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

Director, Ontario Geological Survey

INTRODUCTION
The Ontario Geological Survey’s (OGS) mission is to provide the citizens and institutions of Ontario
with earth science data, information, and knowledge that are accurate, objective, and relevant to Ontario’s
quality of life achieved through economic prosperity, environmental quality, and public safety.
The OGS undertakes a systematic and comprehensive inventory of the geological framework and
processes that continue to shape Ontario. This understanding includes Ontario’s mineral resource,
groundwater and non-renewable energy endowment and potential. The OGS data, information and
knowledge are fundamental to supporting the Crown’s mineral resource stewardship responsibility. The
geoscience knowledge about the land helps inform decision-makers that, in turn, influences activities that
may affect the environment, or formation of policies required to ensure the safe, sustainable management
of Ontario’s mineral, non-renewable energy and groundwater resources. These data are used in a number
of ways to support policy and land-use planning decisions, to attract investment in mineral and nonrenewable energy resource development, and to help foster sustainable socio-economic development
options for aboriginal and non-aboriginal communities. The OGS is the steward of a large amount of
public geoscience data and provides public access to this geoscience information.
The OGS undertakes several functions: a) mapping of bedrock and surficial geological materials;
b) making an inventory of and assessing Ontario’s potential for mineral, groundwater, and non-renewable
energy resources; c) providing objective geoscience information for consideration during land-use
planning; d) identifying geological characteristics relevant to public health and safety; e) publishing and
marketing information on Ontario’s landmass and its mineral, groundwater, and non-renewable energy
resource endowments.
The OGS has a focus on aboriginal community engagement and communication as a pre-requisite
and foundation to successful field project implementation.
The OGS comprises the following administrative units: Precambrian Geoscience Section,
Sedimentary Geoscience Section, Resident Geologist Program, Geoscience Laboratories, and Information
and Marketing Services.

ENHANCED GEOSCIENCE PROGRAM
As part of the Ontario Government’s spring 2008 budget, the Province allocated $5 million to
MNDM for enhanced geological mapping. This allocation included 10 new positions. The
Government’s expectations included identification of new economic opportunities attributed to Ontario’s
geological and mineral resources, non-renewable energy, and groundwater endowment and new or
existing geoscience to be available to inform a broader set of public policy priorities.
Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.1-1 to 1-4.
© Queen’s Printer for Ontario, 2008
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Concurrently, MNDM Executive endorsed the continued focus on mineral-related geoscience,
groundwater-related geoscience, the enhancement of energy-related geoscience, and the broadening of the
OGS mandate to apply geoscience goods and services to help inform and address issues related to Climate
Change, or Global Warming and the environment.
The convergence of the OGS strategic planning, the new funding and the broadened mandate affords
a unique opportunity for the OGS to apply our geoscience goods and services to help address issues faced
by a broader clientele within and outside of Government.
Internal functional adjustments are being made to better reflect the functional responsibilities of
MNDM, the Mines and Minerals Division, and the Ontario Geological Survey Branch. Some functions
delivered by the OGS Branch will in future be delivered and administered by the Mines and Minerals
Division. In addition, the Resident Geologist Program and the Geoscience Laboratories received
financial additions to their base budget to reflect historic deficiencies and new responsibilities.
The OGS continued to invest in the Geoscience Laboratories through the equipment recapitalization
plan at a level of $1 million per year. New purchases include 2 loss-on-ignition units, a purity switch and
regulator for the inductively coupled plasma mass spectrometer (ICP–MS), X-ray spectrometer (XRD
method), ICP–MS, upgrades to PerkinElmerSciex™ Elan® 6100 ICP–MS, upgrades to ICP–MS,
cathodoluminescence detector, and a fluxer. Through this recapitalization and the existing ISO
17025:2005 Certification, the OGS Geoscience Laboratories will continue to meet the needs of its clients,
including the synergies achieved through the partnership with the Department of Earth Sciences,
Laurentian University, and Centre for Excellence in Mining Innovation.

FACTORS INFLUENCING THE GEOSCIENCE PROGRAM
There are several Government priorities that influence the OGS geoscience planning and program.

Far North Land-Use Planning Initiative
On July 14, 2008, the Ontario Government announced its intent to mitigate the affects of Global
Warming by protecting the carbon-absorbing Boreal Forest through the Far North Planning Process.
During the initiative, various experts and groups will work together to create a plan for the Northern
Boreal Forest. The Ontario government committed to protect more than 225 000 square kilometres, or
more than half of the Northern Boreal lands, in an interconnected network of conservation lands. There is
also an objective to strike a balance between conservation and development, and with individual
Aboriginal communities, to begin a local land-use planning process. To support this planning, the
Ontario Government will commence and continue the scientific mapping of the region’s biodiversity,
carbon sequestration potential, Aboriginal cultural heritage, and mineral and natural resource potential,
with the goal of completing the entire process in the next 10 to 15 years.
The OGS will continue its Far North bedrock and surficial surveying activities to ensure that modern
geological data are available for consideration during the land-use planning process.
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Reforming And Modernizing Ontario’s Mining Act
During the July 14, 2008, Ontario Government announcement of the Far North land-use planning
initiative, it was also announced that Ontario’s Mining Act will be modernized to enhance the respect for
private land owners and Aboriginal communities. The intent is to introduce legislation in the fall of 2008,
with the goal of having new rules in place later in 2009. This is a very aggressive schedule and several
OGS staff members are involved in the process. This participation is the key priority and some
geoscience activities have been rescheduled pending the completion of the Mining Act review process.

Multi-Jurisdictional – Ontario Collaborative Geoscience Initiatives
The OGS will continue its science collaboration with other jurisdictions on the planning and
implementation of geoscience projects in Ontario. One multi-jurisdictional initiative under development
is the geoscience documentation of the Hudson Platform rocks in Ontario—the rocks that lie adjacent to
James Bay and Hudson Bay. Discussions are underway with Manitoba, Nunavut, Quebec and the
Government of Canada about the conceptual objectives and possible roles for each jurisdiction. It is
anticipated that these discussions will culminate in a multi-year, collaborative geoscience initiative that
will involve the OGS. A better understanding of this geology will provide new information to support the
planning and resource development decisions related to the Far North Land-use planning initiative.

Groundwater Aquifer Mapping
The OGS will continue its successful groundwater mapping initiative, which is largely based in
southern Ontario. Strategic partnerships with Conservation Authorities, universities, and municipalities
are helping to build a new, three-dimensional perspective of groundwater aquifers required to inform
groundwater quantity and quality discussions and source-water protection decisions.

Enhanced Geoscience Mandate Projects
New and expanded projects under the enhanced geoscience project mandate include collaboration
with other ministries on Global Warming impact mitigation projects. Adaptation projects include the
documentation of physical characteristics of Quaternary materials and the relevance to moisture
evaporation in response to elevated summer temperatures, the transformation of very technical geoscience
data into a form that meets the needs of planners and modellers. Development also continues for a new,
geoscience product, based upon using Google Earth™ mapping service (“Google Earth”) as a scientific
viewing tool, to help make our technical data more accessible to a very wide set of existing and new
users. Global Warming mitigation studies will include the study of potential geological sequestration
reservoirs in southern Ontario, in collaboration with other ministries.

TECHNICAL GAP ANALYSIS
This year, the OGS will undertake a pan-Ontario, technical gap analysis. The results of this analysis
will help guide the geological mapping program over the next 3 to 5 years. This gap analysis will build
on previous analyses completed for Red Lake area, Thunder Bay area, Lake Nipigon area, Atikokan area,
and the non-renewable energy needs of the southern Ontario. The gap analyses will help define “what
needs to be done and where”. Implementation consideration will be considered once the geoscience gaps
are prioritized.
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PROVINCIAL GEOLOGISTS MEDAL
On September 8, 2008, Dr. R. Michael Easton received the Provincial Geologists Medal at the
Annual Energy and Mines Ministers Conference, in Saskatoon. This national medal was created by the
Committee of Provincial Geologists in 1999 to recognize outstanding work in one of Canada’s provincial
or territorial Geological Surveys. An external national selection committee representing industry,
academia and government chooses the recipient from the pool of national nominees. The award
recognizes major contributions in the areas of geoscientific research and related developments or
applications that serve to meet the mandates of the Geological Surveys. Michael has devoted his career
with the Ontario Geological Survey to mapping and improving the understanding of Ontario's Proterozoic
geology, its history, and the relevance to mineral resources. He is the third OGS Geoscientist to receive
this prestigious award since its inception.

NEW OGS STAFF
Several new staff joined the OGS during the past year: Manuel Duguet (September 2008;
Precambrian Geoscientist, Precambrian Geoscience Section), Sonia Préfontaine (April 2008; Precambrian
Geoscientist, Precambrian Geoscience Section), Cathy Hull (May 2008; Digital Publications and
Distribution Co-ordinator, Information and Marketing Section), and Joanne Wetendorf (March 2008;
District Support Geologist, Kenora; Resident Geologist Program).

FUTURE
The OGS continues to
•

implement aspects of the OGS Strategic Plan, consistent with the present priorities of the
Ontario Government and the mandate of the Ministry of Northern Development and Mines

•

facilitate mineral exploration through development and transfer of innovative ideas and methods

•

facilitate balanced land-use planning through the provision of modern geoscience data and the
knowledge vested in the OGS staff

•

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

•

publish and market information on Ontario’s landmass and its mineral, non-renewable 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™, which show great promise as the medium to broaden the access and awareness of OGS
geoscience goods and services to both traditional and non-traditional users

Public geoscience plays an important role in helping support public policy 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. The OGS is working hard to supply the required data and geoscience
knowledge needed to support those broad but fundamental decisions.
The preliminary results of our geoscience activities, reported in this volume, are indications of the
efforts being made to help ensure the relevant geoscience data and methods are available to be considered
by those addressing the public policy and societal issues.
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Location of Precambrian Geoscience Section projects for 2008–2009. Numbers correspond to article numbers.

2. Precambrian Geoscience Section: Program and
Project Overview
J.R. Parker1
1

Precambrian Geoscience Section, Ontario Geological Survey

GOAL AND RESPONSIBILITY OF THE PRECAMBRIAN GEOSCIENCE
SECTION
The goal of the Precambrian Geoscience Section (PGS) is to improve the understanding of
Precambrian geology and metallogeny of Ontario and to convey this knowledge to clients through multiyear, multidisciplinary geoscience projects that address critical geoscience problems in key geographic
areas. These studies may be delivered as part of the PGS core bedrock mapping function or through
collaborative partnerships.
PGS is responsible for
•

mapping of Ontario’s Precambrian bedrock and understanding of various mineral deposit settings;

•

regional gravity, magnetic and electromagnetic geophysical data and derivative products in
support of the bedrock mapping program.

PRECAMBRIAN GEOSCIENCE SECTION CORE FUNCTIONS
The program direction and strategic thrusts of the PGS address the results-based plan and core
business of the Ministry of Northern Development and Mines. Strategic thrusts (Table 2.1) are achieved
through a variety of initiatives that are built on one or more projects (Table 2.2). Therefore, project
development, selection, planning and implementation are based on the strategic thrusts and initiatives in
order to achieve alignment of individual projects with Ministry priorities.
The fundamental core functions of PGS projects are to
1.

provide geoscience maps, reports, data, technical talks and posters, new concepts and ideas and
client consultations; and

2.

provide regional airborne magnetic and electromagnetic geophysical data, derivative products, and
concepts and ideas based on those geophysical data to support the bedrock mapping program.

The PGS supported 38 active projects during the 2008–2009 fiscal year including 24 active core
projects (see Table 2.2) and 14 active collaborative projects, which include 9 projects with the Geological
Survey of Canada (Table 2.3).
In 2007, the PGS produced 15 Preliminary Maps, 4 Open File Reports and 8 Miscellaneous
Releases—Data (MRDs), 5 Geophysical Data Sets and 62 airborne geophysical magnetic and
electromagnetic survey maps as of June 2008. The PGS staff presented approximately 25 technical talks
and 20 posters at various geoscience forums and meetings throughout the year.
Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.2-1 to 2-15.
© Queen’s Printer for Ontario, 2008
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Thrust Objective

Improve understanding of the
tectonic and metallogenic
evolution and mineral potential
of the Superior, Grenville, and
Southern provinces by
integration of systematic
bedrock mapping, mineral
deposit studies, geological and
geophysical interpretation and
compilation at scales of 1:5000,
1:20 000, 1:50 000, 1:100 000,
1:250 000 and 1:2 000 000.

Strategic Thrust

1.Understand the
geology and metallogeny
of high mineral potential
areas in the Superior,
Southern and Grenville
provinces.
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Far North Initiative:
In collaboration with several First Nation communities, undertake the frontier,
bedrock mapping and airborne geophysical data acquisition components of the Far
North Geological Mapping Initiative by:
•
Completing and publishing the remaining geological maps for the North Spirit
Lake greenstone belt; the Winisk Lake region; and the eastern Uchi
Subprovince;
•
Completing and publishing the remaining airborne geophysical magnetic survey
in the Winisk Lake area.
Abitibi Initiative:

Far North Initiative

Abitibi Initiative

b) Discover Abitibi:
In collaboration with the Timmins Economic Development Corporation, academia
and industry, participate in and provide support to the planning stage of the Discover
Abitibi program by:
•
Providing Senior Geoscientist (Ayer) for participation on the Discover Abitibi
Technical Committee.

a) Abitibi Targeted Geoscience Initiative:
In collaboration with the Geological Survey of Canada, Géologie Québec, industry
and academia, participate in the Targeted Geoscience Initiative program through:
•
In-kind support by committing a portion of the PGS core bedrock mapping
program to the Abitibi greenstone belt (Ayer, Berger, Houlé, Trowell, Chartrand);
•
Deliver and participate in collaborative geoscience projects.

Provincial Resource Allocation:
Undertake bedrock mapping and compilation augmented with mineral deposit data
and geophysical interpretation of:
•
Non-frontier areas and mining camps at scales of 1:20 000 in Dundonald,
English and Zavitz townships in the Abitibi greenstone belt.
•
Non-frontier areas at 1:50 000 scale in the central Wabigoon Subprovince.
•
Non-frontier 1:20 000 scale mapping in Cavendish Township.

Priority Action

Provincial Initiatives

Initiatives To Achieve
Thrust

Table 2.1. Strategic thrusts of the Precambrian Geoscience Section: 2008–2009.
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1. (continued)

Strategic Thrust

Table 2.1. continued

Thrust Objective
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Initiatives with GSC

Metallogeny and Geology of
Northwest Ontario

Proterozoic Initiative

Initiatives To Achieve Thrust

Collaborative Initiatives with Geological Survey of Canada (GSC):
a) Abitibi Targeted Geoscience Initiative:
In collaboration with the Geological Survey of Canada, Géologie Québec, industry
and academia, participate in the Targeted Geoscience Initiative program.

b) Atikokan Mineral Development Initiative:
In collaboration with the Atikokan Economic Development Corporation, the Ontario
Prospectors Association, academia and industry, participate in and provide support to
the Atikokan Mineral Development Initiative by:
•
Providing Geoscientists (Stone, Rainsford) for participation on the Atikokan
Mineral Development Technical Committee;
•
Conducting a high-resolution airborne magnetic and electromagnetic
geophysical survey at Mine Centre in the Atikokan region.

Metallogeny and Geology of Northwest Ontario:
a) Geology of the central Wabigoon Subprovince:
Complete synoptic report and final 1:250 000 scale bedrock compilation map.

a) Geology of Cavendish Township:
Conduct bedrock mapping at 1:20 000 scale to better understand the setting of
uranium, vermiculite and zinc mineralization in the area.
b) Composite Arc Belt geochronology compilation:
Compile unpublished U/Pb ages from Grenville Province metavolcanic sequences.
c) Compilation of the East Bull Lake intrusion and Agnew intrusion:
1:50 000 scale detailed bedrock geology compilation map of both the East Bull Lake
and Agnew layered mafic intrusions in collaboration with Cambrian College and
Laurentian University.
d) Midcontinent Rift compilation:
A continuation of a compilation of the geology of the Midcontinent Rift system
conducted in collaboration with the United States Geological Survey and the
Minnesota Geological Survey.
e) Geological, paleomagnetic, geochemical and geochronological studies of
Mesoproterozoic Midcontinent Rift–related mafic intrusions:
Conduct reconnaissance sampling of intrusions near Thunder Bay to characterize
their geochemistry and assess their mineral potential.

Proterozoic Initiative:

Priority Action

Precambrian Geoscience Section (2)
Precambrian Geoscience Section (2)
J.R. Parker
J.R. Parker
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Improve the understanding
of, and mineral potential
for, rocks that may contain
economic concentrations
of:
diamonds;
rare-metal and
petalite-bearing
pegmatites;
Ni-Cu-PGE;
gold;
VMS-associated
copper-zinc
mineralization; and
metallic
mineralization related
to felsic magmatism
Integrate regional
geophysics into core
business bedrock mapping
projects.

2. Understand and
inventory provincial-scale
relationships, settings and
descriptive data sets of
commodities or deposit
types currently of interest
to the mineral exploration
industry.

3. Improve knowledge of,
and access to, geophysical
information by providing
an effective and efficient
information management
system through the
identification, recovery,
(re-) formatting,
organization and delivery
of all available OGS and
proprietary geophysical
information; and provide
derivative geophysical
products, concepts and
ideas, based on those
geophysical data, to
support the bedrock
mapping program.
Improve client awareness
of, and access to, all OGS
and proprietary
geophysical data sets.

Thrust Objective

Strategic Thrust

Table 2.1. continued

Provincial-scale
Pegmatite Mineralization
Inventory

-

Geophysics and Rock
Properties Data Set Initiative

Geophysics and Bedrock
Mapping Integration Initiative

Provincial-scale
Metallogenic Inventory

-

Initiatives To Achieve Thrust

Provide support in the design and delivery of regional airborne surveys as part of
add-on and community-driven geosciences initiatives.

Acquire, process and publish proprietary, multi-parameter, regional, airborne
geophysical survey data.

Continue the development and ongoing maintenance of a rock properties database as
part of OGS bedrock mapping projects, i.e., recover rock density data; magnetic
susceptibility data; specific gravity data; establish data standards, storage format and
plan.

Maintain an on-line repository (master archive) of all available airborne geophysical
survey information, which will be used to seed all publications of geophysical data
and which will be maintained by the OGS geophysicist.

Maintain the Geophysical Atlas containing a graphical index of all available airborne
geophysical survey information describing Ontario.

Assess and apply new technologies for processing, interpreting and presenting
geophysical data (i.e., geophysical inversion and 3D visualization software).

Develop new approaches, procedures and methodologies to integrate and establish
geophysical component of bedrock mapping projects.

Provide ongoing support of bedrock mapping and compilation projects.

b) Maintain geochronology database for Ontario (Easton).

a) Document the distribution of, regional settings, and characteristics of:
Fractionated pegmatites and related fertile granites that may host rare-metals
and petalite in Ontario (Breaks);
Mineralized, intermediate to felsic plutonic systems (Beakhouse);
Evolved (FI- to FIII-type) felsic metavolcanic rocks across the Superior
Province (Berger);
by conducting ongoing mapping and office-based compilations and inventories
supplemented by field work (e.g., sampling and localized bedrock mapping at
various scales).

Priority Action

Precambrian Geoscience Section (2)
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Implement human
resource strategy by
focussing on succession
plans for critical positions
and developing a PGS
Learning Plan as required
by Management Board
Secretariat.

4. Implement program
support practices and
instruments to address and
refine the PGS core
program, the human
resource strategy, digital
data standards and
program management
practices.
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Provide staff with the
Information Technology
(IT) tools and operational
manuals required to
deliver the 2008 summer
field projects.

Continue to implement
project management and
impact assessment
practices.

Complete Management
Board Secretariat (MBS)
mandated Program
Review of geoscience
program.

Thrust Objective

Strategic Thrust

Table 2.1. continued

Support and Program
Management Practices
Initiative
Project and Results
Management Initiative
Methods Development
and Data Standards
Initiative

Address HR issues by:
•
Developing and implementing staff technical and other training plans;
•
Maintaining the OGS Health and Safety Manual;
•
Hire and train “strategically” to anticipate retirement and loss of corporate and
technical knowledge;
•
Participate in the OGS Branch review of the functions and responsibilities of the
Geoscientist classification.

Strategic hiring and mentoring
initiative to anticipate
retirements of staff and loss of
corporate and technical
knowledge

Apply drafting and GIS functions in support of the PGS mapping program by
providing targeted staff with:
•
ArcGIS® training for use in ongoing projects;
•
Operational field computers and peripheral equipment;
•
Up-to-date digital mapping manual;
•
Up-to-date mapping project manual.

Continue development of a new process for collecting and digitizing field
observations to streamline the workflow process for producing hard-copy maps and
digital data sets and creating a common archival format by:
•
Developing software and hardware solutions for field data collection and
digitizing of geological observations using ArcPad®;
•
Fully integrating new solutions with current GIS data workflow;
•
Working toward new data standards for PGS and facilitating production of hardcopy maps and digital data;
•
Developing a common legend for bedrock geology maps through the Common
Legend Committee;
•
Purchasing software and hardware to be used for core program, pilot studies,
methods development, and standards projects.

Continue to implement and maintain project management tools and practices,
including:
•
Project planning processes;
•
Report on PGS performance measures.

Priority Action

Initiatives To Achieve Thrust

Precambrian Geoscience Section (2)
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Thrust Objective
Contribute to awareness of
external and internal
clients and stakeholders
and other ministries and
governments, regarding
the value of PGS
geoscience program, have
a direct means to
communicate with the
PGS geoscience program,
and manage PGS-related
issues at as early a stage as
possible.

Strategic Thrust

5. Manage and maintain
client, stakeholder, and
First Nation relationships.

Table 2.1. continued

Work with OGS Director’s
Office to maintain
relationships and exchange
technical information with
First Nation communities and
organizations located in
geographic areas where PGS
has a geoscience program
interest between now and
15 years into the future

Internal Government
committees

External Committees

Initiatives To Achieve Thrust
Client and stakeholder meetings:
Represent Mines and Minerals Division (MMD), OGS, and PGS on/at:
North American Commission on Stratigraphic Nomenclature;
Regional client associations;
PGS program-level discussions with other governments.

Priority Action

Precambrian Geoscience Section (2)
J.R. Parker
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Far North Geological
Mapping Initiative

Provincial-Scale
Metallogenic
Inventory Initiative

Metallogeny and
Geology of Northwest
Ontario

Proterozoic Initiative

Initiative
Abitibi Initiative

Airborne magnetic geophysical
survey of the Webequie area
Bedrock compilation map of the
eastern Uchi Subprovince

Project
Discover Abitibi
Maple Mountain–Biscotasing
compilation
Geochemistry of Ni-Cu-(PGE) ores
in the Abitibi greenstone belt
Geology and mineral potential of
Cavendish Township, Grenville
Province
Geology of the central Wabigoon
Subprovince: bedrock compilation
of the Atikokan area
Geology and mineral potential of the
Shebandowan greenstone belt
Geology and mineral potential of the
Caribou Lake greenstone belt
Distribution of potentially
volcanogenic massive sulphide
(VMS)-productive felsic
metavolcanic rocks
Characteristics of mineralized
intermediate to felsic plutonic
systems
Update and maintain geochronology
database
Distribution and documentation of
provincial-scale rare-element
pegmatite mineralization
Geology of the North Spirit Lake
greenstone belt
Geology of the Winisk Lake region

Table 2.2. Precambrian Geoscience Section core projects, 2008–2009.

Ongoing; database is presently being
compiled

Ongoing compilation. Report to be
published in 2009
Ongoing; database is presently being
updated for publication
Completed; final project deliverables
published in 2008

Gather and compile information on barren and
mineralized felsic plutons across Ontario
Maintain up-to-date geochronology database for
Ontario
Document fertile peraluminous granites and related
rare-element pegmatite mineralization in Ontario

Airborne magnetic geophysical survey of
28 310 line-kilometres
1:250 000 scale bedrock geology compilation map

1:50 000 scale mapping completed in 2008

1:20 000 scale mapping completed in 2007

Map to be published in April 2009

1:20 000 scale mapping in the Hamlin and Wye lakes
area
1:50 000 scale bedrock mapping of the Caribou Lake
greenstone belt
Compile locations of FI-, FII- and FIII-type rhyolites
across Ontario

Maps and MRD to be published in
December 2008
Map and MRD to be published in April
2009
Maps and Geophysical Data Set to be
published in 2008
Maps to be published in April 2009

Map to be published in April 2009

Map and report to be published in 2009

Ongoing; database is presently being
compiled
Map to be published in 2009

Compile a database of Ni-Cu-PGE ore compositions
from the Abitibi
1:20 000 scale bedrock mapping

1:250 000 scale compilation

Project Status
Ongoing
Map to be published in 2009

Project Goal
Participation in Technical Committee
1:100 000 scale bedrock compilation map

Precambrian Geoscience Section (2)
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Managing loss of staff, corporate and
technical knowledge
Integrated solution for field data
collection and processing

Ensure external and internal clients and stakeholders
are aware of the value of the PGS geoscience
program

Develop recruitment strategies to hire and train
“strategically” to anticipate staff retirements
Establish new methods for digital collection of
geological data in the field; development of data
model for mapping projects
Establish a new Common Legend for bedrock
geology maps
Standardize digital map standards

Improving OGS Archives

External and Internal
Committees; OGS
Advisory Board; First
Nations

Improve archives database and archiving processes

Rock properties projects

Geophysics and Rock
Properties Data Set
Initiative
Support and Program
Management Practices
Initiative
Strategic Hiring and
Mentoring Initiative
Methods Development
and Data Standards
Initiative

Common Legend for Ontario
bedrock geology
Digital map standards throughout
Ontario
Ongoing maintenance of
relationships and exchange of
technical information with clients,
stakeholders and First Nations

Project Goal
Integrate geophysics into the PGS bedrock mapping
program
Werner Lake airborne magnetic and electromagnetic
geophysical survey data;
Nighthawk Lake airborne magnetic and
electromagnetic geophysical survey data;
Collect and archive rock properties data

Project
Geophysics integration with bedrock
mapping projects
Purchase and publication of
proprietary airborne geophysical data

Initiative
Geophysics and
Bedrock Mapping
Integration Initiative

Table 2.2. continued

Ongoing

Ongoing

Ongoing; will be finalized for spring 2009

Ongoing; introduced ArcPad® as software
for handheld computers

Ongoing

Ongoing

Ongoing; database to be published in 2008

Maps and Geophysical Data Sets to be
published in 2008

Project Status
Ongoing

Precambrian Geoscience Section (3)
Precambrian Geoscience Section (2)
J.R. Parker
J.R. Parker

Targeted Geoscience
Initiative III (TGI-3)
Abitibi Project
and Deep Search

Collaborative Projects
with the GSC:

Initiative
Proterozoic Initiative
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Compilation of a 1:100 000 scale bedrock geology
map for the Detour–Burntbush area

Analysis of lithogeochemical data from volcanic
rocks of the Abitibi Subprovince
Acquisition of new samples for U/Pb geochronology
in the Abitibi Subprovince
Regional reconnaissance for organized
paleohydrothermal systems in the Kidd–Munro
assemblage and the Blake River Group
Physical volcanology and metallogenesis of the CZone and Thalweg komatiite-associated nickelsulphide deposits in Bannockburn Township
Physical volcanology and chemistry of FIII-type
rhyolites in the Kidd–Munro assemblage
Characterization of the mineralization and alteration
at the Potter Mine in the Kidd–Munro assemblage

Bedrock mapping in the Bartlett Dome area south of
Timmins

Geological, paleomagnetic, geochemical and
geochronological studies of Mesoproterozoic
Midcontinent Rift–related mafic intrusions near
Thunder Bay
East Bull Lake intrusion and Agnew intrusion
geological compilation map
Bedrock mapping of the Kidd–Munro assemblage

Composite Arc Belt geochronology compilation

Project
Midcontinent Rift compilation

Table 2.3. Precambrian Geoscience Section collaborative initiatives, 2008–2009.

Geological Survey of Canada,
MERC–Laurentian University,
Mustang Minerals Corp.
Geological Survey of Canada,
University of Ottawa
Millstream Mines Ltd.
Geological Survey of Canada,
MERC–Laurentian University
Geological Survey of Canada,
industry

Geological Survey of Canada,
Géologie Québec
Geological Survey of Canada,
Géologie Québec
Geological Survey of Canada

Cambrian College,
Laurentian University
Geological Survey of Canada,
University of Ottawa,
Mineral Exploration Research
Centre (MERC)–Laurentian
University, industry
Geological Survey of Canada,
industry

Project Collaborator(s)
United States Geological Survey,
Minnesota Geological Survey
University of Alberta,
Royal Ontario Museum
Lakehead University

1:100 000 scale map to be completed for
publication in 2008

MSc thesis study

MSc thesis study

MSc thesis study

Ongoing

Ongoing

1:20 000 scale map of Bartlett–Geikie
townships to be published in 2009;
English–Zavitz townships mapped in 2008,
with maps to be published in 2009
Ongoing

Map is being finalized and will be published
in 2009
1:20 000 scale map of Dundonald Township
and MRD to be published in 1009

Ongoing; MRD of geochemical and isotopic
data to be published in 2009

Ongoing

Project Progress
Ongoing

Precambrian Geoscience Section (2)
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PROGRAM DIRECTION: STRATEGIC THRUSTS
Core Bedrock Mapping and Geophysics Program
The PGS Strategic Thrusts (see Table 2.1) are derived from the Ministry of Northern Development
and Mines business goals as articulated in the Growth Plan, the Mineral Development Strategy and the
OGS Strategic Plan.
The purpose of the PGS Strategic Thrusts 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; supporting sustainable development and effective land-use planning; attracting new mineral
investment; building new partnerships with Aboriginal communities, private sector and federal
government; and collaborating with other ministries on mutual initiatives.
The PGS program is organized into 5 technical or administrative Strategic Thrusts:
1.

Understand the geology and metallogeny of high mineral potential areas in the Superior,
Southern and Grenville provinces.

2.

Understand and inventory provincial-scale relationships, settings and descriptive data sets of
commodities or mineral deposit types that are currently of interest to the mineral exploration
industry (e.g., potential diamond-bearing rocks, gold mineralization, nickel-copper-platinum
group element (PGE) mineralization and volcanogenic massive sulphide (VMS) mineralization)
or may be of interest in the future.

3.

Improve knowledge of, and access to, regional geophysical data by providing an effective and
efficient data management system through the identification, recovery, (re-)formatting,
organization and delivery of all available OGS and proprietary geophysical information; and
provide derivative geophysical products, concepts and ideas, based on those geophysical data,
to support the bedrock mapping program.

4.

Implement program support practices and instruments to address and refine the PGS core
program, the human resource strategy, digital data standards, measurement of program results
and program management practices.

5.

Develop and manage client and stakeholder relationships by providing a liaison role,
representation, or support on behalf of the PGS on client committees, regional client association
meetings, inter-Ministry committees and formal or informal working groups; and committees or
working groups associated with professional or learned associations. Maintaining relationships
and exchanging technical information with First Nation communities and organizations located
in geographic areas where PGS specifically has a geoscience program interest between the
present and 15 years into the future.

These strategic thrusts are addressed through a series of initiatives, built upon one or more projects.
The purpose of the strategic thrusts is to focus PGS staff and resources in key geological areas to address
the priorities and needs of the initiative. In addition, PGS participates in several collaborative projects to
complement existing PGS staff skills and capacity and to expand the amount of geoscience data that
describe Ontario. Collaborative projects are an important means to extend scarce government resources
and to capitalize on resources and expertise available in other government geological surveys, universities
or industry.
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PROJECT PLANNING, MANAGEMENT, AND CONSULTATION
PROCESS
The PGS management and staff conducted planning and project management processes and practices
to deliver 38 geoscience projects conducted by core staff and in collaboration with partners. Information
required to describe projects, monitor and adjust progress, and assess their impact on the minerals
industry is collected and analyzed to assess achievement of program goals.
To formulate and discuss project plans for summer of 2008 and to begin development of summer
2008 project plans, PGS was involved in several consultations with regional client associations:
•

May 2008: Porcupine Prospectors and Developers Association, Timmins; Southern Ontario
Prospectors Association, Tweed

•

June 2008: Northern Prospectors Association, Kirkland Lake; Sudbury Prospectors and
Developers Association, Sudbury

NEW PROJECTS
The following new technical initiatives will most likely be operational and will require resources of
the PGS during the 2008–2009 fiscal year:
•

Far North Land-Use Planning (PGS staff are participating in this provincial initiative).

•

Geo-Mapping for Energy and Minerals (GEM) (PGS staff are participating in this federal
initiative, which is currently in the proposal/planning stage).

ADD-ON PROGRAMS
PGS staff and management collaborated with other OGS staff to complete 1 significant add-on
geoscience program:
•

The Far North Geological Mapping Initiative (PGS completed bedrock mapping and
geophysical data acquisition projects and are finalizing project deliverables).

COMMUNITY-GUIDED GEOSCIENCE
The Atikokan Mineral Development Initiative (AMDI) is a multi-year geoscience study in the
Atikokan region that is addressing geoscience problems identified by the mineral industry as critical to
advance the next generation of mineral exploration in the region, to reduce exploration risk, to enhance
the likelihood of discovering a mine, and to increase immediate and future resource-based economic
development in the region. The AMDI received $1 million in funding from the Northern Ontario Heritage
Fund Corporation, $100 000 from the Town of Atikokan and $370 000 from FedNor. The initiative is
managed by the Ontario Prospectors Association. In 2008, the AMDI completed a high-resolution
airborne magnetometer and electromagnetic geophysical survey over the Lumby Lake greenstone belt and
is planning a high-resolution airborne magnetometer geophysical survey over the Marmion batholith.
In-kind support by PGS to the AMDI consists of participation in geoscience gap analysis meetings,
technical assistance in the preparation of Request for Proposals (RFPs) for airborne geophysical surveys,
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participation of staff (D. Stone, D.R.B. Rainsford) on the AMDI Science Committee, and conducting a
high-resolution airborne magnetometer and electromagnetic survey over Mine Centre during fiscal year
2008–2009.
Three new high-resolution airborne magnetometer surveys were completed as part of Phase V of the
Discover Abitibi Initiative (DAI) (www.discoverabitibi.com) with details provided in Ayer, Dubé and
Calhoun (this volume). In-kind support by PGS to the DAI consists of the participation of J.A. Ayer on
the DAI Technical Committee and providing technical assistance on RFPs for airborne geophysical
surveys.

PRECAMBRIAN GEOSCIENCE SECTION INITIATIVES
Precambrian Geoscience Section 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) inter-jurisdictional team initiatives, such as the Abitibi project of Targeted
Geoscience Initiative III, that consist of individual and joint Ontario Geological Survey (OGS) and
Geological Survey of Canada (GSC) projects that are also designed to meet an overall goal or objective;
and 3) individual, focussed projects. The major initiatives of the PGS are subdivided into 6 broad
categories outlined below and in Table 3.2 and Table 3.3.
1.

Initiatives that involve collaborative project agreements with the Geological Survey of Canada (GSC):
•

2.

3.

4.

5.

6.

Abitibi project of Targeted Geoscience Initiative III (TGI-3) and Deep Search project.

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;

•

Metallogeny and geology of northwest Ontario;

•

Proterozoic initiative.

Initiatives involving support of the PGS program:
•

Support to program management practices;

•

Project and results management;

•

Methods development and data standards;

•

Strategic hiring and mentoring.

Initiatives involving geophysical projects:
•

Geophysics and bedrock mapping integration initiative;

•

Geophysics and rock properties data set initiative.

Initiatives that develop and manage client, stakeholder and First Nation relationships:
•

External and internal committees;

•

Regional associations and participation at meetings of OGS Advisory Board and its Technical
Committee;

•

Maintaining relationships and exchanging technical information with First Nation communities.
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Collaborative Projects with the Geological Survey of Canada
The Targeted Geoscience Initiative III (TGI-3) is a five-year federal geoscience program to sustain
base metal reserves associated with established, base metal mining communities in Canada. The TGI-3
Abitibi and Deep Search projects are a multidisciplinary, fully integrated and jointly delivered provincial–
federal geoscientific effort with participation from industry and universities that is focussed on vulnerable
established mining communities of the Abitibi in Quebec and Ontario. The Geological Survey of Canada
(GSC), Géologie Québec, Ontario Geological Survey, industry and academia are currently conducting
collaborative geoscience projects throughout the Abitibi greenstone belt (Ayer, Dubé and Calhoun, this
volume).
In the Ontario part of the Abitibi Subprovince, the focus of the joint OGS–GSC TGI-3 Abitibi
project is on the Kidd–Munro, Tisdale and Blake River assemblages in the Timmins and Kirkland Lake
region, but it also includes thematic studies, as well as a recently completed and published airborne
magnetometer geophysical survey of the Burntbush greenstone belt, northeast of Timmins, jointly funded
by the GSC and Discover Abitibi Initiative (Ayer, Dubé and Calhoun, this volume). Presently, all PGS
geoscience projects in the Abitibi greenstone belt represent OGS in-kind contributions to TGI-3 Abitibi.
G.M. Stott completed and published his geological interpretation of the Archean and Proterozoic
substrate below the Phanerozoic cover of the James Bay and Hudson Bay lowlands as part of an Ontario
Geological Survey–Geological Survey of Canada Collaborative Project Agreement. The interpretation
used reprocessed Ontario Department of Mines (ODM)–GSC airborne geophysical data and proprietary
geophysical data purchased under the Operation Treasure Hunt initiative and new isotopic and
geochronology data obtained from bedrock samples collected from several diamond-drill holes. The
project deliverables consist of three 1:500 000 scale geological maps and data sets in hard-copy and
digital formats that provide an interpretation of bedrock features beneath the Phanerozoic cover of the
James Bay–Hudson Bay lowlands.

Collaborative Project with the Beijing SHRIMP Centre, Chinese
Academy of Geological Sciences (CAGS)
In 2007, PGS commenced a pilot project agreement with the Beijing SHRIMP (sensitive highresolution ion microprobe) Centre, Chinese Academy of Geological Sciences (CAGS), in what could
possibly develop into a multi-year commitment to examine the benefits of, and options to achieve,
collaborative geoscience activities involving Precambrian geology and geochronology. The Beijing
SHRIMP Centre conducts research on Precambrian geology and geochronology to compare and correlate
Precambrian marker events from around the world. This work helps geologists gain a better understanding
of Precambrian evolution and its mineral deposits. CAGS is interested in gaining a better understanding of
the geology and evolution of the Canadian Shield through collaborative work with the PGS.
The CAGS has established a remote-control SHRIMP work station at the OGS, which allows PGS
geoscientists in Sudbury to conduct “hands-on” geochronological determinations on the SHRIMP in
China using remote control through the Internet. As part of this pilot project, PGS was allowed to use the
SHRIMP for free geochronological determinations on samples from projects in northwestern Ontario, the
Far North and the Abitibi Subprovince. In return, the PGS hosted 2 geoscientists from CAGS for 4 weeks
this summer to conduct collaborative work on geoscience problems that would assist in advancing the
understanding Ontario’s Archean geology.
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Provincial-Scale Metallogenic Compilation and Inventory Studies
The PGS continued ongoing, multi-year, province-scale projects that fall under the initiative to
create inventories of various tectonic settings relevant to mineral exploration, such as 1) the
documentation and distribution of FI-, FII- and FIII-type, potentially volcanogenic massive sulphide
deposit (VMS)-productive felsic metavolcanic rocks; 2) a rare-element pegmatite characterization project
to study rare-element mineralization; 3) characteristics of mineralized intermediate to felsic plutonic
systems; and 4) update and maintain the geochronology database for Ontario.

Initiatives Based on Geographic Area
The Abitibi Initiative includes 3 core business, mapping projects (see Table 2.3) (Ayer, Dubé and
Calhoun, this volume). As described above, these projects are in-kind support to the Abitibi project of TGI-3.
The geology and metallogeny of northwest Ontario initiative currently includes 3 core projects:
¾

a 1:250 000 scale compilation of the Atikokan area resulting from several years of bedrock
mapping in the central Wabigoon Subprovince;

¾

completion of the geological map for the Caribou Lake greenstone belt, north of Lake Nipigon;

¾

completion of the geological map for the Hamlin and Wye lakes area in the Shebandowan
greenstone belt.

The Proterozoic initiative includes several projects such as
¾

1:20 000 scale bedrock mapping in Cavendish Township in the Central Metasedimentary Belt
of the Grenville Province (Easton, this volume, Article 14);

¾

a 1:50 000 scale geological compilation of the East Bull Lake and Agnew layered mafic
intrusions in collaboration with Laurentian University and Cambrian College;

¾

a continuation of a compilation of the geology of the Midcontinent Rift conducted in
collaboration with the United States Geological Survey and the Minnesota Geological Survey;

¾

geological, paleomagnetic, geochemical and geochronological studies of Mesoproterozoic
Midcontinent Rift–related mafic intrusions near Thunder Bay.

Initiatives Involving Geophysical Projects
Several geophysical projects and activities are described in detail in Rainsford and Muir (this
volume). Integration of geophysics into the bedrock mapping projects continues with many geoscientists
routinely using hand-held magnetic susceptibility meters during mapping as well as a variety of
geophysical data and derived products for interpretation.
Modelling of magnetic data has been facilitated by the use of magnetic susceptibility and specific
gravity data now routinely collected as part of the bedrock mapping program. Smooth model inversion
software and other simpler and faster modelling tools have been acquired to provide insight into specific
mapping problems.
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INTER-JURISDICTIONAL AND COMMITTEE REPRESENTATION
Staff of the PGS represented the Ontario Geological Survey on several inter-jurisdictional
committees, internal committees and associations during the 2008 to 2009 fiscal year, including
1.

North American Commission on Stratigraphic Nomenclature

2.

Discover Abitibi Technical Committee

3.

MNDM Health & Safety Committee

4.

Ontario Association of Remote Sensing

5.

Thesis committees at Laurentian and Carleton universities

6.

Atikokan Mineral Development Initiative

7.

Abitibi Targeted Geoscience Initiative

8.

Institute on Lake Superior Geology

9.

Far North Planning Committee

10. Prospectors and Developers Association of Canada (PDAC) Student–Industry Mineral
Exploration Workshop Committee
11. National Geological Surveys Committee (NGSC) Recruitment/Retention Subcommittee

STAFFING CHANGES IN THE PRECAMBRIAN GEOSCIENCE SECTION
S. Préfontaine and M. Duguet accepted positions with the PGS as Precambrian Geoscientists in
March 2008.
S. Josey accepted the position of Geoscience Information Applicationist with PGS in September
2008. J. Chartrand, as part of a training and development opportunity, is acting in the position of
Geological Assistant.
L.-A. Bardeggia and A. Carter-McAuslan were hired as winter assistants in the fall of 2008 to
support PGS geoscientists.
F.W. Breaks retired from the PGS in June 2008 after a long career with the OGS, which began in the
1970s. Fred conducted bedrock mapping in diverse terranes that included greenstone belts in the Far
North of Ontario to gneissic rocks in the Grenville Province. However, Fred’s most significant
contribution is the excellent and ground-breaking work he has done in documenting rare-element–bearing
pegmatites across Ontario. He leaves behind a rich legacy of geoscience data that will be used by clients
well into the future.
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INTRODUCTION
This report provides an update of the third year of Abitibi greenstone belt projects done in Ontario as
part of Targeted Geoscience Initiative III (TGI-3) Abitibi project and Deep Search project: a
collaboration between the Precambrian Geoscience Section (PGS) and the Sedimentary Geoscience
Section (SGS) of the Ontario Geological Survey (OGS), the Geological Survey of Canada (GSC) and
Géologie Québec. We also provide an update on 3 new high-resolution airborne magnetometer surveys
funded by the Discover Abitibi Initiative (www.discoverabitibi.com) and in part by TGI-3 Abitibi project.
Past work under TGI-3 and Deep Search has been described by Ayer et al (2007, 2006) and under the
Discover Abitibi Initiative by Ayer and Calhoun (2005). A special issue of Economic Geology, published
in 2008 (see www.segweb.org/EG/papers/vol103-6.htm), is devoted to various aspects of metallogeny in
the Abitibi greenstone belt based on research funded by the Discover Abitibi Initiative.
All the projects have been designed to provide new and up-to-date geoscience data to help stimulate
base metal exploration and development in the Abitibi greenstone belt.

KIDD–MUNRO ASSEMBLAGE PROJECTS
(see Figure 3.1 for locations)

The Kidd–Munro assemblage is considered the most prospective assemblage in the Abitibi
greenstone belt for copper-zinc deposits in Ontario: it hosts the giant Kidd Creek Mine and smaller
deposits such as the Potter and Potterdoal. It also hosts nickel-cupper-platinum group element (PGE)
deposits associated with komatiites. Work on the Kidd–Munro assemblage is a multi-year,
multidisciplinary effort (see Ayer et al. 2007) carried out by the OGS, the GSC, the University of Ottawa
and Laurentian University. The intent is to delineate the distribution and stratigraphy of the assemblage,
erect structural cross sections across various parts of the assemblage, examine the geochemistry and
chemostratigraphy, provide reconnaissance-scale isotopic mapping, examine the geochemistry of
graphitic argillites and interflow metasedimentary units, and to upgrade our understanding of base metal
and gold mineralization associated with the assemblage.

Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.3-1 to 3-8.
© Queen’s Printer for Ontario, 2008
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Figure 3.1. Assemblage map with the location of base metal and gold deposits for the Abitibi greenstone belt (modified after Houlé et al. 2008) showing the locations of TGI-3
and Discover Abitibi Initiative projects in 2008 (see text for project descriptions).
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A. Geological mapping at 1:20 000 scale of Dundonald Township in order to generate a new map
and stratigraphic framework to help locate new targets for base metal exploration, Ni-Cu-PGE
and volcanogenic massive sulphide (VMS)-style mineralization (participants: B.R. Berger and
M.G. Houlé) (see Berger and Houlé, this volume, for more detailed information).
B.

VMS vectors: decoding geochemical variability in metalliferous black shale of the Kidd–
Munro assemblage by the GSC to establish primary mineralogical, lithogeochemical and
isotopic vectors reflective of seafloor hydrothermal dispersion that can serve as exploration
tools for VMS deposits (participants: J.B. Chapman, J.M. Peter and D. Layton-Matthews) (see
Chapman, Peter and Layton-Matthews, this volume, for more detailed information).

C.

Structure and stratigraphy of the Kidd–Munro assemblage and its implications for exploration
by the GSC (participants: E. Dinel, W. Bleeker and B. Dubé) (see Dinel and Bleeker, this
volume, for more detailed information).

D. Selected gravity profiles across the Kidd–Munro assemblage to provide constraints on
geological modelling by PGS (participants: B.R. Berger, D.R.B. Rainsford and A. CarterMcAuslan) (see Berger, Rainsford and Carter-McAuslan, this volume, for more detailed
information).
E.

MSc thesis project at Ottawa University to study the volcanology, petrology and geochemistry
of the Kidd–Munro assemblage felsic volcanic rocks and their role in the formation of VMS
(participants: A. Fowler, B. Moulton, B. Berger and P. Mercier-Langevin) (see Moulton et al.
2008, in press).

F.

MSc thesis project at Laurentian University on the geology of the Potter Mine (participants:
S. Préfontaine, H.L. Gibson. M.G. Houlé, P. Mercier-Langevin and A.D.P. Gamble) (see
Préfontaine et al., this volume, Article 9, for more a detailed description).

TISDALE ASSEMBLAGE PROJECTS
(see Figure 3.1 for locations)

The Tisdale assemblage is considered the most prospective assemblage in the Abitibi greenstone belt
for Ni-Cu-PGE deposits associated with komatiites in Ontario. South of Timmins, this assemblage hosts
the currently producing Redstone Mine, the past-producing Langmuir #1, #2 and Texmont mines, and a
large number of prospects and occurrences, including the discovery of a new deposit in 2007 by Golden
Chalice Resources (e.g., core from diamond drilling assayed with 1.14% Ni over 72.45 m) in the southern
part of the Shaw Dome area. Thus, the Tisdale assemblage represents an economically important geological
assemblage to investigate as part of the TGI-3 initiative; past work sponsored under TGI has included
township-scale mapping and an electromagnetic survey (MEGATEMII), which were released in 2007
(Ayer et al. 2007; Dumont and Potvin 2007a, 2007b, 2007c). Work in 2008 consisted of geological
mapping by the OGS and collection of data for a MSc thesis at Laurentian University.
G. Mapping of English and Zavitz townships by PGS in order to generate a new 1:20 000 scale
geological map and stratigraphic framework to help delineate new targets for base metal
exploration, Ni-Cu-PGE and VMS-style mineralization (participants: M.G. Houlé and
S. Préfontaine) (see Houlé, Préfontaine and Brown, this volume, for more detailed information).
H. MSc thesis project at Laurentian University to study the C-Zone nickel sulphide deposit in
Bannockburn Township (participants: V. Taranovic, C.M. Lesher, M.G. Houlé and
J.H. Bédard) (see Ayer et al. 2007; Taranovic et al. 2008, for a more detailed description).
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BLAKE RIVER ASSEMBLAGE PROJECTS
(see Figure 3.1 for locations)

The Upper Blake River assemblage of Quebec and Ontario is a prime target for VMS exploration.
This is demonstrated by the greater than 200 Mt of base metals and the more than 25 million ounces of
gold that have been produced from base metal deposits in the assemblage, most notably within the giant
Horne and the La Ronde–Penna mines (Gibson, Kerr and Cattalani 2000; Dubé et al. 2007a, 2007b;
Mercier-Langevin et al. 2007a, 2007b). Despite the fact that a sizable portion of the Upper Blake River
assemblage is also present in Ontario, large deposits have so far been restricted to the Quebec portion. A
multidisciplinary integrated project was initiated by the GSC to better understand the geology of the
Upper Blake River assemblage, and the parameters controlling the formation of mineral deposits at the
scale of the assemblage. The project includes township-scale mapping, volcanology, structure,
geochronology, alteration and mineral deposit (including Horne and Quemont deposits, Doyon-BousquetLa Ronde district), geochemistry, isotope geochemistry, as well as ground gravity survey, twodimensional (2D) seismic and three-dimensional (3D) modelling.
I.

Continuation of the integrated study of the Blake River Group in Quebec and Ontario by the GSC,
Géologie Québec and collaborators from universities and mining companies (participants:
P. Mercier-Langevin, J. Goutier, C. Dion, V. McNicoll, J. Percival, P. Thurston, P.-S. Ross,
B. Taylor, T. Monecke, B. Dubé, E. Grunsky, G. Bellefleur, E. de Kemp, P. Keating, D. Jobin,
A.M. Legault, H. Gibson, J. Laurin, R. Wilson, S. Boucher, M. Hannington, O. Rabeau,
E. Sharman, B. Wing, A. Wright-Holfeld, D. Kuiper and G. Beaudoin) (see Ayer et al. 2007;
Bellefleur et al. 2007; Ross et al. 2007, 2008; Mercier-Langevin et al. 2008; Monecke et al. 2008).

J.

Preliminary observations on the setting and alteration of the Upper Beaver syenite-associated
copper-gold deposit, Kirkland Lake area, Ontario, a project that is funded by the GSC. The
Upper Beaver deposit clearly represents an atypical copper-gold deposit type that may have
been underexplored in the Abitibi greenstone belt. Thus, the goal is to better define the
geological parameters controlling the formation and location of the deposit. (participants:
D. Kontak, B. Dubé and W. Benham) (see Kontak, Dubé and Benham, this volume, for more
detailed information).

Regional Projects
(see Figure 3.1 for locations)

Projects transgressing stratigraphic boundaries and of a more regional nature are outlined below.
K. Regional reconnaissance for organized paleo-hydrothermal systems in the Kidd–Munro
assemblage and the Blake River Group by the GSC (participants: B.E. Taylor, B.R. Berger,
E.C. Grunsky and B. Dubé) (see Ayer et al. 2007 for more information).

Detour–Burntbush Area
Work in the Detour–Burntbush area includes new high-resolution aeromagnetic surveys, regional
and 1:50 000 scale Quaternary mapping and till sampling, and a 1:100 000 scale bedrock compilation
map. These projects conducted by the Discover Abitibi Initiative, the OGS and the GSC will provide new
maps and data sets that will help focus exploration in this poorly exposed area of high mineral potential
by providing new geophysical coverage to aid in exploration; improved bedrock and surficial geology
maps; and an improved understanding of the stratigraphy and the timing of mineralization events to aid in
the development of new metallogenic and geodynamic models for whole Abitibi greenstone belt.
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Digitally recorded high-resolution airborne total magnetic field and transverse gradient survey
of the Burntbush area jointly funded by the GSC and Discover Abitibi Initiative (participants:
R. Dumont, P. Keating, B. Dubé and R. Calhoun). Maps and data were released in 2008 (maps:
Dumont 2008a, 2008b; geophysical data: see below). The Burntbush airborne geophysical
survey was flown by Geoscience Data Solutions GDS Inc. and Oracle Geoscience International.
The survey comprises 34 000 line-kilometres and includes total field magnetic and transverse
horizontal gradient measurements. The survey traverse line spacing was 100 m and the control
line spacing was 500 m. The traverse line orientation was north to south with orthogonal control
lines. The aircraft flew at a nominal terrain clearance of 80 m. Digital versions of these maps
are available for download at no cost from the Geoscience Data Repository (MIRAGE) (Natural
Resources Canada) at http://gdr.nrcan.gc.ca/mirage and from GeologyOntario at
http://www.mndm.gov.on.ca/mines/geologyontario/default_e.asp. Corresponding digital profile
and grid data are available from the Geoscience Data Repository for Aeromagnetic and
Electromagnetic Data at http://gdr.nrcan.gc.ca/aeromag. Digital map files and data sets may
also be downloaded from GeologyOntario (see address above) or the OGS Geophysical Atlas at
http://www.mndm.gov.on.ca/mines/ogs/gpxatlas/default_e.asp.

M. Digitally recorded high-resolution airborne total magnetic field and transverse gradient survey
of the Detour area funded by the Discover Abitibi Initiative (R. Calhoun). Maps and data to be
released in 2009.
N. Geological compilation updating the geology, structure and stratigraphy of the Detour and
Burntbush greenstone belts at 1:100 000 scale conducted by PGS. This map is based on new
data including assessment files, proprietary data, new airborne geophysical surveys and U/Pb
geochronology (participants: J.A. Ayer, N.F. Trowell, B. Dubé, R. Friedman and O. van
Breemen) (see Ayer et al. 2007).
O. Quaternary mapping and till sampling for background geochemical signatures of the Burntbush
area at 1:50 000 scale conducted by SGS (participants: G. Gao and A. Day) (see Gao and Day,
this volume, for more detailed information).

Shining Tree Area
P.

Digitally recorded high-resolution airborne total magnetic field and transverse gradient survey,
Shining Tree area funded by the Discover Abitibi Initiative (R. Calhoun). Maps and data to be
released in 2009.

Abitibi-Wide Projects
1.

Trans-Frontier Quebec–Ontario Abitibi surficial geology map compilation project is being
conducted in the Smooth Rock Falls–Cochrane area (NTS 42H) by the GSC (participants:
J.J. Veillette, G. St-Jacques, M. Roy and S.J. Paradis) (see Veillette et al., this volume, for more
detailed information).

2.

Abitibi-scale geophysical compilation by the GSC (participants: P. Keating and P. Brouillette),
(see Keating and Brouillette 2007).

3.

Geochemical study on volcanic rocks of the Abitibi by the GSC (participants: E. Grunsky,
B.R. Berger, C. Dion and P.-S. Ross) (see Grunsky, this volume, for a more detailed description).

4.

Acquisition of new samples for U/Pb geochronology funded by the GSC (participants:
V. McNicoll, O. Van Breemen, R. Friedman, J.A. Ayer, W. Bleeker, B. Berger, B. Dubé,
P.-S. Ross, P. Mercier-Langevin, J. Percival, J. Goutier, P. Pilote, C. Dion, M. Legault and
T. Monecke) (see Ayer et al. 2007; McNicoll et al. 2008; van Breemen, Heather and Ayer 2006).
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Characterization of komatiite-associated Ni-Cu-(PGE) deposits within the western Abitibi
greenstone belt (participants: M.G. Houlé and C.M. Lesher) (see Houlé and Lesher, this
volume, for more details).

CONCLUSION
Many exciting new advances in our understanding of the geology of the Abitibi greenstone belt are
being made demonstrating the merits of a diverse, but balanced, approach to Abitibi area geology using
the traditional strengths of the OGS and Géologie Québec bedrock mapping, the thematic,
multidisciplinary and laboratory strengths of the GSC, the research skills of university geology
departments, and the comprehensive understanding of the ore deposits by the mining companies working
in the area. The TGI-3 projects have already generated new geoscience data that have had a significant
impact on exploration. Last year’s U/Pb geochronological results indicated that the area is underlain by
volcanic rocks that correlate with the volcanic units hosting the past-producing Normetal, Estrades and
Selbaie VMS deposits as well as sedimentary units and fault zones hosting the currently producing Casa
Berardi gold mine (see Figure 3.1; Ayer et al. 2007). The new digitally recorded high-resolution airborne
total magnetic field and transverse gradient surveys of the Burntbush and Detour areas following the
geochronological results, thus, provide maps and data sets that will help focus exploration in this poorly
exposed area of high mineral potential. Last year’s MEGATEM II survey in the Bartlett Dome area has
generated many direct exploration targets for base metals and, in particular, Ni-Cu mineralization
(Dumont and Potvin 2007a, 2007b, 2007c). In addition, a new digitally recorded high-resolution airborne
total magnetic field and transverse gradient survey further to the south in the Shining Tree area will also
help to focus exploration for base metals and gold.
During the past year, a significant effort was again invested in developing collaboration with
universities in order to increase research efforts and to aid in the training of new highly qualified
geoscientific personal. The latter is a major challenge for the future of geology and the mining industry
and, thus, it represents a major goal of the TGI-3 program. The TGI-3 Abitibi project and Deep Search
project are directly supporting 15 MSc, 2 PhD, 7 BSc theses and 2 Postdoctoral projects. Colleagues from
9 universities located on both sides of the Ontario–Quebec border are strongly contributing to these joint
projects. The mining industry is also playing a major role, not only by providing support and access to
their property and data, but also through their unique knowledge of Abitibi area geology.
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INTRODUCTION
The Kidd–Munro project, part of Targeted Geoscience Initiative III (TGI-3), is a multi-year effort
intended to examine the Kidd–Munro assemblage from the Kidd Creek Mine north of Timmins to the
Quebec border (Berger et al. 2006; Berger et al. 2007; Berger and Houlé, this volume). One of the key
goals of TGI-3 is to establish the stratigraphy and architecture of the Kidd–Munro assemblage based on
geological mapping, geochronology and structural sections constructed across several parts of the
assemblage. As much of the assemblage is poorly exposed, mapping has relied extensively on
examination of whatever outcrop is available and archived diamond-drill core, compilation of previous
work filed for assessment credits and interpretation of geophysical data. Recent mapping and
geochronology (OGS 2007; Berger et al. 2007; Berger 2008) have changed our understanding of the
Kidd–Munro assemblage as defined by Jackson and Fyon (1991) and Ayer et al. (2002). For example, in
northern Coulson Township, an area previously believed to be underlain by clastic metasedimentary rocks
of the Porcupine assemblage, recent diamond drilling encountered only calc-alkaline intermediate
metavolcanic and associated epiclastic rocks, the former of which yielded a U/Pb zircon age of
2715±1.5 Ma (Berger et al. 2008; Berger 2008). This extends the calc-alkaline member of the Kidd–
Munro assemblage westward from its previous known extent and provides new information regarding the
distribution of rock types and structures of the Kidd–Munro assemblage.
The subsurface architecture of the Kidd–Munro assemblage is largely unknown except for the detailed
studies at the Kidd Creek Mine (Bleeker 1999). TGI-3 provides an opportunity to model the subsurface
geology by constructing cross sections through several parts of the Kidd–Munro assemblage. This paper
attempts to complement our initial geological models using gravity profiles to constrain the interpretations.

METHODOLOGY
Figure 4.1 shows the location of the Kidd–Munro assemblage and geological cross sections
discussed in this article. The geological cross sections (Figures 4.2 and 4.4) were constructed from
geological maps by Ayer, Berger and Trowell (1999), Berger (2008, 2000, 1999, 1997) and Carlson and
Ginn (1965). The initial gravity models were constructed based on the geological cross sections shown in
Figures 4.2 and 4.4 and as these cross sections were somewhat conceptual in nature, they were modified
to fit the surface geology prior to the gravity modelling. The geological models were then tested by
means of a 2½-dimensional forward-gravity modelling study. This procedure calculates a gravity profile
based on densities for the various rock types and inferred dimensions of the units. The results are
compared with the observed gravity along the cross section profiles (Figures 4.3 and 4.5).
Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.4-1 to 4-9.
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Densities were assigned to each rock type, based on 88 specific gravity determinations made by the
OGS Geoscience Laboratories (Geo Labs) on samples collected from Beatty and Coulson townships. The
assigned densities are shown in Table 4.1.
Table 4.1. Densities used in gravity modelling.

Rock Type
Felsic volcanic
Tonalite
Metasedimentary
Ultramafic
Gabbro
Mafic volcanic
Intermediate volcanic
Granite

Density (g/cm3)
2.73
2.69
2.73
2.86
2.96
2.92
2.74
2.65

The observed gravity was obtained by extracting profile data along the section lines from a Bouguer
gravity grid. The grid had been compiled from ground and airborne data as part of the Abitibi Greenstone
Belt Compilation Series maps (Rainsford 2006). While the gravity data are relatively sparse (1 km
ground station interval, 500 m flight line separation), they are considered adequate to define the largescale geological features that are the subject of this study.
Gravity modelling was carried out using GM-SYS™ profile modelling extension for Oasis montaj™
supplied by Geosoft® Inc. The software is designed to create two-dimensional (2D) forward gravity and
magnetic models. The 2D assumption is applicable if the strike length of the model components greatly
exceeds their width. This assumption was valid for the Beatty–Coulson profile and mostly valid for the

Figure 4.1. General location map for geological cross sections in the Kidd–Munro assemblage and gravity profiles.
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Clergue profile. In the case of the latter, the non-two-dimensional nature of the granite body, along the
north end of the profile, was accommodated by specifying the strike length of the unit on either side of the
profile line. Modelling of the Bouguer gravity data requires that the data have been reduced using the
appropriate Bouguer density (in this case 2.67 g/cm3) and the regional gradients are either minimal or
have been removed. No significant regional gradient was observed in the 2 Bouguer gravity profiles used
for modelling.
The gravity modelling procedure began by importing the extracted Bouguer gravity profile data, a
georeferenced image of the geological cross section and a georeferenced image of the mapped geology in
the region of the profile. The starting model was created by digitizing the geological cross section and
assigning each polygon a density according to rock type (see Table 4.1). The initial fit of the calculated
model with the observed data was then assessed. For each starting model, a significant misfit between the
observed and calculated profile was apparent. This resulted from a deviation of the geological model
with the actual subsurface geology. The discrepancy between the geological model and the actual
geology could arise due to
i.

an incorrect model

ii. buried units not mapped at surface
iii. poorly constrained contacts due to limited outcrop
If the mismatch was large, adjusting the position of the contacts or adding a buried unit of differing
density to the surrounding geological unit did little to improve the fit and the geological model was
deemed to be conceptually incorrect. On the other hand, if the mismatch between the calculated and
observed gravity was small, the geological model was likely to be valid and a better fit could be obtained
by adjusting contacts and, if necessary, adding a buried body.

INTERPRETATION
Clergue Township Area
Figure 4.2a shows a geological section through the central part of the Kidd–Munro assemblage in
Clergue Township based on field work by Dinel et al. (in press). This section infers that the Kidd–Munro
assemblage is thrust over clastic metasedimentary rocks of the younger Porcupine assemblage. The
Pipestone fault that marks the south contact between the 2 assemblages is inferred to be folded and
occupies the same stratigraphic position at the north contact. Figure 4.2b, constructed by the authors, is in
same area, but extends the cross section to the south to include the high-resolution seismic line completed
as part of the Discover Abitibi Initiative (Reed, Snyder and Salisbury 2005a, 2005b). This cross section
alternatively infers that the Kidd–Munro assemblage rests on a higher density unit such as the Stoughton–
Roquemaure assemblage and that both assemblages have been thrust over the Porcupine assemblage in 2
distinct faults. Figure 4.2a explains the field relationships in Clergue Township, but can not be applied
farther east (see below).
Figure 4.2b is compliant with the large-scale geometry of the Kidd–Munro assemblage and accounts
for the detailed seismic profile, but fails to properly account for the observed stratigraphic facings in the
Porcupine assemblage. Both cross sections suffer from the lack of information on the north side of the
Kidd–Munro assemblage. Nowhere has the contact been directly observed between the Kidd–Munro
assemblage and the metasedimentary rocks. Stratigraphic facings in the Kidd–Munro assemblage are
limited and generally support the synclinal structure inferred for the assemblage, but facing reversals in
Dundonald Township, west of the cross sections, indicate the Kidd–Munro assemblage may be tightly
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folded adjacent to the northern contact. Also, recent diamond drilling in the Porcupine assemblage under
Frederickhouse Lake appears to young away from the Kidd–Munro assemblage adjacent to the southern
contact.

Figure 4.2. Geological cross sections in the Clergue Township area: a) model A (after Dinel et al., in press) and b) model B (by
the authors, including, to the south, high-resolution seismic data from Reed, Snyder and Salisbury 2005a, 2005b).
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Figure 4.3 compares extended gravity profiles for both geological cross sections in Figure 4.2. The
principal difference between the 2 models is the distribution of the metasedimentary rocks which are
represented as one continuous synformally folded unit in the first model (Figure 4.3a) and are divided into

Figure 4.3. Gravity profiles for Clergue Township geological models, with plan map for reference: a) model 1.1, in which
distribution of the metasedimentary rocks is represented as one continuous synformally folded unit and b) model 3.0, in which
the metasedimentary rocks are divided into 3 disconnected segments.

4-5

Precambrian Geoscience Section (4)

B.R. Berger et al.

3 disconnected segments in the second model (Figure 4.3b). The gravity profile can be equally well
modelled by both models which indicates that the subsurface geometry of the Kidd–Munro assemblage is
indeterminate using gravity alone in this part of the Abitibi greenstone belt. Of regional interest is that the
felsic intrusion in the north part of the profiles can only be successfully modelled if it is a shallow north
dipping intrusion. Further, the gravity profiles indicate that a low density body, here interpreted as a felsic
pluton, must underlie the Tisdale assemblage in the south part of the sections. This inference is
considered to be reasonable as syenite intrusions occur at the surface within the Porcupine assemblage
metasedimentary rocks east of the section in Taylor, Carr and Beatty townships.

Beatty–Coulson Townships Area
The recent mapping in the Beatty–Coulson townships area indicates that the north part of Coulson
Township is underlain by the calc-alkalic unit of the Kidd–Munro assemblage (Berger 2008). This unit,
composed of intermediate epiclastic deposits, flows and subvolcanic intrusions, is in fault contact with the
Stoughton–Roquemaure assemblage to the north, is intercalated with the tholeiitic unit of the Kidd–
Munro assemblage to the south and is transitional to clastic metasedimentary rocks to the west. Figure
4.4 depicts the inferred subsurface geology through the Beatty–Coulson townships area and includes

Figure 4.4. Geological cross section for the Beatty–Coulson townships area.
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Figure 4.5. Gravity profiles (a, b and c) for the Beatty–Coulson townships area, with plan map for reference.
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geology in Hislop and Guibord townships from Berger (2000, 1999). The north-over-south dip-slip
movement indicated on the Pipestone fault is after that documented by Dinel et al. (in press) and the
south-over-north dip-slip followed by sinistral strike-slip movement on the Porcupine–Destor fault is after
Bateman et al. (2005). The subsurface syenite intrusion modelled under the Tisdale assemblage in the
southern part of the section is justified based on diamond drilling and mapping east of the section line
(Berger 1999). Assemblage ages are compiled from Ayer et al. (2002, 2005), Berger et al. (2008), or from
W. Bleeker (Geological Survey of Canada, personal communication, 2007).
Figure 4.5 presents gravity models for various geological scenarios for the Beatty–Coulson section.
Figure 4.5a is most compatible with the geological cross section presented in Figure 4.4 and emphasizes
the synclinal nature of the Kidd–Munro assemblage, the absence of low-density material directly under
the Kidd–Munro assemblage and the requirement for a low density mass (syenite intrusions) to the south.
As low density (metasedimentary) material is added to the model under the Kidd–Munro assemblage, the
error increases between the observed and calculated gravity models (Figures 4.5b and 4.5c). Thus, it is
unlikely that the Porcupine assemblage metasedimentary rocks or any low-density material underlie the
Kidd–Munro assemblage in the Beatty–Coulson townships area.

CONCLUSIONS
Recent geological mapping permits the construction of structural cross sections across several parts of
the Kidd–Munro assemblage. These cross sections are highly interpretative given the lack of outcrop and
data in key locations. Geophysical modelling of gravity data provides an additional method to test the
validity of some of the assumptions used to derive the cross sections. Gravity modelling in the Clergue
Township area is equally permissive of low-density material (clastic metasedimentary rocks of the
Porcupine assemblage) underlying the Kidd–Munro assemblage or of the Kidd–Munro assemblage resting
directly on a higher density metavolcanic substratum. Additional geophysical imaging, possibly by means of
magnetotelluric survey, may resolve the subsurface geology in this part of the Kidd–Munro assemblage.
Gravity modelling in the Beatty–Coulson townships area strongly supports the interpretation that no
low-density material underlies the Kidd–Munro assemblage. Here, the distribution of the geological units
is best explained by imbrication along regional thrust faults such as the Pipestone fault, the Porcupine–
Destor deformation zone (PDF) and along faults internal to the Kidd–Munro assemblage.
The gravity modelling also indicates that low-density material, herein inferred to be felsic plutonic
rocks, underlies the metavolcanic rocks south of the Porcupine–Destor deformation zone. In the Beatty–
Coulson townships area, syenitic (tonalitic?) intrusions are known to occur, but felsic plutonic rocks have
not been observed south of the PDF in Taylor Township (see Figure 4.2a). However, it is possible that
plutonic rocks related to the Watabeag plutonic complex occur at depth in this area.
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INTRODUCTION
The Ontario Geological Survey in collaboration with the Geological Survey of Canada and Géologie
Québec initiated the Kidd–Munro project in 2006, under the Targeted Geosciences Initiative III (TGI-3),
to improve our knowledge of the geology and the stratigraphy of the Kidd–Munro assemblage to help
stimulate mineral exploration in this area (Berger 2006; Berger et al. 2007).
Dundonald Township is well known in the local geological community because of the presence of
exceptionally well-preserved and exposed komatiitic rocks of the Kidd–Munro assemblage which host
significant iron-nickel-copper sulphide mineralization (see Ayer, Dubé and Calhoun, this volume, Figure
3.1). The Alexo Mine, discovered in 1907, was the first nickel-copper-platinum group elements (PGE)
deposit found that is now recognized as komatiite-associated Ni-Cu-PGE mineralization, a subdivision of
the broader class of magmatic nickel sulphides deposits (Lesher and Barnes 2008).
Previous geological mapping in the area identified the major rock types, confirmed the location of
the main nickel-copper mineralized horizons and provided the essential framework for exploration and
interpretation (Barrie 1999; Muir 1995; Carlson and Ginn 1965). However, the recent mining activity,
vigorous mineral exploration programs conducted by several companies and new scientific research has
greatly increased the amount of information over the last few years and has provided the impetus for reexamination of the area.
The field work was conducted in a number of critical areas to closely examine geological features
and to provide additional geochemical and geochronological data. The new geological mapping,
compilation of new data and integration with thematic studies by the Geological Survey of Canada as part
of TGI-3 will be used to generate a new geological map and stratigraphic framework to help generate new
targets for base metal exploration (e.g., Ni-Cu-PGE and volcanogenic massive sulphide (VMS)-style
mineralization).

GENERAL GEOLOGY
Neoarchean rocks of the Kidd–Munro, Tisdale, and Porcupine assemblages underlie Dundonald
Township (Figure 5.1). The combination of poor exposure, complex folding and faulting makes
stratigraphic reconstruction difficult, but, most commonly, assemblage contacts are, or interpreted to be,
marked by faults. The Pipestone fault, located at the south contact between the Kidd–Munro and
Porcupine assemblages, is an economically important structure regionally as a number of gold deposits
(including the Clavos deposit, see Figure 5.1) are located along this structure.
Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.5-1 to 5-7.
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Kidd–Munro Assemblage
The Kidd–Munro assemblage (see Figure 5.1) is composed of felsic to ultramafic metavolcanic
rocks, subvolcanic intrusive rocks, and rare metasedimentary rocks intruded by the Dundonald sill, which
consists of ultramafic to mafic rocks about 10 million years (my) younger than the metavolcanic rocks.

Figure 5.1. General geology of the Dundonald Township area.
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Tholeiitic mafic and intermediate metavolcanic rocks are most abundant and are composed
predominantly of massive and pillowed flows with lesser pillow breccia and hyaloclastite deposits.
Intermediate metavolcanic rocks are commonly variolitic and usually display tiny white plagioclase
phenocrysts. Disseminated sulphides from 1 to 5% are typical, but are more abundant in the vicinity of
the Alexo and Kelex Fe-Ni-Cu sulphide deposits.
Calc-alkalic felsic metavolcanic rocks are restricted to narrow units in the south-central part of the
township and are composed of volcaniclastic deposits and rare subvolcanic intrusions. The felsic rocks
have an age of 2717±1 Ma and are interpreted to belong to the lower unit of Kidd–Munro assemblage
(Ayer et al. 2002). Graphitic, argillaceous metasedimentary rocks also occur intercalated with the felsic
metavolcanic rocks and the komatiitic units.
Komatiitic rocks in this area are dominated by komatiites with lesser komatiitic basalts and have
been interpreted by Houlé et al. (2008) as a series of subvolcanic komatiitic intrusions followed by
komatiite flows. The komatiitic rocks consist of thick, poorly differentiated komatiitic peridotite sills and
flows with lesser, thick, well-differentiated komatiitic basalt sills and flows that exhibit well-developed
parallel acicular pyroxene-spinifex textures. Thinner komatiitic units also occurred in the area and are
composed of komatiitic basalts and komatiites with well-developed spinifex textures. The synvolcanic
intrusive nature of some of the komatiitic units are indicated by crosscutting relationships and by the
presence of peperite at the upper margins, whereas those of extrusive origin have polyhedral jointing and
hyaloclastite flow-top breccias.
A package of massive and pillowed mafic flows metavolcanic rocks appeared to overlie the
komatiitic rocks, but is poorly constrained (Davis 1997). This unit might be correlative with poorly
exposed mafic metavolcanic rocks found on Nickel Island in Frederickhouse Lake. However, further
geological and geochemical investigation will be necessary to confirm this correlation.
The Kidd–Munro assemblage in Dundonald Township has been tentatively subdivided into several
informal formations and members by Houlé et al. (2008). From oldest to youngest, they are the McIntosh
Lake formation (tholeiitic mafic and intermediate metavolcanic rocks), the Dundonald formation (calcalkalic felsic metavolcanic rocks and komatiitic intrusive and extrusive rocks), and the Frederick House
Lake formation (mafic metavolcanic rocks).
The Dundonald sill is a layered ultramafic to mafic intrusion with an age of 2707+5/–3 Ma (Barrie et
al. 1999). The sill is composed of basal peridotite, overlain by peridotite, pyroxenite, gabbro and
leucogabbro phases and is folded with the metavolcanic rocks about east-northeast axes. Correlation of
the metavolcanic stratigraphy is complicated by the sill as its contacts are irregular and slightly
discordant. The sill is similar in age and composition to other ultramafic-mafic intrusions such as the
Centre Hill complex and Munro sill in Munro Township approximately 45 km east (Ayer et al. 2005).

Tisdale Assemblage
The Tisdale assemblage underlies the north part of Dundonald Township and is composed of mafic
and intermediate metavolcanic rocks and is intruded by ultramafic and mafic dikes and sills. Massive and
pillowed amygdaloidal flows are dominant with lesser flow breccia observed locally. Intermediate
epiclastic dacitic tuff and pyrite-bearing graphitic argillite was observed in diamond-drill core from northcentral Dundonald Township. Gabbro sills intruded the metavolcanic rocks in the north part of the
Township and an olivine cumulate (peridotite) with disseminated pyrrhotite occurs north of Dundonald
Lake.
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We have tenatatively correlated these units with the Tisdale assemblage, but this is speculative as
material suitable for geochronology was not obtained until this summer. Previously, Muir (1993) included
these rocks as part of the Kidd–Munro assemblage; however, Ayer et al. (2002) included these rocks as part
of the Tisdale assemblage based on ages in the felsic units further to the north and intervening
metasedimentary units separating them from the Kidd–Munro assemblage to the south (see Figure 5.1).
However, geochronology on a sample of dacitic tuff collected from diamond-drill core this summer should
provide an age to aid in the stratigraphic correlation of this poorly exposed and structurally complex area.

Porcupine Assemblage
Metasedimentary rocks correlated with the Porcupine assemblage occur as 2 bands north and south
of the Kidd–Munro assemblage (see Figure 5.1). Rocks in both bands are mainly quartzo-feldspathic
wacke and mudstone organized as turbidites. Graphitic argillite commonly containing disseminated,
bedded and concretionary pyrite occurs locally at or near the contacts with the Kidd–Munro and Tisdale
assemblages. Geochronology indicates that both bands are broadly coeval with the south band containing
a majority of detrital zircons younger than 2688 Ma (Ayer et al. 2002; Berger et al. 2007) and the north
band containing detrital zircons younger than 2692 Ma (W. Bleeker, Geological Survey of Canada,
personal communication, 2007).

STRUCTURE AND STRATIGRAPHY
Structure and the stratigraphy are poorly constrained due to the lack of exposure and diamond-drill
core in parts of the Dundonald Township. Limited stratigraphic facings suggest that the Tisdale
assemblage is south facing and locally recumbent. The north band of the Porcupine assemblage is south
facing based on graded bedding in one outcrop on Frederickhouse Lake. The south band of the Porcupine
assemblage is complexly folded as indicated by numerous facing reversals. Furthermore, recent diamond
drilling under Frederickhouse Lake indicates also that fold axes become more closely spaced near the
contact with the Kidd–Munro assemblage.
Regionally, the Kidd–Munro assemblage is synclinal with stratigraphy predominantly facing inward
from the Kidd Creek Mine to Québec border. However, in Dundonald Township, the assemblage is internally
folded about northeast-striking axes as indicated by facing reversals in the intermediate and ultramafic
metavolcanic rocks, in the ultramafic subvolcanic intrusive rocks and in the differentiated Dundonald sill.
The detailed stratigraphic framework of the mineralized komatiitic sequences presented by Davis (1997),
Barrie et al. (1999) and Houlé et al. (2008) define the main folds as a northeast-trending synclinal–anticlinal
pair. These folds can be traced eastward into Clergue, Walker and Wilkie townships (Berger 1997; Dinel et
al., in press), but are truncated by the Pipestone fault in the west part of Dundonald Township.
Contact relationships between the assemblages have been inferred from geophysical data as contacts
are not exposed in Dundonald Township. The contact between the Tisdale assemblage and the north band
of the Porcupine assemblage is inferred to be unconformable(?); however, this is based solely on
observations from 2 diamond-drill holes in Clergue Township east of the map area (Berger 1997). The
north contact of the Kidd–Munro and Porcupine assemblages is interpreted to be a fault. The south
contact between the Kidd–Munro and Porcupine assemblages is marked by the Pipestone fault, a regional
structure that has thrust younger Porcupine assemblage metasedimentary rocks over the Kidd–Munro
assemblage (Dinel et al., in press). Bleeker and Dinel (2008) proposed that the Pipestone fault represents
a folded thrust underlying the Kidd–Munro assemblage and repeated along the north contact of the Kidd–
Munro assemblage. An alternative interpretation, proposed by Berger, Rainsford and Carter-McAuslan
(this volume), has the Pipestone fault resulting from a combination of folding, thrusting, and imbrication
analogous to the repetition of Porcupine and Tisdale units in the Timmins area (see Bateman et al. 2005).
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MINERALIZATION
While Dundonald Township is recognized for its potential to host Ni-Cu-PGE deposits associated
with komatiitic rocks, the potential also exists for Ni-Cu-PGE mineralization to be associated with
layered intrusions, VMS-style mineralization, and gold mineralization associated with major faults.
Nickel mineralization was discovered at the Alexo deposit in 1907 (Green and MacEachern 1990)
and was mined intermittently to 2005. The mineralization is composed of massive, net-textured and
disseminated pyrrhotite, pentlandite and chalcopyrite in komatiitic metavolcanic and intrusive rocks of
the Kidd–Munro assemblage. Several other nickel sulphide zones such as Dundonald South and Dundeal
deposits were discovered within the komatiite sequences; however, to date, only the Alexo and Kelex
deposits have been mined. Houlé et al. (2008) recently indicated that komatiite architecture plays a
significant role in where nickel sulphides segregate and accumulate. Thus, Ni-Cu-PGE mineralization in
the Dundonald area can be found within both komatiitic flows in the upper part of the stratigraphy
(Alexo) and in synvolcanic sills in the lower part (Dundonald South, Dundeal, and Kelex). This
mineralization style may have been the result of sulphur saturation during sill emplacement allowing NiCu-PGE mineralization to be concentrated both within the subvolcanic plumbing system and within the
overlying komatiitic flows (Houlé et al. 2008). However, regardless of volcanic–subvolcanic architecture,
Ni-Cu-PGE sulphide mineralization is almost always hosted within the most magnesian and channelized
flows or sills. Good potential exists for new nickel discoveries in Dundonald Township within the main
komatiitic package because previous exploration was mostly focussed in the vicinity of known deposits.
Thus, detailed geological mapping combined with physical volcanology is a strategy that should be used
to help locate komatiitic embayments that may host nickel sulphide mineralization.
New exploration should also be focussed in areas with favourable rocks, but with only limited past
exploration, for this type of mineralization such as under Frederickhouse Lake, south of the Dundonald
sill and in German Township, south of the map area. Given the small size of most komatiite deposits and
the complex folding in the area, airborne geophysical surveys should not be the only parameter in
exploring for these deposits. Rather, a multidisciplinary approach should be used including geological
mapping, volcanic facies mapping, geophysical surveys and geochemical studies to facilitate the
recognition of favourable volcanic sequences that may host Fe-Ni-Cu sulphide mineralization and, thus,
aid in generating new targets.
Platinum group element mineralization associated with the mafic to ultramafic layered Dundonald
sill is known in 2 locations. At the Mighty showing in the southern part Dundonald Township, PGE
mineralization is hosted within a pyroxenite that contains sparsely disseminated sulphides near the
ultramafic–mafic transition where plagioclase first crystallizes. Platinum group element mineralization is
also hosted within a melagabbro to pyroxenite unit spatially associated with pegmatitic gabbro at the
Casey’s showing another 2 km to the south. This type of PGE mineralization is poorly understood, but
appears to occur randomly within pyroxene-amphibole and plagioclase pods, sills, layers and anorthositic
gabbro near the upper part of the sill. Detailed mapping of the entire length of the sill, which has not been
undertaken, is recommended to determine the internal stratigraphy of the sill that might help focus PGE
exploration. Anorthositic gabbro, that could potentially be a similar mineralizing environment to that
found at Casey’s showing, occurs in the nose of a northeast-closing syncline in Clergue Township and has
not been prospected to the authors’ knowledge.
Base metal mineralization is reported at the Terminus showing in Dundonald Township (Barrie,
Erendi and Cathles 2001) and at the Scott showing in Clergue Township (Berger 1996). The Terminus
showing is inferred to be the result of hydrothermal processes generated by cooling komatiite flows
(Barrie, Erendi and Cathles 2001). The Scott showing is poorly documented, but may be similar to the
Terminus showing. The economic potential of this style of mineralization is not fully known; however,
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additional mineralization of this nature may be present in Dundonald Township. Furthermore, the komatiite
subvolcanic–volcanic architecture of the Dundonald komatiite should also be considered for an exploration
program that would focus on VMS-style mineralization in this area. For example, massive pyrite
mineralization occurs at the contact between komatiite flows and a subvolcanic feldspar porphyry intrusion
of intermediate composition in southwest Dundonald Township. The porphyry intrusion is bleached, altered
with carbonate and sericite and locally hydrothermally brecciated. This subseafloor alteration is conducive
to base metal mineralization and there are untested airborne electromagnetic conductors along strike to
the southwest. Further exploration is recommended in this area for this type of mineralization.
Exploration within the Tisdale assemblage in the northern part of Dundonald Township is limited to
a few diamond-drill holes. A single diamond-drill hole north of Dundonald Lake encountered a fine- to
medium-grained peridotite body with up to 5% disseminated pyrrthotite and pyrite. These sulphides are
blebby, inter-cumulate and locally stringer textured and are interpreted as magmatic sulphide
mineralization. Widely spaced assays failed to detect appreciable concentrations of nickel; however, this
environment has high potential for Ni-Cu-PGE mineralization. The peridotite is coincident with an
airborne magnetic anomaly that extends east and west of the diamond-drill hole indicating lateral
continuity of this ultramafic body and potentially more sulphide mineralization in the vicinity. This area
should be thoroughly explored.
The Pipestone fault is the locus for gold mineralization and the Clavos and Montclerg deposits occur
south and east of Dundonald Township, respectively. The Clavos deposit consists of quartz veins in talccarbonate schist and occurs at the junction of the Pipestone fault with a major north–south fault (see Figure
5.1). The Monclerg deposit is hosted in tholeiitic rhyolite of the Kidd–Munro assemblage immediately north
of the Pipestone fault in Clergue Township. The potential exists for additional gold mineralization along the
Pipestone fault especially under Frederickhouse Lake where there has been little exploration.
The north contact of the Kidd–Munro assemblage with the Porcupine metasedimentary rocks is a
potential target for gold mineralization. If the Pipestone fault is folded as suggested by Dinel et al. (in press),
then gold mineralization may occur in similar geological environments to the Clavos and Montclerg
deposits. Where the major north–south fault that localizes the Clavos deposit intersects the northern
Kidd–Munro – Porcupine assemblages contact is another potential target area for gold mineralization.
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INTRODUCTION
A component of the Targeted Geoscience Initiative III (TGI-3) Abitibi Project is the compilation and
evaluation of lithogeochemical data collected from a variety of sources. Geochemical process recognition
within the Abitibi region of Quebec and Ontario involves the compilation, organization, levelling,
analysis and interpretation of lithogeochemical data and other measures including mineralogy determined
from X-ray diffraction and spectroscopy studies. These specimens were collected by provincial and
federal government surveys combined with data from the mineral exploration industry and university
research projects.
Geochemical data from various sources in Ontario have been assembled into a Geological Survey of
Canada (GSC) Open File Report (Hillary, Grunsky and Adcock 2008) that can be used for subsequent
evaluation by mineral exploration companies and detailed mapping in geological surveys. The data are
being evaluated using modern data analysis, statistical analysis and visualization that will help in
identifying geochemical processes including volcanic-based chemostratigraphy, regional and local-scale
alteration and signatures associated with base and precious metal mineralization. Data compilation
emphasis is being placed on the lithogeochemistry in the Blake River Group in Quebec and Ontario and
the Kidd–Munro assemblage area in Ontario. This summary provides recent results from the Blake River
Group of Ontario only.
Figure 6.1 shows the locations of sample sites derived from several sources as shown in the legend.
These data have been chosen for specific elements for further study in the characterization of the volcanic
assemblages. Additional geochemical analyses are being carried out on existing field samples and
laboratory pulps in order to provide key measures of provenance and alteration. This includes the analysis
of rare earth elements and CO2, S, H2O+ and FeO.
In 2007, 113 field samples were collected from sites across the Blake River Group in Ontario. An
additional 521 hand samples were culled from the former Kirkland Lake Resident Geologist Drill Core
Library in Ontario. The locations of these sites are shown in Figure 6.2. The sources of the
lithogeochemical data are varied and, in most cases, there is insufficient information on the quality
assurance/quality control that was used to determine the geochemical results. The major elements (Si, Al,
Fe3+, Mg, Ca, Na, K, Ti, P, Mn) have been determined using X-ray fluorescence (XRF) on fused pellets;
Fe2+, CO2, H2O+, S have been determined these data. Rare earth elements (La, Ce, Pr, Nd, Sm, Eu, Gd,
Tb, Dy, Ho, Er, Yb, Lu) and additional trace element data (Ba, Be, Bi, Cd, Co, Cr, Cs, Cu, Ga, Hf, Li,
Mo, Nb, Ni, Pb, Rb, Sb, Sc, Sn, Sr, Ta, Th, Ti, Tl, Tm, U, V, W, Y, Zn, Zr) have also been determined
from the samples culled in 2006 and 2007. These results have been combined with the 122 specimens
analyzed for the same major, trace and REE elements previously (see Figure 6.2).

Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.6-1 to 6-11.
© Queen’s Printer for Ontario, 2008
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Figure 6.1. Lithogeochemical sample sites from different sources, Blake River Group, Ontario and Quebec.
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Figure 6.2. Samples that were re-analyzed for major elements H2O+, CO2, FeO, REE and trace elements in 2006 and 2007.
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Studies related to chemostratigraphy, alteration and associations with base metal mineralization are
ongoing. Preliminary results of evaluation of the REE group are shown in Figures 6.3 and 6.4.
The REE pattern shown in Figure 6.3 are from sites located in the western part of the Upper Blake
River Group. The pattern of the REE–chondrite ratios (using the C1 chondrite norm from McDonough
and Sun 1995) is one of light REE enrichment and heavy REE depletion; typical of calc-alkaline
volcanics. This pattern is consistent across the Blake River Group in Ontario and Quebec.
Figure 6.4 shows a mixture of tholeiitic and calc-alkaline mafic to intermediate volcanics. The map
indicates that the mixture of these 2 types are uniform and do not appear to show any stratigraphic trend.
The size of the dots in the map reflect the ratio of La/La(C1) – Lu/Lu(C1) as a crude measure of
separating the calc-alkalic volcanics from the ultramafic and/or tholeiitic basalts, where values greater
than 20 are considered to be calc-alkaline. There is a considerable range of ratios to the C1 chondrite
values for the mafic suites of rocks suggesting varying degrees of fractionation of the flows within this
sequence. Higher C1 ratios are observed in the northern part of Cook Township. These samples exhibit
Eu depletion trends along with C1 ratios that exceed a value of 40. The REE patterns that tend to be
“flat”, with average C1 values less than 20, occur throughout a north–south transect and reflect typical
Archean tholeiitic basalt volcanics with only limited fractionation. It is also important to note that the
Lower Blake River Group is heterogeneous with respect to the provenance of material, which suggests
that the Lower Blake River Group is a mixture of tectonic environments. Further studies are required in
this area.
Further analysis of the REE values from the upper and lower Blake River Group was carried out
using principal component analysis. The REE values, measured as parts per million are considered to be
compositional data (see Buccianti et al. 2006). Thus, they were subjected to a log-centering procedure
after which a principal component analysis was applied. It should be noted here that computing C1 ratios
is not necessary under such an analysis as the ratios are merely a linear transformation and do not affect
the measures of correlation or covariance between the elements. The results of the principal component
analysis are shown in Figure 6.5, which shows the first 2 components plotted (93% of the total variance
of the data). The locations of the elements reflect the relative relationships with each other. The individual
samples, shown as circles, are the corresponding principal component scores. The figure shows a clear bimodal distribution of the data. Those samples that plot toward the elements La, Ce, Pr, Nd are calcalkaline in nature, whereas those that plot toward Tb, Dy, Ho, Er, Yb, and Lu are tholeiitic in nature. Note
that Sm, Eu and Gd plot along the positive end of the C2 axis and reflect those rocks that are relatively
enriched (increased plagioclase) in these elements. Samples that plot along the negative part of the C2
axis demonstrate relative depletion of Eu, indicating a lack of plagioclase. The degree of fractionation of
the samples is roughly shown by the relative position of the samples along the C1 axis. Generally, the
higher the ratio of REE/C1, the greater the decrease in Eu, indicating a high degree of fractionation. Thus,
those samples that plot along the negative part of the C2 axis exhibit higher degrees of fractionation. The
“Principal Components 1” values are also shown on the map of Figure 6.6. It is clear that samples (red)
are associated with the tholeiitic rocks in the Lower Blake River Group, whereas samples (black) are
associated with the calc-alkalic rocks in both the upper and lower Blake River groups. Samples that plot
below a value of –0.2 (green) on the C1 axis are calc-alkaline rocks that are highly fractionated and are
restricted to the Lower Blake River Group.
Additional work is planned in the evaluation of a large suite of REE data that is currently being
assembled for the Blake River Group.
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Figure 6.3. The REE patterns for calc-alkaline volcanics, western upper Blake River Group, Ontario.
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Figure 6.4. The REE profile for samples of the Lower Blake River Group in Cook Township.
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Figure 6.5. Biplot of the first 2 principal components derived from a covariance matrix from the rare earth elements after
applying a log-centred transform. The plot clearly illustrates a bimodal character in the data. Black symbols are those obtained
from the Upper Blake River Group in the dominantly calc-alkaline sequence. Green symbols display an affinity to the calcalkaline samples, but appear to be more fractionated and are associated with the west part of the Lower Blake River Group. The
red symbols are those samples associated with the tholeiitic volcanic sequences of the Lower Blake River Group.

Figure 6.6. Map of the principal component scores derived from the rare earth elements as described in the text and in Figure
6.5. Symbol colours are the same as described for Figure 6.5.
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INITIAL MEASURES OF ALTERATION
Many methods exist for assessing alteration of volcanic rocks. These methods are being investigated
in the study. An initial measure of alkali alteration and migration can be demonstrated through the
calculation of normative minerals. When corundum occurs in the calculated norm (Figure 6.7), it
generally signifies the mobility of Na, K and Ca, which can be associated with alteration signatures,
which are potentially associated with base- and precious-metal mineralization. High normative corundum
values are found throughout the Noranda camp in Quebec and in the Ben Nevis township area in Ontario.
Values of corundum greater than 5% are considered to represent altered volcanic rocks. These values can
help target areas for additional geochemical and geological investigation.

SPECTROSCOPY AND MINERAL IDENTIFICATION IN THE BLAKE
RIVER GROUP
A Bachelor of Science thesis (Hurtubise 2008) was completed in June 2008. Studies for this thesis
included the determination of the mineralogy of selected metavolcanic rocks in the upper and lower
assemblages of the Blake River Group. Approximately 39 samples (Figure 6.8) were chosen for which
visible–near–short-wave infrared spectroscopy were measured. The results of this study will contribute to
a database that contains physical properties of the volcanic assemblages within the Blake River Group,
thereby providing much needed information for geophysical and geochemical modelling in the search for
massive sulphide deposits.

Figure 6.7. Normative corundum as a measure of alkali mobility. No assumptions on alteration mineralogy using this measure.
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Figure 6.9 shows the results of X-ray diffraction (XRD) analyses on 21 hand specimens using
Rietveld analysis for quantitative measures of mineral abundances. The samples show a dominance of
calcite, chlorite, amphibole, pyroxene, quartz, epidote and plagioclase. These estimates provide useful
information for deriving quantitative mineral norms and detecting alteration zones.

Figure 6.8. Location of samples selected for XRD and spectroscopic analysis.
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Figure 6.9. Box plot of minerals determined by Rietveld XRD analysis for 20 samples along a traverse through Katrine and Ben
Nevis townships as shown in Figure 6.8.

Figure 6.10. Average of 5 readings for field sample GRA-07-0116, a siliceous fragmental flow. The lower profile is that of
muscovite. The similarities of the 2 profiles is indicative of muscovite (sericite) as a major mineral constituent for this rock.
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Hurtubise (2008) analyzed approximately 93 samples using an Analytical Spectral Devices Inc.
(ASD) spectrometer. Details on the analytical methodology are documented by Hurtubise (2008). The
resulting catalogue of spectra are being compiled for release as a GSC Open File Report and will be
available for further follow up. The results of the spectroscopy will be used to identify key mineral
assemblages in the Blake River Group of Ontario and assist in defining states of petrogenesis, alteration
and metamorphism.
An example of the spectroscopy is shown in Figure 6.10 where the spectra of 5 average spectral
readings for a hand specimen have been taken from a siliceous fragmental flow (GRA-07-0116). The
dominant minerals in this specimen are quartz, sericite and plagioclase.

CONCLUDING REMARKS
The geochemistry of the Blake River Group is being re-evaluated in view of modern analytical
geochemical methods that will facilitate more detailed evaluation of the tectonic environment that formed
the Upper and Lower Blake River groups. The Upper Blake River Group, in Ontario, appears to be fairly
homogeneous in its REE profile, with a constrained range of LREE to HREE ratios in a predominantly
calc-alkaline environment. The Lower Blake River Group, exhibits a greater degree of diversity in the
REE profiles and exhibits features including extreme LREE contrasts interpreted to be calc-alkaline
assemblages, significant fractional crystallization within the mafic tholeiitic domain, and an overall
heterolithic and likely more complex tectonic environment than previously thought. Further investigation
of the nature of the volcanic environments within the Lower Blake River Group should assist in defining
the tectonic environment(s) that resulted in its current framework. Given the diversity of the assemblages
observed from the REE data, its relationship with the Kidd–Munro sequence should be examined
carefully.
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INTRODUCTION
Metalliferous sediments are a common component of modern ocean-floor sedimentary sequences,
recording halos of dispersion from seafloor hydrothermal vent systems (Gurvich 2006). Metalliferous
sedimentary rock horizons also occur as intercalated units between volcanic rocks of the 2.7 Ga Kidd–
Munro assemblage of the western Abitibi Subprovince (Hannington, Barrie and Bleeker 1999). These
commonly occur as carbonaceous (graphitic) and/or sulphidic argillaceous shale units, and have been
referred to as both argillite and shale in previous work, but may contain varying proportions of carbonate
and tuff in addition to their terrigenous and detrital component. Depending on composition and reflecting
each horizon’s tectonic history, these may show only a weakly developed shaly parting, but will be
referred to as such from hereon. Shale horizons are widely distributed within the Kidd–Munro assemblage
and each likely represents a significant hiatus in volcanic activity and deposition. Such horizons
commonly form geophysical electrical conductivity anomalies and, as such, are routinely drilled during
exploration for volcanogenic massive sulphide (VMS) deposits in the area. The area has very little
outcrop and almost all information in this study comes from regional exploration drill cores. Multiple
horizons may be present at any one location, representing both primary depositional stratigraphy and
subsequent fold repetition. Identification of repeated horizons and correlation of individual shale
horizons between adjacent drill cores and those that are more widely spaced is commonly problematic.
Previous sampling conducted in late 2006, and subsequent laboratory analyses (Peter et al. 2008)
indicated that there was potential for using geochemical, mineralogical and textural variations within the
sulphide component of the shale horizons as the basis for target vectoring toward concealed base-metal
mineralization. Methods evaluated included bulk geochemical techniques (e.g., conventional whole-rock
geochemical analysis and more experimental portable X-ray fluorescence spectrometry (XRF)), in-situ
microanalysis of sulphide phases by laser ablation inductively coupled plasma mass spectrometry (LAICP–MS), mineralogy (scanning electron microscopy (SEM) and electron probe microanalysis (EPMA)
and S-isotope geochemistry. Further work is ongoing to assess potential systematic along-strike variation
in multiple proxies for evidence of hydrothermal and physical element dispersion from fluid venting
centres. Metals may be incorporated into shale by one or more different mechanisms: mass wasting of a
hydrothermal sulphide mound (i.e., resedimentation of primary sulphides); terrigenous detrital
sedimentation (e.g., aluminum, magnesium and titanium in clays and mica) and reworked volcanic
material (e.g., mafic or rhyolitic tuff); plume particulate fallout from a neutrally buoyant hydrothermal
plume; scavenging of dissolved plume components by adsorption onto other particulate matter (including
organics); and direct hydrogenous precipitation from seawater.

Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.7-1 to 7-7.
© Queen’s Printer for Ontario, 2008
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Pyrite and pyrrhotite are the dominant sulphides in the shale horizons, with minor sphalerite, galena
and chalcopyrite. Iron sulphides occur in 6 distinct textural habits:
•

Py1 – pyrite-rich laminae and framboids (primary chemical sedimentary)

•

Py2 – recrystallized and remobilized laminae and disseminations (early diagenetic)

•

Py3 – crustiform bands displaying unidirectional growth textures and banding, commonly much
disrupted (early to late diagenetic)

•

Py4 – nodules displaying no internal fabric, and concretions displaying concentric compositional
zonation (early to late diagenetic)

•

Py5 – late metamorphic overgrowths, pressure shadows and porphyroblasts (peak to post-peak
metamorphic)

•

finally, Py1 to Py4 have been subject to varied late-stage alteration and replacement by
secondary pyrrhotite ± pyrite.

SUMMARY OF 2008 SAMPLING
Further sampling of Kidd–Munro assemblage sedimentary rocks was undertaken during 2 periods in
the summer of 2008. Samples were collected from diamond-drill core stored at the Kidd Mine site,
Timmins, with the generous assistance of Xstrata Copper Canada. The first period of work was June 8 to
27, 2008, and resulted in the collection of 195 samples from 39 separate cores. The second period was
from August 25 to September 8, 2008, and 86 samples were taken from 31 cores. Along with the 81
samples collected from 17 cores by Peter and Layton-Matthews in 2006, the sample suite provides
coverage of major shale horizons across a wide geographical section of the Kidd–Munro assemblage, and
include samples from Mahaffey, Reid, Carnegie, Prosser, MacDiarmid and Kidd townships.
In addition to physical sampling, over 300 separate rocks were analyzed in situ for a suite of major
and minor elements using Innov-X Systems™ Inc. Alpha™-6000M (hand-held) and X-50™ (bench-top)
XRF analysers. As results of these analyses were available during sampling, the instruments provided a
vital tool with which to refine and tailor the sampling at all locations. For example, those horizons
displaying significant geochemical enrichment in transition metal content (see below) could be easily
identified and were preferentially sampled over other sulphidic horizons of similar appearance but are not
significantly enriched in elements other than iron and sulphur. Such barren horizons were sampled to
provide a control baseline against which to compare the enriched horizons, and to allow investigation of
ultra-trace element distribution and iron-isotope distribution.

WHOLE-ROCK GEOCHEMISTRY
As discussed above, the metal budget of any individual shale horizon likely reflects a varied
admixture of materials with a number of end-member compositions. Even where the sulphide component
of a sample is greater than 10%, conventional discrimination plots used to identify and quantify
hydrothermal input such as cobalt–nickel ratio (e.g., Meyer at al. 1990) or rare earth element plots (e.g.,
Johannesson, Hawkins and Cortés 2006) are hindered in their application due to dilution by the nonsulphide silicate detrital minerals. The presence of a hydrothermal end member can be qualitatively
determined in samples with very low detrital component, such as crusts and concretions, by the presence
of a positive europeum anomaly, indicating precipitation from reduced high-temperature fluids (>250°C),
and lack of a normalized cerium anomaly, indicating precipitation under anoxic bottom water conditions
(de Baar, Schijf and Byrne 1991).
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Multivariant statistical analysis (principal component analysis (PCA)) of bulk sample geochemical
analyses has been used to identify element associations that reflect major source contributions. Plotting
first and second principal components of whole-rock geochemical data (Figure 7.1) has identified 3
dominant element groupings: 1) hydrothermal – Ag, As, Bi, Cd, Cu, Hg, In, Mo, Ni, Pb, Sn, Te, Zn;
2) hydrogenous – Au, Ca, Cr, Mn, Pt, Sb, Sc, Tl, V; and 3) terrigenous – Al, Ba, Be, Ce, Cs, Dy, Er, Eu,
F, Ga, Gd, Hf, Ho, La, Lu, Mg, Nb, Nd, Pr, Rb, Sm, Sr, Ta, Tb, Th, Tm, U, Y, Yb, Zr. Iron and sulphur
do not have eigenvalues consistent with the major PCA groupings, suggesting that pyrite and pyrrhotite
abundance may be a poor indicator of hydrothermal input to black shales.
Within each grouping, many other subtle elemental associations are also present, and elements may
be contributed to the shales by a combination of different processes (e.g., zinc is likely both hydrothermal
and hydrogenous). The strong eigenvalues of the majority of rare earth elements within the terrigenous
PCA grouping demonstrates the overwhelming effect of even moderate levels of detrital dilution on the
hydrothermal chemical signature. Future analyses of samples collected during the 2008 season will focus
on refining these groupings and better understanding the complex history of element transport within
each. These will be combined with results from meso-scale (e.g., portable XRF analyses = 0.5 to 1 cm
resolution, or samples drilled from hand specimens = 0.5 to 2 mm resolution) and laboratory results from
micro-scale (e.g., LA-ICP–MS, EPMA, etc.) chemical analyses to better constrain end-member
contributions.

Figure 7.1. First and second principal components plotted for whole-rock geochemical data from 2006 shale samples. The first
principal component accounts for 35.5% of variance, and the second 14.2%. Elements plot in 3 distinct clusters, controlled by
their dominant transport process: 1) terrigenous detrital (Al, Ba, Be, Ce, Cs, Dy, Er, Eu, F, Ga, Gd, Hf, Ho, La, Lu, Na, Nb, Nd,
Pr, Rb, Sm, Sr, Ta, Tb, Th, Tm, U, Y, Yb, Zr); 2) hydrothermal (Ag, As, Bi, Cd, Co, Cu, Hg, In, In, Mo, Ni, Pb, Sn, Te, Zn); and
3) hydrogenous (Au, Ca, Cr, Mn, Pt, Sb, Sc, Tl, V). Iron and sulphur do not lie within any one field, indicating that iron-sulphide
abundance may be a poor indicator of hydrothermal activity.
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LASER ABLATION INDUCTIVELY COUPLED PLASMA MASS
SPECTROMETRIC ANALYSIS
In-situ LA-ICP–MS trace element analyses of pyrite and pyrrhotite of various textural types were
carried out at the University of Tasmania on samples collected in 2006. Again, multivariate statistical
analysis was used to investigate inter-element correlations. Trace elements of putative hydrothermal
origin showing significant enrichment in pyrite include Ag, Au, As, Bi, Cu, Pb, Sb, Sn, Tl and Zn,
whereas Co, Ni, Mo, Se, Pt and Te are presumed to have a hydrogenous origin. Comparison of these
element groupings with those determined from bulk chemical analyses highlights further the complex
nature of element distributions and associations within the sulphide component of the Kidd–Munro
assemblage black shale horizons. In general, the early, visibly included “dirty” pyrite forms (Py1 to Py3)
have the greatest trace element contents, and later, inclusion-free “clean” metamorphic pyrite (Py5 and
pseudomorph pyrrhotite) contain the lowest trace element abundances.
A further complication of the LA-ICP–MS technique is that very few elements substitute
stoichiometrically into the pyrite crystal lattice. Arsenic, Co and Ni demonstrate stoichiometric lattice
substitutions, but many others are more commonly incorporated as non-stoichiometric substitutions, and
as microinclusions of other sulphide minerals within pyrite (Deer, Howie and Zussman 1992).
Recrystallization, annealing and metamorphism will further exclude these trace elements from the pyrite
structure. This is clearly seen in the variable transient signals of different elements during the laser
ablation process. In a single ablation run, elements such as As, Co, Ni and Sb commonly show distinct
covariance with Fe (Figure 7.2), indicative of substitution within the pyrite lattice. Elements such as Zn,
Cd and Ag display sharp spikes in the transient LA-ICP–MS profile, possibly indicative of their presence

Figure 7.2. A highly simplified transient LA-ICP–MS output trace for a crustiform pyrite mass, to demonstrate variability in
element hosting within the pyrite. Time is shown in seconds, and the sharp rise in element counts per second seen at 30 s
corresponds to the laser being switched on. Elements shown with dark lines (As, Co and Ni) correlate with Fe in their ablation
behaviour, indicating that they are stoichiometrically substituted within pyrite. Elements shown with grey lines (Pb, Sb and Bi)
correlate with one another and follow the same long-term sensitivity variability as Fe, but do not correlate closely with Fe
abundance. These are possibly hosted in fine galena microinclusions within the pyrite. Copper (triple line) and Zn (double line)
display independent and spikey signals, perhaps indicating larger inclusions of chalcopyrite and sphalerite within the pyrite.
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within sulphide microinclusions or as non-stoichiometric substitution within the pyrite. Other elements
such as Cu, Pb and Bi display a somewhat mixed transient signal, most likely reflecting zonation within
the pyrite grains. At present, it is not known if these elements are hosted within the pyrite, or whether
minerals that host these elements form extremely fine dispersions that are not resolvable by the laser
technique; this will be investigated in future work.
The multiple possible residence sites of the observed element variations have proven problematic
during the reduction and interpretation of the LA-ICP–MS data. Commonly, in order to determine the
trace element concentration of an ablated sample, an “integration window” is chosen from the total
ablation duration. To reduce the transient LA-ICP–MS data, it is recommended that the integration
window should avoid major elemental spikes and sharp changes in abundance (Danyushevsky et al.
2004). However, such selection will intrinsically tend to exclude those elements that are hosted by
inclusions within pyrite. Hence, current data significantly under-report the abundance of Zn, Cd and Ag,
and, to a lesser extent, U, Th, Mn, Cu, Ba, Pb, Bi, Mg and Sn. More concerning still is the subjectivity of
the decisions required to select the integration window, resulting in spectra reduced in different sessions
and between different workers showing variations in determined trace element concentrations. More
robust and representative laser ablation data-reduction protocols are currently being investigated.

PORTABLE X-RAY FLUORESCENCE ANALYSIS
Although in its infancy, the use of portable XRF analyzers both for rock outcrop and core elemental
determinations is already showing much promise. The analysis window is approximately 1 cm in
diameter for both the Innov-X Systems™ Inc. Alpha™-6000M and X-50™ instruments used during the
course of this study. This can be further reduced to a window diameter of approximately 5 mm by the use
of a beam collimator on the Alpha™-6000M. However, reduction in aperture must be accompanied by
concomitant increases in the analytical duration to compensate for the ensuing reduction in beam
intensity. Nevertheless, with the standard window diameter, the portable XRF instruments offer a
powerful compromise between the spatial resolution offered by microanalytical techniques such as LAICP–MS, and the bulk sample integration of traditional chemical analysis methods. Thus, the problem of
micro-inclusions, as discussed above, can largely be overcome, albeit at the cost of reduced separation
between different pyrite phases and surrounding silicate matrix.
Our instruments are currently calibrated to detect the following elements (at varying detection limits):
•

both (Alpha™-6000M and X-50™): K, P, S, Ca, Ti, Ba, Cr, Mn, Fe, Co, Ni, Cu, Pb, Zn, Bi,
As, Se, Hg, Au, Br, Rb, Sr, Zr, U, Mo, Ag, Cd, Sb, Sn, Cl

•

Alpha™-6000M only: I

•

X-50™ only: V, Hf, Ta, Nb, W, Re, Ga, Ge, Tl, Pt, Pd, Ir, Ru, Te, Y.

This element “suite” was selected to provide meaningful geochemical data for a wide variety of
magmatic, hydrothermal, and magmatic-hydrothermal ore deposit types. Note that not all of these
elements can be analyzed for simultaneously, as there are some interferences, such that one or more
elements must be off, and a subsequent analysis must be done.
Full data reduction of the collected XRF analyses taken both in the field and back in our laboratories
in Ottawa is ongoing. However, one intriguing observation taken from field analyses is evident. Previous
studies have treated the matrix and sulphide component of Kidd–Munro assemblage black shales as
essentially separate entities, but it is clear that there is, in fact, an intimate and inextricable link between
the two. Some of the largest base metal and associated element contents measured in the field (e.g., Zn ≈
1.4 weight %; Cu ≈ 600 ppm; Mn ≈ 1 weight %; Cd ≈ 90 ppm; Hg ≈ 50 ppm) are in apparently sulphide-
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free laminated black and black-brown shale. The majority of such enrichments appear to be due to the
incorporation of disseminated, fine-grained, iron-rich sphalerite. In many instances, this may not be
evident even when using a hand lens, and care must be taken to look for these cryptic enrichments.
Pyrite occurring within such enriched shale commonly displays distinctly different trace element
abundances to its host sediment. Figure 7.3 demonstrates that elemental abundances may vary
significantly even between adjacent sulphide masses (nodules, concretions, crusts, etc.). In many cases,
copper is observed to increase within concretionary and nodular pyrite, whereas zinc, cadmium and
mercury decrease; this effect is likely an artefacts of dilution of the shale signal by later crystallization of
zinc-poor pyrite. Element exclusion was greatest where the associated pyrite was strongly recrystallized
or is of metamorphic origin, with “dirty” concretions and crustiform material showing the least deviation
from matrix abundances. At present, it is unclear how base metals are hosted within the shale units, and
their distribution will be the focus of further SEM and EPMA analysis in coming months.

FUTURE MINERALOGICAL AND CHEMICAL ANALYSES
Further XRF analyses will be performed under laboratory conditions to both build a robust database
for future statistical analysis, and to fully evaluate operational precision and reproducibility. Further
refinement of the analytical protocols will be undertaken in association with the instrument manufacturer
to facilitate future commercial application. When LA-ICP–MS data reduction protocols have been
refined, further analyses will be conducted at the University of Tasmania to provide robust end-member
compositions for pyrite and pyrrhotite and for the base metal-rich components of host argillite. In
addition, work is currently underway to provide a similar facility in Ontario and work in Tasmania will be
co-ordinated so as to best provide inter-laboratory comparison and full quality control/quality assurance
data between the two systems. Preliminary sulphur-isotope data (reported elsewhere) will be augmented

Figure 7.3. Selected element portable XRF analyses for 2 pyrite masses and their shale host. The 2 masses are located within
5 cm of one another, but display distinctly different trace element contents, both from one another and from their silicate host.
The sulphur bar for the concentric concretion extends up to over 100 000 ppm.
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by additional δ34S, and potential Δ33S analyses, to investigate the influence of seawater and mantle
sulphur sources, and possible biological or thermochemical processes on the fractionation of sulphur
isotopes. The SEM and EPMA analyses will be used to investigate micro-scale element distribution, both
within sulphide and argillite materials, coupled with micro-XRD and micro-XRF analyses. Preliminary
investigations are currently underway to assess the applicability of transition metal stable isotope analysis
(principally iron, copper and zinc) for the identification of metal remobilization, biological processing,
and spatial variability associated with fluid and iron-source mixing.
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INTRODUCTION
The current paper reports on work conducted under the Targeted Geoscience Initiative III (TGI-3)
Abitibi project. The focus of our investigations is the stratigraphy of the Kidd–Munro assemblage, and to
define and characterize its bounding structures and assemblages. In addition, we report on an aspect of base
metal mineralization in the Kidd–Munro assemblage, in particular, the Potterdoal copper-zinc deposit.
This project started in the fall of 2007 with geological mapping in Clergue and Walker townships.
Field work in 2008 focussed on 1) completing a stratigraphic column for the Clergue and Walker
townships area and finalize a structural profile; 2) conducting field mapping of the Ghost Range area, that
is, in Harker, Frecheville, Holloway, Marriott and Stoughton townships and constructing a structural
profile of the Porcupine–Destor deformation zone (PDDZ) in the vicinity of the Holloway and Holt–
McDermott gold mines and east of the Ghost Range intrusion; 3) geological mapping of the Kidd and
Carnegie townships area by examination of diamond-drill core and constructing a structural profile; and
4) correlating the structural history of the Kidd–Munro assemblage with the structural history of the
Timmins gold camp, resulting in a coherent geological terminology and chronology at the regional scale.
This report presents a preliminary geology map of the Harker, Holloway, Frecheville, Stoughton and
Marriott townships with a structural profile in the Holloway and Holt–McDermott gold mine area. In
addition, we will present a new geological map of the Potterdoal Cu-Zn deposit, in north Munro Township.

THE GHOST RANGE AREA
During the 2008 field season, mapping was conducted along Highway 101 east of Matheson, from
the Ghost Range to the Quebec border (see Ayer, Dubé and Calhoun, this volume). The studied area
consists mostly of volcanic rocks of the Kidd–Munro assemblage (2719 to 2711 Ma: Ayer et al. 2002).
The studied area is bounded to the north by the Stoughton–Roquemaure assemblage (2723 to 2720 Ma:
Ayer et al. 2002) and to the south by the Blake River assemblage (2704 to 2696 Ma: Ayer et al. 2005). The
area is transected by the Porcupine–Destor deformation zone (PDDZ), a corridor of intense deformation.
Mapping of numerous outcrops, trenches and underground workings at Holloway and Holt–
McDermott mines were essential to this study. Geophysical data were also utilized to interpret regionalscale structures and delineate stratigraphy. Previous work in the area consists of geological mapping by
Jensen (1982a, 1982b) and Berger, Luinstra and Ropchan (2002) and various mining companies.
Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.8-1 to 8-12.
© Queen’s Printer for Ontario, 2008

8-1

Targeted Geoscience Initiative III – Abitibi Project (8)

E. Dinel and W. Bleeker

Important observations that were made as part of this investigation are
1.

The stratigraphy of the Holt–McDermott Mine area consists of mafic tholeiitic volcanic rocks
that differ from other mafic tholeiitic volcanic rocks of the Lower Blake River assemblage
especially in terms of alteration. The pervasive chloritization of the volcanic rocks consists of a
dark forest green chlorite, whereas mafic volcanic rocks in the Lower Blake River assemblage
consist of a deep blue-green chlorite. The volcanic rocks at the Holt–McDermott Mine are
typically pale green in colour and primary textures are not well preserved. This contrasts with
the very well-preserved primary volcanic textures in the Lower Blake River assemblage rocks,
including those within the hanging wall of the PDDZ in other localities.

2.

The geophysical signature (second vertical derivative magnetic) of the volcanic rocks in the
Holt–McDermott Mine area is distinct from that of the typical Lower Blake River assemblage
rocks (Figure 8.1). Typical Lower Blake River assemblage rocks have a geophysical signature
consisting of alternating bands of higher and lower magnetic character corresponding with
alternating iron-tholeiitic and magnesium-tholeiitic basaltic units. In contrast, the mafic volcanic
rocks surrounding the Holt–McDermott Mine display a homogeneous magnetic character with
sharp boundaries. The alteration at the Holt–McDermott Mine is restricted to narrow bands
surrounding the mineralization (20 to 30 m wide) and does not appear to be pervasive at the
mine scale.

3.

The geophysical signature (second vertical derivative magnetic) of volcanic rocks north of the
PDDZ in Frecheville and Stoughton townships is different from that of the lower Kidd–Munro
assemblage to the west. It has a signature of alternating magnetic highs and lows similar to that
of rocks within the Lower Blake River assemblage, possibly the upper Kidd–Munro or
Stoughton–Roquemaure assemblages with patterns suggestive of imbricated faulted-bounded
blocks (see Figure 8.1).

Figure 8.2 shows a preliminary interpretation of the major geological and stratigraphic units in
Harker, Frecheville, Holloway, Marriott and Stoughton townships. The imbricated pattern in the eastern
section of the area could be the result of lateral displacement along the PDDZ.
Mapping at the Holloway and Holt–McDermott mines and logging of diamond-drill core have
provided information to complete a structural profile across the PDDZ. Luinstra and Benn (2001) have
observed 4 deformation events (D1 to D4) in the area, which is similar to the structural deformation
history observed in this study. However, D4 was not recorded in surface outcrop and diamond-drill core
investigated during this study. The structural profile and kinematic indicators indicate a general southover-north displacement (Figure 8.3). In addition, surface mapping along the PDDZ permitted
observation of the complexity of fabrics along the PDDZ. At least 3 deformation events have been
observed (Dm, Dm+1 and Dm+2):
Dm :

The main deformation event, Dm, is expressed by a penetrative planar foliation Sm, generally
striking east–west and steeply dipping. The Sm is a metamorphic fabric that consists of
dominant chlorite in the cleavage domain with local muscovite. The foliation intensifies in the
PDDZ corridor and shows an anastomosing pattern. This anastomosing pattern is defined by
lozenge-shapes of undeformed stratigraphy bounded by bands of intense penetrative Sm foliation.
A stretching lineation present on the Sm plane suggests different displacement direction from
southwest over northeast, and southeast over northwest. Towards the east along the PDDZ, at the
eastern end of Highway 101 near the Quebec–Ontario provincial border, the stretching lineation is
shallowly plunging to the west possibly recording dominant strike–slip movement.
At least 5 generations of extension veining associated with the Dm event were observed in the
surface mapping. Each extensional veining event likely represents an increment of deformation.
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Extensional vein generation were identified by crosscutting relationship of sigmoidal veins that
were rotated in the Sm plane. The last increment is best observed at the Teddy Bear stripped
outcrop west of the Holloway Mine, which shows an extensional quartz-carbonate vein rotated
and now oriented orthogonal to the Sm foliation. If we assume that, at the earliest stage, the
extension vein was formed at 30° to the compressive stress, we can determine that the extension
vein was rotated by 42°, clockwise, which can be measured in distance using the thickness of
the deformation zone. Based on the orientation of the extension vein with the penetrative fabric
Sm and the thickness of the unit, we estimate a minimum horizontal dextral displacement of 600
m. Vertical displacement is also present, but could not be estimated.
Dm+1 : The Dm+1 deformation is expressed by an east-west–trending shallow-dipping crenulation
cleavage, axial planar to Fm+1 folds, forming reclined folds and is only observed on vertical
outcrop faces.
Dm+2 : The Dm+2 deformation is manifested on horizontal surfaces in outcrop and underground by a
millimetre- to centimetre-spaced crenulation cleavage that is axial planar to metre-scale
asymmetric Z-shaped folds.

THE PORCUPINE–DESTOR DEFORMATION ZONE CORRIDOR
The history of the deformation on the PDDZ is complex. Numerous deformation events are recorded
and, because of overprinted fabric generations, only the last increments of deformation can be fully
interpreted. Observations in the PDDZ corridor indicate that the main deformation event shows evidence
for increments of sinistral and dextral displacement, commonly on the same outcrop. In the PDDZ, we
can map 2 bands of sedimentary rocks: 1) a north band with an age of less than 2684.3 Ma (Ropchan et
al. 2002) that corresponds to the age of the Timiskaming assemblage; and 2) a south band possibly of
Porcupine age (<2688 Ma: Bleeker and Parrish 1996; Bleeker, van Breemen and Berger 2008) younging
north toward mafic volcanic rocks of the upper Kidd–Munro assemblage. A similar relationship was
mapped in Clergue and Walker townships along the Pipestone thrust (Bleeker et al. 2006; Dinel et al., in
press). To test this hypothesis, a sample of sandstone was collected on the 1050 metre level at the Holt–
McDermott Mine for U/Pb geochronology. Based on these observations, we suggest that the Pipestone
thrust is rotated into the plane of the PDDZ during the Dm deformation.
Below is a summary of the structural deformation along the PDDZ corridor:
•

D1: Thrusting of the Kidd–Munro assemblage over the Porcupine assemblage sedimentary
rocks during north–south shortening (after 2685 Ma).

•

Dm: Regional north–south compression, formation of the PDDZ corridor with a general southside-up kinematic and rotation of the Pipestone thrust into the PDDZ.

•

Multiple strike–slip deformation events associated with alternating dextral and sinistral
displacement increments, creating wedges of mafic volcanic and sedimentary rocks trapped into
the PDDZ corridor and imbricating blocks of Blake River, Kidd–Munro or Stoughton–
Roquemaure assemblage volcanic rocks.

•

Dm+1 and Dm+2 late deformations creating reclined asymmetric and upright Z-folds.
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Figure 8.1. Second vertical derivative magnetic survey of the Harker, Holloway, Frecheville, Stoughton and Marriott townships (Ontario Geological Survey 2003) with the
stratigraphic assemblages indicated. Note the Holt–Holloway Mine stratigraphy and the imbricated faulted block in the eastern part of the study area. Location information in
UTM co-ordinates, Zone 17, using NAD83.
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Figure 8.2. Geological map of the Harker, Holloway, Frecheville, Stoughton and Marriott townships. The map illustrates the interpreted stratigraphic assemblages, dominant
lithologies and faults. Modified from Berger, Luinstra and Ropchan (2002) and Jensen (1982a, 1982b). Location information in UTM co-ordinates, Zone 17, using NAD83.
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Figure 8.3. Structural profile of the Holt–McDermott and Holloway mines illustrating a cross section through the Porcupine–Destor deformation zone, looking west-southwest.
Note the dominant south-side-up displacement with reclined folds and imbrication of the Timiskaming, Kidd–Munro and possibly Porcupine assemblages. Modified from
Luinstra and Benn (2001). Location information in UTM co-ordinates, Zone 17, using NAD83.
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POTTERDOAL COPPER-ZINC DEPOSIT
Recent mapping conducted as part of this study provides a new interpretation of the stratigraphy of
the geology in the Potterdoal area, the structures and the hydrothermal alteration associated with base
metal mineralization.
The Potterdoal Mine was in production from 1928 to 1930 (Sutherland et al. 1928). A total of 2577
tons of ore were mined with an average grade of 11% Cu (Department of Energy, Mines and Resources
1974). The mine area can be accessed via Highway 101, proceeding east from Timmins for approximately
80 km; from there, a gravel road leads north to the Potter Mine property. The Potterdoal is located
approximately 5 km north of the Potter Mine. The deposits consist of a small massive sulphide lens and
stockwork zone of Cu-Zn mineralization. Péloquin, Houlé and Gibson (2005) noted that the
mineralization is associated with mafic volcaniclastic breccia interbedded with sedimentary–tuffaceous
units at the contact between mafic and ultramafic volcanic flows. Located on the northern limb of the
McCool syncline, the stratigraphy at the Potterdoal deposit has been interpreted as equivalent to the Potter
Mine horizon further south (Coad 1976; Arndt 1975; Epp 1997). This study of the Potterdoal deposit
consists of better define the alteration associated with the Cu-Zn mineralization.
Previous work in the Potterdoal area consists of township-scale mapping projects undertaken by the
OGS and university-based studies (Satterly 1952; Arndt 1975; Coad 1976; Johnstone 1987; Epp 1997;
Epp and Crocket 1999; Péloquin, Houlé and Gibson 2005), and as part of industry-based exploration
projects (e.g., Gamble 2000).

Stratigraphy
The stratigraphy of the Potterdoal area has a general east–west orientation and is composed of southfacing mafic and ultramafic volcanic rocks, intruded by gabbroic subvolcanic sills (Figure 8.4). The
ultramafic volcanic rocks occur at the top of the sequence to the south and consist of komatiitic to basaltic
komatiite flows (see Figure 8.4) with orange-rusty weathered surfaces and black-green fresh surfaces. The
flows generally average 1 to 2.5 m thick, possess spinifex texture and thicken toward the shaft area where
a 3 m thick zone of cumulate was mapped.
A 175 m thick sequence of mafic tholeiitic basalts with relatively flat REE pattern (Figure 8.5B)
underlies the ultramafic volcanic rocks to the north, and pinches out toward the west. They are
characterized by rusty weathered surfaces, whereas fresh surfaces range from forest green to bleached
green. The mafic volcanic rocks are aphyric and the facies range from massive and coarse-grained flows
to pillowed and variolitic pillowed flows and metre-scale hyaloclastite breccia horizons locally. The mafic
volcanic rocks are injected by a stockwork of 1 to 5 mm quartz-albite veinlets (Figure 8.5C).
The volcanic rocks are intruded to the north by a gabbroic unit that truncates the mafic volcanic unit
in the western part of the map area (see Figure 8.4). The weathered surface of the gabbro is characterized
by a rusty weathering, whereas fresh surfaces are green. The gabbro is coarse grained and equigranular,
and can be distinguished from the massive mafic volcanic rocks by its lack of crosscutting quartz-albite
veinlets. The absence of quartz-albite veinlets suggests it is likely not synvolcanic to the Kidd–Munro
assemblage. The gabbroic unit is part of the Warden gabbro sill complex and has an age of 2705±2 Ma
(Barrie 1999). In addition, the gabbro hosts an enclave of felsic tuff with an age of 2716.9±1 Ma
(W. Bleeker, GSC, unpublished data, 2008).
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Figure 8.4. Geological map of the Potterdoal Cu-Zn deposit. Geology by Dinel based on outcrop location map by Arndt (1975). Location information in UTM co-ordinates,
Zone 17, using NAD83.
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Figure 8.5. A) Geology intersected in drill hole KDS00-01, section looking west, with sample location and main lithologies
based on petrography and geochemistry. B) REE chondrite-normalized plot of the Potterdoal volcanic rocks. Pink- and purplefilled diamonds represent komatiite, green and blue triangles represent the basaltic komatiites and the green triangles represent
the mafic tholeiitic basalts. Note that pattern with black stars is currently undefined. C) Photograph of the quartz-albite veinlets
in the mafic tholeiitic basalts. Pencil, for scale, points north. D) Geochemical profile of sample collected in drill hole KDS-00-01
near the mineralization. The sample numbers represent the abscissa and they were collected at 1 to 1.5 m intervals.
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Alteration
The Potterdoal Cu-Zn mineralization is 75 m below surface and consists of a semi-massive body of
chalcopyrite and sphalerite mineralization hosted in mafic tholeiitic volcanic flows. The sulphide
mineralization is concentrated in clasts, in the matrix, as stringers, and locally replacing fragments.
An alteration zone enveloping the mineralization is characterized by distal and proximal alteration
facies. The distal alteration consists of an increase in the Na2O/Zr ratio (Figure 8.5D), associated with
pervasive albitization. At the macro scale, the mafic volcanic rocks are injected by numerous veinlets (see
Figure 8.5C) that appear to be composed of quartz and albite. The albite-quartz veinlets observed at the
surface are interpreted to represent the distal alteration. The extent of the distal alteration is not concise.
Figure 8.5D shows that the increase in the Na/Zr ratio is approximately 2 to 3 m from the mineralization
immediately enveloping the proximal alteration zone. In samples collected from diamond-drill core, the
proximal alteration is characterized by an increased K2O/Zr ratio (see Figure 8.5D) and is confined to a 2
to 3 m zone immediately enveloping the mineralization. In thin section, the proximal alteration zone is
characterized by an increase in sericite abundance. A grab sample collected at surface near the inclined
shaft returned grades of 7.16% Cu, 13.3% Zn and 1.88 g/t Au.

CONCLUSIONS
The geology of Harker, Holloway, Frecheville, Stoughton and Marriott townships is more complex
then previously mapped. Based on the different geophysical and textural characteristics of the volcanic
rocks hosting the Holt–McDermott Mine, we suggest that the stratigraphy is not part of the Lower Blake
River assemblage. The alteration in the Holt–McDermott Mine is confined to a 20 to 30 m zone
enveloping the mineralization. In terms of the geophysical signature, the boundary of the Holt–
McDermott Mine stratigraphy is sharp, whereas one would expect it to be more gradual if it was the sole
product of alteration pattern. We suggest that the volcanic rocks at the Holt–McDermott Mine may belong
to a different assemblage, possibly the Tisdale or Kidd–Munro assemblage. We also suggest that the
lower Kidd–Munro assemblage calc-alkaline mafic to intermediate volcanic rocks do not extend east
across the Quebec–Ontario provincial border. It appears that the calc-alkaline unit may either have
pinched out against the Porcupine–Destor deformation zone, or is plunging under the Lower Blake River
assemblage. We further suggest that the imbricated faulted blocks with the high magnetic geophysical
signature, in Stoughton Township, are tholeiitic mafic volcanic rocks that are possibly part of the Lower
Blake River, upper Kidd–Munro or Stoughton–Roquemaure assemblages. This imbrication is interpreted
to be the result of thrust faulting related to the PDDZ. This is also an area with poor exposure and
relatively little past exploration. Therefore, this new structural insight may be of interest to explorationists
since the presence of faulted tholeiitic mafic volcanic rocks immediately north of the PDDZ is a potential
environment for the presence of epigenetic gold mineralization.
The PDDZ is a deformation corridor where the Blake River, Timiskaming, Kidd–Munro and
possibly Porcupine assemblages are imbricated into an east–west band. The sense of vertical displacement
along the PDDZ is dominantly south over north. However, strike–slip, horizontal dextral displacement is
observed in the eastern sector of the study area. The main deformation event observed in the PDDZ is
characterized by multiple increments of deformation, which shows alternating dextral–sinistral
displacements, which complicates the interpretation of the history of the fault. A minimum dextral
displacement of 600 m occurred during the last increment of the main deformation. However, we cannot
estimate the complete displacement history from these local observations.
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The Potterdoal Cu-Zn deposit is hosted in mafic tholeiitic volcanic rocks and overlain by ultramafic
volcanic rocks. The mineralization is a replacement type with stringers of chalcopyrite and sphalerite
emplaced in flow breccias and hyaloclastite breccias. The mineralization is enveloped by a proximal and
distal alteration zone. The proximal alteration is characterized by an increase in K2O coincident with an
increase of sericite; whereas, the distal alteration is characterized by a decrease in K2O and increase in
Na2O and albite. The recent mapping suggests that the mineralization is hosted in the mafic volcanic
flows and exploration should be extended to the east of the shaft along that unit of mafic tholeiitic basalts.
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INTRODUCTION
The Kidd–Munro assemblage (2711 to 2719 Ma) contains several volcanogenic massive sulphide
(VMS) deposits such as the Potter Mine copper-zinc-cobalt deposit and the world-class Kidd Creek
copper-zinc-lead-silver VMS deposit (>147.88 million tonnes of 2.31% Cu, 6.18% Zn, 0.22% Pb and 87
g/t Ag) (Franklin et al. 2005). The main objectives of the Potter Mine project are to 1) characterize the
alteration facies (e.g., morphology, mineralogy and geochemistry) as well as their spatial distribution with
respect to the Potter VMS deposits; 2) better define the surrounding volcanic stratigraphy (see Ayer, Dubé
and Calhoun, this volume) and its influence on the ore genesis and location; and 3) characterize the
mineralogy and geochemistry of the base metal mineralization and to document and describe
mechanism(s) for subseafloor replacement versus seafloor precipitation. This project is conducted as a
collaborative effort under the Abitibi project of the Targeted Geoscience Initiative III (TGI-3) involving
the Mineral Exploration Research Centre (Laurentian University), the Ontario Geological Survey,
Millstream Mines Ltd. and the Geological Survey of Canada.
The Potter Mine is somewhat unique among Archean VMS deposits in that it is 1) hosted in a mafic
volcaniclastic succession enclosed entirely within an ultramafic flow succession and 2) contains
anomalously elevated cobalt values. These features, plus the excellent geological preservation at the
Potter Mine, may help to provide new exploration criteria and genetic models to aid VMS exploration
efforts by focussing on geological environments that may have been overlooked, both within the Kidd–
Munro assemblage and elsewhere.
Field work consisted of logging and systematic sampling of drill core from 19 representative drill
holes providing an east-to-west and vertical profile through the Potter deposit and its host volcaniclastic
rocks (Figures 9.1 and 9.2). Of these 19 holes, 8 were examined and sampled to better define the broad
spatial distribution of the alteration facies and volcaniclastic stratigraphy along strike of the deposit
(450 m east and 75 m west of the deposit). The remaining 11 drill holes, located within the deposit
(300 m laterally), were examined and sampled in detail to characterize the mineralization and alteration in
proximity to mineralization. A total of 439 samples were collected; 250 of which represent samples of the
host volcaniclastic facies. These latter samples were collected systematically every 10 m within each drill
hole to better document alteration facies and their distribution in and around the mineralized zones.

Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.9-1 to 9-5.
© Queen’s Printer for Ontario, 2008
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Figure 9.1. Geological map of the Potter Mine area (modified from Oliver, Rebagliati and Haslinger 1999; Gamble 2000; Houlé et al. 2002). Section A–B represents a
distribution line of the diamond-drill holes logged for this study.
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GENERAL GEOLOGY
The Potter Mine volcano-sedimentary succession, interpreted to be located along the north limb of a
northwest-trending anticline (Gibson and Gamble 2000; Houlé et al. 2002), is dominated by komatiitic
and tholeiitic volcanic rocks with subordinate metasedimentary rocks, which are in contact with the mafic
to ultramafic Centre Hill Complex to the south (see Figure 9.1). This succession has been subdivided by
Gamble (2000) into 3 lithostratigraphic and chemostratigraphic units which, from oldest to youngest,
include 1) the “Lower Komatiitic Unit”, 2) the “Middle Tholeiitic Unit” and 3) the “Upper Komatiitic
Unit”. The base metal mineralization at the Potter Mine is hosted within the Middle Tholeiitic Unit
(Gamble 2000; Houlé et al. 2008) that consists of a basaltic volcaniclastic lithofacies intercalated with
basaltic and komatiitic sills and dikes as well as minor discontinuous sedimentary lithofacies including
argillite, carbonaceous mudstone and chert.

MINERALIZATION
The base metal mineralization at the Potter Mine occurs as 11 tabular stacked lenses that are vertical
to steeply dipping to the north (Gamble and Bettiol 2008). The indicated and inferred resources are
currently estimated respectively at 3 028 767 t at 1.45% Cu, 1.19% Zn, 389.7 ppm Co, and 2 071 101 t
at 1.08% Cu, 1.05% Zn, 301.4 ppm Co. Two main types of base metal mineralization have been
recognized to date based on previous work and observations made last summer: 1) subseafloor-style and
2) seafloor-style mineralization. Furthermore, base metal mineralization also occurs within basaltic and
ultramafic intrusions as fragments or veins; this is considered as a possible third type of mineralization.

Figure 9.2. Surface projection of section A–B (shown in Figure 9.1) representing selected diamond-drill holes for the Potter
Mine study, Munro Township. Solid two-tone polygon correspond to the mineralized envelope at the Potter Mine, which consist
of 11 tabular stacked lenses. Holes were truncated for ease of visual representation.
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All mineralization styles are characterized by an assemblage of sulphides dominated by pyrrhotite with
minor sphalerite and chalcopyrite. Subseafloor-style mineralization appears to be the most volumetrically
significant ore type at the Potter Mine deposit. It occurs within the matrix of the volcaniclastic rocks as
disseminated to semi-massive sulphides that may replace an earlier carbonate matrix. In intensely
mineralized areas, the matrix consists entirely of sulphides and the basaltic lapilli are partially replaced by
sulphides. The seafloor-style mineralization consists mainly of massive sulphides lenses intercalated with
argillite and carbonaceous mudstone within the volcaniclastic rocks. This style of mineralization was
interpreted by Gibson (1998) to have formed by exhalative activity on the sea floor during volcanic
hiatuses marked by the deposition of argillaceous sediments. Several of the ore lenses contain both styles
of mineralization and their distribution and relationships are still under investigation.

ALTERATION
The Potter Mine area was affected by a low-grade regional metamorphism (greenschist facies) that is
most likely responsible for widespread chlorite found within the basaltic and komatiitic volcanic rocks.
Hydrothermal alteration associated with the Potter Mine occurs in the Middle Tholeiitic Unit, where it is
best developed and displayed within the volcaniclastic rocks that host the VMS deposit. Local veins of
carbonate are also associated with basaltic and ultramafic intrusions. Preliminary observations indicate
that chlorite and carbonate are the main alteration minerals developed within the volcaniclastic rocks that
envelopes the deposit. Black chlorite was observed as wispy fragments in a matrix of sulphides in
strongly mineralized areas within the volcaniclastic rocks. These wispy chloritic fragments are interpreted
to be the remnants of former basaltic lapilli. Epidote, silica, chlorite and carbonate alteration occurs east
of the deposit. The drill holes located west of the mineralization zone offers little information on
mineralogical zoning possibly due to their proximity to mineralization.

FUTURE WORK
Further petrographic and X-ray diffraction (XRD) mineralogical data will be collected in
combination with geochemical analysis (major, trace and rare earth elements) to determine the
mineralogical and geochemical variations of the different alteration facies and their intensity with respect
to the distance from the Potter Mine. Samples selected to characterize textural and mineralogical
variations within the different types of sulphide mineralization will be subject to ongoing petrographic,
mineral geochemical and geochemical analysis.
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INTRODUCTION
In 2006, the Precambrian Geoscience Section (PGS) of the Ontario Geological Survey (OGS) started
a multi-year geological bedrock mapping project of the Bartlett Dome area as part of an ongoing project
to update geological mapping in the southern part of the Timmins mining camp. The Bartlett Dome
covers an area of approximately 1625 km2 (25 by 65 km) and is located about 50 km south of the city of
Timmins (Figure 10.1). During the summer of 2008, the mapping focussed mainly on English and Zavitz
townships at a scale of 1:20 000. However, some geological verification was also conducted in parts of
Bartlett and Geikie townships, and some geological reconnaissance was conducted in the northern parts of
Semple and Hutt townships and within the eastern part of Beemer Township. The goals of this multi-year
project are to 1) update the geological mapping in the Bartlett Dome, last mapped in the 1970s; 2) clarify
and characterize the major lithological units; 3) better understand the stratigraphy; and 4) evaluate the
mineral potential of the Bartlett Dome.
The Bartlett Dome mapping project is part of the core program of the PGS and represents an in-kind
contribution to the Targeted Geoscience Initiative III (TGI-3), a multidisciplinary collaboration with the
Geological Survey of Canada (GSC) and Géologie Québec.

GEOLOGY OF THE BARTLETT DOME (ENGLISH AND ZAVITZ
TOWNSHIPS)
The Abitibi greenstone belt consists of a stratigraphically continuous succession of Archean
metavolcanic and metasedimentary rocks that developed in an ensimatic basin (Ayer et al. 2002a). At a
large scale, the stratigraphy appears to be a laterally continuous package of mafic to intermediate
metavolcanic rocks, with lesser ultramafic and felsic metavolcanic rocks, unconformably overlain by
successor sedimentary basins. These rocks have been subdivided into 8 temporally constrained
lithotectonic assemblages by Ayer et al. (1999a, 1999b, 2002a, 2002b), where 6 are dominantly volcanic
(Pacaud, Deloro, Stoughton–Roquemaure, Kidd–Munro, Tisdale and Blake River assemblages) and the
youngest 2 are dominantly sedimentary (Porcupine and Timiskaming assemblages). More recently,
Thurston et al. (2008) have proposed some revision to the Abitibi-wide stratigraphy and reaffirmed the
implied autochthonous development of the volcanic stratigraphy. They propose subdividing the Abitibi
greenstone belt into 7 discrete volcanic episodes with significant depositional gaps marked by chemical
sediments between and within many of the assemblages: 1) pre-2750 Ma, 2) 2750–2736 Ma (Pacaud
assemblage), 3) 2734–2724 Ma (Deloro assemblage), 4) 2723–2720 Ma (Stoughton–Roquemaure
Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.10-1 to 10-17.
© Queen’s Printer for Ontario, 2008
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assemblage), 5) 2719–2711 Ma (Kidd–Munro assemblage), 6) 2710–2704 Ma (Tisdale assemblage), and
7) 2704–2695 Ma (Blake River assemblage); followed by 2 successor basins, referred to as the Porcupinetype (2690–2685 Ma) and Timiskaming-type (2676–2670 Ma) basins.

Figure 10.1. General location map of the Bartlett Dome area, south of Timmins. The solid black line indicates approximately
the area of the Bartlett Dome and shows the different townships that were partially or fully covered by the recent multi-year
bedrock mapping: regional bedrock mapping in McArthur, Bartlett, Geikie, English and Zavitz townships; and reconnaissance
mapping in Beemer Township and the northern parts of Semple and Hutt townships. The red outline indicates 2008 bedrock
mapping in English and Zavitz townships.
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The Bartlett Dome is bounded by the Kenogamissi batholith to the west, the Shaw Dome to the
north, and the Halliday Dome to the south and is unconformably overlain by Proterozoic Huronian
Supergroup metasedimentary rocks to the east (Gowganda Formation) (see Figure 10.1). The Archean
supracrustal rocks in the Bartlett Dome are composed of a lower sequence of mafic and ultramafic
metavolcanic rocks with rare felsic metavolcanic rocks; a central sequence of intermediate to felsic
metavolcanic rocks with regionally extensive metasedimentary units; and an upper sequence of mafic and
ultramafic metavolcanic rocks with lesser intermediate to felsic metavolcanic rocks and semi-continuous
metasedimentary rocks. The volcano-sedimentary rocks are intruded by large felsic intrusions (e.g.,
Adams pluton, Geikie pluton and the Kenogamissi batholith) and other smaller intrusions, ranging from
ultramafic to felsic in composition. Proterozoic diabase dikes observed in the mapped area are attributed
to the Biscotasing, Sudbury and Matachewan swarms.
As previously defined by Houlé and Solgadi (2007), the supracrustal rocks have been subdivided
based solely on field observations and stratigraphic relationships into 3 packages of metavolcanic and
metasedimentary rocks that are referred here as “Supracrustal Package A”, “Supracrustal Package B” and
“Supracrustal Package C”.
The central part of the Bartlett Dome (Bartlett and Geikie townships) consists essentially of a northtrending homoclinal sequence facing eastward, where the entire stratigraphy is present with all the
supracrustal packages (A, B and C). In this area, the contact between Supracrustal Packages A and B is
interpreted to be conformable, whereas the contact between Supracrustal Packages B and C is interpreted
to be a submarine unconformity constrained by geochronology results (Houlé, Baldwin and Thurston
2008; Thurston et al. 2008).
In the southern part of the Bartlett Dome (southern parts of English and Zavitz townships, and
northern parts of Semple and Hutt townships), the stratigraphic trend changes abruptly from north
trending to more or less east trending, and only the uppermost, Supracrustal Package C, appears to be
present. Thus far, these supracrustal packages have been assigned respectively to the Deloro assemblage
(2734–2724 Ma) for Supracrustal Packages A and B and the Tisdale assemblage (2710–2704 Ma) for
Supracrustal Package C (Houlé, Baldwin and Thurston 2008). This subdivision might be subject to
clarification and modification following new geochronological, lithogeochemical and petrographic results
that will be acquired in the next few years with the completion of this project.
The metamorphic grade in the Bartlett Dome is relatively low (mainly greenschist facies) with generally
good preservation of primary igneous textures and geological relationships; however, locally the rocks are
intensely altered and sheared. Higher metamorphic grade (amphibolite facies) is generally concentrated along
the margins of large felsic to intermediate batholiths or plutons such as the Kenogamissi batholith.

Supracrustal Package A
Supracrustal Package A is poorly exposed and relatively limited in the map area, occurring in near
the western margin of English Township. Most of this package is located to the west in Beemer Township
and to the north, within a previously mapped area, in Bartlett Township. This package is bounded to the
west by the Kenogamissi batholith and to the east by Supracrustal Package B. However, this contact
relationship is obscured by the mafic to ultramafic Muskasenda sill, intruded, near or at the contact
between these 2 packages. Supracrustal Package A is dominated by pillowed mafic metavolcanic rocks,
with subordinate massive units and rare felsic and intermediate volcaniclastic rocks. These units are cut
by gabbroic dikes and intrusions. New geochronology from a felsic tuff unit within the lowermost part of
the succession yielded a U/Pb age of 2728.3±1.6 Ma (Houlé, Baldwin and Thurston 2008) (Figure 10.2).
These new data have resulted in re-interpretation of this part of the sequence as being Deloro assemblage
rather than the former interpretation of Pacaud assemblage (Ayer et al. 2005).
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Figure 10.2. Simplified geological map of English and Zavitz townships in the Bartlett Dome area, south of Timmins, Abitibi greenstone belt. See Tables 10.1 and 10.2 for
mineral occurrences.
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MAFIC METAVOLCANIC ROCKS
The mafic metavolcanic rocks that occur in the northwest corner of English Township are dominated
by pillowed facies with lesser massive facies that exhibit a pale to medium green weathered surface and a
medium green fresh surface. Pillows are generally spherical in shape with a low aspect ratio (1.5:1 W/T
ratio; on average 0.75 by 0.5 m in size) and commonly exhibit vesicles along the pillow margins and wellpreserved hyaloclastite as interpillow material. Locally, pillowed flows grade into pillow breccia facies
with interpillow hyaloclastite (Photo 10.1A). This sequence forms an east-facing, steeply dipping
homoclinal sequence of mafic metavolcanic rocks that is consistent with reconnaissance mapping in
Beemer Township and previous field observation by Houlé and Solgadi (2007) in Bartlett Township.
Close to the contact with the Kenogamissi batholith, the mafic metavolcanic rocks are generally
amphibolitized and exhibit a well-developed foliation. They are composed of an intercalation between
fine-grained and mylonitized mafic metavolcanic rocks with medium-grained and highly foliated
gabbroic rocks, commonly crosscut by numerous felsic dikes that generally vary in composition from
granodioritic to tonalitic (Photo 10.1B).

Photo 10.1. Typical lithologies present within Supracrustal Package A. A) Pillowed mafic metavolcanic rocks grading into
pillow breccia with interpillow breccia. B) Highly foliated mafic metavolcanic and gabbroic rocks intruded by granodioritic
dikes. C) Contact between finely laminated felsic tuff (right hand side) and well-sorted intermediate lapilli tuff (left hand side)
on an island in Muskasenda Lake. D) Graded beds within monolithic, matrix-supported epiclastic / volcaniclastic rocks located
on the east shore of Muskasenda Lake.
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INTERMEDIATE TO FELSIC METAVOLCANIC ROCKS
The intermediate metavolcanic rocks in package A are located mainly near the southern part of
Muskasenda Lake and in the southwest corner of English Township. Near Muskasenda Lake, the
metavolcanic sequence is dominated by intermediate to felsic volcaniclastic rocks with minor massive
intermediate metavolcanic rocks, where the coherent facies appears to be more abundant on the western
shore of the lake and the fragmental facies are located in the middle and on the east shore of the lake. The
intermediate volcaniclastic rocks are composed of poorly bedded (centimetre to decimetre) matrixsupported tuff to tuff breccia where the matrix consists of intermediate ash tuff to lapilli tuff. Dominantly
of intermediate composition, the fragments are subangular to angular, varying in size from a few
millimetres to up to 10 cm in length. Rare mafic fragments also occur within the volcaniclastic rocks.
Graded beds commonly occur, suggesting a stratigraphic top to the southeast. The felsic metavolcanic
rocks range from massive flows to finely laminated tuff and lapilli tuff near Muskasenda Lake (Photo
10.1C). Near the upper part of this package, the felsic metavolcanic rocks consist essentially of felsic
lapilli tuff in the southwest corner of English Township. The coherent facies in this area consists of
massive intermediate metavolcanic rocks that exhibit chloritic amygdules and rare vesicles. Another unit
also occurs at the top of Supracrustal Package A, east of the Muskasenda Lake intrusion, and consists of
bedded, matrix-supported pebble conglomerate or reworked epiclastic metavolcanic rocks. Further
investigation should clarify this peculiar unit (Photo 10.1D).

Supracrustal Package B
Within the map area, supracrustal Package B occurs exclusively in English Township and, with the
exception of the eastern part of the township, is poorly exposed, reflecting the extensive Quaternary cover
in the area. This package is essentially cut by the mafic to ultramafic Muskasenda intrusion to the west,
and, for the most part, is overlain by ultramafic metavolcanic rocks of Supracrustal Package C to the east.
It is mostly composed of fragmental metavolcanic rocks of intermediate to felsic composition with rare
mafic metavolcanic component. Abundant mafic dikes, sills and small plutons have intruded this
volcaniclastic sequence. This package is assigned to the younger parts of the Deloro assemblage based on
U/Pb ages obtained in McArthur and Bartlett townships (see Houlé, Baldwin and Thurston 2008).

INTERMEDIATE TO FELSIC METAVOLCANIC ROCKS
Almost all exposures of these intermediate to felsic metavolcanic rocks occur along the eastern
boundary of English Township, except for 2 other small areas in the central and northern parts of the
township. They may be subdivided into 2 main groups: intermediate to felsic metavolcanic rocks; and
felsic metavolcanic rocks. The intermediate to felsic metavolcanic rocks are the most abundant and
widespread lithofacies, whereas the felsic metavolcanic rocks occur sporadically throughout Supracrustal
Package B and appear to be intimately associated with the iron formation present in this package.
Most of the intermediate to felsic metavolcanic rocks are composed largely of volcaniclastic rocks
such as crystal tuff, lapilli tuff and tuff breccia. The rocks are light to medium grey on weathered surfaces
and commonly light to medium grey and green on fresh surfaces. In the crystal tuff, equant to tabular
shaped plagioclase crystals, up to 0.5 cm in length, may compose up to 60% of the rock. Lapilli tuff
consists of a mixture of lapilli tuff and crystal tuff, where most of the fragments consist of an
agglomeration of feldspar crystals. Lapilli-size fragments are on average 5 mm in length and commonly
consist of an aggregate of plagioclase crystals. Other fragment types that may be present include aphyric
felsic metavolcanics rocks, mafic metavolcanic rocks and, rarely, metasedimentary rocks such as sulphurrich argillite or iron formation. Tuff breccias are generally monolithic and matrix-supported volcaniclastic
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rocks where fragments are subangular to subrounded and may form up to 70% of the rock (Photo 10.2A).
Rarely, tuff breccias may consist of monolithic, clast-supported volcaniclastic rocks, where fragments
may form up to 90% of the rock. Fragments are generally 10 to 15 cm in length; however, larger
fragments bombs up to 60 cm in length also occur within this fragmental unit ranging in composition
from aphyric to plagioclase phyric and vesicular intermediate to felsic metavolcanic rocks. Accidental
fragments such as mafic metavolcanic rocks, sulphur-rich argillite, chert and banded iron formation are
present locally. The matrix of the breccias varies from fine-grained intermediate to felsic tuff and crystal
tuff to being largely composed of chlorite with or without plagioclase crystals (Photo 10.2A). The felsic
metavolcanic rocks are composed mainly of fine-grained volcaniclastic rocks that commonly exhibit
quartz eyes (Photo 10.2B). These rocks are generally light grey to yellowish green on weathered surfaces
and light to medium grey color on fresh surfaces.
The hydrothermal alteration affecting Supracrustal Package B is locally extremely intense; hence,
little primary textures are preserved within those sectors. The eastern part of English Township, along the
contact between Supracrustal Packages B and C, is most affected by this alteration. It occurs as
stratabound, patchy, disseminated or selectively pervasive within the matrix and is characterized by
intense chlorite, sericite, iron carbonate and hematite replacement. Strong fabrics are almost always

Photo 10.2. Typical lithologies present within Supracrustal Package B. A) Intermediate monolithic tuff breccia, matrixsupported with subrounded to subangular clasts and crystal tuff matrix. B) Anastomosing foliation within quartz-eye felsic tuff.
C) Composite photo showing different stage of stage of alteration. Chloritized, sericitized and carbonatized (ankerite)
intermediate tuff (left hand side) and selectively pervasive carbonate (ankerite) alteration of a intermediate tuff ( right hand side).
D) Transition from chert breccia upward to bedded chert as part of the middle iron formation horizon.
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developed within these areas of pervasive alteration, resulting in some difficulty in clearly identifying the
protoliths, therefore rocks in these areas are simply referred as chlorite-sericite schists. Felsic tuff in these
altered areas commonly displays an intense anastomosing fabric that produces a highly contorted foliation
defined by chlorite and sericite stringers (Figure 10.2C).

METASEDIMENTARY ROCKS
Several units of sedimentary rocks occur within Supracrustal Package B, similar to what was
previously described by Houlé (2006, 2007) and Houlé and Solgadi (2007). These metasedimentary units
can be generally subdivided into 3 main horizons and are intercalated with felsic and intermediate to
felsic metavolcanic rocks.
The first iron formation in the map area is tentatively correlated with the lower horizon (Houlé and
Solgadi 2007). This banded iron formation is poorly exposed, crops out only in the central part of English
Township, and is relatively thin and discontinuous along strike. It is composed mainly of several magnetiterich layers that range in thickness from 1 to 10 cm, intercalated with thicker layers of chert and contains
disseminated sulphides, resulting in rusty weathering outcrops which obscure some primary features.
The middle horizon is a thick unit of iron formation that occurs in the central part of Supracrustal
Package B and can be traced over 8 km across English Township. This unit is not as well exposed as was
observed in Bartlett Township: it is exposed only in 2 outcrops in the northern part of the township and
intersectioned in diamond-drill holes in the southern part of the township. The banded iron formation in
the northern part is characterized by a decoupling of the geophysical signatures. The lower portion of the
iron formation consists of thinly bedded, folded, banded iron formation composed of a complex
interleaving of thin magnetite-rich layers, thicker chert-rich layers (jasper), and felsic tuff characterized
by a high magnetic signature without electromagnetic conductors. In contrast, the upper portion of the
iron formation consists of oxide-facies banded iron formation containing disseminated sulphides
characterized by electromagnetic conductors but without a magnetic signature. The facies variation
observed in drill core demonstrates the complexity of these metasedimentary units, with at least 3
intervals of banded iron formation that range from lean to magnetite-rich oxide-facies iron formation and
sulphide-facies iron formation. These variations are similar to what is observed under the powerline
section in McArthur Township (Houlé, Baldwin and Thurston 2008).
The upper horizon consists of several units of iron formation extending discontinuously over 8 km at
the stratigraphic contact between Supracrustal Packages B and C proximal to the boundary between
English and Zavitz townships. The unit is dominated by magnetite-rich and lean oxide-facies iron
formation, while lesser sulphide facies, carbonate facies and chert breccias occur more sporadically
within this horizon. Felsic heterolithic volcaniclastic rocks, fine-grained sandstone, siltstone, pebble
conglomerate and wacke are locally intercalated with the iron formation. The upper horizon is well
exposed over its entire strike length, but is better exposed under the powerline in the northern part of
English Township (Houlé, Baldwin and Thurston 2008) and on a few stripped areas westward from the
powerline, in the southern part of the township.

Supracrustal Package C
Supracrustal Package C is reasonably well exposed over the map area and covers most of Zavitz
Township and almost the entire eastern part of English Township. It overlies Supracrustal Package B and
is intruded to the north by the Geikie pluton. Supracrustal Package C is dominated by mafic metavolcanic
rocks and lesser ultramafic metavolcanic rocks. Rare felsic to intermediate metavolcanic rocks are also
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intercalated with these metavolcanic rocks. In the southern part of Zavitz Township, the package is
dominated by intermediate to felsic metavolcanic rocks intercalated with mafic and ultramafic
metavolcanic rocks. Fine- to medium-grained ultramafic and mafic intrusions also cut the supracrustal
rocks. No geochronological data have been obtained within this part of the mapped area, but a U/Pb age
of 2708±1.2 Ma for a felsic volcaniclastic rock in northwestern Hutt Township (Ayer et al. 2002b, 2005)
suggests that most of this package is best assigned to the Tisdale assemblage.

ULTRAMAFIC METAVOLCANIC ROCKS
Ultramafic metavolcanic and intrusive rocks of komatiite affinity occur at multiple stratigraphic
horizons within Supracrustal Package C. Relative to mafic metavolcanic rocks in the area, the ultramafic
rocks are fairly poorly exposed and many of the exposures are the result of trenches and stripped areas in
the eastern part of English Township and in Zavitz Township.
The first sequences of ultramafic rocks that occur within Supracrustal Package C are spatially
associated with the intermediate to felsic metavolcanic rocks of this package in the southern part of Zavitz
Township. This ultramafic sequence is dominated by serpentinized olivine meso- to orthocumulate rocks
that exhibit typical fracture patterns associated with serpentinization. At least parts of those ultramafic
rocks are interpreted as komatiitic intrusions (ultramafic intrusive rocks on Figure 10.2).
The second sequences of ultramafic rocks that occur within Supracrustal Package C are
unconformably overlain the intermediate to felsic metavolcanic rocks and metasedimentary rocks of
Supracrustal Package B along the eastern part of English Township and along the contact between the
intermediate to felsic and mafic metavolcanic rocks in the southern part of Zavitz Township. This
komatiitic sequence is dominated by sensu stricto komatiite flows. Ultramafic flows were recognized
during the mapping, but the “classical” komatiite flows with all internal subdivisions as defined by Pyke,
Naldrett and Eckstrand (1973) are rare in this area. Instead, the komatiite flows are mainly sheet flows
that exhibit a lower olivine cumulate or olivine-phyric zones and an upper zone of randomly oriented
olivine spinifex texture. Thicker komatiite flows are generally characterized by cumulate texture
comprised of olivine pseudomorphs. Polyhedral jointing is common to most of the komatiites mapped as
lava flows. Locally, thin spinifex-textured sills (i.e., veins) intrude ultramafic flows.
The third sequences of ultramafic rocks that occur within Supracrustal Package C are intercalated
within the mafic metavolcanic rocks in the central part of Zavitz Township. This sequence is composed
mainly of massive olivine cumulate and olivine spinifex-textured rocks, but also contains ultramafic
fragmental rocks and some komatiitic basalt flows. The ultramafic volcaniclastic rocks were observed
near the Redstone River in the southern part of Zavitz Township and consist of clast-supported lapilli tuff
with fragments up to 5 cm in size, averaging about 5 mm in size. Komatiitic basalt exhibiting pyroxene
spinifex texture and varioles also occurs along the Redstone River in the central part of Zavitz Township.
The ultramafic metavolcanic rocks of all sequences have locally experienced intense alteration
characterized generally by a weathered surface that varies in colour from orange-brown to light grey and
by a fresh surface that is usually dark green (serpentine) in colour, locally having light grey with brown
(magnesite, ankerite) and apple green (fuchsite) colours (Photo 10.3A). Calcite alteration is also
widespread in many of these areas.

MAFIC METAVOLCANIC ROCKS
The mafic metavolcanic rocks are clearly the dominant lithology within Supracrustal Package C.
Preliminary observation within this package has suggested that these mafic metavolcanic rocks could be
subdivided into 2 groups based on their magnetic susceptibility, where one group has low magnetic
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susceptibility (0 to 10 ×10–3 SI) and the other group has high magnetic susceptibility (10 to 100 ×10–3 SI)
However, despite this distinction, both groups exhibit the same volcanic facies, making it difficult to
distinguish the subdivision in the field. The mafic metavolcanic rocks are either massive or pillowed. The
massive flows are generally homogenous and typically fine grained, but are medium grained locally. The
pillowed flows have pillows varying in size from a few decimetres to a few metres in diameter (Photo
10.3B). They are usually variolitic, vesiculated or amygdaloidal. The variolitic pillowed flows are quite
common in the area and may be suitable for use as a stratigraphic marker as they are commonly
intercalated with non-variolitic pillowed flows. Varioles are lighter coloured than the enclosing matrix
and range in diameter from 3 to 10 mm in size. They are more or less elongated parallel to the regional
strain of the deformed pillows. The varioles are generally most abundant toward the margins of the
pillows, but can spread throughout the entire pillow or be concentrated in the central part of the pillow
(Photo 10.3C). Non-pillowed flows are rarely variolitic. Remnants of hyaloclastite are visible within the
inter-pillow material in the less deformed areas. Both types of flows may be weakly to intensely
carbonatized, with disseminated pyrite. Rare intermediate monolithic matrix-supported lapilli tuff occurs
intercalated with the pillowed and massive mafic metavolcanic rocks (Photo 10.3D).

Photo 10.3. Typical lithologies present within Supracrustal Package C. A) Highly carbonatized and fuchsitic alteration within
komatiitic rocks. Polyhedral jointings are still well-preserved despite this intense alteration. B) Nice variolitic margins of
pillowed mafic metavolcanic rocks that exhibit well-preserved interpillow hyaloclastite. C) Mafic metavolcanic rocks that
exhibit irregular pillow shape characterized by the presence of varioles in the core of the pillows rather than in the margins.
D) Intermediate volcaniclastic unit intercalated with mafic to intermediate metavolcanic rocks.
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INTERMEDIATE TO FELSIC METAVOLCANIC ROCKS
The intermediate to felsic metavolcanic rocks within Supracrustal Package C occur essentially in the
southern part of Zavitz Township and sporadically throughout the widespread mafic metavolcanic rocks.
Most of the intermediate to felsic metavolcanic rocks are composed largely of volcaniclastic rocks such as
lapilli tuff and tuff breccia. The lapilli tuff is generally monolithic, massive and well sorted, whereas the
tuff breccia is polymictic (mostly intermediate to felsic fragments), matrix supported, massive and
moderately sorted. Porphyritic intermediate to felsic pillowed and massive metavolcanic rocks also occur
locally in the southern part of Zavitz Township. These rocks can also exhibit vesicles and amygdules.

Archean Mafic to Ultramafic Intrusions
Several mafic to ultramafic intrusions occur within the map area. The main intrusion is the
Muskasenda sill, which is emplaced between Supracrustal Packages A and B, but also occur as dikes, sills
and small intrusions.
The mafic to ultramafic Muskasenda intrusion is a sill-like body that extends north and south of the
map area. This intrusion is composed of gabbro with subordinate quartz gabbro, anorthositic gabbro, and
pyroxenite. The dominant phase of the intrusion is a massive, medium-grained, equigranular to ophitic
melanocratic gabbro and quartz gabbro. The pyroxenite is medium-grained to rarely fine-grained
poikilitic pyroxenite to melanocratic gabbro found at the base of the Muskasenda intrusion. Thus far, the
amount of mapping was not sufficient to determine any other internal zonation within this intrusion.
Coarser grained leucocratic patches or veins of quartz-bearing or quartz gabbros containing disseminated
sulphides are also present locally within this intrusion. Numerous mafic dikes, sills and small plutons
intrude all the supracrustal rock units in the map area and consist of medium- to fine-grained and
equigranular gabbros and quartz gabbros. Furthermore, coarser grained patches or veins of leucocratic
quartz gabbros containing disseminated sulphides are also typical in these smaller intrusions. The
intrusions are compositionally similar and, thus, are probably co-magmatic with the Muskasenda gabbro.

Archean Felsic to Intermediate Intrusions
Felsic to intermediate intrusions within the map area are restricted to small intrusions or limited parts
of larger intrusions, such as the eastern arm of the Kenogamissi batholith and the southern tip of the
Geikie pluton.
The Kenogamissi batholith is a large composite tonalitic to granitic felsic intrusion. The eastern
margin of the Kenogamissi batholith, located in the southwest corner of English Township, is dominated
by fine- to medium-grained granodiorite that exhibits a light grey-pink to light red weathered surface,
reflecting the level of hematization of the rocks, and a light grey to pinkish color on fresh surfaces. The
granodiorite is roughly composed of 30% potassium feldspar, 40% plagioclase, and 30% quartz that
generally exhibit an equigranular to locally slightly porphyritic texture. Some rare, light-grey-weathering
equigranular tonalitic phases also occur in this area and consist of approximately 65% plagioclase, 25%
quartz and 10% biotite-hornblende. The timing relationship between these 2 phases of the Kenogamissi
batholith is still unclear. A third phase of medium- to coarse-grained diorite composed of approximately
60% plagioclase and 40% hornblende occurs in the southern part of English Township.
The Geikie pluton consists of a large granodioritic intrusion, approximately 10 km in diameter,
underlying most of Geikie and parts of Bartlett, Douglas, Cleaver and Zavitz townships. This intrusion is
a relatively homogenous, medium- to coarse-grained (1 to 7 mm) granodiorite in the core of this pluton
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and usually finer grained (1 to 4 mm) at the margins. It is composed of quartz (30%), plagioclase (50%),
potassium feldspar (15%) and hornblende (5%), and exhibits a light grey-pink colour on weathered and
fresh surfaces. The coarser crystals (>5 mm) are usually euhedral plagioclase and subrounded quartz. A
weak foliation defined by the alignment of the mafic mineral is developed in the outer margin (~1 km)
along the contact with the country rocks.
Throughout the map area, several small intrusions and dikes of granodiorite, tonalite, and syenite
also intrude all the supracrustal rocks but mainly those of Supracrustal Packages B and C. Fine- to
medium-grained and equigranular granodioritic phases occur as small intrusions or dikes sporadically,
both more commonly in the eastern part of Zavitz Township. Fine- to medium-grained tonalitic dikes are
widespread throughout the map area and generally exhibit quartz and feldspar porphyritic textures. These
quartz-feldspar porphyries are commonly affected by hematite alteration that occurs as millimetre-sized
veinlets or as pervasive alteration. Reddish-weathering “syenitic” phases are only common along the
contact between Supracrustal Packages B and C and along the southern part of Zavitz Township.
However, it is suspected that many of these syenitic phases might be highly hematized tonalite, reflecting
the intense and pervasive alteration in some of these areas.

Proterozoic Dikes
Proterozoic diabase dikes observed in the mapped area are attributed to the Matachewan, the
Biscotasing and the Sudbury swarms.
The Matachewan dikes, which trend north-northwest, were observed mainly in the eastern part of
Zavitz Township. They were not easily delineated because of their limited thickness, and are
characterized by a distinctive orange-brown colour and exhibit positive weathering elongated parallel to
the trend of the dike. The abundance of green saussuritized plagioclase phenocrysts, up to 2 to 3 cm
across, range from an average of 2 to 3%, but can occur locally up to 40%.
The Biscotasing dikes define a northeast trend and are generally observed proximal to the boundary
between English and Zavitz townships. They consist of leucocratic fine- to medium-grained ophitictextured quartz gabbro dikes typically 20 to 50 m wide. They are moderately magnetic and, thus, yield a
distinctive trend on magnetic surveys.
The Sudbury dike swarm crops out mainly defining a west-northwest trend in Zavitz Townships.
These dikes are a fine- to medium-grained orange-brown olivine gabbro that contains disseminated
sulphides. The dikes commonly follow pre-existing structures and zones of weakness, but are locally
observed to bifurcate.

STRUCTURAL GEOLOGY
Folds
Several folds, defined by facing indicators such as pillows (with and without amygdules), flow-top
breccias, polyhedral flow-top, and graded beds within felsic to ultramafic metavolcanic rocks, occur
within the map area. In the northern part of English Township, the supracrustal rocks define a homoclinal
succession facing eastward, indicated by several younging indicators such as pillows and polyhedral flowtop found in the metavolcanic rocks of Supracrustal Packages A and C. This north-trending homoclinal
succession occurs on the southern limb of a broad east-trending anticline with a regional east-trending
foliation and an axial plane located in the northern part of Bartlett Township.
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The main structure in the map area consists of a large synclinal fold with an axial plane trending east
to northeast as suggested by Pyke (1978). The main effect of this large synclinal structure is to reorient
the north-trending bedding planes in the northern part of English Township into east-trending bedding
planes in the southern part of Zavitz Township. The closure of this large synclinal structure occurs in
Semple Township and is characterized by tighter and more constrictive folding than the broad anticlinal
structure to the north, with a slightly rotated axial plane trending northeast in the southern part of the map
area (English and Zavitz townships). Facing reversals found in the pillowed mafic metavolcanic rocks of
Supracrustal Package C indicate that the axial plane of this syncline was displaced sinistrally by faulting,
toward the central part of Zavitz Township. A weak foliation is parallel to this fold axis, but the dominant
foliation in this area appears to be related to later faulting events. Buckling and slippage on bedding
planes is interpreted to have occurred in the hinge of the fold, as a result of the constrictive nature of this
syncline. This is reflected in the field by the presence of local parasitic folds with north- to northwesttrending axial planes and reverse symmetry of folds. The mineral lineation associated with this syncline
plunge steeply to northeast.

Faults
Numerous late faults occur in the map area, defining 3 major trends: north, northwest and east
direction. Each of these major trends has affected the Neoarchean rocks to varying extents within English
and Zavitz townships.
The north-trending faults appear to represent extensive regional structure (i.e., faults), but with only
limited dextral displacement of the supracrustal rocks stratigraphy. The Burrows–Benedict fault is the
major north-trending structural break in this area, extending southward from the northern part of the Shaw
Dome. Another significant north-trending fault is located along the Redstone River and Muskrat Lake in
Bartlett and English townships.
The Scott Lakes fault is the most extensive northwest-trending fault. It can be traced at least from
Fripp Township in the north, to Hutt Township in the south. It appears to have a strike-slip movement of
at least 1.8 km, as shown by the sinistral offsets of Proterozoic dikes in McArthur and Zavitz townships, but
is also up to as much as 3.0 km, as shown by sinistral offsets of the iron formation located at the contact
between the Deloro and Tisdale assemblages in English Township. Other less extensive northwest-trending
faults also have resulted in generally sinistral displacements of the stratigraphy. Foliations and spaced
cleavages with similar trends are associated with many of these northwest-trending faults.
The east-trending faults have limited extent and are mainly concentrated in the northeast corner of
English Township near Muskrat Lake. Only small displacements appear to be associated with these faults,
resulting in the isolation of small blocks along the Deloro–Tisdale assemblage unconformity. These faults
are interpreted to be early faults, since they appears to be displaced by the north-trending faults (e.g., the
north-trending fault of Muskrat Lake).

ECONOMIC POTENTIAL
A variety of commodities have been reported in English and Zavitz townships based on past bedrock
mapping and mineral exploration programs by mining companies and prospectors. A total of 28 mineral
deposit inventory (MDI) sites are reported in the map area, widely distributed throughout the area (see
Figure 10.2). However, most of these report only marginal assay values (Tables 10.1 and 10.2). Tables
10.1 and 10.2 summarize the main characteristics of the gold, copper, zinc and nickel occurrences known
in English and Zavitz townships.
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Table 10.1. Main characteristics of the Mineral Deposit Inventory for gold mineralization in English and Zavitz townships.
Occurrence

Map
ID

Commodities

Best Historic Value

Hosted Units

West Muskasenda
MDI42A03SW00004

1

Au, Cu, Ag

Up to 0.686 oz/t Au
(23.5 g/t)

Quartz veins w/in sheared felsic
metavolcanic rocks.

South Muskasenda
MDI42A03SW00007

2

Au, Ag, Cu

Up to 13.4 oz/t Au
(459 g/t), 1.66% Cu

Quartz veins w/in shear zone.

Tri-Origin DDH ENG9604
MDI000000000389

3

Au

Up to 1.029 g/t Au

At the contact between cz-fu-tlc
ultramafic metavolcanic rocks and
felsic dikes.

Chakotay Trench

4

Au

Up to 507 ppb Au

w/in iron formation.
Cz-fu ultramafic metavolcanic
rocks nearby.

Tri-Origin DDH ENG9602
Janeway Trench
MDI000000000390

5

Au

Up to 1.989 g/t Au FI,
1.269 g/t Au UM

Felsic intrusive w/in cz-fu
komatiites. Highly contorted quartz
veins w/in mafic metavolcanic
rocks nearby.

Tri Origin DDH TE-98-06
Kes Trench
MDI42A03SE00045

6

Au

Up to 737 ppb Au,
up to 4286 ppb Au FI
(trench)

Felsic intrusive w/in highly foliated
felsic tuff. Mafic dikes nearby.

Road Showing/North Zone
MDI42A03SE00013

7

Au

Up to 6700 ppb g/t Au /
up to 2 g/t Au

Quartz veins w/in mafic
metavolcanic rocks. Felsic
intrusive rocks nearby/ felsic dike.

Doctor Trench

8

Au

Up to 2160 ppb Au

Quartz veins, felsic dikes.
Cz ultramafic metavolcanic rocks
nearby.

ESSO Minerals 43N showing
MDI42A03SE00012

9

Au

Up to 1200 ppb Au

Quartz veins w/in mafic
metavolcanic rocks. Ultramafic
rocks nearby.

Tri Origin DDH TE-98-04
Seska Trench
MDI42A03SE00044

10

Au

Up to 897 ppb Au FI,
up to 5931 ppb Au MVMI (trench)

Quartz porphyry, felsic intrusive
rocks, mafic metavolcanic rocks.

Tri Origin – 1998
MDI42A03SE00040

11

Au

Up to 806 ppb Au

Sheared cz-chl mafic metavolcanic
rocks.

Clayton-Cyr
MDI42A03SE00043

12

Au

Up to 0.11 oz/t Au
(3.8 g/t)

Highly cz rocks (ultramafic
rocks?). Intermediate metavolcanic
and felsic intrusive rocks nearby.

Inmet Zavitz Creek
MDI42A03SE00039

13

Au

Up to 647 ppb Au

Fe-cz mafic metavolcanic rocks,
w/ quartz veinlets. Ultramafic and
felsic intrusive rocks nearby.

Vipond & Heard
MDI42A03SE00005

14

Au

Up to 0.11 oz/t Au
(3.8 g/t)

Sheared cz ultramafic
volcaniclastic rocks.
Felsic intrusive rocks nearby.

Fiset Occurrence
MDI42A03SE00019

25

Au, Ag, Pb

Up to 0.75 oz/t Au, 3.90
oz/t Ag, 0.45% Pb

Quartz veins w/in porphyritic felsic
intrusive rocks.

Source: Mineral Deposit Inventory (MDI2) recently updated by A. Wilson, Timmins Resident Geologist Office.
Abbreviations: FI, felsic intrusive rocks; UV, ultramafic volcanic rocks; MV, mafic metavolcanic rocks; MI, mafic intrusive
rocks; w/, with; w/in, within; cz, carbonatized; fu, fuchsite; chl, chlorite; tlc, talc.
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Table 10.2. Main characteristics of the Mineral Deposit Inventory for base metal mineralization in English and Zavitz
townships.
Occurrence

Map
ID

Commodities

Best Historic Value

Hosted Units

Up to 0.11% Ni

Ultramafic cumulate rocks.
Felsic metavolcanic rocks nearby.

Rio Tinto – R & R Option Hole 8
MDI42A03SE00031

15

Ni

Rio Tinto-R&R Option DDHs 1,2,3
MDI42A03SE00041

16

Zn

Gulf Minerals DDH Z-4
MDI42A03SE00036

17

Ni

Dominion Gulf Sulphide Showing
MDI42A03SE00021

18

Ni

Voyager Showing
MDI42A03SE00018

19

Cu, Au

Up to 91% Cu,
0.33 oz/t Au (11.3 g/t)

Felsic tuff breccia w/in sheared
pillowed mafic metavolcanic rocks.
Felsic intrusive rocks nearby.

Gulf Minerals DDH Z-2
MDI42A03SE00035

20

Ni

Up to 0.19% Ni

Ultramafic cumulate rocks.
Felsic metavolcanic rocks and
graphitic argillite nearby.

