyroxene, orthopyroxene
and olivine, in which the olivine makes up 40 to 90% of the modal content of the rock (Photo 54.1F).
Oikocrystic peridotite is not as common as the previous 2 hybrid rock types. It generally exhibits a
mesocumulate texture in which olivine makes up 75 to 90% of the modal content of the rock (Photo 54.1G).
Pyroxene is the main oikocrystic phase and varies from 3 to 20 mm in diameter and from 10 to 25% in
abundance. Oikocrystic chromitite is the least abundant hybrid unit within the BTIC, and is restricted to
chromitite horizons on the periphery of the late pyroxenite and within chromitite xenoliths (as rafts in the
core of the late pyroxenite unit). It is generally represented by a bimodal grain size distribution: the
chromite grains are relatively small (0.25 to 1 mm), whereas the pyroxene oikocrysts are much larger
(5 to 25 mm) (Photo 54.1H).
Magmatic breccia zones are relatively abundant and occur within all hybrid rock types and within the
late pyroxenite. Fragments are composed of dunite, peridotite and chromitite derived from the lower
ultramafic series, and range from angular (Photo 54.3A) to subrounded (Photos 54.3B, 54.3C and 54.3D)
to amoeboidal (see Carson et al., this volume, Photo 52.2B). The matrix material within the hybrid units
is very similar to that in the rock types described above. Where dunite and chromitite are interlayered,
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Photo 54.1. A) Typical dunite of the lower ultramafic series intruded by websterite; DDH BT-09-95, 349.0m. B) Typical
serpentinized peridotite of the lower ultramafic series; DDH BT-09-26, 116.5m. C) Typical websterite; BT-09-25, 435.0m.
D) Feldspathic websterite; DDH GT-13-13, 357.9m. E) Typical olivine pyroxenite where olivine is interstitial (olivine = 10–40%);
DDH BT-11-179, 86.7m. F) Typical orthocumulate pyroxene peridotite (olivine = 40–75%); DDH BT-09-46/454.8 m.
G) Typical oikocrystic (mesocumulate) pyroxene peridotite (olivine = 75–90%); DDH BT-09-98, 113.3m. H) Oikocrystic
(pyroxene) chromitite; DDH BT-09-29, 320.2m. Unless noted otherwise, the olivine in all rocks has been serpentinized.
The stratigraphic top direction of the core in each photo is to the right. For the core shown in Photos 54.1A, 1B, 1C, 1E, 1F, 1G
and 1H, the height (top to bottom) of the photo represents a core width of 4.7 cm; for Photo 54.1D, the height (top to bottom) of
the photo represents a core width of 6.4 cm.
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websterite has more pervasively intruded the dunite relative to the chromitite. This results in interbreccia
olivine being more abundant than disseminated chromite in websterite dikes (Photos 54.3E and 54.3F).
The preferential intrusion of high-magnesium basaltic to komatiitic magma into dunite relative to
chromitite may be attributed to differences in grain size (smaller in the case of chromite, larger in the case
of olivine), intercumulus melt content (unclear at this point), and the nature and strength of the intergrain
boundaries that define the cumulus olivine network in dunite and the cumulus chromite network in
chromitite (this will be studied in three dimensions using X-ray tomographic methods; see Carson et al.,
this volume, Article 52). Locally, some breccia fragments have been rebrecciated through tectonism.

DISCUSSION
Emplacement of the Late Pyroxenite Unit
Many of the rock types observed in the central part of the BTIC have been produced by interactions
of the pyroxenite magma with pre-existing dunite, peridotite or chromitite, producing a wide range of
hybrid rocks, including olivine pyroxenite, pyroxene peridotite and oikocrystic peridotite. Although
petrographic work will be required to establish the mechanisms of interaction, at this stage, the hybridization
process appears to have involved mainly mechanical (dilation without assimilation) and thermomechanical
processes (selective assimilation of intercumulus components, leaving residual olivine and/or chromite)
with lesser thermal hybridization (complete assimilation). Breccia fragments have sharp to diffuse
contacts with the surrounding matrix and range from angular to amoeboidal in shape. Sharp contacts are
consistent with mainly mechanical fragmentation of rigid (crystallized) parent rock, whereas diffuse
contacts suggest a more thermomechanical fragmentation, and amoeboidal textures indicate thermal
softening. The presence of small pyroxenitic dikes crosscutting the main body of the late pyroxenite
suggests a complex multi-phase emplacement history in the central part of the BTIC.

Photo 54.2. A small bluish grey pyroxenite dike (outlined with dotted lines) within websterite; DDH BT-09-100, 240m. The
stratigraphic top of the core is to the right. For the core shown, the height (top to bottom) of the photo represents 4.7 cm of core.
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Photo 54.3. A) Angular dunite breccia with sharp contacts in websterite matrix; DDH BT-12-230, 65.0m. B) Subrounded clasts
of massive chromitite with sharp contacts within pyroxene peridotite; DDH GT-13-13, 224.4m. C) Rounded clast of chromitite
with diffuse contacts in websterite; DDH GT-13-13, 14.2m. D) Rounded chromitite breccia (circled) with embayed contacts in
an olivine pyroxenite; DDH GT-13-13, 215.3m. E) Xenolith of interbedded chromitite (dark grey) and dunite (green) invaded by
websterite (light grey), which has preferentially intruded dunite layers; DDH GT-13-1, /211.7m. F) Websterite dike intruding
chromitite, leaving a rounded clast (circled), a layer of dunite (black layer to right of red line), chromitite (black layer to left of
red line), and a zone of chromite-websterite breccia (white and black); DDH GT-13-13, 247.5m. Unless noted otherwise, the
olivine in all rocks has been serpentinized. The stratigraphic top direction of the core in each photo is to the right. For the core
shown in Photo 54.3A, the height (top to bottom) of the photo represents a core width of 4.7 cm; for all other photos, the height
(top to bottom) represents a core width of 6.4 cm.
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Geological Implications for the Black Thor Intrusive Complex
The BTIC is an ultramafic to mafic layered intrusion that underwent some fractionation, as indicated
by the upward sequence of dunite, peridotite, pyroxenite, feldspathic pyroxenite and overlying gabbroic
rocks, with a late intrusive pyroxenite that probably represents a late pulse of magma from the feeder zone
(see Carson et al., this volume, Article 52). The origin of this late pyroxenite is not yet clear, but a better
understanding of the mode of emplacement of this late unit in the overall evolution of the BTIC may have
critical implications for the economic viability of some of the magmatic mineralization in the BTIC, in
particular the Black Label chromite deposit (see Mehrmanesh et al., this volume, Article 53) and nickelcopper-platinum group element (PGE) occurrences (see Farhangi, Lesher and Houlé, this volume, Article 55).

FUTURE WORK
Future work will include petrographic studies of each hybrid rock, associated breccia type and
cumulate texture. Emphasis will be placed on constraining the nature and mechanism of emplacement of
the pyroxenite, as well as on the hybridization and chromitite mobilization processes. Geochemical data
will also be used to aid in better constraining the nature of these hybrid rocks in the BTIC.
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INTRODUCTION
The Black Thor intrusive complex (BTIC) occurs within the McFaulds Lake greenstone belt (circa
2.7 to 2.8 Ga) in northern Ontario and comprises a lower ultramafic series of dunite and peridotite; a
middle ultramafic series of dunite, peridotite and chromitite (Black Thor and Black Label horizons); and
an upper ultramafic to mafic series of peridotite, olivine pyroxenite, pyroxenite, melagabbro, mesogabbro,
leucogabbro and anorthosite. A late pyroxenite unit intruded the lower ultramafic series and parts of the
middle ultramafic series (see Carson et al., this volume, Figures 52.1 and 52.2; see also Carson et al.
2013; Weston and Shinkle 2013). In addition to the world-class chromite deposits, several iron-nickelcopper sulphide occurrences, the focus of this study, occur within the BTIC. The majority of the
mineralization occurs within the following 6 areas or zones: 1) “AT-12 extension” zone (within the feeder
underlying the BTIC); 2) “Basal Contact” zone (along the contact between the BTIC and underlying
granitoids; 3) “NW breccia” zone (magmatic breccia zone between the Basal Contact zone and the Black
Label horizon along the western side of the complex); 4) “F2” zone (magmatic breccia zone near the
Black Label horizon in the northern part of the complex); 5) Black Label chromitite zone; and 6) Black
Thor chromitite zone (see Carson et al., this volume, Figure 52.2; Tuchscherer et al. 2010). (Unless noted
otherwise, the olivine in all rocks has been serpentinized; all rocks have been metamorphosed, but the
“meta” prefix on all rock names has been omitted for convenience and clarity.)
The purpose of this article is to present the main objectives, research methods, preliminary results,
preliminary implications, and the future work for an MSc thesis study undertaken by N. Farhangi at
Laurentian University. This ongoing project is supported by Cliffs Natural Resources, the Natural
Sciences and Engineering Research Council of Canada (NSERC) Collaborative Research and Development
Program, the Ontario Geological Survey (OGS), and the Targeted Geoscience Initiative 4 (TGI-4) of the
Geological Survey of Canada (GSC), which is part of the Earth Sciences Sector of Natural Resources
Canada.

Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.55-1 to 55-7.
© Queen’s Printer for Ontario, 2013
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RESEARCH OBJECTIVES
The primary goal of the MSc thesis is to constrain the metallogenesis and sulphide saturation history
of nickel-copper-platinum group element (PGE) mineralization within the BTIC. The specific objectives
of this study are to
•

define sulphide mineralogy and textures within each zone of the BTIC

•

determine the platinum group mineralogy and textures within each zone of the BTIC

•

characterize the geochemical signature of the nickel-copper-PGE mineralization within each
zone of the BTIC

•

establish sulphide saturation history and relationship to chromite mineralization

RESEARCH METHODS
Field Work
The first set of 75 representative samples was collected by C.M. Lesher and M.G. Houlé during a
seven-day visit to the Cliffs “Esker Camp” in May 2012. N. Farhangi spent 60 days at the Cliffs Esker
Camp between May and June 2013, examining the drill cores from which those samples were taken and
carrying out additional logging of the sulphide- and platinum group element-rich zones. Detailed logging
and sampling of 45 additional drill cores were also undertaken. In total, 450 samples were taken (350
sulphide rich, 100 with anomalous PGE assays), all of which will be examined using a binocular
microscope to establish mesoscopic textures relevant to the petrogenesis of the rocks.

Laboratory Work
Thus far, 75 core samples have been prepared for binocular and petrographic microscopic
examination), and 20 samples have been crushed and pulverized for whole-rock geochemical analysis, to
be completed at the OGS Geoscience Laboratories in Sudbury, Ontario. Additional samples will be
analyzed at a later date. Concentrations of major and minor elements will be determined through analysis
by wavelength-dispersive X-ray fluorescence spectrometry (WD-XRF). Concentrations of trace elements
will be determined through analysis by inductively coupled plasma mass spectrometry (ICP–MS) after
multi-stage dissolution in HF, HClO4, HNO3 and HCl. Concentrations of selected base metals, semimetals
(i.e., B, Si, Ge, As, Sb and Te), volatile metals and precious metals will be determined through analysis
by a combination of flame, hydride-generation and graphite-furnace atomic absorption spectrometry
(AAS), inductively coupled plasma atomic emission spectrometry (ICP–AES), and ICP–MS. Selected
samples will also be analyzed for sulphur, osmium and lead isotopes.
All selected core slabs (75) have been examined in incident light using a binocular microscope, and
40 samples have been examined in transmitted and reflected light using a compound polarizing
microscope, to establish textural and mineralogical information relevant to the petrogenesis of the rocks.
Five of these 40 samples have been examined using a scanning electron microscope (SEM) equipped with
an energy-dispersive X-ray spectrometer to find and identify platinum group minerals.
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PRELIMINARY RESULTS
Sulphide Textures
The nomenclature used in this study to classify sulphide textures is given in the Table 55.1 and their
abundances in the various zones are given in Table 55.2. Representative sulphide textures are shown in
Photo 55.1. As more than one sulphide texture can coexist at the scale of the samples and/or at the scale
of the areas or zones, these textures are not mutually exclusive. Trace sulphides are present in most rocks
and minor sulphides are present in some rocks, but few rocks contain more than 10% sulphides.