Gulf Minerals DDH Z-1
MDI42A03SE00034

21

Ni

Up to 0.24% Ni

Ultramafic cumulate rocks.
Felsic metavolcanic rocks and
graphitic argillite nearby.

Allerston Zinc – AZ-85-1
MDI42A03SE00038

22

Zn, Cu

Up to 0.73% Zn,
0.12% Cu

Graphitic argillite.
Felsic metavolcanic and ultramafic
rocks nearby.

Helpert – Kitchiming
MDI42A03SE00025

23

Cu, Au, Ag

Up to 0.69% Cu,
0.03 oz/t Au (1 g/t),
0.23 oz/t Ag (7.9 g/t)

Amygdaloidal mafic metavolcanic
rocks.

Moss–Tremblay
MDI42A03SE00032

24

Ni

Up to 1820 ppm Ni

Ultramafic cumulate rocks.
Felsic metavolcanic rocks nearby.

Pan Ore Drill Hole PO-2
MDI42A03SE00042

26

Ni, Cu

Up to 0.24% Ni

Felsic metavolcanic rocks at the
contact w/ and in ultramafic cumulate
rocks.

Gulf Minerals Drill Hole Z-3
MDI42A03SE00022

27

Zn, Cu, Au

Up to 0.32% Zn

Graphitic argillite.
Mafic metavolcanic rocks nearby.

Felsic metavolcanic and cz-chl-tlc
ultramafic rocks.
Up to 0.23% Ni

Ultramafic cumulate rocks.
Felsic metavolcanic rocks and
graphitic argillite nearby.
Felsic metavolcanic rocks.
Ultramafic rocks nearby.

Source: Mineral Deposit Inventory (MDI2) recently updated by A. Wilson, Timmins Resident Geologist Office.
Abbreviations: FI, felsic intrusive rocks; UV, ultramafic volcanic rocks; MV, mafic metavolcanic rocks; MI, mafic intrusive
rocks; w/, with; w/in, within; cz, carbonatized; fu, fuchsite; chl, chlorite; tlc, talc.

Recommendations for Exploration
The geological mapping combined with the mineral deposit inventory data highlights the mineral
potential for at least 3 commodities: gold, nickel and copper within the map area. Zinc, is also known to
occur in the map area, but appears to be of lesser potential because of its association within thin graphitic
argillite horizons, and the low reported grades.
The gold mineralization in English and Zavitz townships appears to occur in a completely different
setting than what was observed last year in Bartlett and Geikie townships. In Bartlett and Geikie
townships, the majority of the gold occurrences are closely related to or hosted within oxide- and
sulphide-facies iron formation. In contrast, in English and Zavitz townships, only the Chakotay trench
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(see Table 10.1) contains anomalous gold values associated with iron formation. The most significant
sites of gold mineralization in the map area are hosted in many different lithologies, but appear to be
spatially associated with intensely altered felsic and ultramafic metavolcanic rocks intruded by quartzfeldspar intrusion and quartz veins along the Deloro–Tisdale unconformity in proximity to major structure
such as the Scott Lakes fault.
Other settings also occur for gold mineralization, but are less common; for example, associated with
quartz veining within a shear zone on the margin of the Muskasenda mafic to ultramafic intrusion.
Furthermore, some gold is also associated with younger felsic intrusions in the eastern part of Zavitz
Township.
The nickel, copper and platinum-group element mineral potential is closely related to the actual
distribution of the komatiitic rocks in the map area. The bedrock mapping conducted last summer
highlights the fact that a komatiitic package is relatively continuous from the old Texmont Mine to Moray
Lake in the southeastern corner of Zavitz Township.
There is particularly good potential for economic concentrations of nickel-copper mineralization
within this komatiitic package where there is a close spatial relationship between komatiites (locally with
abundant olivine cumulates) and chemical sedimentary rocks (oxide- and sulphide-facies banded iron
formation in English Township; and graphitic argillite in Zavitz Township). Almost all the known nickel
occurrences within the southeastern corner of Zavitz Township are hosted in ultramafic rocks that are
spatially associated with fragmental felsic metavolcanic rocks near the contact between the felsic to
intermediate and the mafic metavolcanic rocks of Supracrustal Package C. Even if several of these nickel
occurrences have only marginal nickel grades (see Table 10.1), sulphide minerals have been reported in
many of the olivine cumulate rocks. For example, Claim Lake Nickel recently reported high-grade nickel
diamond-drill intersection of up to 2.2% Ni in komatiite around Dexter Lake
(http://www.claimlakenickel.com). No nickel occurrences have been reported to date along the Deloro–
Tisdale unconformity in English Township, but here komatiitic rocks occur in contact with the oxide- and
sulphide-facies iron formation over several kilometres and should be thoroughly prospected.
Other base metals MDI sites are also reported in Zavitz Township, associated with the mafic
metavolcanic rocks of Supracrustal Package C. These include the Voyager showing (see Table 10.2),
which consists of copper and gold associated with massive to semi-massive sulphides replacing the
matrix of a felsic to intermediate tuff breccia surrounded by mafic metavolcanic rocks. Another copper
occurrence is associated with amydaloidal pillowed mafic metavolcanic rocks, where sulphide
mineralization occurs mainly as amygdule fillings and as stringer and disseminated sulphides within flowtop breccia zones (Bright 1984).
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INTRODUCTION
Magmatic iron-nickel-copper-(platinum group element)(PGE) sulphide deposits are associated with
wide range of mafic to ultramafic igneous rocks ranging in age from Mesoarchean to Phanerozoic.
However, it was not until the discovery of the Kambalda deposits in 1966 that sulphide ores associated
with komatiitic rocks were recognized as being an important class of the broader category of magmatic
Ni-Cu-(PGE) mineralization. Komatiites and komatiitic basalts occur in Archean and Proterozoic
greenstone belts worldwide, but the majority of known Ni-Cu-(PGE) deposits associated with rocks of
those compositions occur in the 3.0 Ga Forrestania and the 2.7 Ga Norseman–Wiluna belts in Western
Australia, the 2.7 Ga Abitibi belt in Ontario–Quebec, the 2.7 Ga Bindura–Shamva and Shangani–Filabusi
belts in Zimbabwe, the 2.7 Ga Crixas belt in Brazil, the 2.8 Ga Karelian Craton of Finland and Russia, the
1.9 Ga Cape Smith Belt in New Québec, the 1.9 Ga Thompson Nickel Belt in Manitoba, and the 1.9 Ga
Pechenga belt in the Kola Peninsula (Hoatson, Jaireth and Jaques 2006; Lesher and Barnes 2008).
Komatiites and komatiitic basalts occur within several parts of the Abitibi greenstone belt, but, thus
far, only the Kidd–Munro (2719 to 2711 Ma) and Tisdale (2710 to 2704 Ma) assemblages are known to
host economic komatiite-associated Ni-Cu-(PGE) sulphide deposits (Sproule et al. 2005) (Figure 11.1).
They typically occur at or near the bases of those assemblages, but the deposits in the Dundonald area
(e.g., Alexo, Dundonald South, Dundeal, and Kelex) occur at several stratigraphic levels (Houlé et al.
2008a). The Alexo Mine was discovered by Alex Kelso in 1907, and several other deposits associated
with komatiites have been discovered in other parts of the Abitibi greenstone belt and were documented
in the 1970s and 1980s (e.g., Naldrett and Gasparrini 1971; Coad 1979; Barnes and Naldrett 1987).
However, little work has been done on these types of deposits since the 1980s.
The compositions of magmatic Ni-Cu-(PGE) ores are controlled by the compositions and relative
abundances of magma and other components (olivine, xenoliths, xenomelts, xenovolatiles) that interact
with the sulphide melts, and the partitioning behaviour of the various elements between the sulphide melt
and the other magmatic components (see Lesher et al. 2001), as well as any late-magmatic fractionation,
hydrothermal alteration, or metamorphic modification processes. Unfortunately, much of our current
understanding of the geochemistry and petrogenesis of Ni-Cu-(PGE) mineralization is based on a very
limited range of elements. For logistical and economic reasons, most exploration companies routinely
analyze nickel and copper by atomic absorption spectrography (AAS) or inductively coupled plasma
optical emission spectrometry (ICP–OES), sulphur by Leco®, and platinum-palladium-gold by lead–fire
assay ICP–OES. Even research studies rarely include the complete spectrum of major (S, Fe, Ni, Cu),
Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.11-1 to 11-7.
© Queen’s Printer for Ontario, 2008
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Figure 11.1. Simplified lithotectonic assemblages map showing the different komatiite-associated Ni-Cu-(PGE) deposits and/or occurrences in the Abitibi greenstone belt
(adapted from Thurston et al. 2008).
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minor (Cr, Co, Zn), and trace (Au, Pd, Pt, Rh, Ru, Ir, Os, Pb, Ag, Cd, Hg, Se, Te, Tl, As, Sb, Bi, Mo, Sn,
W) elements that are required to completely evaluate the magmatic, metamorphic, and hydrothermal
history of Ni-Cu-(PGE) mineralization. Each of these metals, semi-metals, and volatile metals behaves
differently during partial melting, sulphide segregation and emplacement, sulphide crystallization and/or
recrystallization, metamorphic mobilization, and hydrothermal mobilization, providing important
constraints on ore genesis. Some of these elements are also deleterious to the beneficiation process and to
the environment.
This thematic project was initiated, following an increase of mineral expenditure for these types of
deposits, to investigate the geochemical variations of Fe-Ni-Cu-(PGE) sulphides associated with
komatiites in the Ontario portion of the Abitibi greenstone belt. The main objective of this study is to
document geochemical variation within and between different deposits to aid in understanding their
petrogenetic relationships with the host rocks, to establish compositional variations between different
textural types (disseminated versus net-textured versus massive), to determine the degrees of latemagmatic fractionation and metamorphic modification, and to aid in mineral beneficiation. This work is
being done in conjunction with recent advances in our understanding of the geochemistry (Sproule et al.
2002, 2005), and volcanology (Houlé et al. 2001, 2002, 2008b; Houlé 2008) of komatiites in the Abitibi
greenstone belt, and new bedrock geological mapping in those portions (by stratigraphic unit) of the
Abitibi greenstone belt favourable for mineralization (e.g., Houlé, Préfontaine and Brown, this volume;
Berger and Houlé, this volume; Houlé et al. 2008b; Houlé and Hall 2007; Houlé, Préfontaine and Berger
2005).

METHODOLOGY
This project is composed of 2 major components: 1) compilation of previous data, and 2) creation of
new high-quality geochemical data. The first component consists of the compilation of data available in
the literature on known occurrences or deposits accessible and, even more critically, for occurrences and
deposits that are not currently being explored and, thus, are inaccessible. The second component consists
of acquiring new data for known komatiite-associated Ni-Cu-(PGE) occurrences or deposits that are
currently under exploration.

Field Investigation
The senior author has conducted the initial field investigation for this thematic project
simultaneously with bedrock mapping projects conducted by the Ontario Geological Survey in the
Timmins area since 2002. Initial field work was undertaken during the summer 2005. In 2005, the Kelex
horizon (from the Alexo Mine) and the Montcalm deposits were sampled as a basis for comparison with
other deposits. Data from other deposits or occurrences were collected from previous projects such as
ones on the Alexo Mine (2001–2003), Sothman (2001) and Galata (2004). As part of an ongoing MSc
thesis project, the C-Zone in Bannockburn Township was sampled by V. Taranovic as part of a
collaborative effort between the Mineral Exploration Research Centre (Laurentian University), the
Ontario Geological Survey, and the Geological Survey of Canada under Targeted Geosciences Initiative
Phase III (TGI-3) (see Ayer, Dubé and Calhoun, this volume).
Representative samples were taken of all ore types (fine disseminated, blebby disseminated, nettextured, semi-massive, massive, veins, tectonically modified) at each locality. Representative samples of
the host units within both the footwall and hanging-wall rocks were also sampled, wherever possible, to
provide background information on magma and contaminant compositions.
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Table 11.1. Deposits or occurrences of komatiite-associated Ni-Cu-(PGE) mineralization selected thus far for this study.
Deposit/Occurrence

Sampling

Geochemistry

Status

N

Year

Status

Alexo

C

>15

2001–2003

TBS

Kelex

C

12

2005

C

Redstone

C

>15

2007

TBS

This study

Hart

P

6

2008

TBS

This study

Galata

C

3

2004

C

This study
This study

Texmont

P

7

2008

TBS

C-Zone

C

17

2007–2008

P

Source
Houlé (2008)
This study

Taranovic (MSc thesis, in progress)

Sothman

P

5

2001

P

Houlé (2008)

Montcalm

C

5

2005

C

This study

Abbreviations: C, completed; P, partially completed; N, number of samples; TBS, to be submitted.

At Alexo–Kelex, C-Zone (Bannockburn), Galata, Hart, Sothman and Texmont, sampling was
conducted on stripped exposures (where the geological relationships were best preserved) and from
diamond-drill cores. At Redstone and Montcalm, the samples came from underground exposures. The
number of samples collected typically ranges from 5 to 15 per deposits depending on access, quality of
exposure, size and complexity of the deposits or the availability. Thus far, more than 50 samples have
been collected from different deposits (Table 11.1).
Other komatiite-associated Ni-Cu-(PGE) deposits planned to be sampled in the near future include
Dundonald South, McWatters, and the recent Ni-Cu discovery by Golden Chalice. In addition, 5 samples
have been collected from the Montcalm deposit, the only gabbro-associated mafic to ultramafic deposit within
the study. These samples will be used for geochemical comparison with the komatiite-associated deposits.

Preparation Methods
Thus far, all samples collected for this study were taken from well-characterized outcrops (i.e.,
stripped area) and diamond-drill cores. In order to minimize contamination, weathered surfaces and veins
were removed with a diamond rock saw, saw marks were removed with a metal-bonded diamond lap
wheel, all surfaces were cleaned with a nylon brush, and the samples were rinsed in water and dried in air.
The blocks are then crushed in a RockLabs Boyd steel jaw crusher with removable plates that were
cleaned with stainless steel spatula and vacuum cleaned between samples. Crushed samples were split
down to 200 g and then pulverized in a planetary ball mill using aluminum oxide bowls (~99.8% Al2O3)
and cleaned with Killarney Quartzite, compressed air, and methanol-soaked Kimwipes® between samples.
The reader is referred to Schweyer and Stairs (this volume) for a characterization of potential
contamination related to this sample preparation procedure. All sample preparation was done at the
Ontario Geological Survey Geoscience Laboratories in Sudbury, Ontario.

Analytical Methods
In order to provide the greatest amount of information possible, all available samples will be
analyzed for a wide range of chalcophile metals, semi-metals and volatile metals (Table 11.2). The results
will be evaluated on standard bivariate geochemical diagrams, on metal–sulphur and metal–metal ratio
diagrams (see Beswick 2002), and on multi-element variation diagrams (see Lesher and Keays 2002), and
analyzed by the methods summarized in Table 11.2. This procedure will help to establish the best method
and detection limits associated with each element.
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Table 11.2. Geochemical methods of characterization for each analyte.
Analytes

Method Code

Method

Ni, Cu, Zn, Pb

AAF-100

Atomic absorption spectrometry flame with aqua regia digestion or
with open vessel multi-acid digestion

Cr, Co, Cu, Fe, Ni, Ti, V, Zn

IAO-100

Inductively coupled plasma atomic emission spectrometry with open
vessel multi-acid digestion

Ti, V, Cr, Mn, Co, Zn, W, Pb, Ag,
As, Bi, Ga, Mo, Sb, Se, Sn

XWP-100

Pressed-pellet X-ray fluorescence (wavelength dispersive)

As, Se, Mo, Ag, Cd, In, Sb, Te,
Au, Hg, Tl, Pb, Bi

IML-100

Inductively coupled plasma mass spectrometry with aqua regia
digestion

S

IRC-100

Leco®

Au, Ir, Pd, Pt, Rh, Ru

IMP-201

Nickel fire assay with inductively coupled plasma mass spectrometry
finished

Geophysical footprints of a mineralized body depend mainly on contrast of physical properties such
as density, acoustic velocity, conductivity and/or resistivity, chargeability, magnetic susceptibility and
radioactivity. So, specific gravity, magnetic susceptibility and, where possible, conductivity will be also
quantified as part of this study to characterize the physical properties associated with this type of
mineralization in the Abitibi greenstone belt.

FUTURE WORK
The sampling phase of this project is expected to be completed during 2008 and 2009. Other
deposits or occurrences such as the new discovery of Golden Chalice, McWatters, Langmuir #1 and #2,
and the Kanichee deposits will be evaluated for potential sampling in 2009. Some preliminary
petrographic characterization is planned to begin in the fall 2008 for those deposits sampled to date. Other
studies of broader scope, related to this study, will also continue such as an investigation of the regional
distribution of komatiitic rocks within the Abitibi greenstone belt with particular emphasis on the Kidd–
Munro and Tisdale assemblages, and their potential to host komatiite-associated Ni-Cu-(PGE)
mineralization. Preliminary geochemical results and interpretation of these projects will be presented at
the 11th International Platinum Symposium to be held in Sudbury in 2010 (www.11ips.laurentian.ca).
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INTRODUCTION
The Kirkland Lake area of northern Ontario exists within part of the southern Abitibi greenstone belt
of the Superior Province of the Canadian Shield. This area is well known for its exceptional gold
endowment, past production of the precious metal having exceeded 75 million ounces (Gosselin and
Dubé 2005). Of this production, the world-class Kerr–Addison and giant Kirkland Lake deposits were
the most significant at about 12 million ounces and 25 million ounces of production, respectively. Several
points are worth mentioning regarding the mineralization. The 2 deposits represent markedly contrasting
styles of mineralization; the Kerr–Addison produced ore from pyritized and carbonatized komatiitic flows
and quartz-carbonate-fuchsite veins (Kishida and Kerrich 1987; Smith et al. 1993). In contrast, the giant
Kirkland Lake gold deposit exploited by 7 mines is characterized by sulphide-poor quartz veins and
breccias mainly hosted by a composite alkalic intrusion consisting of mafic syenite, syenite, and syenite
porphyry and locally in Timiskaming tuffs, sandstones and conglomerates (Hopkins 1940; Thomson
1950; Kerrich and Watson 1984; Cameron and Hattori 1987; Robert and Poulsen 1997; Ispolatov et al.
2005, 2008). Gold is associated with telluride minerals (Todd and McMillan 1928; Thomson 1950;
Ispolatov et al. 2008) and the deposit shares strong analogies with tellurium-rich syndeformation gold
deposits associated with alkaline magmatism, as defined by Jensen and Barton (2000) (see also Ispolatov
et al. 2005, 2008; Dubé and Gosselin 2007). The geochemical signature and geological and structural
setting of the 2 deposits is markedly different, which indicates different fluid reservoirs and, hence,
origins. Of interest to this paper is the nature and origin of one such atypical syenite-associated deposit
type, the Upper Beaver copper-gold deposit.
The Upper Beaver Cu-Au deposit is located east of the Kirkland Lake deposit and a few kilometres
north of the Larder–Cadillac deformation zone, which is host to the Kerr–Addison deposit a few
kilometres to the southeast (Figure 12.1). The deposit has an historical production (1912–1972) of
140 709 ounces Au and 5423 t Cu from 526 678 t ore (avg. grade 8.31 g/t Au, 1.03% Cu). A recently
released (September 22, 2008) NI 43-101 resource for the deposit based on Queenston Mining Inc.’s
recent work is an indicated resource of 1 373 500 t @ 0.43% Cu, 9.7 g/t Au and inferred resource of
1 061 300 t @ 0.39% Cu, 8.5 g/t Au. The ore zones were characterized by an abundance of hydrothermal
magnetite of apparently stratabound nature hosted in a dominantly mafic volcanic-sedimentary sequence,
which led to a previous volcanogenic exhalative model of formation (Morris 1974). However, some of the
mineralization and production was noted to occur in a syenite, one of several such intrusions in the area
(see Figure 12.1). A re-evaluation of the Upper Beaver Cu-Au deposit during the past several years by
Queenston Mining Inc. indicates the following features of the ore: 1) it occurs in both flat to steeply
inclined zones; 2) it is of replacement style with some vein-type mineralization; 3) alteration is minor to
Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.12-1 to 12-12.
© Queen’s Printer for Ontario, 2008
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pervasive and includes feldspar, epidote, carbonate, sericite, silica and magnetite with some hematite; and
4) it has an element association of Cu, Au and Mo. Copper and gold are up to several weight % and tens
of g/t, respectively.
The spatial association of gold mineralization with syenite intrusions of Timiskaming age (~2680 to
2670 Ma) in the southern Abitibi greenstone belt is well documented (Cameron and Hattori 1987; Robert
and Poulsen 1997; Poulsen, Robert and Dubé 2000; Robert 2001, among others). However, the temporal
relationship and, hence, genetic affinity of the syenite complexes remain equivocal (e.g., Kerrich and

Figure 12.1. Geological setting of the Kirkland Lake area. A) Regional map from Kirkland Lake to Kerr–Addison Mine
showing the trace of the Larder–Cadillac deformation zone, several of the fault zones of breaks (Kirkland Lake break, KLB;
Upper Canada break, UCB) and location of gold deposits. B) Geology of the Upper Beaver area with the trace of the Victoria
Creek deformation zone (VCDZ) and location of the former mine site indicated.
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Watson 1984; Cameron and Hattori 1987; Robert 2001; Ayer et al. 2005; Ispolatov et al. 2005). In
addition, at Upper Beaver, the abundance of copper and associated magnetite-epidote-feldspar-actinolite
alteration is atypical for greenstone-hosted orogenic Archean gold deposits, but does share analogies with
a distinct group of syenite-associated disseminated gold deposits (e.g., Robert 2001). Thus, the current
study aims to describe the geology of the deposit and to address the nature and origin of this deposit in a
regional context and its significance for gold metallogeny in the southern Abitibi greenstone belt and,
possibly, the Archean in general.
In this paper, the initial results of our study are presented based on 1) logging of over 128 diamond
drill holes by staff of Queenston Mining Inc.; 2) interpretation of the mineralized zones, as revealed from
a three-dimensional model constructed from drill core logging and assays by Queenston Mining Inc.;
3) detailed logging of select holes that transect the stratigraphy and ore zones; 4) complete whole-rock
major and trace element data for barren and mineralized rock (the authors’ unpublished data base); and
5) detailed mineralogical studies (e.g., scanning electron microscopy (SEM)) of barren and mineralized
host rock. Some of these results have already been presented at conferences (Kontak et al. 2008a, 2008b)
and aspects of this investigation can be found on the Queenston Mining Inc. Web site
(www.queenston.ca). Additional work in progress includes petrography, lithogeochemistry,
geochronology (U/Pb, Re-Os), isotopic analyses (C, O, D, Pb, Sr) and fluid inclusion work.

REGIONAL AND LOCAL GEOLOGICAL SETTING
The Kirkland Lake area is underlain by succession of Archean supracrustal rock assemblages
including, from oldest to youngest, the Tisdale, Blake River and Timiskaming assemblages, which are cut
by syenitic intrusions (see Figure 12.1). Outcrop patterns of the assemblages generally define faultbounded, east-west–striking sequences. The faults (or high-strained zones) are metallogenetically
significant, as several major gold deposits in the area (Kerr–Addison, Kirkland Lake) occur proximal to
such deformation zones (e.g., Thomson 1950; Hodgson and Hamilton 1989; Robert and Poulsen 1997;
Poulsen, Robert and Dubé 2000; Ispolatov et al. 2005, 2008, and references therein).
The Tisdale assemblage is subdivided into Lower (2710 to 2707 Ma), the Larder Lake Group, and
Upper (2706 to 2704 Ma), Gauthier Group, components (Ayer et al. 2005). The older sequence consists
dominantly of tholeiitic mafic volcanic rocks with some komatiite, intermediate to felsic calc-alkaline
volcanic rocks and iron formations. The upper part of the Tisdale assemblage is dominated by calcalkaline, felsic to intermediate volcanic rocks with volcaniclastic sedimentary units.
The Blake River assemblage is also subdivided into a lower and upper unit, which have age ranges
of 2704 to 2701 Ma and 2701 to 2696 Ma, respectively (Ayer et al. 2005). The lower unit consists of
tholeiitic mafic volcanic rocks with lesser amounts of felsic volcanic rocks and turbiditic sedimentary
rocks, whereas the upper unit is dominated by calc-alkaline basalt and andesite, with lesser bimodal
tholeiitic basalt and rhyolite.
The Timiskaming assemblage unconformably overlies older volcanic rocks and is constrained to
2676 to 2670 Ma (Ayer et al. 2005). The unit is confined to narrow, east- to northeast-trending corridors
of clastic sedimentary rocks of subaerial origin with some intercalated alkaline volcanic rocks. The alkalic
volcanic rocks include massive aphyric and plagioclase-amphibole phyric rocks and pyroclastic rocks.
The dominant regional structural feature is the east-west–trending Larder–Cadillac deformation zone
(see Figure 12.1), a complex crustal-scale tectonic zone with a protracted history of ductile and brittle
deformation. Others ductile and/or brittle deformation zones, referred to as faults or breaks, include the
Upper Canada deformation zone and a highly fertile brittle fault zone known as the Kirkland Lake “main
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break” that host the Kirkland Lake deposit (see Figure 12.1). These structures localize and control the
distribution of significant gold mineralization (e.g., Ispolatov et al. 2005, 2008, and references therein).
Southwest of the Upper Beaver deposit is the Upper Canada deformation zone, which, if extrapolated
along its strike length, would occur just east of the Upper Beaver deposit. This Upper Canada deformation
zone is interpreted to be a splay off the Larder–Cadillac deformation zone (Toogood 1989; Ispolatov et al.
2005, 2008).
The Upper Beaver Cu-Au deposit area is underlain by volcanic and volcaniclastic rocks of the
Tisdale and Blake River assemblages, and are cut by syenitic intrusions (Figures 12.1 and 12.2). The
rocks of the Tisdale assemblage occur in the southern part of the area and core a broad, east-west–
trending anticlinal structure, the Spectacle Lake Anticline. The contact between the Tisdale and Blake
River assemblages is marked by the Victoria Creek deformation zone (see Figure 12.2). Historical,
regional mapping did not delineate an east- or northeast-trending structure transecting the area, but
continuation of the Upper Canada deformation zone is projected to transect the area. Diabase dikes related
to the regionally extensive Matachewan dike swarm are late, cut all the units and are not discussed here
further (see Figure 12.2).

GEOLOGY OF THE UPPER BEAVER DEPOSIT
The geology of the deposit is characterized by a succession of volcanic and volcaniclastic rocks that
filled a basinal feature. This stratigraphy and an intrusive syenite complex host several structurally
controlled mineralized zones (see Figures 12.1B and 12.2). A schematic stratigraphic section of the
geology is shown in Figure 12.3 based on a diamond-drill hole (UB06-43) drilled at about 60° dip
towards 350°.
The upper part of the stratigraphy is within the Lower Blake River Group. The upper section consists
of dark, massive to plagioclase phyric basalt with lesser amounts of vesicular basalt flows and finegrained mafic tuffs. In some cases, distinct, multi-metre thick flows can be distinguished along with wellpreserved pillowed and hyaloclastic textures. Top indicators (e.g., chilling, vesicles) consistently indicate
that the hole was drilled down section. An important additional feature of these basic volcanic rocks is
their strongly magnetic character due to disseminated magnetite, which is responsible for a pronounced
aeromagnetic response on regional maps (Queenston Mining Inc., www.queenston.ca). The rocks vary in
degree of alteration, the most intense being that of epidote and feldspar as sheeted veinlets and
replacement (see Figure 12.3A; Photo 12.1A).
The basic volcanic rocks are underlain by a unit of volcaniclastic rocks that varies in thickness, the
contact between the 2 units being a zone of intense brittle deformation (Victoria Creek deformation zone)
which, importantly, overprints the alteration (see Figure 12.3B). The volcaniclastic unit is varied in its
nature (% clasts, clast composition, angularity, etc.) and will be described in detail elsewhere. The
volcaniclastic unit lies between the Blake River and Tisdale assemblages and as shown in Figure 12.3,
both the upper and lower contacts of this unit are high-strain zones. Thus, at present, this volcaniclastic
unit is not correlated with either assemblage and future work will address this issue.
Rocks of the Upper Tisdale assemblage underlie the volcaniclastic unit. The upper part of the section
consists of felsic tuffs (see Figure 12.3C), but both felsic and intermediate tuffaceous lithologies occur
deeper in the section; these rocks correspond to the Gauthier Group. A ductile deformation zone occurs at
the upper contact of this unit (see Figure 12.3C) and sericite, carbonate, epidote and feldspar alteration is
developed.
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Figure 12.2. Generalized composite cross-section and long section of the Upper Beaver deposit showing location of ore zones
and representative ore intersections. Note that the lower figure is an enlargement of the area outlined in the upper figure, but
facing south. Figures modified from Queenston Mining Inc. (diagrams on http://www.queenston.ca/projects/kirkland/upperbeaver.html). Legend as in Figure 12.1, except for the crosscutting porphyry dike rock in purple, the area previously mined and
ore zone intersections. Abbreviation: VCDZ, Victoria Creek deformation zone.
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Figure 12.3. Schematic stratigraphic section of the deposit area based on diamond-drill hole UB06-43, with examples of the
rock types for each unit. This hole was drilled at an angle of about 60° towards 350°. Note the presence of deformation zones
near the contacts of the different rock formations and that the volcaniclastic unit lying between the Tisdale and Blake River
groups is not assigned to either group. The arrows indicate the down-hole direction and the letters A to D are referred to in the
text. The width of each piece of core is 4.5 cm.

12-6

Targeted Geoscience Initiative III – Abitibi Project (12)

D.J. Kontak et al.

The contact between the syenite and volcanic rocks is marked by a chilled zone (see Figure 12.3D).
The syenite consists of different compositional and textural varieties, including 2 main types: 1) a dark
grey mafic syenite with amphibole microcrysts (<3 to 5%, <5 mm) and dark xenoliths; 2) a red-brown to
dark grey, feldspar phyric (<20%, <5 to 15 mm) syenite with an aphanitic matrix. Other features about the
syenite in this section include 1) the presence of dark green-grey, feldspar phyric (<2 to 3%, <5 mm),
apparently intra-mineral dike rocks; 2) chilled contacts of syenite against syenite; 3) intense, fabricdestructive alteration producing fine-grained, massive to laminated, orange to grey rocks; 4) monolithic
breccia with fresh and altered syenites fragments (see Figure 12.3D); and 5) deformation zones.
Additional relevant features include the following:
1.

The syenite complex consists of other magmatic phases, 2 in particular being a crowded
feldspar porphyry (<50 to 60% feldspar of <10 mm in aphanitic matrix) and spotted feldspar
porphyry. The former occurs within the main complex, but the latter appears to be a distinct
younger phase crosscutting all other units (see Figure 12.2).

2.

Breccias of possible hydrothermal origin have also been noted within the volcanic and
volcaniclastic units. These units are monolithic or heterolithic and contain both fresh and altered
(e.g., epidote, feldspar), generally angular fragments.

3.

Other occurrences of deformation zones near the contact of the Blake River and Tisdale
assemblages are noted. Excellent examples are seen in holes UB05-04 and UB05-17 and,
importantly, both mineralization and alteration are overprinted (see Figure 12.3).

4.

Wide (i.e., multi-metre) ductile deformation zones often coincide with areas of sericitic
alteration, but the extent and timing of these zones relative to mineralization remain to be
established.

MINERALIZATION AND ALTERATION
Mineralization at the Upper Beaver deposit is found in several ore zones within, proximal to and
away from the syenite. These mineralized zones have both steep and shallowly inclined orientations (see
sections in Figure 12.2). Ore-grade intersections vary in terms of length, grade, metal ratios (i.e., Cu:Au)
and associated alteration. The following description briefly highlights some of the general features, with a
more detailed summary to be presented elsewhere.
Mineralization can consist of one of gold, copper or Cu-Au and can change along section and depth;
examples of intersections are provided in Figure 12.2. The style of mineralization is highly varied with,
for example, the Beaver North zones associated with different syenite phases, contrasting with the South
Contact zones that is hosted by Blake River volcaniclastic rocks or by mafic basic volcanic rocks. Thus,
the composition of host rocks, intensity and nature of alteration (epidote, feldspar, sericite), development
of hydrothermal magnetite (see below), and the presence and/or absence of veins (carbonate, quartz) are
variables that remain unconstrained in terms of their influence on the nature, composition and grade of the
mineralization and remain the focus of our current investigation. Generally, grades are consistent over
mineable intervals and visible gold is rare. However, rare high-grade ore (e.g., > hundreds of g/t) contains
visible disseminated gold on fractures coated with carbonate or silica, as well as within dark-coloured
centimetre-wide cataclastic zones. Overall, the ore is best described as chalcopyrite-magnetite ± calcite ±
quartz in fracture-controlled zones of replacement, veins and/or impregnations with minor pyrite (see
Photos 12.1B and 12.1F), and local traces of molybdenite. What is apparent and significant, however, is
that the style, composition and metallic signature of the mineralization contrasts with the quartzcarbonate-sulphide vein systems that characterize the greenstone-hosted orogenic gold systems of the
Abitibi Subprovince (Robert et al. 2005; Dubé and Gosselin 2007).
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Photo 12.1. Photographs of representative rock samples from Upper Beaver deposit; width of core pieces are 4.5 cm.
A) Intensely altered Blake River Group basic volcanic rock with early magnetite–actinolite assemblage overprinted by sodic
feldspar (orange) and later epidote-carbonate. B) Massive replacement-style magnetite cut by chalcopyrite veinlets in altered
basic volcanic rocks of the Blake River Group. This mineralization is overprinted by epidote alteration (lower right, upper left)
and cut by later shear fabric. C) Syenite with early albite alteration (red-brown) cut by later quartz-tourmaline veins that are cut
by quartz-epidote-chlorite veins. D) Intensely deformed and altered Blake River Group basic volcanic rock near contact with
volcaniclastic unit (see Figure 12.3). The sample contains abundant tourmaline, carbonate, actinolite, pyrite and magnetite with a
late crosscutting carbonate vein. E) Intrusive contact between syenite porphyry and mafic syenite (dark phase on right). Note
change in % feldspar in the syenite and the quartz-tourmaline vein in the upper left. F) Sericite-altered syenite porphyry (lower
part of photo) in contact with a magnetite-chalcopyrite zone. Note that the contact is sharp (dashed white line) and no structural
break is obvious. This mineralization occurs in the Porphyry zone (see Figure 12.2). G) Breccia zone developed in syenite.
Note the altered nature of the clasts with the dark material being magnetite.

12-8

Targeted Geoscience Initiative III – Abitibi Project (12)

D.J. Kontak et al.

Mineralization at the Upper Beaver deposit is clearly oriented along preferential structures or
fractures; however, the genetic control on the formation, geometry and distribution of the ore zones
remains to be fully understood. Ductile and brittle deformation are locally clearly overprinting the
alteration and mineralization (see Photos 12.1B and 12.1D). This deformation may correspond to the
main D2 deformation in the Kirkland Lake district described by Ispolatov et al. (2005).
Alteration varies in degree of intensity, mineral assemblages and paragenesis; the latter perhaps
indicating a protracted pulsating system. Importantly, all alteration types can be found in all lithologies
(see Figure 12.3; see Photo 12.1). Some generalizations can be made in terms of paragenesis, which
follow: 1) early development of disseminated magnetite, as documented in basic volcanic rocks;
2) massive to semi-massive magnetite occurs in all rocks (contrast Photos 12.1B and 12.1F) and appears
early with feldspar (Na>>K) alteration. Importantly, the magnetite is free of structurally bound titanium
and only rarely is it cored by hematite; 3) actinolite is commonly associated with albite and carbonate.
Petrographic study indicates actinolite is much more abundant than initially visually considered due to its
fine grain size; 4) epidote, as replacement and veins (see Photos 12.1A and 12.1C), is extensive and
overlaps early pink albite with hematite dusting and continues through the paragenesis; 5) tourmaline, as
disseminations and veins (see Photos 12.1C, 12.1D and 12.1E), is generally late in the paragenesis.
Sericite is most common in syenitic (see Photo 12.1F) and felsic volcanic rocks, where intense phyllic
zones occur; sericite overprints disseminated magnetite, pink albite and epidote alteration. The
relationship between alteration and mineralization is currently being studied.

Figure 12.4. Binary plots of geochemical analyses based on our unpublished data for mineralized intersections at the Upper
Beaver deposit.
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GEOCHEMICAL DATA
A geochemical data base is being compiled to include whole-rock major and trace element analyses
of “fresh” and altered equivalents for representative lithologies and all ore types. These data will be used
to characterize 1) alteration associated with mineralized zones; 2) the syenite complex and compare it to
syenites in the Kirkland Lake camp; and 3) the metallic signature of the mineralization for comparison to
other gold deposits. Analyses of ore-grade samples to date show (Figure 12.4) the following results:
1) variable Cu:Au association, 2) a range in Au:Ag from 1:10 to 10:1, and 3) enrichment of tungsten
(to 1390 ppm W) and molybdenum (to 1600 pm Mo), but without a positive correlation. No enrichment
occurs for U, LREE, Co, Nb, Sb, Rb, Ba or As. Tellurium and mercury remain to be assayed, but these
elements form an Au-Ag-Hg-Te-Bi-Sb association, as determined from SEM analysis of mineralized
samples.

DISCUSSION
The presence of abundant Cu-Au mineralization associated with the widespread and pervasive
development of magnetite-feldspar-actinolite-epidote-carbonate-sericite alteration centred about a multiphase syenite complex at the Upper Beaver deposit is a departure from typical Archean greenstone-hosted
quartz-carbonate vein-type gold mineralization and the sulphide-poor syenite-hosted quartz veins in the
Kirkland Lake deposit. The relationship between the mineralization–alteration and the syenite and its
relative chronology to deformation suggests both a temporal and spatial coincidence, hence, a possibly
magmatically driven hydrothermal system. This association would be consistent with an intrusion-related
system centred on the syenite complex including a porphyry-type model. The deposit shares analogies
with syenite-associated disseminated gold deposits in the southern Abitibi greenstone belt (Robert 2001).
However, contrary to such a deposit type, the Upper Beaver deposit is not located along a major fault
zone in spatial association with alluvial-fluvial Timiskaming sedimentary rocks, and carbonatization is
not the most extensive type of alteration. The presence of abundant hydrothermal magnetite, with related
actinolite-sodic feldspar alteration, is developed in some porphyry systems (e.g., Island Copper: Arancibia
and Clark 1996), but this alteration is also a feature of iron oxide–copper-gold (IOCG) systems (Williams
et al. 2005). At the Upper Beaver deposit, the early stage sodic feldspar alteration with magnetite,
overprinted by calcic epidote alteration and locally potassic phyllic alteration, the magnetite-chalcopyrite
ore zones and gold-bearing calcite veining share analogy with the magnetite group of IOCG deposits
(e.g., Williams et al. 2005). In such a scenario, the Upper Beaver Cu-Au deposit could be one of the first
significant IOCG deposit in an Archean greenstone belt. However, significant work still needs to be done
to confirm such an hypothesis. The following work, in progress and planned for the forthcoming year,
will address these and other possible models and includes 1) U/Pb and Re-Os (molybdenite)
geochronology; 2) petrographic, mineralogical and whole-rock and mineral chemistry to characterize the
nature of alteration zones and possible zonation; 3) determinative mineralogy to characterize the ore;
4) a petrogenetic study of the syenite and comparative study with other such suites in the Kirkland Lake
area; 5) a structural analysis to assess the control of the ore zones and relationship to regional structures
(e.g., Victoria Creek deformation zone); and 6) stable (C, O, D) and radiogenic (Sr, Pb) isotopic analyses
and fluid inclusions work to assess source reservoirs. Integration of these data will be used to develop a
model for the Cu-Au mineralization at the Upper Beaver deposit and to interpret this in the context of the
regional metallogeny of the Abitibi Subprovince.
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INTRODUCTION
The widespread occurrence of glaciolacustrine clay, glaciofluvial deposits and glacial sediments
masking bedrock areas of economic interest over a large portion of the territory referred to as Abitibi Clay
Belt of northern Quebec and Ontario led The Northern Miner a few years ago to describe the Casa Berardi
region in Quebec as “one of the most difficult terrain for mineral exploration in the country”. The
Quaternary deposits may be seen as an obstacle to the search for mineral deposits in the Abitibi
Subprovince described as the largest granite-greenstone terrane in the world (MERQ–OGS 1983), or as a
useful exploration tool. The latter option is the most reasonable one.
Field mapping and sampling of glacial and glaciolacustrine sediments undertaken in 2007 in the area
covered by National Topographic System (NTS) maps 42H and in part of 32E was continued during the
summer of 2008. The interpretation of conventional black and white airphotos was supplemented by
analysis of Shuttle Radar Topography Mission (SRTM) satellite imagery. In addition to the mapping of
surficial geology units, emphasis was placed on deciphering the complex ice-flow chronology of the area
which is, in many ways, similar to that of the area covered by NTS maps 32D and 32E (located in sectors
Abitibi South and Abitibi Northwest in Quebec, Figure 13.1). Glacial lineament analysis using SRTM
images (Farr and Kobrick 2000) proved to be useful to map terrain lineation produced by former ice
flows. Examples of crosscutting relationships between landforms resulting from the Cochrane surges and
those formed by earlier ice flows are shown here to illustrate the potential of SRTM imagery to
reconstruct the evolution of ice masses through time. Knowledge of this evolution is a basic requirement
to develop a rational approach to mineral exploration methods applicable in glaciated terrain. Adequate
ground control using methods of assessing ice-flow chronology such as crosscutting striations on outcrops
and glacial transport of erratics from known lithological source areas is, however, required to correctly
assess the age relationship of the intersecting lineaments and the sense of movement of the glacier that
formed them. Other aspects of the project included determining the age of sand and fine sand overlain by
Cochrane Till by the optical luminescence method to correlate with current Quaternary stratigraphic
investigation carried out further north in the James Bay Lowland (Roy et al. 2007).

Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.13-1 to 13-8.
© Queen’s Printer for Ontario, 2008
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Figure 13.1. Location of study area (gray) within the Abitibi surficial geology map compilation project (Paradis et al. 2008). Previously published maps cover the upper half
and lower half of sector Abitibi Northwest (Veillette 2007; Veillette and Thibaudeau 2007, respectively).
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THE STUDY AREA
The area covered by NTS Maps 42H (and part of 32E) is located just to the west of the Ontario–
Quebec boundary and forms a continuous strip with the surficial geology maps for the Harricana River
area (Veillette 2007) and Wawagosic River area (Veillette and Thibaudeau 2007) located to the east in
Quebec (see Figure 13.1). The surficial geology of this east–west transect is of particular interest because
it allows comparison between different sedimentological environments related to the shifting ice flows
that characterize the area. Matheson Till is largely devoid of materials derived from the Hudson Bay
Platform and Churchill Province in Hudson Bay in Quebec, whereas it contains substantial amounts of
these lithologies in Ontario. As one moves westward from the interprovincial boundary, the area is
everywhere located down-ice (for both southeast ward and southwestward ice flows) from the Hudson
Bay Platform. East of the interprovincial boundary, only southeastward flows could carry glacial debris
derived from the Platform. These differences in provenance account for the variations in grain-size,
carbonate content and geochemical composition within the Matheson Till along an east–west transect.
The limit of the Cochrane surges is marked on both sides of the interprovincial boundary by massive
concentrations of icebergs furrows incised in clay that form a band several kilometres wide parallel to the
Cochrane margin. Within this band and further east, dropstones dispersed by floating ice are numerous.
When found resting on till or on bedrock, these may be mistaken as glacial erratics laid down directly by
the glacier (Veillette and Paradis 1996).

SHIFTING ICE FLOWS
Changes in flow direction within the same ice mass or due to ice masses separated by ice-free intervals
have always been important parameters used by glaciologists concerned with ice sheet reconstructions, and
by practitioners concerned mainly with glacier transport from source areas of economic interest.
Practitioners rely frequently on the most obvious geomorphological clues such as eskers, moraines and
streamlined terrain to determine the ice-flow direction that could best explain the distribution of
geochemical, mineralogical or lithological dispersal trains while neglecting the possible impact of earlier
glacial events on the distribution and the geometry of these trains. A complex sequence of shifting ice flows
characterizes the glacial landscape of the James Bay basin of northeastern Ontario and northwestern
Quebec, which includes the area under investigation (Veillette and McClenaghan 1996). Evidence for the
oldest (northwestward and westward, of early or pre-Matheson age) ice flows is generally absent from the
landform record within the study area. Landforms left by these flows were destroyed or greatly altered by
subsequent ice flows. Traces of their passage are revealed mainly by the orientation of striations on bedrock
preserved on the lee side of rock bosses that were partially eroded by younger ice flows such as the
Cochrane surges that show well-preserved landforms and striations with minor modifications due to
postglacial processes. In the eastern part of the area covered by NTS map 42H, evidence for the
crosscutting relationships between streamlined landforms associated with southwestward ice flows and
those associated with southward and southeastward flowing ice are obvious on SRTM images.
Figure 13.2A shows a SRTM image (90 m pixel) of an area that displays the glacial lineation (northnorthwest to south-southeast) as it appears on conventional black and white airphotos. Crosscutting
striations exposed on outcrops along logging roads in the area provide widespread evidence for a flow
toward the southwest (200 to 230°) overprinted by a later flow toward the south-southeast (160 to 170º).
Some of the outcrops in the general area also bear striated facets indicative of earlier ice flows toward the
northwest and toward the west; but are not discussed here because no convincing evidence for these
earlier flows could be found on the SRTM imagery. The south-southeast striations are ubiquitous on the
upper surfaces of outcrops in the general area and are clearly associated with the fluted terrain showing a
similar orientation (Figure 13.2A illumination from 045º azimuth with sun inclination at 30º).
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Figure 13.2. A) SRTM image (illumination from 45º azimuth and sun inclination 30º) of an area west of Pierre Lake (the large lake west of 80º40′ W longitude) showing a
glacial lineation oriented north-northwest–south-southeast (large arrow) that correlates with the last generation of south-southeast striations measured on outcrops.
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Figure 13.2. continued B) SRTM image (illumination from azimuth 360º and inclination 30º) of an area west of Pierre Lake (the large lake west of 80º40′ W longitude)
showing a glacial lineation oriented northeast–southwest (large arrow) that correlates with the earlier generation of striations measured on outcrops.
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This is the result of the orientation of the streamlined landforms lying roughly orthogonal to the source of
illumination. On the other hand, because the orientation (045º azimuth) of the source of illumination
coincides roughly with the orientation of the older striations toward the southwest, and presumably with
that of the glacial lineation with which the southwest striations are associated, this lineation does not
appear on the image, when illuminated from this angle.
Figure 13.2B shows the same area displayed in Figure 13.2A, but with illumination from the north
(360º) and sun angle at 30º. A washboard surface with a northeast–southwest orientation that correlates
with the earlier generation of southwest striations clearly comes out of the image. This pattern is present
over the whole area with little variation (the lineation is slightly deflected toward the south in the eastern
half of the image). Contrary to the image of Figure 13.2A that showed only the south-southeast glacial
lineation, Figure 13.2B shows not only a southwest lineation, but also faint lineaments that correlate with
the younger south-southeast lineaments. This is to be expected since lineaments with a southeast
orientation would also reflect some of the light coming from the north, whereas illumination from 45º as
in Figure 13.2A would fail to detect landforms oriented roughly along the same axis.

STRATIGRAPHY
The timing of these ice flow shifts, as well as the exact ice flow paths associated with the changes in
ice sheet configuration are, however, still inadequately constrained. The striation record is limited to a
relative chronology of ice flows. Assuming that each of the major ice flows revealed by the striation
record (erosional events) corresponds to a distinct till sheet (depositional event), then the possibility exists
that erosional events recorded in a rigorous chronological order can be successfully matched with a
sequence of distinct till sheets. The stratigraphic investigation of Roy and co-workers (Roy et al. 2007;
Dubé-Loubert et al. 2007) on sections in the James Bay Lowland, along the lower reaches of the
Harricana and Nottaway rivers, located only a few tens of kilometres from the study area, revealed a
sequence of till sheets with directional data that support the counterclockwise shift in ice flows derived
from the striation record in the Abitibi region of Quebec and Ontario. Uranium-thorium (U/Th) and
optical luminescence ages on wood and deposits obtained from nonglacial units underlying the multi-till
sequence and other paleoenvironmental indicators suggest that the counterclockwise shift in ice flows
took place during the Wisconsinan.
Thick (up to 10 m or more) layers of sand and silty sand, laid down in a low-energy environment,
occupy the upper portion of eskers everywhere within the study area and overlie coarser glaciofluvial
sand and gravel at depth. The Pinard Moraine (Boissonneau 1966), a large frontal feature oriented east–
west in the northern part of the NTS 42H map area laid down prior to the Cochrane surges, is presumed to
represent a halt of the retreating glacier. It consists essentially of thick (up to 70 m) accumulations of
sand. Shear planes and deformation structures observed in road cuts and in sections in borrow pits
indicate that the upper portion of the Pinard Moraine and that of the eskers of the study area were
truncated by the Cochrane surges.
The uppermost sand and silty sand were sampled at several locations for age determinations by the
optical luminescence method (Photo 13.1). These results will be compared to those of samples collected
from Cochrane surge deposits in the nearby James Bay Lowland (Roy, Veillette and Dell’Oste 2008).

DISCUSSION
The use of satellite imagery to reconstruct ice-flow sequences from lineament analysis is generally
constrained by 1) an inadequate knowledge of the distribution of bedrock structural lineaments that may
be mistaken for glacial features, 2) a lack of adequate surficial geology maps, and 3) a poor (or lack of)
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striation record. Even if the study area is, for the most part, covered by a solid cover of unconsolidated
deposits, photo interpretation of conventional airphotos, field observations, measurements and samples,
gathered along forestry roads by vehicle and along some shorelines by boat provide reliable estimates of
sediment distribution and relevant physical characteristics such as thickness. The review of the literature
on the Quaternary geology of the area combined with field data and the analysis of satellite imagery
practically eliminates constraints 1 and 2. Constraint 3, probably the most important from the point of
view of glacial history, is also under control given the detailed striation record accumulated so far over
most of NTS map areas 42H and 32E. Bedrock outcrops are few, but several excellent sites were found
in the vicinity of man-made excavations (roads, dam sites, borrow pits in granular deposits, quarries) where
overburden had to be removed and along water bodies where natural erosional processes have exposed fresh
bedrock surfaces. Outcrops with crosscutting striations provide not only a relative chronology of ice
flows, but also directional information on each of the relative ice flows. This information is typically not
available from satellite imagery. Therefore, without ground truthing, it is not possible to attribute proper
chronological ordering and direction of flow to the lineaments observed on the images.

ANTICIPATED RESULTS
This regional-scale surficial geology map of NTS map areas 42H and part of 32E is the most recent
field contribution to the Trans-frontier Quebec–Ontario Abitibi surficial geology map compilation project.
An OGS project was initiated this past summer to provide new 1:50 000 Quaternary mapping and till
geochemistry within parts covered by NTS map 42H (Gao and Day, this volume). The data gathered over
the years in Quebec and Ontario do not only provide a detailed picture of sediment distribution but will
also provide a three-dimensional model integrating the complex ice-flow sequence of the area. Further
research into the impact of a succession of glacial and nonglacial events over the area can only improve
our understanding of the significance of the spatial distribution of indicator lithologies and eventually
present the exploration industry with sophisticated tools in the search for mineralized sources.

Photo 13.1. Sampling silty sand overlain by deposits of Cochrane age in the Pinard Moraine for age determination by the optical
luminescence geochronology method.
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14. Project Unit 07-003. Geology and Mineral Potential
of Cavendish Township, Central Metasedimentary Belt,
Grenville Province
R.M. Easton1
1

Precambrian Geoscience Section, Ontario Geological Survey

INTRODUCTION
The 2008 field season marked the second year of a two-year mapping project to study the geology
and mineral potential of Cavendish Township, which underlies approximately 230 km2 of the Central
Metasedimentary Belt of the Grenville Province (Figure 14.1). Cavendish Township is located 55 km
southwest of Bancroft, and lies mainly within the Harvey–Cardiff domain (see Figure 14.1). Harvey–
Cardiff domain had not been studied in detail since the revolution in the early 1980s of our understanding
of the geology of the Grenville Province (cf. Easton 1992). The twelve-week field season in 2008 had
3 main objectives:
1.

to complete detailed mapping of the township begun in 2007 (Easton 2007)

2.

to understand the setting of vermiculite deposits in the map area, one of which has been actively
mined since 2005 by Vermiculite Canada

3.

to understand the setting and mineral potential of the pegmatite-hosted uranium and thorium
occurrence in Cavendish Township, which lies at the southwestern end of the Bancroft uranium
belt. The results of this objective are discussed in Easton (this volume, Article 16).

Previous Work
Cavendish Township was mapped at 1:15 840 scale from 1974 to 1976 by Bright (1981a, 1981b),
and was subsequently included in the compilation maps of Bright (1987, 1988) and Lumbers and Vertolli
(2000a, 2000b). Preliminary results from the 2007 mapping program were presented in Easton (2007).

This Study
Field observations in this report have been augmented by thin section examination, 73 major and
trace element geochemical analyses, 50 assay analyses, and magnetic susceptibility readings along with
698 spot-assay scintillometer measurements collected in the field. Additional geochemical and assay
results were pending at the time of report preparation. In addition, age determinations on 5 samples from
the map area collected in 2007 are reported in Easton and Kamo (2008).
Easton (2005) first reported on the test of a hand-held scintillometer for rock unit discrimination and
evaluation of historic radioactive occurrences, and a similar approach is being used in this project.
Documentation of this methodology is being undertaken by S. Banman as part of a BSc (Honours) thesis
at Carleton University, as described in Banman and Easton (this volume, Article 15). The scintillometer
Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.14-1 to 14-12.
© Queen’s Printer for Ontario, 2008
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was effective in discriminating between different plutonic units in the study area, as well as providing
field assay data from radioactive mineral occurrences in the map area.
In 2005, an area of approximately 30 km2 in southeastern Cavendish Township, underlain mainly by
gneissic rocks of the Anstruther gneiss complex, was designated by the Ontario Ministry of Natural
Resources as part of the Kawartha Highlands Signature Site, which covers parts of Anstruther, Burleigh
and Cavendish townships (Figure 14.2). Since this designation restricts mineral exploration activity, no
field activity was undertaken in this part of Cavendish Township.

GEOLOGIC OVERVIEW
Tectonic Divisions
Cavendish Township straddles 2 major tectonic divisions of the Central Metasedimentary Belt:
Bancroft terrane and the Harvey–Cardiff domain (see Figure 14.1). Regionally within Harvey–Cardiff
domain, higher structural levels occur to the northeast toward Bancroft, with the lowest structural levels,
and the widest exposure of the domain, occurring in Cavendish, Harvey and Burleigh townships. As a
result of mapping during the 2007 field season, it was proposed that the Harvey–Cardiff domain can be
divided into 2 subdomains (see Figure 14.2). Brief descriptions of the different domains, and highlights
of new information from the 2008 field season, follow.

Figure 14.1. Terrane and domain subdivision of the Central Metasedimentary Belt (modified from Easton 1992) showing the
location of Cavendish Township. Abbreviations: RLZ, Robertson Lake mylonite zone; MZ, Maberly shear zone.
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Figure 14.2. Simplified geologic map of Cavendish Township (after Lumbers and Vertolli 2000a, 2000b). For clarity, not all
faults are shown, nor are late intrusive rocks in southern Cavendish shown.

14-3

Precambrian Geoscience Section (14)

R.M. Easton

HARVEY–CARDIFF DOMAIN, NORTHERN SUBDOMAIN
This subdomain consists mainly of marble, with minor mafic and intermediate tuffaceous
metavolcanic rocks and/or volcaniclastic metasedimentary rocks. Thin, highly deformed, gabbro sills are
present locally within the metavolcanic sequence. Intrusive rocks in the subdomain consist primarily of
granodioritic to monzogranitic rocks of the Junction and Galloway plutons, with minor gabbro and quartz
monzodiorite to monzonite intrusions. Metamorphic grade is middle to upper amphibolite facies.
Preliminary major element geochemistry obtained as part of this study indicates that the mafic
metavolcanic rocks are high-magnesium or high-iron tholeiites of island-arc tholeiite affinity, with the
intermediate rocks being tholeiitic andesites. On trace-element discrimination diagrams, the mafic rocks
classify as within-plate tholeiites or volcanic-arc basalts.
In the southern part of the subdomain, the carbonate rocks consist mainly of layered, impure, calcite
marbles, whereas in the northern part of the subdomain, clean siliceous, dolomite and calcite marbles are
more abundant. Dolomitic marbles are found immediately adjacent to both sides of the metavolcanic belt,
and it is possible that they represent the same stratigraphic horizon, repeated by folding of the adjacent
belt of metavolcanic rocks (see Figure 14.2).
The abrupt change in the character of the marbles from southern to northern Harvey–Cardiff domain,
the presence of different plutonic rocks in each subdomain, and the change in metamorphic grade and
structural style between the 2 subdomains, may be evidence that the northern subdomain is allochthonous
with respect to the southern subdomain. The supracrustal rocks in the northern subdomain more closely
resemble rocks in the western Belmont domain than rocks within the southern subdomain of Harvey–
Cardiff domain. If the northern subdomain is allochthonous, thrusting to juxtapose the 2 subdomains
must have occurred relatively early in the history of the area, possibly between or during emplacement of
the Junction and Galloway plutons (which are folded with the supracrustal rocks) around 1222 Ma, but
prior to formation of the Salerno Creek deformation zone marble after approximately 1211 Ma.
Pegmatite emplacement along the boundary between the 2 subdomains at circa 1060 Ma (Easton and
Kamo 2008) provides a lower age limit of juxtaposition of the 2 subdomains. From an exploration
standpoint, if the 2 subdomains are indeed allochthonous, then each subdomain will have different
mineral potential and will require differing exploration approaches.

HARVEY–CARDIFF DOMAIN, SOUTHERN SUBDOMAIN
Southern and eastern Cavendish Township is underlain almost entirely by gneissic rocks that have
been subjected to upper amphibolite facies metamorphism at least once, possibly twice. Highly strained,
mafic to intermediate composition gneisses, in part derived from gabbroic, anorthositic and dioritic
intrusive rocks, but which are largely of indeterminate protolith, are host to several orthogneiss
complexes. The orthogneiss complexes consist of migmatitic tonalite to granodiorite gneisses of the
Anstruther and Burleigh gneiss complexes and the tonalitic to granodioritic North Squaw River pluton of
Bright (1988). The only identifiable supracrustal rocks in southern Cavendish Township are coarsegrained, impure, calcite and dolomite marble and marble tectonic breccias that flank the gneiss
complexes. The marbles are infolded with the gneisses, and may be in tectonic contact with the gneisses.
Although volumetrically minor, these marbles are economically significant, in that they host all of the
significant vermiculite deposits within the township.
Mapping during the 2008 field season suggests that a migmatite front is present in the southern
subdomain, with the majority of the tonalite to granodiorite gneisses present in the eastern part of the
southern subdomain containing between 5 and 15% leucosome, whereas similar composition gneisses in
the western part of the southern subdomain are either not migmatized, or contain only small amounts of
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Table 14.1. Selected geochemical analyses from the Cavendish area mentioned in the text obtained as part of this study. Also
listed are the mineral formulae for sheet-silicate and clay minerals that are discussed in the text.

SiO2 (wt %)
TiO2
Al2O3
Fe2O3
MnO
MgO
CaO
Na2O
K2O
P2O5
CO2
LOI
Ba (ppm)
Cs
Rb
Sr
Ga
Sn
Nb
Y
Zr
U
Th
Total REE

07RME-0292
dike
54.02
1.65
16.01
9.25
0.14
4.15
6.15
2.89
3.53
1.02
0.14
1.07
4682
1.7
105
4337
21
8
17
32
450
0.1
0.3
615.2

07RME-0128
calc-silicate
21.59
0.20
2.86
1.56
0.12
18.63
26.08
0.09
1.54
0.04
22.60
28.05
198
1.2
23
103
3
<5
1
5
24
3.2
11.7
18.6

08RME-0165
granolite
59.72
0.27
14.08
7.60
0.07
2.52
2.60
5.37
3.34
0.73
1.17
1.93
95
0.95
155
51
62
12
102
510
3081
15.5
41.4
>1100

Mineral
Vermiculite
Talc
Phlogopite
Biotite
Glauconite
Muscovite
Paragonite
Kaolinite
Pyrophyllite
Montmorillonite

Mineral Formulae
Mg3Si4O10(OH)2·nH2O
Mg3Si4O10(OH)2
KMg3(AlSi3O10)(OH)2
K(Mg,Fe)3(AlSi3O10)(OH)2
K(Fe,Mg,Al)3(Si4O10)(OH)2
KAl2(AlSi3O10)(OH)2
NaKAl2(AlSi3O10)(OH)2
Al4Si4O10(OH)8
Al2Si4O10(OH)2
Al2Si4O10(OH)2·nH2O

leucosome (<5%). The non-migmatitic tonalite to granodiorite orthogneisses in the western part of the
southern subdomain are geochemical similar to Elzevir suite intrusions. If this correlation is valid, then
the migmatitic tonalite to granodiorite orthogneisses of the Anstruther and Burleigh gneiss complexes are
also likely part of the Elzevir suite, thereby extending the age range of that suite from 1250 to 1275 Ma to
1250 to 1290 Ma.
A newly recognized unit is well exposed along the Galway Forest Access Road in southeastern
Galway Township, but is poorly exposed along strike in east-central Cavendish Township. It consists of
a brown weathering, quartzofeldspathic gneiss unit at least 500 m thick. In thin section, this gneiss shows
a granolite texture, typified by 120° grain boundaries, suggesting that the unit was subjected to upper
amphibolite- or granulite-facies metamorphism. Primary mafic mineralogy is retrogressed, mainly
through the formation of secondary oxide minerals. A rusty gneiss unit parallels the eastern contact of the
gneiss unit, and based on a single sample, is chemically related to the quartzofeldspathic gneisses.
The quartzofeldspathic rocks are characterized by high major and trace alkali contents, as well as high
enrichments in elements such as Ga, Nb, Y and Zr (Table 14.1, sample 08RME-0165). These trace-element
enrichments could indicate that these rocks represent restite that formed as the result of extraction of a melt.
If this gneiss unit is a restite related to removal of a melt fraction, the high alkali element as well as Nb, U
and Th content of this rock (see Table 14.1, sample 08RME-0165) would appear to preclude it as being a
source for rocks of the late granite suite. It could, however, be a source rock for some of the gabbro and
diorite units within the southern subdomain, or rocks of the quartz monzodiorite suite.
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BANCROFT TERRANE
Clean, calcite, dolomite and siliceous marbles, with minor quartzite and siliciclastic
metasedimentary horizons are the major rock units within Bancroft terrane in Cavendish Township.
Intrusive rocks consist of syenite and minor nepheline syenite that form a thin, northeast-trending belt
through Salmon and Fortescue lakes (see Figure 14.2). Metamorphic grade in Bancroft terrane is middle
to upper amphibolite facies.
Centred on Salmon Lake is a package of quartzite intruded by mafic to ultramafic sills, as noted by
Bright (1981a, 1981b). The combination of mafic to ultramafic sills makes the Salmon Lake quartzites
unique within Bancroft terrane. Bright (1981a, 1981b) referred to the mafic rocks as diabase, but the bodies
consist mainly of medium-grained, metamorphosed gabbro, exhibiting a variety of textures. On the
southwest shore of Salmon Lake, ultramafic rocks containing relict olivine were also observed in association
with the quartzites. The mafic and ultramafic rocks do not occur in the adjacent marbles, and it is possible
that the quartzite–gabbro sequence is allochthonous with respect to the surrounding marbles. Lumbers
and Vertolli (2000b) considered the quartzites to be fine-grained felsic intrusive rocks and, along the
north shore of Salmon Lake, where these rocks are strongly deformed, protolith determination is indeed
problematic. Thin section examination of texturally well-preserved outcrops in south Salmon Lake
confirms that these rocks are recrystallized sandstones. Geochemical results are pending on the quartzites
and the mafic and ultramafic rocks, and may assist in elucidating the origin of this unusual rock package.

BANCROFT TERRANE—HARVEY–CARDIFF DOMAIN BOUNDARY
As noted in Easton (2007), a major deformation zone, termed the Salerno Creek deformation zone,
forms the boundary between Harvey–Cardiff domain (to the southeast) and Bancroft terrane (to the
northwest) (see Figure 14.2). The deformation zone consists of large enclaves of gabbroic, anorthositic
and granitoid gneisses surrounded by highly flattened, layered, intermediate to felsic straight gneisses
(Photo 14.1). The deformation zone separates 2 distinct marble sequences, and hosts a variety of rock
types not seen in adjacent rock sequences in either Harvey–Cardiff domain or Bancroft terrane.
Lenses of potassium feldspar megacrystic granodiorite to monzogranite, up to 200 m wide and
750 m long, occur in the northern part of the deformation zone, and were mapped by Bright (1987) as the
Salmon Lake road porphyritic granite dike. The age of these rocks has been determined to be 1211±2 Ma
using U/Pb in zircon (Easton and Kamo 2008), and are geochemically similar to the Galloway and
Junction plutons. As the margins of the megacrystic monzogranite lenses are deformed, this age provides
a maximum age on formation of the deformation zone. A compositionally unusual alkalic dike (see Table
14.1, sample 07RME-0292), which cuts the deformation zone, was sampled in 2008 for U/Pb
geochronology in order to obtain a lower limit on the age of the deformation zone.
Southeast of Salmon Lake, the Salerno Creek deformation zone is cored by a body of gabbro and
diorite that exhibits a variety of magma-mingling textures and an abundance of intrusion breccias (Photos
14.1 and 14.2). The term Salmon Burn intrusive complex is proposed for these intrusive rocks.
Texturally and compositionally, the rocks of the Salmon Burn intrusive complex are similar to the
Lingham Lake intrusive complex present in Grimsthorpe domain. Easton (2007) noted similarities
between the southern subdomain of Harvey–Cardiff domain and Grimsthorpe domain, and it is possible
that this similarity may also apply to the northern margin of Harvey–Cardiff domain. Only the core of the
northern subdomain of Harvey–Cardiff domain is not lithologically similar to Grimsthorpe domain, which
may be another indication of its possible allochthonous nature.
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Photo 14.1. Straight gneiss of the Salerno Creek deformation zone, derived from a rock similar to that shown in Photo 14.2.
Hammer handle is 33 cm long. Station 08RME-0237, UTM 703003E 4960915N, NAD83, Zone 18.

Photo 14.2. Intermixed felsic and mafic gneiss of the Salmon Burn intrusive complex. Hammer handle is 33 cm long. Station
08RME-0235, UTM 703170E 4961420N, NAD83, Zone 18.
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PLUTONIC ROCKS
A complex magmatic history spanning over 200 million years is present with Cavendish Township,
as summarized in Table 14.2. On the basis of geochemistry, geochronology and geophysical
characteristics, 3 new intrusive suites have been recognized in the area as a consequence of this project:
the Salmon Burn intrusive complex, the quartz monzodiorite suite, and the late granite suite. Of these 3
suites, the quartz monzodiorite suite may be unique to Harvey–Cardiff domain. As discussed in greater
detail in Easton (this volume, Article 16), the late granite suite may have equivalents throughout the
Central Metasedimentary Belt. In addition, it is possible that a fourth newly recognized mafic intrusive
suite may be present with the quartzite package present in the Salmon Lake area in Bancroft terrane.

MINERAL POTENTIAL
A summary of the mineral potential of Cavendish Township can be found in Easton (2007) and is
not repeated herein. Commodities of interest include dimension stone and aggregate production from
plutons of both the Methuen and late granite suite (see Table 14.2), as well as massive sulphide
mineralization from the supracrustal rocks of the northern subdomain of Harvey–Cardiff domain and
along the margins of the Salerno Creek deformation zone. New insights with respect to uranium potential
in Cavendish Township and throughout the Central Metasedimentary Belt can be found in Easton (this
volume, Article 16). New insights with respect to exploration for vermiculite and carbonate-hosted zinc
mineralization within Cavendish Township are outlined below.

Vermiculite
The vermiculite deposits at Vermiculite Canada and the historic showings along the Beaver Lake
road are hosted by a chemically distinctive calc-silicate rock (see Table 14.1, sample 07RME-0128) that
occurs in close proximity to a unit of relatively pure dolomite marble. The calc-silicate rock is dominated
by talc–tremolite–quartz–calcite, and has a pink-green colour on weathered surfaces. The calc-silicate
rock is characterized by low Al2O3, high MgO, moderate SiO2, CO2 and K2O contents, low values for all
of the other alkali elements (Ba, Na, Rb, Sr), and negligible total rare earth element (REE) contents (see
Table 14.1). This chemical composition would seem to rule out the involvement of most typical clay
minerals in the formation of the calc-silicate rocks, as these would add significant amounts of alumina,
alkali and rare earth elements to the rock (see mineral formulae in Table 14.1 for muscovite, paragonite,
kaolinite and pyrophyllite). In contrast, primary deposition of the calc-silicate protolith as a glauconite–
silica–carbonate mud, subsequently metamorphosed to form the assemblage talc–tremolite–quartz–
calcite, would be an ideal precursor for forming the low-iron vermiculite present at Vermiculite Canada
(see respective mineral formulae in Table 14.1).
Two factors appear to be critical with respect to development of significant vermiculite
mineralization within Harvey–Cardiff domain; namely, the presence of compositionally favourable
marbles that are located in topographically low areas, which were protected from erosion during
Quaternary glaciation.
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Table 14.2. Main intrusive rock units present in the Harvey–Cardiff domain, including Cavendish Township. Asterisk beside
unit name indicates a newly recognized intrusive unit. Suite terminology after Lumbers et al. (1990) and Easton (1992).

Unit

Main Rock Types

Chemical
Characteristics

Absolute or
Relative Age

Mineral Potential

Gneissic host to
Anstruther gneiss
complex in
southern Harvey–
Cardiff domain*

Mafic gneiss,
anorthositic gneiss,
leucogabbroic
gneiss

Subalkalic

>1275 Ma
(equivalent to
Killer Creek gabbro
suite and Canniff
Complex rocks of
Grimsthorpe
domain)

Ni-Cu-PGE

Anstruther gneiss
complex (Elzevir
Suite?)

Tonalite to
granodiorite gneiss,
commonly
migmatitic

Subalkalic

1290 Ma1

Unknown

Salmon Burn
intrusive
complex*

Diorite, mafic
diorite, gabbro

Results pending

Sample submitted
for U/Pb dating

Ni-Cu-PGE

Quartz
monzodiorite
suite* (only in
Southern Harvey–
Cardiff domain)

Quartz
monzodiorite and
monzodiorite
gneiss

Alkalic, metaluminous,
volcanic-arc or orogenic
granite5

Sample submitted
for U/Pb dating

Unknown

Glamorgan
(Trooper Lake)
gabbro (mafic
phases of the
Syenite Suite?)

Leucogabbro,
typically gneissic

Alkalic, metaluminous,
ocean-island or enriched
mid-ocean ridge basalt,
elevated TiO2, P2O5,
alkalis, Ba, Sr, Zr

1246±3 Ma2

Unknown

Syenite Suite

Nepheline syenite,
potassic syenite,
typically gneissic

Alkalic, metaluminous,
volcanic-arc or orogenic
granite5

1242 to 1219 Ma3

Nepheline

Methuen Suite
(Junction and
Galloway plutons)
and Anstruther
gneiss complex
granites

Monzogranite,
granodiorite,
foliated to gneissic

Subalkalic,
metaluminous, withinplate granite5 (Galloway)
or volcanic-arc granite5
(Junction)

1221±2 Ma ,
Junction pluton4;
1211±2 Ma
megacrystic
granite4; 1229 Ma,
Anstruther granite1

Historic stone and
aggregate
production

Late Granite
Suite*

Monzogranite,
syenogranite

Subalkalic,
peraluminous, withinplate granites5, elevated
K2O (4.6–7.7 wt %),
Nb (>25 ppm),
Pb (12–25 ppm),
Rb (>200 ppm),
Th (25–55 ppm)

1067±4 Ma4

Uranium, thorium,
building stone and
aggregate
production

Pegmatite Suite

Syenogranite,
syenite

1060±2 Ma4

Uranium, thorium,
potassium feldspar

Sources: 1Burr and Carr (1994), 2Pehrsson, Hanmer and van Breemen (1996), 3Lumbers et al. (1990), 4Easton and Kamo (2008),
5
Pearce, Harris and Tindle (1984).
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Figure 14.3. Simplified geologic map of Harvey–Cardiff domain and surroundings showing the distribution of marble belts
favourable for the generation of vermiculite deposits. Known vermiculite occurrences are also indicated. For clarity, late
plutons, particularly those of the Methuen suite, are not shown.
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As noted in Easton (2007), marbles favourable for the creation of significant vermiculite deposits
occur only within the southern subdomain of Harvey–Cardiff domain. As illustrated in Figure 14.3, these
marbles occur in a thin belt along both the eastern and western margins of the Anstruther gneiss complex
and the Cheddar dome, as well as the area between the Anstruther gneiss complex and the Cheddar dome.
Marbles protected from glaciation are most likely to occur along the western margin of the Cheddar dome
and between the Anstruther gneiss complex and the Cheddar dome.

Carbonate-Hosted Zinc
Several carbonate-hosted zinc occurrences are known along the north margin of the metavolcanic
belt present in the northern subdomain of Harvey–Cardiff domain, located in close proximity to several
surface zones of malodorous, sulphide-bearing, dolomite marbles and siliceous dolomite marbles
(St. Joseph Exploration Limited 1979). Similar rocks occur along the southern margin of the
metavolcanic belt, north of County Road 506 northwest of Pencil Lake (see Figure 14.2) and may
represent an additional exploration target, especially if folding has resulted in stratigraphic repetition of
the marbles on both sides of the metavolcanic belt. Fibrous tremolite-bearing, siliceous dolomite marbles
associated with algal-mat stromatolites located along the north margin of the volcanic belt due west of
Picard Lake represent an additional exploration target.
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INTRODUCTION
Easton (2005) first reported on the test of a hand-held scintillometer for rock unit discrimination in
the Southern Province. A similar approach was utilized in the first year of the Cavendish Township
mapping project in the Grenville Province (Easton 2007). In addition, since 2002, the Ontario Geological
Survey has been routinely collecting magnetic susceptibility measurements during mapping projects, and
is compiling a database of these measurements for eventual public release (cf. Rainsford and Muir 2007;
Beakhouse 2000).
Even though these earlier studies demonstrated that hand-held geophysical instruments can be used
in the field to aid in the discrimination of map units during the course of a mapping project, the
methodology has not been fully documented nor adequately tested. For example, how many
measurements are necessary to adequately characterize a rock unit? Although magnetic susceptibility
measurements can be collected relatively quickly, each assay-mode scintillometer reading requires 5
minutes of instrument recording time. Thus, the fewer number of readings necessary to adequately
describe a unit, the better in terms of examining more outcrops in the limited field season available for
mapping. Furthermore, no systematic attempt has been made previously to relate magnetic susceptibility
readings to specific mineral content and textures within individual rock units.
Consequently, this project was undertaken in order to provide documentation of the methodology
and to provide a better understanding of the relationship between the geophysical characteristics of the
rocks and their mineralogy. Cavendish Township is well suited for this project, because it contains
several plutonic bodies from each of a number of igneous suites with different geophysical characteristics,
and preliminary mapping during the 2007 field season established that there was a good correspondence
between the potassium, uranium and thorium contents of the plutonic units, as determined using the
scintillometer and through whole rock geochemistry.
The specific objectives of this study are to
1.

characterize the intermediate to felsic plutonic suites based on measurements collected using
hand-held instruments in the field

2.

evaluate how mineralogy and degree of metamorphism may influence the readings produced by
the instruments

3.

determine the optimal number of measurements to be collected in the field in order to
adequately characterize the rock unit

Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.15-1 to 15-4.
© Queen’s Printer for Ontario, 2008
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SITE SELECTION AND DATA COLLECTION
The study area focussed on 4 large outcrop areas representing 4 separate intrusions exposed along
Peterborough County Road 507. These sites were chosen because of easy access and an abundance of
fresh outcrop for both geochemical sampling and the collection of measurements. In addition, 2 of the 4
intrusions had their ages determined using U/Pb zircon geochronology in 2007 (Easton and Kamo 2008),
either at or near a study site, and the age determination of a third site is in progress. A fifth site, located
on the Galway Township Forest Access Road, is unique, as it contains a granodiorite gneiss that has
undergone intense saprolitic weathering. It was selected specifically to examine the influence of extreme
weathering on bulk rock composition.
The 4 primary sites were chosen because they have unique combinations of 4 physical and chemical
properties: magnetic susceptibility, radiometric signature, level of homogeneity, and degree of
metamorphism and deformation (Table 15.1). This provides a wide spectrum of properties that could be
used to examine how each might influence the geophysical measurements taken during a typical mapping
program.
Table 15.1. Summary of study sites and preliminary results.

Site
No.

1

2

3

4

5a

5b

Intrusive
Unit and
Location in
UTM*
Late granite
suite
710700E
4954000N
Quartz
monzodiorite
suite
710670E
4954400N
Galloway
pluton
708000E
4964600N
Junction
pluton
707425E
4969475N
Elzevir suite
704640E
4953250N
same as above

Rock Types

Syenogranite

Age
(in Ma)

1067±4

Quartz
monzodiorite
gneiss

submitted

Gneissic
granodiorite to
monzogranite

~1220 to
1240 Ma

Gneissic
monzogranite

1221±2

Average
Specific
Gravity

2.64

2.73

2.66

2.68

Average and
Median
Magnetic
Susceptibility
(×10–3 SI)
10.6
(max 15.5)
11.9

Average
and
Median
K
(wt%)
4.0

Average
and
Median
U
(ppm)
3.5

Average
and
Median
Th
(ppm)
28.3

3.8

3.4

28.6

14.8
(max 39.8)
8.6

2.7

1.2

0.6

2.7

1.1

0.4

3.6
(max 10.0)
2.8

2.9

4.1

9.1

2.8

4.0

9.7

0.1
(max 0.22)
0.1

2.8

4.2

6.1

3.2

5.5

7.1

Granodiorite
gneiss

~1270 to
1290 Ma

NA

81.4
81.4

4.5
4.5

7.3
7.3

7.9
7.9

saprolite

unknown

NA

49.8
49.8

3.6
3.6

5.5
5.5

8.0
8.0

Abbreviations: NA = not available.
* NAD83, Zone 17, co-ordinate given is for approximate centre of sampling site.
All K, U and Th data were recorded using an Exploranium™ GR-135G MiniSpec gamma-ray spectrometer, serial number 4885,
calibrated on February 22, 2006, using an NaI crystal and software version 501GEO. The instrument was stabilized daily, and
data were recorded using the assay mode with a 5-minute count time. Quoted accuracy is 0.1% K, 0.4 ppm U, and 0.7 ppm Th
for a sample with 2% K, 2 ppm U and 8 ppm Th. Magnetic susceptibility data were recorded using an Exploranium™ KT-9
Kappameter, serial number 5890. Age data from Easton and Kamo (2008). Multiply K by 1.2046 to obtain K2O.
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Each site, except site 5, was a road cut, roughly 75 to 100 m in length, within an individual intrusion.
Each site was divided into 4 stations; 2 located near each end of the outcrop, with the other 2 more
centrally located, so that each station divided the outcrop area evenly (10 to 15 m apart). In essence, each
station represents a small outcrop, whereas each site represents a large outcrop area, similar in scale to the
largest outcrops typically encountered during mapping.
At each station, 4 to 7 sets of magnetic susceptibility measurements (each set contains 10 individual
measurements) and 4 to 7 scintillometer readings were taken within a 1 to 2 m2 area. In addition, a
sample was collected for thin section, whole-rock geochemistry, and specific gravity determination from
under one of the scintillometer measurement locations at each station, in order to link the geophysical
data directly with the petrography of the sample. A total of 74 sets of magnetic susceptibility readings
were collected, along with 74 assay-mode scintillometer measurements. A total of 17 samples were
collected for specific gravity, whole-rock geochemistry and thin section examination.

PRELIMINARY RESULTS
It was discovered that the scintillometer interferes with the magnetic susceptibility meter when the
2 instruments are in close proximity. Within 5 cm of the scintillometer, the susceptibility meter always
gives an Error 5 reading (below –0.999 ×10–3 SI) and, within 10 cm, the susceptibility meter gives a wide
range of atypical negative readings (–0.05 to –0.93). Negative readings are not commonly encountered in
the field, and typically occur in relatively pure marbles and quartzites, and are always close to zero (–0.01
to –0.04). Beyond 10 cm, no obvious effect on the susceptibility meter could be detected. The most
likely explanation is that when active, the scintillometer generates an electrical field that interferes with
the electric signal generated by the magnetic susceptibility meter in the process of taking a reading. There
was no indication that the magnetic susceptibility meter interfered with the operation of the scintillometer.
Nonetheless, it is recommended that the measurements be done sequentially, and that magnetic
susceptibility readings should not be taken within 1 metre of an active scintillometer.
Although sites 1 and 2 give broadly comparable average and median magnetic susceptibility
readings (see Table 15.1), site 2 shows a greater range in minimum and maximum values, with high
values being almost 3 times as large as at site 2. Although site 3 is more inhomogeneous than site 4 in
bulk rock composition, average and median radiometric values are similar for both sites (see Table 15.1).
Site 3 exhibits much higher magnetic susceptibility than site 4, even though the age and chemical
composition of these bodies is similar (see Table 15.1). Further data analyses and petrography may aid in
determining the causes of these differences.
At site 5, intense chemical weathering significantly decreases magnetic susceptibility in the rock as
well as potassium content, and causes a moderate decrease in uranium. Thorium content between the
weathered and unweathered sample are comparable, most likely due to the fact that thorium is less soluble
than either uranium or potassium. The similarity of the average and median values for sites 5a and 5b
(see Table 15.1) is due to the low number of readings at this site.
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INTRODUCTION
Two important findings from the Cavendish Township mapping program (Easton 2007, this volume,
Article 14) are
1.

the recognition of a late granite suite enriched in elements such as potassium, niobium and
thorium, and

2.

the determination that rocks of this late granite suite were emplaced at 1067±4 Ma and are
broadly coeval with the age of uranium-bearing granite pegmatite veins in Cavendish Township
(1059.2±1.5 Ma: Easton and Kamo 2008). This is the first direct evidence that the granite
pegmatite veins were temporally associated with granite pluton emplacement in the Central
Metasedimentary Belt.

The latter finding is particularly significant as it broadens the extent of potential uranium-bearing
host rocks within the Central Metasedimentary Belt and raises the possibility that Rössing-style (i.e.,
granite-hosted) uranium mineralization may be present within the Central Metasedimentary Belt.
Furthermore, there are many intermediate to felsic intrusions in the Central Metasedimentary Belt with
U/Pb zircon age determinations between 1065 and 1090 Ma (Table 16.1). Historically, all of these
younger intrusions have been considered to be part of the ultrapotassic Kensington–Skootamatta suite (cf.
Corriveau 1990; Corriveau et al. 1990; Lumbers et al. 1990; Easton 1992), even though some of these
intrusions consist mainly of granite rather than diorite to monzonite. Based on the results of the
Cavendish Township mapping program, a renewed look at the geology of these 1065 to 1090 millionyear-old intermediate to felsic intrusions is warranted. This article provides a preliminary evaluation of
the prospects for granite-hosted uranium mineralization within the Central Metasedimentary Belt.

RÖSSING URANIUM DEPOSIT
The Rössing uranium deposit is located near Swakopmund, Namibia, within the Central Zone of the
Pan-African Damara Orogen. First discovered in 1928, the deposit was subsequently explored in 1955 to
1958 and from 1966 to 1973. Rio Tinto began mine preparation in October 1974, and the mine has been in
operation from March 1976 to the present day. It is the lowest grade uranium orebody still in production
and, although grades have been known to reach 1 kg/t U3O8 (2 pounds per ton U3O8 or 840 ppm U), the
average uranium yield is only 0.35 kg/t U3O8 (0.7 pounds per ton U3O8 or 300 ppm U) (Nield 2002). For
comparison, the average grade of the ore produced from the Elliot Lake camp was 1.8 pounds per ton
U3O8 (756 ppm U). Despite the low grade of the ore, Rössing accounted for 8% of total world uranium
production in 2002 (Nield 2002). The Rössing uranium deposit is considered to typify granite-hosted
(also known as alaskite-hosted) uranium deposits (e.g., Berning 1986; Basson and Greenway 2004).
Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.16-1 to 16-10.
© Queen’s Printer for Ontario, 2008
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The Central Zone of the Damara Orogen has been subjected to upper amphibolite- to granulite-facies
metamorphism, and contains widespread granite intrusions, emplaced into a package of siliciclastic
metasedimentary rocks, marbles and basement gneisses. The basement gneiss are significantly older than
the granites in the area, with U/Pb zircon SHRIMP ages of 1038±58 Ma (Kröner et al. 1991). The
supracrustal package is undated.
Two ages of granite magmatism are present in the Central Zone of the Damara Orogen: older, nonuraniferous granites with U/Pb zircon and monazite SHRIMP age determinations of 563 and 526 Ma, and
younger, uraniferous granites emplaced between 517 and 505 Ma, again based on U/Pb zircon and
monazite ages (Basson and Greenway 2004). The “alaskite” granites that host the deposit exhibit aplitic,
granitic and pegmatitic textures, and are not uniformly mineralized. Portions are barren or only slightly
mineralized, whereas other portions are sufficiently rich to be mined (Roesener and Schreuder 1992).
Uranium mineralization is associated with domal structures present in the orogen (Basson and
Greenway 2004). Mineralization may be a multi-phase process, with primary uraninite being introduced
with the late granites in the area. Subsequent structurally controlled hydrothermal fluid flow has
redistributed and concentrated uranium into phases such as uranophane (Basson and Greenway 2004).

Late Granite Suite in Cavendish Township
Rocks of the late granite suite are tholeiitic, peraluminous and, on a quartz–alkali feldspar–
plagioclase diagram, they all classify as monzogranites. On all Maniar and Piccoli (1989) diagrams, they
fall into the category of post-orogenic granitoids (i.e., A-type granites), similar to Methuen suite samples.
On Pearce, Harris and Tindle (1984) trace-element diagrams, they classify as within-plate granites, and
have slightly elevated Nb (>25 ppm), Pb (12–25 ppm) and Rb (>200 ppm) contents. The elevated
thorium content of these rocks can be recognized in the field using a hand-held scintillometer. On
airborne gamma-ray maps, equivalent thorium (eTh) highs with no associated equivalent uranium high,
overlie the bodies. This contrasts with the larger granite pegmatite bodies in the area, which have
associated eU and eTh highs. In addition, late granite suite intrusions are associated with eK/eTh ratios
close to 1 on airborne gamma-ray maps. As previously mentioned, a U/Pb zircon age of 1067±4 Ma has
been obtained from an intrusion of this suite (Easton and Kamo 2008), whereas a syenogranite pegmatite
vein hosting the former Cavendish uranium mine yielded a U/Pb zircon age of 1059.2±1.5 Ma (Easton
and Kamo 2008).

Comparison between Cavendish and Rössing Uranium Occurences
There are broad similarities between the geological setting present in Cavendish Township and the
Central Zone of the Damara Orogen. In both areas, the granite intrusions invade a sequence of high-grade
gneiss, in part derived from siliciclastic and carbonate metasedimentary rocks. Uranium-bearing rocks
are emplaced into intermediate to mafic gneisses, although marbles may be located close by. The
uranium-bearing rocks occur along the flanks of structural domes. Although no older basement is present
in Cavendish Township, the area is located less than 75 km from the older gneisses of the Central Gneiss
Belt, and equivalent rocks likely lie in the shallow crust beneath Cavendish Township. Both areas exhibit
a multiphase history of granite emplacement, although the timing of events between the areas is quite
different (Mesoproterozoic versus Neoproterozoic to Cambrian). Uranium mineralogy differs between
the 2 areas, with uranophane, beta-uranophane and betafite being more common in Rössing; however, this
may be the result of a greater level of secondary hydrothermal alteration and surficial weathering in
Namibia. These secondary enrichment effects, however, might be of considerable importance in terms of
producing economic versus subeconomic ore grades.
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Table 16.1. Summary of known late felsic intrusions within the Central Metasedimentary Belt, Ontario.

Pluton Name

Age
(in Ma)

Kensington–Skootamatta Suite
Calabogie
1088±2 zircon1

Main Rock
Type

Syenite

Gawley Creek

1088 zircon2

Syenite

Loon Lake

Monzonite

Mount Moriah

1089±4 zircon1,
1086 titanite1
1088 zircon2

Mount St. Patrick

not dated

Monzodiorite

Rideau Lake

not dated

Syenite

Skootamatta

1088 zircon3

Syenite,
monzonite

Umfraville

1088 zircon2

Syenite

Westport

1077±4 zircon1

Monzonite

Wolf Lake

not dated

Syenite

Group 1 late granites
Barbers Lake
1066 +7/–4
zircon4

Belmont Lake

1088 +3/–2
zircon6,
1071±5 titanite6

Cavendish
Township

1067±4 zircon5

Unnamed pluton
near Petroglyphs
Park
Granite sills in
marbles between
Stony Lake and
Jack’s Lake

not dated
not dated

Chemistry

Majors, partial
traces, rare earths,
alkalic
Majors, traces, rare
earths, alkalic
Majors, traces, rare
earths, alkalic
Majors, traces,
P2O5 >0.21, alkalic
Majors, traces,
P2O5 >0.21, alkalic
Majors, traces, rare
earths, alkalic

Syenite

Majors, traces,
P2O5 >0.21, alkalic
Majors, traces,
alkalic

Monzogranite
to syenogranite

Monzogranite

Limited majors,
traces, rare earths,
subalkalic,
peraluminous,
syn-orogenic
Limited majors,
traces, rare earths,
subalkalic,
peraluminous
Majors, traces, rare
earths, subalkalic,
peraluminous,
post-orogenic
Scintillometer only,
elevated Th
No data

Airborne
Radiometric
Character

Aeromagnetic
Character

eK/eTh ~1,
eTh, eU
eK/eTh ~1,
eTh, eU

Moderate high

eK/eTh ~1,
eTh, eU
eK/eTh ~1,
eU, high eTh
eK/eTh ~1,
eTh, eU
eK/eTh ~1,
eTh, eU
Moderate
eK/eTh, low
eTh, eU
Moderate
eK/eTh, low
eTh, eU
eK/eTh ~1,
eTh, eU
eK/eTh ~1,
eTh, eU

Moderate high

Intense high

Intense high
Intense high
Intense high
Intense high
Moderate high
Intense high
Intense high

High Th, U

Low to
moderate

eK/eTh ~1,
moderate eTh,
eU

Low to
moderate

eK/eTh ~1,
moderate eTh

Low to
moderate

eK/eTh ~1,
moderate to high
eTh
eK/eTh ~1,
moderate to high
eTh

Low to
moderate
Low to
moderate

Sources: 1Corriveau et al. (1990); 2unpublished data set from Lumbers et al. (1990); 3R.M. Easton and S.D. Carr, unpublished
data; 4van Breemen and Davidson (2000); 5Easton and Kamo (2008); 6Davis and Bartlett (1988); 7Atkins (1983).
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Table 16.1. continued.

Pluton Name

Age
(in Ma)

Main Rock
Type

Group 2 late granites
Bobs Lake
not dated

Granite

Burns Lake

not dated

Granite

Coe Hill

1038±20 Rb/Sr7

Monzonite to
monzogranite

Elphin

circa 1060
zircon2

Monzogranite

Leggat Lake

1070±3 zircon4

Monzogranite

McLean

not dated

Monzogranite

Chemistry

Majors, traces,
alkalic (low silica)
to subalkalic (high
silica),
metaluminous to
peraluminous
Limited majors,
traces, rare earths,
subalkalic,
peraluminous,
syn-orogenic,
scintillometer,
2 ppm U,
1–6 ppm Th
Scintillometer,
2–6 ppm U,
5–10 ppm Th
Scintillometer,
1–4 ppm U,
1–14 ppm Th

Airborne
Radiometric
Character

Aeromagnetic
Character

Moderate
eK/eTh, eTh, eU
Moderate
eK/eTh, eTh, eU
Western Coe
Hill - high eTh;
Eastern Coe Hill
- low eTh

Intense high
Moderate high
Intense high

High eK/eTh,
eTh, eU

Moderate high

High eK/eTh,
eTh, eU

Intense high

eK/eTh ~1,
moderate eU and
eTh in south and
east, moderate
eU, high eTh in
north

Intense high

Sources: 1Corriveau et al. (1990); 2unpublished data set from Lumbers et al. (1990); 3R.M. Easton and S.D. Carr, unpublished
data; 4van Breemen and Davidson (2000); 5Easton and Kamo (2008); 6Davis and Bartlett (1988); 7Atkins (1983).

MINERAL POTENTIAL: DISCUSSION
The only significant uranium occurrence in Cavendish Township is the former Cavendish Mine,
which produced a large bulk sample in 1955 from underground workings (Satterly 1957). However, are
there other places to look for granite-hosted uranium mineralization in the Central Metasedimentary Belt
other than Cavendish Township? In particular, can we use the known airborne gamma-ray signature of
the late granite suite in Cavendish Township, in conjunction with available geochronology and
geochemistry on intermediate and felsic intrusions present in the Central Metasedimentary Belt (Table
16.1), to identify additional exploration targets? The answer is “yes”, as expanded upon below.

Kensington–Skootamatta Suite Characteristics
Plutons of the ultrapotassic Kensington–Skootamatta suite are alkalic, shoshonitic to ultrapotassic,
and generally have low to moderate silica contents (45 to 60 weight %). They are characterized by TiO2
>0.8 and P2O5 >0.21 (Corriveau 1990). They are typically associated with intense aeromagnetic highs,
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and generally have low to moderate eU and eTh contents, as summarized in Table 16.1. Monzonite to
syenite plutons of the Kensington–Skootamatta suite in Ontario have yielded U/Pb zircon age
determinations ranging from 1077 to 1090 Ma, but most ages cluster around 1088 Ma.
As indicated in Table 16.1, there are several granite intrusions of generally similar age in the Central
Metasedimentary Belt, which range in age from 1060 to 1090 Ma, clustering around 1070 Ma.
Geochemically, these intrusions show more affinity to the anorogenic granites of the Methuen suite, but
are much younger. It is possible that 2 groups of young granites may be present (see Table 16.1): one
group, like those in Cavendish Township, which have elevated thorium, slightly elevated uranium, and
moderate magnetic susceptibility (1 to 10 ×10–3 SI units). The second group has low uranium and
thorium contents, and high magnetic susceptibility (10 to 50 ×10–3 SI units).

Origin of Late Granite Pegmatites in the Central Metasedimentary Belt
There are 3 main hypotheses to explain the origin of late granite pegmatites in the Central
Metasedimentary Belt:
1.

derivation from syn- to late-tectonic granites that are not exposed (e.g., Fowler and Doig 1983)

2.

in situ partial melting during peak metamorphism (e.g., Masson and Gordon 1981; Ford 1982;
Goad 1990)

3.

partial melting at depth in association with granulite-facies metamorphism in the Central Gneiss
Belt and subsequent intrusion to mid-crustal levels (e.g., Lentz 1996)

All 3 models may be applicable to different parts of the Central Metasedimentary Belt. Model 1
appears to be applicable to the Cavendish Township area. Model 2 appears to be applicable to western
and northern Mazinaw terrane, where circa 1080 Ma granite pegmatites occur in circa 1245 Ma Methuen
suite granites such as the Addington and Abinger granites. Model 3 is most likely applicable to the
granite pegmatites present in northernmost Bancroft terrane, which, coincidently, is where most of the
pegmatites studied by Lentz (1996) are located.

Airborne Gamma-Ray Spectrometry
The Central Metasedimentary Belt in Ontario and western Quebec is covered by detailed airborne
gamma-ray spectrometry (Carson et al. 2004a-f). Figure 16.1 shows the equivalent potassium–equivalent
thorium ratio (eK/eTh) data for Ontario. Several key features are visible on this image.
First, high eK/eTh are present along the length of the 2 large Methuen suite granite bodies present in
Mazinaw terrane (the Addington granite, 1245 +15/–10: van Breemen and Davidson 1988) and the Abinger
granite, 1242±4 Ma: Corfu and Easton 1995) (see Figure 16.1). Granite pegmatites associated with these
intrusions are considerably younger in age (circa 1080 Ma: Corfu and Easton 1995) and occur in the
westernmost parts of the terrane where metamorphic grade is higher (Easton 1992). The pegmatites are
most likely derived from in situ partial melting during peak metamorphism (e.g., Ford 1982). Limited
assay-mode scintillometer data collected in 2008 by the author along the length of the Addington granite
showed little east–west variation, with average values of 3 to 4.2 weight % K2O, 2 to 5 ppm U and 4 to 7
ppm Th, with magnetic susceptibility ranging from 1 to 10 ×10–3 SI units.

16-5

Figure 16.1. Equivalent potassium–equivalent thorium ratio (eK/eTh) map for the Central Metasedimentary Belt, derived from the data of Carson et al. (2004f). Abbreviations:
Ad, Addington granite; Ab, Abinger granite; B, Barbers Lake granite; BB, Bobs Lake pluton; BE, Belmont granite; C, Cavendish Township; CB, Calabogie granite; CH, Coe
Hill granite; D, Deloro pluton; E, Elphin granite; G, Gawley Creek syenite; J, Jack Lake marble-granite zone; L, Leggat Lake granite; M, McLean granite; MM, Mt. Moriah
syenite; P, pegmatite concentrations; PP, Petroglyphs Park granite; S, Skootamatta syenite.
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Second, high eK/eTh are present along the length of central to northern Bancroft terrane (see Figure
16.1). This area is underlain by the granite pegmatites that were studied by Lentz (1996), who suggested
that they formed as the result of melting of deeper crustal rocks during granulite-facies metamorphism
associated with major thrusting in the Grenville orogen between circa 1050 to 1020 Ma. Past-producers
include the Bicroft, Dyno, Faraday, Greyhawk and Halo mines, with average grades of 0.17 weight %
U3O8 (1440 ppm U) and 0.02 to 0.2 weight % ThO2 (Robertson 1978).
Third, and more relevant to this study, are intrusions with eK/eTh ~1 and moderate to high eTh
and/or eU contents, as these might correspond to intrusions similar to those present in Cavendish
Township (see Figure 16.1). Intrusions fitting this category are the Belmont granite, parts of the McLean
granite, a pluton near Petroglyphs Provincial Park, and an area between Stony and Jack’s lakes that is
underlain by marble invaded by numerous granite sills. Some Kensington–Skootamatta suite intrusions,
such as the Calabogie and Gawley Creek syenites have similar eK/eTh, but these syenites are also low in
eTh and eU. Limited assay-mode scintillometer data collected in 2008 by the author from several of these
bodies are listed below.
•

Petroglyphs Park granite, average values of 4.7 to 6.0 weight % K2O, 3 to 10 ppm U and 7 to 34
ppm Th, with magnetic susceptibility ranging from 1 to 10 ×10–3 SI units.

•

Leggat Lake granite, average values of 4.1 to 5.8 weight % K2O, 2 to 6 ppm U and 5 to 10 ppm
Th, with magnetic susceptibility ranging from 20 to 50 ×10–3 SI units.

•

Southeastern part of the McLean granite, average values of 4.6 to 5.5 weight % K2O, 1 to 4 ppm
U and 1 to 14 ppm Th, with magnetic susceptibility ranging from 10 to 35 ×10–3 SI units.

For comparison, the median values for 48 assay-mode scintillometer readings from late granites in
Cavendish Township are 5.05 weight % K2O, 3.9 ppm U and 30.5 ppm Th, with median magnetic
susceptibility at 8.7 ×10–3 SI units. Only the Petroglyphs Park granite has similar values.
An exception to all of the above is the Barbers Lake granite (see Figure 16.1), which has a U/Pb
zircon age determination of 1066 +7/–4 (van Breemen and Davidson 2000). Although poorly exposed on
surface, the body still exhibits considerable eU, eTh and eK/Th highs. This has been verified by surface
scintillometer measurements in 2008 by the author, with average values of 4.0 to 4.7 weight % K2O, 11 to
45 ppm U and 45 to 133 ppm Th, with magnetic susceptibility ranging from 1 to 15 ×10–3 SI units.
Most of the group 1 granites listed in Table 16.1 are located in the western part of the Central
Metasedimentary Belt, in a region where older Methuen suite granite plutons are widespread. In contrast,
most of the group 2 granites listed in Table 16.1 occur in the eastern part of the Central Metasedimentary
Belt, in areas where older Methuen granite suite plutons are less common (especially east of Mazinaw
terrane). This could account for the lower uranium and thorium contents of plutons such as the Elphin,
Leggat Lake and McLean. It is also plausible that the low uranium and thorium contents of the group 2
plutons could reflect removal of uranium and thorium from the magmas that formed these plutons by
magmatic or hydrothermal processes.
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RECOMMENDATIONS FOR EXPLORATION
Based on the above discussion, the following recommendations can be made:
1.

In parts of the Central Metasedimentary Belt, radiogenic late granite plutons are spatially and
temporally associated with uranium- and thorium-bearing granite pegmatites.

2.

Aeromagnetic and airborne gamma-ray spectrometric maps of the Central Metasedimentary
Belt, in conjunction with hand-held scintillometer and magnetic susceptibility measurements,
can be used to select plutons which may have greater potential for hosting Rössing-style
uranium mineralization.

3.

At least 3 distinct processes may have been responsible for generating uranium-bearing
pegmatites within the Central Metasedimentary Belt. Only one of these processes involves
generation of coeval granite intrusions.

4.

The western Central Metasedimentary Belt contains more group 1 late granite plutons (see
Table 16.1) than in the east. This geographic variation may reflect a spatial association with
areas of widespread Methuen suite intrusions.

5.

Late granite plutons (see Table 16.1, group 1) with eK/eTh ratios near 1, moderate eTh and
moderate magnetic susceptibility (1 to 10 ×10–3 SI units) are favourable targets for uranium and
thorium exploration, especially if they are associated with major belts of pegmatites emplaced
in or near marble belts. Structural control around the margins of domes may be important in
localizing mineralization.

6.

The area between Stony Lake and Jack’s Lake, which contains a marble belt riddled with
numerous granite sheets, is an attractive exploration target for carbonate-hosted uranium-skarn
mineralization. This area exhibits a moderate eTh and eU character, even though outcrop is
limited in this area.

7.

The Barbers Lake granite and its margins is a unique uranium exploration target in the Central
Metasedimentary Belt.

8.

Additional geochronology, geochemistry and scintillometer data are needed for many of the late
granite plutons in order to better identify potential Rössing-style exploration targets in the
Central Metasedimentary Belt.
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INTRODUCTION
As part of an ongoing compilation and investigation of Proterozoic diabase dikes across
northwestern Ontario (e.g., Halls et al. 2008), 2 dikes were sampled for age determinations as shown in
Figures 17.1 to 17.3. The purpose of determining the ages of these dikes is to contribute to our
understanding of Proterozoic magmatic history and Proterozoic block rotations on the otherwise stable
Archean Superior craton, position possible plume centres from which the dike swarms radiate, and to
correlate dikes with those on other Archean cratons that might have been formerly attached to the
Superior craton (e.g., Bleeker and Ernst 2006). The latter objective would help provide metallogenic and
terrane correlations between Archean cratons on a global scale.
A diamond-drill core sample of a medium-grained diabase dike, near Puskwuche Point on the west
side of James Bay, was obtained from an Ontario Ministry of Natural Resources stratigraphic test well at
a depth of approximately 464 m (see Figure 17.2; Stott 2008b, 2008c). The dike at Puskwuche Point can
be seen aeromagnetically (Geological Survey of Canada 2003) to trend northwestward and is collinear
with another dike west of Fort Albany. These dikes are referred to here as the Fort Albany dikes.
A 30 m thick diabase dike, trending approximately 000 to 010°, is exposed on the north and south
shores of Margot Lake, southeast of North Spirit Lake (see Figure 17.3) and continues a short distance
northwards. This dike, sampled in the field, may be related to a set of dikes that lie further northnortheast, inferred from regional aeromagnetic maps (see Figure 17.1; Stott 2008a). North-striking dikes
in this area have been referred to as intrusions of the Cobham–North Spirit dike swarm (Buchan and Ernst
2004). Although they represent a set of dikes whose age is poorly constrained, they had recently been
regarded as possible components of a radiating Molson dike swarm whose (plume?) locus may have been
north of the northwest Superior cratonic margin at ca. 1.88 Ma (Ernst et al. 2008).
A previous attempt was made to obtain an age for the Margot Lake dike using K/Ar isotopic dating
methods (Wanless et al. 1966, laboratory sample GSC 64-117). These authors report a K/Ar age of
1650±220 Ma (not corrected for revised decay constants) on a whole-rock sample collected and described
by W. Fahrig from the dike’s exposure on the north shore of Margot Lake.

Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.17-1 to 17-10.
© Queen’s Printer for Ontario, 2008
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ANALYTICAL METHODS
Samples were analyzed at the Jack Satterly Geochronology Laboratory, University of Toronto.
Approximately 250g of each sample were trimmed of weathered surfaces, washed, reduced to centimetresize fragments using a jaw crusher, and ground to a fine- to medium-grained powder using a ring mill.
Samples were then fed slowly in water over a shaking, riffled (Wilfley®) table, broadly following the
technique of Söderlund and Johansson (2002) in order to obtain a heavy mineral concentrate that was
pipetted directly off the table and handpicked under alcohol using a binocular microscope. No heavy
liquid or paramagnetic separation techniques were used because of the potential for loss of fine-grained
platey mineral grains such as baddeleyite. Careful inspection of the Wilfley® table concentrates revealed
the presence of tiny baddeleyites in both samples. Highest quality grains were chosen on the basis of
clarity and luster; grains that appeared dull or slightly mottled by the presence of very fine dusty
inclusions or coatings were deliberately avoided, as experience shows that these grains often show greater
degrees of alteration and Pb-loss, or slightly higher contents of common Pb. Grains were not physically
weighed, but a visual estimate was made of each grain’s dimensions using a digital camera, and, using the
density of baddeleyite, a volume estimate was converted to weight. Estimated weights are probably
accurate to about ±20% (Table 17.1).

Figure 17.1. Regional map showing general distribution of possible Biscotasing (ca. 2170 Ma) diabase dikes, including Kistigan
dikes of Buchan and Ernst (2004), and associated sills (from Hamilton and Buchan 2007), and boxes showing locations of
Figures 17.2 and 17.3.
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Figure 17.2. Location and U/Pb baddeleyite age of the Fort Albany diabase dike at Puskwuche Point on the west side of James Bay.

Figure 17.3. Location and U/Pb baddeleyite age of the Margot Lake diabase dike, south of North Spirit Lake in northwestern
Ontario. Location of this and nearby dikes is based on Wood (1979) and aeromagnetic images (Ontario Geological Survey 2008).
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Table 17.1. Uranium–lead (U/Pb) isotopic data for baddeleyite from Paleoproterozoic diabase dikes, northern Ontario.
Analysis
No.

Fraction

Weight
U
(μg) (ppm)

Th/U

Pbcom 206Pb/204Pb 206Pb/238U
(pg) measured Age (Ma)

2σ

207

Pb/235U
Age (Ma)

2σ

207

Pb/206U
Age (Ma)

2σ

%
Disc

Rho

Site 1: 07GRS-001 Fort Albany diabase dike, Puskwuche Point (UTM 523572E 5736068N, NAD83, Zone 17; OGSR core 201, DDH 3)
MAH8034 Bd-1; 6 fresh,
brown,
euhedral
blades

0.4

149

0.024

1.2

1106

1855.4

4.7

1861.8

5.1

1868.9

8.0

0.8

0.693

MAH8035 Bd-2; 7 fresh,
brown, blades
& fragments

0.5

106

0.018

5.0

238

1859.3

7.7

1860.9

21.5

1862.7 39.1

0.2

0.789

MAH8036 Bd-3; 10
fresh, brown,
blades &
fragments

0.7

171

0.016

4.2

649

1849.3

3.9

1858.2

7.7

1868.2 13.6

1.2

0.687

MAH8109 Bd-4; 5 fresh,
brown, blade
fragments

0.6

244

0.015

0.2

12710

1861.2

3.2

1865.9

2.1

1871.1

1.6

0.6

0.939

MAH8110 Bd-5; 7 fresh,
brown, blade
fragments

0.6

229

0.019

0.3

9938

1857.2

3.3

1863.5

2.1

1870.4

1.7

0.8

0.933

Site 2: 07JF-418 Margot Lake diabase dike, North Spirit Lake area (UTM 497828E 5811749N, NAD83, Zone 15)
MAH8070 Bd-1; 5 small,
dull, pale
brown blades
& fragments

0.2

78

0.077

0.4

1005

2141.3

12.8

2157.6

7.6

2173.2

7.2

1.7

0.873

MAH8071 Bd-2; 4 small,
dull, pale
brown blades
& fragments

0.2

84

0.063

0.4

990

2150.5

11.8

2164.3

7.2

2177.4

7.1

1.5

0.866

MAH8131 Bd-3; 6 dull
brown blades
& fragments

0.2

134

0.058

0.4

1701

2147.0

7.8

2160.9

4.7

2174.0

4.3

1.5

0.888

MAH8132 Bd-4; 8 dull
brown blades
& fragments

0.2

112

0.050

15.6

51

2131.2

117.7

2164.3

105.4

3.5

0.709

2195.8 148.7

Notes: Pbcom - Common Pb, assuming the isotopic composition of laboratory blank: 206/204 = 18.221; 207/204 = 15.612;
208/204 = 39.360 (errors of 2%). Th/U calculated from radiogenic 208Pb/206Pb ratio and 207Pb/206Pb age assuming concordance.
% Disc - percent discordance for the given 207Pb/206Pb age. Rho - Error correlation coefficient.
Uranium decay constants are from Jaffey et al. (1971).

Mineral fractions chosen for analysis comprised between 4 and 10 grains of baddeleyite each.
Grains were given a brief wash in HNO3, spiked using a mixed 205Pb–235U isotopic tracer, and dissolved
in a 12:1 volume of HF:HNO3 acid in Teflon® bombs held at 200°C (Krogh 1973). Samples were
redissolved in 3N HCl to promote sample-spike equilibration, dried down with dilute phosphoric acid and
loaded with silica gel directly onto single rhenium filaments. Isotopic compositions of Pb and U were
determined sequentially on a VG354 mass spectrometer using a Daly detector in digital pulse-counting
mode. The Daly mass fractionation correction during this period was 0.05% per atomic mass unit
(AMU), while thermal mass discrimination corrections were 0.10% per AMU. Deadtime of the counting
system during the analytical interval was 22.7 nanoseconds, monitored using the NBS SRM 982 Pb
standard. Laboratory procedural blanks at the Jack Satterly Geochronology Laboratory are routinely at the
0.5 pg and 0.1 pg level or less for Pb and U, respectively. Slightly higher total common Pb contents for a
few of the analyzed fractions (see Table 17.1) were probably due to the presence of dusty inclusions
within some of the baddeleyites, or to excessive handling of small grains during loading.
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URANIUM–LEAD RESULTS
Results of isotopic analysis for uranium and lead are provided in Table 17.1. Errors are shown at the
2 sigma (2σ) level of uncertainty. Isotopic data are presented graphically in concordia diagrams in
Figures 17.4a and 17.4b, with error ellipses shown at the 2σ level. Initial compositions of common Pb in
excess of the laboratory blank were estimated after Stacey and Kramers (1975), and decay constants used
are those recommended by Jaffey et al. (1971). The U/Pb concordia diagrams and age calculations were
generated using the IsoPlot/Ex (v. 3.00) program of Ludwig (2003). Calculated age errors are also quoted
at the 2σ level.

07GRS-001: Northwest-trending Mafic Dike, Fort Albany Area
A modest amount of relatively fresh, medium-brown blades and blade fragments of baddeleyite with
good luster was recovered from this sample. Individual grains had a serial range of maximum dimensions
from 10 to 60 μm, but, being flat, were mostly very thin (occasionally only a few μm thick). Total
radiogenic Pb contents in these baddeleyites ranged from about 16 to 43 pg. Most analyses are nearconcordant (0.2 to 1.2% discordant) and yield 207Pb/206Pb ages that are entirely overlapping (see Figure
17.4a). A calculated weighted average (equivalent to an upper intercept of a fit regressed through the
origin) for the 4 most precise data points (Bd-1, 3, 4, 5) yield an age of 1870.7 ± 1.1 Ma (93% probability
of fit). Data for a fifth data point (Bd-2; dashed ellipse in Figure 17.4a) was excluded from the average
because of its large imprecision; however, inclusion of this datum has essentially no effect on the
calculated age. We interpret the 1870.7±1.1 Ma age as that of dike emplacement and primary
crystallization.

07JF-418: North-Northeast-trending Mafic Dike, Margot Lake
A sample from the coarsest interior portion of this dike was collected on the south shore of Margot
Lake, directly along strike from W. Fahrig’s previous sampling locality. A small amount of tiny, dull
brown baddeleyite grains were recovered from this sample: most having short, broken, blade-like forms.
The largest grains reached 20 μm in longest dimension; approximately half of the analyzed grains were
only 10 μm long or less and, because of their flat morphologies, were only 1 or 2 μm in thickness. Four
fractions were selected for analysis, comprising 4 to 8 of the freshest grains each. Three of these reveal
low total radiogenic Pb levels, ranging from about 6 to 11 pg, but total common Pb was also very low
(400 femtograms), so the analyses still provided reasonable precision (see Table 17.1). These 3 fractions
also gave near-concordant results (1.5 to 1.7% discordant) with completely overlapping 207Pb/206Pb ratios
and yield a weighted average age of 2174.6±3.2 Ma (see Figure 17.4b). Results for a fourth fraction (Bd4) were affected by a very high laboratory blank and the imprecise result is not included in the concordia
diagram or age calculation. The 2174.6±3.2 Ma age is interpreted to date the timing of emplacement and
primary crystallization of this diabase dike.
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Figure 17.4. Concordia diagrams showing U/Pb results for baddeleyite from samples of mafic dikes from a) the Fort Albany
area and b) Margot Lake.
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DISCUSSION
Fort Albany Dikes
The precise U/Pb baddeleyite age of 1870.7±1.1 Ma for the Fort Albany diabase dike at Puskwuche
Point confirms that the dike is related to a period of Paleoproterozoic mafic dike and sill emplacement
that is characteristic of much of the circum-Superior Province region. In northern Manitoba, well-studied
examples of this period of magmatism range in age from circa 1885–1875 Ma and include the northnortheast-trending Molson dike swarm, mineralized ultramafic sills in the Thompson nickel belt, and
ultramafic sills in the Fox River Belt (Scoates and Macek 1978; Heaman et al. 1986; Halls and Heaman
2000; Hulbert et al. 2005). In northern Ontario, the northwest-trending Pickle Crow diabase dike can be
traced across most of the central-western Superior Province. Samples from this dike have yielded a
40
Ar/39Ar age of 1876±8 Ma, which suggests that it may be part of a radiating swarm together with
Molson dikes possibly related to a mantle plume focussed north of the northwest Superior margin (Figure
17.5; Buchan et al. 2003; Ernst et al. 2008). The 300° azimuth trend of 2 collinear Fort Albany dikes
provides an important additional constraint to such a convergent array, and would define a radiating fan
of circa 1885–1870 Ma magmatism with approximately 100° of arc. However, in eastern Hudson Bay,
plagioclase-phyric gabbro sills (Haig intrusions) have been sampled where they intrude upper levels of
Eskimo Formation basalt flows on the northern Belcher Islands, and at the base of the Flaherty Formation

Figure 17.5. Sketch map showing the general distribution of dikes and sills related to the Molson swarm, ca. 1880 Ma, to other
regional dikes, sills and a hypothetical plume centre (star symbol) in northern Manitoba as proposed by Ernst et al. (2008). The
Fort Albany dikes, at 1871 Ma, are shown on the west side of James Bay and may provide additional confirmation of the extent
and locus of a radiating Molson swarm. Figure derived from unpublished map of R.E. Ernst and K.L. Buchan, and used with
permission.
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on the Sleeper Islands, in both cases these samples yielding U/Pb (baddeleyite) ages of 1870 Ma (Baragar
2007; M.A. Hamilton, unpublished data, 2007). The closer age match between the Fort Albany dike and the
Haig intrusions may suggest a more complex relationship among circa 1.88–1.87 Ga mafic magmatic events
on the northern Superior Province margin during this interval. Rocks of the Belcher and Sleeper Islands,
however, form part of an easterly transported fold-and-thrust belt within a Trans-Hudson orogenic salient
(Hoffman 1989). Combined with the sill-like form of the Haig intrusions, which lack precise piercing point
geometries, a detailed understanding of their spatial relationship to the Fort Albany dikes is at present unclear.

Margot Lake Dike and Related Biscotasing Dikes
The 2174.6±3.2 Ma age for the dike suggests that it and its related dikes nearby (see Figure 17.3)
belong to the extensive northeast-trending Biscotasing dike swarm described from the eastern and
southern Superior Province (Buchan, Mortensen and Card 1993). Previous U/Pb age determinations for
quartz tholeiitic dikes of the Biscotasing swarm suggested that this broad mafic magmatic event was
relatively short lived, based on ages of 2166.7±1.4 Ma east of the Kapuskasing Structural Zone (Buchan,
Mortensen and Card 1993) and 2167.8±2.2 Ma, 2170.7±1.1 Ma and 2171.6±1.2 Ma for dikes west of the
Kapuskasing Structural Zone (Halls and Davis 2004; Davis and Stott 2003). Recent work has also
established that the Otish gabbro sills, with an age of 2169.0±1.4 Ma, constitute a part of this magmatic
event in the eastern Superior Province in Quebec (Hamilton and Buchan 2007), some 1100 km along
strike of Biscotasing dikes exposed near Lake Huron.
Although the Margot Lake dike appears aeromagnetically to have a relatively short strike length (see
Figure 17.3), it is interpreted to be one of a set of more regionally extensive, north- to north-northeasttrending dikes in northwestern Ontario that may also include the Kistigan Lake dikes of Buchan and Ernst
(2004). As previously understood, the Biscotasing swarm spans an area of over 300 000 km2, centred in
the southern Superior Province (Halls and Davis 2004; Ernst and Buchan 2004). In a detailed
paleomagnetic study of Biscotasing dikes in the immediate vicinity of the Kapuskasing Structural Zone,
Halls and Davis (2004) suggested that 10 to 20° of counterclockwise block rotation across this
deformation zone has affected the Superior Province after intrusion of the Biscotasing dikes. Correction
for this rotation demonstrated that most Biscotasing dikes described a roughly subparallel linear array.
This was further confirmed by Buchan et al. (2007), who identified the same block rotational effects
between younger but broadly coeval yet more geographically separated dike swarms east and west of the
Kapuskasing Structural Zone (Lac Esprit dikes: 2069 Ma and Fort Frances dikes: ca. 2076 Ma,
respectively). Applying such a rotational correction to dikes of the Cobham–North Spirit swarm (i.e.,
Margot Lake dike) and possibly the Kistigan Lake dikes brings them into broad parallelism with the main
Biscotasing swarm in the southern and eastern Superior Province, and reinforces the notion that this
represents a large subparallel swarm traversing much of the Superior craton. The across-strike width of
this swarm is now recognized to be on the scale of 1200 km. The identification of dikes in northwestern
Ontario similar in age to the Biscotasing dikes, therefore, greatly expands the known spatial distribution
and regional significance of the Biscotasing “event” (Ernst and Buchan 2004). The Biscotasing event
(including the Otish gabbro sills) also has recognized age equivalents in the Payne River dike swarm at
2170 to 2160 Ma and the Cramolet Lake sill at 2169 Ma in the northeastern Superior Province and
bounding New Quebec Orogen, respectively (see Figure 17.1; see also Ernst and Buchan 2004).
In the 1960s, W. Fahrig collected a single oriented sample for paleomagnetism from the Margot
Lake dike on the north side of the lake. He obtained a reversed (up, easterly) magnetization direction
(unpublished data on file at the Geological Survey of Canada: K.L. Buchan, GSC, personal
communication, 2008). With one exception, all other magmatism similar in age to the Biscotasing dikes
preserves a normal (down) magnetization direction (Buchan, Mortensen and Card 1993; Halls and Davis
2004; Halls, Stott and Davis 2005). A reversely magnetized Biscotasing dike was described (Ernst and
Buchan 1993) from the Hillsport area, north of Lake Superior; subsequent U/Pb geochronology and
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further paleomagnetic studies confirmed (until this study) that this dike represented the most westerly
occurring confirmed dike of this swarm (2170.7±1.1 Ma; Halls, Stott and Davis 2005; Halls et al. 2008).
Therefore, at least one reversal of the Earth’s magnetic field (from older, reversed (R) to younger normal
(N) polarity) occurred during the Biscotasing (ca. 2166–2172 Ma) event, and this is confirmed from 2
widely separated regions.
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INTRODUCTION
Mafic sills and dikes, extending over 300 km from south of Thunder Bay to northeast of Lake
Nipigon, represent the northern expression of the Mesoproterozoic Midcontinent Rift. The sills had
previously been collectively referred to as the Logan sills and, until recently, were considered to be a
relatively homogeneous package of rocks (Stockwell et al. 1970). Recent work, conducted as part of the
Lake Nipigon Region Geoscience Initiative (LNRGI), has shown that the sills in the vicinity of Lake
Nipigon can be subdivided into a number of discrete units with distinct geochemical and isotopic
characteristics (Hollings et al. 2007a, 2007b; Heaman et al. 2007)(Figure 18.1). This work also suggests a
geochemical difference between the sills to the north and south of Thunder Bay (Hart 2003; Hart and
MacDonald 2007; Hollings et al. 2007a)(see Figure 18.1). It has been proposed that the term Logan
Igneous Suite, a component of the Midcontinent Rift Intrusive Supersuite (Miller et al. 2002), should be
collectively applied to all the diabase sills in the area north of Lake Superior, with subdivision into more
informal categories (i.e., Nipigon sills for the sills north of Thunder Bay, and Logan sills for those to the
south) (Figure 18.2).
In addition to these voluminous sill suites, there are a number of discrete mafic and ultramafic
intrusions and dike swarms that represent both some of the oldest and the youngest Midcontinent Rift
magmatism on the north shore of Lake Superior (Heaman et al. 2007; Smyk, Hollings and Heaman 2006)
(see Figure 18.2). Although the intrusions north of Thunder Bay were extensively studied during the Lake
Nipigon Region Geoscience Initiative, those south of Thunder Bay have received limited study in the past
few decades, despite the presence of nickel-copper mineralization in some of these intrusions (e.g.,
Crystal Lake gabbro).

THIS STUDY
During the summer of 2008, a detailed sampling program of the Midcontinent Rift–related intrusions
was initiated around Thunder Bay. This sampling built upon previous informal work undertaken between
1999 and 2007 by M. Smyk and/or P. Hollings (Hollings, Smyk and Hart 2007c; Hollings and Smyk 2008)
who collected and analyzed over 100 samples. The discovery of hitherto unknown sill suites (e.g.,
Riverdale), contamination signatures and other interesting geochemical trends prompted the 2008 sampling
program in order to further characterize and distinguish mafic intrusive events in the Thunder Bay area.
Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.18-1 to 18-6.
© Queen’s Printer for Ontario, 2008
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Figure 18.1. Major and trace element variation diagrams illustrating the geochemical affinities of the sills south of Thunder Bay.
Data from Logan sills are from Hart (2003, 2005). Nipigon data are from Hollings et al. (2007a). Data for dikes south of
Thunder Bay are from L. Hulbert and R. Ernst (Geological Survey of Canada, personal communication, 2006) from samples
collected by M. Smyk and J. Scott (Ontario Geological Survey), Hollings, Smyk and Hart (2007c) and this study.
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A total of 115 samples have been collected so far in 2008 from a variety of intrusions (Table 18.1)
on the Black Bay and Sibley peninsulas and around Thunder Bay, primarily to the south and west of the
city. Bedrock and diamond-drill core sampling in 2008 was designed to augment sampling conducted
previously by the senior authors as well as sampling undertaken by Smith and Sutcliffe (1987) and
LNRGI researchers. The 2008 sampling was designed to both extend the scope of the study area as well
as to increase sample density. Geochemical results are pending.

Table 18.1. Listing of intrusions sampled in the Thunder Bay area. All U/Pb ages are from Heaman et al. (2007).

Intrusion
Moss Lake

Location
Black Bay Peninsula

Lithology
Quartz norite, norite, ferrogabbro

Age (Ma)
1094.7±3.1

Logan sills

South of Thunder Bay

Quartz-tholeiitic diabase

1114.7±1.1

Nipigon sills

North and south of Thunder
Bay

Olivine-tholeiitic diabase

1106.8±1.9 to
1112.7±2.4

Riverdale sill

South of Thunder Bay

Gabbronorite

in progress

Pigeon River dikes

South of Thunder Bay;
Black Bay Peninsula(?)

Northeast-trending olivine diabase

1141±20;
1078±3

Cloud River dikes

South of Thunder Bay

Northwest-trending olivine diabase

in progress

Crystal Lake Gabbro

Pardee Township

Layered gabbro, anorthosite

1099.6±1.2

Pine Point – Mount
Mollie dike

Crooks Township and offshore
islands

East- to northeast-trending gabbro
and granophyre

in progress

Figure 18.2. General geology of the study area, showing distribution of Logan and Nipigon sills and sampled intrusions.
AR, Arrow River dike; CL, Crystal Lake gabbro; CR, Cloud River dike; RB, Rita Bolduc occurrence; RD, Riverdale Quarry sill.
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Table 18.2. Preliminary paleomagnetic results from 5 intrusions located south of Thunder Bay.

Intrusion
Riverdale sill
Diabase cutting
Riverdale sill

Locality
Riverdale Quarry (RD)
Riverdale Quarry (RD)

Dike Trend
unknown
north

Polarity
Reversed
Reversed

Pigeon River dike

Arrow River (AR)

northeast

Normal

Pigeon River dike

Rita Bolduc occurrence (RB)

northeast

Normal

Cloud River dike

Cloud River,
Crooks Township (CR)

northwest

Reversed

Results1
N = 5, D = 101.3°,
I = –64.6°, k = 66,
alpha95 = 9.5°
Site AR: N = 5,
D = 297.9°, I = 51.3°, k = 137,
alpha95 = 6.6°
Site RB: N=8,
D = 303.8°, I = 50.6°, k = 101,
alpha95 = 5.5°
N = 2, D = 80.6°,
I = –51.1°, where N is too
small for meaningful statistics

1

N is the number of independently oriented samples; D, I are the declination, inclination, respectively, of remnant magnetization;
k is Fisher’s precision parameter; and alpha95 is the radius of the 95% confidence circle about the mean direction.

Heaman et al. (2007) reported 2 ages for 2 different Pigeon River dikes south of Thunder Bay: an
age of 1078±3 Ma for the Pigeon River dike near Arrow River and 1141±20 Ma for another dike at the
Rita Bolduc occurrence on Highway 61. In order to help resolve this apparent contradiction and examine
the nature of the other dikes suites, paleomagnetic sampling was undertaken in order to better constrain
the age of these intrusions.

PALEOMAGNETIC SAMPLING AND METHODOLOGY
Samples for paleomagnetic study were oriented using both a magnetic and sun compass. Most
samples were field-drilled cores; more delicate rocks (e.g., finely jointed chilled margins, Rove
Formation) were collected as block samples.
Cylindrical specimens, having diameter and length equal to about 2.54 cm, were prepared from the
cores and blocks, subjected to stepwise AF (alternating magnetic field) demagnetization using a
Schonstedt TD-1 demagnetizer, with subsequent measurement of the remnant magnetization intensity and
direction using a modified Digico magnetometer capable of repeat measurements down to intensities of
about 10 ×10–3 A/m.
Samples were collected at 4 sites described below. The preliminary results of the paleomagnetic
sampling are summarized in Table 18.2.
1.

At Riverdale quarry (site RD), a gabbronoritic sill intruded Rove Formation shale and is cut by
a 0.6 m wide dike that trends due north. Nine samples were collected from the dike, its expected
baked zone, the unbaked sill and the Rove Formation.

2.

The Arrow River dike (site AR) is a 40 m wide northeast-trending dike, but there are no
exposed chilled margins at this location.

3.

The northeast-trending Rita Bolduc dike (site RB) is approximately 85 m wide. Samples were
collected from the dike interior, the chilled margin and the Rove Formation host rocks.

4.

The northwest-trending Cloud River dike (site CR) is approximately 100 m wide. Only the dike
interior is exposed.
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At site RD, both the sill and the intruding dike both exhibit reversed magnetic polarity. Directions
obtained from the sill and the dike were indistinguishable, and the dike may represent a local feeder for a
younger sill. The site gave the following results: N = 5, D = 101.3°, I = –64.6°, k = 66, alpha95 = 9.5°,
where N is the number of independently oriented samples; D, I are the declination and inclination,
respectively, of remnant magnetization; k is Fisher’s precision parameter; and alpha95 is the radius of the
95% confidence circle about the mean direction.
At sites AR and RB, the dikes exhibit normal magnetic polarity and their site directions are not
significantly different at the 95% confidence level. At Site CR, of 3 samples, 1 was lightning-struck
(which alters polarity), but the other 2 gave a reversed polarity.
A synopsis of regional Midcontinent Rift geochronology and paleomagnetism was provided by
Davis and Green (1997). The intrusions and volcanic rocks associated with the Stage 2 magmatism (1115
to 1105 Ma) of Heaman et al. (2007) are reversely polarized. A magnetic polarity reversal occurred circa
1105 to 1102 Ma, which resulted in normally polarized rocks for the majority of the remainder of
Midcontinent Rift magmatism.
Around most of Lake Superior, only a single magnetic field reversal is found, with the normal
polarity event younger than the reversed. The asymmetry of the reversal (with the reversed direction
having a steeper inclination than the normal) is probably the result of apparent polar wander because
major erosional breaks, typically marked by conglomerates, occur between the normally (N) and
reversely (R) polarized volcanic sequences of the Keweenawan.
At Mamainse Point in eastern Lake Superior, however, the volcanic sequence shows a polarity
sequence R-N-R-N, suggesting 3 polarity reversals. An important observation here is that a progressive
shallowing of inclination in the lowest reversely polarized unit with stratigraphic height leads to the
subsequent reversal being almost symmetric, suggesting that apparent polar wander is the simplest
explanation for this change in inclination (Swanson-Hysell et al. 2006).
Without precise geochronology, we do not yet know in which polarity interval the sampled units
listed in Table 18.2 occur. However, the paleomagnetic directions from the AR and RB sites are virtually
identical and the dikes have the same trend, suggesting that they are similar age, in conflict with the U/Pb
data (i.e., 1078 Ma and 1140 Ma, respectively).

ONGOING WORK
In order to fully characterize and subdivide the mafic intrusions near Thunder Bay and to allow
comparison with the sills identified around Lake Nipigon as part of the Lake Nipigon Region Geoscience
Initiative (Heaman et al. 2007; Hollings et al. 2007a, 2007b), the samples collected during this study will
be analyzed for their major and trace element geochemistry. A representative subset of ~30 samples will
also be analyzed for Rb-Sr and Sm-Nd isotopes and a further subset will be submitted for geochronology.
Together, these data will help to elucidate the nature and timing of mafic magmatism in the
northwestern part of the Midcontinent Rift. In addition, it is hoped that these new data will assist in the
exploration for Ni-Cu-PGE mineralization related to these mafic and ultramafic intrusions.
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INTRODUCTION
This year marked the publication of 3 geophysical data sets acquired during the course of the Far
North Geological Mapping Initiative (FNGMI). Support for the Precambrian Geoscience Section bedrock
mapping effort was provided throughout the year in order to enhance geological interpretations through
the integrated use of geophysical information. Geophysics was also used to help map a major aquifer in
southwest Ontario as part of the Sedimentary Geoscience Section groundwater program. Continuing
assistance of the Resident Geologist Program was provided, as required. In addition, help was given to
the public in the form of responding to enquiries regarding access to geophysical data, presentations and
geophysical education.
Geophysical projects and activities for 2008 covered the following areas:
1.

support for the bedrock mapping program

2.

Far North Geological Mapping Initiative

3.

Dundas buried-valley project

4.

magnetic susceptibility compilation

5.

other activities

SUPPORT FOR THE BEDROCK MAPPING PROGRAM
Support for mapping programs during 2008 was provided to Precambrian Geoscience Section and
Sedimentary Geoscience Section geoscientists in the form of images derived from regional geophysical
data sets, which are compatible with geographic information system (GIS) software, interpretation
workshops and potential field modelling. Work was done on the following projects:
•

Maple Mountain–Biscotasing compilation

•

James Bay Lowlands compilation

•

Beatty–Coulson townships

•

Kidd–Munro project

•

North Spirit Lake project

Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.19-1 to 19-4.
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The images are used to enhance the ability of the geoscientists to understand and interpret the
distribution of mappable geological units during and after the field season. Forward modelling of gravity
data, undertaken to test different geological models in the Kidd–Munro assemblage, was useful in
providing constraints on the structural interpretation of the assemblage. A discussion of the gravity
modelling is to be found in Berger, Rainsford and Carter-McAuslan (this volume).
Images of aeromagnetic and gravity data and their derivatives, compiled by the OGS and the
Geological Survey of Canada (GSC), were released in Miscellaneous Release—Data (MRD) 233 (Stott et
al. 2008). The images were used for the interpretation of the Precambrian geology underlying the Hudson
Bay and James Bay lowlands region that was also published this year (Stott 2008a, 2008b, 2008c). In
addition, the MRD contained the results of a study to determine the depth to Precambrian basement from
the aeromagnetic profile data. Depths to basement were determined in areas where detailed digital data
are available. Estimated depths were found to be in good agreement with sparse drill hole information.
The early province-wide magnetic data (OGS 1999), which covers the whole of the lowlands area, could
not be used as they were originally collected in analog form and the high frequency content was lost in
drafting and subsequent digitizing operations.

FAR NORTH GEOLOGICAL MAPPING INITIATIVE (FNGMI)
The results of 3 airborne geophysical surveys, acquired as part of the FNGMI, were published in 2008.
The flying of 1 new survey was completed early in the year and 2 existing data sets were purchased.
Two of the recently published surveys, comprising 27 948 line-kilometres of newly acquired data,
were completed early in 2007. The surveys were flown over the North Spirit Lake area (10 239 linekilometres) and the Whitefeather Forest (17 709 line-kilometres) areas of northwestern Ontario (Figure
19.1). These surveys were flown using the Fugro Airborne Surveys Corporation GEOTEM®
aeromagnetic and electromagnetic (EM) system. The results are published as hard-copy maps and, in
digital form, as Geophysical Data Sets 1056 and 1058 (OGS 2008a, 2008b, respectively).
The third published survey was obtained as a result of a Request For Data (RFD). A proprietary data
set acquired in the Ekwan River area in the James Bay Lowland was purchased by the OGS. The data
comprised the results of a 4 345 line-kilometres versatile time-domain electromagnetic (VTDEM) and
magnetic survey. The survey data, having been reprocessed by Paterson Grant and Watson Ltd., was
published in map form and as Geophysical Data Set 1229 (OGS 2008c).
An approximately 28 000 line-kilometre fixed-wing aeromagnetic survey was flown by Terraquest
Ltd. in the Webequie area of the James Bay Lowland as part of the FNGMI. The data acquisition was
completed March 31 and the data are currently being processed with a release scheduled for late 2008 or
early 2009.

DUNDAS VALLEY GRAVITY SURVEY
Following on from gravity surveys performed in 2007, which consisted of a four-line test survey and
subsequent 3350-station production survey, an interpretation was made in order to better define the
thalwegs (valley axes) that form part of the Dundas buried valley that is located in the Waterloo–
Hamilton region of southwestern Ontario. The work was done as part of a groundwater study carried out
in collaboration with the Grand River Conservation Authority. Further details are to be found in Zwiers,
Rainsford and Bajc (this volume).
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MAGNETIC SUSCEPTIBILITY COMPILATION
Compilation of magnetic susceptibility data collected in the field by various project leaders and
assistants is ongoing and will include data from the 2001 to 2008, inclusive, field seasons. Processing of
the data after submission from project leaders includes examination for consistency and appropriateness
of results using an Microsoft® Excel® spreadsheet; and conversion to an ESRI® ArcGIS® geodatabase.
The latter will permit the use of the data in a GIS-based application. Presently, data from 8 field seasons
have been collated for 23 projects totalling approximately 14 500 stations with up to 10 readings per
station. The data will be compiled and released as a Miscellaneous Release—Data (MRD) product,
tentatively scheduled for December 2008.
The instruments used to acquire magnetic susceptibility data in the field are Exploranium™ KT-9
Kappameters. These instruments are checked in house for consistency in performance from field season
to field season. Those meters exhibiting unusual behaviour are sent out for recalibration and are retested
in house to ensure improvements have been achieved.

Figure 19.1. Locations of Far North Geological Mapping Initiative (FNGMI) airborne geophysical surveys released in 2008.
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OTHER ACTIVITIES
The Internet-based Geophysical Atlas that facilitates the discovery of published geophysical data in
Ontario has been maintained and updated with newly released surveys. The Atlas may be accessed via
the following Web addresses:
•

http://www.mndm.gov.on.ca/mines/ogs/gpxatlas/default_e.asp (for English) or

•

http://www.mndm.gov.on.ca/mines/ogs/gpxatlas/default_f.asp (for French).

The GeologyOntario Web site, at http://www.geologyontario.mndm.gov.on.ca/, allows the free
download of the OGS geophysical data sets except for profile and halfwave EM data due to their file size.
Alternatively, paper maps and CD/DVD’s of digital data continue to be available for purchase (see
•

http://www.mndm.gov.on.ca/mines/ogs/ims/pub/order_e.asp (for English) or

•

http://www.mndm.gov.on.ca/mines/ogs/ims/pub/order_f.asp (for French)

The data from 2 helicopter-borne magnetic and EM surveys were purchased in March, as a result of
an RFD. The data are being reprocessed for release in 2009 in hard-copy map and Geophysical Data Set
formats.
Geophysical presentations, delivered during the year, were directed toward 1) students and
geologists during part of a graduate-level course in geophysical exploration at Laurentian University in
Sudbury; 2) geologists and prospectors at the Ontario Prospectors Association Northwestern Ontario Mines
and Minerals Symposium in Thunder Bay; and 3) representatives from the Aero Geophysical and Remote
Sensing centre with the China Geological Survey. Also, as part of the provincial government’s duty to
consult, visits and presentations were made to the Webequie and North Spirit Lake First Nations
communities in order to communicate the progress of airborne geophysical surveys and respond to any
questions and concerns.
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20. Project Unit 07-021. The Paleozoic Geology of
Southwestern Ontario: Bedrock Mapping in a Thick
Drift Terrain
D.K. Armstrong1
1

Sedimentary Geoscience Section, Ontario Geological Survey

INTRODUCTION
The Paleozoic bedrock of southwestern Ontario is mainly covered by thick Quaternary drift deposits.
Where bedrock strata are exposed, they host locally significant aggregate quarries and provincially
significant high-purity limestone and cement stone quarries (see Derry Michener Booth and Wahl and
Ontario Geological Survey 1989). Devonian carbonate strata in southwestern Ontario also host significant
groundwater resources (e.g., Singer, Cheng and Scafe 2003) and historically significant oil reservoirs
(Lazorek and Carter 2008). Recent publication of geographic information system (GIS)-based regional
bedrock topographic and drift thickness maps by the Ontario Geological Survey (OGS) (Gao et al. 2006)
has provided a new view of the sub-drift bedrock surface and a useful tool with which to constrain
bedrock mapping in areas of thick drift.
The purpose of this project is to update existing bedrock maps of southwestern Ontario (e.g., Ontario
Geological Survey 1991; Uyeno, Telford and Sanford 1982; Liberty and Bolton 1971; Sanford 1969)
using new bedrock topography maps, up-to-date subsurface data from the Ministry of Natural Resources
(MNR) Ontario Petroleum Data System (OPDS), petroleum well cuttings, archival drill cores and
geophysical logs stored at the Ontario Oil, Gas and Salt Resources (OGSR) Library, and new cores drilled
by the OGS and others. This project is an extension of OGS Project Unit 07-021 (Armstrong 2007) in
which Upper Silurian to Middle Devonian strata of the southern Niagara Peninsula were mapped.

PALEOZOIC GEOLOGY OVERVIEW
The Paleozoic bedrock of southwestern Ontario consists of Silurian and Devonian sedimentary rocks
that dip gently to the west, southwest and south, resulting in a map pattern with progressively younger
units towards these directions (Figure 20.1). The youngest strata, Upper Devonian shales of the Kettle
Point Formation and Port Lambton Group, occur between lakes Huron and Erie where they are preserved
in the Chatham Sag, a structural low between the Algonquin and Findlay arches. This project focusses on
the carbonate-dominated Upper Silurian through to the Middle Devonian part of the succession, which
includes stratigraphic units shown in Figure 20.2. The Paleozoic stratigraphy of southern Ontario was
recently reviewed by Armstrong and Carter (2006) and Armstrong and Dodge (2007). Other key
references for these strata include Birchard, Rutka and Brunton (2004), Uyeno, Telford and Sanford
(1982) and Sanford (1968).

Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.20-1 to 20-9.
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Figure 20.1. Bedrock geology of southwestern Ontario (from Armstrong and Dodge 2007) draped over shaded relief of bedrock topography (from Gao et al. 2006), showing
regional structural features and the locations of drill cores (numbered dots) used for this project. See Table 20.1 for information about the drill cores.
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PROJECT METHODOLOGY AND DATA SOURCES
Due to the generally sparse bedrock outcrop exposure in southwestern Ontario, the first priority of
this project was to examine available drill cores that intersected stratigraphy of interest so that key
reference sections could be established. These cores included petroleum industry and other cores
archived at the OGSR Library; deep archival cores drilled by the OGS in the 1980s; new cores drilled by
Ontario Power Generation (OPG) at the Bruce Power Plant, north of Kincardine; and cores drilled by the
OGS or partner agencies for this and other projects. Cores used for this project are listed in Table 20.1
and their locations plotted in Figure 20.1.
As part of this project, 2 holes were cored by the OGS in the western half of the southern Niagara
Peninsula (see Table 20.1): OGS-SNP08-01a located approximately 6 km northwest of the town of
Delhi; and OGS-SNP08-02a located approximately 2 km north of the village of Selkirk. These holes were
continuously cored from bedrock surface, which was the Dundee Formation in both cases, into the top of
the Salina Formation. The holes were also geophysically logged.

Figure 20.2. Upper Silurian and Devonian stratigraphy of southwestern Ontario (from Armstrong and Dodge 2007). All units
listed are formations unless otherwise indicated (Mb = Member; Gp = Group).
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F005446

T006044

T006045

T006078

T006836

T011811

F011730

T006428

T006552

T011552

MNR
Licence #

General Location

Plot
#

Drill Hole/Well Name

557710

380265

411110

486775

508160

453080

447577

396448

397548

328138

586676

534822

UTM
Easting
(m)

Table 20.1. List of drill core used in this project; plot # corresponds to labels in Figure 20.1.

4732255

4739840

4693400

4724265

4771717

4907740

4786920

4760245

4759580

4684409

4745060

4746984

UTM
Northing
(m)

Dundee

Port Lambton Gp

Kettle Point

Hamilton Gp

Lucas

Lucas
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Hamilton Gp
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Dundee

Dundee

Top
Formation
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Cambrian

Precambrian

Cambrian

Precambrian

Bass Islands

Cambrian

Salina

Dundee

Dundee

Bass Islands

Salina

Salina

Bottom
Formation
in Core

log published in Armstrong
and Carter (2006)

log published in Johnson,
Russell and Telford (1985)

log published in Johnson,
Russell and Telford (1985)
and Armstrong and Carter
(2006)

log published in Johnson,
Russell and Telford (1985)

OGSR core #952

only logged down to Salina
Fm; stored at Bruce Power
Plant

OGSR core #220

OGSR core #878

OGSR core #934

stored at OGSR, London

drilled 2008;
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stored at OGS, Sudbury
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20-4
n/a

Brussels
Conservation Area,
Brussels,
Huron County
Lake Erie, near Long
Point
Lake Erie, near Long
Point
Goderich

Brussels Mill-1

Consumers' Amoco 13061,
Lake Erie 95 - H -

Consumers' Amoco 13102,
Lake Erie 96 - D -

Domtar Goderich S.T.#1,
Goderich - 2 - MC

20

21

22

23

Notes: Gp = Group; SVCA=Saugeen Valley Conservation Authority.
UTM co-ordinates in North American Datum 1983 (NAD83), Zone 17.
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T002760

n/a

Northeast of Hensall,
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Huron County
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n/a
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n/a
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16
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15
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n/a
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14
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n/a
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13
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Licence #

General Location

Drill Hole/Well Name
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#

Table 20.1. continued
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4814764
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Northing
(m)
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Bottom
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Luinstra, Brunton and Cowan
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Luinstra, Brunton and Cowan
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Luinstra, Brunton and Cowan
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Luinstra, Brunton and Cowan
(2006)
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Eight cores drilled by the OGS or partner-related agencies in 2004 and 2006 in northern Huron and
Perth counties and southern Bruce and Grey counties as part of groundwater and karst studies (Luinstra,
Brunton and Cowan 2006; Hurley et al. 2005; Abbey, Hurley and Merry 2004) are being logged in detail
for this project (see Table 20.1; see Figure 20.1). In addition, 36 shallow bedrock cores (typically the top
3 m of bedrock), recently drilled by the OGS as part of an ongoing overburden drilling and aquifer
mapping project (Bajc 2007, this volume) in the Brantford–Woodstock area, afford new important data
points for this project.
Field work focussed on the few mapped outcrops in southwestern Ontario, especially those in the
vicinity of previously interpreted formational contacts in northern Huron and southern Bruce counties.
Large quarries near Windsor, Ingersoll, St. Marys and Woodstock were also examined for this project or
described for other recent OGS projects (Armstrong and Dodge 2007; Armstrong and Carter 2006) and
will be used as key reference sections.

BEDROCK GEOLOGY AND PRELIMINARY RESULTS
The oldest unit of interest in this project, the Salina Formation, is characterized by the occurrence of
evaporite minerals, specifically halite, anhydrite and/or gypsum. Volumetrically, however, and especially
where halite beds have been removed by dissolution, the Salina Formation consists mainly of evaporative
(i.e., laminated and commonly containing casts of evaporite minerals such as selenite) dolostones and
shales. In the Niagara Peninsula area, the Salina Formation is gradationally overlain by shales of the
Oatka Member of the Bertie Formation. West of the Niagara Peninsula, the Salina Formation is
gradationally overlain by evaporative dolostones and minor shales of the Bass Islands Formation.
One of the objectives of this project, specifically the 2008 drill program, is to develop a better
understanding of the relationship among the Bertie, Bass Islands and Salina formations. Initial
comparison of geophysical logs from petroleum wells with geophysically logged and cored holes from the
eastern Niagara Peninsula indicates that the Williamsville and Scajaquada members of the Bertie
Formation appear to correlate with the “False G” unit of the Bass Islands Formation, as mapped in the
subsurface (see Armstrong and Carter 2006). Also, the shaly Oatka Member is difficult to separate
geophysically from the G unit of the Salina Formation. It appears that the Falkirk to Williamsville
members correlate with the lower Bass Islands Formation and the Oatka Member is equivalent with the
uppermost Salina Formation.
The uppermost Silurian unit, either the Bertie Formation in the Niagara Peninsula or the Bass Islands
Formation elsewhere in southwestern Ontario, is unconformably overlain by Lower Devonian cherty
limestones and minor sandy limestones of Bois Blanc Formation or, locally, quartzose sandstones of the
Oriskany Formation. Paleo-karstic features developed on the top of the uppermost Silurian carbonate
units include solution-enhanced joints, small caves and sinkhole-like collapse depressions. Some of these
features contain sandstone likely derived from overlying Devonian sources (Kobluk et al. 1977).
The oldest known Devonian strata in Ontario are the quartzose sandstones of the Oriskany
Formation (Uyeno, Telford and Sanford 1982). This unit occurs mainly in the Niagara Peninsula area in
discontinuous patches that are likely erosional remnants of a much wider original distribution. Sharply
and unconformably overlying the Oriskany Formation, or the uppermost Silurian strata, are very cherty
fossiliferous, somewhat argillaceous, greenish-grey limestones of the Bois Blanc Formation. This unit
can also be sandy, in part from re-working of Oriskany Formation sands, especially towards its base.
Locally, where sandstone is developed in the Bois Blanc Formation, it is called the Springvale Member.
Although typically occurring at the base of the formation, similar sandstone to sandy limestone lithofacies
can occur higher up in the formation.
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The Bois Blanc Formation is overlain by fossiliferous, locally cherty or argillaceous limestones of
the Onondaga Formation on the Niagara Peninsula and similarly fossiliferous and variously cherty
limestones of the Amherstburg Formation throughout the remainder of southwestern Ontario. Although
the relationship between the Bois Blanc Formation and both overlying units is reported to be
disconformable (e.g., Rickard 1984) or “problematic” and possibly conformable (Uyeno, Telford and
Sanford 1982), the generally gradational nature of both contacts supports a conformable interpretation.
The relationship between the Onondaga and Amherstburg formations is poorly understood (see
Uyeno, Telford and Sanford 1982). The nature of their lateral transition is obscured by thick drift cover
in the Simcoe area (Armstrong 2007; Telford and Hamblin 1980). Detailed logging of the new OGS
cores drilled at Selkirk and Delhi should help elucidate this relationship.
Throughout most of southwestern Ontario, the generally fossiliferous, variously cherty limestones
and dolostones of the Amherstburg Formation are sharply overlain by the either fossiliferous limestones
or evaporative dolostones and limestones of the Lucas Formation. The fossiliferous limestones of the
lower Lucas Formation tend to contain an abundant but restricted fauna of small bulbous stromatoporoids
and amphipora. The uppermost Amherstburg Formation is characterized by very abundant thin tabular
stromatoporoids set in a dark brown to black, very bituminous limestone. In petroleum well cuttings, the
Lucas–Amherstburg formations contact is marked by a sharp downward transition from light coloured
limestone or dolostone to dark brown-black bituminous limestone. Higher in the Lucas Formation,
especially along the Algonquin and Findlay arches (e.g., at Ingersoll and Amherstburg), a more varied
marine fauna is developed in the Anderdon Member (see Table 20.1). The Lucas Formation is known to
thin to the east, pinching out entirely in the vicinity of Simcoe (Sanford 1968; Uyeno, Telford and
Sanford 1982). The location of OGS drill hole OGS-SNP-01a at Delhi was designed to intersect the
Lucas Formation near its pinchout.
The Dundee Formation consists of thin to very thick beds of very fine- to medium-grained
moderately fossiliferous, variously cherty limestones with local dolostone beds. The basal contact of the
Dundee Formation with the Lucas Formation is typically sharp and disconformable. In almost all the
cores and outcrops where this contact was exposed, the uppermost Lucas Formation consisted of nonfossiliferous, laminated limestone or dolostone. Another key difference between Lucas Formation and
both the overlying Dundee and underlying Amherstburg formations is the virtual absence of chert in the
Lucas Formation.
Where the Lucas Formation is absent, the Dundee Formation disconformably overlies the Onondaga
Formation. Although this contact is exposed in the Port Dover Quarry (Armstrong 2007; Telford and
Hamblin 1980), its exact nature and that of the shaly black bituminous limestone beds, which occur in the
lowest Dundee Formation, remain to be determined. It is possible that these bituminous beds represent a
lateral equivalent to the Lucas Formation or to the bituminous beds that commonly mark the uppermost
Amherstburg Formation.
The shale-dominated Middle to Upper Devonian succession, consisting of the Marcellus Formation,
Hamilton Group, Kettle Point Formation and Port Lambton Group, was not the focus of this summer’s
field work. Key (and almost the only) outcrops of the Hamilton Group and Kettle Point Formation occur
in the Arkona, Thedford and Kettle Point areas. The Marcellus Formation and Port Lambton Group do
not crop out in southern Ontario. All of these units were intersected in one or more of the archival OGS
deep cores and are readily mapped in the subsurface with either petroleum well cuttings or geophysical
logs.
Ongoing work includes completion of core logging and integration of core data, petroleum well data
and field data with the new bedrock topographic map.
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21. Project Unit 08-005. Quaternary Geology of the
Burntbush Area, North of Lake Abitibi, Northeastern
Ontario
C. Gao1 and A. Day2
1
2

Sedimentary Geoscience Section, Ontario Geological Survey, Sudbury, Ontario P3E 6B5
Department of Earth Sciences, Carleton University, Ottawa, Ontario K1S 5B6

INTRODUCTION
Thick and extensive surficial deposits have hampered mineral exploration in parts of the Abitibi
greenstone belt located in northeastern Ontario. The Burntbush area is one such region and was identified
for a program of surficial mapping and overburden sampling (Figures 21.1 and 21.2) to assist mineral
exploration efforts. Surficial mapping, at a scale of 1:50 000, was undertaken in the areas covered by
National Topographic System (NTS) map sheets 42 H/01, 42 H/08, 32 E/04 and 32 E/05, to document the
distribution and character of the various Quaternary deposits in the region and to reconstruct the ice-flow
and glacial history of the area. Till sampling was also conducted to help assess the regional mineral
potential of the area. Till samples are being processed for heavy mineral indicators including kimberlite,
gold and base metals.
Located north of Lake Abitibi, the report area covers the Archean supracrustal rocks of the
Burntbush area, which is part of the northern Abitibi greenstone belt in Ontario, as well as a large tract of
Archean batholithic granitoid and metasedimentary rocks occurring extensively in the southwest (see
Figure 21.2). The Burntbush belt is characterized by mafic to felsic metavolcanic rocks with some
metasedimentary and granodiorite intrusive rocks. This area in Ontario represents the limited western
extension of the northern Abitibi greenstone belt extending over 400 km to the east in Quebec. No

Figure 21.1. Location map of the study area.
Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.21-1 to 21-5.
© Queen’s Printer for Ontario, 2008
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producing mines exist within the Ontario part of the Burntbush belt; however, a number of epigenetic
gold and copper-zinc volcanogenic massive sulphide (VMS) deposits occur along strike in Quebec
(Jackson and Fyon 1991).
The report area lies within that part of the Barlow–Ojibway clay plain that was overridden by glacial
ice during the Late Wisconsin Cochrane ice advance (Hughes 1956, 1960, 1965; Baker 1985).
Consequently, the area is a gently undulating plain, interrupted by occasional knobs or low hills of
bedrock, as well as ridges made up of glaciofluvial deposits or sandy till formed prior to the Cochrane ice
advance. The area is drained by several major rivers, namely; the Burntbush, Patten, Little Abitibi and
Low Bush rivers. The former 2 flow east and north, respectively, to join, at the provincial border, the
northward-flowing Rivière Turgeon. The latter-mentioned 2 flow to north into Abitibi River and south
into Lake Abitibi, respectively. The Burntbush River has 2 major tributaries, the Mikwam and Kabika
rivers, draining the eastern part of the report area.

FIELD WORK
Field data were collected through examination of sediments in natural and man-made exposures, the
majority of which are located along logging roads and trails. Observations were also obtained through test
pitting and by the use of a hand auger. Aerial photographs, Landsat imagery and a hillshade map derived
from a digital elevation model (DEM) provided by the Ministry of Natural Resources (MNR) were used
extensively during the course of field work. A global positioning system (GPS) unit was used for
navigation and location data in the field.

Figure 21.2. Bedrock geology, modified from Ontario Geological Survey (1991). The study area is covered by 1:50 000 NTS
maps 42 H/01, 42 H/08, 32 E/04 and 32 E/05.
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The major Quaternary deposits in the report area consist of till, glaciofluvial, glaciolacustrine, recent
alluvium and peat deposits. Two regionally mappable Late Wisconsin till units exist: a sandy till and a
silty till, both of which can easily be recognized in the field by their texture and pebble lithology. The
former diamicton has a sand-rich matrix and often contains abundant cobbles and boulders, but with low
content of limestone clasts (Photo 21.1). The matrix, which shows various degrees of compactness and
fissility, often consists of sorted, light-coloured fine-textured sand, which, in many cases, resembles
lacustrine sand. However, it contains a certain amount of silt. In well-exposed pit sections, the lower part
of the sandy till is compact, stone-rich with strong fissility, whereas its upper part is sometimes stonepoor with reduced compactness and fissility (Photo 21.2). As opposed to the sandy till, the silty till has a
silt and clay-rich matrix and is stone poor, but has a relatively high content of limestone clasts. The till
has a brownish color, and usually reacts with 10% HCl. Concentrations of large boulders frequently occur
at the base of the till (see Photo 21.2).
The sandy till is observed frequently in the southern and eastern parts of the report area. To the
north, it occurs occasionally as ridges and low hills above the surrounding lowland. This till is overlain by
silt and clay of glacial lake Barlow–Ojibway, as well as by glaciofluvial sand and gravel deposits varying
from 1 to 5 m in thickness. The silty till occurs extensively in the northern and western parts of the study
area. In these regions, it occurs as a surface cover on glaciolacustrine deposits typified by fine- to very
fine-textured sand, as well as on glaciofluvial sand and gravels in eskers and outwash deposits.
Stratigraphically, the sandy till occurs below the silty till. Direct contact between the 2 tills was observed
in a large sand pit on Upland Road where more than 4 m light greyish bouldery to sandy till is overlain by
1 to 3 m of brownish silty till (see Photo 21.2). The silty till can probably be correlated to the Cochrane
till and the sandy till to Matheson till mapped in the Cochrane and Matheson areas (Hughes 1965).
Borehole records indicate that both tills can reach a thickness of over 20 m in the northwestern part of the
report area (J. McKenzie, Lake Shore Gold Corp., personal communications, 2008). These records also
show the presence of a lower, sandy to silty till below the sandy till. However, its relationship to the
sandy till remains undetermined. Future detailed study and drilling in the area may provide insight into
the occurrence and stratigraphic status of the lower till.
Granite and paragneissic metasedimentary bedrock outcrops extensively in the southern half of the
report area. Because of the easily weathered nature of these rocks, glacial striations are rarely preserved.
Using a Suunto compass, available glacial striations were measured on bedrock outcrops. These
measurements indicate a general southward orientation centred around 180° azimuth.
Glaciofluvial sand and gravel occurs in eskers, outwash plains and kames. These deposits are often
overlain by the silty till, as well as by fine-grained deposits of glacial lake Barlow–Ojibway. Laminated
to massive silt and clay of glacial lake Barlow–Ojibway is extensive in the southern part of the report
area. Sometimes, well-developed varves are present in such deposits. Coarse-grained glaciolacustrine
deposits typically contain fine to very fine sand, and occur extensively in the western part of the region
where they are frequently overlain by the silty till. Postglacial peaty mud and peat, often no thicker than
1 m, covers much of the swampy lowland area.

PROJECT STATUS
About 1000 data points were obtained during examination of the material in the study area. The
information will be used to generate 4 surficial (Quaternary) maps at 1:50 000 scale. Over 400 samples
were collected, including about 300 till samples and 100 rock samples of boulders containing sulphides.
The till samples are being processed for indicator minerals for kimberlite, gold, silver and base metals.
A number of the rock samples will also be processed and geochemically analyzed.
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Photo 21.1. Stone-rich, bouldery sandy till. Hammer is 31 cm.

Photo 21.2. Light-coloured sandy till overlain by brown silty till with concentrate of boulders at the base. Note that the stonepoor sandy till in this section is the upper part of a bouldery sandy till shown in Photo 21.1. Shovel is 100 cm in length.
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CURRENT PROJECTS
The Sedimentary Geoscience Section (SGS) was able to hire a new aggregate resource geologist
during 2007, thereby fully staffing the 2 aggregate geoscientist positions, something that has not occurred
for a number of years. As a result, a number of legacy projects were able to be moved towards completion.
Andrea Marich completed an Aggregate Resources Inventory for the Regional Municipality of
Hamilton–Wentworth (Project Unit 07-024), and also finalized the Aggregate Resources Inventory for the
District of Muskoka (Project Unit 04-033). In the spring of 2008, she began to update and field check the
aggregate resources of Renfrew County (Project Unit 98-051) (Marich, this volume).
The Aggregate Resources Inventory for the Regional Municipality of York (Project Unit 01-012), a
bedrock aggregate resources update for the Regional Municipality of Peel (Project Unit 03-027), the
Aggregate Resources Inventory for the Regional Municipality of Durham (Project Unit 07-030) and the
Aggregate Resources Inventory for the Regional Municipality of Halton (Project Unit 07-033) were all
advanced toward final publication by Dave Rowell. The Regional Municipalities of York and Durham
projects required field checking and records updating of abandoned pits and licensed operations. The
Regional Municipality of Halton project involved a short drilling program in February 2008 to provide
additional data regarding drift thickness in the region. Additional financial support for this drilling
program was provided by Halton Region and the brick industry. Some of the results of this drilling
program are discussed in Rowell (this volume).
In addition to the 4 projects above, Dave Rowell completed 2 other projects where some of the work
had been contracted to a private consultant. The Aggregate Resources Inventory of Grey County (Project
Unit 02-016) and the Aggregate Resources Inventory of Leeds-Grenville (Project Unit 05-022) have been
completed and are slated to be published in late 2008 or early 2009.
The location of the above noted projects are outlined on Figure 22.1. It is anticipated that all of these
maps and reports will be published before the end of March 2009.
The Sedimentary Geoscience Section has also commenced work on an abandoned pit and quarry
inventory in the District of Sudbury and the counties of Lennox and Addington, Renfrew and Frontenac
on behalf of The Ontario Aggregate Resources Corporation (TOARC). This study will be completed
during the fall of 2008. Additional staff have been contracted to complete this work.
Other projects that will be undertaken during the 2008 and 2009 calendar years by the aggregate
geologists will be the re-writing of the Ontario Geological Survey’s internal Aggregate Resource
Inventory manual with an emphasis on updating the procedures outlined in the depth to bedrock section.
Major changes in data handling using geographic information systems (GIS) software over the past few
years has resulted in parts of the current manual becoming outdated.
Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.22-1 to 22-2.
© Queen’s Printer for Ontario, 2008
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23. Project Unit 98-051. Aggregate Resources
Inventory Mapping: Renfrew County, Southeastern
Ontario
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1
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INTRODUCTION
A field investigation of Renfrew County was conducted during the spring and summer of 2008 to
update the aggregate resources inventory for the county. Field work included site visits to active pits,
quarries, as well as general field observations of glacial deposits. Previous work was carried out prior to
1998 and, since then, a large portion of the county has been designated under the Aggregate Resources Act
of Ontario. This new designation required an update of licensed and abandoned aggregate extraction sites.
Renfrew County, located to the east of Algonquin Provincial Park, is bordered to the north by the
Ottawa River and occupies an area of approximately 7700 km2 making it the largest county in Ontario
(Figure 23.1). The county consists of 17 lower tier municipalities and is inhabited by approximately
84 000 residents (Statistics Canada 2007) (Table 23.1). The study area is predominantly rural and access
is provided by municipal and county roads as well as provincial highways 17, 41 and 60.
Table 23.1. Municipalities within Renfrew County, aerial extent and population.

Municipality
Town of Arnprior
Town of Deep River
Town of Laurentian Hills
Town of Petawawa
Town of Renfrew
Township of Admaston/Bromley
Township of Bonnechere Valley
Township of Brudenell, Lyndoch and Raglan
Township of Greater Madawaska
Township of Head, Clara and Maria
Township of Horton
Township of Kilaloe, Hagarty and Richards
Township of Laurentian Valley
Township of Madawaska Valley
Township of McNab/Braeside
North Algona Wilberforce Township
Township of Whitewater Region
Total

Area (km2)
13
51
640
165
13
521
590
703
1012
728
158
396
552
670
254
379
538
7382

Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.23-1 to 23-10.
© Queen’s Printer for Ontario, 2008

23-1

Population
7158
4216
2789
15 489
7846
2745
3665
1497
2751
228
2803
2550
9265
4186
7222
2840
6631
83 881

A.S. Marich

Figure 23.1. Location map of the study area.
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BEDROCK GEOLOGY
The bedrock geology of Renfrew County is dominated by Precambrian metamorphic rocks that
include metamorphic gneisses, clastic and carbonate metasedimentary, metavolcanic and plutonic rocks
(Ontario Geological Survey 1991; Lumbers 1982a, 1982b, 1982c, 1982d) (Figure 23.2). These rocks are
highly faulted, with normal faults oriented mainly west-northwest. The faults are reflected in the
landscape by various scarps and narrow to broad valleys. Several of these fault scarps form the western
side of the Ottawa–Bonnechere Graben. The most prominent scarp acts as a topographic break between
the uplands to the west and the Ottawa Valley to the east. The Ottawa–Bonnechere Graben occupies
much of the northern portion of the county and parallels a line between Pembroke and Ottawa (Chapman
and Putnam 1984).
The Precambrian bedrock is overlain by a series of Lower to Middle Ordovician sandstones, shales,
dolostones and limestones. These sedimentary rocks occupy several outliers in the eastern half of the
county and are overlain by a thin drift veneer (see Figure 23.2). The resulting landscape is predominantly
flat-lying reflecting the horizontal to subhorizontal bedding of these rock types (Williams, Wolf and Rae
1984; Russell and Williams 1985a–f). The following sections describe the Paleozoic bedrock formations
beginning with the oldest formation, and ending with the youngest.
The oldest Paleozoic formation that crops out in Renfrew County is the Lower Ordovician Oxford
Formation. This formation is characterized by light to dark gray, thin to thick bedded sublithographic to
fine-crystalline dolostone. Outcrops occur primarily near Pembroke and the town of Arnprior (Armstrong
and Dodge 2007; Armstrong and Carter 2006; Russell and Williams 1985a–f; Williams, Wolf and Rae
1984). This stone is quarried for use as crushed aggregate (as an example, see also Jagger Hims Limited
and Ontario Geological Survey 1999, Appendix D “Geology of Bedrock Deposits”, which is included in
Aggregate Resources Inventory Papers).
The lithology of the Rockcliffe Formation is varied and ranges from interbedded quartz sandstone
and shale to interbedded bioclastic limestone. The formation outcrops near the Oxford Formation
(Armstrong and Dodge 2007; Armstrong and Carter 2006; Russell and Williams 1985a–f; Williams, Wolf
and Rae 1984). This unit is quarried for crushed stone and some beds are suitable for use as fluxing stone
and lime production (see also Jagger Hims Limited and Ontario Geological Survey 1999, Appendix D).
The Gull River Formation consists of interbedded silty dolostone, lithographic to fine-crystalline
limestone, shale, and fine-grained calcareous quartz limestone. Some beds within this formation contain
alkali-reactive dolostone beds and some chert nodules occur. The Gull River Formation is the most
extensive Paleozoic formation within Renfrew County and occurs in the east-central and far eastern parts
of the county (Armstrong and Dodge 2007; Armstrong and Carter 2006; Russell and Williams 1985a–f;
Williams, Wolf and Rae 1984). This formation has been quarried for use as crushed stone (see also
Jagger Hims Limited and Ontario Geological Survey 1999, Appendix D).
The Bobcaygeon Formation is an interbedded calcarenite and sublithographic to fine-crystalline
limestone. Some beds may contain minor deposits of chert and chert nodules. The formation crops out in
the central, north eastern and far eastern part of the county (Armstrong and Dodge 2007; Armstrong and
Carter 2006; Russell and Williams 1985a–f; Williams, Wolf and Rae 1984). This rock is suitable for
granular base course aggregate, whereas some layers have been alkali-reactive when used in Portland
cement concrete (see also Jagger Hims Limited and Ontario Geological Survey 1999, Appendix D).
The Verulam Formation consists of interbedded biocalcarenite, calcarenite, sublithographic to finecrystalline limestone and calcareous shale. It occurs in fine- to medium-thick beds and crops out in
central Renfrew County (Armstrong and Dodge 2007; Armstrong and Carter 2006; Russell and Williams
1985a–f; Williams, Wolf and Rae 1984). The rocks of the Verulam Formation may be used in concrete
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mix, as well as for aggregate production. Some beds of the Verulam Formation contain too high a
percentage of shale for use as aggregate (see also Jagger Hims Limited and Ontario Geological Survey
1999, Appendix D).
The Lindsay Formation is an interbedded sublithographic to fine-crystalline limestone with some
nodular, calcareous shale and calcarenite. Lindsay Formation is located centrally within Renfrew County
(Armstrong and Dodge 2007; Armstrong and Carter 2006; Russell and Williams 1985a–f; Williams, Wolf
and Rae 1984). The formation is variably useful and non-useful for concrete production, but used
extensively for aggregate production (see also Jagger Hims Limited and Ontario Geological Survey 1999,
Appendix D).

PHYSIOGRAPHY AND SURFICIAL GEOLOGY
The landscape of Renfrew County is highly varied and ranges from rocky hills rising more than
200 m above their surroundings to flat clay plains. There are 4 physiographic regions within the county
as identified by Chapman and Putnam: the Algonquin Highlands, Muskrat Lake Ridges, Ottawa Valley
Clay Plains and the Petawawa Sand Plain (Chapman and Putnam 1984) (Figure 23.3). The largest
physiographic region within Renfrew County is the Algonquin Highlands. This region occupies the
southwestern two-thirds of the county and is characterized by rounded bedrock knobs and ridges. Bedrock
is commonly exposed throughout this region and bogs or swamps occupy many of the depressions between
hills (Chapman and Putnam 1984). The bedrock surface is rounded and polished as a result of prolonged
exposure to erosion by glaciers (Barnett 1980, 1992; Barnett and Clarke 1980a, 1980b; Barnett and
Ainsworth 1982, 1989; Barnett and Leyland 1988, 1989; Ford and Lall 1983; Gadd 1963).
The Muskrat Lake Ridges are a series of lifted fault blocks oriented northwest. The southwestern
edge of the ridges is a steep scarp, whereas the northeastern slope of the ridges is gentle and underlies
sand deposits (Chapman and Putnam 1984). These ridges are located between Pembroke and Renfrew.
The Ottawa Valley Clay Plains, as the name suggests, occupy the Ottawa Valley. The Ottawa River
runs through this broad channel which is bound by steep bluffs. The Ottawa Valley Clay Plains are broad
and very flat and consist of deep silty clay. The clay plains are interrupted in Renfrew County by the
Muskrat Lake Ridges. This clay plain is a result of deposition in the deep waters of the Champlain Sea
(Chapman and Putnam 1984).
The Petawawa Sand Plain developed as a result of shoreline processes active in the Champlain Sea,
as well as proglacial outwash as glacial ice retreated from the area. The deposits in this physiographic
region are varied and include outwash sands, glaciomarine beach gravels and till. The Petawawa Sand
Plain occupies a large area along the northern boundary of Renfrew County near Petawawa and Pembroke
(Chapman and Putnam 1984).
Renfrew County is host to a wide variety of landforms and deposits that reflect its complicated
glacial history (Figure 23.4). During the Last Glacial Maximum (~ 20 ka BP), the Laurentide Ice Sheet
extended well south of Renfrew County into New York State. Ice advanced over the county from the
north towards the southwest. The ice flow was structurally controlled by the underlying bedrock
landscape, which altered the rate of flow as well as rate and type of sediment deposition and bedrock
erosion (Barnett 1992, 1980; Barnett and Clarke 1980a, 1980b; Barnett and Ainsworth 1982, 1989;
Barnett and Leyland 1988, 1989; Ministry of Natural Resources (Eastern Region) 1986; Ford and Lall
1983; Gadd 1963). During this phase of glaciation, the bedrock surface was weathered and eroded and
rock fragments became entrained in the base of the ice. Later, upon deglaciation, this material was
deposited as till and outwash, throughout the Algonquin Highlands physiographic region.
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Figure 23.3. Physiographic regions of Renfrew County (from Chapman and Putnam 1984).
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Figure 23.4. Simplified surficial geology of Renfrew County (after Barnett, Cowan and Henry 1991).
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The deglaciation of Renfrew County was characterized by northeastward melting of the ice sheet.
During deglaciation, the ice margin stagnated and even readvanced before completely retreating from the
area (Barnett 1992, 1980; Barnett and Clarke 1980a, 1980b; Barnett and Ainsworth 1982, 1989; Barnett and
Leyland 1988, 1989; Ministry of Natural Resources (Eastern Region) 1986; Ford and Lall 1983; Gadd 1963).
Meltwater flowed southward along bedrock valleys, depositing outwash sands and gravels. Meltwater
accumulated in front of the ice margin within the Ottawa Valley as proglacial lakes producing deltas and fans,
while fine-grained material settled on the lake bottom. Former lake levels have been constructed using the
locations of deltas, beaches, terraces, channels and sand plains (Pair and Rodrigues 1993).
A marine incursion, the Champlain Sea, entered the area at some point around 11 ka BP (Pair and
Rodrigues 1993). The marine waters deposited the thick, silty clay of the Ottawa Valley Clay Plains.
As deglaciation continued, water ponding in glacial lakes to the west was released and flowed eastward
through the Ottawa Valley and into the St. Lawrence. Once the Champlain Sea drained the sand plains
were re-worked by the wind forming the sand dunes of the Petawawa Sand Plains.

METHODS
Prior to beginning field work, previously published maps and reports were consulted to obtain all
available data pertaining to aggregate deposits within Renfrew County. The seamless surficial geology
map of the Ontario Geological Survey was used to identify potential sand and gravel deposits (Ontario
Geological Survey 2003). Water-well records were obtained from the Ministry of the Environment and
geotechnical borehole logs were provided by the Ministry of Transportation. Previously collected
samples and aggregate suitability testing results were also consulted.
Field work was undertaken to ground truth the boundaries of granular deposits, as well as to assess
their depth and quality. Potential bedrock resources were assessed by examining quarries and rock outcrops.

AGGREGATE POTENTIAL
The bedrock of Renfrew County is primarily of Precambrian age, lithologies that vary substantially
over short distances and, therefore, require site-specific testing to evaluate their potential as aggregate
sources. The Paleozoic limestones and dolostones of eastern Renfrew County are quarried for crushed
aggregate as well as a source for building stone. The Oxford, Gull River and Bobcaygeon formations are
the best suited for these uses (Derry, Michener, Booth and Wahl and Ontario Geological Survey 1989).
There are currently 12 licenced quarries in operation within the county.
Granular aggregate deposits are found throughout Renfrew County. Outwash sands and gravels
occur in the hollows between ridges and knobs of the Algonquin Highlands, in areas well above the
Champlain Sea. These deposits range from fine-grained clast-free outwash sands to cobble gravels. Silt
content in these deposits varies substantially, and screening or washing of the material may be required.
Higher quality aggregate sources, those with greater gravel content, are commonly associated with eskers,
kames and other outwash landforms found in small bedrock-controlled valleys that drain into the major
lake basins within the county.
Additional high-quality aggregate sources are located within proglacial deltaic and glaciofluvial
outwash deposits, glaciofluvial ice-contact stratified deposits and glaciomarine beaches. Examples of
these deposits are located within the Petawawa Sand Plain and near the boundary of the Ottawa Valley
Clay Plain and the Algonquin Highlands physiographic regions.
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CONCLUSION
Assessment of the granular and bedrock aggregate resources of Renfrew County is ongoing. Field
work conducted during the spring and summer of 2008 has provided ample ground truth data for delineating
the boundaries of naturally occurring granular materials. Maps showing the location and quality of these
resources as well as areas of thin drift overlying bedrock aggregate resources will be produced.
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INTRODUCTION
The Paleozoic stratigraphy of southern Ontario is generally flat lying with a slight regional dip to the
southwest (Armstrong and Carter 2006). Based on this fact, in calculating overburden thickness or depth
to bedrock for bedrock resource maps of Aggregate Resource Inventory Papers (ARIPs), areas between
data points were generally assumed to be relatively flat lying and, therefore, the bedrock elevation fairly
consistent between data points, provided, of course, that the data points were within a reasonable distance
of each other. This remains a valid assumption when calculating depth to bedrock for predominantly
limestone and dolostone formations.
In the past, this assumption was also applied to the Queenston Formation, a predominantly red to
maroon, thin- to thick-bedded, noncalcareous to calcareous, sandy to argillaceous shale with green
mottling and banding (Armstrong and Carter 2006). Many of the earlier Regional Municipality of Halton
depth-to-bedrock maps (e.g., Vos 1969; Golder Associates Limited and Rowell 1996) indicate relatively
large areas of thin overburden cover, perhaps giving a false sense to many municipal and provincial
planners that there was sufficient Queenston Formation available for use by the brick industry for the
foreseeable future. Because of its lithology, the Queenston Formation is a provincially significant
bedrock resource used in the manufacture of brick and tile (Guillet 1977).
One of the first indications that this assumption may not be entirely accurate was as a result of
drilling that was completed by the Ontario Geological Survey (OGS) in 1989 near the Town of Milton
(Rutka and Vos 1993). Based on previous Ministry of the Environment (MOE) water well data, it was
anticipated that the depth to bedrock would be less than 8 m. In fact, 17.7 m of overburden was drilled
before bedrock was encountered. Rutka and Vos (1993) stated: “the intersection in this hole of an
unexpected thickness of 17.7 m of overburden reflects the difficulty and limitations involved in predicting
overburden thicknesses, particularly in areas where abundant outcrop and water well data (used to
construct overburden thickness maps) are lacking.” Armstrong (2001) encountered a similar result to the
west of Georgetown.
The uncertainty of the depth of the bedrock surface was further demonstrated by Davis and Holysh
(2007), who recently drilled a deep hole in the Regional Municipality of Peel as part of a groundwater
study. Based on current Paleozoic mapping, they expected to intersect the Queenston Formation. What
they discovered was that the bedrock surface was lower than expected and instead of intersecting the
Queenston Formation, the underlying Georgian Bay Formation was intersected.
During the recently completed aggregate resource study (this study) in the Regional Municipality of
Halton (Figure 24.1), it became evident that there is a great deal of variation with regard to the depth to
Summary of Field Work and Other Activities 2008,
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bedrock over the Queenston Formation and that this variability occurred over very short distances. The
uncertainty over the depth to bedrock may be a result of lack of outcrop and water well data, as suggested
by Rutka and Vos (1993). Much of the variation, however, can be explained by the fact that the soft shale
of the Queenston Formation is easily weathered and has probably been significantly eroded by subglacial
and/or postglacial water flow (channelization).