Sulphide Assemblages
Sulphide phases observed within the BTIC are typical of those in most nickel-copper-(PGE)
deposits. The predominant mineral assemblages are 1) pyrrhotite-pentlandite-chalcopyrite-magnetite, 2)
chalcopyrite-pyrrhotite-(pentlandite) and 3) chalcopyrite-(magnetite). Other minerals included within the
sulphide-bearing samples are cumulus olivine (normally serpentinized) and intercumulus orthopyroxene,
clinopyroxene and chromite, in which alteration minerals include serpentine and magnetite after olivine,
tremolite-actinolite after pyroxene, and chlorite after interstitial liquid.
Table 55.1. Sulphide textures observed in the Black Thor intrusive complex.
Texture
Lightly disseminated
Medium disseminated
Heavily disseminated
Patchy disseminated
Blebby
Patchy net
Net
Ragged
Tectonic breccia
Vein
Semi-massive
Massive

% Sulphides Description
Photos
<5
More-or-less uniformly distributed fine-grained aggregates of
5–10
sulphide, interstitial to silicates and chromite
10–20
5–20
More-or-less uniformly distributed coarse-grained aggregates of
55.1E
sulphide, interstitial to silicates
5–20
Coarse spherical to ellipsoidal aggregates
55.1D, 55.1E
20–30
Sulphides form discontinuous network around olivine (or olivine
55.1C, 55.1E
pseudomorphs)
20–40
Sulphides form semi-continuous network around olivine (or olivine
pseudomorphs
20–40
Recrystallized disseminated and net-textured
30–40
Fragments of wall rock and/or host rock in semi-massive sulphide
forming “durchbewegung” flow texture
30–100
Discontinuous to continuous patchy, semi-massive or massive fracture
55.1A
fillings
50–90
Fragments of wall rock and/or host rock in sulphide
55.1B
>90
Sulphide contains minor fragments of wall rocks, host rocks or minerals

Table 55.2. Sulphide textures observed in the various zones of the Black Thor intrusive complex (textures described in Table 55.1).
Location
Black Thor

F2 zone
NW breccia zone
Basal Contact

Host Rocks
Chromitite
Talc schist zones in dunite interbeds
Chromitite
Olivine websterite breccia
Talc schist zones in dunite interbeds
Websterite and olivine websterite breccia
Websterite and olivine websterite breccia
Granodiorite–peridotite contact

AT-12 extension

Granodiorite–peridotite contact

Black Label

Sulphide Textures
Lightly disseminated
Medium disseminated, vein
Lightly disseminated
Blebby, medium disseminated, net
Medium disseminated, vein
Medium disseminated, blebby, net-textured vein, semi-massive
Medium disseminated, blebby, net-textured vein, semi-massive
Vein, semi-massive, patchy net-textured,
heavily disseminated, lightly disseminated, blebby
Vein, semi-massive, patchy net-textured,
heavily disseminated, lightly disseminated, blebby

55-3

Targeted Geoscience Initiative 4 (55)

N. Farhangi et al.

Photo 55.1. Photographs of typical iron-nickel-copper sulphide mineralization within the BTIC. A) Chalcopyrite-rich veins in
granodiorite, Contact zone; DDH BT-09-97, 425.36m, sample 1332004. B) Semi-massive sulphides with peridotite clasts,
Contact zone; DDH BT-09-97, 425.1m, sample 133063. C) Patchy net-textured sulphides in olivine websterite, DDH AT-12
Extension; DDH BT-09-67, 116.1m, sample 1330025. D) Blebby and patchy net-textured sulphides in olivine websterite, Black
Label; DDH BT-08-06, 260.5m, sample 1332045. E) Patchy disseminated, patchy-net, and blebby sulphides in olivine
websterite, F2 zone; DDH BT-09-72, 96.5m, sample 1330051. In all samples, sulphides are metallic coloured, serpentinized
olivine is dark grey to black, orthopyroxene forms coarse grey-tan-brown crystals, and interstitial liquid is light to medium grey.
Unless noted otherwise, the olivine in all of these rocks has been serpentinized. Younging direction is to the right. For the core
shown in each photo, the height (top to bottom) of the photo represents a core width of 4.7 cm.
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Preliminary SEM work on 5 samples from the F2 zone indicates that platinum group minerals
(PGMs) are commonly spatially associated with sulphide-bearing minerals, but also with secondary
silicate phases such as chlorite. The principal PGMs identified, thus far, in these samples are sperrylite
(PtAs2), paolovite (Pd2Sn), michenerite (PdBiTe), and numerous unnamed PGMs, including (with no
stoichiometry implied) PdBiTeS, (Ru,Ni,Os)As2, PdTeBi2, PdAgBiTeS, and RhIrPtAs. It is not known
yet if these PGMs are representative of all 6 mineralized areas or zones within the BTIC. Intervals with
higher grade PGE contents (>1500 ppb) represent zones with high sulphide contents or zones with high
chromite contents.

Nickel-Copper-Platinum Group Element Mineralization Styles
As mentioned previously (see “Introduction”), nickel-copper-PGE mineralization occurs mainly within
6 zones of the BTIC: 1) AT-12 extension zone, 2) Basal Contact zone, 3) NW breccia zone, 4) F2 zone,
5) Black Label chromitite zone, and 6) Black Thor chromitite zone. The iron-nickel-copper-PGE sulphide
occurrences within these 6 zones can be grouped broadly into 4 different styles of mineralization: 1) basal
contact style, 2) magmatic breccia style, 3) reef style and 4) vein style. Sulphides are also locally mobilized
from these zones into shear zones.

BASAL CONTACT–STYLE MINERALIZATION
This style of mineralization is the dominant style at the AT-12 extension and the Basal Contact zones
(see Carson et al., this volume, Figure 52.2). This style occurs at or near the base of the basal contact
between the BTIC and the tonalite-granodiorite suite, and comprises chalcopyrite-rich vein sulphides in
granodiorite (Photo 55.1A) overlain by massive sulphides, semi-massive sulphides (Photo 55.1B), nettextured, disseminated, patchy disseminated, ragged, and blebby sulphides. The best intersections
encountered within this style of mineralization grade up to 3.1% Ni, 1.5% Cu and 6.2 g/t PGE for the AT-12
extension zone, and up to 5.7% Ni, 0.9% Cu and 6.0 g/t PGE for the Basal Contact zone (R. Weston,
Cliffs Natural Resources, personal communication, 2013).

MAGMATIC BRECCIA–STYLE MINERALIZATION
This style of mineralization is the dominant style within the brecciated parts of the Black Label
deposit, at the F2 zone, and in the NW breccia zone (see Carson et al., this volume, Figure 52.2). This
style occurs along the margin and/or within the late pyroxenite within the central part of the BTIC and
typically comprises blebby, patchy net-textured, semi-massive, ragged, patchy disseminated and
disseminated pyrrhotite-pentlandite-chalcopyrite within hybridized peridotite and dunite. In many cases,
the sulphides “wet” (selectively infiltrate) serpentinized olivine crystals, but not orthopyroxene or
interstitial liquid (Photos 55.1C, 55.1D and 55.1E). The best intersections encountered within this style of
mineralization grade up to 3.6% Ni, 1.3% Cu and 3.4 g/t PGE for the F2 zone, and up to 1.3% Ni, 0.8% Cu
and 4.4 g/t PGE for the NW breccia zone (R. Weston, Cliffs Natural Resources, personal communication,
2013).

REEF-STYLE MINERALIZATION
The Black Thor and Black Label deposits (see Carson et al., this volume, Figure 52.2) contain minor
sulphide mineralization, interstitial to chromite in chromitites and within altered dunites (talc schists), that
typically comprises very fine-grained, disseminated pyrrhotite-pentlandite-chalcopyrite and rare patchy
net-textured sulphides. More work will be required to establish the nature, extent and grades of this type
of mineralization.
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VEIN-STYLE MINERALIZATION
This style of mineralization occurs locally in the Black Thor and Black Label deposits (see Carson et
al., this volume, Figure 52.2) and typically comprises veins of chalcopyrite in chromitite. It is not yet
clear whether this mineralization represents tectonically mobilized chalcopyrite as intermediate solid
solution (ISS) or as residual sulphide liquid, but this will be tested by geochemical analysis.

DISCUSSION
Preliminary Interpretations
Several styles of nickel-copper-PGE mineralization occur within the BTIC. Preliminary results
obtained so far supporting the following conclusions:
•

Most sulphide zones have pyrrhotite-pentlandite-chalcopyrite-magnetite assemblages and are
most likely magmatic.

•

At least 2 main nickel-copper-PGE mineralizing events occur within the BTIC:

•

•

an early event responsible for the basal contact–style mineralization found at the Basal
Contact and the AT-12 extension zones

•

a later event responsible for the magmatic breccia–style mineralization typically found at
the F2 and the NW breccia zones and commonly associated with the late pyroxenite

Most PGMs are associated with sulphides and probably exsolved from monosulphide solid
solution (MSS) or intermediate solid solution (ISS) during cooling