DEPTH-TO-BEDROCK CALCULATIONS
In the past, overburden thickness or depth-to-bedrock maps were largely constructed based on
Ministry of the Environment (MOE) water well data. Paper records were reviewed and plotted on
1:50 000 scale National Topographic System (NTS) maps using UTM coordinates. This was a labour
intensive, manual exercise where the interpretation of the data was reliant upon the number of data points
that were plotted.
The stratigraphy that was recorded for the water wells was interpreted and recorded by the water
well driller. The accuracy of the data was a function of the experience and knowledge of the driller or his
assistant. Therefore, the geologist would need to trust the information recorded by the driller.
Stated more eloquently by Logan, Russell and Sharpe (2001): “The most abundant and widespread
archival data set is the Ontario Ministry of the Environment water well data set. Problems with the
locational accuracy (Kenny, Chan and Hunter 1997) and reliability of geological descriptions (Russell et
al. 1998) constrains the way in which water well records can be used. Nevertheless they are a suitable
data source for regional studies when integrated with control data.”

Figure 24.1. Location of the Regional Municipality of Halton in southern Ontario.
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The MOE water well records are now available in electronic or digital format. This means that
thousands of records can be brought into standard geographic information system (GIS) software and
instantly plotted on a base map. This helps to overcome the long and tedious manual plotting of these data
points. Computer applications can be used to identify water well records that may have suspicious or
erroneous stratigraphy. The geologist is then able to decide whether a water well data point is acceptable
or should be removed from the database.
For the Regional Municipality of Halton study, 7139 water well records were initially plotted on a
base map. After considering location and stratigraphic reliability, this data set was reduced to 5413
records. As noted above, these water well records can be greatly enhanced by high-quality control data.
These control data can exist as properly georeferenced oil wells, geotechnical records, hydrogeological
data points, municipal water wells or other drill holes. Many of these records are not only properly
georeferenced, but the stratigraphy has been reviewed and approved by either a Professional Engineer or
Professional Geoscientist.
Outcrops are also very useful and valuable data points because they can be seen on the surface and
accurately located. There were 682 outcrop locations and an additional 2478 properly georeferenced
control data points used in this Regional Municipality of Halton study. In addition, 8 drill holes were
completed by the Regional Municipality of Halton and the Ontario Geological Survey. These were
relatively short holes that were drilled to the overburden–bedrock interface. Two of the 8 holes were
drilled into bedrock to recover bedrock core that could be utilized for physical and chemical property
testing since the geochemistry, mineralogy and other physical properties of the shale are important in the
manufacture of brick and tile (Guillet 1977).

Photo 24.1. Exposed Queenston Formation near Cheltenham, Regional Municipality of Peel. Note the very irregular surface of
the Queenston Formation shale.
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VARIATIONS IN THE SURFACE OF THE QUEENSTON FORMATION
The results of this study suggest that postdepositional streams and rivers eroded the surface of the
Queenston Formation more deeply and irregularly than previously assumed (channelization). Streams and
rivers would have eroded the soft shale of the Queenston Formation prior to overburden deposition. The
shales of the Queenston Formation would have been quite susceptible to weathering, just as they are
today when the material is stockpiled by the brick manufacturing industry. The main difference is that
they would have been exposed to weathering elements for substantially longer periods of time (hundreds
of thousands of years). Glacial activity such as erosion, and subglacial and subaerial meltwater action
would also have contributed to the erosion of the soft shales.
Photo 24.1 illustrates the Queenston Formation along the edge of the Niagara Escarpment in the
Cheltenham area (Regional Municipality of Peel). This area of Queenston Formation has been exposed
and subjected to glaciation and weathering processes resulting in erosion and the numerous areas of
“down cutting” and channelization. Note the very irregular surface of the Queenston Formation shale.

IMPLICATIONS FOR THE BRICK INDUSTRY AND PROVINCIAL
PLANNING
The results of this study would suggest that the surface of the Queenston Formation underlying
overburden sediments in the Regional Municipality of Halton is more variable, even over short distances,
than previously believed. The implications of this may be significant to the brick industry and the manner
in which they extract shale resources.
In addition, the quality of the Queenston Formation changes throughout Ontario. For example, high
sulphur and chloride concentrations within the Queenston Formation can mean that certain areas of the
Queenston are not usable by the brick industry (Guillet 1977), thus reducing other potential resource
extraction areas. Therefore, the remaining good-quality Queenston Formation resource areas should
receive due consideration and protection during land use planning exercises.
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INTRODUCTION
On July 14, 2008, the Ontario government announced that it is permanently protecting half of
Ontario’s Far North boreal region and launching a Ministry of Natural Resources (MNR)-led Far North
information and knowledge management (FNIKM) planning process. Ontario’s Far North boreal forests and
wetlands encompass 43% of the province’s land base, or 45 billion hectares. The region is one of the last truly
wild spaces on the planet and includes the largest intact forest in Canada, and the third largest wetland in the
world (news release, July 14, 2008, http://www.premier.gov.on.ca/news/Product.asp?ProductID=2353 and
backgrounder, July 14, 2008, http://www.premier.gov.on.ca/news/Product.asp?ProductID=2358).
Wise use of the natural environment of northern Ontario requires an understanding of the
distribution and properties of surficial materials making up the landscape. For example, the distribution
of ecological communities is highly dependant on conditions of the natural landscape, such as surficial
material, relief, aspect and drainage conditions. Terrain maps define these conditions of the landscape
and support land use planning in many ways. For example, the distribution of sand and gravel (mineral
aggregate) deposits is fundamental for the planning and maintenance of road, airport and infrastructure
projects. Other activities that require sound knowledge of the surficial materials include ecological land
classification, forestry management, construction capability, foundation capability, landfill capability,
groundwater development, route selection and information on mineral exploration conditions. The main
benefits of terrain mapping are having the required base information available to make wise planning
decisions related to development and/or environmental protection.
The terrain mapping project being led by the Ministry of Northern Development and Mines
(MNDM) is one of the 4 main mapping initiatives in the FNIKM program. The other 3 being completed
by MNR are topographic mapping, land cover and hydrology. Once completed, the information gathered
in all 4 projects will provide a characterization of the Far North landscape and can be used as a base for
land use planning.
At present, there are only 1:250 000 scale surficial geology maps of the area of interest with the
exception of a few 1:50 000 scale surficial geology maps. Remotely sensed imagery is available at
various resolutions and degrees of coverage and there exist both MNR-created digital elevation models
(DEMs) and Shuttle RADAR Topographic Mission (SRTM) DEM data needed for successful completion
of this project.
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PROGRESS
The goal of the project is to produce terrain maps at a scale of 1:100 000 for the entire Far North
region over the next 4 years (Figure 25.1). This will be accomplished, in part, through the development
of methods to remotely predict surficial sediment and landscape conditions. The first year of the project
involves the assembly of existing information and imagery for the Far North, in co-operation with the
MNR main mapping project teams; the evaluation of existing imagery and object based image analysis
software; and the development of methodologies or models to extract landscape information (landform,
material, relief, drainage conditions, etc.) from available data sources.
Steps involved in the current year of this project include
1.

the evaluation of the usefulness of various satellite imagery (high-resolution satellite imagery,
different polarizations in RADAR data and hyper-spectral imagery) and their cost benefits.
Selected imagery will be evaluated during the first year to see if it improves the interpretation of
terrain information;

2.

the evaluation of object-based image analysis software for its effectiveness in landform or
landscape mapping;

3.

the training and development of staff in the effective use of software and/or data and/or terrain
features and in the interpretation of imagery;

4.

selection of test areas in association with MNR staff;

5.

the creation of terrain maps within the test areas using traditional map-making methods;

6.

the development of landform or flowline maps for the Far North; and

7.

the creation of decision trees for the automated interpretation or remotely predictive mapping
process. Many of these steps, particularly 1, 3, 5, 6 and 7, will continue into year 2.

To date, 4 pilot areas in the Far North have been selected in co-operation with MNR main mapping
project teams (Figure 25.1). These areas were selected based on ecosystem boundaries, availability of
imagery and diverse nature of the surficial materials. It is the latter that is of prime interest to the terrain
mapping component. Pilot Area 1 encompasses areas of bedrock-dominated terrain, large ice marginal
(end moraines) and subglacial landforms (eskers) composed predominantly of stratified sediments of sand
and gravel and lake plains dominated by sand, silt and clay sediments. Pilot Area 2 contains large tracts
of streamlined landforms and extends into areas inundated by marine waters of the postglacial Tyrrell
Sea. Pilot Areas 3 and 4 are almost entirely within the marine plain of the Tyrrell Sea (Hudson Bay
Lowland); however, there are islands, some containing streamlined landforms, that rise above this plain.
One terrain map (Winisk Lake area) has been prepared by traditional map-making methods (airphoto
interpretation with ground observations) in Pilot Area 2 and will be used for calibration and/or for
comparison to remotely predicted maps. Data assemblage of imagery has begun, primarily under the lead
of the Land Cover project team. Geological databases have been created from Prest (1963) and for the
locations and results of samples collected by Skinner (1973). The third main data set initiated includes
the digitization of the long axis of streamlined landforms to be used in the remote prediction of sediments
and in a flowline map for northern Ontario (Figure 25.2).
Training and development of staff and evaluation of software, in particular object-based image
analysis software, for terrain analysis has begun. Close communications with the other project teams are
ongoing and are necessary to avoid duplication of effort.
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Figure 25.1. Location of the Far North Information and Knowledge Planning Program area and potential pilot areas (red boxes).
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Figure 25.2. An example of streamline landforms (black lines mark long axis of streamline form) in the Winisk Lake area of northern Ontario.
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INTRODUCTION
Field work for a high-density lake sediment and water geochemical survey of the Sault Ste. Marie
area was carried out between July 14 and August 7, 2008. This is the second year of a two-year project to
cover Southern Province rocks along the north shore of Lake Huron between Sault Ste. Marie and Elliot
Lake (see Dyer 2007). The survey area is centred northeast of the city of Sault Ste. Marie and
approximately 200 km west of Sudbury (Figure 26.1). The survey completely covered the area defined
by National Topographic System (NTS) 1:50 000 scale map sheets 41 J/5, 41 J/6, 41 J/11, 41 J/12 and
partially covered the area outlined by map sheets 41 J/3 and 41 K/9. The 2008 area covers an area with
potential for uranium mineralization within sedimentary rocks of the Huronian Supergroup and coppernickel mineralization within intrusive rocks, primarily Nipissing sills.
A total of 1531 water samples and 1447 lake sediment samples were collected over an area of
approximately 3600 km2 for an average density of 1 sample site per 2.4 km2. This survey is the first highdensity regional lake sediment geochemistry coverage to be completed over the region. This study area
was previously sampled at a lower density (1 sample per 13 km2) during the National Geochemical
Reconnaissance (NGR) lake sediment program carried out by the Geological Survey of Canada in
conjunction with Ontario Ministry of Northern Development and Mines (GSC and MNDM 1987; Friske
et al. 1991). The results of the current program will provide new regional geochemical data for both
mineral exploration and environmental baseline purposes at a significantly higher resolution.

REGIONAL SETTING
The project area lies within the Penokean Hills physiographic subdivision of the James Region of the
Canadian Shield (Bostock 1970). Topography across the study area is largely bedrock controlled with the
highest elevations (~550 m asl) corresponding to underlying Archean granitoids. The south-central
portion of the survey area, underlain by a mixture of Huronian Supergroup metasedimentary and
Nipissing intrusive (gabbro) rocks, is locally very rugged (up to a maximum of ~500 m asl), with the
development of bedrock ridges and escarpments due to differential erosion of the layered sedimentary
rocks (Henderson and Halstead 1992). Topography is much more subdued in the southern portion of the
survey area with relief rarely exceeding 50 m.
The general bedrock geology of the survey area is represented on the Ontario Geological Survey
(OGS) 1:250 000 scale compilation map (Ontario Geological Survey 2006). The majority of the survey
area is underlain by Proterozoic Huronian Supergroup metasedimentary rocks of the Southern Province.
These consist of (from oldest to youngest) 1) Elliot Lake Group, 2) Hough Lake Group, 3) Quirke Lake
Summary of Field Work and Other Activities 2008,
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Group and 4) Cobalt Group. The Elliot Lake Group is unique in that it contains volcanic units and
turbidites, but lacks the typical sedimentary cycle (conglomerate–overlain by mudstone, siltstone and
arenites) that is common to the other younger groups (Bennett, Dressler and Robertson 1991). The
Huronian Supergroup rocks unconformably overlie Archean basement rocks, consisting predominantly of
granitoids and minor supracrustals of the Superior craton. Significant mafic intrusive rocks in the study
area consist of Nipissing gabbro (diabase) sills and dikes.
Of particular economic significance, within Huronian Supergroup stratigraphy, are the basal portions
(Matinenda Formation) of the Elliot Lake Group, which host significant Witwatersrand-type uranium
mineralization (Bennett, Dressler and Robertson 1991). Also of potential economic significance are the
Nipissing diabase sills within the survey area, which locally host copper-nickel mineralization (Fyon et al.
1991).
Reconnaissance Quaternary mapping coverage of the area, at a scale of 1:506 880, was completed by
Boissonneau (1965). Engineering geology terrain maps, at a scale of 1:100 000, cover the Sault Ste.
Marie, Thessalon and Wakomata Lake areas (McQuay 1980; VanDine 1980a, 1980b, respectively), which
encompass the entire survey area. Detailed Quaternary geological mapping has not been conducted over
the study area. A regional compilation of the surficial geology of the area was completed by Barnett,
Henry and Babuin (1991). The available sources indicate that surficial materials within the northern half
of the study area are generally sparse, consisting predominantly of a thin, discontinuous veneer of drift
(till) over bedrock. Within the southern half of the survey area, approximately 20 to 25% of the land
surface is covered with thick mappable units of till, glaciofluvial outwash and glaciolacustrine deposits.
The glaciofluvial outwash (sand and gravel) are present primarily within major structurally controlled

Figure 26.1. Location map of the 2008 Sault Ste. Marie lake sediment survey area and the 2007 Elliot Lake survey area.
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valleys and drainage spillways. Fine-grained glaciolacustrine sediments are present in low-lying
depressions (below approximately 320 m asl) and along the present-day coast of Lake Huron. The
predominant glacial-ice direction, based on glacial flutings and drumlins, was toward the south-southwest
(VanDine 1980a).

SAMPLING METHODS
Organic-rich lake sediment samples were collected from a helicopter float using the OGS-designed
gravity corer. In order to avoid anthropogenic influences and water–sediment interface effects (i.e.,
increased manganese due to anoxic conditions that result in secondary accumulation of base metals), only
deep sediment (>20 cm below the sediment surface) was collected. This sediment better reflects the
effects of natural geochemical inputs that may be traced to local geology.
Lake water samples were collected from a depth of 1.0 m using a weighted intake hose and pump.
Water quality parameters including, pH and conductivity, were measured at each lake site using a flow
cell attached to a multi-parameter 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.
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 mated to a tablet computer was utilized to provide
“heads up” real-time navigation between lake sites.

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 <35°C prior to partial
pulverization in a ceramic ring and puck pulverizer and sieving to obtain the –80 mesh (<177 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 a nonselective, relatively strong partial extractant.
Approximately 10 g of sample pulp will be pressed into briquettes prior to analysis by instrumental
neutron activation analysis (INAA) for gold, silver and a suite of approximately 30 other elements.
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.
Water samples 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. Quality of the analyses is monitored through the use of sample duplicates,
CANMET-certified reference standard SLRS-4 and distilled water blanks.
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Copper-Nickel-Platinum Group Element Dispersion
Case Study, Northeastern Ontario
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INTRODUCTION
A project focussing on the dispersion of copper-nickel-platinum group elements (PGE) from point
source bedrock mineral occurrences and from associated glacial dispersion plumes was initiated over the
East Bull Lake intrusion, located approximately 90 west of Sudbury (Figure 27.1). Sample media
included humus, “B”-horizon soil, “C”-horizon till, peat, shallow groundwater and stream sediment.
Field work was focussed on 2 areas of known Cu-Ni-PGE mineralization, namely the Bullfrog Lake area
and the Parisien Lake deformation zone (Figure 27.2). The most detailed and tightly spaced sampling
was undertaken at what is known as the Parisien Lake occurrence main zone, located within the Parisien
Lake deformation zone, due to the presence of the most significant surface point source concentration of
sulphides (semi-massive to massive) and associated PGE in the area. The Bullfrog Lake area is
characterized by a broad zone of disseminated sulphides, generally with low concentrations (<3.0 g/t) of
PGE (Fekete and Castonguay 1998; Wood 2001). Therefore, wider spaced sampling was undertaken in
the Bullfrog Lake area, which included stream sediments. An additional layer of lake sediment and lake
water geochemical data for the entire East Bull Lake intrusion area was previously collected in 2007
(Dyer 2007).
Recent studies in Ontario on the geochemical dispersion of Cu-Ni-PGE from known point sources of
mineralization (e.g., Dyer and Barnett 2007; Hattori and Cameron 2005) have been focussed on the Lac
des Iles Mine area of northwestern Ontario. The findings from these studies are in general agreement that
PGE, in particular Pd, have been transported both physically (e.g., glaciation) and geochemically
(hydromorphically) due to postglacial weathering processes. In addition, the metals Cu and Ni display a
strong geochemical halo, with dispersion distances significantly greater than that for PGEs, even from
source rocks with low (<5 weight %) visible sulphide abundances (Dyer and Barnett 2007). The rationale
for examining Cu-Ni-PGE dispersion at mineral occurrences associated with the East Bull Lake intrusion
are threefold:
1.

examine Cu-Ni-PGE dispersion in the surficial environment and landscapes characteristic of the
East Bull Lake intrusive suite and compare to the findings from Lac des Iles

2.

provide a better understanding of the dispersion behaviour of Cu-Ni-PGEs in the East Bull Lake
intrusion area that will assist PGE exploration and the interpretation of existing geochemical
datasets throughout the region

3.

determine optimum sample media, field methods and analytical techniques to guide future
geochemical exploration projects throughout the region, in particular, areas underlain with
Paleoproterozoic gabbroic intrusions such as the East Bull Lake, Agnew and River Valley
intrusions

Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.27-1 to 27-7.
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REGIONAL GEOLOGICAL SETTING
The East Bull Lake intrusive suite rocks are of Paleoproterozoic age and consist of a number of
layered plutons that occur near the Archean Superior Province–Proterozoic Southern Province and
Proterozoic Southern Province–Grenville Province boundary areas, in the Sudbury region of Ontario. In
general, these plutons are gabbroic in composition (gabbronorite to gabbroic anorthosite) and the 3 largest
are known as the East Bull Lake, Agnew and River Valley intrusions (Easton, Jobin-Bevans and James
2004). Bedrock mapping and compilation of the East Bull Lake and Agnew intrusions, at a scale of
1:50 000, was recently completed by R.M. Easton, R.S. James, E.I. Murphy and others; this map is
currently in preparation for publication. The geology shown on Figure 27.2 is a generalized excerpt from
Easton (2007).
Available mapping of the surficial deposits over the East Bull Lake intrusion area is minimal.
Detailed Quaternary geological mapping has not been conducted over the region. An engineering
geology terrain map, at a scale of 1:100 000, was produced for the area by VanDine (1980). A more
recent regional compilation of the Quaternary geology of the area was completed by Barnett, Henry and
Babuin (1991) as part of the “Geology of Ontario” map series. These sources indicate that surficial
materials over the East Bull Lake intrusion are generally sparse, consisting predominantly of a thin,
discontinuous veneer of drift (till) over bedrock. The most significant accumulation of glacial drift
material occurs coincident with the River aux Sable where thick glaciofluvial outwash sands and gravels
are present. Low-lying, relatively flat areas with stagnant drainage networks typically have significant
accumulations of organic muck and peat.

Figure 27.1. Location of East Bull Lake intrusion study area, northeastern Ontario.
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Figure 27.2. Generalized bedrock geology of the East Bull Lake intrusion (modified from Easton 2007) showing locations of detailed surficial media sampling.

Sedimentary Geoscience Section (27)
R.D. Dyer

27-3

Sedimentary Geoscience Section (27)

R.D. Dyer

ECONOMIC GEOLOGY
The main focus for platinum group metals (PGM) exploration within East Bull Lake intrusive suite
rocks is what is known as “contact-type” mineralization, which is present throughout the Lower and
underlying Marginal Zone, but is best developed within inclusion-bearing gabbronorite, within a few tens
of metres of the sidewall or footwall contacts at the margins of the plutons (Easton, Jobin-Bevans and
James 2004). This mineralization occurs as PGE-rich disseminated sulphides, typically with an average
sulphide mineral content of 1 to 2%. The sulphide minerals usually consist of approximately equal
amounts of coarse chalcopyrite and pyrrhotite, and subordinate, finer grained pentlandite (Easton, JobinBevans and James 2004). Secondary exploration focus are hydrothermally altered breccia zones within
deformed rocks at or near the margins of the plutons (i.e., Parisien Lake deformation zone). Such
hydrothermally enriched zones typically contain up to 10% sulphide minerals (chalcopyrite-pyrrhotitepentlandite), up to 10 g/t combined Pt+Pd and are generally enclosed by broader lower grade
mineralization with Pt+Pd concentrations in the background range of 20 to 50 ppb (Easton, Jobin-Bevans
and James 2004).
The East Bull Lake, Agnew and River Valley intrusions are considered to have potential for
economic Cu-Ni-PGE mineralization and, in fact, URSA Major Minerals has advanced their Agnew Lake
property (Shakespeare deposit) to a pre-production mining stage of development. Significant
mineralization has also been outlined at the River Valley intrusion by Pacific North West Capital Corp.
They have reported a resource calculation of over 1.2 million ounces of combined Pt+Pd (Pacific North
West Capital Corp., press release, November 5, 2007). Most of the East Bull Lake intrusion is covered by
claims controlled by Mustang Minerals Corp. Mustang Minerals completed a drilling program in May
2008, which focussed on the Parisien Lake occurrence main zone. This program returned a best
intersection 12.5 g/t combined Pt+Pd+Au, 9.3% Cu and 0.43% Ni over a length of 1.1 m (Mustang
Minerals Corp., news release, July 3, 2008).

FIELD WORK
Field work was focussed on the Parisien Lake occurrence main zone (Photo 27.1) that is exposed
within an approximately 140 m long north-south–oriented trench. This mineralized area is within a zone
of deformation known as the Parisien Lake deformation zone. This occurrence is a 3 to 5 m thick, lensshaped rusty zone of sulphide-rich (semi-massive pyrite-pyrrhotite-chalcopyrite-pentlandite) deformed
metapyroxenite to peridotite (Easton, Jobin-Bevans and James 2004). Base metal and PGE tenor from
grab samples is reported to be as high as 4.7 g/t combined Pt+Pd, 9.4% Cu and 5.5% Ni (Wood 2001).
During the current field work, 15 rock grab samples, including 4 from the main zone occurrence were
collected for assay and geochemical analysis.
In order to define and characterize the Cu-Ni-PGE dispersion plume(s) from the Parisien Lake
occurrence main zone, 21 till sample sites were located and excavated with shovel and grub-hoe. Glacial
striations oriented between 195 to 205° were observed at several locations on the bedrock surface within
the exposed trench; therefore, sample sites were oriented in a fence pattern (perpendicular to ice-flow)
toward the south-southwest (down-ice) direction. Samples of humus, “B’-horizon soil, “C’ horizon till
samples were collected from each sample site. Large “C’-horizon till samples (typically between 12 to
18 kg) were taken for processing to obtain a heavy mineral concentrate (HMC) and identify any gold
grains and PGM indicator minerals. A smaller (~1.5 kg) sample was also taken for analysis by
conventional fine-fraction (–63 μm) geochemistry. A representative number of pebbles were also
collected at each site for lithological examination.
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In order to characterize hydromorphic dispersion of metals downslope from the occurrence, samples
of peat and groundwater were collected from a cedar swamp located immediately adjacent to the Parisien
Lake occurrence main zone sulphide showing. Samples of both shallow and deep organic peat and
shallow groundwater were collected. Samples were collected at, incremental distances of 15, 20, 25, 40,
50 and 70 m, westward from the Parisien Lake occurrence main zone to the swamp. Groundwater was
collected from dug sumps and filtered/acidified immediately at the point of collection. Water pH and
conductivity measurements were also taken at the time of collection with handheld meters.

Photo 27.1. Trench at the Parisien Lake occurrence main zone showing rusty weathering Cu-Ni-PGE showing, which consists of
semi-massive to massive sulphides within deformed metapyroxenite to peridotite.
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At the Bullfrog Lake area, surface PGE (Pd+Pt) mineralization of relatively low grade (typically
<3 g/t) occurs associated within a 15 to 50 m wide east-west–oriented zone of 2 to 5% sulphide
mineralization centred on Bullfrog Lake (Fekete and Castonguay 1998; Wood 2001). To understand and
define dispersion plumes associated with this mineralization, sampling of till and stream sediment was
undertaken in the area down-ice from Bullfrog Lake, towards the southwest. A total of 10 till sites and 4
stream sediment sites were sampled. Three rock samples were also collected along the north shore of
Bullfrog Lake in order to further characterize the Cu-Ni-PGE content and other possible pathfinder
elements.
Additional till, stream sediment, peat and water samples were collected at various locations along
Highway 553, distant from mineralization, for control and comparison purposes.

SAMPLE PREPARATION AND ANALYSIS
All surficial media samples were dried before being submitted to the OGS Geoscience Laboratories
(Geo Labs) in Sudbury for preparation and analysis. Analysis of inorganic and organic media will
include aqua regia digestion followed by inductively coupled plasma mass spectrometry (ICP–MS) and/or
inductively coupled plasma optical emission spectroscopy (ICP–OES) for most major, minor and trace
elements and fire assay–inductively coupled plasma mass spectrometry (FA–ICP–MS) for gold and
PGEs. Waters will be analyzed by ICP–MS and ICP–OES for a suite of over 50 elements. For the
determination of PGEs in water, samples were sent to an external laboratory for a proprietary treatment to
recover palladium and platinum that may have adhered to the walls of the sample bottles. This was
followed by direct high-resolution (HR)–ICP–MS analysis for the PGEs (Pd, Pt, Ir, Rh and Ru).
The bulk samples of till and stream sediment will undergo tabling to isolate a heavy mineral
concentrate. This is followed by micro-panning for the identification of massive sulphide indicator
minerals, gold grains and PGMs.
Rock samples will undergo a multi-acid total digestion followed by ICP–MS and/or ICP–OES for
over 50 elements. Nickel sulphide-FA–ICP–MS will be utilized for gold and PGEs determination.
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INTRODUCTION
Forest rings are large circular features (up to 1.5 km in diameter) commonly observed in the boreal
forests of Ontario where soils are carbonate rich and recently developed (<10 Ka). The circular
impression reflects a slight topographic depression around the edge of the ring that forms around centres
of negative charge in overburden or bedrock. The consumption of oxidizing agents in the overburden
results in the propagation of a redox anomaly upward and outward from the reducing source. Thus, a
“reduced chimney” is created between the reducing source and the water table, where the propagation
stops due to the unlimited source of oxidizing agents above the water table.
In Ontario, forest rings have been reported to form over a dissolved hydrogen sulphide accumulation
(Hamilton and Hattori 2008) and are suspected to form over bitumen and coal (Hamilton, Burt et al.
2004). However, field studies using spectral absorbance lasers suggest that over 85% of the several
thousand known rings are centred on large accumulations of shallow methane (Hamilton, Burt et al.
2004). The current project takes a microbiological approach in establishing the origin of this natural gas
and the role of micro organisms in the formation of the rings themselves. Two methane- and one
hydrogen sulphide-centred forest rings, referred to respectively as the “Road ring”, the “Bean ring” and
“Thorn North”, have been sampled in the vicinity of Hearst and Timmins (Figure 28.1). Preliminary work
on the 3 selected rings has shown central peaks of dissolved CH4 and/or H2S, as well as depletions in O2
over the rings. At Thorn North, CH4 occurs only as sharp spikes at the ring edge and these are
accompanied by sudden drops in H2S and O2 and increases in SO42– close to the ring edge. These data
suggest elevated biological activity at the ring edge at Thorn North perhaps facilitating some of the redox
reactions. Preliminary isotopic evidence for CH4 collected at methane-sourced rings suggests a young,
low-temperature biogenic origin (Hamilton, Hattori and Clark 2005).
Subtle positive spontaneous potential (SP) anomalies in association with negative-inward redox
gradients have been noted over forest rings (Hamilton and Hattori 2008). One of the objectives of this
project is to test the role of bacteria in the formation of redox and electrical field (SP) anomalies. In
general, the understanding of the origin of SP anomalies has benefits for the use of SP in mineral and
energy exploration. In addition, methane-sourced forest rings are themselves potential targets for natural
gas exploration because of their abundance, large size and visibility on aerial photographs, which allows
targeting with minimal exploration expenditures.

Summary of Field Work and Other Activities 2008,
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In addition to these phenomena, numerous other physical and chemical changes occur at the ring
edges as evidenced by previous soil sampling, groundwater measurement and other testing. So many
processes occur that understanding which are causes and which are effects of other processes is extremely
difficult. Particularly enigmatic are clear but apparently inconsistent temperature anomalies that are
known to be associated with the rings and related phenomena that occur over known mineral deposits
(Hamilton et al. 2004a, 2004b). Since the oxidation reactions occurring at the ring edges are exothermic,
investigation of the temperature anomalies are an important component of this study.

METHODOLOGY
Sampling Design
Soil samples were collected and measurements made on high-density, short sampling transects
across the ring edges at the 3 sites investigated. The sample media include peat and clay collected using
hand augers to the maximum practical sampling depth, which proved to be about 3 m. Samples were split
into 3 subsamples, labelled “A”, “B” and “C”, that are, or will be, subjected to a variety of tests (Figure
28.2). Sample A (“Archive”) was preserved and archived for potential future analysis. Sample B
(“Bacteria”) was collected for microbiological analysis. These samples will be used in an attempt to
recreate an in-vitro model of the conditions at the edge of a ring in order to determine the distribution and
role of bacteria across a forest-ring edge. Methano- and/or sulphotrophic organisms are believed to

Figure 28.1. Location of the tree study areas in Ontario.
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Figure 28.2. Flow chart showing the steps in primary sample preparation for the 3 main sample types (see text for additional details).
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occupy the space at the edge of the ring where electron donors and electron acceptors are both present and
may facilitate the redox reactions that are known to occur there. The microbiological experiments will test
whether and how micro-organisms are involved in the creation of the redox gradient and subtle electrical
field characteristics of forest rings. Sample C (“Chemistry”) was analyzed directly in the field for pH and
oxidation–reduction potential (ORP) as an aid in choosing locations and spacing, but was also prepared
for chemical analysis and moisture content in the laboratory.
Care was taken to design a sampling methodology that was particularly suited for the final use of
each sample type. All samples were kept as much as possible in their original chemical state by
minimizing exposure to oxygen during handling and storage. The B samples were always first to be
collected to avoid contamination. Where minimal sampling material was available, priority was given to
the C samples, which are subject to the most analyses.

Site Selection and Characteristics
Samples were collected over 3 forest rings in the peat-rich boreal forests of Hearst and Timmins,
Ontario. The forest rings were selected based on their road accessibility and the intensity of the redox
gradient at their edges as measured in 2004 and 2005 (Hamilton, Burt et al. 2004, and unpublished OGS
data). Thorn North, a H2S centred ring, is located 45 km northwest of Timmins, Ontario. The Road ring
and the Bean ring are centred on methane accumulations. They are located, respectively, 60 km northwest
and 20 km southwest of Hearst, Ontario. Thorn North and the Road ring have recently been logged, which
has affected the vegetative cover and the visibility of the ring from the air and on satellite images.

Sample Collection
Sampling was carried out in August 2008. Sample stations were installed on a line cut perpendicular
to the ring edges of each forest ring. Forest-ring edges are typically 10 to 20 m in width. To allow
comparison with background signals, the sampling line was extended 20 to 30 m inward and outward of
the ring edge. Sampling stations were initially every 5 m. Following the field analysis of the C samples
for pH and ORP, the density of sampling stations was increased to 2.5 m where ORP and pH gradients
were highest. At each sample station, wooden stakes were hammered into the peat to provide a specific
point from which to measure the location and elevation of the sampling stations and ground surface. The
positioning of the stakes was done with respect to previously geo-referenced monitoring wells of known
elevation and position. Ground surface and standing water levels at each sampling station were determined
with centimetre accuracy relative to the stakes to establish the exact topography along the sampling line.
Peat samples were collected using a Dutch auger, as were clay samples when sampling to less than
1 m. Beyond 1 m, a soil spoon was used when sampling from 1 to 3 m. An exception was at Thorn North
where the clay was sampled length by length using a soil spoon and this was followed by the reaming-out
of the hole to the next sample interval with a Dutch auger. In order to plot the exact stratigraphy,
sampling was done at continuous intervals on a spoon-after-spoon basis. Prior to sampling, all tools were
cleaned in 3 steps, namely 1) an initial wipe with local moist peat; 2) immersion and scrubbing of the
auger and spoon in a pail filled with local lake or peat water; and 3) sterilization using a bottle brush
soaked in 95% ethanol.
Each sample was split into the 3 units (A, B and C) using a spatula and steel-knife. Sample B,
intended for bacteriological analysis, was collected first to avoid microbial contamination. Using a clean
spatula, disinfected with ethanol, approximately 5 g of material were inserted into each of 2 sterile
centrifuge vials. One of the “B” test vials (‘N’) was purged in nitrogen (N2) to limit changes in the
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microbiological community, whereas the material in the second test vial (‘X’) was sealed with an air
headspace that obviously contained O2. The remaining material from the auger or soil spoon was split into
sample A and sample C. From the moment of sampling, all A and C samples were purged in N2 to
minimize oxidation and maintain their original chemical state. The A samples were triple purged with
N2, vacuum sealed and immediately frozen on dry ice, whereas B samples were kept cool on ice packs.
The C samples were analyzed for pH and ORP directly in the field, within 15 minutes of sampling.
Following the analysis, the remainder of the sample was purged with N2 and frozen.
Being in a peat bog, the auger holes promptly filled with water after soil sampling was complete.
Polyvinyl chloride (PVC) pipes with bottom caps were inserted into the holes to a depth of 1.5 m. The
bottom 0.5 m of these pipes was slotted and the water that entered at this depth was measured for pH,
dissolved oxygen, temperature, conductivity and oxidation–reduction potential using a HANNA instruments®
HI 9828 multiparameter meter connected to the flow cell. The water was also collected in 1 L jars, filled to
500 mL, and tested after 48 hours for dissolved gases in the headspace using a Linweld® Eagle portable
multigas detector. Gases measured included CO2, CH4 (high and low range) and O2.

Field Measurements: pH and Oxidation–Reduction Potential
The ORP and pH of the C samples were measured on site, at the time of collection, using standard
glass-bodied pH combination electrodes and 2 platinum-tipped Ag-AgCl ORP probes connected to a
notebook computer via a Consort® 6-channel data logger. Prior to measurement, peat and clay samples
were mixed into a homogeneous slurry by combining approximately 15 mL of water with an equivalent
volume of sample material. Prior to the slurry mixing, the de-ionized water had been stripped of dissolved
O2 by bubbling N2 through the bottle for a duration of 10 minutes. pH probes were calibrated at the
beginning of the day in pH 4, pH 7 and pH 10 solutions. To reduce the effects of polarization, ORP
probes were inserted into a reducing pretreatment solution (HANNA instruments® HI 7091) of acidic
ferrous sulphate for several seconds prior to each measurement. This procedure was repeated twice for the
first sample of the day to reduce the effects of polarization due to probe storage. The ORP and pH
readings were logged for 5 minutes at 10 second intervals using the data logger. The 5 minute readings
for each probe were recorded.

Field Measurements: Temperature
At Thorn North, temperature and water levels were recorded to high degree of precision using 5
stand-alone Solinst® Levelogger® Gold down-hole data loggers installed in existing monitoring wells at a
depth of approximately 6.5 m. The instruments have a temperature precision of 0.003°C and an accuracy
of ±0.05°C. The Leveloggers were installed successively on 2 lines that transect the east and north ring
edges, respectively. Data on the east line were continuously gathered at 15 minute intervals from July
2006 to May 2007. On the north line, which is parallel and 10 m west of the 2008 soil sampling line, data
were continuously gathered between May 2007 and late August 2007. Additional data are currently being
collected on the north line.

Sample Preparation and Analysis
In preparation for laboratory analysis, the C subsample of the peat and clay samples were oven dried
at 60°C for approximately 2 weeks. Moisture content was initially determined by measuring the mass of
samples before and after drying and will be further characterized by loss-on-ignition analysis. Clay
samples were manually disaggregated using a zircon–ceramic mortar and pestle and sieved to –16
(<1.2 mm), –80 (<0.177 mm) and –230 (<0.0625 mm) mesh sizes. Peat samples were mechanically
ground in a zircon–ceramic ring-mill and sieved to –80 mesh. Depending on the amount of material
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available, the –80 and –230 mesh size-fractions are being analyzed, in order of priority, 3-step loss-onignition (LOI), trace elements (by ICP) and total carbonate by Chittick analysis. An unprocessed portion
of each sample was submitted for particle size analysis (PSA). All analyses are being conducted by
Geoscience Laboratories, Ontario Geological Survey (OGS) in Sudbury.

PRELIMINARY RESULTS AND DISCUSSION
The limited field and analytical results that were available at the time of writing are being analyzed.
As an example of the type of data collected at each site, Figure 28.3A shows a cross section of the area
sampled on the north line at Thorn North. Ice was unexpectedly discovered in peat on the inside portion
of the visible ring edge and this appears to have contributed to a slight topographic high in the peat. This
is despite the sampling being carried out at the hottest time of year and the site being located 200 km
south of the southernmost limit of discontinuous permafrost in Ontario. Depressions in the elevation of
the mineral soil at the ring edge have been noted at other rings (Giroux, Bergeron and Veillette 2001) and
on the east, west, south and northeast edges of the Thorn North ring (Hamilton and Hattori 2008).
However, Figure 28.3A shows only a very slight elevation drop in the surface of the sand and almost no
depression in the elevation of the underlying clay.

Figure 28.3. A) Shallow stratigraphy on sampled line. B) Temperature minima measured in water pumped from 1.5 m depth in
auger holes. Water levels shown in (A) were measured immediately after sampling and are not necessarily static. The dip in the
level at –5 m may be due to a lower permeability in the shallow frozen peat.
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Figure 28.3B shows temperature minima of groundwater extracted from the 1.0 to 1.5 m interval in
peat in each auger hole and measured on 10 second intervals in a flow cell using the HANNA instruments®
multi-parameter instrument. The data show a clear decrease in temperature toward the ring edge and the
lowest temperature understandably was measured on groundwater extracted from just beneath the ice
occurrence. Temperatures measured in auger holes at the Road ring (not shown) show a similar trend with
lower temperatures occurring at the ring edge. No temperature data were collected at the Bean ring.
This temperature trend at Thorn North is a major phenomenon that occurs laterally, over tens of
metres, and also vertically, deep into the clay. Figure 28.4 shows weekly temperature data logger trends
collected throughout the summer of 2007 in the 7 m deep monitoring wells on the north line located 10 m
west and parallel to the sample line shown in Figure 28.3. The lowest temperature is located at
approximately the same location that the shallower readings indicated, that is, where the ice was present.
Figure 28.4 shows another important phenomenon. The rate at which the ground at 6.5 m depth
responds to seasonal changes in air temperature is higher at the ring edge than in the adjacent areas. The
data show that the coldest month of year for soils at 6.5 m depth is August, due to the lag in summer
warming at that depth. However, the ground in the ring edge reaches its coldest temperature on July 20,
whereas, the ground in adjacent areas does not reach its coldest for about a month later. Data for the east
line over almost a full year (not shown) demonstrate that this phenomenon also occurs during the warmest
months, which on the east line, occurs in November–December. Here, the peak warmest date for wells in
the ring edge is November 17, but, in the outermost wells tested, it occurs a month later.
These data taken together suggest yet another unusual physical phenomenon is occurring at the ring
edges and that was hitherto unknown. They indicate that soils in the ring edge have a higher thermal
conductivity than soils in adjacent areas. Mean annual air temperatures in high latitude areas range from

Figure 28.4. Weekly temperature records from data loggers installed to 6.5 m depth in 7 m deep monitoring wells on the north
line of Thorn North between May and August 2007. Distances are from well number TN-13, located near the centre of the ring.
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several to about 5°C colder than soil temperatures (Williams and Gold 1976). A vertical zone of elevated
thermal conductivity in near-surface soils would serve to lower general ground temperatures during parts
of the year and raise them at other times, but, because of the lower average air temperatures, the net effect
on soils at the ring edge would be to lower their average temperature relative to adjacent areas. Since the
average air temperature in Timmins is very close to zero (1.7°C: Environment Canada, 25 year average),
it is not surprising that the conditions at the ring edge have resulted in deep, colder temperatures and even
ice in peat throughout much of the summer. This would account for the lingering ground frost in the area,
but does not account for the elevated thermal conductivity in the first instance. Previous work has
indicated a sharp drop in the hydraulic conductivity (~permeability) of the clays at this location. Our
further investigation of this phenomenon will start by quantifying the change in thermal conductivity and
will then try to understand why it occurs. The role of permeability, texture, and chemical and biological
processes on thermal conductivity will be investigated.
Ongoing investigation in the fall of 2008 of biological processes occurring at the ring edge will focus
on the creation of in-vitro redox gradients in the presence of the micro flora collected from the strongest
part of the redox gradient at the 3 ring sites. Small amounts of the native clay will be suspended in agar as
an inoculum and to provide a realistic substrate for organisms to colonize. A redox gradient will then be
established with oxygen at one end and a source of CH4 and/or H2S at the other. Change in pH, redox and
electrical field will be monitored over a period of about a month. Other studies may include a detailed
laboratory investigation of pH and redox of soils (on the A samples) if the in-vitro studies determine that
such studies are warranted.
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INTRODUCTION
A project of three-dimensional (3D) mapping of Quaternary deposits in the Brantford–Woodstock
area (Figure 29.1) was initiated in 2006 and continued during the 2008 field season. This project is one of
several that are currently being undertaken as part of the Ontario Geological Survey’s (OGS) groundwater
mapping program.
Three-dimensional mapping studies of Quaternary aquifers and aquitards have been ongoing at the
OGS for the past 6 years with one study completed for the Regional Municipality of Waterloo (Bajc and
Shirota 2007), another nearing completion for the Barrie–Oro area (Burt 2007) and 2 studies ongoing
within the Brantford–Woodstock (Bajc 2006, 2007) and Orangeville areas (Burt, this volume).

Figure 29.1. Location of the Brantford–Woodstock project area in southwestern Ontario.
Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.29-1 to 29-7.
© Queen’s Printer for Ontario, 2008
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The objectives of these projects are to develop interactive 3D models of Quaternary geology that can
1) aid in studies involving groundwater extraction, protection and remediation, 2) assist with the
development of policies surrounding land use and nutrient management, and 3) help to better understand
the interaction between ground and surface waters. An understanding of the distribution and character of
aquifers and confining aquitards will assist with the development of source water protection plans and a
geoscience-based management plan for the groundwater resource.

FIELD PROGRAM
The 2008 field program concludes a three-year campaign of data collection designed to assist with
the development of a conceptual geological model for the study area. Only after the conceptualization is
complete, can the interpretation of lower quality subsurface data sets and the construction of the 3D
model begin. Findings of the 2006 and 2007 field programs were summarized in previous OGS
Summaries of Field Work and Other Activities (Bajc 2006, 2007). An abbreviated field season in 2006
resulted in the collection of numerous section logs from shallow exposures in pits, quarries and river
banks. The 2007 and 2008 field seasons were dedicated to programs of overburden drilling with a total of
36 holes being drilled during the 2 field seasons. Details of the drilling, logging and sampling procedures
can be found in Bajc (2007).
The 2008 drill program resulted in 15 cores being obtained (Figure 29.2). Hole depths ranged
between 23.9 and 86.8 m with an average depth of 51.4 m. The 2008 drill program was designed to fill
data gaps within significant geomorphic features and landscapes. Six holes were drilled into the

Figure 29.2. Location of cored borings in the Brantford–Woodstock project area, southwestern Ontario. Previously cored borings
were drilled by the OGS prior to this project as well as by consultants working for the Regional Municipality of Waterloo.
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Tavistock Till plain in an area bounded by Stratford, New Hamburg, Woodstock and Ingersoll (boreholes
08-01, 08-02, 08-04, 08-05, 08-10 and 08-11). One hole was drilled into the eastern edge of the Lakeside
Moraine west-northwest of Embro (08-03) and a second hole into the northern end of the Dorchester
Moraine just south of Thamesford (08-06). Three holes were drilled into the Ingersoll Moraine at Oxford
Centre, Innerkip and Wolverton (08-07, 08-08 and 08-09, respectively). Two holes were drilled into the
outwash plain lying between the Tillsonburg and Paris moraines just north and south of Burford (08-12
and 08-13, respectively). A single hole was drilled into the crest of the Paris Moraine just south of Glen
Morris (08-15) and another hole was drilled into the crest of the Galt Moraine just north of Oakland (08-14).

PRELIMINARY OBSERVATIONS
An excellent stratigraphic record was recovered as part of the 2008 drill program. Most of the deposits
are attributed to the Michigan Subepisode; the last main period of glacial activity in southwestern Ontario
that resulted in the deposition of Catfish Creek Till (Nissouri Phase) and a series of younger less extensive
tills (Tavistock and Port Stanley tills during the Port Bruce Phase and Wentworth Till during the Mackinaw
Phase). Glacial and non-glacial deposits predating Catfish Creek Till (>25 ka BP) have been intersected in a
number of boreholes. The ages and significance of these deposits are less well understood.

Pre-Catfish Creek Sediments
Pre-Catfish Creek sediments were identified in a number of boreholes, but generally account for a very
small proportion of the sediment record. They are only positively identified where organic-bearing deposits
occur in the sequence. The reason for the lack of confidence in identifying pre-Catfish Creek sediments is
that, contrary to popular belief, Catfish Creek drift is quite variable in texture and composition and is often
quite similar in appearance to those deposits that underlie organic-bearing sequences.
Organic-bearing silts and sands were encountered beneath Catfish Creek drift in 4 boreholes (08-02,
08-03, 08-07 and 08-11). The most notable sequence occurred in borehole 08-02 where 3.6 m of organicbearing silt and sand with a basal pebble gravel lag was intersected at a depth of about 48 m (Photo 29.1).
The sequence was likely deposited in an alluvial or shallow lacustrine environment. Thin organic-bearing
intersections of silt and sand were also encountered in boreholes 08-03 (73 m depth), 08-07 (58 m depth)
and 08-11 (35 m depth). These occurrences are similar to a number of sub-till organic sequences
recovered during the 2006 and 2007 field programs. Radiocarbon dating of wood recovered from the
Lafarge Quarry in Zorra Township returned ages ranging between 42.9 and 50.5 ka BP. Similar ages are
suspected for these sites.
In borehole 08-02, pinkish, gritty, pebbly, fine-textured diamicton and associated glaciolacustrine
deposits underlie the organic sequence. The diamicton was probably deposited by ice advancing out of the
Erie–Ontario lake basins. Similar Erie–Ontario lobe diamictons underlie buried organic sequences at a
number of other localities in the study area. These occurrences have been described more fully in previous
summaries (Bajc 2006, 2007). In borehole 08-03, approximately 11 m of grey to mauve-grey, stony, silty to
sandy diamicton and associated glaciofluvial deposits underlie a thin, organic-bearing silty to sandy unit.
The underlying unit is difficult to distinguish from typical Catfish Creek Till found throughout the study
area. In borehole 08-07, approximately 0.4 m of a fine-textured diamicton with an Erie lobe affinity
(i.e., containing red shale granules) overlies a 4 m thick unit of pebble to cobble gravel with sand seams
containing woody, organic detritus. This unit rests directly on bedrock. In borehole 08-11, a thin unit of
organic-stained silt and clay was encountered in a horizontal fracture or void approximately 0.8 m below
the presumed bedrock surface. It is possible that the overlying rock is simply bedrock that has been
dislodged and pushed horizontally a short distance by advancing ice over the organic sediment.
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Catfish Creek Drift
Catfish Creek drift occurs in all but one of the boreholes drilled during the 2008 field season.
It occurs at depths ranging from 0 to 49 m and reaches thicknesses of up to 52 m. Multiple layers of
diamicton interbedded with glaciolacustrine silts, sands and, in some cases, clays have been observed.
A large glacial lake probably fronted the advancing and retreating Catfish Creek ice. Minor fluctuations
of the ice margin resulted in the stacked sequences of diamicton and stratified deposits. The diamictons
are generally stony, silty to sandy and display a buff-grey to grey colour. Slight to significant variations
in colour and texture have been observed and are attributed to either local facies changes caused by the
incorporation of fine-textured sediments or more regional effects related to shifts in ice flow. Typically,
Catfish Creek Till contains clasts originating from the shield of northern Ontario with tillites and/or
diamictites, quartzites and various mafic to felsic intrusive lithologies occurring frequently. Lobate flow
of ice during early and late stages of Catfish Creek Till deposition resulted in the accumulation of stacked
sequences of fine-textured diamicton with, in some cases, colouration (mauve to red) and pebble
lithologies (red shale, siltstone, marbles) indicating ice flow out of the Erie–Ontario lake basins. In
boreholes 08-01, 08-02 and 08-11, 3 distinct layers of Catfish Creek Till, separated by glaciolacustrine
sands, silts and clays, have been observed. Similar interbedding of till and glaciolacustrine deposits have
been documented in a number of other holes throughout the study area. In many cases, the diamictons are
soft, loose and contain wisps and stringers of silt indicating deposition as stacked debris flows along an
ice margin. The interlobate setting of the study area supports this observation. In other cases, the
diamicton is dense, overconsolidated, massive and contains faceted and striated clasts suggesting
deposition by lodgement processes.

Photo 29.1. Photo of organic-bearing silts encountered in borehole BW-08-02 southwest of Tavistock, southwestern Ontario.
Depths are in metres. Refer to Figure 29.2 for borehole location.
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Erie and Port Bruce Phase Deposits
Widespread deposition of glaciolacustrine deposits in southwestern Ontario following the initial
breakup of Catfish Creek ice has been suggested to explain the occurrence of younger, stone-poor, finegrained diamictons; the Tavistock and Port Stanley tills being the most notable. Thick sequences of these
stratified, glaciolacustrine Erie Phase deposits have not been encountered regionally. Rather, they occur
as local accumulations, often associated with moraines. The Lakeside, Dorchester and Ingersoll moraines
contain thick accumulations of Erie Phase stratified deposits. In each case, there is a general coarseningupward trend with silts and clays grading upward into well-bedded sands and gravels. The coarser
textured sediments were likely deposited closer to the ice margin during moraine formation. Distal,
rhythmically laminated silt and clay couplets (varves) were observed in borehole 08-08 along the
Ingersoll Moraine (Photo 29.2). Only 41 couplets were counted in the sequence. Away from the above
noted moraines, Erie Phase stratified deposits are generally very thin, silty to clayey and often occur
interbedded with Tavistock and Port Stanley tills.
The Tavistock and Port Stanley tills were deposited during the Port Bruce Phase by ice flowing out
of the Huron and Erie–Ontario lake basins, respectively. Both ice lobes met along an interlobate zone
that roughly follows the Highway 401 corridor. Tavistock Till occurs as a gritty, pebbly clayey silt
diamicton and Port Stanley Till as a stone-poor diamicton with a clayey silt texture. Local variations in
grain size occur depending on the nature of the sediment underlying the till and the environment into
which the till was deposited. For example, pebbly, silty to sandy facies of Port Stanley Till have been
observed in the Tillsonburg Moraine.

Photo 29.2. Photo of rhythmically laminated (varved) silts and clays deposited during the Erie Phase northeast of Woodstock
(borehole 08-08). Depths are in metres.
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The thickest accumulation of Tavistock Till occurs in borehole 08-01 which is located in a zone of
northeast-trending morainic ridges collectively referred to as the Gads Hill Moraines (Karrow 1993). The
till and interbedded glaciolacustrine deposits in this borehole are approximately 8 m thick. Thinner
accumulations of Tavistock Till occur in boreholes 08-10 and 08-11 which are located along the outer
margins of the till plain. Borehole 08-11 is located adjacent to a zone of hummocky topography referred
to by Karrow (1993) as the Chesterfield Moraine. In some locations, Tavistock Till is not present at all
and the underlying Catfish Creek Till occurs as the surface sediment. In fact, an inlier of Catfish Creek
Till was mapped by Karrow (1993) in an area south of the town of Tavistock. The 2008 borings suggest
that this inlier may be much larger than currently portrayed on maps. A previously noted area of silty to
sandy Tavistock Till in the vicinity of the Woodstock drumlin field may in fact be Catfish Creek Till
deposited during late lobate flow out of the lake basins. Boreholes 08-04 and 08-05, situated within this
zone, did not encounter any diamicton that would unequivocally be classified as Tavistock Till.
Port Stanley Till occurs on surface within a zone of north-northeast-trending recessional moraines in
the eastern half of the study area (Ingersoll, St. Thomas, Norwich and Tillsonburg moraines). Deposits of
glaciolacustrine silts and sands often occur in low-lying areas between the moraines. The thickest
accumulations of Port Stanley Till occur in the moraines with thicknesses of up to 12 m being intersected
in borehole 08-08 along the Ingersoll Moraine. A fairly thick accumulation of fine-grained diamicton and
associated glaciolacustrine deposits underlies Tavistock Till in borehole 08-11. Visually, this unit closely
resembles Port Stanley drift. Similar fine-textured till was observed to the east under Tavistock Till along
the banks of Wilmot Creek. Here, it was mapped by Karrow (1993) as Maryhill Till, an Erie–Ontario
lobe till of similar age. A thin layer of fine-textured till was also encountered under Tavistock Till in
borehole 08-06 and exposed at the base of a gravel pit several kilometres to the north.
Port Stanley Till was not encountered in boreholes 08-12 and 08-13 which are located between the
Tillsonburg and Paris moraines. Glaciofluvial activity within these low-lying areas resulted in the erosion
of this unit. Thin sections of Port Stanley Till were, however, intersected to the east below the Paris and
Galt moraines (boreholes 08-15 and 08-14, respectively). The till is intimately associated with
glaciolacustrine deposits in these borings.

Mackinaw Phase Deposits
The Erie–Ontario ice lobe retreated an unknown distance eastward from the Tillsonburg Moraine
then readvanced to the Paris, Galt and Moffat moraines depositing stony, coarse-textured Wentworth Till
and associated glaciofluvial deposits. This period of readjustment of the ice margin occurred during the
Mackinaw Phase which has a radiocarbon age of approximately 13.5 ka BP (Barnett 1985). Two holes
were drilled into the Paris and Galt moraines during the 2008 drill program. Borehole 08-14 is situated
on a broad fan-like apron constructed along the Galt ice margin. Wentworth Till was not encountered in
the borehole, but occurs north and south of the drill site along the moraine crest. Approximately 41 m of
well-bedded sand and gravel with lesser silt and clay were intersected in this borehole. Three large-scale
coarsening-upward cycles were noted in the sequence. The silty to sandy portions of the cycles were
rhythmically laminated with each couplet capped by a thin layer of clay. A subaquatic fan depositional
environment with coalescing fan lobes is suggested for the deposit. Similar observations were made at a
series of gravel pits located north of the drill site along the moraine crest. Fine organic detritus was
recovered from the sandy portion of a rhythmite at a depth of 31 m. Similar detrital organics were
recovered from an OGS borehole drilled in 2007 north of the town of St. George (07-20 in Figure 29.2).
OGS borehole 08-15 was drilled into the crest of the Paris Moraine just south of Glen Morris. The
upper 24 m of this hole consisted of a very stony, silty sandy till with interbeds and stringers of sand and
silt. The till has a red to mauve colouration and contains abundant clasts of red shale, siltstone and quartz
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arenite. This unit is typical of Wentworth Till as it occurs in the Paris and Galt moraines. The till was
underlain by approximately 13 m of highly permeable glaciofluvial cobble to boulder gravel. A similar
unit was intersected in the St. George borehole mentioned previously. These gravels were deposited
either subglacially prior to the formation of the moraine or proglacially prior to a readvance to the Paris
Moraine. Regardless, the unit appears to be widespread and may act as an important aquifer where it
occurs below the water table.
Younger glaciofluvial outwash deposits were encountered in boreholes situated north and south of
Burford between the Tillsonburg and Paris moraines (08-12 and 08-13). Borehole 08-12 intersected
approximately 16 m of well-bedded sand and gravel and borehole 08-13 had approximately 19 m of
interbedded sand and gravel over 18 m of sand with lesser silt and trace clay. This coarsening-upward
sequence is interpreted as deltaic in origin as Grand River outwash deposits flowed southward along the
Paris ice margin into high-level Erie basin glacial lakes.

WORK PLAN
Four additional holes are planned for coring during the fall of 2008 within the northeast corner of the
study area. These holes are being drilled as part of a study focussing on the infill of the Dundas buried
valley and are reported on in this volume (Zwiers, Rainsford and Bajc, this volume). Following
completion of this coring, efforts will be directed at completing the interpretation of the subsurface data
set and the construction of a 3D block model for the study area. Paleoecological studies of the numerous
sub-till organic sites discovered as part of this study will continue in order to obtain a better
understanding of Late Quaternary history and climate change in this part of the province.
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INTRODUCTION
The recent implementation of the Clean Water Act in Ontario has focussed the attention of all levels
of government, conservation authorities and members of the public on the importance of protecting
groundwater resources. A critical component of mapping these resources is a thorough understanding of
the three-dimensional (3D) distribution of Quaternary (surficial) sediments. The 3D distribution of these
sediments influences groundwater recharge and discharge zones and the location of both regional and
local aquitards and aquifers. Accurate 3D models will allow new aquifers to be located and the
estimation of volume of groundwater resources. Of equal importance, the models can be used to identify
aquifers susceptible to contamination and potential pathways for contaminants.
The Ontario Geological Survey (OGS), in partnership with the Nottawasaga Valley Conservation
Authority (NVCA), Grand River Conservation Authority (GRCA) and Credit Valley Conservation
Authority (CVCA), has recently initiated a 3D mapping project in the Orangeville Moraine area of
southern Ontario. This area was selected for study for several reasons. First, the Orangeville Moraine
forms both a regional aquifer recharge area and the headwaters for 3 major watersheds (Nottawasaga,
Grand River and Credit Valley) and, therefore, impacts on the source water protection planning of 3
conservation authorities. These conservation authorities require detailed subsurface information for
source water protection planning. Second, the Orangeville Moraine area encompasses both protected
greenbelt and non-greenbelt areas and, as such, is poised to receive accelerated population growth placing
increasing pressure on existing groundwater resources. Third, the City of Orangeville is targeted under
the Places to Grow Act (legislation outlining the vision for growth for the Province of Ontario). This Act
focusses on intensification of existing built-up areas and, in particular, areas that offer municipal water
and wastewater systems as a way to accommodate the envisioned future potential growth in the area.
This means that finding and protecting new sources of groundwater in the region will become even more
important in the future. Fourth, the towns and townships within the project area rely on groundwater for
their potable drinking water supply and would benefit from the improved understanding of the geology in
the area where their municipal wells are located. Lastly, the project will build on several geological and
hydrogeological initiatives recently completed or currently underway through Source Water Protection
initiatives including the Ministry of Natural Resources funded Orangeville Tier 3 Water Budget exercise;
the Dufferin Headwaters Source protection Pilot Study examining edge matching cross-boundary
geological issues and water budget flux calculations; and numerous conservation authority and township
groundwater models.
Key objectives of the project are 1) the reconstruction of the Quaternary history of the Orangeville
Moraine, 2) development of a 3D 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 manmade exposures, existing drill records (water wells, geotechnical drilling etc) and new drilling.
Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.30-1 to 30-5.
© Queen’s Printer for Ontario, 2008
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It is anticipated that the final block model of Quaternary deposits will be used by the partner agencies and
other client groups for studies involving groundwater recharge, exploration, extraction, protection and
remediation; studies to support the Clean Water Act; detailed planning for healthy community growth
(Places to Grow Act); development of policies surrounding land use and nutrient management; and
enhanced understanding of the interaction between ground and surface waters.

LOCATION
The study area encompasses approximately 1550 km2 centred on the Orangeville Moraine and
extends from Waterloo Region to north of Orangeville (Figure 30.1). Portions of the County of Dufferin
(Township of East Luther Grand Valley, Township of Amaranth, Town of Mono, Town of Orangeville
and the Township of East Garafraxa), the County of Wellington (Township of Wellington North,
Township of Mapleton, Township of Centre Wellington, Town of Erin and the Township of Guelph–
Eramosa), the Regional Municipality of Peel (Town of Caledon) and the Regional Municipality of Halton
(Town of Halton Hills and Town of Milton), represented on 1:50 000 scale NTS map sheets 40 P/09 and
40 P/16, are included within the study area. The town of Orangeville is the largest urban centre within the
study area. The communities of Acton, Alton, Belwood, Elora, Erin, Fergus, Grand Valley, Hillsburgh
and Rockwood, as well as numerous smaller hamlets, are also located within the study area.

Figure 30.1. Location of the Orangeville moraine study area in southwestern Ontario.
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REGIONAL SETTING
Bedrock Geology
The Orangeville Moraine area is underlain by southwest-dipping bedrock formations of Ordovician
and Silurian age (Ontario Geological Survey 1991). The Ordovician is represented by the distinctive red
shales of the Queenston Formation. Outcrops of shale are limited to re-entrant bedrock valleys along the
eastern side of the study area (Ontario Geological Survey 2003). The Queenston Formation is overlain by
the Lower Silurian Cataract Group Whirlpool (quartzose sandstone), Manitoulin (thin- to thick-bedded
dolostone with minor shale and chert) and Cabot Head (grey shale with thin beds of red-brown shale and
sandstone) formations. The Cataract Group is, in turn, overlain by the Fossil Hill Formation (composed
of fossiliferous, thin- to thick-bedded dolostone). The Cataract Group and the Fossil Hill Formation crop
out and subcrop along bedrock re-entrant valleys within the Orangeville Moraine area. The Middle
Silurian Amabel Formation (massive, porous, fine-grained, reefy dolostone) overlies the Fossil Hill
Formation and forms the cuesta of the Niagara Escarpment throughout the study area. The Amabel
Formation crops out at and near the escarpment and subcrops throughout most of the eastern portions of
the study area. The Guelph Formation (grey to cream coloured porous, finely crystalline to granular reefy
dolostone) subcrops in the central and western portions of the study area and outcrops in some river
valleys such as the Elora Gorge. Cowan (1976) reported that outliers of the Upper Silurian Salina
Formation (grey to green calcareous shale, dolostone, gypsum and anhydrite) may occur along the far
northwest side of the study area.

Drift Thickness
Drift thickness within the study area ranges from nil to over 120 m. Bedrock is exposed or is
covered by only a few metres of sediment along the eastern side of the study area approaching the cuesta
of the Niagara Escarpment. Bedrock is also exposed along parts of the Grand River and its tributaries.
Two bedrock re-entrant valleys carved into the escarpment have been filled in with deposits that, in
places, exceed 120 m in thickness. Thick Quaternary deposits, ranging from approximately 40 to 80 m,
occur within the Orangeville Moraine. The Paris Moraine, located closer to the Niagara Escarpment, has
drift thicknesses ranging from as little as 25 m to over 50 m. South of the Orangeville Moraine and west
of the Paris Moraine drift thicknesses are typically less than 25 m with only small local deposits
exceeding 40 m. North and west of the Orangeville Moraine, the overburden thins from 50 m adjacent to
the moraine to between 15 and 30 m in the far north and west. Modern river valleys and glacial spillway
channels found throughout the study area typically have less than 20 m and often as little as 10 m of
Quaternary sediments.

Physiography and Surficial Geology
The northwest third of the study area is dominated by Tavistock Till, which was deposited during the
Port Bruce Phase by Huron–Georgian Bay lobe ice advancing in a southeast direction. Tavistock Till is a
typically fine-grained silt or clayey silt-rich till in the study area. The Tavistock Till forms part of the
Dundalk till plain that exhibits a very gently rolling topography with localized southeast-trending low
fluted and drumlin landforms. There are numerous shallow, broad and flat bottomed spillway channels
near the eastern mapped extent of Tavistock Till in the north central part of the study area. Localized
glaciolacustrine sand, silt and clay deposits occur in some shallow depressions on the till plain. There are
extensive wetlands and organic deposits around Luther Lake in the far northwest and in some low-lying
spillway channels.
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The Orangeville Moraine, a sand and gravel kame moraine, extends from the central portion to the
far northeast of the study area. The moraine has been described as a terminal moraine for Ontario lobe ice
(Taylor 1910, 1913), as an interlobate moraine related to the initial split of Wisconsinan ice during the
Late Nissouri Stadial (Chapman and Putnam 1984) and as an interlobate moraine formed during
deposition of Tavistock and Port Stanley Tills during the Port Bruce Stadial (Cowan 1976). The
Orangeville Moraine has a broad central section and 2 arms extending to both the northeast and
southwest. The surface of the moraine ranges from fairly flat to hummocky to deeply incised along the
flanks. The moraine is heavily exploited for sand and gravel resources with more pits planned in most
townships. The Singhampton Moraine, deposited during the Port Huron Stadial, overlies one arm of the
Orangeville Moraine along the far eastern side of the study area (Cowan 1976).
Most of the southeastern third of the study area is blanketed by Port Stanley Till, which was
deposited during the Port Bruce Stadial by Ontario lobe ice. Port Stanley Till is typically a stony silty
sandy till in the study area and, as such, is much coarser than Tavistock Till. The till is heavily
drumlinized, especially in the area north of Guelph (Guelph drumlin field) and is also bisected by
numerous spillway channels.
The Paris Moraine, found close to the Niagara Escarpment in the far southeast of the study area, was
deposited along the margin of the Erie–Ontario ice lobe during the Mackinaw Phase ice retreat. The
moraine stands high above the surrounding landscape and has a distinctive hummocky and pitted surface
expression. Surficial sediments associated with the moraine include Wentworth Till as well as ice-contact
stratified sandy and gravelly deposits.

Surface Drainage
The Orangeville Moraine forms the headwater region of 3 watersheds in southern Ontario: the
Nottawasaga Valley, Credit Valley, and Grand River watersheds. In addition to being a key headwaters
area, the Orangeville Moraine is the primary drainage divide in the region. The Paris Moraine forms a
secondary drainage divide. Northeast of the Orangeville Moraine, surface water drains through the
Nottawasaga River watershed, flowing northeast down the Niagara Escarpment at Hockley Valley and
continuing north to Georgian Bay and Lake Huron. Southeast of the Orangeville Moraine and east of the
Paris Moraine, surface water drains through the Credit River watershed flowing south and east down the
Niagara Escarpment into Lake Ontario. West of both the Orangeville and Paris moraines, surface water
drains south through the Grand River watershed into Lake Erie.
There are several natural lakes and man-made reservoirs within the study area. The largest naturally
occurring water body is Luther Lake, which is found in the far northwest of the study area. Man-made
reservoirs created by damming rivers include Island Lake in the headwaters region of the Credit River in
Orangeville, Lake Belwood on the Grand River near Belwood in the east-central part of the study area
and Guelph Lake on the Speed River in the south-central part of the study area.

PROJECT STATUS
The Orangeville Moraine project was initiated in July of 2008 with reconnaissance for a continuous
core drilling program targeting the overburden and upper 3 m of competent bedrock. Drilling
commenced in late August and will run throughout the fall. A second overburden drilling program is
planned for 2009. Information obtained during these drilling programs and from the examination of
natural and man-made exposures will be used to interpret existing drilling records including water well
and geotechnical drilling records.
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As with previous OGS 3D modelling projects, Datamine Studio® Software, a software package
developed for the mining industry and adapted for overburden mapping for groundwater modelling
applications with a series of scripts, will be used for modelling and the preliminary generation of products
(see Bajc and Newton (2005) and Burt (2007) for more information on the adaptation of the software
using scripts).
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INTRODUCTION
This project is the first attempt by the Ontario Geological Survey (OGS) to systematically map and
delineate discrete bedrock aquifers and aquitards within Silurian carbonate strata along the Niagara
Escarpment region of southern Ontario (Niagara Falls to Tobermory). The foundation of such studies is
the development of a robust and testable sequence stratigraphic and structural framework that integrates
vertical and lateral changes in the physical character of the sedimentary rocks. Detailed lithogeochemical
analyses of the stratigraphic succession (whole rock and trace element geochemistry on metre scale) can
then be compared to the hydrochemical character of the water-bearing rock units in order to define discrete
hydrogeologic units (HGUs; see discussion in Meyer, Parker and Cherry 2008). Such an approach requires
acquisition of detailed head profiles and hydrochemistry relative to the sequence stratigraphic and
lithogeochemical framework (see Cherry, Parker and Keller 2007). Detailed core logging, in combination
with hydrogeological and lithogeochemical measurements, allows regional-scale aquitards and aquifers to
be delineated. Such data can then be placed into a regional groundwater flow model that takes into account
the major recharge and discharge areas. Compilation of these data provides the foundation to assess the
sustainability of these vital resources as southern Ontario’s population continues to grow and global
pressures for water sharing increase. It is a little known fact that the majority of families in southern
Ontario on private water wells and municipal water supplies rely on karst-influenced carbonate bedrock
aquifers (Brunton and Dodge 2008). Provincial estimates of current usage and bedrock aquifer capacities
are poorly constrained because no systematic studies have been carried out to date.
The key goal of the 2008 field season involved the integration of core and outcrop stratigraphic and
sedimentologic measurements to establish a testable sequence stratigraphic framework for Early Silurian
sedimentary carbonate strata in the vicinity of Guelph–Cambridge and eastern Kitchener–Waterloo
regions. These strata occur between the upper Cabot Head Formation shales (regional aquitard of Niagara
Escarpment) and overlying Salina Group algal laminites and gypsiferous sabkha cycles. This interval
includes strata that span the upper Medina, Clinton and Lockport groups of western New York and
extending into southwestern Ontario from Niagara Falls to Hamilton (Brett, Goodman and LoDuca 1990;
Brett et al. 1995). This project incorporates and builds upon the major revisions to Early Silurian strata
nomenclature and lithologic descriptions outlined in Brett et al. (1995).
The revised stratigraphic framework outlined below would not have been possible without the
acquisition and availability of more than 40 boreholes that have been drilled (30 cored) since 2004 that
penetrate down to the regional aquitard of the Cabot Head shales. The average depth of the holes is
100 m. This work was largely carried out in partnership between the OGS and City of Guelph
Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.31-1 to 31-18.
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Waterworks staff (Guelph) and, more recently, with Regional Municipality of Waterloo Water Services
Division staff, to resolve important gaps in our understanding of the sequence stratigraphy and
hydrostratigraphy of this region. In the majority of the core holes, downhole geophysics in the form of
gamma, conductivity and optical televiewer logs, camera logs and standard hydrogeologic investigations
(pumping and packer testing) have been carried out to provide a more comprehensive picture of the
groundwater character in these Silurian strata (Belanger et al. 2006; Brunton et al. 2007).
New drilling in the spring through fall of 2008 (15 drill holes; 5 HQ-PQ cores) was carried out by
Guelph and the Regional Municipality of Waterloo. In the past 4 years, substantial effort has been spent
in this region to acquire the geoscience data summarized in this report. Additional drill core and key
outcrop sections were measured at selected sections from Niagara Falls to Hamilton and from the Bruce
Peninsula and Arthur and Luther Lakes regions, located in the northern part of the study area, to provide a
more regional context to test the lateral lithofacies changes within this newly proposed sequence
stratigraphic framework (Figure 31.1).

Figure 31.1. The green area represents outcrop and subcrop distributions of Silurian sedimentary strata in southern Ontario and
Manitoulin Island. The stratigraphic succession of interest for this multiyear bedrock mapping project is upper Cabot Head
through Guelph formations. The area outlined in red represents the region where the majority of field work was undertaken
during the 2008 field season. Core-hole data from OGS drill sites are in orange and red; the pink dots are core holes drilled in
spring of 2008 by HudBay Minerals Inc. in the Arthur area (3 core extending from Salina Group down to Queenston Formation)
and from a proposed quarry in West Luther area. Results of the core logging were compared to key outcrop measurements from
Niagara Falls to the northern Bruce Peninsula.
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BACKGROUND AND SCOPE OF STUDY
Previous field mapping and logging of core from the Guelph–Cambridge region in 2004 revealed
that the observed stratigraphic relationships did not match the published literature (see discussions in
Brunton and Dekeyser 2004; Brunton, Dekeyser and Coniglio 2005; Brunton, Armstrong and Dekeyser
2006; Brunton et al. 2007). The premise for this current study was conceived in collaboration with Guelph
Waterworks staff (Dave Belanger and Peter Busatto) in 2005 as little subsurface data existed for this
region. In 2006, a City of Guelph–OGS jointly funded drilling program was carried out to acquire 20 rock
cores that extended from the bedrock surface to top of the Cabot Head Formation shales. The main
purpose of the drilling was to address important geologic and hydrogeologic data gaps in Silurian
stratigraphy that spanned the boundary between the northwestern Appalachian Basin and southeastern
Michigan Basin of Ontario (broad area known as the Algonquin Arch). The core provided an
unprecedented opportunity to decipher the interplay between episodic tectonism, changes in
accommodation space and associated sedimentation style related to ephemeral forebulge migration along
the western perimeter of the Appalachian foreland basin during the Early Silurian. This interplay
controlled the nature of the preserved strata between the northwestern Appalachian (Alleghany) and
southeastern Michigan basins (see Brett, Goodman and LoDuca 1990; Brett et al. 1995).
A subsequent three-year mapping initiative (2005 to 2008) to delineate karst in the Phanerozoic
succession of southern Ontario and place the karst development within a sequence stratigraphic, tectonic
and hydrogeologic context further revealed nomenclatural and stratigraphic problems of the Early Silurian
geology of the Niagara Escarpment (see Brunton et al. 2007; Brunton, Bancroft and Kleffner 2008;
Brunton and Dodge 2008). During the course of the karst mapping program, a partnership was also
established with Drs. Beth Parker (newly appointed NSERC Chair in Contaminant Hydrogeology at
University of Guelph) and John Cherry (Emeritus and past NSERC–GE Research Chair in Contaminant
Hydrogeology, University of Waterloo) to gain access to core from contaminant sites they were
investigating within the cities of Guelph and Cambridge. The City of Guelph was also in the midst of
developing a fifty-year water supply budget allowing city and OGS staff to collaborate.
Since the collection of the 20 core drilled in 2006, Parker and Cherry have continued to investigate
contaminant hydrogeology of bedrock aquifers in the Cambridge and Guelph regions. They are using a
relatively new multilevel monitoring approach known as FLUTe linerTM (see Cherry, Parker and Keller
2007 for further details) in their Cambridge and Guelph sites. The system consists of 2 related
technologies: a continuous packer for temporary borehole seals (Flexible Liner Underground
Technologies, LLC [FLUTe™] blank liner) and a depth-discrete multilevel monitoring system (known as
the Water FLUTe™ system) for temporary or permanent monitoring. The ability to remove and reuse the
liners and carry out continuous hydraulic conductivity profiling down boreholes, in combination with
detailed temperature logging, is advantageous for the purposes of local- and regional-scale hydrogeologic
unit delineation (bedrock aquifer and aquitard mapping). The hydraulic conductivity profiling is used to
1) calculate additional hydraulic aperture values; 2) confirm the number of hydraulically-active fractures;
3) assess the variability in permeability of various rock units with depth; and 4) confirm the base of the
active groundwater flow systems. The long-term use of the Water FLUTe™ system (an advanced form of
an everting flexible liner system that was initially tested in the late 1980s and patented in 1996) in the
Cambridge and Guelph study sites has demonstrated its utility for assisting in the delineation of discrete
hydrogeologic units. Funding was acquired from the Conservation Authority and Watershed Management
Unit of the Ministry of Natural Resources (MNR) to the OGS in August to core 3 of the 10 Tier-3
boreholes and to incorporate the installation of FLUTe liners™ down a number of the boreholes drilled in
association with source water protection projects being undertaken by Guelph and the Regional
Municipality of Waterloo. At least 10 boreholes in Guelph and Cambridge areas will be equipped with
instrumentation later this fall. The combination of utilizing this new multilevel monitoring technology
within a detailed sequence stratigraphic framework will enable regional-scale bedrock aquifer and
aquitard mapping to be accomplished with a higher degree of confidence.
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This regional-scale groundwater mapping initiative builds upon previous studies concerning the
industrial mineral potential of the Guelph and Eramosa formations (see Brunton and Dekeyser 2004;
Brunton, Dekeyser and Coniglio 2005), and karst and groundwater character of southern Ontario (Brunton,
Dodge and Shirota 2005, 2006; Brunton et al. 2007; Brunton and Dodge 2008). In order to map out regional
hydrogeologic units within Paleozoic sedimentary rocks of southern Ontario, a detailed understanding of the
sequence stratigraphy and lithofacies changes from the northwestern Appalachian to southeastern Michigan
basins is required. Other key factors include the delineation of recharge and discharge areas, roles of various
strata (sequences and smaller scale rock units) as aquifers and aquitards, and integration of hydrochemistry
and lithogeochemistry. The integration of hydrochemistry and lithogeochemistry requires collaboration and
implementation of innovative water-well sampling techniques. A secondary, but significant, component of
this study involves the integration of geoscience and health science interests through the delineation of
mineral phases and associated elements that may negatively impact human health along the Niagara
Escarpment (e.g., investigate controls and distributions of lead, zinc, arsenic, fluoride, etc). The study area
includes the main jurisdictions that currently rely on bedrock groundwater resources: Guelph,
Cambridge, Puslinch, Halton–Hamilton, and eastern region of Kitchener–Waterloo.
This paper provides a revised Early Silurian sequence stratigraphic and sedimentologic framework
and physical characterization of dolostone and calcareous shale rock units along the Niagara Escarpment
of southern Ontario. The main focus of bedrock mapping and core logging during the 2008 field season
was in the Guelph–Cambridge–Hamilton to Niagara Falls corridors. Additional drill core and key outcrop
sections from the Bruce Peninsula and Arthur–Luther Lakes regions (located in the northern part of the
study area) were also incorporated to provide a more regional context to test the lateral facies changes
within this revised sequence stratigraphic framework (see Figure 31.1). The revisions to this sequence
stratigraphic framework will form the geologic foundation of 2 regional groundwater modelling projects
being managed by AquaResource Inc. and conducted by Golder Associates Ltd. to address the
vulnerability of groundwater resources under the Source Water Protection legislation and Tier 3-funding
to Guelph and the Regional Municipality of Waterloo. Previous studies have delineated 2 bedrock
aquifers known locally as the Amabel “payzone”, a variably confined aquifer, and overlying unconfined
Guelph aquifer, along with interface aquifers situated along the bedrock surface. The main goal of this
study is to improve the ability to predict the location and character of key water-bearing bedrock units
relative to the distribution of the Eramosa aquitard, which separates the 2 main bedrock aquifers. This has
been made difficult in the past due to poor regional sequence stratigraphic understanding of these Silurian
rock units (see Brunton et al. 2007).

PROPOSED REVISIONS TO SILURIAN STRATIGRAPHY OF THE
NIAGARA ESCARPMENT
The key Early Silurian stratigraphic units delineated throughout the City of Guelph–Hamilton and
Cambridge corridors, in ascending order, include the following: the top of the Cabot Head Formation
calcareous shales and dolostones, which represents a very significant regional disconformity; poorly
constrained age of Thorold sandstone (Hamilton area only); and overlying dolostones of the Merritton,
Rockway, Irondequoit, Gasport, Goat Island, Eramosa and Guelph formations (Figure 31.2). The
Rochester Formation, which separates the Irondequoit and Gasport formations, is only 1 m thick in the
Hamilton (Clappison’s Corners and Waterdown area) and Cambridge areas and absent in all Guelph–
Hespeler area cores. Each one of the above formations represents incompletely preserved transgressive–
regressive cycles separated by highly varying amounts of time and related to episodic tectophases and
resultant forebulge migration and cessation. The most significant time breaks are represented by the top of
Irondequoit Formation, top of the Decew and Rochester formations, top of Gasport Formation, and top of
Guelph Formation. Regional changes in this sequence stratigraphic framework have played the most
significant role in the development of present-day hydrogeologic units.

31-4

Sedimentary Geoscience Section (31)

F.R. Brunton

The key pattern observed in comparing stratigraphic sections of this Early Silurian succession from
Niagara Falls to Guelph region is that the poorly lithified shales (e.g., Williamson Shale, Neagha
Formation), mixed calcareous shale-carbonates (e.g., Rochester Formation, Vinemount Shale Beds (see
revisions discussed below)) and finely crystalline dolostones (e.g., Decew Formation) that separate some
of the key amalgamated carbonate grainstone units in the Guelph area show progressive denudation or
cannibalization in a northwesterly direction from the northern Appalachian to eastern Michigan Basin
regions (see Brett, Goodman and LoDuca 1990; Brett et al. 1995). The Williamson Shale (separating the
Merritton and Rockway formations), Rochester Formation (separating the Irondequoit and Gasport
formations), Pekin Member argillaceous dolostones of the upper Gasport Formation, and mixed
calcareous shales of the Vinemount Member of the Eramosa Formation (see sections below), all are
progressively eroded downward in a northwesterly direction from New York State into southern Ontario
and parts of Ohio. The well-cemented grainstones of the early transgressive systems tract (TST) portions
of these sequences were apparently spared from erosion during succeeding lowstand conditions that
removed overlying shales. This episodic and ephemeral affect of forebulge migration of these strata
during relatively short-lived Silurian tectophases has resulted in the amalgamation of composite
grainstone packages that are separated by cryptic contacts in the Guelph through the Bruce Peninsula
portion of the Niagara Escarpment. This sequence stratigraphic framework has resulted in the
establishment of a significant regional bedrock aquifer referred to herein as the Gasport hydrogeologic
unit (Gasport HGU) (Figure 31.3). The nature and volume of groundwater within this complex confined
karstic aquifer from the Bruce Peninsula to Guelph regions is unprecedented in the more southerly

Figure 31.2. Current Early Silurian stratigraphic terminology used from the Niagara Falls region to the Bruce Peninsula.
Ephermeral and episodic forebulge migration within the western Appalachian Basin region resulted in the erosion and/or nondeposition of most Clinton Group rock units found at the Niagara Gorge in the Guelph region. The key distinctions between the
stratigraphic revisions of Brett et al. (1995) for the Niagara Falls region and that of this study for the preserved units in the
Guelph region (see Figure 31.3) include the following: 1) the placement of the Vinemount Member in the overlying Eramosa
Formation; 2) recognition of a second upper member in the Eramosa Formation referred to as the Reformatory Quarry Member;
and 3) the lack of Pekin Member lithofacies in the Gasport Formation.
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portions of the Niagara Escarpment region (Hamilton to Niagara Falls corridor; see Yager 1997, 2000).
A combination of the lack of deeper core in the Guelph through the Owen Sound region of the Niagara
Escarpment, and confusion over the identification of crinoidal grainstones and packstones of the Gasport
Formation and basal member of the overlying Goat Island Formation (e.g., Niagara Falls Member),
without the characteristic calcareous shaly lithofacies known to the south, led to the creation of the
Amabel Formation and Albemarle Group in the central to northern portions of the Niagara Escarpment

Figure 31.3. Preliminary revised Early Silurian stratigraphy and hydrostratigraphic framework for Guelph region of Niagara
Escarpment. The relative thickness of lines separating each formation in right column reflects the significance of the diastem
(thicker line reflects greater time break). Key aquitards include the regional Cabot Head Formation shales, the overlying
dolostones of the Merritton and Rockway formations, and dolostones and calcareous shales of the Vinemount Member (Eramosa
Formation). The Niagara Falls Member of Goat Island Formation is a relatively low transmissivity (reduced hydraulic
conductivity) crinoidal grainstone unit. Previous hydrogeology studies have allocated the Irondequoit and Gasport formations
and Niagara Falls Member of the Goat Island Formation to the unsubdivided Amabel Formation. Key regional hydrogeologic
units (HGU) include the Gasport Formation reef mound and inter-reefal bleached shell coquinas (Gasport HGU) and the
overlying Guelph Formation (Guelph HGU); interface aquifers (groundwaters flowing along bedrock surface and within basal
unconsolidated sediments) are also regional sources of groundwater (see Brunton et al. 2007).
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(see Bolton 1953, 1957; Liberty and Bolton 1971; Sanford 1969). This study reveals that the key crinoidal
grainstone units of the Irondequoit, Gasport and Goat Island formations can be correlated from New York
State into the eastern margin of the Michigan Basin. Because these terms were introduced earlier in both
New York and southern Ontario, they take precedence and, therefore, the terms Amabel Formation and
Albemarle Group should be abandoned and this revised Early Silurian nomenclature, based upon that of
New York State (Brett et al. 1995), should be adopted (see discussion below).
Despite more than 150 years of study, the relative ages, stratigraphic relationships and depositional
environments of the key Early Silurian industrial mineral- and hydrocarbon-producing and aquiferbearing formations are still poorly constrained in Ontario. In particular, the highly varied lithofacies that
make up the Eramosa rock unit have been 1) given the rank of beds of the uppermost Lockport Formation
by Williams (1919); 2) allocated formational rank by Shaw (1937), Rickard (1975) and Brett et al. (1995);
3) referred to as the upper member of the Lockport and Amabel formations by Liberty and Bolton (1971);
and 4) assigned the basal member of the Guelph Formation by Sanford (1969) and the OGS (see
Armstrong 1993a, 1993b; Armstrong and Meadows 1988; Armstrong and Dubord 1992; Armstrong and
Carter 2006). It is important to note that both the Guelph Formation, which was introduced by Logan
(1863), and the Eramosa lithofacies of Williams (1915a, 1915b, 1919) and as modified by Bolton (1953,
1957), Liberty and Bolton (1971), Armstrong and Meadows (1988) and Brett et al. (1995) have never
been allocated type sections. This is a key requirement for the establishment of formational rank.
The type section description of the Amabel Formation is also contentious. Although rocks of this
time interval and displaying similar sedimentological and paleontological character have been formally
described from many jurisdictions throughout the Great Lakes region, the term Amabel Formation is used
only in Ontario. It was introduced and a type section allocated in Wiarton by Bolton (1953, 1957), with
modifications provided by Liberty and Bolton (1971). The Amabel Formation is restricted to the eastern
margin of the Michigan Basin. It has been correlated with parts of the Lockport Formation, which has its
type section in northern New York State (Hall 1839; Zenger 1965) and, more recently, with the Gasport–
Goat Island formations of the Lockport Group (see Brett et al. 1995). Results of this study reveal that the
Wiarton and Colpoy Bay members of the Amabel Formation are equivalent faunally and temporally with
the Gasport reef mound facies (i.e., Gothic Hill Member of the southern study area and New York State–
Ohio). Lockport lithofacies have also been given both formational and group rank interchangeably over at
least the past 45 years (Fisher 1960; Zenger 1965; Berry and Boucot 1970; Rickard 1975; Brett et al.
1995). The regional extent of the Irondequoit Formation and how it fits within this sequence stratigraphic
framework requires further drilling and subsurface mapping. Some of the type sections allocated for these
units (e.g., Goat Island Formation) were never formally described (see Zenger 1965). This, too, is in
violation of the North American Stratigraphic Code (NASC). A detailed discussion of the historical
evolution of this complex rock nomenclature for these cuesta-forming Silurian caprock carbonates is
beyond the scope of this paper (see Brett et al. 1995).
Strata described below, and which form part of this multiyear study, occur between the basal Cabot
Head Formation shales (regional aquitard of Niagara Escarpment) and overlying Salina Group algal
laminites and gypsiferous sabkha cycles (see Figure 31.3). These strata sit above the significant
unconformity associated with the top of the Cabot Head shales and associated siliciclastic units referred to
as the Thorold Sandstone, Cambria Shale, Kodak Sandstone, as well as the lower and middle portions of
the Clinton Group of west-central New York (i.e., Reynales, lower and upper Sodus, Wolcott, Walcott
Furnace and Sauquoit formations (not shown in Figure 31.2; see Brett et al. 1995)). These Early Silurian
dolostones include strata that span the upper Medina, Clinton and Lockport groups of western New York
that extend into southwestern Ontario from Niagara Falls to the Guelph area (see Figure 31.2). This
project incorporates and builds upon the major revisions to Early Silurian stratigraphic nomenclature and
lithologic descriptions outlined in Brett et al. (1995). The nomenclature adopted below for the Early
Silurian stratigraphy of southern Ontario differs from that outlined in the Geology of Ontario volume
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(Johnson et al. 1992) and recent updates of the Paleozoic stratigraphy of southern Ontario (Armstrong and
Carter 2006, p.17; Armstrong and Dodge 2007). The only significant differences between the overall
stratigraphic nomenclature outlined by Brett et al. (1995) and that of this study is the recognition that the
Vinemount Member or Vinemount Shale beds, which was placed in the upper Goat Island Formation by
Brett et al. (1995), better correlates with lithofacies assigned to the Eramosa Formation in the Guelph to
the Bruce Peninsula regions (see Figure 31.3). Some key details are outlined below.

Merritton Formation
The Merritton Formation rests disconformably above the Cabot Head shales in all cores from the
Guelph area. It is generally less than a few metres in thickness and appears to thin to the east, towards
the present-day cuesta margin. It is thicker in some cores in Guelph than at the type section in Thorold.
It possesses the same pentamerid brachiopods and tabulate coral fauna as the Fossil Hill Formation and,
therefore, correlates with that formation. It has been previously incorrectly assigned to the lower Reynales
Formation of New York State, which is much older (see Brett et al. 1995, p.31-34).
This distinctive dolostone comprises up to 3 well-indurated beds of unequal thickness that are
separated by dark shaly partings. It has a distinctive, bioturbated, pinkish-brown finely crystalline matrix.
It possesses a black, phosphate pebble-bearing hardground unit in the lower beds. The lower beds are
wackestones and the upper bed possesses the pentamerid-bearing units (Pentameroides subrectus) and
halysitid chain corals and favositid corals typical of the Fossil Hill Formation. The uppermost
brachiopod-rich beds are rarely evident in core from the Guelph region. The Planolites-type burrows may
possess glauconite and the lower beds are rich in pyrite. This formation acts as a regional aquitard that
enables waters to remain above the Cabot Head shales and reside in the overlying karstic Gasport
Formation aquifer (Gasport HGU). If the Merritton Formation was not present in the Guelph–Cambridge
region, formational waters would most likely flow along the upper Cabot Head shale aquitard and the
City of Guelph region would not have one of the best karst-influenced bedrock aquifers in southern
Ontario (see minor aquifer shown at top of Merritton Formation in Figure 31.3).

Rockway Formation
The Rockway Formation was originally assigned to the lower member of the Irondequoit Formation
(Kilgour 1963). It was subsequently elevated to formational status with the recognition that it had an
unconformable contact with the Irondequoit crinoidal limestone (see Brett et al. 1995). This formation
possesses a distinctive, greenish-grey fine crystalline matrix separated by styloseam sets and thin shaly
partings. It is an argillaceous dolomicrite to wackestone with no discernible macrofaunal elements. The
Rockway Formation has a fairly consistent thickness of 1 to 2 m throughout the study area and, unlike the
underlying Merritton Formation, is present in every core. It has a very distinctive and erosional contact
with the overlying Irondequoit crinoidal grainstone unit, making it easy to delineate in the core. This
contact is best described as “welded”, and its distinctive character in every core within the Guelph region
proves the existence of a widespread disconformity, but not highly erosional contact, between the
Rockway and Irondequoit formations. The Rockway Formation persists north of Hamilton, across the
Algonquin Arch, where it has been termed “Lions Head Member” of the Amabel Formation. The lack of
significant change in the overall thickness of the Merritton and Rockway formations from the northern
Appalachian to eastern Michigan Basin regions suggests that the Algonquin Arch did not influence
regional sedimentation patterns during this time interval.
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Irondequoit Formation
This crinoidal grainstone to packstone unit possesses a fairly consistent thickness of approximately
3 m throughout the study area. It is a thickly to medium-bedded, medium grey to pinkish-grey, buffweathering, dolomitic, brachiopod-rich encrinite. It possesses distinctive stylolites and thin styloseams
sets reflecting short-lived time breaks. These styloseam sets and stylolites possess secondary pyrite,
gypsum and pyrolusite in virtually every core in the Guelph area. These secondary mineral phases are a
common feature of the Irondequoit Formation (see Brett et al. 1995). Encrinitic units may be separated by
thin, greenish-grey argillaceous and micritic intraclasts. Intraclasts from the underlying Rockway
Formation can be seen in the basal beds of the Irondequoit Formation and the contact can best be
described as a welded contact.
This fine to medium crystalline encrinite-dominated package has been incorrectly assigned to the
lower Amabel Formation. It has been described as a low transmissivity zone of the lower Amabel
Formation. The Irondequoit Formation rests disconformably below the overlying Gasport Formation with
no Rochester Formation shales separating the two units. This upper contact is cryptic in nature and its
exact position is difficult to assign from core to core. The most consistent features are a drastic increase in
pluricolumnal size and associated increase in crystallinity and matrix colour and texture from Irondequoit
Formation to Gasport Formation lithofacies due to introduction of new and much larger crinoidal faunas.

Rochester Formation
None of the core in the Guelph region possesses Rochester Formation shale lithofacies
demonstrating that variable episodic erosion of this rock unit had occurred, from northwestern New York
State into southern Ontario, due to episodic movements in the forebulge, which resulted in cannibalization
of unlithified or poorly lithified sedimentary units through time. The Rochester Formation pinches out
just north of Hamilton and Cambridge, where it is approximately 1 m thick. Therefore, it does not act as a
regional aquitard as observed in the hydrogeology investigations of the Niagara Escarpment between
Niagara Falls and Hamilton (see Yager 1997, 2000). Details of the members of the Rochester Formation
are outlined in Brett (1983) and Brett et al. (1995). Pinch out of the Rochester Formation is partly a
function of westward thinning of the siliciclastic lithofacies. However, near Hamilton, contacts within and
at the top of the Rochester Formation clearly become erosional.

Gasport Formation
The Gasport Formation consists of a basal cross-bedded crinoidal grainstone–packstone succession
with incipient microbial-crinoidal reef mound lithofacies that change upward to rhynchonellid
brachiopod-bryozoan-bivalve coquinas and large-scale microbial reef mounds dominated by crinoidal
holdfasts and greater than 1 cm diameter Periechocrinites sp. and possibly Eucalyptocrinites sp.
pluricolumnals. This rock unit varies in thickness from 25 to more than 70 m and is the key
hydrogeologic unit in the Guelph–Cambridge region. It has a characteristic white (encrinitic grainstone
units) to dark blue-grey matrix (reef mound microbial matrix) and is known in the subsurface terminology
of the Michigan Basin as the “White Niagaran”.
The Gasport Formation represents the Amabel Formation in the Guelph–Cambridge region. Detailed
logging of rock core and key outcrops has shown that the relative thickness of the Gasport Formation
controls the nature of overlying stratigraphic relationships throughout the study area. The changes in
relative thickness of the Gasport Formation appear to be controlled by the accommodation space required

31-9

Sedimentary Geoscience Section (31)

F.R. Brunton

to develop significant microbial-crinoidal-bryozoan-coral reef mound complexes. The thicker the Gasport
Formation lithofacies and nature of composite reef mound growth, the younger the stratigraphic unit that
rests disconformably on the sequence boundary.
The Gasport Formation north of Hamilton and extending from Guelph to the southern Bruce
Peninsula differs from the classic Gasport lithofacies in the Niagara Falls area in that it does not possess
the inter-reefal Pekin Member lithofacies that envelope the Gothic Hill Member reef mounds. Gothic Hill
Member faunas and reef mound characteristics are reflected in both members of the Amabel Formation as
outlined by Bolton (1953, 1957) and modified by Liberty and Bolton (1971) (see faunal lists in Williams
1919; Bolton 1957; Zenger 1965; Liberty and Bolton 1971).
The sources of the argillaceous Pekin Member lithofacies were cut off by the migrating forebulge.
This tectonically induced phenomenon enabled increased accommodation space and resultant thicker reef
mound development on the leading edge of the forebulge in what is now referred to as the eastern
Michigan Basin (north Cambridge to Guelph regions).

Goat Island Formation
The basal member of the Goat Island Formation is the crinoidal grainstone lithofacies of the Niagara
Falls Member (see Figure 31.3). This unit has a distinctive pin-striped appearance and is finely crystalline
and cross laminated. It represents the next transgressive pulse of the Silurian seaways across the
significant paleotopographic relief created by the differential development of thick crinoidal-microbial
reef mounds that characterize the upper Gasport Formation. These encrinites range in thickness from a
few metres to up to 10 m thick in the Guelph area and tend to thicken in an easterly and southeasterly
direction toward the edge of the present-day cuesta margin. These lateral facies relationships have led to
the general consensus in the Waterdown area regarding the transition from Lockport strata of Gasport and
Goat Island formations to the rapid thickening of the encrinites of the Amabel Formation. It is important
to distinguish the coarse crystalline encrinites and reef mound lithofacies of the underlying Gasport
Formation from the finer crystalline encrinites of the overlying Goat Island Formation (Niagara Falls
Member). It is the Niagara Falls Member that forms the upper quarry face at the Kern’s Quarry in
Waterdown. The Niagara Falls Member is a relatively tight (lower hydraulic conductivity), crosslaminated and finely crystalline crinoidal and brachiopod-bearing grainstone with incipient small reef
mounds. It has a distinctive low conductivity and transmissivity response relative to the underlying reef
mound, crinoidal grainstones and coquinas of the Gasport Formation and, therefore, is a discernible
hydrostratigraphic unit in the subsurface (see Figure 31.3).
The overlying Ancaster Member is a chert-rich, finely crystalline dolostone that is medium to ashgrey in colour, thin to medium bedded, and bioturbated. It forms the caprock of much of the Niagara
Escarpment between Hamilton and Niagara Falls. This unit generally lies above the Niagara Falls
Member in the roadcut exposures along the Niagara Escarpment from New York State to Hamilton. In the
Guelph region, some of the cores display an interfingering of lithofacies of the Niagara Falls and Ancaster
members when the Gasport Formation is <30 to 50 m thick, but generally reveal Ancaster facies
overlying Niagara Falls lithofacies. Where the Gasport Formation is <20 to 25 m thick, the Niagara Falls
Member may be up to 10 m thick and the overlying Ancaster Member up to 6 m thick. In general, cores
that possess a thicker Goat Island Formation also possess a thickened overlying Eramosa Formation and a
prominent lower Vinemount member (the regional aquitard separating the underlying Gasport Formation
confined bedrock aquifer from the overlying unconfined Guelph Formation bedrock aquifer; see Figure
31.3).
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Eramosa Formation
The Eramosa Formation is more laterally continuous along the Niagara Escarpment than is generally
depicted in the literature (see Sanford 1969; Brett et al. 1995; Brunton and Dekeyser 2004; Brunton,
Dekeyser and Coniglio 2005; Brunton, Armstrong and Dekeyser 2006). The regional scope of this study
has demonstrated that Eramosa lithofacies should be given formational rank. Detailed field measurements
have been made from more than 100 field stations, including stratigraphic sections from key outcrops,
operational and abandoned quarries, and more than 40 rock cores spanning all or most of these caprock
formations along the entire Ontario portion of the Niagara Escarpment. This work verifies the regional
continuity and lithologic variability, and temporal significance of this rock unit. Therefore, this paper will
refer to those lithofacies assigned to the Eramosa interval by Williams (1915a, 1915b, 1919), Shaw
(1937), Bolton (1953, 1957), Sanford (1969), Telford (1978), Armstrong and Meadows (1988),
Armstrong and Dubord (1992), Smith (1990), Tetreault (2001) and von Bitter et al. (2007) as the Eramosa
Formation. Key lithologic characteristics for this rock unit are provided below.
Detailed logging of the Vinemount Quarry and comparisons with Guelph cores reveal that the
Vinemount beds, previously assigned to the upper member of the Goat Island Formation by Brett et al.
1995), actually correlate faunally and lithologically with lithofacies assigned to the Eramosa Formation in
the Guelph through Wiarton areas of the Niagara Escarpment. Recent field work reveals that the Eramosa
dolostones display significant regional variability in fossil content and sedimentary structures depicting
abrupt temporal and spatial changes in depositional environments between the Michigan and Appalachian
basins. The lateral discontinuity of these lower lithofacies has been the most challenging part of
establishing a type section for this formation.
Lower Eramosa Formation lithofacies are herein referred to as the Vinemount Member (see Figure
31.3). This rock unit averages 10 m in thickness when present in the Guelph region. It comprises thinly
bedded, fine crystalline, cyclic horizontally bioturbated traction current deposits with interbedded,
partially silicified Whitfieldella brachiopod horizons and distinctive cladoporid (digitate tabulate corals)
beds. The most shaly facies occur in the vicinity of the Vinemount Quarry and become less shaly west
and northward away from the influence of the Appalachian foreland basin. These beds are black to dark
grey in freshly cut core and blasted outcrops (e.g., Guelph Dolime Quarry, City of Guelph), but are a light
grey colour in weathered outcrops. The distinctive petroliferous odour on broken samples verifies that it is
Eramosa Formation. This lower succession grades upward into incomplete sabkha-cycles and lowdiversity coral biostromes that vary greatly in faunal and sedimentological character regionally.
There is a sharp contact between these lower lithofacies and the overlying, lighter brown to cream
coloured thicker bedded, pseudonodular, coarsely crystalline and coral-stromatoporoid biostromal
lithofacies of the upper Eramosa. Although this contact is best illustrated in numerous core from the City
of Guelph, it is evident in 2 outcrops that form part of the same cuesta: the classic Guelph Railway cut
section on the west side of the Eramosa River illustrated in Williams (1919) and the Reformatory Quarry
section situated less than 0.5 km away on the east side of the Eramosa River. These sections are situated
just north of Stone Road where it crosses the Eramosa River. The Reformatory Quarry and recently reopened Guelph Dolime Quarry possess good exposures of the seismite-bearing pseudonodular lithofacies
of the upper Eramosa. These upper dolostone beds are herein designated the Reformatory Quarry Member
of the Eramosa Formation. Therefore, the type section for the Eramosa Formation, which will be formally
described and published in the future, is at the Reformatory Quarry in the City of Guelph. The lower part
of this upper member possesses a strongly deformed pseudonodular interval, herein interpreted as a seismite
that varies in thickness regionally (<30 cm to 1.6 m thick) and is mappable in well-exposed sections from
the Niagara Gorge through Guelph to the Wiarton area of the Bruce Peninsula. The thickness of the upper
member at the Reformatory Quarry type section is approximately 5.5 m. The best complete exposure of
both members of the Eramosa Formation is in the Guelph Dolime Quarry in Guelph.
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The Eramosa Formation is a very significant rock unit because it is a petroleum source rock and
reservoir, a host of sulphide mineralization in the form of sphalerite, galena and pyrite and, in part, acts as
a regional aquitard between bedrock aquifers of the Gasport “unsubdivided Amabel” and Guelph
formations. It also possesses exceptionally preserved soft-bodied biotas – and has been referred to as an
exceptional Lagerstätte (see Tetreault 2001; von Bitter et al. 2007).
The Eramosa Formation is a most intriguing rock unit because, where exposed, it may display
significant response to karstification due to its uniform fine dolomite crystallinity (e.g., Eramosa Karst,
Stoney Creek; Buck, Worthington and Ford 2003). Where buried beneath Guelph Formation lithofacies or
thick Quaternary clay tills and underlain by lithofacies of the Goat Island or Gasport formations, the more
anoxic subtidal lagoonal mud-rich and microbial mat-bearing Eramosa lithofacies may act as an aquitard.
It separates overlying unconfined bedrock aquifers of the Guelph Formation from confined aquifers of the
underlying Gasport Formation. It has been incorrectly referred to as a shale aquitard. Eramosa Formation
dolostones are interpreted as a largely deeper subtidal, low-oxygenated marine lagoonal carbonate that
shallows upward into subtidal sabkha-like marine facies, with locally developed microbial-bryozoansponge mounds and favositid-stromatoporoid-bryozoan biostromes.
The Eramosa Formation possesses a wide range of biologically and sedimentologically produced
fabrics, including subtidal thrombolitic to laminar stromatolitic microbial mats displaying no evidence of
subaerial exposure; to biostromal and small biohermal complexes possessing a low diversity bryozoanmicrobial-coral composition to stromatoporoid-tabulate coral-bryozoan-microbial composition; to fine- to
medium-crystalline, variably nodular and stylo-seamed wackestones and mudstones displaying evidence
of varied horizontal bioturbation and storm deposition. Some rock outcrops in the Guelph area display
evidence of more open-marine storm-influenced deposition, including features such as swaley crossstratification (SCS) or possibly hummocky cross-stratification (HCS). The majority of these lithologies
contribute to the aquitard-like character of this unit in the subsurface.
Whole rock geochemistry and microprobe analyses have revealed 3 phases of diagenetic pyrite
formation. Elevated levels of arsenic occur within microbially precipitated, matrix-bearing, framboidal
pyrites. This is a common occurrence in highly reducing pore water environments within restricted
lagoonal microbe-rich environments. Elevated levels of lead (Pb) from diagenetic galena, derived from
basinal brines, are also detected in whole rock analyses. Galena preferentially occurs on vertical and
horizontal joint seams and not as vug- or megafaunal skeletal-cavity fills, which is the preferred style for
the various sphalerites.
The Eramosa has been assigned an Early Ludlow age by Berry and Boucot (1970) and LoDuca and
Brett (1991); a late Wenlock to early Ludlow age by Rickard (1975) and Norford (1997); and a Wenlock
age by Stott et al. (2001). Recent work on the conodont biostratigraphy and carbonate carbon (δ13Ccarb)
isotope stratigraphy of the Eramosa Formation (upper Reformatory Quarry and lower Vinemount
members) reveals that the ages of these units are middle Sheinwoodian through possibly early late
Sheinwoodian. The presence of Ozarkodina sagitta rhenana and Kockelella walliseri, combined with
elevated carbonate carbon (δ13Ccarb) isotope values, indicates that this stratigraphic interval of the Eramosa
Formation records the descending limb of the Ireviken Excursion (see Bancroft, Kleffner and Brunton
2008; Brunton, Bancroft and Kleffner 2008). This work confirms conodont studies by Stott et al. (2001)
and von Bitter and Purnell (2005) from Eramosa lithofacies on the Bruce Peninsula. Therefore, the
underlying Gasport and Goat Island successions are likely Early Wenlock in age, but further studies of the
conodont biostratigraphy and carbonate carbon (δ13Ccarb) isotope stratigraphy of these formations are
needed to confirm this age.
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Guelph Formation
The Guelph Formation comprises open marine medium- to thickly bedded cross-stratified crinoidal
grainstones and wackestones and lagoonal thinly bedded megalodont-gastropod–dominated wackestones
and packstones, and lesser biostromal and biohermal reefal complexes. The Guelph Formation displays a
sharp basal contact with the underlying Eramosa Formation. This contact is characterized in outcrop and
subsurface by a greyish-tan matrix with a discontinuous stromatoporoid-favositid biostromal package.
Reef mound phases are present in the lower half of the formation and megalodontid bivalve and highspired gastropod lagoonal cycles dominate the middle and upper parts of the succession. The top of the
Guelph Formation is interpreted to be a significant erosional surface prior to the onset of increasingly
saline basinal conditions that resulted in deposition of the dark algal-laminites and gypsiferous chocolate
brown carbonates of the basal Salina Group.
The Guelph Dolime Quarry in Guelph has been chosen as the type section for the Guelph Formation.
Approximately 16 m of strata are well exposed in the upper quarry bench and display all key lithofacies
of the Guelph Formation, including an excellent contact with the underlying Eramosa Formation. A good
alternate section is the Irvine Gorge section in Elora and key outcrops along the north shore of the Bruce
Peninsula (between Cave Point and Tobermory). This stratigraphic unit possesses a cream to light brown
matrix colour and is known regionally in the subsurface as the “Brown Niagaran” (see Sanford 1969). It is
generally 15 to 22 m thick in the Cambridge through Guelph region. Although these lithofacies appear to
conformably overlie bituminous, argillaceous, less fossiliferous dolostones of the Eramosa Formation
(Brunton and Dekeyser 2004; Brunton, Dekeyser and Coniglio 2005; Brunton, Armstrong and Dekeyser
2006), preliminary conodont analyses and regional correlations of key tabulate coral and megalodontid
bivalve megafaunal elements from the Bruce Peninsula and northern Moose River Basin and Arctic
platform of Nunavut, suggest a latest Wenlock (Early Silurian) to early Ludlow (Late Silurian) age. In
areas where the Gasport Formation exceeds 60 to 70 m in thickness, the Guelph Formation rests
disconformably on it. There is no lithologic or diagenetic evidence to suggest lithofacies of either the
Goat Island or Eramosa formations were deposited and eroded prior to deposition of Guelph Formation
lithofacies on the Gasport disconformity. Some of the cores display paleo-karstification of uppermost
Gasport Formation reef mounds where it is overlain by Guelph Formation lithofacies. The amount of time
represented by this time break is poorly constrained at present.
Whole-rock geochemistry demonstrates that this succession is a high-purity dolostone with generally
very low silica levels. Locally sphalerite and galena mineralization result in slightly elevated levels of
zinc and lead. These metals do not appear to negatively impact the water chemistry from the bedrock
aquifers in the Guelph region. The Guelph Formation represents an unconfined bedrock aquifer
throughout the Guelph–Cambridge study area.

SUMMARY AND FUTURE WORK
The establishment of a revised and testable sequence stratigraphic framework for aquifer and aquitard
characterization was achieved during the 2008 field season. Key sequence stratigraphic findings, include
1.

the recognition of significant differential erosion on the Cabot Head Formation surface regionally;

2.

the Reynales Formation does not extend into southern Ontario from New York State and those strata
previously assigned to the Reynales belong to the younger Merritton and Rockway formations;

3.

the Merritton dolostone (= Fossil Hill Formation), which disconformably overlies the Cabot
Head Formation, Grimsby Formation and Thorold Formation surfaces, extends across the
Algonquin Arch without significant change in thickness and character;
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4.

the Rockway Formation disconformably overlies the Merritton Formation and forms a
persistent rock unit across the Algonquin Arch into the southern Bruce Peninsula region (=
Lions Head Member of Amabel Formation);

5.

the Irondequoit Formation, previously unrecognized north of Hamilton in the subcrop–outcrop
belt, rests disconformably on the Rockway Formation and forms a distinctive welded contact
and has a consistent thickness across the Algonquin Arch and extends northward to Arthur–
Clifford area (previous stratigraphic and hydrogeologic investigations have placed this rock unit
into the unsubdivided Amabel Formation);

6.

the Gasport Formation, which consists of thick reef mound and inter-reef lithofacies in the
subsurface of Cambridge–Kitchener–Waterloo and Guelph regions, is formally recognized as
making up the majority of what has been traditionally called the unsubdivided Amabel Formation
(comprising both the Wiarton and Colpoy Bay members of type section on Bruce Peninsula);

7.

the identification of a sharp, disconformable contact separating the Gasport Formation from the
overlying finer crystalline crinoidal grainstones of the Niagara Falls Member of the Goat Island
Formation. This grainstone unit has been referred to locally as a low permeability unit of the
unsubdivided Amabel Formation;

8.

the presence of this basal Niagara Falls Member at the type section of the Amabel Formation in
Wiarton and along the northern coast of the Bruce Peninsula. This rock unit is shown to thicken
to the southeast and east from Guelph and has played a key role in the long-standing
controversy over the introduction of the Amabel Formation in Waterdown area due to the rapid
thickening of encrinites over a distance of a few kilometres from Hamilton northward through
the Guelph region to the Bruce Peninsula, coincident with the pinchout of the Rochester
Formation;

9.

the Ancaster Member of the Goat Island Formation is generally found above the Niagara Falls
Member south of Hamilton, but interfingers with Niagara Falls lithofacies in selected cores in
the Guelph region;

10. Eramosa Formation lithofacies, which constitute a regionally persistent and faunally and
lithologically distinctive rock unit, that acts as a regional aquitard where present, is being raised
to formational rank. The Eramosa Formation is being subdivided into 2 members: a basal
Vinemount Member (main aquitard lithofacies) and upper Reformatory Quarry Member. The
upper member possesses a distinctive seismite bed that is recognizable from Niagara Falls to the
central Bruce Peninsula; and
11. revisions to the contact between the Eramosa and Guelph rock units.
Additional observations include the presence of a k-bentonite horizon at the contact between the Gasport
Formation and basal Niagara Falls Member of the Goat Island Formation in the Red Hill Valley Parkway
roadcut.
Two key bedrock aquifers or hydrogeologic units are recognized in the Guelph–Regional
Municipality of Waterloo area (see Figure 31.3). The main bedrock aquifer is the lower confined Gasport
hydrogeologic unit (Gasport HGU), the character of which is influenced by the development of reef
mound complexes and interbedded shell coquinas. These 2 lithofacies create discrete sequence-controlled
enhanced hydraulic subunits within an overall regionally significant hydrogeologic unit. The second key
regional bedrock aquifer is the overlying unconfined Guelph hydrogeologic unit (Guelph HGU).
Preliminary hydrogeologic studies of selected boreholes reveal the presence of multiple high-volume
water-bearing horizons where composite reef mound complexes are separated by shell-rich, bleached
coquinas. The recognition of both significant erosion at the top of the Gasport Formation and substantial
changes in formation thickness associated with reef mound and coquina development over short distances
(1 to 5 km) reveals that the paleotopographic relief of this unit is the main control for predicting both the
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presence of the Gasport hydrogeologic unit (Gasport HGU) and which unit will overlie this regional
disconformity. Where the Gasport Formation is less than 30 to 50 m in thickness, Goat Island lithofacies
(e.g., Niagara Falls Member and/or Ancaster Member) are present. Where Goat lsland Formation strata
occur above the Gasport Formation, they are overlain by both the Vinemount and Reformatory Quarry
members of the Eramosa Formation. Eramosa lithofacies generally rest disconformably on the Gasport
Formation when it is 50 to 70 m thick. The Eramosa Formation represents a regional aquitard, especially
where lithofacies of the newly established lower Vinemount Member are prominent. In places where the
Gasport Formation exceeds 60 to 70 m in thickness, due to increased accommodation space and
establishment of thick reef mounds in the Early Silurian seaway, the Goat Island Formation and Eramosa
Formation lithofacies are generally not present and the overlying Guelph Formation rests disconformably
on the Gasport Formation. Detailed subsurface mapping of these lithofacies patterns, in conjunction with
detailed hydrogeologic and hydrogeochemical studies using the Water FLUTe™ multilevel monitoring
system, hold the key to the eventual delineation of the Gasport and Guelph hydrogeologic units (Gasport
HGU and Guelph HGU).
The main goal of this multiyear and multidisciplinary bedrock aquifer mapping program is to define
and map out regional-scale groundwater flow systems that will lead to the delineation of discrete
hydrogeologic units. Such an approach will eventually enable calculations of groundwater volumes for
the key bedrock aquifers in Paleozoic strata across southern Ontario. These data will form the foundation
for addressing fundamental questions concerning bedrock groundwater resources in southern Ontario in
the context of changing climatic conditions and implications for long-term sustainability of these vital
resources. Preliminary data from this study suggest a disconnection of bedrock aquifers from surface water
flow patterns away from the cuesta margin zone within the Grand River watershed. The implications of such
observations, once they are proven, may result in changes to how water budgets are defined for different
areas of southern Ontario. The multidisciplinary approach adopted in this study to evaluate and model the
bedrock groundwater resources of the Niagara Escarpment will create a template that will be employed by
the OGS to map and evaluate the groundwater resources throughout southern Ontario. The field-based
methodologies developed for this three- to four-year project will be applied to other regions of southern
Ontario in order to develop regional bedrock aquifer maps for Devonian and Ordovician strata. These
maps and the resultant regional-scale estimates of groundwater volumes will then be used to estimate total
available groundwater resources throughout southern Ontario and Manitoulin Island.
A significant drilling program is proposed for the 2009 field season to further test and refine this
sequence stratigraphic and hydrogeologic framework. This approach will enable the creation of a robust
groundwater model that the City of Guelph and Regional Municipality of Waterloo staff can use to better
predict the locations of future water supplies to address population pressures and protect those parts of the
bedrock aquifer system where the Eramosa Formation aquitard lithofacies are absent and, therefore,
vulnerability of the Gasport Formation aquifer is higher (i.e., in areas where the Gasport Formation reef
mound belt is exceptionally thick).
Type section and formal lithologic descriptions are being prepared for the Eramosa and Guelph
formations to be submitted to refereed journals to meet the requirements of the North American
Stratigraphic Code (NASC). Co-authored refereed publications concerning the revised sequence
stratigraphic framework and biostratigraphy and carbonate carbon chemostratigraphy of these Early
Silurian strata are currently underway with Drs. Carl Brett, Pat McLaughlin, Mark Kleffner, and
PhD candidates Brad Cramer and Alyssa Bancroft. This collaboration forms part of a new initiative
between the OGS and Wisconsin Geological Survey and researchers from the University of Cincinnati
and The Ohio State University to revise the sequence stratigraphic framework and biostratigraphy of
Silurian strata around the Great Lakes region (Mid-Continent region) focussing on the Illinois, Michigan
and Appalachian basins.
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BACKGROUND
Groundwater is the principle source of potable water for more than 65% of the approximately 250 000
residents in the Raisin–South Nation Source Protection Region of southern Ontario (Figure 32.1). Of
particular importance are 2 subparallel eskers, the Vars–Winchester and Crysler–Finch, which provide
>80% of the groundwater used by municipal water systems. These esker aquifers can be prolific, with
municipal wells yielding greater than 500 US gallons per minute (>31 L/s), compared to fractured-bedrock
wells that typically yield less than 10 US gallons per minute (<0.6 L/s) (Charron 1978). The development of
hydrogeological models to estimate groundwater flow in the esker aquifers have been hampered by a lack of
knowledge of the size, shape and internal heterogeneity of the esker. This presents significant constraints to
advancing drinking water source protection plans under the Ontario Clean Water Act (Ontario 2006).

INTRODUCTION
Water supply management in Ontario has been significantly refocussed through the Clean Water Act
(Ontario 2006; Ministry of the Environment 2008). A notable part of this Act is the “source water
protection” element that mandates municipalities to develop science-based approaches to protect surface
water and groundwater from which municipal drinking water is extracted. In the South Nation River
watershed, the Crysler–Finch esker aquifer has been identified as an area requiring greater attention in
order to enact source water protection initiatives. Through funding partnerships with the Ontario
Geological Survey (OGS) and the Ontario Ministry of Environment (MOE), the Crysler–Finch Esker
Characterization Study has been made possible. To facilitate the study, a collaborative partnership
between South Nation Conservation (SNC) and the Geological Survey of Canada (GSC) has been
implemented. The primary objective of this study is to obtain a detailed understanding of the geological
composition, variable hydrogeological characteristics and groundwater flux within the esker aquifer. The
main deliverable is a calibrated three-dimensional (3D) geological and hydrogeological model that will be
used for source water protection.

FIELD WORK ACTIVITY
Field work associated with the Crysler–Finch esker study has been broken up into a number of
components, each of which contribute valuable geological and hydrogeological information to the end
result. Field work was initiated during the summer of 2007 and will continue through the fall of 2008.
The final calibrated 3D geological, hydrogeological and geological esker grid models, including all
geographic information system (GIS)-based digital data utilized to construct these models, will be
delivered to the OGS by December 31, 2008, as part of the Agreement between the OGS and SNC signed
February 2008.
Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.32-1 to 32-5.
© Queen’s Printer for Ontario, 2008
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Pit Mapping
The geological structure and composition of esker deposits can be viewed directly in exposures,
typically in sand and gravel extraction pits. During the summer of 2007, GSC staff visited 5 pits near the
villages of Crysler and Finch. Cummings (2007) prepared a report on the sedimentology of aggregate pits
along the Crysler–Finch esker, which has been delivered to the OGS, as per the Agreement.

Surface Geophysics Survey
The GSC conducted a geophysical survey during the summer and fall of 2007. Five seismic reflection
profiles were collected and analyzed along Concession 6-7, Route 800, Route 500, Concession 17 and
Concession 14 (Figure 32.2). Pullan et al. (2007) prepared a report on the preliminary results of the surficial
geophysics survey in December 2007, which has been delivered to the OGS, as per the Agreement.

Figure 32.1. The location of the Raisin–South Nation Source Protection Region. This is a collaboration between South Nation
Conservation and the Raisin Region Conservation Authority. Location data are provided as Universal Transverse Mercator
(UTM) co-ordinates in North American Datum 1983 (NAD83) in Zone 18.

32-2

Sedimentary Geoscience Section (32)

N. Farrell

Figure 32.2. Location of geophysical survey lines, groundwater–surface water (GW SW) interaction field study sites and
borehole locations on the Crysler–Finch Esker.
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Borehole Drilling
A total of 12 boreholes were drilled along the Crysler–Finch esker at 3 separate locations (see Figure
32.2). Exact drilling locations were targeted following analysis of the surface geophysical survey;
2 uncored and 1 cored borehole on Route 500, 4 uncored and 2 cored boreholes on Route 800 and
3 uncored boreholes on Concession Road 6/7. The depth of the boreholes ranged from 5 to 30 m.
The boreholes were drilled in 2 stages: the first as uncored and the second as cored and uncored.
Drilling was completed in the winter and summer 2008, respectively. Geological and geophysical logs of
all boreholes were taken by the GSC during drilling and preliminary results were delivered to the OGS on
March 15, 2008, as per the Agreement. Final results will be compiled and submitted by the September
30, 2008 deadline, as per the Agreement.
Piezometers were installed into each borehole and will be used to provide information on subsurface
stratigraphy, water level monitoring, aquifer response tests and groundwater geochemical sampling.
Further analysis of borehole cores, aquifer response tests, geochemical analyses and water level
monitoring will continue during the fall and winter 2008–2009 and onward. This will ultimately provide
the 3D model with additional data sets.

Water Level Monitoring
Solinst® Leveloggers® were installed in each piezometers connected to the cap with a stainless steel
cable. The Leveloggers® were programmed to read every hour on the hour, which is consistent with
Provincial Groundwater Monitoring Network sample rate interval.

Hydraulic Conductivity Testing Analysis
Slug/Bail tests have been completed on 8 of the 13 wells as of the date of this report. The results
have been compiled and submitted to the OGS on July 31, 2008, as per the Agreement. The remaining 5
wells will be tested and results will be submitted to the OGS as soon as it becomes available.

Surface Water and Groundwater Interaction
The interaction between surface water and groundwater of the esker were examined during the
summer and fall 2007. Installation and monitoring of seepage meters and small-diameter piezometers
were used to quantify estimates of shallow hydraulic properties. Analysis and reporting will be
completed during the fall 2008.

Geochemistry
Geochemical sampling was initiated during the summer of 2008 to help map the general direction of
groundwater flow patterns. The initial response from well owners along the esker has not been positive.
The Consultant responsible for collecting the geochemical samples (under contract with the GSC) will
continue into the fall 2008.
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CONCLUSION
Considerable time and effort has gone into collecting and analyzing data along the Crysler–Finch
esker. Geological and hydrogeological data will continue to be gathered throughout the fall 2008,
whereby reporting will be completed through the winter 2008–2009. Ultimately, a detailed threedimensional model of the esker aquifer will be designed, which will help determine new wellhead
protection areas for nearby municipalities; alleviating their responsibilities under the Clean Water Act
(Ontario 2006).
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INTRODUCTION
The Ontario Geological Survey (OGS) and the Grand River Conservation Authority (GRCA) are
undertaking a collaborative study of the Dundas buried bedrock valley located in southern Ontario. The
Dundas valley is a geological feature that has been interpreted to be a preglacial drainage system (Singer,
Cheng and Scafe 2003) incised into bedrock and subsequently infilled with glacially derived sediment.
The Dundas valley extends from beneath Lake Ontario, through Burlington Bay and westward toward
Lake Huron, traversing the Grand River watershed (Figure 33.1). Portions of it are interpreted to underlie
the Paris–Brantford, Cambridge and Waterloo areas.
Understanding the geometry, location and fill of the valley may provide critical information, key to
the understanding of groundwater resources within the Grand River watershed. For instance, if the
feature contains relatively continuous aquifer bodies, it may strongly influence groundwater movement at
the watershed scale and may also represent an important target for municipal water supplies.
The purpose of the study is to better understand the distribution of the channels and the geological
and hydrogeological character of the infilling sediments. Much of the original understanding of this
feature was based on data derived from water-well records, which pose some significant limitations when
used for geological interpretation. At the completion of the current study, a more comprehensive
conceptual model will be in place. The updated conceptual model will be built through the 4 phases
which comprise this study:
•

Phase 1: Data compilation and preliminary conceptualization

•

Phase 2: Geophysical surveying

•

Phase 3: Drilling and hydrogeological testing

•

Phase 4: Development of conceptual three-dimensional (3D) geologic model

Each phase will conclude with a refinement to the conceptual model to reflect the increased
understanding. Phase 1 of the study was completed in May 2007; Phase 2 was completed in January
2008; and Phase 3 is currently in progress.

Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.33-1 to 33-7.
© Queen’s Printer for Ontario, 2008
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Figure 33.1. Interpreted location of buried bedrock valley thalwegs, including the Dundas buried bedrock valley in the Grand
River watershed.
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GEOLOGY
The geology of the Grand River watershed can be characterized as gently dipping strata of Paleozoic
sedimentary bedrock, cropping out or subcropping in north- to northwest-oriented bands, overlain by
Quaternary sediments deposited in a variety of glacial, and possibly nonglacial, environments. The
geologic contact between the bedrock and overburden is erosional, representing a significant period of
unrecorded time (Eyles 2002). The Grand River and its tributaries have continued to shape the landscape
since deposition of the Quaternary sediments.
In total, there are 11 different bedrock formations cropping out or subcropping within the Grand
River watershed (Figure 33.2), comprising Ordovician to Devonian sedimentary rocks. These sediments
were deposited in a marine environment that existed in this area between 345 to 370 million years ago
(Sibul, Walmsley and Szudy 1980). The Grand River watershed spans both the Michigan Basin in the
northern part of the watershed and the Appalachian Basin in the southern part of the watershed. The
Algonquin Arch, which underlies in the Brantford area, separates the 2 basins.
The Quaternary geologic record preserved within the Grand River watershed is characterized by
sediments deposited by repeated glacial advances of ice lobes originating from the Lake Huron–Georgian
Bay basin and the Erie–Ontario basin (Bajc 2002). Catfish Creek Till, deposited approximately 20 000
years ago, is thought to discontinuously underlie the entire Grand River watershed and is often used as a
stratigraphic marker due to its compositional consistency (Barnett 1992). Older deposits of till and
stratified deposits, some organic bearing, locally occur beneath Catfish Creek Till. As glacial ice began
to retreat between 18 000 and 16 000 years ago, an interlobate zone developed along a line extending

Figure 33.2. Simplified surficial geology (left) and bedrock geology of the Grand River watershed (right) (modified after
Ontario Geological Survey 2003; Armstrong and Dodge 2007).
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from Orangeville, through the Kitchener–Waterloo area to London (Sibul, Walmsley and Szudy 1980).
Sedimentation was focussed in low-lying areas within this interlobate zone creating large deposits of sand
and gravel that collectively form important aquifers within the region. The Orangeville, Waterloo and
Dorchester moraines were constructed at this time along the interlobate line (Sibul, Walmsley and Szudy
1980). As the ice retreated further, meltwater flowed across the area, resulting in the deposition of
extensive glaciofluvial and glaciolacustrine deposits on the surface of the Catfish Creek Till. Minor
fluctuations of the retreating ice lobes resulted in the deposition of Tavistock Till by the Huron lobe and
Port Stanley and Wentworth tills by the Erie–Ontario ice lobe. By about 13 300 years ago, the entire
Grand River watershed was ice free. Glacial lake Whittlesey, a higher more extensive precursor of Lake
Erie, formed in the southern extents of the watershed. Shallow water deltaic sediments were laid down in
the Grand River valley to the west of Brantford and south of Paris. Deeper water clays and silts were
deposited south and east of Brantford in deeper basinal settings. A rapid decline of Erie basin water
levels by about 12 000 years BP resulted in the development of the present drainage system (Eyles 2002).
Although the Quaternary geology within the watershed is relatively complex, the surficial sediments
are commonly generalized into 3 broad physiographic areas of northern till plains, central moraines and
the southern clay plain (see Figure 33.2).

INTERIM FINDINGS
Data Compilation / Preliminary Conceptualization
As part of the Phase 1 data compilation process, data from outside the Ontario Ministry of the
Environment (MOE) water well record database were acquired from as many sources as possible. These
data included the most recent bedrock surface data compiled by the OGS, previous studies on the Dundas
valley and/or other local geological studies, petroleum well records, internal GRCA files and geotechnical
records. Phase 1 also included a review of recent high-resolution orthoimagery in an attempt to identify
any surface textures or features that may provide insight on the distribution of valley channels. A
program of locating and obtaining accurate co-ordinates for a series of high priority wells was also
undertaken to increase the level of certainty associated with the interpretation.
The information from Phase 1 was used to interpolate an updated bedrock surface. The revised
bedrock surface was created in an iterative manner, removing those data points unacceptably biasing the
interpolation and honouring deep overburden data points.
Valley thalwegs were manually interpreted using the interpolated bedrock surface in conjunction
with geological insight and observations of potential surface expressions of the valley. This interpretation
is provided on Figure 33.1 and formed the basis for designing the geophysical survey that followed.
Although the interpolation routine may, in some cases, overestimate the depth of the valley, study
results suggest that channel depths ranging from 5 to 20–30 m below the regional bedrock surface with
occasional depths of up to 50 m, were not uncommon (Martin and Meyer 2007). One of the key findings
of Phase 1 is that the nature of the host bedrock formation may play a strong role in determining the shape
and depth of the valley. For instance, it has been suggested that the valley geometry is subdued through
much of the Region of Waterloo where the host rock consists of soft, easily eroded shales and dolostones
of the Salina Formation. However, this interpretation must be tempered by the fact that the character of
the valley within this region of extremely thick drift (>100 m) is difficult to portray due to limited or sparse
bedrock wells. Conversely, in areas to the east where the host rock consists of more resistant dolostones of
the Guelph Formation, the valley is interpreted to be more pronounced (Martin and Meyer 2007).
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Geophysical Survey
To help refine thalweg locations in areas where few boreholes penetrate bedrock and, as a result, the
bedrock topography is poorly known, data from approximately 3350 ground gravity stations were
acquired during the summer and fall of 2007. A buried valley incised into bedrock and subsequently
filled with less dense, unconsolidated material would be expected to give rise to a gravitational low. The
gravity survey was carried out along 33 road traverses. Station elevation data were acquired to an
accuracy of ±3 cm. The slope around each station was measured using an inclinometer in order that
close-in terrain corrections could be applied during processing.
The processing of the gravity data consisted of standard tide, latitude, free air, Bouguer and close-in
terrain corrections. A regression analysis using a range of Bouguer densities against topographic
elevation indicated that the appropriate Bouguer density is 2.1 g/cm3. This is consistent with
measurements of local till densities. To highlight density variations in the near surface, residual gravity
anomalies were calculated by subtracting the long wavelength components contained in the data. The
residual gravity data were then plotted in profile form.
In an initial interpretation, local residual gravity minima were identified. These minima represented
possible thalwegs. The interpretation was subsequently refined with reference to existing borehole information.

Figure 33.3. Interpolated bedrock surface for the Dundas buried valley study area highlighting the locations of inferred thalwegs
and profile lines.
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A refined bedrock surface was interpolated for the Dundas buried valley study area, using ESRI®
ArcGIS® software, using inverse distance weighted to the power of 3 (Figure 33.3). This interpolation
method ensured that all of the bedrock and deep overburden events were honoured. A series of thalwegs
were then manually drawn on the interpolated surface creating a fairly complex network of channels. The
screened gravity anomalies (interpreted real gravity minima) were then overlain on the bedrock
topographic map and the positions of the thalwegs altered, where possible, to honour the gravity minima.
Where bedrock control points were in conflict with the gravity data, the interpreted thalwegs were left
unchanged.
Cross sections displaying borehole logs (Figure 33.4) were drawn using Datamine Studio® software
along the profile lines shown in Figure 33.3. Boreholes displaced up to 1000 m on either side of the
profile lines were visible on the sections. Borehole lithologies were classified according to a five-fold
scheme: bedrock, aquifer (i.e., sand rich), superaquifer (i.e., gravel rich), aquitard (i.e., silt, silty till) and
superaquitard (i.e., clay, clayey till). Profiles were then examined to determine which thalweg profiles
contained a large number of boreholes with aquifer or superaquifer material at depth (i.e., contained
within the valley). These sites were chosen as priority areas for future drilling and hydraulic testing.

NEXT STEPS
Phase 3 of the study, which consists of drilling within the identified priority areas, is scheduled for
fall 2008. Approximately 7 to 8 boreholes in 3 selected areas will be drilled. Groundwater monitors will
be installed and hydraulic testing will be conducted to determine the connectivity of valley aquifers. The
insight and additional detail derived from the drilling will be captured in revisions to the current
conceptual model.

Figure 33.4. Example of a cross-section along an inferred thalweg in Wellesley Township. Note the preponderance of wells
ending in aquifer (yellow line) and superaquifer ( orange-red line) material along the length of the transect.
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INTRODUCTION
Reported here are the results of the 2008 field work carried out as part of the Ambient Groundwater
Geochemistry Project. In 2007, the Ontario Geological Survey (OGS) began a multi-year Ambient
Geochemistry Project to provide a high-quality characterization of the geochemistry of groundwater
across the province at a consistent sample density (Hamilton, Brauneder and Mellor 2007; Mellor 2008).
The purpose of the study is to determine natural levels of various dissolved substances in groundwater at
a consistently high level of precision in both the overburden (soils) and the underlying bedrock. The
project is intended to be ongoing and will ultimately cover all the accessible areas of the province where
groundwater is used for domestic, agricultural or industrial purposes. The results will help to
1.

determine baseline groundwater geochemical conditions for aquifers in the major rock and
overburden units in Ontario

2.

relate natural variations in water quality to the rock and overburden materials that constitute the
aquifers

3.

develop a high-quality geochemical database with consistent sample spacing to allow
i. interpretation and integration of other groundwater geochemical data sets
ii. speciation to be characterized (by modelling)

Samples are collected on a 10 by 10 km grid with a sample being collected from both a bedrock well
and an overburden well in each node. The 2007 study covered an area of 10 200 km2 that is
approximately centred on London, Ontario, and extends north from Lake Erie and east 200 km from
Leamington to near Brantford (Figure 34.1). The 2008 study area included the Windsor–Essex area and
an area north of the 2007 study area that is centred roughly on Grand Bend and extends north along Lake
Huron to just north of Goderich (see Figure 34.1). The 2008 study encompassed 12 000 km2.

SAMPLE COLLECTION METHODOLOGY
Samples were usually collected from domestic wells that had been randomly selected from the
Ontario Ministry of Environment (MOE) water-well database. In a few cases, monitoring wells from the
Provincial Groundwater Monitoring Network were sampled, especially in urbanized areas where domestic
wells are no longer present. Navigation from site to site was accomplished using a global positioning
system (GPS) –enabled geographical information system (GIS) on a notebook computer in the vehicles.
The GIS was equipped with both the (MOE) water-well database and Ministry of Natural Resources
southern Ontario digital airphoto series. Homeowners were contacted in person, permission was obtained
Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.34-1 to 34-7.
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Figure 34.1. Ambient groundwater geochemistry project 2007 and 2008 study areas and sample coverage.
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Figure 34.2. Data collection side of field sample form.
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at the door, and wells were almost always sampled immediately afterward. Samples were only collected
from homes with no water treatment or where the plumbing allowed bypassing of any treatment system.
An exception was allowed for sediment filters, which only remove particulates and do not alter the
chemistry of the water.
Another necessary criterion was that the well construction details must be known for every well
sampled. Normally, this would require that the well can be positively tied to a MOE well number. In most
cases, this was done by observing the location of the well using the MOE water-well database coordinates plotted on the digital airphotos. If the location of the well matches the location in the well
database and if the homeowner can verify the well depth, then the MOE well number was recorded for the
site. In areas where wells were scarce and where a well was visible from the road, wells were sometimes
sampled that could not be tied to any particular well record. In these cases, the well depth and whether it
was completed in overburden or bedrock were necessary minimum criteria to permit sampling. The depth
was determined either by measurement with a water level tape or from the homeowner, if they were
confident about the information. The homeowner often knew whether or not the well had been completed
in rock and this could also be obtained, or confirmed, by checking the depth to rock in nearby wells on the
MOE records. A steel-casing detector was available, but it was generally not used to determine the length
of casing (and, hence, the overburden–bedrock nature of the hole) because of concerns that it would get
stuck between the casing and the water pipe or pump.
A standardized sample form was completed for each sample taken. One side of the form has a
waiver that was signed by the homeowner to allow the OGS to publish the chemical results and
geographic co-ordinates of the well. It also states that no names, personal information or addresses will be
released to the public or any third party. On the other side (Figure 34.2), information was recorded about
the well, plumbing and the field chemistry of the water. Physical data about the water were also recorded
including colour, clarity (turbidity), odour, temperature and nature of any gas phase present (free gas,
exsolution, etc.). The field information collected on the form was similar to that gathered in 2007;
however, the form was modified to optimize the efficiency of data collection on site. Minor further
modifications are likely before next year’s field work.
At each site, a sampling point was chosen that through the plumbing was as close to the well as was
practical. This usually involved sampling either after the pressure tank or at a T-fitting adjacent to the
pressure tank, although, in some cases, samples were taken before the pressure tank, for example at an
outdoor hydrant beside the well. Either a 3 m or 15 m long nylon-braided, 22 mm inside diameter (ID),
clear polyvinyl chloride (PVC) hose was attached to the sampling point via a nylon garden-hose
attachment. A plastic quick-connect fitting on the other end was attached to set of similar hoses that split
the flow to 1) a swing-valve that controlled water to a flow-cell; 2) a swing valve controlling water to a
3/8” ID silicone rubber sampling hose; and 3) a plastic quick-connect fitting connected to a garden-hose
for high-flow purging. Water was purged through this system at a high flow rate until stable readings
were obtained with a HANNA instruments® HI 9828 multiparameter meter connected to the flow-cell.
This instrument measures pH, oxidation–reduction potential (ORP), electrical conductivity (EC),
dissolved oxygen (DO) and temperature. Stable readings for these parameters are an indicator that
stagnant water stored in the pressure tank and plumbing has been flushed and relatively “fresh” water is
being obtained directly from the well. Once stable readings were obtained, they were recorded on the
sampling form and a continuous log was collected of readings every 10 seconds for the duration of the
other measurements and groundwater sampling.
Additional chemical data that were collected on site include alkalinity, hydrogen sulphide and
occasionally CO2 by titration (if the pH was below 5.6). Alkalinity was determined in the field by titration
to the bromcresol green-methyl red end point using a HACH digital titrator model 16900. H2S was
determined in the field by the methylene-blue method using a HACH model HS-WR test kit. This kit has
an upper limit of 11.25 mg/L and only one site exceeded that value during the 2008 field season. At a
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Table 34.1. Sample size, bottles used, treatment (preservatives or none), holding times and analytical methods for samples
collected.
Parameters

Sample Size

Filtered

Preserved

Holding Time

Analytical Method

Cations, trace metals, As, Se, Si, S

60 mL

yes

1% HNO3

6 months +

Anions (Br–, Cl–, SO42–, PO43–, F–,
NO3–, NO2–)

60 mL

yes

no

28 days

Ion chromatography

Mercury (Hg)

125 mL

yes

to 2% HCl
(vol.)

6 months +

Atomic fluorescence
spectrometer

NO3–, NO2–

60 mL

no

no

7 days

Ion chromatography

DIC / DOC

125 mL,
amber glass

no

no

10 days

Skalar segmented
flow autoanalyzer
(SM 5310C)

NH3, TKN

60 mL, glass

no

H2SO4

5 days

Skalar segmented
flow autoanalyzer
(SM 4500-N C,
SM4500-NH3 G)

H2S

125 mL,
amber glass

no

1:1 5N NaOH /
1M Zn Acetate

5 days

SM 4500- S2- E
(methylene blue)

Stable isotopes

60 mL

no

no

indefinite

not analyzed

Bacteria (fecal & total coliform)

125 mL

no

Na2S2O3

48 hours

Derived from MOE
methods

1L
(600 mL)

no

no

N/A

Gas infrared (headspace)

60 mL

no

3% 0.2M
Ni Acetate

24 hours

Methane
Iodide

ICP–MS, ICP–ES

Ion selective
electrode

Abbreviations: MOE = Ontario Ministry of the Environment; SM = Standard Methods for the Analysis of Water and
Wastewater; other abbreviations are explained in the text.

typical station, 11 bottles were filled for the various analytical determinations (Table 34.1). The cations/
metals, mercury and anion bottles were pressure filtered on site to 0.45 µm using Millipore® Durapore®
(polyvinylidene fluoride (PVDF)) membrane filters and rubber-free polypropylene syringes. Later on the day
of sampling, the metals and mercury bottles were acidified to, respectively, 1% with J.T.Baker® Ultrapure
HNO3 and 2% with Fisher Chemical Optima grade HCl. All other samples were unfiltered, preserved as per
Table 34.1 and immediately refrigerated, first in a 12V electric cooler and later in a refrigerator.
The 60 mL sample for iodide contained 2 mL of 0.2M nickel acetate to precipitate S2–, which would
otherwise interfere with the iodide analysis. This quantity of nickel is more than 10 times in excess of that
required to precipitate S2– at the upper range of detection of the field testing equipment. The addition of
nickel acetate was not carried out in the 2007 field season, which resulted in much of the iodide data
being compromised by instrument interference with even tiny amounts of dissolved H2S. The iodide
analysis by ion selective electrode (ISE) was carried out in the field within 24 hours of sampling. The ISE
was connected to a PCMCIA data logger and notebook computer that recorded continuous mV readings.
These readings were converted to mg/L using calibration curves established by the daily measurement of
calibration standards.
A sample for field measurement of dissolved gases was collected on site. A 1 L bottle was filled to
600 mL with the sample water and tightly capped. After 24 hours (and in some cases longer), the 400 mL
headspace was measured for CO2, O2 and combustible gases calibrated to CH4 using a Linweld® Eagle
portable multigas detector. Using these data, dissolved concentrations of CH4 and CO2 can be determined
using their Henry’s Law constants and an estimate can be obtained of the oxygen demand of the water.
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ANALYTICAL METHODOLOGY AND QUALITY CONTROL
Samples for time-sensitive parameters were shipped within 24 hours to SGS Analytical Laboratories in
Lakefield, Ontario. These samples were analyzed (see Table 34.1) for bacteria (total and fecal coliform),
dissolved organic carbon (DOC), dissolved inorganic carbon (DIC), laboratory H2S and nitrogen parameters
including TKN (total Kjeldahl nitrogen), ammonia (NH3), nitrate (NO3–) and nitrite (NO2–).
Additional samples were sent to the Ontario Geological Survey Geoscience Laboratories (Geo Labs)
in Sudbury, Ontario. These are currently being analyzed (see Table 34.1) for mercury, anions, cations and
trace metals.
Approximately 10% of the samples submitted were for the purpose of quality control. Of these, 4 were
submitted as blanks, 13 as blind field duplicates and another 9 as standards. Blanks for all samples except
bacteria consisted of ultrapure distilled, deionized water that had the same preservatives and were subjected
to the same sample preparation as the normal samples. Bacteria blanks were filled with tap water that had
been boiled for a period of 10 minutes and cooled. Duplicates were taken at random sampling locations and
numbered with a reserved sample number that was usually numerically separated from the real sample
number by at least 10 numbers. However, because of holding times, duplicates had to be submitted on the
same day to SGS laboratories and, therefore, would usually have been analyzed in the same batch.
Standards consisted of a variety of certified reference material, bulk standards and spiked standards.
The standards for metals and mercury analysis were the CANMET certified reference standard SLRS-4.
The standards for anions, DOC, DIC and laboratory H2S were from a bulk sample taken at site number
08-AG-037. The standards for NO3 and NO2 consisted of distilled water spiked with approximately
5 mg/L (as N) NaNO3. The standards for TKN and NH3 consisted of distilled water spiked with
approximately 5 mg/L (as N) NH3. No standards were submitted for bacteria.

RESULTS
A total of 133 bedrock samples and 97 overburden samples were collected in 120 nodes. A bedrock
sample was collected for every node and, in several cases where geology was varied, more than one well
was sampled per node. In some areas, overburden wells were not available for sampling, which led to the
lower number of overburden wells.
Most laboratory results were still pending at the time of writing. Once all data are available, they will
be subject to quality-control analysis and then individual analytical reports will be prepared for each of
the homeowners that participated in the project. Following this, the 2007 and 2008 data will be integrated
and a report will be generated that discusses the combined results with a particular emphasis on the
correlation of the relationship between water chemistry and geology.
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INTRODUCTION
This report summarizes findings to date of an Ontario Geological Survey–Parks Canada–Ministry of
Natural Resources (MNR)–Natural Resources Canada (NRCan) jointly funded project to investigate the
potential of establishing paleoclimate and paleo-ecological records from Root Cave, Bruce Peninsula
National Park and Fathom Five National Marine Park, southern Ontario.

SCOPE OF STUDY
This study aims to provide an independent record of Great Lakes Basin environmental history from
cave deposits. Various cave draperies (speleothems) were drilled to provide a high-resolution multi-proxy
record of Quaternary ecology and climate of the Bruce Peninsula region, which is a representative site of
the Georgian Bay Basin. In addition, sediment cores were collected from pools at the base of the cave (for
pollen), loose gravel-sand deposits containing organics, and partially permineralized wood and a partial
beaver and fox skull were sampled for age determinations. The focal site of this project is the 67 m long
Root Cave, principally developed at approximately 192 m asl, or slightly below paleo-Lake Nipissing
level. The cave was previously located and gated, a survey of the interior produced and the presence of
provincially unique speleothem calcite deposits identified (Geomatics International Inc. and Buck 1997).
These calcite formations include greater than 4 m stalactites formed on roots penetrating into the cave,
which may be associated with the long-lived cedars and the unique ecosystem of the Niagara Escarpment.
Furthermore, extensive flowstone accumulations extend from the walls and onto the floors. Siliciclastic
sediments (quartz sand and gravel grade material) were also documented to occur in sections of the cave,
such as sediment banks in passage terminations and isolated pockets adhered to cave walls. A variety of
sediment colour, texture, and apparent mineralogy suggest these are polygenetic and potentially
laminated. Although the initial field investigation of Root Cave by Geomatics International Inc. and Buck
(1997) highlighted the variety and extent of cave deposits as a unique karst resource in eastern Canada,
the scope of the work did not enable the evaluation of the speleothems as repositories of
paleoenvironmental information.
With the establishment of a robust chronology for environmental change using 14C of organic
material and U/Th geochronology disequilibrium analysis of speleothem calcite, this project has excellent
potential to provide valuable independent records of

Summary of Field Work and Other Activities 2008,
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•

climate change over the Holocene specifically with respect to relative temperature (δ18O of
calcite), potentially absolute temperature (fluid inclusion in calcite) and precipitation (δ18O and
band width of calcite)

•

Georgian Bay water levels (growth phases of calcite and standard sedimentological analysis of
siliciclastic sediments)

•

postglacial record of cave fauna and climate-related changes to their habitat (e.g., Holocene
internal bat hibernacula conditions)

•

detailed view of ecological succession to modern cedar scrub forest (δ13C of calcite) and floral
composition (palynology within calcite and siliciclastic sediments)

While less certain, additional outcomes may include
•

forest fire frequency: If a clear trace element signature can be determined by laser ablation–
inductively coupled plasma mass spectrometry (LA-ICP–MS) in speleothem calcite for 2 major
historical fires recorded. This would be a first-ever record of forest fire activity obtained from
cave speleothems.

•

postglacial faunal assemblages: The skull of a fox and beaver and partially permineralized
wood from a beaver nest has been collected for 14C age determination. Closer examination of
non-carbonate sediments in the nest will likely provide smaller bones from other mammals
including the bats that hibernate in the cave.

Parks Canada and the scientific community at large will benefit significantly from the independent
view of paleoclimatology and paleohydrology in the Great Lakes Basin provided by this project. Isotopic
data gathered from the speleothems and other cave sediments may be compared to existing lake sediment
records, the growth records of old cedars within the park and from other regions along the Niagara
Escarpment of Ontario, and may be incorporated into models of past and future climate change. The
provision of these independent records is of notable relevance to the Ontario Geological Survey in the
ongoing mapping and modelling of present and future groundwater resources of Silurian carbonate
bedrock aquifer systems along the Niagara Escarpment under changing climatic conditions. Presently
hundreds of thousands of people rely on these vast groundwater resources in the southwestern Ontario
portion of the Great Lakes Basin.

KARST IN SOUTHERN ONTARIO – GEOLOGICAL CONTEXT
Karst is a term used to describe landscapes that display distinctive features resulting from chemical
dissolution and precipitation of bedrock known as carbonates (e.g., limestone, dolostone, and marble),
gypsum and salt. Karst landscapes are typified by well-developed underground drainage systems and,
where the karstified carbonate formations are unconfined and shallow to the surface, the landscape
commonly includes closed surface depressions 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 sinkholes (dolines), sinking streams, karren, and caves and large springs
resulting from solutional interactions of circulating groundwater, which may exit to entrenched effluent
streams. Although all of these features are present across the southern Ontario portion of the St. Lawrence
Lowlands region, they are best developed in the Silurian–Devonian carbonates situated within
southwestern Ontario, including Manitoulin Island (Brunton, Dodge and Shirota 2005; Brunton, Dodge
and Shirota 2006; Brunton and Dodge 2008).
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It is interesting that for a landscape covering more than 20% of the North American continent,
“karst” is a term that is foreign to most Ontarians. The main reason for this is that most of the limestone
plains throughout the western and central St. Lawrence Lowlands have had the surficial expressions of
karst either removed by erosion during the various glacial events over the past few million years and/or
the expression is presently covered by thick gravel, sand, and clay (glacial drift) units that were deposited
primarily during the retreat of the Laurentide Ice Sheet approximately 11 000 years ago (cf. Chapman and
Putnam 1984; Barnett 1992). Such glacial deposits would have filled in and/or partially eroded surficial
bedrock expressions of caves and sinkholes. At present, only select regions of exposed or thin drift
limestone plains, representing about 10% of southern Ontario, allow for the nature of karstification to be
described and interpreted. Extensive physical erosion of the bedrock surface also occurred during the last ice
age, either through active abrasion by the moving ice and/or subsequent meltwater surges or flooding events
that occurred during retreat of the ice lobes (e.g., Spencer 1890; Straw 1968; Barnett 1992; Shaw and
Gilbert 1990; Kor, Shaw and Sharpe 1991; Brennard and Shaw 1994; Shaw 1996; Kor and Cowell 1998).
Karst landscapes are caused mainly by chemical erosion of bedrock by acidic surface and ground
waters over a substantial time span—generally thousands to millions of years. Chemical leaching of these
mainly sedimentary rocks creates enhanced permeability, especially along major joint sets in the upper
tens of metres of exposed or thinly buried bedrock, resulting in conduit-style groundwater flow and
greater connectivity between surface waters and groundwater aquifers. Therefore, shallow and, in some
cases, even deeper groundwater aquifers in karst terrains are more susceptible to biological and chemical
contamination. Underground water moves within interconnected narrow fissures (fractured bedrock)
commonly referred to as channels or conduits. When these channels become enlarged above, at or below
the water table, they may form subsurface maze and/or crevice cave networks. The water flow within
these larger open cavernous structures may become turbulent.
Of particular relevance to this study, caves often contain a variety of dissolution features, but also
siliciclastic and chemical sediments including slowly accreting speleothems, which are predominantly
calcite crystal precipitate layers. These karst sediments commonly preserve complex and multi-variate
records of the geological, ecological and climatic history of the area. Karst deposits and forms are well
preserved in caves that have transitioned out of the phreatic environment in which caves most commonly
form, into an air-filled vadose environment or the paleokarst where deposition of speleothem calcite is
then possible. Karst deposits and speleothem calcite have not been thoroughly investigated in many areas
of Ontario. The limestone-dolostone bedrock karst features of southern Ontario are generally regarded as
immature, even though caves within the Ordovician carbonates are several kilometres in length and are
among some of the longest in Canada (cf. Ongley 1965; Ford and Quinlan 1973; Ford 1983; White 1988;
Ford and Williams 1989; Palmer 1991; Gordon 2005). The Paleozoic bedrock geology of states such as
Kentucky, home of the Mammoth Caves, which are amongst the largest cave networks in North America,
are very similar to Ontario; the main differences being that Kentucky was not glaciated, and the state’s
tectonic history (nearer proximity to the various orogenic phases that formed the Appalachians).

INTERNAL FEATURES OF ROOT CAVE
The total length of Root Cave is 67 m. The single entrance passage is horizontal for 38 m until it
becomes completely choked with sand and gravel fill (Figures 35.1 and 35.2). This passage is developed
for its entire length along what may be a few closely spaced bedding planes, but also within carbonate
bedrock that is more susceptible to chemical and physical erosion than the overlying and underlying rock
units. The cave is gated at a natural constriction in this passage 12 m from the entrance. Avens are “a
blind cupola or fissure in the ceiling of a cave” (Neuendorf, Mehl and Jackson 2005). Within Root Cave,
along the horizontal entrance passage, there are 2 avens rising up to approximately 1 m and
approximately 2 m, respectively, both of which are clearly oriented along vertical joints. The pinch points
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of the joints are visibly choked by infilling calcite cements. The first aven (see Figure 35.1) is much larger
and its ceiling contains more flowstone, draperies and small stalactites than the second, much smaller
aven. Beyond first aven, a shallow pool partially fills the passage for the next 14 m.

Figure 35.1. Plan form survey of Root Cave, Bruce Peninsula and Fathom Five National Park. The lower level includes the
horizontal entrance passage and intersects the aven called Lower Chamber. A small approximately 0.5 m diameter hole in the
southwest corner of the Lower Chamber allows climbing passage into the Middle and Upper chambers (modified from Geomatics
International Inc. and Buck 1997).
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At the rear of the horizontal entrance passage (38 m from the entrance), there is a series of 3 larger
interconnected avens developed along a common joint giving an approximately 11 m vertical extent to the
cave spanning elevations from approximately 192 to 203 m (asl). The lower chamber is an aven with a 2
to 3 m joint-controlled vertical opening. The floor-level horizontal opening of the entrance passageway
extends across the width of this lower aven. It is not possible to humanly enter the horizontal continuation
on the south side of the floor-level entrance passage as unconsolidated sand and gravel deposits pinch out
this space. An approximately 0.5 m hole in the upper west corner of the lower chamber provides access to
the middle and upper chambers of the cave. Each of these 3 levels shows significant guidance by
structural features in the rock, and they are formed essentially from the same vertical shaft (jointcontrolled opening). The Middle Chamber has 2 small horizontal passages extending outward, both
blocked with complex multiphase fills of red clay, sand and gravel.
The most prominent feature at the back of the cave is a nearly continuous speleothem carbonate
deposit extending from the floor of the upper chamber to the floor of the lower chamber at the base of the
shaft. The speleothem consists of flowstone, draperies, columns and stalactites. Some individual columns
and stalactites are 4 m in length. Although such features would have little significance further south
where speleothems are more abundant (i.e., at subtropical to tropical latitudes), it is exceptional for
eastern Canada.
Siliciclastic deposits in the middle and upper chambers are significant for their distribution and
complex nature. In the 2 small side passages of the middle chamber, relict deposits exposed on the walls
consist of stratified gravel, sand, silt and clay. The sand and gravel is moderately well sorted and slightly
stratified, suggesting fluvial deposition. The sediment distribution suggests that the whole of the upper and
middle chambers were completely filled with sediment at one time and were later re-excavated by fluvial
processes and/or gravity bringing the sediment into the lower chamber where it was then again excavated by
fluvial processes including lacustrine waves along the horizontal entrance passage level. A few small
speleothems have deposited on the surface of this siliciclastic fill since much of the fill was re-excavated.
Root Cave also contains a significant bat hibernaculum in the winter.

Figure 35.2. Cross section of Root Cave, Bruce Peninsula and Fathom Five National Park showing the horizontal entrance
passage, and the series of interconnected 3 avens called Lower, Middle, and Upper chambers in the rear of the cave (modified
from Geomatics International Inc. and Buck 1997).
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PROJECT PHASE 1: SITE VISIT AND SAMPLING
Three days of excursions into Root Cave were completed on September 8, 9 and 10, 2008. The
following is a summary of the initial work completed.

Coring of Speleothem Calcite
The fully explored extent of the cave was reviewed with respect to the calcite deposits, including
upwards into the Upper Chamber to assess the nature, distribution, and likely thickness of the deposits. It
concurred with previous assessments that the greater than 3 m long stalactites were accreting on tree
roots, as previously described. Stalactites in general are not preferred for paleoenvironmental
reconstructions due to the often asymmetrical growth patterns. For this study, they were avoided for
sampling due to the greater potential for non-equilibrium isotopic deposition of the calcite due to
interferences from the CO2 respiration from the roots and the soft, bordering on clay-like texture of the
calcite, suggesting that the calcite had not formed in closed crystal formation.
The more crystalline and thicker sections of calcitic flowstone on walls and the floor were selected
for sampling and these were all located in the Lower Chamber. A lithium-ion battery–powered drill with
2.5 cm diameter coring bits was used to obtain core samples from directly into the flowstone. The initial
entry into the calcite was facilitated by scoring the calcite surface through a guide hole drilled into a
length of wood, which limited the zone of impact of the drilling to specifically the drill location. The
wooden guide was found to be highly effective. After the initial scoring, the wooden guide was removed
and the site irrigated with pressurized water to remove drill material. A total of 5 drill segments were
recovered, all of which were from the Lower Chamber. The total accumulation of flowstone was not
found to be significant, with the longest core recovered totalling approximately 10 cm.
For 3 cores, the contact of the calcite with underlying bedrock was encountered and a short segment
of the bedrock was also sampled. With careful subsampling of these cores, it may be possible to obtain
constraining ages for initiation of calcite deposition, thus showing the transition of this cave as it became
filled with air in the vadose zone. This transition may only have occurred at lower lake levels, and most
likely also postglacially.
For 1 core in flowstone on the floor (Core #1), the calcite was found to be thin capping layers of 0.3
to 1 cm thick, interbedded with preserved siliciclastic sand and gravel layers. The thin calcite layers, as
well as the interbedded sediment, were all sampled. It is hoped that the age of the calcite layers may
constrain the timing of these multiple and independent phases of sediment deposition within the cave, as
the calcite will have physically preserved the sediment in situ. Analysis of the sediment may shed light on
the nature of the sediment deposition phases (lake level changes versus glacial meltwaters).
Core samples are now being catalogued, photodocumented and cleaned and will be subjected to
subsampling, and geochemical analysis of stable isotopes and trace elements and geochronology using
U/Th disequilibrium techniques.

Cave Siliciclastic Sediments
In addition to the sediments recovered from between the drilled flowstone on the floor of the Lower
Chamber, the distribution and nature of the siliciclastic sediments throughout the cave were initially
reviewed and, in some cases, photodocumented. Localized excavation and focussed sampling on an
approximately 45 cm thick sediment bank located in the Upper Chamber was undertaken, providing 5
sediment samples that will be subject to full standard sedimentological and mineralogical analysis to
assess provenance and depositional environment.
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Palynological Assessment of Cave Sediments
A 6.5 cm diameter and 9 cm long push core of subaqueous sediments was collected from the floor of
the water pool in the horizontal entrance passage. The unconsolidated sediment is marly and appears to
mantle the floor beneath the majority of the pool. The floor above the pool is often covered with
crystalline speleothem. Dr. Francine McCarthy of Brock University will examine these sediments for
palynological composition. A split of this subaqueous sediment will be included for the full standard
sedimentological and mineralogical analysis.

Aqueous Chemistry of Cave Waters
Samples of the in-cave water were collected from the pool in the entrance passage and from gourpools [rimstone pools] in the lower and middle chamber. In contrast to previous visits by members of the
team, the Upper Chamber was found to be notably dry. Temperature and specific electrical conductance
(as a measure of total dissolved solids) were measured in situ using a WTW® Cond 340i conductivity
meter, whereas confirmation tests of specific electrical conductance will be applied to the water samples.

Temperature and Water Level Monitoring
A network of 9 temperature and water level monitoring sensors (ReefNet Inc. Sensus Ultra dive data
logging device) were deployed using braided nylon string along the length of the cave such that they were
suspended in air (with 1 exception) and away from the wall rock. Locations include in the Upper (1),
Middle (2) and Lower chambers (1). A horizontal subseries of sensors were placed in what appears to be
the main horizontal level of the entrance crawl (3), with a paired sensor to one of these high up in the first
aven (1). The final sensor was placed as deeply as possible in the water pool to monitor water level
fluctuations (1). A tenth sensor was left with Scott Parker in Tobermory to provide a local record of
barometric pressure. The results of this initial monitoring effort will elucidate temperature offsets between
inside the cave and the external climate. This is a valuable surface–subsurface transfer function for
interpretation of the paleoclimate record from the speleothem calcite, and the air flow patterns within the
cave. Such measurements enable the evaluation of the deposition of calcite in isotopic equilibrium and in
discriminating ‘fluid’ flow patterns through the cave in its current configuration. These measurements
will provide a better understanding of how wave pulses might have travelled through the cave and provide
a high-resolution description of the internal climate of the significant bat hibernaculum in Root Cave.

Levelling from Lake Level to Cave Entrance
An elevation survey was conducted with a Leica Geosystems NA728 automatic level to determine
the elevation of the cave relative to lake level. The elevation of Georgian Bay is gauged by the Canadian
Hydrographic Service at Tobermory, which is 17 km to the west. From this, an accurate elevation is to be
determined for the cave. Discrete, but permanent, benchmarks were placed by scoring rock surfaces with
a drill bit, allowing these survey points to be reoccupied in the future. The accurate elevation of the cave
will be of value in assessing the depositional environment of calcite and sediments within the cave in
relation to paleo-lake levels.
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Paleontology
A beaver skull and associated beaver-chewed sticks were collected from the Lower Chamber of the
cave. In addition, a fox skull previously collected by Parks Canada has been provided for use in this
project. The skulls will be examined for life stage of the mammals to shed light on faunal usage of the
cave resources of the Bruce Peninsula. As well, the age of deposition of the faunal remains will be
determined giving a time frame of faunal use of the cave. The appearance of the fox skull and the thick
(0.2 to 0.5 cm) calcite coating suggests that it may be much older than the fresher looking beaver skull. Of
particular interest in these analyses is constraining the time frame that the cave entrance would have been
open for faunal use and, therefore, at least partially drained and air filled.

Photodocumentation
A systematic series of photos from throughout the cave were obtained to document the condition of
the cave during this intensive scientific sampling effort. Furthermore, all activities and a wide range of
karst resources of significance within the cave were also photodocumented, for review and consideration
for further work.

CONSTRUCTION AND INTEGRATION OF PALEOENVIRONMENTAL
RECORDS
The collected speleothem and other samples collected from Root Cave are now being catalogued,
documented and subsampled for analysis. The first analytical priority is to establish a geochronology for
the deposition of the speleothem calcite using U/Th disequilibrium analysis. This may prove to be
challenging, even with the use of modern multi-collector ICP–MS, as the uranium concentration of an
archived piece of calcite from Root Cave was determined, by neutron activation analysis on the McMaster
nuclear reactor, to be only 0.03 ppm U. This is a very low concentration, suggesting that very large (1 g)
sample sizes may be required to provide reliable ages for the Holocene speleothem calcite from Root
Cave. If large sample sizes are required, then there will be a reduction in the resolution of the age
chronology possible using currently modern U/Th geochronological techniques.
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36. QA/QC: Summary of 2007–2008 Quality Control
Data at the Geoscience Laboratories
J. Schweyer1
1

Geoscience Laboratories, Ontario Geological Survey, 933 Ramsey Lake Road, Sudbury, Ontario P3E 6B5

INTRODUCTION
This paper is the third in a continuing series that summarizes the quality-control checks used at the
Geoscience Laboratories (Geo Labs) for selected methods. The first 2 papers, QA/QC: Summary of 2005–
2006 Quality Control Data at the Geoscience Laboratories and QA/QC: Summary of 2006–2007 Quality
Control Data at the Geoscience Laboratories (respectively, Schweyer 2006, 2007), summarized the qualitycontrol checks used in X-ray fluorescence (method codes XRF-M01 and XRF-T01), ferrous iron (FeO-ION),
carbon/sulphur (IRC-100), water determination (IRW-H2O), acid base accounting (ABA-100), chittick
(CTK-100), ion chromatography (ICW-100), gravimetric lead fire-assay (GFA-PBG), nickel sulphide fireassay (NFA-100), particle size analysis (PSA-100), and specific gravity (SGT-R01). This paper summarizes
or references the quality-control checks in the wet chemistry section, atomic absorption (AAF-100 and AAF200), ICP–AES (IAC-100, IAO-100 and IML-100), ICP–MS (IMC-100, IML-100 and IMW-100) and
mercury (HGW-100 and HGW-200). This summary allows clients to make an informed decision about the
precision and accuracy routinely obtained at the Geo Labs for the above mentioned methods.
The Geo Labs has a large number of certified and in-house reference materials available for quality
assurance and method development. Most methods have a set of reference materials that are routinely
cycled with client samples. The Geo Labs offers clients the opportunity to select specific reference
materials to be analyzed with their samples. Any client requests are forwarded to the Data and Client
Services Co-ordinator who will include a note with the submitted samples indicating which specific
reference materials the client has requested. This allows the client to matrix-match the reference
materials for their samples.

SUMMARY OF REFERENCE MATERIAL RESULTS
The results were summarized by analytical method (Tables 36.1, 36.2 and 36.3). Within each
analytical method, the number of determinations (n), average, standard deviation (SD), and certified value
(if applicable) are listed for each reference material used. Often reference materials have different levels
of confidence in their results. The data in Tables 36.1 to 36.3 follow a common convention for
presentation in which certified values are underlined, whereas provisional values and/or information
values are given in regular or italicized text. Certified values have the greatest confidence. There is
usually less confidence in provisional values due to either the limited number of results used to calculate
the mean, a limited number of methods used, or greater variability of results between laboratories.
The Geo Labs purchased new ICP–AES and mercury units last year. The methods, IAC-100, IAO100 and IAL-100, were transferred to the new ICP–AES (Pamer, this volume, Article 39). The method
validation for the mercury unit is summarized in Pamer (this volume, Article 40).
Burnham (this volume) has summarized the method validation results for the IMC-100 package.
Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.36-1 to 36-10.
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Table 36.1. Summary of reference material data for AAF-100 and AAF-200 (units = ppm) methods.
AAF-100 Method
International Reference Materials

Cd

Cu

Li

Ni

Pb

NIST-8607

average ± SD
n
Certificate

26 ± 1
3
26.1 ± 0.9

800 ± 28
11
790 ± 20

225 ± 11
9
200

5±4
11
4.1 ± 1

2523 ± 123
11
2600 ± 100

SU-1a

average ± SD
n
Certificate

na

9349 ± 229
18
9670 ± 50

27 ± 2
8

12148 ± 290
15
12330 ± 80

57 ± 7
11
100

na

150 ± 11

16 ± 1

105 ± 4

na

34

17

28

In-House Reference Materials
MRB-29

average ± SD
n

AAF-200 Method
International Reference Materials

Ag

MP-1a

average ± SD
n
Certificate

66.8 ± 2.20
13
69.7 ± 2.2

NIST-2710

average ± SD
n
Certificate

34.2 ± 1.10
5
35.3 ± 1.5

In-House Reference Materials
MRB-29

Ag

average ± SD
n

3.4 ± 0.78
18

Note: Data underlined are certified values, whereas data in regular text are provisional values, and data in italics are for
information only. na is not applicable.

FUTURE WORK
For each method used in the Geo Labs, the goal is to summarize the quality-control checks every
3 years. The next Summary of Field Work paper will review the methods used in the XRF, C/S, FeO and
water determination sections.
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0.2 ± 0.2

0.25 ± 0.01(12)
0.2 ± 0.2

1.71 ± 0.38(12)
1.6 ± 0.4

0.19 ± 0.02(2)

average ± SD

Certificate

average ± SD

Certificate

average ± SD

Certificate

0.23 ± 0.01(9)

Certificate

0.5 ± 0.4

Certificate

average ± SD

0.55 ± 0.02(4)

average ± SD

0.3 ± 0.2

0.3 ± 0.2

Certificate

Certificate

0.32 ± 0.01(7)

average ± SD

0.34 ± 0.02(4)

0.2 ± 0.2

Certificate

average ± SD

0.2 ± 0.01(4)

average ± SD

0.4 ± 0.2

2.4 ± 0.8

Certificate

Certificate

2.68 ± 0.1(81)

average ± SD

0.43 ± 0.01(6)

0.8 ± 0.4

Certificate

average ± SD

0.8 ± 0.05(75)

average ± SD

102 ± 26

113 ± 1.8(2)

84 ± 24

82.2 ± 3.3(12)

22 ± 22

23 ± 0.5(12)

13 ± 8

16 ± 0.5(9)

11 ± 3

12 ± 0.7(4)

22 ± 6

25 ± 1.2(6)

32 ± 8

37.8 ± 1.9(4)

17 ± 5

19.9 ± 0.9(7)

12 ± 3

15 ± 0.9(4)

23 ± 6

24.8 ± 0.9(80)

9±3

9.8 ± 0.9(75)

30 ± 6

As
35 ± 1.9(5)

0.007 ± 0.001(2)

0.014 ± 0.022(12)

0.004 ± 0.002(12)

0.019 ± 0.01(8)

0.006 ± 0.001(4)

0.007 ± 0.007(6)

0.004 ± 0.001(4)

0.008 ± 0.005(7)

0.005 ± 0.002(4)

0.005 ± 0.005(78)

0.009 ± 0.02(75)

Au
0.004 ± 0.003(5)

71 ± 8

72.1 ± 3.7(2)

43 ± 4

37.9 ± 1.9(12)

95 ± 14

91.8 ± 3.6(12)

84 ± 12

79.7 ± 3.3(8)

1280 ± 162

735 ± 48.9(2)

692 ± 124

609 ± 64.5(6)

110 ± 10

106 ± 3.5(4)

261 ± 18

281 ± 5.7(7)

135 ± 20

141 ± 3.4(4)

169 ± 20

166 ± 4.8(78)

211 ± 24

213 ± 6.9(73)

85 ± 8

Ba
93.1 ± 4.3(5)

Note: average ± SD (n) is average of results ± standard deviation of results (number of measurements)

TILL-4

TILL-3

TILL-2

TILL-1

STSD-4

STSD-3

STSD-2

STSD-1

LKSD-4

LKSD-3

LKSD-2

0.6 ± 0.4

Certificate

International Reference Materials
Ag
average ± SD
0.6 ± 0.02(5)
LKSD-1

Table 36.2. Summary of reference material data for IML-100 (units = ppm) method.

0.98 ± 0.04(2)

0.35 ± 0.04(12)

1.47 ± 0.1(12)

0.48 ± 0.04(8)

0.31 ± 0.03(4)

1.1 ± 0.5(6)

2.93 ± 0.04(4)

0.42 ± 0.02(7)

0.4 ± 0.01(4)

0.6 ± 0.1(78)

0.67 ± 0.06(73)

Be
0.1 ± 0.02(5)

44 ± 8

44.7 ± 0.38(2)

0.3 ± 0.01(12)

4±4

5.11 ± 0.21(12)

1.93 ± 0.07(8)

0.21 ± 0.04

0.2 ± 0.02(4)

1.35 ± 0.06

1.3 ± 0.04(6)

3.86 ± 0.06

3.78 ± 0.08(4)

0.45 ± 0.06

0.44 ± 0.01(7)

0.48 ± 0.18

0.5 ± 0.02(4)

2.81 ± 0.18

2.99 ± 0.12(79)

1.07 ± 0.04

1.13 ± 0.06(75)

0.95 ± 0.06

Bi
0.93 ± 0.06(5)

0.17 ± 0.01(2)

0.09 ± 0.01(12)

0.3 ± 0.4

0.36 ± 0.01(12)

0.22 ± 0.01(8)

0.6 ± 0.6

0.38 ± 0.01(4)

1 ± 0.4

1.1 ± 0.03(6)

0.8 ± 0.4

0.89 ± 0.06(4)

0.8 ± 0.4

0.93 ± 0.01(7)

1.9 ± 1

2.1 ± 0.03(4)

0.6 ± 0.4

0.54 ± 0.03(78)

0.8 ± 0.4

0.82 ± 0.03(75)

1.2 ± 0.6

Cd
1.3 ± 0.04(5)
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6±4

5.9 ± 0.32(2)

54.3 ± 1.6(2)

average ± SD

Certificate

11 ± 2

10.1 ± 0.36(12)

27.5 ± 2.4(12)

average ± SD

Certificate

13 ± 2

12.6 ± 0.45(12)

59 ± 7.1(10)

average ± SD

Certificate

12 ± 2

11.8 ± 0.74(8)

50.8 ± 3.9(8)

average ± SD

Certificate

11 ± 1

Certificate

9.23 ± 0.16(4)

23.7 ± 1.3(4)

average ± SD

13.2 ± 0.38(6)
14 ± 1

36.7 ± 2.1(6)

17 ± 1

Certificate

average ± SD

Certificate

16.1 ± 0.29(4)

average ± SD

47.7 ± 2.1(4)

14 ± 2

Certificate

13.4 ± 0.26(7)

average ± SD

34.5 ± 1(7)

11 ± 1

Certificate

8.87 ± 0.34(4)

average ± SD

38.6 ± 0.5(4)

30 ± 2

Certificate

28.2 ± 1.08(82)

average ± SD

74.8 ± 2.7(76)

17 ± 1

Certificate

14.9 ± 0.69(75)

90.7 ± 3(71)

average ± SD

26 ± 4

24 ± 1(2)

73 ± 16

59 ± 3(12)

40 ± 6

34 ± 2(12)

30 ± 6

25 ± 3(8)

30 ± 6

27 ± 2(4)

34 ± 6

30 ± 2(6)

50 ± 9

53 ± 9(4)

28 ± 3

26 ± 2(7)

21 ± 2

20 ± 2(4)

51 ± 5

49 ± 3(78)

29 ± 3

27 ± 3(73)

12 ± 2

Cr
12 ± 1(5)

8.63 ± 0.42(2)

0.66 ± 0.12(12)

6.62 ± 0.53(12)

0.56 ± 0.08(8)

0.79 ± 0.06(4)

2.64 ± 0.25(6)

6.9 ± 0.43(4)

1 ± 0.08(7)

1.03 ± 0.06(4)

1.36 ± 0.07(78)

1.27 ± 0.09(73)

Cs
0.48 ± 0.04(5)

254 ± 30

227 ± 1.6(2)

23 ± 2

20.2 ± 1.1(12)

149 ± 16

134 ± 4.9(12)

48 ± 4

44 ± 1(8)

66 ± 5

59.2 ± 1.6(4)

38 ± 2

26.1 ± 1.5(6)

43 ± 3

40.8 ± 0.9(4)

36 ± 2

34.3 ± 1.5(7)

30 ± 3

30 ± 1.9(4)

34 ± 3

33.7 ± 1.4(83)

36 ± 3

35.2 ± 2.1(75)

44 ± 5

Cu
43.4 ± 1.8(6)

Note: average ± SD (n) is average of results ± standard deviation of results (number of measurements)

TILL-4

TILL-3

TILL-2

TILL-1

STSD-4

STSD-3

STSD-2

STSD-1

LKSD-4

LKSD-3

LKSD-2

9±1

Co
7.86 ± 0.44(6)

Certificate

International Reference Materials
Ce
LKSD-1 average ± SD 16.6 ± 1.4(5)

Table 36.2, continued. Summary of reference material data for IML-100 (units = ppm) method.