Implications for the Geological History of the Black Thor Intrusive
Complex
The BTIC is a layered ultramafic to mafic intrusion that contains world-class chromite deposits (e.g.,
the Black Thor, Black Label and Big Daddy deposits). Although some chromitite deposits contain significant
PGE mineralization (e.g., Bushveld UG-2), few contain significant amounts of sulphides, so it is important
to understand the distribution and origin of the sulphides and platinum group minerals in the BTIC.
The contact-style mineralization is similar to that found in many other nickel-copper-PGE deposits
and, although the known abundance of this type of mineralization in the BTIC is small, the presence of
significant mineralization at AT-12 (deeper within the feeder zone of the BTIC) and major mineralization
at the nearby Eagle’s Nest deposit (Mungall et al. 2010) suggest that there is potential for more
mineralization of this type within the BTIC.
The breccia-style mineralization is similar in some respects to that found in other nickel-copper-PGE
deposits and is considered to have been transported with breccia fragments, but the mineralization in the
BTIC appears to have formed locally and may provide considerable insights into the mechanisms of
sulphide saturation during magma hybridization.
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FUTURE WORK
Future work will include petrographic studies, using both reflected and transmitted light
microscopes, to produce detailed textural and mineralogical analysis of the sulphide assemblages present
within each nickel-copper-PGE zone in the BTIC. The most representative sulphide and platinum group
mineral assemblages will be further characterized using the electron probe microanalyzer (EPMA, or
“microprobe”) and the scanning electron microscope (SEM). Further whole-rock geochemical analyses
will also be conducted, to better constrain the nature and the sulphide saturation history of these nickelcopper-PGE mineralized zones within the BTIC.
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INTRODUCTION
The McFaulds Lake greenstone belt (“Ring of Fire” area) located in the Oxford–Stull domain of the
Superior Province in northern Ontario, has been recently the site of numerous mineral deposit discoveries.
Since the initial discovery of the McFaulds Lake volcanogenic massive sulphide (VMS) deposits in 2002
by Spider Resources Inc., mineral occurrences of diverse commodities (e.g., chromium, nickel-copperplatinum group elements, zinc-copper and iron-titanium-vanadium-phosphorus) have been recognized by
various junior exploration companies (Metsaranta and Houlé 2011, 2012). The most important and
potentially economic deposits are the world-class Black Thor chromite deposit and the Eagle’s Nest
nickel-copper-platinum group element (PGE) deposit, both of which are hosted by ultramafic intrusions.
These mineralized ultramafic intrusions are also associated with magnetite-ilmenite–bearing gabbroanorthosite intrusions that host potentially economic concentrations of vanadium, titanium, iron and
phosphate (Mungall et al. 2010; Metsaranta and Houlé 2012).
This report presents preliminary geological and geochemical results from an MSc study being carried
out at Lakehead University by B. Kuzmich, on several gabbroic intrusions in the McFaulds Lake
greenstone belt that host iron-titanium-vanadium-phosphorus mineralization. The work is based on
diamond-drill core from the Butler property and the Thunderbird property, currently held by MacDonald
Mines Exploration Ltd. and Noront Resources Ltd., respectively. This ongoing research project is
supported by the Targeted Geoscience Initiative 4 (TGI-4) of the Geological Survey of Canada (GSC),
which is part of the Earth Sciences Sector of Natural Resources Canada. The project is also supported by
the Ontario Geological Survey (OGS) core bedrock geology mapping program.

OBJECTIVES
The primary objective of this study is to characterize the Butler West, the Butler East and the
Thunderbird intrusions (Figure 56.1) in order to identify the key characteristics that lead to the formation
of these mineralized intrusions. This will help in the recognition of similar mafic igneous systems within
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© Queen’s Printer for Ontario, 2013

56-1

Targeted Geoscience Initiative 4 (56)

B. Kuzmich et al.

underexplored regions of the Oxford–Stull and Uchi domains. More precisely, the specific objectives
targeted during this study are
•

to characterize the primary rock types, their petrographic and geochemical characteristics, and
the internal stratigraphy of each gabbroic intrusion

•

to characterize the distribution and the petrography of the iron-titanium-vanadium
mineralization within these intrusions

•

to establish their origin, their petrogenesis and their relationship to one another.

RESEARCH METHODS
Field Work
Field work for the project began in spring 2012, and consisted of logging 10 drill holes at the Butler
Lake property with the guidance of R.T. Metsaranta (OGS) and M.G. Houlé (GSC). Work on the
Thunderbird intrusion began during the fall of 2012 with detailed graphic core logging of 5 holes that
were characteristic of the intrusion, under the supervision of P. Hollings (Lakehead University).

Petrography
During field work on the Butler intrusion, 75 samples were collected, along with an additional 68
samples from the Thunderbird intrusion, for a total of 143 samples to be analyzed by polished thin section
microscopy. The goal was to investigate the textural and lithological characteristics of the Butler and
Thunderbird intrusions and, as a result, the McFaulds Lake ferrogabbroic suite.

Figure 56.1. Regional magnetic map of the McFaulds Lake area (modified from Mungall et al. 2010).
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Geochemistry
A total of 54 samples from the Butler intrusion and 46 samples from the Thunderbird intrusion were
submitted for geochemical analysis at the OGS Geoscience Laboratories in Sudbury using X-ray
fluorescence (XRF), inductively coupled plasma atomic emission spectroscopy (ICP–AES), inductively
coupled plasma mass spectrometry (ICP–MS) and atomic absorption flame (AAF) spectroscopy. Samples
for geochemical analysis were cleaned and cut to remove any potential weathering or veins that might
affect the analysis. The 100 selected samples include 13 massive oxides (magnetitite: >80% magnetiteilmenite), 13 semi-massive oxides (between 50 and 80% magnetite-ilmenite), 24 anorthosites, 14
leucogabbros, 19 gabbros, 11 melagabbros, 2 peridotites and 4 pegmatitic gabbros. The samples
submitted are representative of rock types from the intrusion and include anorthosite, to peridotite, gabbro
and magnetitite. In addition, Noront Resources Ltd. and MacDonald Mines Exploration Ltd. provided the
authors with full geochemical data (XRF and/or ICP–MS) for the Thunderbird and Butler intrusions,
which has greatly expanded the geochemical database for the rock types in the study area.

Mineral Chemistry
In addition to whole rock and trace element analysis, a selection of 30 samples has been examined
with the CAMECA SX-100 electron microprobe analyzer (EMPA) at the OGS Geoscience Laboratories.
The purpose was to characterize the geochemistry of magnetite and ilmenite mineral phases within the
Butler and Thunderbird intrusions. Further analysis with the microprobe will be focussed on additional
magnetite-ilmenite pairs and minor amphibole and plagioclase grains, which will aid in the comparison
with other intrusions in the McFaulds Lake area.

PRELIMINARY RESULTS
Field Observations
THUNDERBIRD INTRUSION
The Thunderbird intrusion is characterized by an oblate geometry, as interpreted from regional
magnetic surveys (see Figure 56.1). The Thunderbird and Butler intrusions are composed of very similar
rock types including a suite of magnetite-ilmenite–bearing gabbros and anorthosites (Photos 56.1A and
56.1B, respectively) termed the ferrogabbro. Less abundant units consisted of stratigraphically conformable
massive oxides (magnetite and ilmenite) and crosscutting peridotite dikes and/or sills. The ferrogabbro
units are generally green, medium grained, massive to weakly foliated and equigranular, with euhedral
plagioclase and anhedral magnetite-ilmenite crystals (Photo 56.1C). Iron-titanium oxide mineral contents
in the ferrogabbro range from 0 to 95%, and oxide-rich layers exhibit both gradational and sharp contacts
with bordering rock types (Photo 56.1D).
Mineralogically, the Thunderbird intrusion differs from the Butler intrusion due to the presence of
cumulate apatite grains. The apatite-bearing units are restricted to magnetite-ilmenite–bearing
melagabbros, and have only been observed in drill core located at the margins of the intrusion. The
Thunderbird intrusion generally contains vanadium-rich magnetite-ilmenite units within the core of the
intrusion, and grades into a vanadium-poor, apatite-rich outer core. This lithologic and geochemical trend
is consistent with a stratigraphically lower core, which youngs toward the margins of the intrusion.
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BUTLER INTRUSIONS
The Butler intrusion exhibits a roughly subconcordant to discordant form, in contrast to the oblate
Thunderbird intrusion. The Butler intrusion is characterized by very similar variations in rock type to the
Thunderbird intrusion and is composed of a suite of ferrogabbroic units that range from magnetite-bearing
pyroxenites, to anorthosites, to massive oxides. The Butler intrusion is tentatively subdivided into 2
different intrusions: Butler West on the western limb of the intrusion; and Butler East on the eastern limb
of the intrusion. These can be seen on the total field airborne magnetic survey of the area (see Figure 56.1),
which has been compiled by Mungall et al. (2010).
Based on large-scale lithologic evolution and related progressive variations in chemistry, it appears
that the western portion of the Butler intrusion is younging to the east, whereas the younging direction of
the eastern portion is not clear.

Photo 56.1. A) Magnetite-ilmenite–bearing gabbro from the Thunderbird intrusion. B) Magnetite-ilmenite–bearing anorthosite
from the Thunderbird intrusion. C) Chlorite-epidote-altered leucogabbro from the Thunderbird intrusion exhibiting euhedral
plagioclase within a magnetite-ilmenite matrix. D) Magmatic layering within the sulphide-oxide-silicate system of the Thunderbird
intrusion. In this picture, the way-up is depicted as being to the right, i.e., down-hole. All photos are of core from drill hole
NOT09-2G21.
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Petrography
The primary and secondary mineralogy within the Butler West, Butler East, and Thunderbird intrusions
are very similar. Through detailed examination of the ferrogabbroic units, the rock types can be broadly
classified based on the proportions of the silicate, magnetite-ilmenite, and to a lesser extent, the sulphide
minerals preserved. The primary mineralogy has been extensively replaced by secondary and/or tertiary
mineral phases. A common example of alteration is seen within the pyroxenes, which have been replaced
by amphibole and, in some cases, have been subsequently altered to euhedral epidote. The plagioclase
typically exhibits extensive deformation twins and recrystallization textures, which retain a relict grain
boundary (Photos 56.2A and 56.2B). The Thunderbird intrusion generally has a higher degree of
alteration than the Butler intrusion, in the form of biotite, amphibole, carbonate, chlorite, epidote and/or
clinozoisite. However, primary mineral compositions can be accurately estimated and the samples
assigned a protolith name based on the IUGS classification, and modified with respect to the abundance
of magnetite-ilmenite.
The ferrogabbroic units studied show important variations in the proportions of oxide minerals, and
silicate minerals over short intervals. These variations are interpreted to represent primary magmatic
layering. The gabbroic rocks and pyroxenite in these units typically contain minor subhedral clinopyroxene
that has largely been altered to green hornblende. Where present, plagioclase has been heavily altered by
varying degrees of sericite, epidote and/or clinozoisite; however, it retains relict grain boundaries.
Plagioclase proportions range from absent (pyroxenite) to nearly monomineralic concentrations
(anorthosite). The anorthosites are typically composed of medium-grained, euhedral plagioclase crystals,
with varying proportions of magnetite-ilmenite, along with minor (<5%) pyrite and chalcopyrite.
The magnetite-ilmenite grains vary significantly with respect to abundance, size and texture within
the intrusions, and are largely independent of the host lithology (e.g., gabbro, anorthosite, etc.). In
general, massive oxide mineral units (i.e., magnetitite) are dominated by magnetite, with a magnetite to
ilmenite ratio of approximately 2:1 (Photo 56.2C). The ilmenite typically occurs as tabular to granular,
fine- to medium-grained crystals within a medium-grained anhedral magnetite matrix. The magnetite
grains in these units typically contain minor ilmenite exsolution lamellae within the magnetite (0 to
0.5%). The magnetite-ilmenite grains within the oxide-rich units (between 20 and 50% magnetite +
ilmenite) and the semi-massive oxide units (between 50 and 80% magnetite + ilmenite) are similar to
those of massive-oxide mineral units, with the exception that magnetite grains within these units exhibit
more ilmenite exsolution lamellae (0 to 2%). Within these magnetite grains, ilmenite occurs as anhedral
to subhedral grains with less abundant tabular and granular exsolution textures. Ferrogabbroic units that
contain trace to 20% of iron-titanium-oxide minerals have varying magnetite-ilmenite ratios, ranging
from 1:3 to 2:1, and typically show abundant ilmenite exsolution lamellae (Photo 56.2E) and/or blebs
(Photo 56.2F) in magnetite grains.
The Thunderbird intrusion, unlike the Butler intrusion, displays a textural evolution pattern of the
iron-titanium-oxides from the core of the intrusion towards the margin. The core of the Thunderbird
intrusion displays textures very similar to those of the ferrogabbroic unit within the Butler intrusion;
however, along the margins of the intrusion, the magnetite-ilmenite ratio is anomalously low (1:5). The
magnetite grains within these units typically contain abundant ilmenite exsolution lamellae (up to 20%),
and the ilmenite grains contain minor exsolution of hematite (Photo 56.2D). This textural anomaly is
present within diamond-drill cores that contain cumulate phases of apatite (locally up to 10%).
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Photo 56.2. A) Plane-polarized photomicrograph of an altered gabbro from the Butler intrusion (sample from drill hole MM-V4-5).
B) Cross-polarized photomicrograph of an altered gabbro from the Butler intrusion (sample from drill hole MM-V4-5).
C) Backscattered electron image of a magnetitite from the Butler intrusion (sample from drill hole MM-V1-4). D) Backscattered
electron image of typical oxides present within the marginal melagabro of the Thunderbird intrusion (sample from drill hole
NOT11-2G47-7). E) Backscattered electron image of a magnetite grain with abundant ilmenite exsolution from a magnetitite
from the Thunderbird intrusion (sample from drill hole NOT09-2G21). F) Backscattered electron image of a magnetite grain
with ilmenite blebs within a magnetitite from the Thunderbird intrusion (sample from drill hole NOT09-2G21). Note, for Photos
56.2C, 56.2D, 56.2E and 56.2F: light grey minerals = magnetite; medium grey minerals = ilmenite; dark grey/black minerals =
silicate minerals.
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Geochemistry
Geochemical data have been instrumental in determining stratigraphic relationships within the
intrusions studied, based on the assumed behaviour of compatible and incompatible elements to model the
magmatic evolution. One of the most powerful tools in this study is the relationship between TiO2 and
V2O5. It is assumed that the TiO2 and V2O5 contents of the rocks are largely controlled by the ilmenite and
magnetite crystallization and, thus, their relationship is independent of the silicate mineral compositions.
It is also assumed that the TiO2 content increases and the V2O5 content decreases as the magma crystallizes
(Eales and Cawthorn 1996). By using the TiO2/V2O5 values, and assuming that the ratio increases during
evolution of a magma, the ratio can be used as stratigraphic indicator. The TiO2/V2O5 values in the Butler
intrusion has been shown to be independent of rock type, abundance of magnetite-ilmenite, and alteration
(Figures 56.2A and 56.2B). The ratio has also been useful in determining favourable horizons for further
vanadium mineralization, as the samples with significant vanadium contents (>0.50 weight % V2O5) are
restricted to a narrow range of TiO2/V2O5 values (between 8 and 12; Figure 56.3). The validity of this
interpretation is supported by the fact that phosphate-bearing rocks occur exclusively within areas of the
Thunderbird intrusion that are characterized by highly evolved TiO2/V2O5 values (>150), and is consistent
with the notion that phosphate is an evolved mafic cumulate phase (Eales and Cawthorn 1996).

Figure 56.2. A) Whole-rock geochemical data (oxides (weight %) versus depth (m)) for samples collected from drill hole BP11-V01,
used to interpret major rock types. B) TiO2/V2O5 versus depth (m) for samples collected from drill hole BP11-V01.
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FUTURE WORK
Future work will consist of additional petrographic studies of the rock units and their relationship to
one another. As well, microprobe analysis of magnetite-ilmenite pairs and minor silicate minerals
(amphibole and plagioclase) will assist in characterization of the intrusions, and allow better comparisons
with previously studied ferrogabbroic intrusions located around the world.
Emphasis will also be focussed on the petrographic–geochemical characterization and the genesis of
the ferrogabbroic suite within the McFaulds Lake greenstone belt. This work will contribute to a better
understanding of the magnetite-bearing, mafic-dominated intrusions of the McFaulds Lake region, and
further support economic activity in the area and academic studies of these types of mineralized systems.

Figure 56.3. V2O5 versus TiO2/V2O5 (weight %) compiled from all studied drill-core samples.
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INTRODUCTION
The Thunder intrusion is a mineralized mafic to ultramafic intrusion located on the outskirts of
Thunder Bay, Ontario, which was explored by Rio Tinto (formerly Kennecott Canada Exploration Inc.) in
2005 and 2007 (Bidwell and Marino 2007). Rio Tinto currently holds the mineral claims. The intrusion is
interpreted to be associated with the early magmatic stages of the Midcontinent Rift, based on geochemical
similarities to the mafic and ultramafic rocks of the Nipigon Embayment (Hollings et al. 2007). However,
unlike other mineralized intrusions related to the Midcontinent Rift, the Thunder intrusion has a relatively
low nickel grade (<0.08%) and a wide range of platinum group element (PGE) grades (combined
platinum-palladium values >0.5 g/t: Bidwell and Marino 2007). The intrusion is also the only known
mineralized Midcontinent Rift–related intrusion hosted within the Archean Shebandowan greenstone belt,
as others north of the Canada–United States border intrude the Mesoproterozoic Sibley Group and/or the
Archean Quetico Subprovince (Figure 57.1; Williams et al. 1991; Hart and McDonald 2007).
This report highlights results from geological mapping of the Thunder intrusion, and includes the
results of whole-rock geochemical analyses. This is an MSc thesis study and collaborative project
between the Geological Survey of Canada (GSC), the Ontario Geological Survey (OGS) and Lakehead
University as part of the GSC’s Targeted Geoscience Initiative 4 (TGI-4) Nickel-Copper-Platinum Group
Element-Chromium subproject (Ames et al. 2012). The main objective of this study is to characterize the
petrology, mineralization and alteration footprint of the Thunder intrusion, within the context of the
Midcontinent Rift as a whole, in order to identify criteria for targeting buried mineralization.

THE THUNDER INTRUSION
Geological mapping of the Thunder intrusion’s surface expression, wall-rock alteration and the
country rock at its margin was initiated in the fall of 2012. The Thunder intrusion forms, at surface, an
approximately 800 by 1000 m area consisting of 2 intrusive units: a lower mafic to ultramafic basal unit
overlain by an upper gabbroic unit (Figure 57.2). The contact between the 2 intrusive units is sharp, with
rare xenoliths of the lower mafic to ultramafic unit within the upper gabbroic unit and a poorly developed
chill margin. The lower mafic to ultramafic unit is poorly exposed and crops out along the northern
margin of the Thunder intrusion; the upper gabbroic unit forms the bulk of the surface expression of the
intrusion. The units of the Thunder intrusion are in sharp contact with the country rocks, have poorly
developed chill margins, and commonly contain pods of granophyre and xenoliths of the adjacent wall
rock. A contact metamorphic aureole was not observed in outcrop; however, petrographic studies of drill
core samples suggest a less than 10 m wide contact metamorphic aureole with static annealing textures.
Summary of Field Work and Other Activities 2013,
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Lower Mafic to Ultramafic Unit
The lower mafic to ultramafic unit consists of 3 igneous phases that are, from stratigraphic base to
top, olivine clinopyroxenite, olivine melagabbro and olivine gabbro. The gradational contact between
these rock types has been interpreted to be the result of the evolution of a crystallizing magma. This lower
unit comprises an area of approximately 800 by 300 m along the northern margin of the Thunder intrusion
(see Figure 57.2). Observations of drill-core samples indicate that the thickness of the lower mafic to
ultramafic unit varies between 130 and 260 m, with olivine clinopyroxenite being the thickest phase (up
to 160 m thick). All 3 phases display a well-developed cumulate texture defined by fine- to mediumgrained subhedral olivine and pyroxene (clinopyroxene>>orthopyroxene) phenocrysts and interstitial
plagioclase. Within the interstitial plagioclase, hydrous minerals, including biotite, chlorite and amphibole,
are present, but decrease in modal abundances away from the wall-rock contact.
The rare earth and trace element geochemical pattern of the lower unit is similar to ocean island
basalt, but with indications of negative high field strength element (HFSE) anomalies. Most samples
display a weak negative zirconium-hafnium anomaly, likely caused by crustal contamination during
emplacement (Figure 57.3).

Upper Gabbroic Unit
The upper unit of the Thunder intrusion is a massive, medium- to fine-grained, subophitic leucogabbro
with a steep southward dip. This unit is approximately 700 by 700 m, and forms the southern part of the
intrusion. Observations of samples of drill core suggest that the thickness of the upper gabbroic cap
increases to the south, from 220 m to 426 m. The primary mineral assemblage of the upper gabbroic unit
consists dominantly of plagioclase, clinopyroxene and magnetite, with minor amounts of orthopyroxene,
olivine and apatite. The texture is defined by subhedral plagioclase and clustered pyroxene, with
disseminations of subhedral to skeletal magnetite.

Figure 57.1. Simplified map of the regional geology of the northern Lake Superior area showing the location of the Thunder
intrusion (red star) (modified after Pye and Fenwick (1965) and after Carter, McIlwaine and Wisbey (1973)).
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The rare earth and trace element geochemical pattern of the upper gabbroic unit is similar to that of
the lower unit, that is, it also has a pattern similar to ocean island basalt, but with negative HFSE
anomalies. Most samples display a weak negative zirconium-hafnium anomaly. In contrast to the lower
unit, some samples of the upper unit display a weak negative niobium anomaly, especially sample RTTCBT-082, which is a xenolith- and granophyre-bearing leucogabbro (Figure 57.4). Evidently, the samples
of the upper gabbroic unit are relatively more enriched in light rare earth elements than samples of the
lower mafic to ultramafic unit, suggesting more crustal contamination during a later emplacement.

MINERALIZATION
Nickel-copper sulphide mineralization within the Thunder intrusion is hosted by olivine
clinopyroxenite along the contact between the lower mafic to ultramafic unit and the wall rock, and is
most abundant along the northern margin of the Thunder intrusion. The mineralized zone reaches a
thickness of up to 5 m and hosts up to 30% medium- to fine-grained disseminated pyrrhotite, chalcopyrite
and pentlandite (pyrrhotite > chalcopyrite > pentlandite) with minor pyrite, bravoite(?) and sphalerite.

Figure 57.2. Preliminary geologic sketch map of the Thunder mafic to ultramafic intrusion and the trace of a north-trending
gabbroic dike, interpreted from geophysical data (OGS 2003), within the eastern Shebandowan greenstone belt.
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Significant mineralization intersected in diamond-drill core includes 20 m of 0.22% Cu, 0.06% Ni,
0.25 g/t Pt, 0.29 g/t Pd and 0.04 g/t Au (Bidwell and Marino 2007). Outside the mineralized zone,
however, mineralization decreases sharply to trace amounts of fine- to very fine-grained disseminations
with a sulphide assemblage of pyrrhotite and chalcopyrite rarely mantled by bornite. No significant
mineralization was intersected in the diamond-drill core within the upper gabbroic unit (Bidwell and
Marino 2007).

Figure 57.3. Primitive-mantle–normalized rare earth and trace element diagram for the lower mafic to ultramafic unit of the
Thunder intrusion. Normalizing values from Sun and McDonough (1989).