2.13 ± 0.07(2)

1.14 ± 0.1(12)

2.59 ± 0.25(12)

2.6 ± 0.24(8)

1.82 ± 0.06(4)

3.24 ± 0.12(6)

3.5 ± 0.11(4)

3.71 ± 0.1(7)

2.88 ± 0.08(4)

3.34 ± 0.15(78)

4.97 ± 0.19(73)

Dy
1.63 ± 0.1(5)

0.87 ± 0.05(2)

0.55 ± 0.06(12)

1.08 ± 0.09(12)

1.29 ± 0.11(8)

0.95 ± 0.02(4)

1.76 ± 0.05(6)

1.83 ± 0.08(4)

2.07 ± 0.07(7)

1.63 ± 0.04(4)

1.76 ± 0.07(78)

2.7 ± 0.1(73)

Er
0.88 ± 0.06(5)

0.52 ± 0.03(2)

0.43 ± 0.05(12)

0.68 ± 0.07(12)

0.73 ± 0.07(8)

0.65 ± 0.05(4)

1 ± 0.05(6)

1.2 ± 0.02(4)

1.04 ± 0.03(7)

0.89 ± 0.01(4)

0.95 ± 0.04(78)

1.31 ± 0.06(73)

Eu
0.46 ± 0.02(5)
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6.34 ± 0.03(2)

3.34 ± 0.06(2)

0.08 ± 0.01(2)

0.039 ± 0.024

0 ± 0(0)

Certificate

average ± SD

0.04 ± 0.01(10)

0.107 ± 0.03

1.84 ± 0.18(12)

0.11 ± 0.01(12)

3.43 ± 0.22(12)

Certificate

average ± SD

0.08 ± 0.01(12)

0.074 ± 0.026

3.88 ± 0.52(12)

0.07 ± 0.01(14)

4.07 ± 0.33(12)

Certificate

average ± SD

0.03 ± 0.01(6)

0.092 ± 0.022

3.42 ± 0.32(8)

0.1 ± 0.01(12)

5.8 ± 0.55(8)

average ± SD

Certificate

0.93 ±

0.04 ± 0.01(2)

Certificate

2.48 ± 0.04(4)

0.09 ± 0.01(6)

0.95 ± 0.03(4)

3.09 ± 0.18(4)

0.03 ± 0.01(4)

average ± SD

4.27 ± 0.11(6)
0.09 ±

4.66 ± 0.36(6)

0.046 ±

Certificate

average ± SD

Certificate

0.06 ± 0.01(4)

0.05 ± 0.01(4)

4.63 ± 0.14(4)

average ± SD

9.1 ± 0.6(4)

0.11 ±

Certificate

0.04 ± 0.01(5)

0.12 ± 0.01(7)

4.89 ± 0.18(7)

average ± SD

3.41 ± 0.15(7)

0.19

Certificate

0.04 ± 0.01(2)

0.19 ± 0.01(4)

3.79 ± 0.09(4)

average ± SD

3.92 ± 0.25(4)

0.29

Certificate

0.09 ± 0.01(78)

0.3 ± 0.02(80)

5.21 ± 0.25(78)

average ± SD

5.59 ± 0.27(78)

0.16

0.09 ± 0.02(73)

Certificate

7.45 ± 0.33(73)

0.16 ± 0.01(76)

4.82 ± 0.26(73)

average ± SD

Hg
0.11 ± 0.01(5)

Note: average ± SD (n) is average of results ± standard deviation of results (number of measurements)

TILL-4

TILL-3

TILL-2

TILL-1

STSD-4

STSD-3

STSD-2

STSD-1

LKSD-4

LKSD-3

LKSD-2

Hf
0.03 ± 0.01(3)
0.11

Gd
2.19 ± 0.17(5)

Certificate

International Reference Materials
Ga
average ± SD
1.94 ± 0.14(5)
LKSD-1

Table 36.2, continued. Summary of reference material data for IML-100 (units = ppm) method.

0.359 ± 0.025(2)

0.21 ± 0.02(12)

0.426 ± 0.036(12)

0.486 ± 0.055(8)

0.352 ± 0.014(4)

0.641 ± 0.024(6)

0.668 ± 0.024(4)

0.744 ± 0.032(7)

0.579 ± 0.011(4)

0.633 ± 0.031(78)

0.968 ± 0.039(73)

Ho
0.321 ± 0.026(5)

0.32 ± 0.01(2)

0.02 ± 0.01(12)

0.06 ± 0.01(12)

0.05 ± 0.01(8)

0.03 ± 0.01(4)

0.05 ± 0.01(6)

0.08 ± 0.01(4)

0.04 ± 0.01(7)

0.05 ± 0.01(4)

0.04 ± 0.01(78)

0.06 ± 0.01(73)

In
0.46 ± 0.02(5)

28.6 ± 1.1(2)

13.1 ± 1.3(12)

25.4 ± 4.3(12)

18 ± 1.8(8)

12.2 ± 0.9(4)

22 ± 1.4(6)

30.4 ± 1.4(4)

21 ± 0.6(7)

21 ± 0.7(4)

40.7 ± 1.4(78)

54.1 ± 1.6(71)

La
9.9 ± 0.6(5)

Geoscience Laboratories (36)
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0.102 ± 0.002(2)

14 ± 2

16 ± 0.1(2)

2.25 ± 0.14(2)

21.2 ± 1.58(2)

31.4 ± 1.2(12)

15 ± 4

17.9 ± 0.9(2)

Certificate

19.1 ± 0.1(2)

12 ± 1.15(12)

average ± SD

0.62 ± 0.14(12)

31 ± 6

32 ± 6

0.064 ± 0.007(12)

0.6 ± 0.1(12)

14.6 ± 1.4(12)

22.7 ± 3.52(12)

Certificate

average ± SD

2.57 ± 0.21(12)

19 ± 1.9(8)

32.3 ± 1.2(12)

12.3 ± 0.9(12)
11 ± 4

0.115 ± 0.009(12)

Certificate

30.9 ± 1.8(12)

18.4 ± 1.93(8)

23 ± 2

23.6 ± 0.1(4)

25 ± 3

26.6 ± 1.2(6)

47 ± 4

50 ± 2.9(4)

18 ± 3

20.5 ± 2.1(7)

32 ± 5

32 ± 2.5(4)

44 ± 4

47.4 ± 2.1(82)

23 ± 3

25 ± 1.3(74)

average ± SD

1.15 ± 0.11(8)

12.6 ± 0.65(4)

21.8 ± 1.18(6)

25.8 ± 1.2(4)

23.9 ± 0.96(7)

21.3 ± 0.3(4)

36.3 ± 1.23(78)

49.6 ± 1.7(73)

11 ± 1

Ni
13.9 ± 1.6(6)

18 ± 4

0.15 ± 0.018(8)

0.7 ± 0.1(8)

8.2 ± 1.1(8)

average ± SD

0.61 ± 0.07(4)

1.04 ± 0.06(6)

1.84 ± 0.11(4)

0.57 ± 0.04(7)

1.06 ± 0.12(4)

2.04 ± 0.18(78)

1.35 ± 0.11(73)

Nd
11.4 ± 0.84(5)

Certificate

2 ± 1.2

Certificate

0.126 ± 0.005(4)

1.3 ± 0.1(4)

7.3 ± 0.2(4)

6.3 ± 0.2(6)

average ± SD

0.242 ± 0.005(6)
7±4

17.1 ± 1.1(6)

13 ± 4

Certificate

average ± SD

Certificate

12.9 ± 0.2(4)

0.251 ± 0.007(4)

average ± SD

45.5 ± 1.5(4)

2±1

Certificate

1.2 ± 0.1(7)

0.295 ± 0.009(7)

average ± SD

7.6 ± 0.3(7)

2 ± 1.2

Certificate

1.8 ± 0.1(4)

0.231 ± 0.005(4)

average ± SD

8.7 ± 1.1(4)

2 ± 1.8

Certificate

1 ± 0.1(79)

0.231 ± 0.011(78)

average ± SD

20 ± 1.2(78)

2 ± 1.4

Certificate

0.366 ± 0.015(73)

1.2 ± 0.2(75)

14.9 ± 1.4(73)

average ± SD

Nb
0.53 ± 0.15(5)

Note: average ± SD (n) is average of results ± standard deviation of results (number of measurements)

TILL-4

TILL-3

TILL-2

TILL-1

STSD-4

STSD-3

STSD-2

STSD-1

LKSD-4

LKSD-3

LKSD-2

Mo
9.9 ± 0.4(5)
12 ± 4

Lu
0.122 ± 0.007(5)

Certificate

International Reference Materials
Li
average ± SD
4.2 ± 0.3(5)
LKSD-1

Table 36.2, continued. Summary of reference material data for IML-100 (units = ppm) method.

36 ± 6

38.1 ± 0.3(2)

16 ± 2

16.5 ± 0.5(12)

21 ± 4

23.1 ± 0.9(12)

12 ± 2

13.5 ± 0.4(8)

13 ± 4

13 ± 0.6(4)

39 ± 5

40.7 ± 1(6)

66 ± 7

66.4 ± 2.6(4)

34 ± 4

34 ± 1.1(7)

93 ± 8

89.5 ± 3.6(4)

26 ± 5

24.6 ± 1.3(80)

40 ± 7

38.2 ± 2.3(75)

84 ± 10

Pb
82.7 ± 7(6)

5.77 ± 0.31(2)

3.18 ± 0.29(12)

6 ± 0.9(12)

4.7 ± 0.49(8)

3.2 ± 0.14(4)

5.47 ± 0.28(6)

6.9 ± 0.19(4)

5.82 ± 0.11(7)

5.4 ± 0.1(4)

9.8 ± 0.3(78)

13.3 ± 0.5(73)

Pr
2.7 ± 0.17(5)
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Certificate

average ± SD

Certificate

average ± SD

Certificate

average ± SD

0 ± 0(0)

0.001 ± 0.001(10)

0.001 ± 0.001(10)

37 ± 0.88(2)

7.35 ± 0.97(12)

35.8 ± 2.26(12)

5.5 ± 0.68(8)

0.76 ± 0.01(2)

0.7 ± 0.02(12)

0.48 ± 0.03(12)

6.53 ± 0.22(8)

0.001 ± 0.001(6)

average ± SD

Certificate

3.6 ± 5

Certificate

5.98 ± 0.32(4)

5.93 ± 0.21(4)

0 ± 0(2)

3.06 ± 0.12(6)

average ± SD

14 ± 0.94(6)
2.4 ± 2.4

0.001 ± 0.001(4)

2.6 ± 3

Certificate

average ± SD

Certificate

3.53 ± 0.09(4)

30.2 ± 1.32(4)

average ± SD

0.001 ± 0.002(3)

2±2

Certificate

2.34 ± 0.04(7)

7.22 ± 0.56(7)

average ± SD

0 ± 0(5)

1.5 ± 1.2

Certificate

1.22 ± 0.04(4)

9.55 ± 0.62(4)

average ± SD

0 ± 0.001(2)

1.4 ± 1

Certificate

0.94 ± 0.05(79)

24 ± 1.01(78)

average ± SD

0.001 ± 0.001(77)

1.2 ± 1

Certificate

15.8 ± 1.08(73)

0.67 ± 0.05(75)

0.001 ± 0.002(69)

Sb
0.62 ± 0.06(5)

average ± SD

Rb
3.31 ± 0.25(5)
1.2 ± 0.8

Pt
0 ± 0.001(3)

Certificate

average ± SD

4.5 ± 0.1(2)

3.09 ± 0.32(12)

4.51 ± 0.25(12)

4.44 ± 0.57(8)

2.95 ± 0.24(4)

3.4 ± 0.38(6)

6.4 ± 0.45(4)

3.66 ± 0.37(7)

3.5 ± 0.4(4)

5.7 ± 0.39(78)

5.4 ± 0.5(73)

Sc
2.2 ± 0.27(5)

Note: average ± SD (n) is average of results ± standard deviation of results (number of measurements)

TILL-4

TILL-3

TILL-2

TILL-1

STSD-4

STSD-3

STSD-2

STSD-1

LKSD-4

LKSD-3

LKSD-2

LKSD-1

International Reference Materials

Table 36.2, continued. Summary of reference material data for IML-100 (units = ppm) method.

1 ± 0.14(2)

0.38 ± 0.17(12)

1.08 ± 1.99(13)

1.04 ± 1.69(8)

0.646 ± 0.026

0.9 ± 0.24(4)

1.472 ± 0.022

1.88 ± 0.16(6)

0.439 ± 0.022

0.73 ± 0.13(4)

1.533 ± 0.046

1.86 ± 0.21(7)

2.16 ± 0.042

2.38 ± 0.31(6)

0.59 ± 0.04

0.87 ± 0.19(79)

0.684 ± 0.05

0.93 ± 0.21(77)

1.089 ± 0.04

Se
1.48 ± 0.11(5)

4.11 ± 0.38(2)

2.17 ± 0.22(12)

4.45 ± 0.66(12)

3.65 ± 0.37(8)

2.54 ± 0.18(4)

4.39 ± 0.22(6)

4.92 ± 0.17(4)

4.95 ± 0.25(7)

4.12 ± 0.06(4)

6.36 ± 0.26(78)

8.82 ± 0.31(73)

Sm
2.35 ± 0.14(5)

5.3 ± 0.3(2)

1.2 ± 0.2(12)

1.9 ± 0.1(12)

0.9 ± 0.1(8)

0.7 ± 0.1(4)

1.4 ± 0.2(6)

1.3 ± 0.2(4)

1.5 ± 0.2(7)

3 ± 0.1(4)

1 ± 0.1(78)

1 ± 0.1(72)

Sn
3 ± 0.2(5)

Geoscience Laboratories (36)
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Certificate

average ± SD

Certificate

average ± SD

Certificate

average ± SD

Certificate

9.6 ± 0.7(2)

14 ± 2.5(12)

11.8 ± 0.9(12)

9.8 ± 1.3(8)

144 ± 14

Certificate

average ± SD

132 ± 5.8(4)

average ± SD

71 ± 20

28 ± 12

Certificate

Certificate

28.3 ± 0.8(7)

average ± SD

52.4 ± 3.2(4)

41 ± 10

Certificate

average ± SD

38.3 ± 0.6(4)

average ± SD

67 ± 10

36 ± 16

Certificate

Certificate

23.6 ± 1.9(78)

average ± SD

61.6 ± 1.3(6)

32 ± 12

Certificate

average ± SD

23.5 ± 1.7(73)

average ± SD

0.02 ± 0(2)

0 ± 0(10)

0.01 ± 0.01(12)

0.01 ± 0(7)

0 ± 0(2)

0.01 ± 0(6)

0.01 ± 0(4)

0.01 ± 0(7)

0.01 ± 0(2)

0 ± 0(76)

0.009 ± 0.003(73)

Ta
0 ± 0(3)

1098 ± 58(2)

500 ± 94(12)

884 ± 79(12)

746 ± 162(8)

1070 ± 202

440 ± 72(4)

614 ± 130

270 ± 44(6)

1720 ± 319

935 ± 79(4)

539 ± 130

240 ± 28(7)

660 ± 86

446 ± 55(4)

1410 ± 236

891 ± 98(78)

1010 ± 166

560 ± 64(73)

620 ± 126

Ti
322 ± 59(5)

0.406 ± 0.018(2)

0.065 ± 0.005(12)

0.342 ± 0.02(12)

0.116 ± 0.012(8)

0.113 ± 0.005(4)

0.263 ± 0.017(6)

0.252 ± 0.01(4)

0.232 ± 0.013(7)

0.405 ± 0.013(4)

0.273 ± 0.011(79)

0.271 ± 0.015(75)

Tl
0.206 ± 0.01(5)

Note: average ± SD (n) is average of results ± standard deviation of results (number of measurements)

TILL-4

TILL-3

TILL-2

TILL-1

STSD-4

STSD-3

STSD-2

STSD-1

LKSD-4

LKSD-3

LKSD-2

62 ± 8

Certificate

International Reference Materials
Sr
average ± SD
64.2 ± 1.9(5)
LKSD-1

Table 36.2, continued. Summary of reference material data for IML-100 (units = ppm) method.

0.469 ± 0.017(2)

0.238 ± 0.021(12)

0.531 ± 0.066(12)

0.497 ± 0.049(8)

0.343 ± 0.016(4)

0.6 ± 0.02(6)

0.667 ± 0.023(4)

0.677 ± 0.019(7)

0.533 ± 0.014(4)

0.675 ± 0.032(78)

0.991 ± 0.045(73)

Tb
0.306 ± 0.025(5)

0.24 ± 0(2)

0.03 ± 0.02(12)

0.03 ± 0.01(12)

0.04 ± 0.01(9)

0.044 ± 0.001

0.04 ± 0.01(4)

0.084 ± 0.004

0.07 ± 0.01(6)

0.089 ± 0.002

0.07 ± 0.01(4)

0.085 ± 0.003

0.08 ± 0.01(7)

0.188 ± 0.009

0.14 ± 0.01(4)

0.066 ± 0.001

0.06 ± 0.01(80)

0.088 ± 0.004

0.06 ± 0.01(73)

0.035 ± 0.002

Te
0.03 ± 0.01(5)

12.2 ± 0.01(2)

2.8 ± 0.46(12)

9.94 ± 1.38(12)

3.05 ± 0.46(8)

1.28 ± 0.1(4)

1.53 ± 0.11(6)

9.39 ± 0.47(4)

0.84 ± 0.08(7)

1.7 ± 0.06(4)

7.48 ± 0.54(78)

8.01 ± 0.47(73)

Th
1.22 ± 0.13(5)
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2.62 ± 0.01(2)

38 ± 8

45 ± 1(2)

0.12 ± 0.004(2)

average ± SD

Certificate

33 ± 10

1.17 ± 0.17(12)

34 ± 3(12)

0.073 ± 0.007(12)

average ± SD

Certificate

38 ± 8

3.03 ± 0.2(12)

42 ± 3(12)

0.141 ± 0.01(12)

average ± SD

Certificate

48 ± 16

0.85 ± 0.05(8)

53 ± 8(8)

0.174 ± 0.018(8)

average ± SD

Certificate

51 ± 19

Certificate

1.78 ± 0.05(4)

46 ± 4(4)

0.131 ± 0.004(4)

48 ± 6(6)

average ± SD

8.07 ± 0.1(6)
61 ± 22

0.244 ± 0.008(6)

58 ± 14

Certificate

average ± SD

Certificate

58 ± 3(4)

15.4 ± 0.14(4)

average ± SD

0.255 ± 0.005(4)

47 ± 11

Certificate

45 ± 4(7)

6.76 ± 0.27(7)

average ± SD

0.293 ± 0.008(7)

32 ± 10

Certificate

35 ± 2(4)

30.9 ± 0.99(2)

average ± SD

0.235 ± 0.011(4)

55 ± 13

Certificate

49 ± 3(78)

3.67 ± 0.17(78)

average ± SD

0.242 ± 0.011(78)

48 ± 10

Certificate

6.42 ± 0.26(73)

45 ± 3(73)

0.375 ± 0.014(73)

average ± SD

na

0.2 ± 0.1(12)

2.2 ± 0.2(12)

0.2 ± 0.1(8)

0.4 ± 0.1(4)

1.6 ± 0.4(6)

3.2 ± 0.7(4)

0.3 ± 0.1(7)

0.3 ± 0.1(4)

0.4 ± 0.2(78)

0.4 ± 0.1(73)

W
0.8 ± 0.3(5)

7.99 ± 0.56(2)

5.41 ± 0.41(12)

9.81 ± 0.77(12)

11.7 ± 1(8)

9.39 ± 0.3(4)

17.6 ± 0.62(6)

18.5 ± 0.37(4)

21.7 ± 0.73(7)

15.7 ± 0.58(4)

16.98 ± 0.64(78)

26.2 ± 2.66(72)

Y
9.24 ± 0.5(5)

Note: average ± SD (n) is average of results ± standard deviation of results (number of measurements)

TILL-4

TILL-3

TILL-2

TILL-1

STSD-4

STSD-3

STSD-2

STSD-1

LKSD-4

LKSD-3

LKSD-2

V
25 ± 2(5)
27 ± 3

U
8.65 ± 0.29(5)

Certificate

International Reference Materials
Tm
average ± SD
0.123 ± 0.01(5)
LKSD-1

Table 36.2, continued. Summary of reference material data for IML-100 (units = ppm) method.

0.76 ± 0.04(2)

0.44 ± 0.03(12)

0.87 ± 0.06(12)

1.11 ± 0.12(8)

0.84 ± 0.02(4)

1.58 ± 0.03(6)

1.66 ± 0.03(4)

1.9 ± 0.04(7)

1.52 ± 0.05(4)

1.55 ± 0.07(78)

2.4 ± 0.1(73)

Yb
0.79 ± 0.07(5)

63 ± 12

64 ± 1(2)

43 ± 10

38 ± 2(12)

116 ± 12

110 ± 4(12)

70 ± 14

63 ± 7(8)

82 ± 8

78 ± 3(4)

192 ± 11

188 ± 6(6)

216 ± 15

213 ± 12(4)

165 ± 8

161 ± 8(7)

189 ± 10

193 ± 19(4)

139 ± 10

137 ± 6(80)

200 ± 6

191 ± 10(73)

337 ± 11

Zn
333 ± 11(6)

4 ± 0.4(2)

1.7 ± 0.2(12)

4.5 ± 0.3(12)

0.8 ± 0.1(8)

1 ± 0.1(4)

0.7 ± 0.2(6)

2.8 ± 0.2(4)

0.6 ± 0.2(7)

0.7 ± 0.2(4)

4 ± 0.5(78)

3 ± 0.4(73)

Zr
1 ± 0.2(5)
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Notes:

V
0.34 ± 0.02
108
0.32 ± 0.03

Sn
0.012 ± 0.011
108

Nd
0.264 ± 0.009
108
0.269 ± 0.014

Hf
0.004 ± 0.001
108

Cr
0.308 ± 0.014
108
0.33 ± 0.02

Al
54.4 ± 3.9
108
54 ± 4

W
0.0041 ± 0.0049
108
0.0133 ± 0.001

Sr
28 ± 1
108
26.3 ± 3.2

Ni
0.69 ± 0.07
108
0.67 ± 0.08

Ho
0.005 ± 0.001
108
0.0047 ± 0.0003

Cs
0.007 ± 0.0005
108
0.009 ± 0.001

Au
0±0
108

Y
0.131 ± 0.004
108
0.146 ± 0.008

Ta
0.0004 ± 0.0004
108

Pb
0.089 ± 0.014
108
0.086 ± 0.007

La
0.29 ± 0.008
107
0.287 ± 0.008

Cu
1.84 ± 0.11
108
1.81 ± 0.08

Ba
12.8 ± 0.46
108
12.2 ± 0.6

Yb
0.0115 ± 0.001
108
0.012 ± 0.0004

Tb
0.0045 ± 0.0003
108
0.0043 ± 0.0004

Pr
0.0693 ± 0.0022
108
0.0693 ± 0.0018

Li
0.48 ± 0.04
108
0.54 ± 0.07

Dy
0.024 ± 0.001
108
0.0242 ± 0.016

Be
0.011 ± 0.006
108
0.007 ± 0.002

average ± SD is average of results ± standard deviation of results and n is the number of measurements.
Certificate values are taken from Certificate of Analysis (NRC) or Yeghicheyan et al. (2001).

U
0.0484 ± 0.0017
108
0.05 ± 0.003

Sm
0.058 ± 0.003
108
0.0574 ± 0.0028

Se
0±0
108
0.23 ± 0.03

average ± SD
n
Certificate

Tm
average ± SD 0.0018 ± 0.0002
n
108
Certificate 0.0017 ± 0.0002

Nb
0.0042 ± 0.0005
108

Gd
0.037 ± 0.003
108
0.0342 ± 0.002

Ga
average ± SD 0.015 ± 0.003
n
108
Certificate 0.0119 ± 0.0004

Mo
0.208 ± 0.014
108
0.21 ± 0.02

Co
0.032 ± 0.004
108
0.033 ± 0.006

Ce
average ± SD 0.3594 ± 0.0096
n
108
Certificate
0.36 ± 0.008

average ± SD
n
Certificate

As
0.76 ± 0.12
108
0.68 ± 0.06

International Reference Materials
SLRS-4
Ag
average ± SD
0±0
n
108
Certificate 0.035 ± 0.005

Table 36.3. Summary of reference material data for IMW-100 (units = ppb) method.

Zn
1.1 ± 0.3
108
0.93 ± 0.1

Th
0.014 ± 0.003
108
0.018 ± 0.003

Rb
1.56 ± 0.04
108
1.53 ± 0.05

Lu
0.0019 ± 0.0002
108
0.0019 ± 0.0001

Er
0.013 ± 0.001
108
0.0134 ± 0.006

Bi
0.0062 ± 0.0101
108

Zr
0.108 ± 0.028
108
0.12 ± 0.015

Ti
1.66 ± 0.43
108
1.46 ± 0.08

Sb
0.237 ± 0.011
108
0.27 ± 0.04

Mg
1520 ± 90
108
1600 ± 100

Eu
0.0084 ± 0.0008
108
0.008 ± 0.0006

Ca
5940 ± 376
108
6200 ± 200

Tl
0.0067 ± 0.0006
108
0.0076 ± 0.0006

Sc
0.68 ± 0.51
108

Mn
3.35 ± 0.48
108
3.37 ± 0.18

Fe
108 ± 4.3
108
103 ± 5

Cd
0.015 ± 0.005
108
0.012 ± 0.002
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37. Sample Preparation: Examining the Implications
of the Sample Preparation Process Step by Step
J. Schweyer1 and E. Stairs1
1

Geoscience Laboratories, Ontario Geological Survey, 933 Ramsey Lake Road, Sudbury, Ontario P3E 6B5

INTRODUCTION
The sample preparation procedure is a series of steps developed to obtain a representative subsample
from the original sample. The procedure usually involves air-drying, crushing, splitting, grinding,
pulverizing, sieving, and homogenizing (Merks 1985; Johnson and Maxwell 1981). At each one of these
steps, the original sample is altered. The aim of this paper is to examine several of steps involved in the
sample preparation procedure. The goal is to have a better understanding of the impacts each step has on
the production of the final pulp used for analysis.
This paper continues the work initiated by Schweyer and Stairs (2005), which examined the impact
of varying sample size and its influence on the pulverization stage. This set of experiments attempted to
examine the impacts of jaw crushing, pulverizing, and sieving using different starting materials. All
previous experiments tested the system using a quartzite. The last experiment examined the impact of
using dolostone, a “softer” starting material.

EXPERIMENTS
Experiment 1: With and Without Jaw Crushing
The first experiment examined the impact of the jaw crushing step. The Geoscience Laboratories
(Geo Labs) routinely uses a RockLabs Boyd jaw crusher (plates made of manganese steel) to reduce the
original sample to material < ¼ inch. The purpose of this experiment was to determine the amount and
types of contamination due to jaw crushing.
The starting material was Lorrain Formation Quartzite. The quartzite was chosen due to its
hardness, which should represent one of the worst case scenarios. To test the impact of the Boyd jaw
crusher, 2 sets of samples were processed. One set of samples was processed through the Boyd jaw
crusher, while the second set used material that was sieved through a 5-mesh screen. Both set of samples
were split using a riffle splitter to produce eight 180 g subsamples (4 after sieving and 4 after jaw
crushing). The 8 subsamples were split into 2 sets of 4 (2 subsamples from sieving and 2 subsamples
from jaw crushing). One set was pulverized using a ceramic planetary ball mill (Geo Labs method code:
SAM-SPG) and the other set using an agate planetary ball mill (Geo Labs method code: SAM-AGM).
The subsamples were analyzed by X-ray fluorescence (XRF) for majors (Geo Labs method code: XRFM01) and traces (Geo Labs method code: XRF-T01), inductively coupled plasma atomic emission
spectroscopy (ICP–AES) (Geo Labs method code: IAC-100) and inductively coupled plasma mass
spectrometry (ICP–MS) (Geo Labs method code: IMC-100).
Summary of Field Work and Other Activities 2008,
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RESULTS OF EXPERIMENT 1
The results from Experiment 1 show that the jaw crusher adds 20 to 30 ppm Cr and 0.3 ppm Sn to
the samples.

Experiment 2: Sieving
The second experiment examined the impact of using the Ro-Tap® Sieve Shaker to sieve pulverized
samples to –170 mesh. The Ro-Tap® system used by the Geo Labs contains stainless steel top lid and
bottom pan with a nylon mesh in plastic piping. The purpose of this experiment was to determine if the
stainless steel top lids and bottom pans contaminated the samples.
Two Lorrain Formation Quartzite samples were processed using the routine standard operating
procedures for jaw crushing, splitting and pulverizing. After pulverizing, the samples were split into 2
subsamples with one subsample being sieved and the other subsample not sieved. All subsamples were
analyzed by XRF for majors (Geo Labs method code: XRF-M01) and traces (Geo Labs method code:
XRF-T01), ICP–AES (Geo Labs method code: IAC-100) and ICP–MS Geo Labs method code: (IMC-100).

RESULTS OF EXPERIMENT 2
The results from Experiment 2 do not show any significant differences when the samples are
sieved.

Experiment 3: Pulverizing Media
The third experiment examined the impact of different grinding media to pulverize 11 different
quartzite samples (crystalline structure). The purpose of this experiment was to determine the type and
amount of contamination from the various grinding media.
Eleven different quartzite samples were processed using the routine standard operating procedures
for crushing, splitting, pulverizing and sieving to produce 180 g subsamples. Four different pulverizing
media were used: ceramic (Geo Labs method code: SAM-SPG), agate (Geo Labs method code: SAMAGM), syalon (Geo Labs method code: SAM-CUS), and stainless steel (Geo Labs method code: SAMCUS), on each sample. The samples were analyzed by XRF for majors (Geo Labs method code: XRFM01). No trace element chemistry was completed for this experiment.

RESULTS OF EXPERIMENT 3
The results of Experiment 3 show that the ceramic planetary mill adds 0.75 weight % Al2O3
compared to the other 3 pulverizing media. The results for the stainless steel mill add 0.25 weight %
Fe2O3 compared to the other 3 pulverizing media.
The results from the agate and syalon pulverizing media did not show any significant differences for
any of the major oxides analyzed. Trace element analyses of all 4 pulverizing media will be completed in
the future.
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Experiment 4: Processing “Softer Materials”
The fourth experiment examined the impact of using a “softer” sample (dolostone) during the
pulverizing procedure. All of the previous experiments used quartzite. The purpose of this experiment
was to determine if the same amount of contamination was contributed using a “softer” starting material.
Five different dolostone samples were selected and processed using the routine standard operating
procedures for crushing, splitting, pulverizing and sieving to produce 180 g subsamples. Two different
pulverizing media were used: ceramic (Geo Labs method code: SAM-SPG) and agate (Geo Labs method
code: SAM-AGM) on each of the 5 samples. All samples were analyzed by XRF for majors (Geo Labs
method code: XRF-M01), traces (Geo Labs method code: XRF-T01), and C/S (Geo Labs method code:
IRC-100).

RESULTS OF EXPERIMENT 4
The results of Experiment 4 show that less contamination was contributed to the “softer” material.
In the dolostone samples, the ceramic planetary mill added 0.125 weight % Al2O3 more than the agate
planetary mill. This can be contrasted to Experiment 3 where the ceramic planetary mill added
0.75 weight % Al2O3 compared to the agate planetary mill while processing the quartzite sample.
There was no significant difference in observed for any of the other major elements or
carbon/sulphur (C/S). Trace element analyses on the ICP-MS will be completed in the future.

FUTURE WORK
Additional work should characterize trace element contamination from the different pulverizing
media: ceramic, agate, syalon, and stainless steel. Currently, only the planetary mills were evaluated for
major elements. There are a number of other pulverizing media available at the Geo Labs that use a ring
and puck system. These systems should also be evaluated.
Future studies will be developed to examine dust losses throughout the system, and characterize the
dust to ensure that the chemical composition of the dust and “coarse” fractions are similar.
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INTRODUCTION
Historically, two different approaches have been taken to the determination of trace elements at the
Geoscience Laboratories (Geo Labs) of the Ontario Geological Survey (OGS):
When only the elements important to lithogeochemistry (e.g., the large-ion lithophile elements
(LILE): Li, Be, Rb, Sr, Cs and Ba; the rare-earth elements (REE): La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy,
Ho, Er, Tm, Yb and Lu; and the high field strength elements (HFSE): Zr, Nb, Hf, Ta, U and Th) have
been requested (Geo Labs method code IM-101)
•

Signal intensities were calibrated using a two-point calibration and a “synthetic” multi-element
solution prepared from one or more single or multi-element stock solution.

•

Corrections for REE oxide interferences were calculated from single element solutions analyzed
at the start or end of the analytical run.

When the full range of elements available by ICP–MS, including those used for lithogeochemistry,
the first row transition metal elements (Sc, Ti, V, Cr, Co, Ni, Cu and Zn), other base metals (Mo, Cd, Sn,
W, Tl and Pb) and selected semi-metals (e.g., Ga, Sb and Bi) have been requested (Geo Labs method
code IM-100)
•

Signal intensities were calibrated against “natural” solutions prepared by the digestion of interlaboratory reference materials.

•

Different calibration materials were used for sample solutions prepared by open and closed
beaker digestions (Geo Labs method codes OT4, OAIO, CT4 and CAIO).

•

Only corrections for interferences originating from the sample matrix (e.g., 35ClO+ on 51V) were
applied (on the assumption that the inter-element interferences present in samples and
calibration solutions are similar).

Because a) the two instrumental methods spent similar times analysing each sample (leading to less
time being given to the LILE, REE, and HFSE during IM-100 analyses), b) the IM-101 method included
more sophisticated corrections for inter-element interferences, c) the range of calibration solution
concentrations used for the IM-100 analyses was considerably greater than that used during the IM-101
method, d) different calibration materials were used for sample solutions prepared by open- and closed-
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beaker digestions and e) the quality of the reference values for many of the less commonly analyzed
elements were poor or missing for some the materials used to calibrate the IM-100 analyses:
•

The data obtained for the LILE, REE and HFSE by the IM-100 method were often viewed as
being inferior to those obtained by the IM-101 method.

•

The upper working limits of the LILE, REE and HFSE were often higher by the IM-100
method.

•

For many elements, significant differences were apparent between the results produced using
the two IM-100 calibration schemes.

•

Concentrations of elements other than the REE, LILE, HFSE, transition metals and selected
base metals remained poorly constrained by the IM-100 method.

As a result, when accurate data were required for the full range of ICP–MS elements, analyses using
both ICP–MS methods were often requested on the same sample solutions, leading to duplication of
work, redundancy of data, but no improvement in the data for the less commonly analyzed elements.
In order to reduce the amount of instrument time per sample and obtain accurate and consistent data
from a single analysis, the 3 instrumental methods (IM-101 and IM-100 for open- and closed-beaker
digestions) have been combined into a single method that can be used for solutions produced by either
digestion method and for both the full or restricted suite of elements. In the revised method (Geo Labs
method code IMC-100)
•

The majority of the elements analyzed using the IM-101 method continue to be calibrated using
the synthetic calibration solution and corrected for Ba- and REE-oxide interferences using
solutions analyzed at the start and/or end of the analytical run.

•

Calibration of the IM-101 elements using the synthetic calibration solution is now augmented
with measurements from some of the more trace element rich reference materials solutions.

•

The reference materials used for the calibration of the non-IM-101 elements have been changed
so that, where possible, they are better characterized for the elements not in the synthetic
calibration solution.

•

Selected trace elements have been added to the synthetic calibration solution (or their
concentration increased) in order to either fill in gaps in the range of concentrations available
from the digested reference materials or reduce the influence of a particular reference material
solution on the calibration.

This document describes the results of work the validation study that was carried on the new method
and summarizes its capabilities.

SETTING UP THE METHOD
Timings
In order to maintain the quality of data obtained by the IM-101 and IM-100 methods for the IM-101
and non-IM-101 elements, respectively, the dwell times and number of replicate analyses used for the IM-101
elements were transferred from the IM-101 method, whereas the majority of those for the non-IM-101
elements were taken from the IM-100 method. In order to improve the accuracy of the data for Pb in
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samples with anomalous isotopic compositions 1, 206Pb and 207Pb were added to the list of analytes so that all
three major isotopes of Pb are included in the analysis (previously only 208Pb was used) 2. While revising
the method, the opportunity was also taken to increase its scope by the addition of In to the list of analytes.
Owing to the inclusion of these additional isotopes and the increased amount of time spent analyzing the
IM-101 elements relative to the IM-100 method (75 s versus 35 s), the overall analysis time for the IMC100 method (144 s) is longer than for the previous methods (82 – 83 s), but should produce data of similar
or better quality for all elements.

Calibration
SELECTION OF REFERENCE MATERIALS
Reference materials for calibration were selected to
1.

possess certified or provisional values for as wide a range of elements as possible, with a
particular emphasis on reliable data for the non-IM-101 elements (Sb, Be, Bi, Cd, Cr, Co, Cu,
Ga, In, Pb, Li, Mo, Ni, Sc, Tl, Ti, Sn, W, V and Zn)

2.

possess a range of concentrations that is representative of those routinely encountered in nonmineralized geological samples submitted for analysis at the Geo Labs

3.

possess a range of sample lithologies (matrices) that is representative of those routinely
submitted for analysis by the method

In the end, 5 reference materials were selected. Three of these (AC-E, AGV-1 and BE-N) were
previously used for calibration during IM-100 analysis of solutions produced by open- and/or closedbeaker digestion. The others (GSR-1 and MAG-1) were added to the method to expand the number of
materials and/or concentrations available for some of the elements. Prior to use, the reference material
solutions were checked by analysis alongside solutions of reference materials previously used for method
QA/QC. Where the measured intensities for the proposed calibration solutions were anomalous or showed
systematic biases for specific elements or reference materials, the solution was rejected for use or the
reference material was excluded from the calibration for that element. Although it was originally intended
that the non-IM-101 elements would be calibrated using the digested reference materials and the IM-101
elements would be calibrated using the synthetic calibration solution, for several elements (e.g., Hf, Nb, Rb,
Sr and Zr) one or more of the reference materials used for calibration possessed higher concentrations than
the synthetic solution, enabling them to be used to extend the calibration range for the method.

MINIMIZING LEVERAGE
In addition to screening for accuracy, the degree of influence exerted by each of the calibration
solutions on each element was also considered prior to finalizing the final calibration scheme. Leverage
statistics showed that individual calibration solutions exerted an undue influence on the calibrations for
1

Because 206Pb, 207Pb, and 208Pb are formed by the radioactive decay of 238U, 235U, and 232Th, over geological time,
elevated U/Th and U/Pb ratios will lead to Pb isotope ratios that are significantly different from those of the
modern volcanic rocks used for calibration. In such cases, simply measuring the 208Pb content of the sample
solutions and assuming “normal” modern 206Pb/208Pb and 207Pb/208Pb ratios (as was done in the IM-100) will
underestimate the total Pb content of the solutions.
2
The inclusion of all three major isotopes of Pb also allows for the routine determination of 206Pb/208Pb and
207
Pb/208Pb ratios, which can be made available on request.
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several elements (e.g., Y in GSR-1; Sb in AGV-1; Co, Cr, Ni and W in BE-N). In order to decrease the
influence of these materials on the calibrations, appropriate concentrations of these elements were added
to the synthetic calibration solution.

REGRESSION TECHNIQUE
When using the old IM-100 method, signal intensities for samples were calibrated against those of
the reference materials by calculating an “average” sensitivity for each calibration group by dividing the
sum of the intensities for the 3 reference materials used in the calibration by the sum of their reference
concentrations. The net result was a single calibration point and the domination of the calculation by the
reference materials with highest concentrations, irrespective of the uncertainties in the reference values.
Although this appears to have worked well, it was not viewed as being statistically rigorous or easily
explained. In the revised method, a linear regression model forced through zero is therefore used for the
calculation of calibration lines, with signal intensities inversely weighted according to the square of their
uncertainty.

Interference Corrections
In the IM-100 method, the only correction for molecular ion interferences was that of ClO+ on V+.
By calibrating off rock reference materials, it was assumed that the interferences would be similar in the
samples and calibration solutions and, therefore, generally be self-correcting. However, in order to obtain
more accurate data, in the IM-101 method, corrections were applied for oxide interferences created by Ba
and the light rare-earth elements (LREE) on the middle to heavy rare earth elements (MREE and HREE)
and by the MREE and HREE on Hf, Ta and Re. For optimal accuracy, these corrections were calibrated
at the start and end of the analytical run. In order to achieve similar levels of accuracy for the REE using
the IMC-100 method, similar corrections for Ba- and REE-oxide interferences are employed. During the
course of method development, it was found that in samples with anomalously high concentrations of Cr,
Zr, Mo, LREE or HREE, additional corrections were required in order to obtain accurate data for Rb, Sr
and several of the non-IM-101 elements (in particular Sc, V, Ga, Cd). Although these corrections were
generally successful, further work appears to be required on the determination of accurate V
concentrations in highly chromium- and/or organic carbon-rich samples (>5000 ppm Cr or % levels of C)
owing to the higher complexity of the correction(s).

RESULTS
The performance of the revised method was assessed using a selection of solutions prepared from
inter-laboratory reference materials, in-house quality-control materials and procedural blanks. The
selection of reference materials focussed on lithologies and elemental concentrations that were
representative of those routinely analyzed by the Geo Labs. However, an additional suite of materials,
with either higher or better characterized concentrations of key elements, were prepared and run alongside
the routine samples in order to extend the validated concentration range further.

Detection Limits
Lower limits of detection (LLoD) and limits of quantification (LoQ) for the method were estimated
from the analyses of procedural blanks that had been prepared as routine QA/QC samples for the closedbeaker method. Visual inspection of the data showed that many of the solutions exhibited highly
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Table 38.1. Calculated lower limits of detection and quantification for the revised IMC-100 method. Anomalous data rejected
prior to the calculation of detection limits.

Sb
Ba
Be
Bi
Ce
Cd
Cr
Cs
Co
Cu
Dy
Er
Eu
Ga
Gd
Hf
Ho
In
La
Pb
Li
Lu
Mo

LLoD
0.04
0.8
0.04
0.15
0.12
0.013
3
0.013
0.13
1.4
0.009
0.007
0.0031
0.04
0.009
0.14
0.0025
0.0018
0.04
0.6
0.4
0.002
0.08

LoQ
0.11
2
0.11
0.4
0.3
0.04
9
0.03
0.31
4
0.022
0.017
0.008
0.11
0.023
0.3
0.006
0.005
0.1
1.5
1.1
0.006
0.2

Old LLoD
0.04
0.9
0.06
0.009
0.2
0.01
24
0.006
0.1
2
0.02
0.01
0.005
0.05
0.02
0.09
0.003
0.0001
0.09
0.4
0.2
0.002
0.03

Nd
Ni
Nb
Pr
Rb
Sm
Sc
Sr
Ta
Tb
Tl
Th
Tm
Ti
Sn
W
U
V
Y
Yb
Zn
Zr

LLoD
0.06
1.6
0.028
0.014
0.23
0.012
1.1
0.6
0.023
0.0023
0.005
0.018
0.0019
7
0.16
0.05
0.011
0.8
0.05
0.009
7
6

LoQ
0.14
4
0.08
0.04
0.6
0.029
2.5
1.4
0.07
0.006
0.013
0.05
0.006
16
0.4
0.14
0.027
1.7
0.12
0.021
21
14

Old LLoD
0.08
3
0.04
0.02
0.2
0.02
0.9
2
0.2
0.003
0.005
0.09
0.002
26
0.08
0.5
0.02
10
0.08
0.009
8
3

anomalous enrichment in specific elements. In many cases, this enrichment could be tracked to
contamination, either from the preceding solution (especially when analyzing the highly trace-element–
rich solutions used to extend the validation of the method to higher concentrations), during sample
preparation, or during dilution. Whereas the enrichments owing to carryover from preceding solutions
were useful for the determination of warning levels for carryover between samples, they are
unrepresentative of what may be typically expected for the method so were removed prior to working
with the data. Similarly, although contamination during sample preparation is an important component in
the overall capabilities of the method, it should normally be recognized and addressed after analysis.
Inclusion of the data for these solutions in the calculation of detection limits would create
unrepresentatively high cut-off values within the LIMS (laboratory information management system)
such that anomalous blanks could not be identified and many true concentrations would go unreported.
Therefore, the data for these solutions were also excluded from the calculations used to determine the
instrumental detection limits. It was initially unclear whether the data for solutions exhibiting
contamination at the dilution stage should be included in the estimation of the detection limit. In the end,
it was concluded that inclusion of the data for these solutions would again create unrepresentatively high
cut-off values within the LIMS such that anomalous blanks could not be identified and many true values
would go unreported and these data were also excluded from the calculations.
Comparison of the revised detection limits with previous values for the IM-100 and IM-101 methods
indicate that the detection limits for most elements are similar, if not better than before (Table 38.1).
Particular improvement is seen in the detection limits for Cr, Sr, Ta, Ti, Th, V and W.
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Precision
By performing a two-way analysis of variance for each element in each of the reference materials
and blanks, it was possible to assess analytical precision as a function of concentration and to identify the
major factors controlling the precision of the IMC-100 method. For most elements
•

The residual or within-group precision, which includes within-run precision and “random”
effects not associated with particular preparations or runs (e.g., contamination after dilution,
carryover, etc.), is better than 10% relative standard deviation (RSD) for all elements at
concentrations greater than the LoQ and decreases to about 1 to 3% RSD at concentrations
greater than 10× LoQ. For 207Pb/206Pb and 208Pb/206Pb ratios, the residual or within-run
precisions are better than 1 to 2% at all Pb concentrations used in the study (<0.4 to >600 ppm).

•

The between-run precision does not differ greatly from the within-group (within-run) precision
and is about 2 to 5% RSD for elements present at moderate to high concentrations (>10× LoQ).
Owing to the greater sensitivity of the results for the light elements (in particular Li and Be) to
variations in the responses of the internal standard isotopes, their within-run and between-run
variances are higher than those observed for other elements (2–8% RSD at all concentrations).
For 207Pb/206Pb and 208Pb/206Pb ratios, the between-run precisions are also similar to the withinrun precisions and are generally better than 1 to 2% for all Pb concentrations.

•

The between-preparation precision for different elements appears to be highly variable and to
represent the greatest source of error. For most elements, it is better than 3 to 10% RSD,
provided the element is present at reasonable to high concentrations (>10× LoQ), consistent
with the quality objectives of the Geo Labs. For some elements, in particular Sb, Bi, Co, Cu,
Cr, Ga, Pb, Ni, Th and Zn, the between preparation variation is considerably larger. The
between-preparation precision for these elements appears to be primarily controlled by
contamination during or after solution preparation (e.g., Sb, Bi, Cu and Zn), incomplete or
variable sample digestion or dissolution (e.g., Cr, Hf, Th and Sn), variable solution stability, or
overall sample heterogeneity. Whereas contamination could affect any sample and will be
addressed during follow-up work on the method, issues related to incomplete digestion and/or
heterogeneity are likely to be sample specific and unreflective of the method as a whole. For
207
Pb/206Pb and 208Pb/206Pb, the between-preparation precisions are as good, if not better than the
between-run or within-run precisions and are generally better than 1% for all Pb concentrations.

Using the standard deviation of all the analyses of the element in each reference material and assuming
that the homogeneities of typical samples are similar to those of the reference materials used during
validation, the overall method precision is estimated to range from ±10% RSD close to the LoQ to between
2 to 8% RSD at moderate to high concentrations for most elements. The exceptions to this are Sb, Bi, Mo,
Sn, W, and possibly Cu, Hf, Pb, Ni and Zn, which may be affected by either sample heterogeneity or
variable contamination during solution preparation and/or analysis. For these elements, routine method
precisions of better than ±10% RSD appear to require concentrations that are at least 10× to 100× LoQ.

Accuracy
The accuracy of the revised method was assessed from the results for the inter-laboratory reference
materials, using either values obtained from the original certificate of analysis or more recent (and
possibly more reliable) data for comparison. Any overall bias of the method for each element was
estimated from the median bias of the concentrations obtained for each preparation of the reference
materials analyzed during the validation runs. The “typical” accuracy was estimated from the spread
between the 10th and 90th percentiles of the biases for each preparation of each reference material with
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concentrations greater than 10× LoQ. By using the median bias and upper and lower percentiles and
focussing on concentrations much greater than the LoQ, the influence of individual highly anomalous
solutions was minimized and samples with concentrations close to the LLoD were excluded from the
calculations. The results are shown in Table 38.2.
All of the elements included in the former IM-101 method exhibited median biases of ±4% or less,
indicating that there is negligible overall bias for these elements by the revised method. Many of these
elements also display typical accuracies of ±10% or better, consistent with the quality objectives of the
Geo Labs. However, the average accuracies of several elements (e.g., Er, Hf, Lu, Pr, Tb, U and Y) lie
outside this range (but within ±15%). In most cases, the majority of this spread appears to be the result of
poor precision/accuracy for the reference values used for comparison. However, low recoveries owing to
the presence of acid resistant minerals cannot be ruled out as an explanation for the negative bias
observed for Hf in several samples.
Of the better-characterized non-IM-101 elements and newly added In, only Cr and Ni show a
discernable bias (+10.1% and +6.6%) and the data are generally within ±10–15% of the reference value.
Where the reference material concentrations are less well characterized (e.g., Be, Tl and Sn),
predominantly close to the LoQ (e.g., Cd), show high between-preparation variations owing to variable
amounts of contamination and/or sample heterogeneity (e.g., Sb, Bi, Mo and W), and/or show high
within-run and/or between-run precisions owing to the magnification of internal standardization errors at
low masses (e.g., Be and Li ), the spread in bias is outside the target range. Reproducibly low results
were obtained for Sn in GSD-11, GSD-12, and MA-N (cassiterite-bearing stream sediments and granite)
and Cr in DTS-2 (a dunite that contains abundant accessory chromite), consistent with the presence of
acid-insoluble phases.
Where reference values are available, the accuracy of the 207Pb/206Pb and 208Pb/206Pb ratios appear to
be approximately ±1% for individual preparations of each reference material, but better than ±0.5% if the
mean of the different preparations is used.
Owing to the poor accuracy that appears to be obtainable for some of the less well-characterized
elements, the quality of data from the IMC-100 method may be divided into 3 tiers:
Tier 1 (Accuracy of ±10–12%, or better): Ba, Ce, Cr, Cs, Co, Cu, Dy, Er, Eu, Ga, Gd, Hf, Ho, In,
La, Pb, Lu, Nd, Ni, Nb, Pr, Rb, Sm, Sc, Sr, Ta, Tb, Th, Tm, Ti, W, U, V, Y, Yb, Zn and Zr.
Tier 2 (Accuracy of ±10–20%): Sb, Be, Bi and Li
Tier 3 (Accuracy of ±20–30%, for information only): Cd, Mo, Sn and Tl

Working Range
The working limits for each element (Table 38.3) were defined using the LLoD (see Table 38.1) and
~110% of the highest concentrations successfully analyzed in the inter-laboratory reference materials
analyzed during the validation study (see Table 38.2). Upper limits 10% greater than the highest
reference material successfully analyzed were used in order to permit the reporting of data for routine QC
samples in cases when they exceed the reference value, but remained within the laboratories target
accuracies. Because the upper working limits for the revised method are based on what could be proven
rather what might be expected for the method, they are dependant on the choice of reference materials
used in the validation study and may be increased if/when samples with higher trace element contents are
shown to be successfully analyzed.
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Table 38.2. Summary of accuracy at concentrations greater than 10× LoQ and upper validated limits for revised IMC-100
method. Whereas the median bias represents an assessment of the overall bias of the technique, the range of biases shown by the
reference materials represents an estimate of the average accuracy that can be expected for the method.
Element

Median Bias

Range

Sb
Ba
Be
Bi
Ce
Cd
Cr
Cs
Co
Cu
Dy
Er
Eu
Ga
Gd
Hf
Ho
In
La
Pb
Li
Lu
Mo
Nd
Ni
Nb
Pr
Rb
Sm
Sc
Sr
Ta
Tb
Tl
Th
Tm
Ti
Sn
W
U
V
Y
Yb
Zn
Zr
207
Pb/206Pb
208
Pb/206Pb

7.1%
–0.1%
3.6%
–10.1%
2.9%
–15.5%
10.1%
1.2%
3.6%
3.2%
0.8%
4.2%
0.5%
–3.6%
–1.1%
–1.4%
–0.2%
2.2%
0.6%
–1.9%
4.2%
–1.7%
8.2%
–0.8%
6.6%
–1.1%
3.1%
3.8%
1.5%
4.3%
0.8%
–2.1%
–3.3%
–8.9%
–1.7%
–0.3%
0.6%
14.9%
5.5%
3.0%
4.9%
–4.1%
2.6%
–0.2%
0.8%
0.2%
–0.4%

–10.4 to 14.9%
–4.3 to 5.7%
–5.3 to 18%
–11.4 to –7%
–2.5 to 7.8%
–22.2 to 5.4%
–3.4 to 15%
–8.3 to 9%
–2.9 to 12.7%
–2.9 to 11.5%
–5.5 to 7.7%
–4.2 to 11.1%
–3.4 to 7.4%
–10.1 to 4.4%
–9.2 to 6.1%
–13.3 to 4.3%
–5.5 to 7.8%
–1 to 9.5%
–5.2 to 6.3%
–8 to 4.6%
–4.8 to 16.6%
–11.4 to 4.1%
1.2 to 23.1%
–5 to 7.1%
–2 to 11.9%
–7.5 to 8%
–4.5 to 13.6%
–3 to 7.5%
–3.2 to 6.1%
–1.7 to 12.1%
–3.3 to 5.4%
–8.4 to 5.3%
–10.2 to 5.5%
–19.6 to 13.8%
–6.5 to 2.4%
–8.4 to 4.5%
–5.7 to 14.3%
5 to 31.6%
–1.5 to 16.3%
–2.8 to 10.7%
–1 to 17.1%
–10.4 to 5.8%
–7.2 to 7.3%
–5.9 to 15.5%
–6.6 to 7.8%
–1.6 to 0.6%
–1.7 to 0.8%

±10%
X

Accuracy @ >10× LoQ
±15%
±20%
> ±20%
X
X
X

X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
X
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Max Conc.
(ppm)
28
1740
360
47
2420
4
4500
600
187
2900
135
87
19
58
118
29
29
1.9
1380
700
207
9
44
760
4100
277
240
3800
128
63
1560
320
21
20
109
13
25000
14
141
1620
370
740
70
9100
1450
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Table 38.3. Initial lower and upper working limits for the IMC-100 method. Lower working limits are based on the lower limits
of detection (see Table 38.1). Upper working limits are based on the highest concentrations successfully analyzed in interlaboratory reference materials analyzed during the validation study (see Table 38.2).

Sb
Ba
Be
Bi
Ce
Cd
Cr
Cs
Co
Cu
Dy
Er
Eu
Ga
Gd
Hf
Ho
In
La
Pb
Li
Lu
Mo

Lower
Working
Limit
0.04
0.8
0.04
0.15
0.12
0.013
3
0.013
0.13
1.4
0.009
0.007
0.0031
0.04
0.009
0.14
0.0025
0.0018
0.04
0.6
0.4
0.002
0.08

Upper
Working
Limit
28
1740
360
47
2420
4
4500
600
187
2900
135
87
19
58
118
29
29
1.9
1380
700
207
9
44

Old
Working
Range
0.04 to 250
0.9 to 2400
0.06 to 19000
0.009 to 170
0.2 to 310
0.01 to 900
24 to 600
0.006 to 120
0.1 to 400
2 to 800
0.02 to 500
0.01 to 600
0.005 to 270
0.05 to 500
0.02 to 600
0.09 to 400
0.003 to 120
N/A
0.09 to 210
0.4 to 400
0.2 to 4000
0.002 to 120
0.03 to 1500

Nd
Ni
Nb
Pr
Rb
Sm
Sc
Sr
Ta
Tb
Tl
Th
Tm
Ti
Sn
W
U
V
Y
Yb
Zn
Zr

Lower
Working
Limit
0.06
1.6
0.028
0.014
0.23
0.012
1.1
0.6
0.023
0.0023
0.005
0.018
0.0019
7
0.16
0.05
0.011
0.8
0.05
0.009
7
6

Upper
Working
Limit
760
4100
277
240
3800
128
63
1560
320
21
20
109
13
25000
14
141
1620
370
740
70
9100
1450

Old
Working
Range
0.08 to 1000
3 to 2000
0.04 to 200
0.02 to 120
0.2 to 300
0.02 to 800
0.9 to 400
2 to 2300
0.2 to 120
0.003 to 130
0.005 to 160
0.09 to 55
0.002 to 120
26 to 12000
0.08 to 400
0.5 to 120
0.02 to 55
10 to 600
0.08 to 280
0.009 to 700
8 to 2400
3 to 600

COMPARISON WITH PREVIOUS METHODS
Precision
When the IM-100 and IM-101 methods were transferred onto the Elan® 9000 in April 2004, the
instrumental precisions for the REE, HFSE and LILE were found to be better than ±2.5% RSD for
concentrations greater than the LoQ (Burnham and Schweyer 2004). Of the other elements, most
exhibited instrumental precisions of better than ±5% RSD when the elements were present at reasonable
concentrations, increasing to ±7.5% RSD at lower concentrations (e.g., Li in BIR-1 and Zn in AGV-2,
BIR-1 and GSR-2). Owing to the low concentrations in many samples and the method of estimating
precision, the instrumental precisions for Be, Cd and Sn using the IM-100 method were almost all greater
than ±5% RSD and those for Cr, Mo, Sb, Ta, W and Bi could not be constrained. Comparison of these
values with the within-group and between-run precisions obtained using the IMC-100 method suggests
that the instrumental precision has not changed significantly and that the reproducibility of Be, Cd and Sn
continues to be a problem.
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Because the transfer of the IM-100 and IM-101 methods onto the Elan® 9000 involved no change in
either the method of calibration or solution preparation, the overall method precision was not discussed in
Burnham and Schweyer (2004) except to note that they were generally similar to or higher than the
instrument precisions, presumably as a result of sample heterogeneity. A similar trend is apparent with
the new method, but has been better quantified.

Accuracy
In order to compare the accuracies of the new and old methods, fresh dilutions of each of the
reference material solutions were prepared and analyzed using the 3 ICP-MS methods (IM-100, IM-101
and IMC-100). The results of these analyses indicate that, although the values produced by the IMC-100
method may be biased slightly high relative to those produced by the IM-100 methods (in particular those
for Sb, Cr, Ni and Rb), the range of biases for each element encompasses the previous values and any
overall bias remains within the target range. The accuracies of a few elements (e.g., Mo, Ti, Er, W and
possibly Hf) appear to have improved with the change in calibration method, such that the moderately
negative biases for Er, Hf, Ti and W and the positive biases for Mo and Tl observed in the IM-100 and
IM-101 appear to have been eliminated or reversed.

Working Range
For most elements, the lower working limits for the IMC-100 method appear to be similar to or
better than those previously obtained for the IM-100 method. Although there is a notable improvement in
the lower limits of detection for Cr, Sr, Ta, Th, Ti, W and V, the limit of detection for Bi has deteriorated
greatly owing to the high and variable contamination observed in the procedural blanks. Owing to a
change in the method of calculating the upper limits, the newer limits are more conservative than those
that were previously calculated for the IM-100 method and the 2 sets of values are not easily compared.
The successful determination of accurate Ce, Cr, Pb, Nb, Rb, Ti, U and Zr concentrations when using the
detector in analog mode indicates that the change in detector mode may not represent an upper limit to the
instrumental working range. If suitable reference materials can be found, further work may be able to
extend the limits shown in Table 38.3 so that they approach or exceed the IM-100 values. However, the
poor results for Cr, Th and Sn at high concentrations show that factors other than instrumental behaviour
will dictate the upper limits for some elements.
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INTRODUCTION
Major and trace element analysis of geological samples in the part-per-million to percentage range is
performed by inductively coupled plasma atomic emission spectrometry (ICP–AES). Several analytical
methods produce major element data and trace element data that complements inductively coupled
plasma mass spectrometric (ICP–MS) determinations.
In March 2007, the Geoscience Laboratories (Geo Labs) replaced an aged and progressively failing
Thermo Jarrell Ash Polyscan 61E ICP–AES with a Teledyne Leeman Laboratories Prodigy ICP–AESRadial View. The new instrumentation brings the ICP–AES technology at the Geoscience Laboratories
up to date with the upgrade to a solid state detector spectrometer capable of analyzing several thousand
wavelengths in multiple time-integrated snapshots. The availability of many alternate wavelengths for
each element allows for the selection of analytical wavelengths that are largely free of interference and
overlaps from other elements; that are free from certain background correction issues due to variable
sample matrices; and that have different sensitivities allowing more flexibility in the working range of a
method. The time-integrated snapshots greatly reduce the analytical time and sample solution volume
required for concentration measurements.
The greater sensitivity of the new instrumentation allowed for the transfer, modification and
improvement of the pre-existing major and trace element methods for whole rock and aqua regia leach
elemental determination. The results for the validation of each method, compiled with recent analytical
data, are summarized in this paper.

DESCRIPTION OF THE ANALYTICAL METHODS
Four major and trace element analysis packages for the determination of elemental concentration in
geological samples were transferred to the new Teledyne Leeman Laboratories Prodigy ICP–AES-Radial
View:
1.

IAC-100: A major and trace element package consisting of 23 elements for the analysis of
conventional geological material following closed-beaker multi-acid digestion (SOL-CAIO);

Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.39-1 to 39-17.
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2.

IAO-100: A major and trace element package consisting of 21 elements for the analysis of
conventional geological material following open-beaker multi-acid digestion (SOL-OAIO);

3.

IAT-100: A major and trace element package consisting of 20 elements for the analysis of
conventional and certain ore-grade geological materials following a rapid open-beaker two-day
multi-acid digestion (SOL-OT3);

4.

IAL-100: A major and trace element package consisting of 22 elements for the analysis of soil
and sediment geological material following an aqua regia leach digestion (SOL-ARD).

Owing to the sensitivity of the new instrumentation and expanded ability to determine multiple
wavelengths for the same element, extensive method development was undertaken for each analytical
package to ensure the successful transfer of the pre-existing methods for the incorporation of additional
elements.

SUMMARY OF THE IAC-100 METHOD
The following elements are part of the core package of the IAC-100 method: aluminium (Al),
barium (Ba), beryllium (Be), calcium (Ca), cobalt (Co), chromium (Cr), copper (Cu), iron (Fe), potassium
(K), lithium (Li), magnesium (Mg), manganese (Mn), sodium (Na), nickel (Ni), phosphorus (P), lead
(Pb), sulphur (S), scandium (Sc), strontium (Sr), titanium (Ti), vanadium (V), yttrium (Y) and zinc (Zn).
Other elements, such as cadmium (Cd), molybdenum (Mo) and tungsten (W) are also analyzed by
the analytical method, but their concentration in conventional geological material is sufficiently low to
approach the low end of the working range that better results would be obtained by a more sensitive
analytical method (i.e., IMC-100 by ICP–MS).
The transfer of the method to new instrumentation resulted in lower limits of detection (LLoD) that
are either comparable to those determined for past instrumentation or moderately to slightly lower (e.g.,
Ba, Be, Ca, Co, Fe, K, Li, Mg, Mn, Ni, Sc, Ti, V and Zn). It is difficult to distinguish improvement in the
lower limit of detection for Cd, Mo, Pb, and W as these elements were not reported in the original IA-100
package. Information on the LLoD and the upper limit of the working range as determined by the
accurate result of certified reference materials (CRMs) has been compiled in Table 39.1.
The precision and accuracy of the IAC-100 method was assessed using data obtained from 25 CRMs
of similar type to samples commonly received by the Geoscience Laboratories as well as certain oregrade material used to extend the working range for certain elements. Certified reference material data
may not be available for all elements. The overall accuracy of the IAC-100 method was demonstrated in
the method validation to be better than 10%. The overall result and precision of the certified reference
materials used in the method validation are available elsewhere (Pamer 2007). Data for CRMs that are
routinely cycled with submitted samples will be summarized in a future paper.

SUMMARY OF THE IAO-100 METHOD
The following elements are part of the core package of the IAO-100 method: aluminium (Al),
barium (Ba), beryllium (Be), calcium (Ca), cobalt (Co), chromium (Cr), copper (Cu), iron (Fe), potassium
(K), lithium (Li), magnesium (Mg), manganese (Mn), sodium (Na), nickel (Ni), phosphorus (P),
scandium (Sc), strontium (Sr), titanium (Ti), vanadium (V), yttrium (Y) and zinc (Zn).
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Table 39.1. Summary of the working range of the ICP–AES analytical methods. Bolded information was not verified using
certified reference materials. Dashes indicate that the element is not measured by that method.

Al
Ba
Be
Ca
Co
Cr
Cu
Fe
K
Li
Mg
Mn
Na
Ni
P
Pb
S
Sc
Sr
Ti
V
Y
Zn

IAC-100
LLoD
UL
210
110000
1
2000
1
30
70
100000
1
300
2
1300
6
14400
90
95000
70
45000
1
130
30
300000
1
7500
500
31000
2
4000
15
6400
15
6100
60
16000
1
60
2
1400
5
16400
1
530
1
120
5
2900

IAO-100
LLoD
UL
120
100000
5
1500
1
30
15
270000
2
60
2
400
1
800
45
94000
40
45000
1
200
15
60000
1
8000
300
31000
2
200
15
4200
―
―
―
―
1
50
2
1100
3
17000
1
400
1
70
5
3000

IAT-100
LLoD
UL
120
110000
5
1500
―
―
15
95000
2
500
2
500
1
15000
45
380000
40
45000
1
200
15
59000
1
8000
300
31000
2
12000
―
―
35
45000
―
―
1
100
2
1200
3
17000
1
400
1
200
5
190000

LLoD
10
1
1
10
1
1
1
3
35
1
3
1
15
3
25
―
70
1
1
1
1
1
1

IAL-100
UL
38000
1300
30
65000
30
90
250
50000
2850
30
14000
3700
670
260
1700
―
16000
10
150
1700
60
30
1500

Other elements, such as cadmium (Cd), molybdenum (Mo) and tungsten (W) are also analyzed by
the analytical method, but their concentration in conventional geological material is sufficiently low to
approach the low end of the working range that better results would be obtained by a more sensitive
analytical method (i.e., IMO-100 by ICP–MS). Lead (Pb) and sulphur (S) remain part of the analytical
method, but are not reported as there were insufficient CRMs in the method validation in the working
range of the method for Pb and because of a marked decrease in accuracy, possibly due to the nature of
the open-beaker solution preparation method for S.
The transfer of the method to new instrumentation resulted in lower limits of detection (LLoD) that
are either comparable to those determined for past instrumentation or moderately to slightly lower (e.g.,
Ba, Be, Ca, Co, Fe, K, Li, Mg, Mn, Ni, Sc, Ti, V and Zn). It is difficult to distinguish improvement in the
lower limit of detection for Cd, Mo, Pb and W as these elements were not reported in the original IA-100
package. Information on the LLoD and the upper limit of the working range as determined by the
accurate result of certified reference materials has been compiled in Table 39.1.
The precision and accuracy of the IAO-100 method was assessed using data obtained from 11 CRMs
of similar type to those commonly received by the Geoscience Laboratories. Certified reference material
data may not be available for all elements. The overall accuracy of the IAO-100 method was
demonstrated in the method validation to be better than 10%. The overall result and precision of certified
reference materials from the method validation and of those routinely cycled with submitted samples from
January to July 2008 have been summarized in Table 39.2.
39-3

Ba
(ppm)
132 ± 4.1 (28)
130
8 ± 0.4 (17)
237 ± 5.8 (28)
260
1351 ± 28.5 (27)
1340
336 ± 9.2 (29)
343
1005 ± 23.9 (29)
1020
520 ± 14.2 (28)
526
430 ± 9.1 (26)
450
59 ± 6.6 (27)
379 ± 11.2 (27)
397

72623 ± 1459.2 (28)
71600

82101 ± 1897.5 (19)
81217

48010 ± 938.8 (28)
54868

76623 ± 1922.5 (27)
78000

68078 ± 2317.9 (29)
70899

83842 ± 2175.9 (29)
85555

73063 ± 1833.2 (28)
73175

91443 ± 2134 (27)
99577

37573 ± 4304.2 (27)
43598

58206 ± 1242.7 (27)
64921

BHVO-2
Reference1

BIR-1
Reference

GSD-11
Reference

GSP-2
Reference1

GSR-1
Reference

GSR-2
Reference

GSR-3
Reference

GSR-5
Reference

NIST 8607
Reference

SDO-1
Reference

39-4
3 ± 0.1 (25)
3.3

>UL

3 ± 0.1 (25)
3

4 ± 0.4 (26)
2.5

1 ± 0.1 (27)
1.1

12 ± 0.7 (29)
12.4

2 ± 0.1 (25)

22 ± 1 (27)
26

1 ± 0.2 (17)

3 ± 0.5 (26)

Be
(ppm)

Ca
(ppm)

7036 ± 292.8 (27)
7504

232204 ± 18150.1 (27)
269656

4141 ± 160.7 (27)

62279 ± 2122.8 (28)
62965

38113 ± 1388.8 (29)
37164

11295 ± 472.4 (29)

15186 ± 516.2 (27)
15000

3123 ± 112 (28)
3359

93994 ± 3164.4 (19)
94626

80835 ± 2693.5 (28)
81700

The number format is instrument value ± standard deviation (number of replicate analysis).
<LLoD indicates that the result is below the lower limit of detection of the method.
>UL indicates the result is over the upper limit of the method.
1
Values taken from USGS CRM Certificate of Analysis (USGS 1998a, 1998b).
All other reference values from Govindaraju (1994).

IAO-100

Al
(ppm)

Table 39.2. Summary of certified reference material data for the IAO-100 Method.

44 ± 1.2 (27)
46.8

3 ± 0.5 (20)
2.7

20 ± 0.9 (27)
21

46 ± 3.2 (28)
46.5

12 ± 0.7 (29)
13.2

2 ± 0.4 (8)
3.4

6 ± 0.9 (27)
7.3

7 ± 0.7 (28)
8.5

53 ± 1.8 (19)
51.4

44 ± 3.8 (28)
45

Co
(ppm)

57 ± 2.2 (27)

6 ± 1.2 (25)

103 ± 2.5 (27)
99

137 ± 3.8 (28)
134

32 ± 1.6 (29)
32.4

3 ± 0.4 (9)

21 ± 0.9 (25)
20

36 ± 0.9 (26)
40

399 ± 9.4 (19)
382

291 ± 7.2 (28)
280

Cr
(ppm)

55 ± 1.7 (27)

>UL
790

43 ± 1.7 (27)
42

49 ± 2.1 (28)
48.6

59 ± 1.7 (28)
55.4

1 ± 0.2 (25)
3.2

46 ± 1.6 (27)
43

77 ± 2.4 (28)
78.6

136 ± 3.2 (18)
126

144 ± 4.6 (28)
127

Cu
(ppm)
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K
(ppm)
4545 ± 99.6 (28)
4300
193 ± 12.6 (19)
24231 ± 1063.3 (28)
27231
42748 ± 705 (22)
44800
40461 ± 2676.4 (29)
41593
15633 ± 920 (29)
15691
19534 ± 690.5 (27)
19261
32617 ± 1774.1 (27)
34536
16604 ± 402.2 (27)
16106
24878 ± 1283.2 (27)
27812

85009 ± 2555.4 (28)
86300

78701 ± 2391.4 (19)
78752

29523 ± 1079.8 (28)
30704

35077 ± 1049.4 (27)
34300

15468 ± 633 (29)
14967

34343 ± 786.1 (26)
34271

89928 ± 3361.7 (28)
93720

52322 ± 2139 (27)
53154

51638 ± 2159.9 (27)
54483

62146 ± 2473.7 (27)
65324

BHVO-2
Reference1

BIR-1
Reference

GSD-11
Reference

GSP-2
Reference1

GSR-1
Reference

GSR-2
Reference

GSR-3
Reference

GSR-5
Reference

NIST 8607
Reference

SDO-1
Reference

39-5
30 ± 0.8 (23)
28.6

>UL

45 ± 1 (22)
44

10 ± 0.2 (21)
9.5

20 ± 0.3 (23)
18.3

139 ± 4.2 (25)
131

38 ± 0.9 (23)

68 ± 1.7 (24)
70.6

3 ± 0.7 (19)
3.4

5 ± 0.9 (28)

Li
(ppm)

Mg
(ppm)

8451 ± 278.3 (27)
9289

8190 ± 514 (27)
8746

11386 ± 359.4 (27)
12124

45376 ± 1195.5 (27)
46869

10235 ± 333.1 (29)
10375

2460 ± 90.5 (29)
2533

5847 ± 175.8 (27)
5800

3270 ± 100.9 (28)
3739.84

57782 ± 1812.6 (19)
58390

43979 ± 1362.3 (28)
43600

The number format is instrument value ± standard deviation (number of replicate analysis).
<LLoD indicates that the result is below the lower limit of detection of the method.
>UL indicates the result is over the upper limit of the method.
1
Values taken from USGS CRM Certificate of Analysis (USGS 1998a, 1998b).
All other reference values from Govindaraju (1994).

IAO-100

Fe
(ppm)

Table 39.2, continued. Summary of certified reference material data for the IAO-100 Method.

311 ± 20.9 (27)
325

7119 ± 490.8 (27)
7512

172 ± 10.6 (27)
155

1356 ± 91.6 (28)
1316

631 ± 40 (29)
620

504 ± 33.4 (29)
465

339 ± 19.7 (27)
320

2494 ± 168 (28)
2478

1390 ± 76.9 (19)
1324

1349 ± 79 (28)
1290

Mn
(ppm)

2895 ± 322.3 (27)
3009

1352 ± 227.4 (27)
1267

2616 ± 336.9 (27)

25889 ± 1407.9 (28)
26766

29078 ± 1826.9 (29)
30567

23262 ± 1672.3 (29)

21248 ± 1571.1 (27)
20600

3181 ± 148.4 (23)
3642.74

14582 ± 593.4 (19)
13858

17940 ± 844.2 (28)
16400

Na
(ppm)
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39-8
39-6

1176 ± 28.4 (27)
1200
115 ± 8 (17)
205 ± 6.5 (25)
258
1229 ± 32.3 (26)
1300
373 ± 14.2 (28)
406
985 ± 125.1 (27)
1048
4107 ± 97.9 (26)
4147
638 ± 12.9 (25)
698
136 ± 22.3 (23)
166
450 ± 16 (27)
480

117 ± 2.9 (28)
119

172 ± 3.9 (19)
166

12 ± 1.3 (27)
14.4

14 ± 1.6 (26)
17

<LLoD
2.3

14 ± 1.6 (28)
17

142 ± 4 (28)
140

35 ± 1.5 (27)
36.8

4 ± 1 (5)
4.1

88 ± 2.5 (27)
99.5

BHVO-2
Reference1

BIR-1
Reference

GSD-11
Reference

GSP-2
Reference1

GSR-1
Reference

GSR-2
Reference

GSR-3
Reference

GSR-5
Reference

NIST 8607
Reference

SDO-1
Reference

11 ± 0.3 (25)
13.2

2 ± 0.1 (25)
1.8

17 ± 0.4 (25)
18.5

13 ± 0.2 (25)
15.2

8 ± 0.2 (27)
9.5

6 ± 0.1 (27)
6.1

6 ± 0.1 (25)
6.3

6 ± 0.1 (26)
7.4

41 ± 0.7 (16)
44

30 ± 0.4 (25)
32

Sc
(ppm)

75 ± 1.8 (27)
75.1

187 ± 10.3 (27)

93 ± 1.8 (27)
90

1091 ± 18.2 (28)
1100

805 ± 12.6 (29)
790

112 ± 3.1 (29)
106

246 ± 3.5 (27)
240

26 ± 1.4 (28)
29

109 ± 2.1 (19)
108

396 ± 4.9 (28)
389

Sr
(ppm)

Values taken from USGS CRM Certificate of Analysis (USGS 1998a, 1998b).
All other reference values from Govindaraju (1994).

Ti
(ppm)

3304 ± 238.9 (27)
4256

412 ± 21.6 (27)
474

3744 ± 99 (27)
3957

13748 ± 338.2 (28)
14148

3068 ± 73.9 (29)
3117

1714 ± 50.3 (29)
1739

3847 ± 97.1 (27)
4000

1507 ± 108.6 (28)
2098

5714 ± 129.3 (19)
5755

16281 ± 323.9 (28)
16300

The number format is instrument value ± standard deviation (number of replicate analysis).
<LLoD indicates that the result is below the lower limit of detection of the method.
>UL indicates the result is over the upper limit of the method.

1

P
(ppm)

IAO-100

Ni
(ppm)

Table 39.2, continued. Summary of certified reference material data for the IAO-100 Method.

156 ± 2.6 (24)
160

11 ± 1.5 (23)

85 ± 5.4 (27)
87

170 ± 5.8 (28)
167

98 ± 6.4 (29)
95.5

24 ± 1 (25)
24

55 ± 6.2 (27)
52

42 ± 4.6 (28)
46.8

331 ± 6 (19)
313

325 ± 5.6 (28)
317

V
(ppm)

30 ± 0.9 (25)
40.6

2 ± 0.3 (17)
2.8

21 ± 0.6 (23)
26

20 ± 0.5 (26)
22

8 ± 0.2 (27)
9.3

56 ± 1.6 (27)
62

22 ± 0.8 (25)
28

25 ± 0.8 (24)
42.7

13 ± 0.2 (15)
16

23 ± 0.4 (25)
26

Y
(ppm)

71 ± 4 (26)
64.1

2810 ± 65.2 (23)
2900

62 ± 1.5 (24)
55

174 ± 5.1 (25)
150

82 ± 3.9 (27)
71

31 ± 2.8 (29)
28

128 ± 2.6 (23)
120

374 ± 7.9 (26)
373

89 ± 1.5 (17)
71

122 ± 4.8 (27)
103

Zn
(ppm)

Geoscience Laboratories (39)
L. Pamer

Ba
(ppm)
120 ± 4.2 (22)
130
7 ± 0.3 (23)
9 ± 0.6 (15)
238 ± 6.8 (20)
260
1334 ± 48.8 (21)
1340
323 ± 10.5 (23)
343
970 ± 28.1 (24)
1020
496 ± 16.3 (22)
526
429 ± 22.6 (8)
450

69743 ± 1901.4 (22)
71600

79313 ± 2074.6 (23)
81217

1330 ± 43.1 (15)

50872 ± 1250.3 (21)
54868

77047 ± 1973.6 (22)
78000

67362 ± 2156.9 (24)
70899

83540 ± 1975.6 (25)
85555

72258 ± 2075.1 (23)
73175

93320 ± 2445 (8)
99577

BHVO-2
Reference1

BIR-1
Reference

CCU-1c
Reference2

GSD-11
Reference

GSP-2
Reference1

GSR-1
Reference

GSR-2
Reference

GSR-3
Reference

GSR-5
Reference

39-7
4475 ± 222.7 (8)

58840 ± 3658 (23)
62965

37908 ± 2339.2 (25)
37164

11723 ± 792.5 (24)

15934 ± 1003.7 (22)
15000

3416 ± 154.6 (19)
3359

1077 ± 162.4 (15)
1072

81197 ± 3343 (21)
94626

70933 ± 3525.2 (21)
81700

Ca
(ppm)

22 ± 1.1 (8)
21

45 ± 4.6 (23)
46.5

12 ± 1 (25)
13.2

<LLoD
3.4

6 ± 1 (22)
7.3

7 ± 0.9 (20)
8.5

19 ± 1.1 (15)

47 ± 2.1 (23)
51.4

40 ± 4.8 (22)
45

Co
(ppm)

The number format is instrument value ± standard deviation (number of replicate analysis).
<LLoD indicates that the result is below the lower limit of detection of the method.
>UL indicates the result is over the upper limit of the method.
1
Values taken from USGS CRM Certificate of Analysis (USGS 1998a, 1988b).
2
Values taken from CCRMP CRM Certificate of Analysis (CCRMP 2006).
All other reference values from Govindaraju (1994).

IAT-100

Al
(ppm)

Table 39.3. Summary of certified reference material data for the IAT-100 Method.

109 ± 4.6 (8)
99

132 ± 4.6 (23)
134

30 ± 0.6 (23)
32.4

<LLoD

19 ± 0.4 (19)
20

36 ± 2.1 (19)
40

20 ± 6 (14)

364 ± 8.6 (23)
382

266 ± 5.9 (22)
280

Cr
(ppm)

42 ± 0.9 (8)
42

49 ± 6.9 (23)
48.6

57 ± 2.9 (25)
55.4

4 ± 1.4 (9)
3.2

45 ± 2.4 (22)
43

81 ± 3 (21)
78.6

>UL
256200

126 ± 5 (23)
126

133 ± 5.1 (22)
127

Cu
(ppm)

52425 ± 2123.7 (8)
53154

90032 ± 3271.6 (23)
93720

33831 ± 1214.7 (25)
34271

14620 ± 619.6 (24)
14967

34104 ± 1406.4 (22)
34300

28954 ± 1060.8 (21)
30704

247129 ± 8746.3 (15)
293400

76050 ± 2355.5 (23)
78752

81831 ± 2562.5 (22)
86300

Fe
(ppm)

Geoscience Laboratories (39)
L. Pamer

Li
(ppm)
5 ± 0.4 (22)
3 ± 0.4 (23)
3.4
<LLoD
67 ± 1.2 (21)
70.6
35 ± 0.5 (21)
128 ± 4.6 (24)
131
19 ± 0.4 (25)
18.3
10 ± 0.2 (23)
9.5
44 ± 1 (8)
44

4372 ± 145.7 (22)
4300

193 ± 17.8 (23)

121 ± 24.6 (15)

25182 ± 791.2 (21)
27231

42561 ± 1095 (21)
44800

38880 ± 1217.8 (23)
41593

15467 ± 437.8 (25)
15691

19263 ± 596.8 (23)
19261

33731 ± 984.8 (8)
34536

BHVO-2
Reference1

BIR-1
Reference

CCU-1c
Reference2

GSD-11
Reference

GSP-2
Reference1

GSR-1
Reference

GSR-2
Reference

GSR-3
Reference

GSR-5
Reference

39-8
11625 ± 549.5 (8)
12124

44745 ± 2022.4 (23)
46869

9693 ± 413.7 (25)
10375

2230 ± 97.6 (24)
2533

5536 ± 258.6 (22)
5800

3220 ± 133.8 (21)
3740

5333 ± 451.4 (15)
6153

55069 ± 1921.8 (23)
58390

40996 ± 1570.2 (22)
43600

Mg
(ppm)

Mn
(ppm)

180 ± 6.4 (8)
155

1281 ± 29.5 (22)
1316

608 ± 13.1 (24)
620

478 ± 14.2 (23)
465

329 ± 7.3 (21)
320

2480 ± 47.5 (20)
2478

122 ± 1.7 (14)
120

1253 ± 20.1 (22)
1324

1221 ± 22.5 (21)
1290

The number format is instrument value ± standard deviation (number of replicate analysis).
<LLoD indicates that the result is below the lower limit of detection of the method.
>UL indicates the result is over the upper limit of the method.
1
Values taken from USGS CRM Certificate of Analysis (USGS 1998a, 1988b).
2
Values taken from CCRMP CRM Certificate of Analysis (CCRMP 2006).
All other reference values from Govindaraju (1994).

IAT-100

K
(ppm)

Table 39.3, continued. Summary of certified reference material data for the IAT-100 Method.

2584 ± 95.2 (8)

24753 ± 858 (23)
26766

27888 ± 1008.6 (25)
30567

21789 ± 940.6 (24)

20205 ± 659.9 (22)
20600

3234 ± 106.6 (21)
3643

<LLoD

14039 ± 475 (23)
13858

17017 ± 520.1 (22)
16400

Na
(ppm)

42 ± 2.7 (8)
36.8

147 ± 5.8 (23)
140

17 ± 1.4 (25)
17

<LLoD
2.3

16 ± 1.3 (22)
17

14 ± 1 (20)
14.4

10 ± 2.1 (15)

168 ± 5.1 (23)
166

115 ± 3.6 (22)
119

Ni
(ppm)

Geoscience Laboratories (39)
L. Pamer

39-9

28 ± 0.9 (22)
32
39 ± 1 (23)
44
2 ± 0.9 (15)
7 ± 0.2 (21)
7.4
6 ± 0.2 (22)
6.3
6 ± 0.3 (24)
6.1
8 ± 0.3 (25)
9.5
13 ± 0.5 (23)
15.2
17 ± 0.5 (8)
18.5

<LLoD

<LLoD

3291 ± 250 (15)

637 ± 24.2 (21)
636

<LLoD
42

<LLoD

<LLoD
11.3

<LLoD
7.2

<LLoD
8.7

BHVO-2
Reference1

BIR-1
Reference

CCU-1c
Reference2

GSD-11
Reference

GSP-2
Reference1

GSR-1
Reference

GSR-2
Reference

GSR-3
Reference

GSR-5
Reference

95 ± 1.7 (8)
90

1076 ± 23.1 (22)
1100

788 ± 18 (25)
790

112 ± 3.6 (22)
106

249 ± 3.4 (21)
240

30 ± 0.3 (19)
29

4 ± 0.5 (15)

107 ± 2.8 (22)
108

381 ± 5 (21)
389

Sr
(ppm)

4029 ± 173.9 (8)
3957

12570 ± 535.3 (23)
14148

3176 ± 138.7 (25)
3117

1782 ± 85.8 (24)
1739

3948 ± 186.3 (22)
4000

1837 ± 94.3 (21)
2098

54 ± 4.6 (15)

5514 ± 218.9 (23)
5755

13945 ± 554.2 (22)
16300

Ti
(ppm)

The number format is instrument value ± standard deviation (number of replicate analysis).
<LLoD indicates that the result is below the lower limit of detection of the method.
>UL indicates the result is over the upper limit of the method.
1
Values taken from USGS CRM Certificate of Analysis (USGS 1998a, 1988b).
2
Values taken from CCRMP CRM Certificate of Analysis (CCRMP 2006).
All other reference values from Govindaraju (1994).

Sc
(ppm)

Pb
(ppm)

IAT-100

Table 39.3, continued. Summary of certified reference material data for the IAT-100 Method.

85 ± 1.6 (7)
87

163 ± 4.3 (22)
167

95 ± 2.8 (24)
95.5

22 ± 1.1 (24)
24

52 ± 1.2 (21)
52

41 ± 1.1 (20)
46.8

<LLoD

309 ± 5.1 (21)
313

298 ± 6.9 (21)
317

V
(ppm)

18 ± 0.5 (8)
26

21 ± 0.7 (23)
22

8 ± 0.2 (25)
9.3

56 ± 2.1 (24)
62

24 ± 0.7 (22)
28

26 ± 1.5 (21)
42.7

<LLoD

13 ± 0.4 (23)
16

22 ± 0.7 (22)
26

Y
(ppm)

63 ± 3 (8)
55

164 ± 4.7 (22)
150

78 ± 3.1 (25)
71

28 ± 2 (23)
28

130 ± 5.2 (22)
120

385 ± 13.2 (21)
373

22775 ± 3953.6 (15)
39900

79 ± 2.8 (23)
71

111 ± 3.7 (22)
103

Zn
(ppm)

Geoscience Laboratories (39)
L. Pamer

Ba
(ppm)
<LLoD
60 ± 2.6 (26)
114 ± 5.2 (4)
61 ± 2.3 (32)
89 ± 4 (4)
27 ± 1.5 (4)
382 ± 13.5 (14)
397
290 ± 37.1 (34)
326 ± 12.2 (28)
340

17012 ± 691.2 (32)

39964 ± 1110.7 (26)
43598

39546 ± 1530.9 (4)
42600

7613 ± 250.7 (32)
8300

43465 ± 1662.2 (4)
47900

2779 ± 115.4 (4)
3390

60865 ± 1523.8 (22)
64921

51234 ± 1755.6 (34)

105034 ± 2209.1 (28)
109471

MP-1a
Reference3

NIST-8607
Reference

RTS-1
Reference3

RTS-2
Reference3

RTS-3
Reference3

RTS-4
Reference3

SDO-1
Reference

Su-1a
Reference

SY-4
Reference4

39-10
55821 ± 3623 (28)
57533

30711 ± 1821.4 (33)

7756 ± 460.8 (22)
7504

2727 ± 21.4 (4)
3270

21849 ± 341.5 (4)
22000

5285 ± 354.7 (32)
5300

26982 ± 255.2 (4)
26700

>UL
269656

14473 ± 983.4 (32)

Ca
(ppm)

<LLoD
2.8

348 ± 7.9 (34)

45 ± 1.4 (21)
46.8

168 ± 2.6 (4)
186

262 ± 5.7 (4)
260

72 ± 1.5 (31)
72

14 ± 0 (4)
16

2 ± 0.6 (22)
2.7

<LLoD

Co
(ppm)

The number format is instrument value ± standard deviation (number of replicate analysis).
<LLoD indicates that the result is below the lower limit of detection of the method.
>UL indicates the result is over the upper limit of the method.
3
Values taken from Bowman (1994).
4
Values taken from CCRMP CRM Certificate of Analysis (CCRMP 1995).
All other reference values from Govindaraju (1994).

IAT-100

Al
(ppm)

Table 39.3, continued. Summary of certified reference material data for the IAT-100 Method.