Figure 57.4. Primitive-mantle–normalized rare earth and trace element diagram for the upper gabbroic unit of the Thunder
intrusion. Normalizing values from Sun and McDonough (1989).
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COUNTRY ROCK ALTERATION
A metavolcanic unit with possible “skarn-like” mineralogy occurs in the country rock in the vicinity
of the Thunder intrusion (Bidwell and Marino 2007). This unit was observed only in diamond-drill hole
05TH001 over a 50 m interval and was speculated to be a possible wall-rock alteration product of the
Thunder intrusion. However, rocks of the Thunder intrusion were not intersected by this drill hole, and
the nearest outcrop of Thunder intrusion rocks relative to the location of the drill hole is 400 m to the
northeast. The relationship between the skarn unit and the Thunder intrusion is uncertain.
The mineralogy of this altered unit is dominantly garnet, cordierite, carbonate, magnetite, pyrite and
trace chalcopyrite, and the unit is interlayered with intermediate to felsic tuffaceous rocks. The skarn
shares a sharp basal contact with volcaniclastic polymictic conglomerate and a gradational upper contact
with carbonaceous slate and polymictic conglomerate. This unit is tentatively interpreted to be an
Archean iron formation within a metasedimentary–metavolcanic assemblage of the Shebandowan
greenstone belt and, therefore, unrelated to the emplacement of the mafic to ultramafic Thunder intrusion.

THE THUNDER INTRUSION AND THE MIDCONTINENT RIFT
The Thunder intrusion is spatially an outlier to the main magmatic expression of the Midcontinent
Rift (see Figure 57.1). Hollings et al. (2007) showed that a plot of La/Sm versus Gd/Yb can be used to
discriminate intrusive units associated with the Midcontinent Rift (Figure 57.5). On this diagram, both
units of the Thunder intrusion plot slightly above the field of the mafic to ultramafic intrusions and sills of
the Nipigon Embayment (e.g., Hele intrusion and Shillabeer sill, respectively). The high Gd/Yb values of
the Thunder intrusion suggest a deeper mantle source than the other mafic to ultramafic intrusions of the
Nipigon Embayment. Future investigation for this study will focus on comparing the Thunder intrusion
with the entire suite of mafic to ultramafic intrusive rocks associated with the Midcontinent Rift.

Figure 57.5. Plot of La/Smn versus Gd/Ybn for both intrusive units of the Thunder intrusion, and intrusions of the Nipigon
Embayment. Intrusions of the Nipigon Embayment are generally acknowledged to be associated with the Midcontinent Rift
(Hollings et al. 2007). Chondrite-normalized ratios are calculated from the values of Sun and McDonough (1989). Nipigon
Embayment data from Cundari et al. (2013).
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FUTURE WORK
The second year of this MSc thesis study will focus on
•

determining the timing, origin and relationship of the Thunder intrusion to other mineralized
and barren intrusive complexes, feeder dikes and sills within the Midcontinent Rift

•

determining the Rb/Sr and Sm/Nd isotopic signature of the intrusion

•

determining the relationship of other dikes and intrusions in the area to the Thunder intrusion

•

characterizing the platinum group minerals using scanning electron microscopy and mineral
separates. The known ore metals are concentrated in chalcopyrite, pyrrhotite and pentlandite;
however, the host minerals of the platinum group elements are unknown. A metallogenic
sequence of events will be developed.

•

construction of a cross section and interpretation of the Thunder intrusion at depth
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INTRODUCTION
As part of the Targeted Geoscience Initiative 4 Lode Gold project of Natural Resources Canada, the
goal of the project is to characterize the structural controls on gold mineralization and their mineralogical
and geochemical footprints in the Geraldton area, Ontario (Dubé et al. 2011). This area was chosen
because of the ongoing advanced exploration being carried out in the area by Premier Gold Mines Ltd.
This exploration work provides access to large areas of stripped outcrops that show the relationships
between gold mineralization and structures. The company’s recent drill holes also provide access to new
information on the nature, distribution and chronology of the gold-bearing hydrothermal alteration
(Lafrance et al. 2012), helping to improve our understanding of mineralization processes in banded iron
formation-bearing successions within the Precambrian.
During the summer of 2013, 3 stripped outcrops were mapped in detail and drill core that intersected
mineralized zones in different host rocks were logged and sampled for petrographic and lithogeochemical
analysis. This report presents some of the key new data resulting from the detailed mapping carried out
during the 2013 field season.

BACKGROUND
The study area—the Beardmore–Geraldton belt—is located along the boundary between the Wabigoon
(granite-greenstone) and Quetico (sedimentary) subprovinces. The study area extends from the east shore
of Lake Nipigon to Longlac in the east. The Beardmore–Geraldton belt is composed of 3 metavolcanic
and 3 metasedimentary units (Lafrance, DeWolfe and Stott 2004, and references therein). The volcanic
units formed in different, but originally adjoining, parts of an ancient arc system. The volcanic units
represent (from north to south) back-arc basin, oceanic island arc and mid-ocean ridge basalt-type oceanic
crust (Tomlinson et al. 1996). The 3 sedimentary units formed a southward-prograding clastic wedge
Summary of Field Work and Other Activities 2013,
Ontario Geological Survey, Open File Report 6290, p.58-1 to 58-14.
© Queen’s Printer for Ontario, 2013
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(Barrett and Fralick 1985; Williams 1987; Devaney and Williams 1989). They were deposited, from north
to south, in alluvial fan/braid-plain, fluvial to deltaic, and submarine fan and/or basin-plain environments
(Barrett and Fralick 1985; Williams 1987; Devaney and Williams 1989). The rocks in the study area are
typically metamorphosed to greenschist facies, but the metamorphic grade increases to lower amphibolite
facies along the eastern, southern and northern margins of the belt (Macdonald 1944; Pirie and Mackasey
1978; Lavigne 1983; Beakhouse 1984; Macdonald 1983; Williams 1987).
Lafrance, DeWolfe and Stott (2004) suggested that the Beardmore–Geraldton belt went through 3
major phases of deformation. The D1 thrusting resulted in the formation of rare, small amplitude isoclinal
F1 folds (Devaney and Williams 1989; Lafrance, DeWolfe and Stott 2004). These F1 folds were refolded
by tight, upright, west-plunging F2 folds, with an axial planar S2 cleavage, during the north-south
compression of the second deformation event (Devaney and Williams 1989; Lafrance, DeWolfe and Stott
2004). The third deformation event was expressed as dextral transpression and resulted in the formation
of Z-shaped, west-plunging F3 folds and a regional S3 cleavage (Lafrance, DeWolfe and Stott 2004). Late,
north-northwest-trending faults with sinistral movement cut all the older structural elements (Pye 1952;
Horwood and Pye 1955; Kresz and Zayachivsky 1991).
Ore recovered from past-producing mines in the Beardmore–Geraldton belt yielded more than
4.1 million ounces of gold (Mason and McConnell 1982). The past-producing gold mines in the
Geraldton area of the Beardmore–Geraldton belt were all located in the southern sedimentary assemblage
and mostly within the kilometre-wide Tombill–Bankfield deformation zone (Pye 1952; Lafrance,
DeWolfe and Stott 2004). Previous studies suggested that the gold mineralization was deposited during
D3 dextral shear (Pye 1952; Horwood and Pye 1955; Anglin 1987; Macdonald 1988; Lafrance, DeWolfe
and Stott 2004; DeWolfe, Lafrance and Stott 2007; Lavigne 2009).

“HEADFRAME” EXPOSURE
The “Headframe” exposure is a 30 by 20 m stripped outcrop located along the northern limb of the
Hard Rock anticline, approximately 30 m southeast of the No. 1 headframe of the past-producing
Macleod–Cockshutt Mine (Figure 58.1).
This stripped outcrop exposes banded iron formation interlayered with mudstone to sandstone
intruded by minor mafic dikes (Figure 58.2). Massive iron formation layers with thicknesses on the order
of centimetres to several tens of centimetres are interbedded with mudstone to sandstone. The layers of
banded iron formation are dark greyish black with locally a reddish tint on fresh surfaces, whereas their
weathered surface is reddish dark grey. The thick, massive iron formation beds contain magnetite-rich
beds and lesser amounts (10 to 20%) of jasper-rich beds. The beds are finely laminated on a scale of
millimetres. The original thickness of the beds is difficult to estimate due to the strong deformation. The
often slightly magnetic mudstone to sandstone layers are generally (greenish) light to medium grey in
colour and greenish dark grey with brown colourization where altered by iron carbonate. The sandstone
beds are medium grained and approximately 10 to 15 cm thick. The mafic dikes are (brownish) light
green on outcrop surfaces and medium grey on fresh surfaces. They are very fine grained and composed
of felsic and mafic minerals, presumably feldspar and chlorite. They have recorded a penetrative chlorite
and iron-carbonate alteration on the margins of quartz–iron-carbonate veins. They were interpreted as
mafic dikes because they cut across beds of sedimentary rocks.
Numerous tight to isoclinal F1 folds, with amplitudes on the order of tens of centimetres to metres,
are refolded by S-shaped F2 folds, with amplitudes on the order of centimetres to metres (Photo 58.1A).
A continuous chloritic S1 foliation is axial planar to F1 folds in mafic dikes (Photos 58.1B and 58.1C).
A spaced (~0.5 mm) chloritic S1 foliation is present in the interlayered sandstone to mudstone (Photo
58.1D), but is difficult to distinguish from bedding. The F2 folds are open and have a strong axial planar
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S2 cleavage (Photo 58.1E) defined by mafic minerals, presumably chlorite in the sedimentary rocks as
well as in the mafic dikes. The S2 cleavage is a spaced cleavage (0.5 to 1 mm), oriented approximately
15 to 20° clockwise to bedding. Beds and laminae in the banded iron formation are commonly transposed
parallel to S2 along the limbs of F2 folds. Locally, S2 foliation—that is, the first, strong foliation that can
apparently be observed in the sedimentary rocks—is folded by open to gentle, S-shaped F3 folds with
amplitudes on the order of millimetres to tens of centimetres. These F3 folds have a weak axial planar
crenulation foliation that is visible only in the mudstone (Photo 58.1F). The S3 foliation has a spacing of
0.2 to 0.3 mm and is roughly parallel to S2. The S2 foliation and the long limbs of the F2 folds are folded
by open to tight, Z-shaped F4 folds, with amplitudes on the order of centimetres to tens of centimetres,
which have a strong axial planar S4 cleavage (Photo 58.1G). The S4 foliation is a spaced cleavage (spacing
varies from 0.1 to 5 mm, depending on the host rock) that is oriented 8 to 10° anticlockwise to bedding.
The S4 foliation is not folded by S-shaped folds and overprints F3 folds (Photos 58.1H and 58.1I).
Gold mineralization is not exposed in this outcrop. Quartz-iron-carbonate veins and their ironcarbonatized wall rocks are folded by F1 folds, suggesting that they were emplaced either before or during
the early stages of D1 (Photos 58.1J and 58.1K). A second generation of quartz-carbonate veins cuts
across F1 folds and is folded by F2 folds, suggesting that they were emplaced after the D1 event and prior
to or early in the D2 event. Although auriferous semi-massive sulphide replacement or auriferous veins
were not observed, sulphides are emplaced in the neck of boudins that formed late during dextral shear.

Figure 58.1. Simplified geological map of the Geraldton area showing the location of the stripped outcrops or exposures mapped
in 2013. (Geology after Horwood and Pye (1955) and Pye (1952), with modifications by authors.) Universal Transverse
Mercator (UTM) co-ordinates are based on North American Datum 1927 (NAD27), Zone 16.
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Figure 58.2. Detailed geological map of the “Headframe” exposure (area 3 on Figure 58.1). All UTM co-ordinates are based on North American Datum 1983 (NAD83), Zone 16.
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Photo 58.1. Field photographs of the “Headframe” exposure (area 3 on Figure 58.1). A) Tight F1 folds refolded by S-shaped F2
folds in iron formation. B) F1 fold refolded by S-shaped F2 fold and overprinted by axial planar S2 foliation in iron formation,
sedimentary rocks and mafic dike. Red rectangle shows the location of the Photo 58.1C photograph. C) S1 foliation axial planar
to F1 fold, folded by F2 folds and overprinted by axial planar S2 foliation that is parallel to S3 and oblique to S4 foliation in mafic
dike. D) Bedding-parallel S1 foliation folded by F2 and overprinted by S2 foliation in siltstone. E) F2 fold with only one strong,
axial planar foliation (S2). F) Well-developed S2 foliation folded by S-shaped F3 fold, overprinted by axial planar S3 foliation
that is typically subparallel to S2.
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Photo 58.1, continued. Field photographs of the “Headframe” exposure (area 3 on Figure 58.1). G) S2 or composite foliation
folded by Z-shaped F4 folds and overprinted by S4 foliation axial planar to F4 folds. H) S4 foliation axial planar to Z-shaped F4
folds does not display S-shaped folding. I) S4 foliation overprints S-shaped F3 folds. The diameter of the coin is 19 mm.
J) Strongly iron-carbonate–altered rock folded by F1 and refolded by S-shaped F2 fold assumed to partially surround and partially
overprint banded iron formation. K) Quartz-iron-carbonate vein folded by F1 and refolded by F2 folds in banded iron formation.
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“OPP” EXPOSURE
The “OPP” exposure is a 130 by 50 m stripped outcrop that lies along the northern limb of the Hard
Rock anticline, 250 m west of the Ontario Provincial Police station and 100 m north of Highway 11 (see
Figure 58.1).
Interlayered mudstone–siltstone–minor sandstone and iron formation is exposed over two-thirds of
the outcrop (Figure 58.3). The mudstone, siltstone and sandstone are light to dark grey and green on
outcrop surfaces and brownish dark grey on fresh surfaces. Beds are up to several centimetres thick and
normal grading is visible in coarse-grained sandstone beds, indicating younging direction to the north.
Laminae of banded iron formation are present in the sandstone beds. The banded iron formation is dark
blue to reddish brown on outcrop surfaces and dark grey on fresh surfaces. Beds vary in thickness from
several centimetres to tens of centimetres. Transposed clastic sandstone dikes are associated with the iron
formation. Interlayered sandstone to mudstone constitute the northern part of the outcrop. This part of the
exposure lacks the iron formation layers present in the rest of the outcrop described above, and it is more
thickly bedded with beds varying in thickness from a few centimetres to several tens of centimetres.
Normal grading with younging to the north is locally observed.
Quartz-feldspar porphyry dike(s) cut across bedding in the sedimentary sequence. The dikes are
strongly folded and transposed parallel to bedding. Their colour varies from green to pinkish brown due
to iron-carbonate alteration. The rock contains approximately 27% feldspar (up to 7 mm) and about 3%
quartz phenocrysts within a matrix composed of approximately 45% feldspar, approximately 20% chlorite
and approximately 5% quartz. Brownish green amygdaloidal mafic dikes are also transposed parallel to
bedding. They have a strong foliation defined by chlorite and presumably iron carbonate.
Three generations of ductile structures are present. Rare, tightly folded F1 folds (Photo 58.2B) are
refolded by open to tight, centimetre-scale, typically S-shaped, F2 folds. The folds, where present in iron
formation, have no axial planar cleavage, but a strong folded S1 foliation is observed in the quartzfeldspar porphyry dike in the hinge of F2 folds (Photo 58.2A). The F2 folds occur in all rock types and
they have a penetrative axial planar S2 cleavage that is oriented either parallel or slightly clockwise to
bedding along the long limbs of F2 folds (Photo 58.2C). These structural relationships are consistent with
this outcrop being located in an area that represents the shared north limb of the Hard Rock anticline and
south limb of the Ellis syncline. The S2 foliation is itself folded by Z-shaped, small-scale F4 folds with a
strong axial planar S4 foliation (Photo 58.2D). The S4 foliation is oriented 10 to 20° anticlockwise both to
bedding and to the S2 foliation. Centimetre to metre-scale dextral shear bands cut across all generations of
the structures observed in this outcrop, and they form a penetrative foliation within the porphyry and the
mafic dikes (Photo 58.2E). A local S-C fabric also provides evidence of dextral shear, in which bedding
or S2 played the role of a pre-existing foliation into which S4 was dragged. Quartz-carbonate veins are
boudinaged and the boudins are rotated in an anticlockwise manner. The asymmetry of the F4 folds and
dextral shear bands are compatible with D4 transcurrent dextral shearing. It is important to note that S2
foliation is locally folded by local, small amplitude, S-shaped folds.
Multiple generations of veins were observed at this exposure. Early iron-carbonate veins and/or
alteration are parallel to bedding, often confined within iron formation beds, and they are folded by F2
and transposed parallel to S2. The hydrothermal alteration is characterized by quartz-carbonate veins and
associated strong iron-carbonate alteration and silicification in the porphyry dike. Such alteration is
characteristic of most syndeformational gold deposits hosted in greenstone rocks metamorphosed to
greenschist facies (orogenic type deposits, Dubé and Gosselin 2007). The iron-carbonate alteration is
commonly distributed parallel to bedding, potentially due to selective replacement, and is folded by F2
folds (Photo 58.2G) implying that the carbonatization occurred early in, or prior to, the D2 deformation
event. The timing of the iron-carbonate replacement relative to F1 folds cannot be established on this
exposure because of the scarcity of F1 folds.
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Figure 58.3. Detailed geological map of the “OPP” exposure (area 1 in Figure 58.1). All UTM co-ordinates provided in NAD83, Zone 16.
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Photo 58.2. Field photographs of the “OPP” exposure (area 1 on Figure 58.1). A) S1 foliation folded by S-shaped F2 folds and
overprinted by S2 foliation axial planar to F2 fold in porphyry dike. B) Tight to isoclinal F1 fold refolded by S-shaped, open to
tight F2 fold in iron formation. C) Iron formation tightly folded by S-shaped F2 fold and overprinted by axial planar S2 foliation.
D) S2 foliation folded by Z-shaped F4 folds and overprinted by axial planar S4 foliation. E) Dextral shear bands cutting porphyry
dike, sedimentary rocks and mafic dike. F) Semi-massive pyrite replacement representing the gold mineralization is associated
with quartz-carbonate veins in iron formation. G) Iron-carbonate alteration emplaced parallel to bedding and folded by S-shaped
F2 folds.

58-9

Targeted Geoscience Initiative 4 (58)

Z. Tóth et al.

Veins of quartz-carbonate ± sulphide are typically surrounded by chlorite-sericite wall rocks in the
sedimentary rocks and by hematite in the iron formation. The veins are either parallel or oblique to bedding
and were boudinaged prior to F2 folding, suggesting that they were emplaced prior to D2 deformation.
Boudinaged quartz-carbonate ± minor sulphide veins cut across other quartz-carbonate ± minor sulphide
veins that are folded by F2 folds and, thus, were emplaced even later during F2 folding or after the F2 folding.
Gold mineralization (based on channel sampling done by Premier Gold Mines Ltd.) occurs as semimassive sulphide replacement of banded iron formation associated with quartz-iron carbonate-sulphide
veins (Photo 58.2F). The sulphide replacement assemblage is composed of pyrite, arsenopyrite and
chalcopyrite. The veins are surrounded by a centimetre-wide chlorite-sericite alteration halo. Gold
mineralization is typically localized along contacts between the banded iron formation and the porphyry
dike, emphasizing the role of competency contrast in the formation of pathways for gold-bearing
hydrothermal fluid. The gold mineralization in the “OPP” exposure is folded by F2 folds, suggesting that
it was emplaced prior to or early in the D2 deformation event.

“HEADFRAME EAST” EXPOSURE
The “Headframe East” exposure is a 20 by 45 m stripped outcrop that lies along the northern limb of
the Hard Rock anticline, 150 m east of the No. 1 headframe of the past-producing MacLeod–Cockshutt
Mine, and 70 m south of Highway 11 (see Figure 58.1). The stripped outcrop consists of massive,
sediment-devoid iron formation in the south, to interlayered mudstone to sandstone in the centre, to
pebbly sandstone in the northern part of the outcrop (Figure 58.4).
The massive iron formation consists of millimetre-thick magnetite-rich laminae interlayered with
minor jasper-rich and mudstone laminae. It is reddish dark grey on outcrop and fresh surfaces. Interlayered
mudstone to sandstone in the central part of the exposure contains iron formation layers similar to those
described above. The sandstone and mudstone beds vary in thickness from 1 cm to less than 50 cm. They
are (brownish) light grey on outcrop surfaces and darker grey on fresh surfaces.
The northern half of this exposure is composed dominantly of interlayered mudstone to sandstone
locally interlayered with banded iron formation, the layers of which do not exceed 20 cm in thickness.
This well-bedded sequence gradually changes into massive, coarse-grained, strongly iron-carbonate–
altered sandstone that contains variably elongated, but rounded, clasts ranging from 3–4 cm to 30–40 cm
in diameter. The clasts are assumed to have mainly granitic compositions as they are rigid even if
elongated, folded and fractured, and are locally surrounded by an asymmetrical strain shadow.
Numerous tight F1 folds are refolded by gentle to tight, S-shaped, shallowly west-plunging F2 folds
with amplitudes on the order of centimetres to metres and are overprinted by an axial planar S2 foliation.
The S2 foliation is oriented 20 to 30° clockwise to the east-trending bedding. Gentle to open F2 folds are
often tightly folded as the result of later dextral shear located along their long limb. F3 folds were not
observed in this outcrop. Shallow to intermediate west-plunging, centimetre-scale, open to gentle Zshaped F4 folds fold the S2 foliation. The S4 foliation is axial planar to F4 folds and is oriented 20 to 40°
anticlockwise to the S2 foliation. Dextral shear bands cut all the previously described structures. Two colinear L2 and/or L4 lineations (mineral or rib-and-groove lineations) are present either on bedding or S2
planes and may have formed during the same or during 2 separate deformation events. Another shallowly
east- or west-plunging, small, approximately 1 mm slip lineation of unknown origin is observed along
bedding and S2 foliation planes.
Quartz-iron-carbonate or locally pinkish iron-carbonate veins in banded iron formation are folded
by F1 and F2 folds and transposed parallel to S2 foliation in F2 fold hinges, suggesting that they were
emplaced either prior to or early in the D2 deformation. Quartz-iron-carbonate veins that are folded by
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Figure 58.4. Geological map of the “Headframe East” exposure (area 2 on Figure 58.1). All UTM co-ordinates provided in NAD83, Zone 16.
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F2 folds, and boudinaged only after folding, cut the iron-carbonate veins and alteration. The relationship
between the veins described above is uncertain; their relative timing of emplacement can only be assumed
based on their deformation. Quartz-iron-carbonate ± sulphide and calcite veins are folded by F2 folds,
suggesting their emplacement was prior to or early in the D2 deformation event. These veins are often
laminated and cut across bedding-parallel quartz-carbonate veins. They are sometimes surrounded by
millimetre- to centimetre-wide chlorite-sericite alteration halos without associated sulphide.
The gold mineralization in this exposure (based on grab samples taken by Premier Gold Mines Ltd.)
is characterized by sulphide replacement of the oxide-facies banded iron formation. It consists of semimassive pyrite-chalcopyrite ± arsenopyrite ± molybdenite(?) as alteration halos of quartz-carbonate veins.
It appears only in banded iron formation layers in the northern part of the stripped outcrop, as opposed to the
massive iron formation in the southern part of the outcrop. The gold mineralization is folded by S-shaped F2
and Z-shaped F4 folds and is overprinted by dextral shear bands; therefore, the gold mineralization was
emplaced either prior to, or very early in, the D2 deformation event.

CONCLUSION
All 3 mapped outcrops are located along the north limb of the regional F2 Hard Rock anticline. Tight
F1 folds are refolded by gentle to tight, S-shaped F2 folds that are parasitic folds to the Hard Rock anticline.
The S-shaped F3 folding of S2 at the “Headframe” and “OPP” exposures suggests local sinistral shearing
prior to dextral shearing during D4. The D4 event is a late, dextral transcurrent shearing event that
produced multiple Z-shaped drag folds with a strong axial planar foliation and dextral shear bands.
Gold mineralization occurs as semi-massive sulphide replacement associated with quartz-ironcarbonate veins at the “OPP” and “Headframe East” exposures. It is folded by S-shaped F2 folds,
suggesting that gold mineralization was emplaced either prior to, or early in, the D2 deformation. Ironcarbonate alteration, which is typically associated with gold mineralization in other similar world-class
gold camps (Dubé and Gosselin 2007), is folded by F1 folds. However, the gold mineralization exposed in
the stripped outcrops does not show evidence of deformation by F1 folds. If this iron-carbonate alteration
is associated with gold mineralization, this would suggest the possibility of a mineralizing event that
predated D2 deformation and was presumably synchronous with the D1 deformation event. Alternatively,
this may suggest that there are several stages of iron-carbonate alteration in this area, as documented in
Timmins and Red Lake (Dubé et al. 2004; Dubé and Gosselin 2007). The stripped outcrops clearly expose
the complexity of the structural setting of the gold deposits in the Geraldton area, with several generations
of foliations and folds. Better defining the chronology of deformation in relation to the emplacement of
the bulk of the gold mineralization could impact the understanding of the distribution and geometry of the
auriferous lodes and also help better define the key parameters responsible for their formation.
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INTRODUCTION
Between 2010 and 2013, field work was conducted across the North Caribou greenstone belt in an
attempt to better define and understand the tectonothermal history of the nucleus of the Superior
Province; herein is presented a progress report of recent field observations and geochronology. The
current understanding of Abukuma-type regional metamorphism in the North Caribou greenstone belt is
limited to a simple schematic isograd map of the western and central portions of the belt (Breaks, Osmani
and de Kemp 2001). Moreover, the southeastern limb has been, comparatively, significantly understudied
to date with regard to geology and metamorphism. Breaks, Osmani and de Kemp (2001) report 2 general
metamorphic trends in the western limb, based on the observations made during their 1980s mapping
program: 1) an increase in metamorphic grade toward the north, and 2) an increase in metamorphic grade
toward the east. Upper greenschist- to amphibolite-facies metasedimentary rocks bear index minerals
such as garnet, staurolite, cordierite and grünerite, whereas lower grade assemblages are characterized by
chlorite and/or biotite (Breaks, Osmani and de Kemp 2001; this study). It is often unclear whether biotite
and chlorite are metamorphic minerals or alteration products. From this study, broad sampling and
mapping of the region suggest that, although these index minerals are present, the higher temperature
index minerals are restricted to isolated nodes across the belt. Furthermore, Breaks, Osmani and de Kemp
(2001) report kyanite at a few locations; however, no evidence of this higher pressure mineral was found
during this study. Peak assemblages appear to only occur above positive magnetic anomalies and are
commonly associated with metre-scale intrusions or zones of quartz veining. The isograds are interpreted
to appear as a “metamorphic nodal” pattern, likely related to regional magmatism.

SAMPLE CHARACTERIZATION
Hundreds of samples were collected throughout the belt; however, the results outlined in this report
highlight samples collected at the metamorphic highs, as indicated by Breaks, Osmani and de Kemp
(2001) (Figure 59.1). The tectonostratigraphy for this area is not relevant to this study; thus, it was
decided to use Breaks, Osmani and de Kemp’s (2001) original metamorphic map for Figure 59.1 because
it is more important to illustrate the relationship between the metamorphic and magnetic data. All
observations reported are from the north side of the garnet isograd, and samples possess upper greenschist
facies or higher index minerals. Notably, there is an absence of kyanite, despite its presence on Breaks,
Osmani and de Kemp’s (2001) map. Ages for the samples described herein were also determined with
secondary ion mass spectrometry (SIMS) zircon depth-profiling U/Pb geochronology. The samples
described in this article are discussed from east to west; sample locations are provided as Universal
Transverse Mercator (UTM) co-ordinates using North American Datum 1983 (NAD 83) in Zone 15).
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Figure 59.1. Map of the North Caribou greenstone belt showing metamorphic isograds in relation to positive magnetic anomalies across the belt. Distribution and extent of
magnetic anomalies were taken from proprietary sources. Sample locations discussed in the text are denoted by white stars. The northwestern part of the belt is modified from
Breaks, Osmani and de Kemp (2001). Note the spatial relationship between metamorphic highs and the positive magnetic anomalies, including the andalusite + cordierite
“node” on the western end of Eyapamikama Lake. This study found no kyanite in the northwest. Abbreviations: And, andalusite; Chl, chlorite; Crd, cordierite; Grt, garnet;
Gru, grünerite; Ky, kyanite; St, staurolite.
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On the western shore of Akow Lake, the Akow Lake deformation zone is exposed (sample 10-NCTK-44,
UTM 6702895E 850342N). The outcrop along the shore contains rock characterized as a garnet-andalusitestaurolite schist. At the outcrop, porphyroblasts of andalusite can be seen as centimetre-scale protrusions
that are preferentially resistant compared to the fine-grained matrix of the outcrop (Photo 59.1A). Garnet is
also present; however, it is limited to specific iron-bearing horizons (Photo 59.1B). In thin section,
andalusite occurs along foliation planes, but overprints biotite (Photo 59.2A). The staurolite is likely
pretectonic, containing weak inclusion trails oriented oblique to the foliation (Photos 59.2B to 59.2D).
Garnet occurs in clusters surrounded by chlorite, and the mica foliation wrapping around these garnetchlorite pods (Photos 59.2E and 59.2F) suggests a fluid-rich paragenesis.
At the easternmost limit of Eyapamikama Lake, below the average summer lake water level, is a
spectacular outcrop (sample 11-NCGB-33, UTM 657319E 5867427N; Photo 59.1C), which was exposed
because of an unseasonably dry summer in 2011. This outcrop is metasedimentary rock that has been
intruded by a metre-scale granitic dike. Cordierite porphyroblasts, up to 3 cm in diameter are developed in
a metre-wide zone adjacent to the dike, and the zone is interpreted to be a contact metamorphic aureole.
In thin section, the cordierite-biotite schist is defined by well-foliated fine-grained biotite, which is
overprinted by centimetre-scale cordierite porphyroblasts (Photo 59.2G).
To the east of McGruer Lake is a small (100 m2) outcrop, interpreted as a lens of metasedimentary
rock (sample 13-NCGB-01, UTM 648708E 5871865N), surrounded by mafic volcanic rock. This
metasedimentary sequence is characterized by thinly bedded fine-grained siliciclastic metasedimentary
rocks intercalated with mafic volcanic sequences. The metasedimentary rocks are dominated by quartz
and biotite that is weakly foliated. Throughout the outcrop, quartz sweats and veins are present, particularly
near the contact between mafic volcanic and sedimentary rocks. Proximal to the quartz sweat, garnet
occurs as a porphyroblast and, in thin section, the garnet is fragmented. These fragments have inclusion
trails oriented oblique to the foliation defined by biotite, quartz and feldspar (Photos 59.1D and 59.2H)
and can be interpreted as syntectonic (transposed) minerals.
Outcrop along the southern shore of Castor Lake is a fine-grained quartz-biotite schist (sample
13-NCGB-02, UTM 637116E 5871634N) containing garnet porphyroblasts that, similar to outcrops at
McGruer Lake, are proximal to quartz sweat and veining. In thin section, the garnets contain inclusion
trails oriented parallel to the dominant foliation, defined by fine-grained biotite and chlorite (Photo 59.2I),
and are also syntectonic in origin.
Along the eastern shore of Miskeesik Lake, there is a small (<100 m2) outcrop surrounded by
granitic boulders. This outcrop was characterized in the field as a cordierite-hornblende-biotite schist
(sample 12-NCGB-10, UTM 619828E 5872755N). Cordierite porphyroblasts occur throughout the
outcrop, overprinting a foliation defined by biotite. Petrographic examination confirms this textural
relationship. Hornblende occurs as radiating crystals that also overprint the foliation (Photo 59.2J). Both
corderite and the radiating amphiboles can be attributed to posttectonic growth; the larger amphiboles
may be syntectonic.

DEFORMATION ZONES
Several deformation zones are present in the North Caribou greenstone belt, and an attempt has been
made to relate these zones to the complex metamorphic pattern of the belt. Two major north-trending
deformation zones project along strike from the Musslewhite gold deposit: the Dinnick Lake and Akow
Lake shear zones (see Figure 59.1). Preliminary results from a transect across the approximately 500 m
wide Dinnick Lake mafic volcanic sequences indicate that strain is highest in the centre of the zone and
decreases toward the margins. In the centre of the zone, a L-tectonite is exposed that contains quartz ±
alkali feldspar (± white micas; Photos 59.1E and 59.1F). The quartz is present as rods, giving the rock a
foliated appearance, with local centimetre-scale folds. In thin section, the quartz occurs as ribbons, which
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Photo 59.1. Photographs of outcrops from within the North Caribou greenstone belt, illustrating peak metamorphic assemblages.
A) and B) Porphyroblastic andalusite (And) (59.lA) and garnet (Grt) (59.1B) in metasedimentary rocks from the Akow Lake
area. Note porphyroblasts weather as protrusions within the host rock. C) Porphyroblastic cordierite (Crd) in metasedimentary
rock adjacent to the felsic intrusion on east Eyapamikama Lake. D) Garnetiferous metasedimentary rocks intercalated with mafic
volcanic rocks east of McGruer Lake. Quartz (Qz) sweats occur within the sedimentary bands and veins near contacts with mafic
volcanic material. E) and F) L-tectonite containing mainly quartz ± potassium feldspar from the centre of the Dinnick Lake
shear zone. Photo is a plan view; note the shallow plunge of the fold-axis that is parallel to the stretching lineation (black arrow).
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Photo 59.2. Photomicrographs of peak metamorphic mineral assemblages in metasedimentary and mafic metavolcanic rocks
from the North Caribou greenstone belt. A) to F) Plane-polarized light photos of peak metamorphic mineral assemblages in
metasedimentary rocks from the Akow Lake area (sample 10-NCTK-44), showing syntectonic or transposed andalusite (And),
pretectonic staurolite (St) and sillimanite (Sil), and syntectonic to posttectonic garnet (Grt). Commonly, the staurolite and
andalusite is poikiloblastic and corroded; garnet is commonly surrounded by biotite (Bt) and chlorite (Chl) suggesting a fluid-rich
environment. Note the inclusion trails within the refractory index minerals, which are oblique to the main rock structure.
G) Plane-polarized light photo of posttectonic cordierite (Crd) porphyroblasts from a metasedimentary rock on eastern
Eyapamikama Lake (sample 11-NCGB-33). H) Plane-polarized light photo of small (fragmented?) syntectonic garnets in
intercalated metasedimentary and mafic volcanic rocks east of McGruer Lake (sample 13-NCGB-01). I) Cross-polarized light
photo of syntectonic to posttectonic garnets in a quartz-biotite schist from Castor Lake (sample 13-NCGB-02). J) Cross-polarized
light photo of radiating posttectonic amphiboles (Hbl) in a metasedimentary rock from Miskeesik Lake (sample 12-NCGB-10).
K) and L) Cross-polarized light photos of hornblende (Hbl) porphyroblasts in foliated mafic volcanic rocks from the Dinnick
Lake and Akow Lake shear zones. Elongated amphibole (possibly actinolite in Photo 59.2L) define the rock structure.
S0 = first-generation foliation; S1 = second-generation foliation.
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are slightly elongated at an angle to the main fabric. Evidence of bulging grain boundaries, with minor
development of subgrain boundaries, suggests the ribbons recrystallized in a fluid-rich environment
(Mancktelow and Pennacchioni 2004). Rocks collected away from the highest strain zone are mafic
volcanic rocks containing corroded hornblende (compositions vary between ferro- and magnesiohornblende)
that is aligned with the fabric, suggesting a metamorphic event that is synchronous to the deformation
(Photo 59.2K). Evidence of a regional sinistral and a locally dextral shear sense is visible at outcrop and
microscopic scales, based on shear bands. Feldspar composition across the shear zone varies from
approximately 40 to 60%Ab (plagioclase) at the edge to approximately 98%Or (alkali feldspar) in the centre
of the zone. Hornblende porphyroblasts found in the area of the Akow Lake shear zone, east of the Dinnick
Lake shear zone, are also slightly corroded, fractured and transposed into the planar fabric of the rock
(Photo 59.2L). They also appear to have developed at a different time from the main foliation, as evidenced
by smaller amphiboles, possibly actinolite, which define the main fabric of the rock and wrap around larger
amphibole porphyroblasts. The hornblende porphyroblasts suggest a syntectonic origin.
The southeastern part of the belt also comprises a major deformation zone, the Markop shear zone,
which is mapped along the contact between the northern part of the greenstone belt and adjacent batholiths
to the north. As the shear zone is traced to the west, it crosscuts the greenstone belt where its definition
becomes obscured by the massive batholiths on the south side of the North Caribou greenstone belt (see
Figure 59.1). A recent description of the deformation within the eastern part of the belt has been presented
in Kalbfleisch et al. (in press), but is also summarized here. Nearly all units in the southeastern arm of the
belt are well foliated. The deformation zone is thought to have disturbed the primary metamorphic
“nodal” pattern that is observed in the western portion of the belt. The widespread pervasive fabric is
defined by segregation of silicate-dominated microlithons from foliation planes of aligned phyllosilicates
(in metasedimentary rocks) and amphiboles (in metavolcanic rocks), and varies in terms of spacing,
homogeneity and intensity. Most upper greenschist- to amphibolite-facies metamorphic index minerals
are situated in regions of elevated strain, such as hornblende that preferentially aligns parallel to the fold
axes, suggesting a link between deformation and metamorphism. Micas and chlorite almost ubiquitously
wrap around porphyroblasts and are rarely found as inclusion trails. Micas and chlorites are commonly
intergrown in sinuous bundles, yet often a second generation of mica and/or chlorite will also be present
as blocky forms and at angles to the foliation. The mica and chlorite generations suggest at least 2 fluidrich metamorphic events, with one of the thermal events also associated with deformation. Garnet is
present locally in some metasedimentary rocks, primarily in dilation zones or pods filled with alteration
minerals, supporting a hydrothermal origin. Albite, present in both metasedimentary and metavolcanic
rocks, is commonly porphyroblastic or poikiloblastic and brittlely fractured in the microlithons. The strain
has also induced dynamic recrystallization or dissolution–precipitation creep in quartz.

PRELIMINARY GEOCHRONOLOGY
Few data exist that help resolve the age of metamorphism within the North Caribou greenstone belt.
Kalbfleisch et al. (in press) report U-Th-Pb monazite ages from shear zones that possess an age signature
of 2.75 to 2.71 Ga, but most monazite ages are younger than 2.60 Ga. Ages for small (<100 µm) zircons
found in high-strain metasedimentary rocks and marginal granitoids were also obtained by Kalbfleisch et
al. (in press) using in situ laser ablation inductively coupled plasma mass spectrometry (LA-ICP–MS)
U/Pb geochronology. Zircons are typically equant or subhedral, and often fractured. Internal zoning is
often patchy and faint, features that are typically a consequence of metamorphism. Six samples from the
central and eastern portions of the North Caribou greenstone belt yield consistent and concordant ages of
2.86 Ga. These results may be suggestive of a tectonothermal episode at circa 2.86 Ga preceding the
weaker event at 2.75 to 2.71 Ga.
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Secondary ion mass spectrometry (SIMS) depth-profiling is an analytical method that involves
ablating into an unpolished zircon crystal to determine the age as a function of depth into the crystal. This
allows for sub-micrometre resolution on features parallel to the ablated surface; that is, determining the
age of thin zircon rims otherwise too thin for the lateral resolution of a conventional ion probe beam
(25 µm). Secondary ion mass spectrometry U/Pb age depth-profiling (Schneider et al. 2011; Schneider,
Bachtel and Schmitt 2012) has been done on unpolished zircon to resolve the age of thin metamorphic
rims. These U/Pb data have been complemented with LA-ICP–MS trace element analyses on the same
zircon.
We sampled the “metamorphic nodes” in the western arm of the greenstone belt, recovering zircon
from the samples described above. The zircons are generally euhedral and are often characterized by an
irregular or mottled outer surface. Trace element analyses reveal zircon rims enriched in light rare earth
elements (LREEs) as well as aluminum, titanium and iron, relative to the cores. The textures and
geochemistry suggest the rocks were affected by a fluid event that resulted in enrichment in LREEs; the
trace elements are derived from granitic melts or breakdown of co-existing LREE phases (e.g., monazite,
xenotime, apatite). Geochronology results from this study indicate that the zircons from these “metamorphic
nodes” possess thin (1 to 4 µm) rims that record a consistent U/Pb age of circa 2.73 Ga (Kelly, Schneider,
Hattori et al. 2013; Kelly, Schneider, Schmitt et al. 2013). Interior ages of zircon range from 2.8 to 3.l Ga.
The younger zircon rim age is similar to the oldest monazite age population reported by Kalbfleisch et al.
(in press) from within the North Caribou greenstone belt, and a Sm/Nd whole-rock garnet age reported by
Biczok et al. (2012) from the Musslewhite Mine.

CONCLUSIONS
Based on field and petrographic observations, metamorphism is syntectonic to posttectonic, as
demonstrated by overprinting relationships and assemblages. Important for this study’s geochronology
component is the petrologic evidence for a posttectonic high-temperature thermal event. Observations
have made it clear that the metamorphic isograds are not as continuous as Breaks, Osmani and de Kemp
(2001) initially proposed. The occurrence of peak assemblage index minerals is instead more “nodal”,
showing spatial correlation with positive magnetic highs, intrusive bodies and areas of high strain.
Protracted and postmetamorphic tectonism within some of the major shear zones clearly disturbed the
regional metamorphic pattern, particularly in the eastern portion of the North Caribou greenstone belt.
Preliminary interpretations for one of the major shear zones (the Dinnick Lake shear zone) indicate
synchronous metamorphism and deformation with possible fluid flow, as indicated by the presence of
recrystallized quartz-rich L-tectonite. The preliminary U/Pb ages of circa 2.73 Ga on zircon rims are
interpreted to represent a hydrothermal event witnessed throughout the northwestern extent of the belt.
Preliminary interpretation is that exposed and subjacent intrusions brought in the necessary heat and
fluids to drive the metamorphism, with the shear zones behaving as conduits for fluids that additionally
localized the metamorphic pattern, as well as the strain. The model developed through this study would
then suggest that the apparent regional metamorphic trend in the belt is a result of kilometre-scale contacttype metamorphism, erasing the linear metamorphic pattern of Breaks, Osmani and de Kemp (2001) as
well as the notion that the dominant metamorphism was derived from crustal thickening.
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Metric Conversion Table
Conversion from SI to Imperial

Conversion from Imperial to Sl

SI Unit

Multiplied by

Gives

Imperial Unit

1 mm
1 cm
1m
1m
1 km

0.039 37
0.393 70
3.280 84
0.049 709
0.621 371

LENGTH
inches
1 inch
inches
1 inch
feet
1 foot
chains
1 chain
miles (statute)
1 mile (statute)

1 cm2
1 m2
1 km2
1 ha

0.155 0
10.763 9
0.386 10
2.471 054

square inches
square feet
square miles
acres

1 cm3
1 m3
1 m3

0.061 023
35.314 7
1.307 951

cubic inches
cubic feet
cubic yards

AREA
1 square inch
1 square foot
1 square mile
1 acre

VOLUME
1 cubic inch
1 cubic foot
1 cubic yard

CAPACITY
1 pint
1 quart
1 gallon

1L
1L
1L

1.759 755
0.879 877
0.219 969

pints
quarts
gallons

1g
1g
1 kg
1 kg
1t
1 kg
1t

0.035 273 962
0.032 150 747
2.204 622 6
0.001 102 3
1.102 311 3
0.000 984 21
0.984 206 5

ounces (avdp)
ounces (troy)
pounds (avdp)
tons (short)
tons (short)
tons (long)
tons (long)

1 g/t

0.029 166 6

1 g/t

0.583 333 33

MASS
1 ounce (avdp)
1 ounce (troy)
1 pound (avdp)
1 ton(short)
1 ton (short)
1 ton (long)
1 ton (long)

CONCENTRATION
ounce (troy) /
1 ounce (troy) /
ton (short)
ton (short)
pennyweights /
1 pennyweight /
ton (short)
ton (short)

Multiplied by
25.4
2.54
0.304 8
20.116 8
1.609 344

Gives
mm
cm
m
m
km

6.451 6
0.092 903 04
2.589 988
0.404 685 6

cm2
m2
km2
ha

16.387 064
0.028 316 85
0.764 554 86

cm3
m3
m3

0.568 261
1.136 522
4.546 090

L
L
L

28.349 523
31.103 476 8
0.453 592 37
907.184 74
0.907 184 74
1016.046 908 8
1.016 046 9

g
g
kg
kg
t
kg
t

34.285 714 2

g/t

1.714 285 7

g/t

OTHER USEFUL CONVERSION FACTORS
1 ounce (troy) per ton (short)
1 gram per ton (short)
1 ounce (troy) per ton (short)
1 pennyweight per ton (short)

Multiplied by
31.103 477
0.032 151
20.0
0.05

grams per ton (short)
ounces (troy) per ton (short)
pennyweights per ton (short)
ounces (troy) per ton (short)

Note: Conversion factors in bold type are exact. The conversion factors have been taken from or have been derived from factors given
in the Metric Practice Guide for the Canadian Mining and Metallurgical Industries, published by the Mining Association of Canada in
co-operation with the Coal Association of Canada.
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