8 ± 0.4 (26)
12

258 ± 8 (34)

58 ± 1 (20)

31 ± 2.1 (4)

47 ± 2.3 (4)

89 ± 2.7 (30)

26 ± 2.9 (4)

6 ± 0.7 (17)

<LLoD

Cr
(ppm)

5 ± 2.5 (21)
7

9067 ± 253.7 (34)

56 ± 2.8 (21)

227 ± 5.4 (4)
280

2734 ± 30 (4)
2820

701 ± 30.8 (32)
670

590 ± 4.7 (4)
595

846 ± 31.8 (26)
790

13766 ± 415 (32)
14400

Cu
(ppm)

42448 ± 1385.3 (28)
43433

173739 ± 5913.2 (34)

61542 ± 2297.7 (22)
65324

>UL
567000

199294 ± 14391.7 (4)
210400

315347 ± 22096.9 (32)
374000

197174 ± 10131.1 (4)
196400

52090 ± 1530.6 (26)
54483

58125 ± 2142.3 (32)

Fe
(ppm)

Geoscience Laboratories (39)
L. Pamer

Li
(ppm)
23 ± 0.4 (32)
>UL
13 ± 0 (4)
2 ± 0.1 (32)
13 ± 0 (4)
2 ± 0.6 (4)

987 ± 26.6 (32)

16510 ± 394.8 (26)
16106

4899 ± 84.6 (4)

1192 ± 35.3 (32)

3175 ± 52.9 (4)

333 ± 21 (4)

MP-1a
Reference3

NIST-8607
Reference

RTS-1
Reference3

RTS-2
Reference3

RTS-3
Reference3

RTS-4
Reference3

39-11
15 ± 0.4 (34)
37 ± 0.5 (28)
37

8014 ± 285.8 (34)

13775 ± 279.6 (28)
13781

Su-1a
Reference

SY-4
Reference4

2860 ± 94.9 (28)
3257

24552 ± 1215.2 (34)

8415 ± 361.4 (22)
9289

1340 ± 18.9 (4)
1790

22853 ± 356.4 (4)
24500

3074 ± 106.1 (32)
3510

25339 ± 426.1 (4)
26700

7717 ± 281.3 (26)
8746

126 ± 2.8 (31)

Mg
(ppm)
552 ± 10.8 (31)

Mn
(ppm)

827 ± 14.1 (28)
836

940 ± 18.6 (33)

314 ± 5.3 (21)
325

101 ± 1.5 (4)

1802 ± 35.4 (4)

333 ± 6.6 (32)

1802 ± 39.7 (4)

6697 ± 249.5 (26)
7512

The number format is instrument value ± standard deviation (number of replicate analysis).
<LLoD indicates that the result is below the lower limit of detection of the method.
>UL indicates the result is over the upper limit of the method.
3
Values taken from Bowman (1994).
4
Values taken from CCRMP CRM Certificate of Analysis (CCRMP 1995).
All other reference values from Govindaraju (1994).

30 ± 0.5 (22)
28.6

25571 ± 755.2 (22)
27812

SDO-1
Reference

IAT-100

K
(ppm)

Table 39.3, continued. Summary of certified reference material data for the IAT-100 Method.

>UL
56225

14007 ± 557.5 (34)

2900 ± 98.1 (22)
3009

379 ± 20.7 (4)

4962 ± 48.1 (4)

2195 ± 93.8 (32)

5070 ± 132.3 (4)

1222 ± 56.7 (26)
1267

<LLoD

Na
(ppm)

7 ± 1.7 (28)
9

11169 ± 479.3 (34)

100 ± 3.9 (22)
99.5

7010 ± 88.7 (4)
7940

74 ± 1.3 (4)
71

2398 ± 107.4 (32)
2430

18 ± 5 (4)
22

<LLoD
4.1

<LLoD

Ni
(ppm)

Geoscience Laboratories (39)
L. Pamer

Sc
(ppm)
2 ± 0.2 (32)
2 ± 0.2 (26)
1.8
11 ± 0.6 (4)
<LLoD
11 ± 0 (4)
<LLoD
12 ± 0.3 (22)
13.2
12 ± 0.4 (34)
<LLoD
1.1

40606 ± 1201.5 (32)
43300

2498 ± 94.6 (26)
2600

68 ± 22.6 (4)
105

36 ± 12.2 (32)
45

107 ± 25.2 (4)
146

<LLoD
60

<LLoD
27.9

44 ± 35.7 (34)

<LLoD
10

MP-1a
Reference3

NIST-8607
Reference

RTS-1
Reference3

RTS-2
Reference3

RTS-3
Reference3

RTS-4
Reference3

SDO-1
Reference

Su-1a
Reference

SY-4
Reference4

39-12
1111 ± 14.4 (28)
1191

227 ± 4.3 (34)

80 ± 1 (21)
75.1

8 ± 0 (4)

41 ± 0.6 (4)

32 ± 0.8 (32)

58 ± 0.5 (4)

193 ± 6.6 (26)

3 ± 0.4 (32)

Sr
(ppm)

1724 ± 78.7 (28)
1721

2928 ± 118.3 (34)

3672 ± 164.2 (22)
4256

694 ± 37.3 (4)

2903 ± 129.1 (4)

1539 ± 69.5 (32)

3777 ± 142.8 (4)

480 ± 19.7 (26)
474

227 ± 21.4 (32)

Ti
(ppm)

The number format is instrument value ± standard deviation (number of replicate analysis).
<LLoD indicates that the result is below the lower limit of detection of the method.
>UL indicates the result is over the upper limit of the method.
3
Values taken from Bowman (1994).
4
Values taken from CCRMP CRM Certificate of Analysis (CCRMP 1995).
All other reference values from Govindaraju (1994).

IAT-100

Pb
(ppm)

Table 39.3, continued. Summary of certified reference material data for the IAT-100 Method.

7 ± 0.2 (28)
8

110 ± 3.3 (34)

156 ± 3.3 (21)
160

27 ± 0.5 (4)

87 ± 1 (4)

72 ± 2.1 (32)

101 ± 1.7 (4)

13 ± 0.6 (26)

2 ± 0.2 (32)

V
(ppm)

112 ± 3 (28)
119

13 ± 0.3 (34)

32 ± 0.9 (22)
40.6

1 ± 0 (4)

14 ± 0.6 (4)

2 ± 0.1 (30)

15 ± 0 (4)

3 ± 0.3 (26)
2.8

145 ± 14 (32)

Y
(ppm)

108 ± 6.1 (28)
93

187 ± 15.9 (34)

69 ± 2.8 (22)
64.1

147 ± 4.2 (4)
158

1775 ± 13.1 (4)
1850

150 ± 25.2 (32)
117

541 ± 3.4 (4)
553

2774 ± 89.5 (26)
2900

>UL
190200

Zn
(ppm)

Geoscience Laboratories (39)
L. Pamer

Ba
(ppm)
101 ± 4.6 (18)
229 ± 13.1 (237)
176 ± 9.5 (70)
143 ± 4.6 (23)
278 ± 47.1 (33)
134 ± 101.3 (23)

4554 ± 334.9 (18)

14825 ± 916.1 (237)

16115 ± 1132.1 (70)

12153 ± 648.9 (23)

11611 ± 1782.5 (33)

28967 ± 4232.5 (23)

LSKD-1
Reference1

LKSD-2
Reference1

LKSD-3
Reference1

LKSD-4
Reference1

STSD-1
Reference1

STSD-2
Reference1

39-13
1018 ± 110.6 (18)
88 ± 1.8 (30)
84
103 ± 2.7 (29)
95
42 ± 1.7 (27)
43
75 ± 1.8 (28)
71

10591 ± 374.7 (18)

17176 ± 784.5 (30)

26239 ± 1013.2 (29)

10492 ± 397.4 (27)

18382 ± 537.7 (28)

STSD-4
Reference1

TILL-1
Reference2

TILL-2
Reference2

TILL-3
Reference2

TILL-4
Reference2

<LLoD

<LLoD

2 ± 0 (26)

<LLoD

<LLoD

<LLoD

3 ± 0.6 (23)

<LLoD

<LLoD

<LLoD

<LLoD

<LLoD

Be
(ppm)

Ca
(ppm)

1053 ± 143 (28)

4923 ± 215 (27)

1488 ± 102.7 (29)

3210 ± 226.5 (30)

11755 ± 459.3 (18)

13263 ± 577 (18)

11594 ± 1460.2 (23)

16103 ± 3243.6 (33)

8797 ± 442.7 (23)

6293 ± 482.7 (70)

6004 ± 437.5 (237)

66587 ± 3003.2 (18)

The number format is instrument value ± standard deviation (number of replicate analysis).
<LLoD indicates that the result is below the lower limit of detection of the method.
>UL indicates the result is over the upper limit of the method.
1
Values from Lynch (1999).
2
Values from Lynch (1996).

678 ± 41.8 (18)

15437 ± 903.6 (18)

STSD-3
Reference1

IAL-100

Al
(ppm)

Table 39.4. Summary of certified reference material data for the IAL-100 Method.

7 ± 0.4 (28)
6

11 ± 0.4 (27)
11

14 ± 0.5 (29)
13

14 ± 0.6 (30)
12

11 ± 0.5 (18)
11

15 ± 0.5 (18)
14

18 ± 1.5 (23)
17

15 ± 1.4 (33)
14

9 ± 0.5 (23)
11

30 ± 1.4 (70)
30

17 ± 1.2 (237)
17

9 ± 0.4 (18)
9

Co
(ppm)

25 ± 0.9 (28)
26

65 ± 2.2 (27)
73

37 ± 1.1 (29)
40

28 ± 1.7 (30)
30

31 ± 1.1 (18)
30

32 ± 1.4 (18)
34

51 ± 7.2 (23)
50

27 ± 1.7 (33)
28

20 ± 1 (23)
21

51 ± 3.1 (70)
51

29 ± 1.9 (237)
29

13 ± 0.9 (18)
12

Cr
(ppm)

243 ± 6.4 (28)
254

19 ± 0.6 (27)
23

150 ± 3.9 (29)
149

45 ± 1.3 (30)
48

66 ± 1.3 (18)
66

36 ± 1.2 (18)
38

40 ± 4.8 (23)
43

33 ± 2 (33)
36

28 ± 1.1 (23)
30

31 ± 1.6 (70)
34

35 ± 1.6 (237)
36

42 ± 1 (18)
44

Cu
(ppm)

Geoscience Laboratories (39)
L. Pamer

K
(ppm)
482 ± 31.7 (18)
2040 ± 206.9 (236)
2533 ± 171.8 (70)
975 ± 96.3 (23)
671 ± 62.4 (33)
1887 ± 268.3 (23)

19555 ± 679.9 (18)
18000

35440 ± 1844.9 (237)
35000

33227 ± 1982.8 (70)
35000

25011 ± 1049.5 (23)
27000

33479 ± 6036.5 (33)
35000

42183 ± 5326.7 (23)
41000

LSKD-1
Reference1

LKSD-2
Reference1

LKSD-3
Reference1

LKSD-4
Reference1

STSD-1
Reference1

STSD-2
Reference1

39-14
905 ± 36.4 (18)
494 ± 41.6 (30)
>UL
744 ± 59.1 (27)
>UL

27988 ± 703.1 (18)
26000

34574 ± 1042.2 (30)
310000

36043 ± 769.5 (28)
32000

20542 ± 645.8 (27)
20000

35828 ± 888.3 (28)
33000

STSD-4
Reference1

TILL-1
Reference2

TILL-2
Reference2

TILL-3
Reference2

TILL-4
Reference2

19 ± 0.5 (27)

16 ± 0.7 (27)

>UL

10 ± 0.7 (30)

10 ± 0.3 (18)

20 ± 1 (18)

>UL

9 ± 0.9 (33)

9 ± 0.6 (23)

21 ± 1.4 (69)

17 ± 0.9 (235)

5 ± 0.3 (18)

Li
(ppm)

Mg
(ppm)

5344 ± 186 (28)

6155 ± 226.3 (27)

7423 ± 231.5 (29)

5911 ± 294.6 (30)

7114 ± 246.7 (18)

8087 ± 357.1 (18)

12893 ± 1568.2 (23)

7565 ± 1344.1 (33)

3734 ± 207.4 (23)

8261 ± 481.5 (70)

6478 ± 349 (237)

6491 ± 237.9 (18)

The number format is instrument value ± standard deviation (number of replicate analysis).
<LLoD indicates that the result is below the lower limit of detection of the method.
>UL indicates the result is over the upper limit of the method.
1
Values from Lynch (1999).
2
Values from Lynch (1996).

1204 ± 96.1 (18)

34563 ± 987.4 (18)
34000

STSD-3
Reference1

IAL-100

Fe
(ppm)

Table 39.4, continued. Summary of certified reference material data for the IAL-100 Method.

295 ± 8.9 (28)
260

327 ± 11.5 (27)
310

677 ± 17.4 (29)
530

1195 ± 34.5 (30)
950

1301 ± 33.1 (18)
1200

2609 ± 94.9 (18)
2630

867 ± 351.9 (23)
720

3539 ± 876.3 (33)
3740

430 ± 12.4 (23)
430

1303 ± 48.6 (70)
1220

1914 ± 136.5 (237)
1840

468 ± 14.1 (18)
460

Mn
(ppm)

279 ± 12.9 (28)

236 ± 42.6 (27)

271 ± 21.5 (29)

309 ± 31.3 (30)

355 ± 17.9 (18)

323 ± 29 (18)

564 ± 95.6 (23)

234 ± 43.9 (33)

178 ± 19.9 (23)

290 ± 37.5 (70)

280 ± 40.2 (237)

274 ± 30.1 (18)

Na
(ppm)

8 ± 1.2 (28)
15

28 ± 1.6 (27)
32

26 ± 1.9 (29)
31

13 ± 1.6 (30)
18

22 ± 1.5 (18)
23

25 ± 1.8 (18)
25

43 ± 7.1 (23)
47

16 ± 2.5 (33)
18

29 ± 1.3 (23)
32

40 ± 2.7 (70)
44

20 ± 2.4 (237)
23

10 ± 1.3 (18)
11

Ni
(ppm)

Geoscience Laboratories (39)
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S
(ppm)
16618 ± 774.8 (18)
1667 ± 578.5 (237)
1649 ± 76.5 (70)
9715 ± 443 (23)
2361 ± 210.7 (33)
606 ± 213.5 (23)

705 ± 27.4 (18)

1225 ± 59.7 (237)

938 ± 43.4 (70)

1229 ± 51.6 (23)

1471 ± 69.7 (33)

1288 ± 84.9 (23)

LSKD-1
Reference1

LKSD-2
Reference1

LKSD-3
Reference1

LKSD-4
Reference1

STSD-1
Reference1

STSD-2
Reference1

39-15
929 ± 30.8 (18)
241 ± 21.6 (30)
372 ± 19.7 (29)
155 ± 16.5 (27)
721 ± 23.4 (28)

874 ± 26.5 (18)

862 ± 28.7 (30)

548 ± 16 (29)

444 ± 18.7 (27)

717 ± 20.1 (28)

STSD-4
Reference1

TILL-1
Reference2

TILL-2
Reference2

TILL-3
Reference2

TILL-4
Reference2

5 ± 0.2 (28)

4 ± 0.2 (27)

5 ± 0.2 (29)

5 ± 0.6 (30)

4 ± 0.2 (18)

4 ± 0.5 (18)

6 ± 1.9 (23)

4 ± 0.7 (33)

4 ± 0.2 (23)

4 ± 1.6 (70)

6 ± 0.7 (237)

3 ± 0.2 (18)

Sc
(ppm)

10 ± 0.5 (28)

17 ± 1.3 (27)

14 ± 0.7 (28)

12 ± 0.7 (30)

66 ± 3.7 (18)

71 ± 3.1 (18)

141 ± 19.4 (23)

32 ± 1.9 (32)

42 ± 1.8 (23)

27 ± 2.7 (70)

28 ± 2.5 (235)

72 ± 2.3 (18)

Sr
(ppm)

The number format is instrument value ± standard deviation (number of replicate analysis).
<LLoD indicates that the result is below the lower limit of detection of the method.
>UL indicates the result is over the upper limit of the method.
1
Values from Lynch (1999).
2
Values from Lynch (1996).

1733 ± 64.4 (18)

1379 ± 47.7 (18)

STSD-3
Reference1

IAL-100

P
(ppm)

Table 39.4, continued. Summary of certified reference material data for the IAL-100 Method.

1122 ± 68.5 (28)

627 ± 54.7 (27)

1084 ± 67.7 (29)

827 ± 113 (30)

570 ± 54.5 (18)

347 ± 44 (18)

982 ± 214.3 (23)

296 ± 40.8 (33)

496 ± 53.8 (23)

942 ± 122.2 (70)

667 ± 89.6 (237)

397 ± 56.5 (18)

Ti
(ppm)

40 ± 0.9 (26)
38

33 ± 1.3 (27)
33

43 ± 1.6 (29)
38

57 ± 2.8 (29)
48

50 ± 1.6 (16)
51

52 ± 3.3 (18)
61

55 ± 7.5 (21)
58

47 ± 4 (33)
47

31 ± 1.6 (23)
32

49 ± 3.5 (68)
55

46 ± 2.6 (237)
48

22 ± 1.4 (18)
27

V
(ppm)

8 ± 0.7 (28)

6 ± 0.2 (27)

12 ± 0.6 (29)

13 ± 0.7 (30)

11 ± 0.3 (18)

20 ± 0.6 (18)

20 ± 2.3 (23)

24 ± 1.9 (33)

17 ± 0.6 (23)

19 ± 1.2 (70)

30 ± 2.1 (237)

11 ± 0.5 (18)

Y
(ppm)

63 ± 1.2 (28)
63

41 ± 1.1 (25)
43

121 ± 3.4 (29)
116

71 ± 3.4 (30)
70

87 ± 1.7 (17)
82

197 ± 4.4 (18)
192

221 ± 23.8 (22)
216

163 ± 24.3 (31)
165

184 ± 7.3 (23)
189

140 ± 6.4 (70)
139

204 ± 11 (236)
200

337 ± 11.2 (18)
337

Zn
(ppm)

Geoscience Laboratories (39)
L. Pamer
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SUMMARY OF THE IAT-100 METHOD
The following elements are part of the core package of the IAT-100 method: aluminium (Al),
barium (Ba), calcium (Ca), cobalt (Co), chromium (Cr), copper (Cu), iron (Fe), potassium (K), lithium
(Li), magnesium (Mg), manganese (Mn), sodium (Na), nickel (Ni), lead (Pb), scandium (Sc), strontium
(Sr), titanium (Ti), vanadium (V), yttrium (Y) and zinc (Zn).
Other elements, such as cadmium (Cd), molybdenum (Mo) and tungsten (W) are also analyzed by the
analytical method, but their concentration in conventional geological material is sufficiently low to approach
the low end of the working range that better results would be obtained by a more sensitive analytical method
(i.e., IMO-100 or IAC-100 by ICP–MS). Beryllium (Be), phosphorus (P) and sulphur (S) remain part of the
analytical method, but are not part of the reported suite of elements due to insufficient certified reference
materials in the method validation in the working range of the method for Be and P and due to a marked
decrease in accuracy, possibly due to the open-beaker solution preparation method for S.
The transfer of the method to new instrumentation resulted in lower limits of detection (LLoD) that
are either comparable to those determined for past instrumentation or moderately to slightly lower (e.g.,
Ca, Fe, Mg, Mn and Ti). It is difficult to distinguish improvement in the lower limit of detection for Cd,
Mo, Pb, and W as these elements were not reported in the original IA-100 package. Information on the
LLoD and the upper limit of the working range as determined by the accurate result of CRMs has been
compiled in Table 39.1.
The precision and accuracy of the IAT-100 method are assessed using data obtained from 20 CRMs of
similar type to samples commonly received by the Geoscience Laboratories as well as certain ore-grade
material used to extend the working range for certain elements. Certified reference material data may not be
available for all elements. The overall accuracy of the IAT-100 method was demonstrated in the method
validation to be better than 10%. The overall result and precision of certified reference materials routinely
cycled with submitted samples from March to August 2008 have been summarized in Table 39.3.

SUMMARY OF THE IAL-100 METHOD
The following elements are part of the core package of the IAL-100 method: aluminium (Al),
barium (Ba), beryllium (Be), calcium (Ca), cobalt (Co), chromium (Cr), copper (Cu), iron (Fe), potassium
(K), lithium (Li), magnesium (Mg), manganese (Mn), sodium (Na), nickel (Ni), phosphorus (P), sulphur
(S), scandium (Sc), strontium (Sr), titanium (Ti), vanadium (V), yttrium (Y) and zinc (Zn).
Other elements, such as cadmium (Cd), molybdenum (Mo) and tungsten (W) are also analyzed by
the analytical method, but their concentration in conventional geological material is sufficiently low to
approach the low end of the working range that better results would be obtained by a more sensitive
analytical method (i.e., IML-100 by ICP–MS). New elements to the IAL-100 package include arsenic
(As), bismuth (Bi), lead (Pb) and antimony (Sb), and are available as custom requests only. The accuracy
of these elements at low concentrations is poor and are better determined by a more sensitive analytical
method (i.e., IML-100, by ICP-MS).
The transfer of the method to new instrumentation resulted in lower limits of detection (LLoD) that
are either comparable to those determined for past instrumentation or moderately to slightly lower (e.g.,
Al, Ca, Fe, and Mg). It is difficult to distinguish improvement in the lower limit of detection for Cd, Mo,
Pb, W, As, Bi and Sb as these elements were not reported in or were not part of the original IA-100
package. Information on the LLoD and the upper limit of the working range as determined by the
accurate result of CRMs has been compiled in Table 39.1.
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The precision and accuracy of the IAL-100 method are assessed using data obtained from 12 CRMs
of similar type to samples commonly received by the Geoscience Laboratories. Certified reference
material data may not be available for all elements. The overall accuracy of the IAL-100 method was
demonstrated in the method validation to be better than 20% for major elements and 10% for trace
elements. The overall result and precision of certified reference materials routinely cycled with submitted
samples from October 2007 to July 2008 have been summarized in Table 39.4.
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40. Trace Concentration Determination of Total
Mercury in Natural Waters by Atomic Fluorescence
Spectroscopy at the Geoscience Laboratories
L. Pamer1
1

Geoscience Laboratories, Ontario Geological Survey, 933 Ramsey Lake Road, Sudbury, Ontario P3E 6B5

INTRODUCTION
In March 2007, the Geoscience Laboratories acquired an atomic fluorescence spectrometer (PS
Analytical Inc. Millennium model) for the analysis of trace concentrations of total mercury in natural
waters. The new instrumentation replaces old and non-functional analytical equipment and re-establishes
the analysis of mercury in natural waters as a method offered by the Geoscience Laboratories (Geo Labs).
The new atomic fluorescence spectrometer has demonstrated an increase in sensitivity, accuracy and
reproducibility over past instrumentation, offering enhanced preconcentration using a gold-trap and a
dehydration module to remove interferences. The method development included testing of the addition of
preservatives to artificially prepared samples for the stability of mercury, different digestion procedures,
and verification of multiple analytical parameters.
This paper summarizes the method development and validation results and introduces 2 new test
codes for the analysis of total mercury in natural waters in the part-per-trillion (ppt) and part-per-billion
(ppb) concentration ranges.

SUMMARY OF THE ANALYTICAL METHODS
The method developed for the analysis of trace concentrations of total mercury in natural waters is
adapted from the EPA 1631 (e), and EPA 245.7 methods (respectively, Telliard 2002, 2005), and from the
mercury analytical method formerly in use at the Geoscience Laboratories.
Sample solutions undergo a bromine/chlorine (BrCl) overnight digestion at room temperature to
destroy any organic material in the sample and release mercury into the solution for the determination of
total mercury. The digestion is halted before analysis with a solution of hydroxylamine hydrochloride
(NH4OH•HCl).
The solution is aspirated by the instrumentation and mixed with a solution of tin chloride (SnCl2) to
reduce the mercury species to Hg0. The vapour generated by this reaction is introduced into the
instrumentation, where, after passing through the dehydration module, mercury is collected for
preconcentration on a gold trap that is heated to generate a gaseous phase for determination by atomic
fluorescence (ppt analysis) or directly measured by atomic fluorescence (ppb analysis).
This digestion procedure and analytical methods do not distinguish between mercury species.
Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.40-1 to 40-4.
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SAMPLE COLLECTION, FILTRATION AND PRESERVATION
A literature review by Hall et. al. (2002) on the effect of different sample container surfaces on
mercury adsorption or transpiration found that all bottle types tested (glass, PET, PP, LDPE, HDPE,
FEP 1), including a pre-cleaned HDPE set, contributed no contamination above the study’s detection limit
of 0.5 ppt, regardless of stabilizing agent or matrix (0.5% BrCl, 2% HCl) with the exception of 0.04%
K2Cr2O7/1% HNO3, which showed an increase in the blanks. The study also found that transmission from
Hg in the atmosphere through the bottle material occurred at a rate of glass < PET < FEP < PP < HDPE <
LDPE, where the transmission through the glass was slowest and at a rate 100 times less than LDPE.
This same study also examined pre-filtration of samples, which resulted in poor recovery of mercury
when performed on samples prior to preservation.
The methods for determination of mercury in natural waters in ppt or ppb concentrations at the
Geoscience Laboratories have been preferentially developed to accommodate natural water samples that
are routinely submitted and preserved for major and trace elemental analysis by inductively coupled
plasma atomic emission spectroscopy (ICP–AES) and inductively coupled plasma mass spectrometry
(ICP–MS). These water samples are preserved in ~2% HNO3. Experimental results have shown greater
stability at low ppt concentrations of mercury using 2% HCl.
It is recommended that samples for submission for trace analysis of mercury (Geoscience
Laboratories method codes HGW-100 or HGW-200) be preserved in 2% HCl or 2% HNO3 prior to
submission. Filtration is not required. Approximately 50 mL of sample solution is required for one
analysis. Experimental results show that alternate matrices may have a suppressing or enhancing effect
on the determination of mercury. These solutions may be analyzed under a custom test code.

SUMMARY OF METHOD VALIDATION DATA: HGW-100 AND HGW-200
METHODS
The scarcity of matrix-matched certified reference materials (CRMs) prevents a full method
validation following the procedure outlined in Richardson and Morrison (1995). Solutions containing
known concentrations of mercury were purchased from a stock solution manufacturer and diluted to an
appropriate volume for analysis in the 1 to 100 ppt concentration range using both 2% HCl and 2% HNO3
for comparison of the two matrix types. As the concentration of mercury is unstable after long periods
and no certified concentration was given, the trueness of the results was not determined.
It was determined that there was no significant difference in the method statistics using either the
nitric acid or hydrochloric acid matrices. The method statistics are summarized in Table 40.1.

1

Abbreviations: FEP, fluorinated ethylene propylene; HDPE, high-density polyethylene; LDPE, low-density polyethylene; PET,
polyethylene terephthalate; PP, polypropylene.
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Table 40.1. Method statistics for the HGW-100 method using 2% HNO3 and 2% HCl matrices.

Limit of Detection (LoD)
Limit of Quantification (LoQ)
Upper Limit of Working Range
Standard Deviation
Relative Standard Deviation (sr) (%)
Relative Measurement Precision (%)

HGW-100
2% HNO3
Hg (ppt)
1.5
5.0
100
3.7
10.5
±21

HGW-100
2% HCl
Hg (ppt)
1.5
4.5
100
2.6
8.7
±17

As in the HGW-100 method, there are few certified reference materials containing mercury in the
parts-per-billion (ppb) concentration ranges that are preserved in a matrix similar to the water samples
routinely submitted to the Geoscience Laboratories. To verify the fitness of purpose of the HGW-200
method, several solutions of known concentrations of mercury were prepared using a stock solution
different than that used for the calibration. The method’s sensitivity was increased instrumentally to
ensure adequate overlap between the HGW-100 and HGW-200 methods; this increased sensitivity limits
the working range to an upper concentration of 50 ppb. The trueness of the results are based on the
calculated concentration of the prepared test solutions.
The impact of matrix differences was determined to be insignificant in the analysis of mercury at the
part-per-trillion range and was not experimentally repeated for the HGW-200 method. The method
statistics as determined in the 2% HNO3 matrix are summarized in Table 40.2.
Table 40.2. Method statistics for the HGW-200 method in the 2% HNO3 matrix.

Limit of Detection (LoD)
Limit of Quantification (LoQ)
Upper Limit of Working Range
Standard Deviation
Relative Standard Deviation (sr) (%)
Relative Measurement Precision (%)
Method Trueness (%)

HGW-200
2% HNO3
Hg (ppt)
0.04
0.16
50
0.29
3.38
±6.76
–7.53

To ensure precision and accuracy during an analytical run, quality-control check samples prepared
using a different mercury stock solution than that used for the calibration will be prepared with the
samples and analyzed.

FUTURE WORK
Both the HGW-100 and HGW-200 methods require a considerable volume (50 mL or more) of
sample solution for a single analysis. Experimental tests to improve the method will include testing the
analysis of mercury using a smaller sample volume. An additional method will be incorporated for a
rapid pre-screening of the samples to assist in the appropriate method selection for accurate total mercury
concentration determination.
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INTRODUCTION
The pH determination in sample solutions (Geoscience Laboratories method code PHS-100) and the
determination of neutralization potential of acid base accounting samples (Geoscience Laboratories
method code ABA; renamed ABA-100) test methods have been occasionally requested by internal and
external clients of the Geoscience Laboratories (Geo Labs) in previous years. The direct determination of
pH and the titration for acid base accounting samples has been historically performed manually by
qualified analysts.
In March 2007, the Geoscience Laboratories acquired a modular automated titration system (Mandel
Scientific Company Limited PC-Titrate™ System) specifically designed to automate current applications.
Two of these applications include the direct determination of pH in sample solutions and the titration of
acid base accounting samples for the calculation of neutralization potentials.
The automation is expected to reduce analyst time and intervention while improving the results by
standardizing analytical criteria. This paper summarizes the method validation results and introduces new
test codes for the automated analysis of pH and acid base accounting neutralization potentials.

SUMMARY OF THE AUTOMATED pH METHOD
The determination of pH by the PC-Titrate™ System is performed by direct determination. The
autosampler inserts a calibrated pH electrode in the sample solution and measures the pH reading until the
stability criteria has been attained. This determination requires approximately 40 to 45 mL of sample
solution in 50 mL centrifuge tubes of suitable dimension for insertion in the automated sampler system
holder racks. The centrifuge tube configuration of the PC-Titrate™ System allows sufficient space for a
total of 177 samples to be determined without operator intervention. While a smaller volume (no less
than 30 mL) of sample can be used for analysis, the centrifuge tube limits the insertion of measurement
devices to one pH electrode and does not compensate for differences in temperature. The samples
analyzed are, therefore, allowed to reach room temperature before analysis is performed. The electrode is
returned to a rinse station between analyses to reduce sample contamination. The solutions are not reused
and are discarded after analysis to eliminate the potential of contamination for other types of analyses.

Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.41-1 to 41-4.
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Table 41.1. Summary of pH validation data.

AES-03
CABRIEL-MX
KEJIM-02
MERSEY-92
RAINGR-12
TROIS-02A
GRM-05
GRM-07A
MIRAMICHI-02
GATINEAU-99
RICH-01
STJ-02
HUMBER-01
MICHIGAN-94
ASSIN-02D
LOWVILLE-06A
LOWVILLE06AD

No. of Analyses
9
9
9
9
9
9
8
9
9
9
9
9
9
9
9
9
9

Recommended Value
4.65
4.90
5.26
5.63
6.42
6.82
6.90
6.95
6.97
7.11
7.74
7.81
8.12
8.18
8.30
8.35
8.36

Analysis Average
4.62
4.93
5.34
5.74
6.64
6.97
7.05
7.13
7.15
7.27
7.75
7.93
8.23
8.33
8.15
8.52
8.50

% Trueness
–0.74
0.61
1.58
1.93
3.41
2.23
2.16
2.53
2.57
2.30
0.14
1.56
1.30
1.86
–1.79
2.09
1.62

Few certified reference materials are available for pH determination. National Water Research
Institute ((NWRI) Environment Canada) proficiency test samples were used for the validation of the
automated method, with results demonstrating an overall precision and accuracy as better than 5% for
each sample, and an overall trueness over the pH range tested as better than 2%. The data have been
summarized in Table 40.1 and compared to the recommended values of the samples (Tinson and Alkema
2006; Tinson, Simser and Agemian 2007).
The improvement in trueness and accuracy of pH determination has made the automated system the
recommended technique for samples submitted to the Geoscience Laboratories. While manual analysis
(test code PHS-100) remains available on request, it has been supplanted by the automated technique.

SUMMARY OF THE AUTOMATED TITRATION METHOD FOR
ACID BASE ACCOUNTING NEUTRALIZATION POTENTIAL
DETERMINATION
The determination of the acid base accounting neutralization potential using the PC-Titrate™
System is performed by titration and direct determination. The autosampler inserts a calibrated pH
electrode in the sample solution and, while stirring, dispenses measured amounts of an appropriate
concentration of base, measures the pH reading until the stability criteria has been attained, and continues
to add measured amounts of base until the pH endpoint or volume criteria has been reached. To
compensate for temperature differences occurring during the addition of a base to an acidic solution, a
temperature measurement is also included in the analysis. The software automatically calculates the
neutralization potential.
The titration and determination of the results requires a larger container to accommodate the
electrode, temperature probe, stirrer and dispensing probes. The sample containers are 300 mL glass
beakers, and the beaker configuration of the PC-Titrate™ System allows sufficient space for a total of 19
samples to be determined without operator intervention. Current equipment limitations for sample
preparation maintains small batch sizes of 15 samples, including a duplicate and reference material.

41-2

Geoscience Laboratories (41)

L. Pamer et al.

Table 41.2. Manual method versus automated method results for determination of neutralization potential (NP) of submitted samples.

Samples
Sample 1
Sample 2
Sample 3
Sample 4
Sample 5
Sample 6
Sample 7
Sample 8
Sample 9
Sample 10
Sample 11
Sample 12
Sample 13
Sample 14
Sample 15
Sample 16
Sample 17
Sample 18
Sample 19
Sample 20
Sample 21

Manual
NP Method
354.15
326.76
373.88
370.00
321.75
388.75
305.68
327.58
332.92
319.00
293.31
355.22
265.27
311.41
336.33
367.27
450.17
297.90
256.99
295.31
319.54

Automated
NP Method
440.16
371.44
409.40
436.72
337.14
452.89
340.77
449.61
288.06
356.02
313.15
392.56
335.42
330.5
360.6
385.84
485.15
321.91
291.22
368.17
350.49

%Difference
22%
13%
9%
17%
5%
15%
11%
31%
–14%
11%
7%
10%
23%
6%
7%
5%
7%
8%
12%
22%
9%

The manual method for the acid base accounting neutralization potential determination is modified
from the standard Sobek method as detailed in the MEND Project Report 1.16.1b (Coastech Research Inc.
and Mineral Sciences Laboratories (Canada) 1991). To accommodate the transfer to the automated
system, slight changes to the method that more closely resembles the modified Sobek method detailed in
the MEND Project Report 1.16.1b (Coastech Research Inc. and Mineral Sciences Laboratories (Canada)
1991). The results of the modified method show a high degree of accuracy and precision for the certified
reference materials (CRMs) tested.
At the present time, there are insufficient numbers of certified reference materials for acid base
accounting samples to validate the technique following the recommendations outlined by Richardson and
Morrison (1995). As an alternative to a full validation, the certified reference material, NBM-1 (Canadian
Certified Reference Materials Project (CCRMP) 2007) was used to establish the accuracy of the method,
and the results of a set of submitted samples were performed using the manual method and the automated
method and compared (Table 41.2). The results show that the automated method returns a higher
neutralization potential value (overall, 11% greater), except in the case of sample 9, where the manual
method returned a higher value.
Certified reference material data determined by both methods is summarized in Table 41.3 and
demonstrate a greater degree of accuracy when the neutralization potential is measured using the
automated method. Unpublished historical neutralization potential data of the certified reference material,
NBM-1, has been found to be biased slightly low (long-term average: 46.1, accuracy: –3%), indicating
that there may be greater improvements using the automated system for the determination of
neutralization potentials. Long-term certified reference material data will be collected and monitored to
ensure the continued accuracy of the automated method.
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Table 41.3. Manual method versus automated method results for NBM-1.

Certified Reference Material
NBM-1
NBM-1
Certified Value
Average Trueness (%)

Manual Method
NP
44.36
45.65
46.6 1
–3%

Automated Method
NP
49.98
50.13
49.6 2
0.9%

1

Certificate of Analysis value for modified Sobek Neutralization Potential, Slight Fizz Rating (CCRMP 2007).
Certificate of Analysis value for method-specific Sobek Neutralization Potential, Slight Fizz Rating (CCRMP 2007).

2

FUTURE WORK
The modular design of the automated ion and titration analysis instrumentation from Mandel
Scientific Company Limited (PC-Titrate™ System) is also configured for the analysis of fluoride and
chloride in digested sample solutions. The fluoride method is undergoing data collection for method
validation, while additional method development work is required for chloride determination.
The Geoscience Laboratories is investigating the upgrade of the current PC-Titrate™ System for the
future addition of conductivity testing of water samples in combination with pH determination.

REFERENCES
Canadian Certified Reference Materials Project (CCRMP) 2007. NBM-1, Certified reference material for acid base
accounting, certificate of analysis; CANMET Mining and Mineral Sciences Laboratories, Canadian Certified
Reference Materials Project (CCRMP), http://www.nrcan.gc.ca/ms/canmet-mtb/mmsllmsm/ccrmp/certificates/nbm-1.htm, http://www.nrcan.gc.ca/ms/canmet-mtb/mmsllmsm/ccrmp/certificates/nbm-1.pdf.
Coastech Research Inc. and Mineral Sciences Laboratories (Canada) 1991. Acid rock drainage prediction manual: a
manual of chemical evaluation procedures for the prediction of acid generation from mine wastes. Prepared for
CANMET - MSL Division. Prepared by Coastech Research Inc.; Canada Centre for Mineral and Energy
Technology (CANMET), Mine Environment Neutral Drainage (MEND) Program, Project No.1.16.1b
Richardson, J.M. and Morrison, J.L. 1995. Method validation in the Ontario Geoscience Laboratories; The Analyst,
v.120, p.1519-1526.
Tinson, C. and Alkema, H. 2006. Report NLET-TN-05-505: Ecosystem Proficiency Testing QA Program: rain and
soft waters, PT Study 0087, December 2005 / January 2006; National Water Research Institute (NWRI),
National Laboratory for Environmental Testing, Environment Canada.
Tinson, C., Simser, J. and Agemian, H. 2007. Report NLET-TN07-777: Environment Canada Proficiency Testing
Program, PT Study 0090, June to September 2007, major ions, nutrients and total phosphorus in water;
National Water Research Institute (NWRI), Water Science and Technology Directorate, Environment Canada.

41-4

This page left blank intentionally

Far North Geological Mapping Initiative

42. Project Unit 07-005. A Review of the
Tectonostratigraphic Assemblages, the
Structural History and the Geochronology of the
North Spirit Lake Greenstone Belt, Northwestern Ontario
S. Préfontaine1, S. Buse1,2, D.W. Davis3, M.A. Hamilton3 and G.M. Stott1
1

Precambrian Geoscience Section, Ontario Geological Survey, Sudbury, Ontario P3E 6B5
current address: Teck Cominco Limited, Kamloops, British Columbia V1S 2A9
3
Jack Satterly Geochronology Laboratory, University of Toronto, Toronto, Ontario M5S 3B1
2

INTRODUCTION
The North Spirit Lake greenstone belt, located 160 km north northeast of the town of Red Lake
(Figure 42.1) was mapped during the summer of 2007 by the first 2 authors and assistants. Sampling for
geochronology was conducted to assist in evaluating the relationship between the different
tectonostratigraphic assemblages and to better delineate the timing of deformational events affecting this
belt. Uranium-lead age determinations completed as part of this project were carried out at the Jack
Satterly Geochronology Laboratory at the University of Toronto using isotope dilution thermal ionization
mass spectrometry (ID–TIMS) methods (summarized in Kamo, Davis and Hamilton 2008) and at the
Geological Survey of Canada using a sensitive high-resolution ion microprobe (SHRIMP II) (Stern 1997).
The goal of this article is to 1) present new geochronological results, 2) summarize the different
tectonostratigraphic assemblages found in the North Spirit Lake greenstone belt and clarify their interrelationships, and 3) constrain the ages of the assemblages and intrusive events in relation to the timing of
deformation affecting this greenstone belt.

GENERAL GEOLOGY
The North Spirit Lake greenstone belt is part of the North Caribou Terrane and is composed of
multiple volcanic and sedimentary assemblages formed over approximately 300 million years. The
western portion of the belt is dominated by younger intermediate volcanic rocks and several sedimentary
basins and the eastern part is dominated mostly by older volcanic assemblages and one older sedimentary
package (Figure 42.2). Several plutonic suites intrude the belt and appear to be coeval with the younger
volcanic episode. The belt is surrounded by intrusions ranging in age from circa 2928 to 2697 Ma.
Several younger dikes of felsic to ultramafic composition also crosscut the supracrustal rocks.

TECTONOSTRATIGRAPHIC ASSEMBLAGES AND GEOCHRONOLOGY
For a more descriptive summary of the rock types associated with the different assemblages, the
reader is referred to the details provided in Préfontaine and Williams (2007) and Buse et al. (2007).
Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.42-1 to 42-15.
© Queen’s Printer for Ontario, 2008
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Wapisipi Assemblage: The oldest rocks of the North Spirit Lake supracrustal belt, the Wapisipi
assemblage (see Figure 42.2), are located on the eastern side of the belt. The southern and northern
sections are composed of mafic volcanic flows with minor intermediate to felsic tuff, clastic
metasedimentary rock and iron formation. The central section is dominated by ultramafic flows and tuffs.
The northern and central sections also contain mafic to ultramafic intrusions interfingered with oxidefacies iron formation. A sample of intermediate lapilli tuff collected for geochronology in East Bay
yielded small, stubby and cracked zircons (see Figure 42.2: Location 1). Three concordant analyses have
a spread in ages from 3044 to 3049 Ma, whereas a fourth, slightly discordant, grain gave an age of
3041 Ma (Table 42.1; Figure 42.3: Location 1). A free regression of Z1 and the youngest concordant
analysis (Z3) yields an upper intercept age of 3043.5±1.2 Ma. This interpretation assumes that the other
analyses Z2 and Z4 represent zircon grains with slight inheritance. The rocks located to the west of East
Bay are interpreted to continue south based on geophysical evidence and field evidence. Tuff breccia
from an isolated island outcrop in North Spirit Lake has previously yielded an age of 3023±2 Ma (Corfu
and Wood 1986; see Table 42.1: Location 2; see Figure 42.2: Location 2), reinforcing the interpretation
that the Wapisipi assemblage is also located north of the North Spirit Lake fault (see Figure 42.2). A
volcaniclastic rock located near Peridotite Bay also yielded an age of 3046±5 Ma, which is within error of
the lapilli tuff of Location 1 (see Table 42.1: Location 3; see Figures 42.2 and 42.3: Location 3).

Figure 42.1. Location map of the North Spirit Lake greenstone belt.
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Figure 42.2. Assemblage map of the North Spirit Lake greenstone belt and location of geochronology samples. The location
numbers refer to the locations in Table 42.1 and Figure 42.3.
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Table 42.1. Summary of the ages available in the North Spirit Lake greenstone belt.
Location

Rock Type

(Fig.42.2)

Supracrustal Rocks
Intermediate lapilli tuff
1
Felsic to intermediate tuff breccia
2
Intermediate volcaniclastic rock
3
Tonalite clast in conglomerate
4
Tonalite clast in conglomerate
5
Polymictic conglomerate
6

Easting1
(m)

Northing1
(m)

Age(s)
(Ma)

Assemblage

Reference

514696

5822044

508718

5817394

511230

5813817

Wapisipi
Wapisipi
Wapisipi
Makataiamik
Makataiamik
Makataiamik

This study2
Corfu and Wood (1986)
This study3
Corfu and Wood (1986)
Corfu and Wood (1986)
This study3

515983

5807887

3043 to 3049
3023±2
3046±5
>2975
3001±3
2962±24 to
3067±36
2968±18 to
3054±18
2800 to 2950
2986 +3/–2
2918±24 to
2992±36
2792 to 2851
2714±30 to
2994±12
2733.5±0.7
to 2778±3
2774 to 2853
2735±10
2924.2±1.1
2734±4 and
2918±17
2740±14,
2934±5, and
3037±5
2729±4

Makataiamik

This study3

Disrupted
Disrupted
Margot

Corfu and Wood (1986)
Corfu and Wood (1986)
This study3

Nipa
Hewitt

This study2
This study3

Hewitt

This study2

Hewitt
Hewitt
Hewitt ?
North Spirit

This study2
Corfu and Wood (1986)
This study2
This study3

North Spirit

This study3

North Spirit

This study3

7

Quartz arenite

8
9
10

Intermediate lapilli tuff
Quartz arenite
Sandstone

504861

5807237

11
12

Felsic tuff
Siltstone

508518
511953

5804554
5806861

13

Dacitic tuff

507320

5804858

14
15
16
17

Dacitic tuff
Felsic to intermediate felsic tuff
Intermediate crystal tuff
Sandstone

517519

5795898

509068
507725

5813507
5813291

18

Polymictic conglomerate

505254

5819136

19

Sandstone

495290

5819609

500927
504700

5821556
5819900

Intrusive Rocks
Hornblende biotite granodiorite
20
Tonalite
21
Quartz diorite
22
Porphyritic trondhjemite
23
Trondhjemite
24
Granodiorite
25
Potassium feldspar megacrystic
26
granite
Gneissic tonalite
27
Granite
28
Granitic pegmatite
29
Dacitic dike
30
Gabbro
31

509616
519639
504175
515464

5806908
5796526
5803861
5822181

496700
496778
496800
508620
509434

5816700
5814397
5813300
5817930
5817847

Gabbro diabasic dike

497784

5811735

32
1

2928.3±1.6
2925 +10/–8
2731±2
2743±2
2732.6±0.8
2731.0±0.8
2726.2±1.1

This study2
Stevenson (1995)
Corfu and Wood (1986)
Corfu and Wood (1986)
This study2
This study2
This study2

2726±8
2724±5
2697±2
2687±5
2704, 2728,
2738
2174.6±3.2

Corfu and Stone (1998)
This study2
Corfu and Stone (1998)
This study2
This study2
Biscotasing
dike swarm

Hamilton and Stott
(this volume)

Universal Transverse Mercator (UTM) co-ordinates are provided in North American Datum 1983 (NAD83), Zone 15.
Methods used in this study: 2ID–TIMS (Jack Satterly Geochronology Laboratory, University of Toronto);
3
SHRIMP II (Geological Survey of Canada).
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Figure 42.3. Concordia diagram showing the result of the age analyses: Locations 1 to 11.
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Iskotai Assemblage: Previously known as the North Spirit Assemblage (Thurston, Osmani and Stone
1991), the Iskotai assemblage, situated north of North Spirit Lake, is considered to overlie the Wapisipi
assemblage and, on the basis of lithology and unpublished geochemistry, is interpreted to represent an arc
volcanic suite (see Figure 42.2). Volumetrically predominant mafic metavolcanic rocks are present as
massive volcanic flows with rare feldspar phenocrysts or as bedded or laminated tuffs. Less extensive
intermediate to felsic metavolcanic rocks are generally bedded or laminated tuffs and are normally no more
than tens of metres in thickness. Mafic intrusive rocks occur locally as sills and are either massive or weakly
foliated. These intrusive rocks are difficult to distinguish from thick massive extrusive flows. The Iskotai
assemblage swings around an east-trending fold axis and disappears under younger rocks to the south (see
Figure 42.2).
Makataiamik Assemblage: The Makataiamik assemblage was redefined by Buse et al. (2007) and
Préfontaine and Williams (2007) (see Figure 42.2). This sedimentary assemblage is characterized by
conglomerates, sandstones and local iron formation. A major unconformity separates the Wapisipi
assemblage from the Makataiamik assemblage based on mafic to ultramafic volcanic clasts reported in the
conglomerate near Makataiamik Lake (Carter 1976) and the contrast in ages between the Wapisipi
assemblage (3023 to 3049 Ma) and the Hewitt assemblage (2714 to 2778 Ma). The Makataiamik
assemblage represents a major period of erosion and sedimentation after Wapisipi and possibly Disrupted
assemblages volcanism, but predates volcanism represented within the Hewitt assemblage. The
Makataiamik assemblage appears to be derived from Mesoarchean (2962 to 3067 Ma) sources, possibly
including the Wapisipi assemblage. Corfu and Wood (1986) suggested that quartz-rich arenite of the
Makataiamik assemblage was derived from a strongly reworked sialic source on a stable crustal platform.
Furthermore, the presence of various types of graded conglomerate and graded stratified conglomerate
has suggested an upper fan deposit, whereas pebbly and massive sandstone occurring with more proximal
turbidites may constitute a mid-fan deposit (Wood 1980). Therefore, the Makataiamik assemblage is
interpreted to represent an alluvial fan environment grading upward to a braided fluvial lacustrine system
(Wood 1980). Two samples were targeted to better constrain the age of this assemblage. First, the sandy
matrix of a polymictic, matrix-supported conglomerate was sampled west of Opwagan Lake (see Figure
42.2: Location 6). This sample yielded relatively good-quality zircons with mostly euhedral shapes, but
with diverse colour and morphologies.
Eighteen in-situ SHRIMP spot analyses for these zircons define an age distribution that ranges from
2962±24 Ma to 3067±36 Ma (see Table 42.1: Location 6; see Figure 42.3: Location 6). The younger age
is a maximum age of deposition. Likewise, a sample from the base of a quartz arenite overlying this
conglomerate was collected southwest of Makataiamik Lake (see Figure 42.2: Location 7), and yielded a
small population of tiny zircon and sparse larger, cracked grains that give an age distribution from
2968±18 Ma to 3054±18 Ma (see Table 42.1: Location 7; see Figure 42.3: Location 7). These ages are
comparable to previous ages determined on tonalite clasts from a Makataiamik assemblage conglomerate
of older than 2975 Ma and 3001±3 Ma (Corfu and Wood 1986) (see Table 42.1: locations 4 and 5,
respectively; see Figure 42.2: locations 4 and 5).
Disrupted Assemblage: The Disrupted assemblage is poorly exposed and located in the northeast part of
the supracrustal belt (see Figure 42.2). Dominated by mafic to intermediate metavolcanic rocks, this
assemblage is considered to be part of an arc sequence with ages previously determined of between 2800
to 2950 Ma and 2986 +3/–2 Ma (Corfu and Stone 1986) (see Figure 42.2: locations 8 and 9, respectively).
The relationship between the Disrupted and the Iskotai assemblages is unclear. One possibility is that the
Iskotai assemblage is folded around a north-trending axial plane (D1) (Figure 42.4), making it possibly
coeval or even stratigraphically equivalent to the Disrupted assemblage.
Margot Assemblage: The Margot assemblage is the oldest assemblage found in the core of the Hewitt
anticline, extending along the west side of North Spirit Lake and folded around a southeast-plunging
syncline near the southwest margin of the greenstone belt (see Figure 42.2). Dominated by lithic and
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subarkosic to arkosic sandstones with rare arenites to argillaceous mudstone and siltstone, these sediments
were previously thought to be part of the Makataiamik assemblage (Thurston, Osmani and Stone 1991),
but were separated from this assemblage based on recent mapping (Préfontaine and Williams 2007; Buse
et al. 2007). These field observations are now supported by geochronology. Regionally, the sediments of
the Margot assemblage appear to connect discontinuously with sediments of the Hornby greenstone belt,
from which a rhyolite at the base of the sedimentary Findlay assemblage was determined to have an age
of 2901±2 Ma (Corfu et al. 1998). The upper portion of the Margot assemblage is defined by a succession
of iron formation overlain by marbles, representing a transgressive shift toward a more platformal marine
environment, as an old sedimentary basin became emergent (Buse et al. 2007). Near the hinge of the
Hewitt anticline, a sandstone was collected to better determine the age of deposition of this sedimentary
assemblage (see Figure 42.2: Location 10). This sample yielded a small population of large grains of
good quality with some euhedral as well as rounded zircons producing concordant data with a limited
range of ages from 2918±24 Ma to 2992±36 Ma (see Table 42.1: Location 10; see Figure 42.3: Location
10). The youngest and oldest data can be grouped into 2 subsets with ages of 2924±7 Ma (8 data, 71%
probability of fit) and 2971±9 Ma (7 data, 67% probability of fit), respectively. The Margot assemblage
and the Makataiamik assemblage have similar source ages. However, because of the different nature of
the sediments and our interpretation of the structural history of the belt, we suggest that the Makataiamik
assemblage may be older and have been affected by the D1 and D2 deformation events, whereas the
Margot assemblage could be slightly younger, witnessing only the D2 deformational event (see
“Deformation History for the North Spirit Lake Greenstone Belt”).
Nipa Assemblage: Overlying the Margot assemblage (see Figure 42.2), the Nipa assemblage represents
a deeper marine setting with a succession of mostly pillowed mafic flows intercalated with local
ultramafic volcanic rocks, intermediate to felsic tuff, clastic sediments and iron formation. The ultramafic
rocks are highly altered, leaving no primary mineralogy or textures, and are dominantly composed of talc
and actinolite. On the south shore of Hewitt Lake, intercalated with the mafic unit, a felsic tuff was
collected for geochronology (see Figure 42.2: Location 11). This sample yielded a small population of
mostly tiny, long, prismatic and cracked zircons. Uranium–lead isotopic data for a selection of the bestquality grains plot slightly above concordia with ages ranging from 2792±2 Ma to 2851±2 Ma, suggesting
that even these zircons have a large detrital or xenocrystic component (see Table 42.1: Location 11; see
Figure 42.3: Location 11). The younger age is a maximum for deposition of the unit.
Hewitt Assemblage: Conformably overlying the Nipa assemblage is the Hewitt assemblage, a
succession of intermediate tuffs, volcaniclastic rocks and metasedimentary rocks, which dominates most
of the southern portion of the greenstone belt (see Figure 42.2). The more abundant intermediate
metavolcanic rocks are largely composed of dacitic to andesitic tuff, with minor lapilli tuff, tuff breccia
and crystal tuffs; local mafic flows, iron formation and clastic to volcaniclastic metasedimentary rocks
also occur. The rocks are probably related to an arc sequence built over time, with the resedimented
volcanic rocks having minor sources in older rocks of the same sequence. Four samples from this
assemblage were collected for geochronology. First, a stratigraphically lower siltstone collected on the
east shore of Hewitt Lake (see Figure 42.2: Location 12) yielded a small population of euhedral and
cracked zircons. SHRIMP analyses from 12 grains gave a range of concordant data from 2714±30 Ma to
2994±12 Ma (see Table 42.1: Location 12; see Figure 42.3: Location 12). However, the 12 youngest
analyses overlap with an average age of 2735±5 Ma, which is in good agreement with the primary
volcanic extrusive age of the 2733.5 Ma basal dacitic tuff (Location 13). The intermediate detrital ages
from this siltstone (e.g., 2825 to 2875 Ma) are also seen in the dacite tuff from Location 14. The 2994 Ma
grain has age equivalents in seen in some of the Makataiamik assemblage detritus. A dacitic tuff was
collected near Hewitt Lake at the base of this assemblage (see Figure 42.2: Location 13). Moderate
abundances of highly cracked short and long prisms were recovered from this sample and an age of
volcanism is constrained at 2733.5±0.7 Ma (see Table 42.1: Location 13; see Figure 42.3: Location 13).
A second dacitic tuff was collected immediately west of the Shrimp Lake pluton (see Figure 42.2:
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Figure 42.3. continued. Concordia diagram showing the result of the age analyses: Locations 12 to 18.
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Location 14), and the sample yielded a small population of diverse, highly cracked, multifaceted zircons
with lesser amounts of rounded grains. The igneous populations have ages ranging from 2774±1 Ma to
2853±2 Ma (see Table 42.1: Location 14; see Figure 42.3: Location 14). This sample most likely has a
large detrital component, so the younger age is interpreted as the maximum age for deposition of this unit.
Lastly, euhedral, sharply terminated zircons from an intermediate crystal tuff, collected near South Bay of
North Spirit Lake (see Figure 42.2: Location 16) yield a U/Pb age of 2924.2±1.1 Ma (see Table 42.1:
Location 16; see Figure 42.3: Location 16). This age is distinctly older than other (ca. 2735 Ma) Hewitt
assemblage rocks described above from the southern and central parts of the belt. Corfu and Wood (1986)
also sampled a felsic to intermediate crystal tuff from the South Bay area, obtaining an age of 2735±10 Ma
(see Figure 42.2: Location 15). The 2924 Ma age determined for the tuff from Location 16, therefore, either
implies that these zircons are entirely xenocrystic or detrital, or that a major structural discontinuity occurs
between this unit that has a determined age and other rocks more clearly defining the Hewitt assemblage.
North Spirit Assemblage: The youngest supracrustal rocks of the belt, the North Spirit assemblage, are
defined as a sedimentary assemblage occurring in the South Bay area as well as the north-central islands
and western section of North Spirit Lake (see Figure 42.2). It is composed of metasedimentary rocks
ranging from conglomerate to mudstone, predominantly volcanic in origin. These units often have lithic
fragments and are poorly sorted. Several samples were collected to define the age of this assemblage.
A sandstone on the western shore of North Spirit Lake yielded a small population of tiny, euhedral long to
short-prismatic zircon grains of poor quality producing concordant data with a high degree of overlap,
defining a cluster of ages having a mean at 2729±4 Ma (9 analyses; see Table 42.1: Location 19; see
Figures 42.2 and 42.3: Location 19). The unimodal zircon age population suggests that either it is a rock
with a uniform provenance or a resedimented volcanic unit; in either case, it provides a maximum age
limit of deposition. A second sandstone from South Bay yielded a small population of relatively fresh
zircon with diverse morphology and colour that provides 2 distinct age clusters, at 2918±17 Ma and
2734±4 Ma (3 and 13 analyses, respectively; see Table 42.1: Location 17; see Figures 42.2 and 42.3:
Location 17). In addition, the youngest 2 data overlap within error and define a maximum age for
deposition of 2724±10 Ma (95% probability of fit). Lastly, a conglomerate was collected from an island
near the north shore of North Spirit Lake (see Figure 42.2: Location 18). Mostly euhedral zircons again
defined 2 age populations, at 2740±14 Ma and 2934±5 Ma (2 and 9 analyses, respectively; see Table
42.1: Location 18; see Figure 42.3: Location 18). The oldest grain is slightly discordant. Its 207Pb/206Pb
age of 3037±5 Ma gives a minimum age estimate for this grain. In summary, this assemblage appears to
have 2 main provenance sources: younger detritus (2730 to 2740 Ma) could be derived from the Hewitt
assemblage, whereas the source of the older ages (2915 to 2935 Ma) remains poorly constrained, but
could, in part, be derived from the underlying Margot assemblage area.

INTRUSIONS
North Intrusion
A hornblende-biotite granodiorite sample was collected from the large granitoid pluton north of
North Spirit Lake (see Figure 42.2: Location 20). This unit yielded a moderate amount of medium-quality
zircons, dominated by short prisms and a smaller subpopulation of elongated euhedral grains. Uranium–
lead data for 3 fractions regress to yield an upper intercept age of 2928.3±1.6 Ma, which is interpreted to
be an accurate estimate of the intrusive age of this pluton (see Table 42.1: Location 20; see Figure 42.3:
Location 20). This age correlates with a published age for a tonalitic phase of the same pluton, sampled
on the north shore of North Spirit Lake, at 2925 +10/–8 Ma (Stevenson 1995) (see Figure 42.2: Location
21). The intrusion of this pluton may have been coeval with the first folding event that affected the 4 older
assemblages (Wapisipi, Iskotai, Makataiamik and Disrupted assemblages).
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Figure 42.3. continued. Concordia diagram showing the result of the age analyses: Locations 19 to 28.
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Synvolcanic Intrusions
A series of high-level plutons, ranging in composition from trondhjemite to quartz diorite, are
interpreted to be approximately coeval with the Hewitt assemblage. The Bijou Point intrusion and the
Hewitt Lake intrusion yielded previously determined ages of 2731±2 Ma (see Figure 42.2: Location 22)
and 2743±2 Ma, respectively (see Figure 42.2: Location 23). A new sample was collected from the
trondhjemitic phase of an intrusion northeast of Shrimp Lake in the southernmost portion of the belt (see
Figure 42.2: Location 24). Short and long, highly cracked prismatic zircons from this sample yield a
crystallization age of 2732.6±0.8 Ma, with xenocrystic components ranging from 2778 to 3034 Ma (see
Table 42.1: Location 24; see Figure 42.3: Location 24). Another synvolcanic pluton located north of
Makataiamik Lake (see Figure 42.2) is identical in composition to the Hewitt Lake pluton, suggesting that
other synvolcanic intrusions likely have a similar crystallization age. The ages of circa 2730 to 2745 Ma,
combined with some evidence for folding of the primary fabric and shearing observed in the Bijou Point
intrusion, suggest that these are pre-deformational (D2) intrusions.

Western Intrusion
A large hornblende-bearing granodiorite bounds the western margin of the belt and is separated from
supracrustal units of the North Spirit Lake greenstone belt by the Bear Head fault. Zircon grains recovered
from a sample collected approximately 3.5 km west of Hewitt Lake are stubby and euhedral, though
rounded cores are visible in some grains. Analysis of visibly core-free zircons produced concordant to nearconcordant data with overlapping ages that average to 2731.0±0.8 Ma making this the likely age of
crystallization of the pluton (see Table 42.1: Location 25; see Figures 42.2 and 42.3: Location 25).

Potassium Feldspar Megacrystic Granite
An expansive mass of potassium feldspar granite flanks the eastern side of the North Spirit Lake
greenstone belt. A representative sample of this pluton was collected near the eastern shore of East Bay
on North Spirit Lake (see Figure 42.2: Location 26). This granite yielded a modest amount of fair quality,
pale brown zircon prisms, both short stubby varieties and longer slender prisms. Regression of U/Pb data
for 4 single zircon grains yields an upper intercept age of 2726.2±1.1 Ma, which is considered the age of
emplacement for this pluton (see Table 42.1: Location 26; see Figure 42.3: Location 26). This age is
identical, within error, to the age of the North intrusion, and is similar to the range of ages of potassium
feldspar megacrystic granitoids elsewhere in the Berens River belt (Corfu and Stone 1998).

Anticline-Associated Intrusions
In the hinge zone of the prominent Hewitt anticline, a granite was collected to determine if the
otherwise massive intrusions located in this domain were folded together with the supracrustal rocks of
the belt. Sampled immediately north of Margot Lake (see Figure 42.2: Location 28), the granite yielded a
small population of poor-quality, heterogeneous, cracked, partly resorbed, partly altered and rarely clear
zircon grains of varying shapes and sizes. The data scatter in age from 2646 to 2788 Ma, though much of
the data is discordant. The most concordant data suggest a crystallization age near 2724±5 Ma (see Table
42.1: Location 28; see Figure 42.3: Location 28). Corfu and Stone (1998) sampled a gneissic tonalite (see
Figure 42.2: Location 27) of similar age (2726±8 Ma, zircon) to the granite, as well as an aluminous,
garnet-bearing two-mica granite, which was determined to have a monazite age of 2697±2 Ma (see Figure
42.2: Location 29).
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Quartz-Phyric Granodioritic Dike
To better define the age of the deformation, a quartz-phyric granodiorite dike, located on an island in
the eastern part of North Spirit Lake, was sampled. This unit crosscuts the mafic volcanic rock of the
Wapisipi assemblage. East-trending folds, resulting from the D2 event, occur in this unit. However, no
evidence was seen for the D1 folding event; thus, the D1 folding event should predate the age of this dike,
whereas the D2 event should postdate it. Zircons recovered from this sample were mostly short, pale
brown prisms, occasionally flat, and nearly always clouded. The results are variably discordant and not
particularly definitive. The rough collinearity of 4 analyses suggests an age of about 2687 Ma (see Table
42.1: Location 30; see Figures 42.2 and 42.3: Location 30).

Gabbro
A medium-grained gabbro sample was collected on Memekwesi Island, in the hopes of constraining
the age of the Wapisipi assemblage (see Figure 42.2: Location 31). Zircon grains recovered from this
sample, however, were sparse and heterogeneous and are probably all xenocrystic. Variably discordant
results scatter with Pb/Pb ages of 2704, 2728 and 2738 Ma (see Table 42.1: Location 31; see Figure 42.3:
Location 31).

Diabase Dike
A north- to north-northeast-trending, subvertical, 30 m thick diabase dike crosscuts all units from
Margot Lake to the south shore of western North Spirit Lake. A sample of this dike was collected from
the south shore of Margot Lake (see Figure 42.2: Location 32), and the results of baddeleyite
geochronology of this diabase are presented by Hamilton and Stott (this volume). The dike, emplaced at
2174.6±3.2 Ma, is equivalent in age to the extensive Biscotasing dike swarm of the southern and eastern
Superior Province (Buchan, Mortensen and Card 1993; Halls and Davis 2004).

Figure 42.3. continued. Concordia diagram showing the result of the age analyses: Locations 30 and 31.
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DEFORMATION HISTORY FOR THE NORTH SPIRIT LAKE
GREENSTONE BELT
There are 2 main deformation events within the North Spirit Lake greenstone belt, including 3
generations of folding (Figure 42.4). The first deformation event (D1) is identified in the eastern portion
of the greenstone belt within the older tectonostratigraphic assemblages (the Wapisipi, Iskotai,
Makataiamik and Disrupted assemblages). The North Spirit fold postdates the Disrupted assemblage at
circa 2800 Ma, but does not affect the younger assemblages, thus predating the Nipa assemblage (circa
2792 Ma). This fold is later deformed by the D2 event. The mafic volcanic rocks in the southern and
southeastern area of the belt, interpreted as being part of the Wapisipi assemblage, are, in consequence,
folded by F1. Evidence is seen in the topping indicators in the south and southeastern volcanic exposures.
The hinge of the North Spirit fold located in the northernmost portion of the belt (Iskotai assemblage) is
evidenced by rare top indicators. This hinge is difficult to determine east and southeast of Peridotite Bay
where it is cut by the intruding pluton and possibly reappears south near Shrimp Lake. The bedding and
the foliation within the assemblages affected by F1 are parallel within the limbs of the fold and are often
openly refolded. Due to the parallel nature of these foliations and bedding, it is likely that the foliation is
actually S1 and the open folds are the result of F2. A significant unconformity separates the Makataiamik
assemblage from the Wapisipi assemblage.
The D2 deformational event is the result of a dextral transpression, which is responsible for major
regional structures and the main folding and faulting events in the belt. This event affects all the
tectonostratigraphic assemblages. The rhyolitic dike, with an age of circa 2687 Ma, is the youngest rock
type known to be affected by this deformation. Consequently, the D2 deformational event must postdate
circa 2687 Ma. The F1 fold axis (North Spirit fold) is deformed by an F2 anticline with an axial plane
trending roughly east–west in the North Spirit Lake area. The main F2 folding event is responsible for the
approximately 320º regional penetrative foliation (S2) that dominates the southern portion of the belt. The
east–west orientation of the F2 axial plane is likely the result of the greenstone belt being buttressed
against the older northern pluton. The northern intrusion also rotated the orientation of the S0 and S2
fabrics to east–west. The L2 lineations dominate the greenstone belt. In the western portion, they plunge
to the southeast and, in the northern portion, plunge east to southeast, which again is largely the result of
the fault and intruding plutons. The L2 lineations are consistent with regional lineations that all plunge to
the south. In the western portion of the belt, in the Hewitt Lake area, is an anticline–syncline pair. These
folds have axial planes trending roughly 320° and the anticline plunges steeply to the northwest making it
a synformal anticline. Between the Hewitt anticline and the North Spirit fold, there is local evidence for a
syncline with a similar axial plane orientation in the South Bay. There is no other evidence for a syncline
between the 2 folds other than within South Bay and it is likely missing due to a large fault (Hewitt fault)
crosscutting the Hewitt Assemblage. The F2 folding event also shows local parasitic folds, usually within
the hinge of the anticlines and synclines and all with 320° axial planes. An F3 folding event is found
locally within the belt with a subhorizontal axial plane (Smar 2007). Within the Hewitt and the Wapisipi
assemblages, F3 refolding of the F2 fold is evident from the complex fold patterns observed in the iron
formation and the marble.
Extensive faulting occurs throughout the greenstone belt, most of which is related to the dextral
transpressive D2 event. The 2 largest faults in the area are the Bear Head and the North Spirit Lake faults,
both of which show dextral displacement. The Bear Head fault marks the southwestern contact of the
greenstone belt with felsic intrusive rocks. At its widest, the shear zone is approximately 10 m wide. The
granite to the southwest is highly sheared along the fault. The Bear Head fault is a regional feature that
transects northwestern Ontario and has many splays. The North Spirit Lake fault trends east and is likely a
splay from the Bear Head fault zone. The shear zone associated with the North Spirit Lake fault is narrow,
and affects all of the fabrics within the area of the fault. It is mostly dip–slip, as evidenced by eastplunging stretching lineations and kinematic indicators.

42-13

Far North Geological Mapping Initiative (42)

S. Préfontaine et al.

Figure 42.4. Sketch representing the different deformation events affecting the North Spirit Lake greenstone belt.
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INTRODUCTION
Komatiitic basalts and komatiites occur in almost all Archean terranes, whereas Proterozoic terranes
appeared to be devoid of true komatiites and are characterized mainly by komatiitic basalts rather than
komatiites (Arndt 2008). Komatiitic basalts and komatiites occur sporadically in many greenstone belts
that range in age from ~3.0 to 2.7 Ga throughout the Superior Province (Card and Poulsen 1998).
However, the majority of known komatiite-associated nickel-copper-(platinum group element) (Ni-Cu(PGE)) deposits are only reported in a few of these terranes such as the Wawa and Abitibi greenstone
belts (e.g., Redstone, Langmuir #1 and 2, Alexo, Marbridge, Texmont and Shebandowan deposits) and
the La Grande (e.g., Gayot greenstone belt) terrane.
The purpose of this article is to document komatiitic magmatism in the North Spirit Lake greenstone
belt located within the North Caribou Terrane of northwestern Ontario (Figure 43.1) where komatiitic
magmatism is manifested not only by lava flows, but also by high-level intrusions. The subvolcanic–
volcanic architecture of komatiitic successions has only recently been recognized in several parts of other
greenstone belts in the Superior Province (e.g., Dundonald Township, Abitibi greenstone belt: Houlé et al.
2008; Shaw Dome, Abitibi greenstone belt: Stone and Stone 2000; Houlé, Hall and Gibson 2006). This
study complements regional bedrock mapping in this area conducted under the Far North Geological
Mapping Initiative (FNGMI) by the Ontario Geological Survey during the summer of 2007 (Préfontaine
and Williams 2007; Préfontaine et al., this volume, Article 42; Buse et al. 2007).

GEOLOGICAL SETTING
The volcano-sedimentary succession in the North Spirit Lake greenstone belt is characterized by
several tectonostratigraphic assemblages formed over 300 million years (Préfontaine et al., this volume,
Article 42), which are, from oldest to youngest 1) the Wapisipi assemblage, 2) the Iskotai assemblage,
3) the Makataiamik assemblage, 4) the Disrupted assemblage, 5) the Margot assemblage, 6) the Nipa
assemblage, 7) the Hewitt assemblage and 8) the North Spirit assemblage (Figure 43.2). Préfontaine et al.
(this volume, Article 42) grouped these supracrustal assemblages into an older and younger block based
on field observations and geochronology.
The older, Mesoarchean block consists of 4 assemblages: the Wapisipi, the Iskotai, the Makataiamik
and the Disrupted assemblages, 3 of which are Mesoarchean volcanic assemblages that collectively span
from 3.0 to 2.8 Ga and are overlain by the circa 2962 to 3067 Ma sedimentary assemblage (Préfontaine et
al., this volume, Article 42). The younger Meso- to Neoarchean block consists of the remaining
Summary of Field Work and Other Activities 2008,
Ontario Geological Survey, Open File Report 6226, p.43-1 to 43-9.
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4 assemblages: Margot, Nipa, Hewitt, and North Spirit Lake assemblages. The older Nipa and younger
Hewitt assemblages are Neoarchean metavolcanic assemblages, spanning from circa 2792 to 2714 Ma,
and are located between 2 metasedimentary assemblages (Préfontaine et al., this volume, Article 42).
Numerous younger felsic and mafic intrusions occur within and surrounding the North Spirit Lake
greenstone belt. Almost all felsic intrusions are Neoarchean in age, except for a tonalitic intrusion located
to the north of the belt, which yielded a U/Pb age of 2925 to 2928 Ma (Préfontaine et al., this volume,
Article 42). Other felsic intrusions surrounding and intruding the belt range in composition from granite
to granodiorite and yielded U/Pb ages from 2731 to 2697 Ma (Préfontaine et al., this volume, Article 42).
Extensive gabbroic intrusions occur within the Wapisipi and the Makataiamik assemblages. The gabbroic
intrusion within the base of the ultramafic intrusive rocks and banded iron formation of the Wapisipi
assemblage yielded a U/Pb age of older than 2704 Ma (Préfontaine et al., this volume, Article 42). The
last intrusive event is represented by a Proterozoic gabbro dike (ca. 2175 Ma) that is interpreted to be part
of the Biscotasing dike swarm (Hamilton and Stott, this volume).
For a more detailed summary of the rock types associated with the different assemblages, the reader
is referred to the details provided in Préfontaine et al. (this volume, Article 42), Préfontaine and Williams
(2007) and Buse et al. (2007).

Figure 43.1. Distribution of the greenstone belts within the Superior Province (after Stott and Mueller, in press).
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Figure 43.2. Simplified tectonostratigraphic assemblages of the North Spirit Lake greenstone belt showing the distribution of the
main komatiitic lavas and intrusions (adapted from Préfontaine et al., this volume, Article 42).
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KOMATIITIC ROCKS IN THE NORTH SPIRIT LAKE GREENSTONE BELT
Ultramafic magmatism represents only a small proportion of the volcanism (3% of the supracrustal
rocks) within the North Spirit Lake greenstone belt. Komatiitic rocks occur within both the Wapisipi and
the Nipa assemblages of the older (Mesoarchean) and younger (Neoarchean) blocks, respectively.
The Wapisipi assemblage (3023 to 3049 Ma) occurs on the eastern margin of the belt extending from
the east shore of the North Spirit Lake (East Bay), and becomes more discontinuous south of
Makataiamik Lake. The northern and southern parts of the assemblage consist mainly of mafic volcanic
rocks with subordinate iron formation and clastic sedimentary rocks; intermediate volcaniclastic rocks
occur locally. The central part of the assemblage, located north and south of Wapisipi Lake, consists
mainly of ultramafic volcanic rocks including coherent (massive and pillowed) and volcaniclastic facies.
Well-developed oxides-facies banded iron formation also occurs in the assemblage. This volcanosedimentary succession of the Wapisipi assemblage is underlain by ultramafic intrusive rocks that appear
to be related to the upper ultramafic volcanic portion. The Wapisipi is unconformably overlain by
conglomerate and quartz-rich sandstones of the Makataiamik assemblage (e.g., Préfontaine et al., this
volume, Article 42; Corfu and Wood 1986).
Komatiitic metavolcanic rocks in the Upper Komatiitic Unit (UKU) of the Wapisipi assemblage
consist of komatiitic flows with minor interflow komatiitic volcaniclastic rocks that lie above and are
conformable with the underlying oxide-facies banded iron formation (Photo 43.1A). Enclaves of the
banded iron formation also occur near the base of the volcanic succession (Gibson 1976). The Lower

Photo 43.1. A) Oxide-facies banded iron formation within the Wapisipi assemblage. B) Apophyses of ultramafic rock crosscut
magnetite-banded amphibolite; photograph from near Opwagan Lake. C) Typical fine-grained peridotite in thin section showing
mesocumulate to locally orthocumulate texture on the shoreline of the North Spirit Lake. D) Typical fine-grained poikilitic peridotite
in thin section showing pyroxene oikocrysts within an olivine orthocumulate rock on the shoreline of the North Spirit Lake.
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Komatiitic Unit (LKU) of the Wapisipi assemblage is intercalated with the banded iron formation and the
lack of volcanic textures and structures, along with its local discordant relationship with the iron
formation, suggests that those units are intrusions rather than lava flows. The UKU and LKU have a
combined stratigraphic thickness of more than 1 km and the extrusive and intrusive components
represents approximately 20% and approximately 17%, respectively, of the Wapisipi assemblage.
Komatiitic rocks comprise up to 37% of this Mesoarchean volcanic succession.
The Nipa assemblage (maximum age of 2792 Ma) overlies the Margot assemblage and is dominated
by mafic flows and minor iron formation overlain by ultramafic volcanic rocks. Komatiitic metavolcanic
rocks in the Nipa assemblage consist of altered komatiitic flows (talc and actinolite) in which no primary
minerals or textures are preserved. The komatiites lie above, and are conformable with, the underlying
massive, pillowed and volcaniclastic mafic metavolcanic rocks and intercalated oxide-facies banded iron
formation (Buse et al. 2007). Komatiitic metavolcanic rocks (up to 75 m thick) represent less than 2% of
the Nipa Assemblage and occur near the top of the assemblage.
In the following sections, the better exposed and well-preserved komatiitic rocks within the
Mesoarchean older block (Wapisipi assemblage) are described.

Field Relationships
The LKU has a minimum thickness of 400 m, and is interpreted to represent a succession of highlevel, subvolcanic sills and dikes. Although the contact between the flows of the UKU and the intrusions
was not observed, there is field evidence that suggests that the LKU intrudes the iron formation. Gibson
(1976) noted that small apophyses of an ultramafic dike crosscut the magnetite-amphibole banded iron
formation (Photo 43.1B) and that the strike of the LKU changes from northwest trending (parallel to the
regional stratigraphy) along southwest shore of Opwagan Lake to northeast trending along the north shore
of the Opwagan Lake. The komatiite dikes and the transgressive nature of the LKU support an intrusive
origin. In addition, textures and structures indicative of an extrusive origin (i.e., polyhedral flow-top,
flow-top breccia, etc.) were not observed within the LKU.
The komatiitic intrusions of the LKU generally exhibit a dark brown to orange brown weathered
surface, a dark green fresh surface, and typically developed the fracture sets (and serpentine veins)
associated with the serpentinization of ultramafic rocks. The intrusions consist of komatiitic peridotites
(Photo 43.1C), poikilitic peridotites (Photo 43.1D) and pyroxenites that locally exhibit pyroxene spinifex
textures. Locally, magmatic layering might occur as defined by broadly lithological variations within a
single intrusion from peridotites to fine-grained to medium-grained poikilitic peridotite. Narrow
chromitite-magnetite layers documented by Gibson (1976) also indicate magmatic layering within some
parts of the intrusion.
The UKU is interpreted to represent a succession of komatiitic lava flows based on the presence of
unequivocal flow features such as polyhedral flow-tops, flow-top breccia, pillows and volcaniclastic
rocks. The UKU has a minimum thickness of 750 m. The upper contact of the UKU is interpreted as an
unconformity; a significant portion of the UKU may have been removed by erosion (Wood 1977; Corfu
and Wood 1986; Gibson 1976; Préfontaine et al., this volume, Article 42).
The komatiitic lava flows of the UKU consist of sheet flows, lobate sheets (Photo 43.2A) and
pillowed flows (Photo 43.2B) that commonly exhibit fine-grained spinifex-textured polyhedral flow-tops
or flow-top breccia. Many of the komatiite flows, especially the sheet flows, are well organized with a
spinifex-textured zone (A zone) in the upper part and a cumulus-textured zone (B zone) in the lower part
of the flow (see Photo 43.2A) as established by Pyke, Naldrett and Eckstrand (1973). Locally, the A zone
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may be further subdivided into an A1 (fractured upper chill zone–flow-top breccia–microspinifex), A2
(randomly oriented spinifex), and A3 (coarse platy spinifex) zones, whereas the B zone may be further
subdivided into a B1 (aligned skeletal olivine), B2 (medium-grained cumulate), B3 (knobby cumulate)
and B4 (fine-grained cumulate and basal chill) zones. Although not common, thin spinifex-textured sills
also occur within the komatiite flows.
Two komatiitic volcaniclastic units are intercalated with the komatiite flows (Photo 43.2C) and
consist of finely laminated ultramafic tuff and lapilli-tuff that display graded bedding, cross-bedding, and
channel structures (Photo 43.3). These interflow units range from 15 to 80 cm in thickness and can be
traced over a strike length of 100 m. They represent good stratigraphic marker horizons that define at least
3 eruptive events during the emplacement of the UKU (Gibson 1976).

SUBVOLCANIC–VOLCANIC ARCHITECTURE
The Wapisipi assemblage komatiitic succession is interpreted to represent a cross section of a
komatiitic flow field characterized by distinct subvolcanic and volcanic components. The Lower
Komatiitic Unit, composed of fine- to medium-grained peridotitic intrusions, is interpreted to represent a
subvolcanic feeder system to the overlying organized and well-organized komatiitic sheet to pillowed

Photo 43.2. A) Thin well-organized komatiite sheet flows. B) Pillowed “true” komatiite flows. C) Komatiitic finely bedded
volcaniclastic deposit intercalated between 2 komatiitic, poorly organized sheet flows. All photographs taken near Opwagan Lake.
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flows of the UKU (Gibson 1976; Wood 1980). Conglomerates that unconformably overlie the UKU
contain ultramafic clasts and have marginal nickel values (Wood 1980). Therefore, it is probable that the
komatiitic succession is a remnant of an originally more voluminous and more extensive flow field that
was partially eroded prior the deposition of the overlying sedimentary Makataiamik assemblage.
Features such as the repetition of specific units (i.e., magmatic layering) and the presence of several
chromitite horizons suggest that the LKU unit may have been emplaced by multiple pulses of komatiitic
magma into a sedimentary sequence dominated by oxide-facies banded iron formation. Furthermore, the
occurrence of 2 komatiitic volcaniclastic units within the UKU indicates at least 3 episodes of ultramafic
volcanism.
The komatiitic subvolcanic–volcanic architecture in the Neoarchean block of the North Spirit Lake
greenstone belt, thus far unmineralized, is similar to other komatiitic successions emplaced within
volcaniclastic and/or sedimentary strata (Houlé et al. 2008), including the mineralized volcaniclastic–
sedimentary-dominated komatiitic successions within the Abitibi greenstone belt such as those that
contains Ni-Cu-(PGE) mineralization at Dundonald Township and in the Shaw Dome south of Timmins.

Photo 43.3. Komatiitic finely bedded volcaniclastic deposit intercalated between 2 komatiitic poorly organized sheet flows
showing all the typical internal subdivision associated with those komatiitic fragmental rocks near Opwagan Lake.
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MINERAL POTENTIAL
Magmatic Fe-Ni-Cu-(PGE) sulphide mineralization is associated with a wide range of mafic to
ultramafic magma types within a broad age range from Mesoarchean to Phanerozoic. Despite the fact that
only several marginal Ni-Cu mineral occurrences are known in the area (Wood 1977, 1980), some parts
of the North Spirit Lake greenstone belt warrant exploration for nickel, copper, chromium, and platinumgroup elements.
The central part of the Wapisipi assemblage, which contains the largest volume of komatiitic rocks
in the North Spirit Lake greenstone belt, is by far the most likely area for magmatic Ni-Cu (PGE)
sulphide deposits. Recently, Houlé et al. (2008) recognized that komatiite architecture plays a significant
role in where nickel sulphides mineralization segregate and accumulate within a komatiitic flow field. In
flow-dominated volcanic environments, it has been well established that the highest potential for Ni-CuPGE mineralization is where the komatiitic magma reached the surface and attained sulphur saturation
through melting and/or assimilation of sulphur-rich footwall rocks within large lava channels (e.g.,
Lesher, Arndt and Groves 1984). In this environment, Ni-Cu-PGE sulphides are more likely to form and
be restricted to lava channels at the base of the komatiitic edifice (e.g., Lesher and Keays 2002).
However, Houlé et al. (2008) argue that in volcaniclastic or sediment-dominated environments, the
komatiitic magma may attain sulphide saturation by assimilation of sulphide-bearing sediments or
volcaniclastic rocks during ascent and/or during emplacement as sills, provided that they remain
channelized. In this environment, Ni-Cu-(PGE) mineralization is more likely to form in subsurface sills
and within the overlying komatiitic flow succession.
The latter has significant implications for the North Spirit Lake greenstone belt as, the Wapisipi
assemblage komatiitic succession contains an extensive subvolcanic plumbing system, the LKU, which is
overlain by an extensive and long-lived volcanic lava flow field, the UKU. Accordingly, the subvolcanic–
volcanic architecture of the Wapisipi assemblage komatiitic succession could provide a suitable
environment for magmatic sulphide mineralization. In support of this, evidence of magmatic layering
(e.g., chromite layers), the spatial relationship between the komatiite and iron formation (e.g., potential
sulphur source), and sub-economic nickel and chromium occurrences indicate that the subvolcanic–
volcanic edifice may have been sufficient in size and longevity to dissolve sulphur and, subsequently,
precipitate and concentrate Ni-Cu (PGE) sulphide mineralization.

ACKNOWLEDGMENTS
Bill Nelson, his family, and friends are also thanked for wonderful hospitality at the North Spirit
Lake Lodge and their generous assistance during our short trip during the fall 2007. Julie Chartrand is
thanked for drafting the figures. Greg Stott is thanked for his review, which helped to improve the final
version of this article.

REFERENCES
Arndt, N.T. 2008. Komatiite; Cambridge University Press, Cambridge and New York, 456p.
Buse, S., Moss, T., Smar, L. and Henderson, A. 2007. Geology of the Hewitt Lake and Mattson Lake area,
northwestern Ontario: new insights into the structure, metamorphism and mineralization of the North Spirit
Lake greenstone belt; in Summary of Field Work and Other Activities 2007, Ontario Geological Survey, Open
File Report 6213, p.35-1 to 35-8.

43-8

Far North Geological Mapping Initiative (43)

M.G. Houlé et al.

Card, K.D. and Poulsen, K.H. 1998. Geology and mineral deposits of the Superior Province of the Canadian Shield;
in Geology of the Precambrian Superior and Grenville provinces and Precambrian fossils in North America,
Geological Survey of Canada, Geology of Canada, v.7, p.13-194.
Corfu, F. and Wood, J. 1986.U–Pb zircon ages in supracrustal and plutonic rocks, North Spirit Lake area,
northwestern Ontario; Canadian Journal of Earth Sciences, v.23, p.967-977.
Gibson, H.L. 1976. Komatiitic rocks of the North Spirit Lake area, northwestern Ontario, unpublished BSc thesis,
Queen’s University, Kingston, Ontario, 109p.
Houlé, M.G., Gibson, H.L., Lesher, C.M., Davis, P.C., Cas, R.A.F., Beresford, S.W. and Arndt, N.T. 2008.
Komatiitic sills and multigenerational peperite at Dundonald Beach, Abitibi greenstone belt, Ontario: volcanic
architecture and nickel sulfide distribution; Economic Geology, v.103, no.6.
Houlé, M.G., Hall, L.A.F. and Gibson, H.L. 2006. The anatomy of an Archean komatiitic sequence in the Shaw Dome
area, western Abitibi greenstone belt, Ontario, Canada; abstract, Geological Association of Canada–Mineralogical
Association of Canada, Joint Annual Meeting, Montréal, Québec, Program with Abstracts, v.31, p.69.
Lesher, C.M., Arndt, N.T. and Groves D.I. 1984. Genesis of komatiite-associated nickel sulphide deposits at
Kambalda, Western Australia: a distal volcanic model; in Sulphide deposits in mafic and ultramafic rocks;
Institution of Mining and Metallurgy, London, United Kingdom, p.70-80.
Lesher, C.M. and Keays, R.R. 2002. Komatiite-associated Ni-Cu-(PGE) deposits: mineralogy, geochemistry, and
genesis; in The geology, geochemistry, mineralogy, and mineral beneficiation of the platinum-group elements,
Canadian Institute of Mining, Metallurgy and Petroleum, Special Volume 54, p.579-617.
Préfontaine, S. and Williams, M. 2007. Geology of the North Spirit Lake area located in the North Spirit Lake
greenstone belt, northwestern Ontario; in Summary of Field Work and Other Activities 2007, Ontario
Geological Survey, Open File Report 6213, p.36-1 to 36-10.
Pyke, D.R., Naldrett, A.J. and Eckstrand, A.P. 1973. Archean ultramafic flows in Munro Township, Ontario;
Geological Society of America Bulletin, v.84, p.955-978.
Stone, M.S. and Stone, W.E. 2000. A crustally contaminated komatiitic dyke-sill-lava complex, Abitibi greenstone
belt, Ontario; Precambrian Research, v.102, p.21-46.
Stott, G. and Mueller, W. in press. Superior Province: The nature and evolution of the Archean continental
lithosphere; Precambrian Research, doi:10.1016/j.precamres.2008.08.008.
Wood, J. 1977. Geology of North Spirit Lake area, District of Kenora (Patricia Portion); Ontario Division of Mines,
Geoscience Report 150, 60p.
——— 1980. Geology of the Hewitt Lake area, District of Kenora, Patricia Portion; Ontario Geological Survey,
Report 186, 122p.

43-9

Index of Authors (with corresponding article numbers)
A

G

S

Armstrong, D.K., 20
Ayer, J.A., 3

Gamble, A.D.P., 9
Gao, C., 21
Gibson, H.L., 9, 43
Grunsky, E.C., 6

Schweyer, J., 36, 37
Smyk, M.C., 18
Southam, G., 28
St-Jacques, G., 13
Stairs, E., 37
Stott, G.M. 17, 42

B
Bajc, A.F., 29, 33
Banman, S., 15
Barnett, P.J., 25
Beddows, P.A., 35
Benham, W.R., 12
Berger, B.R., 4, 5
Bleeker, W., 8
Boivin, R., 13
Brauneder, K., 28, 34
Brown, G.H., 10
Brunton, F.R., 31, 35
Buck, M.J., 35
Burnham, O.M., 38
Burt, A.K., 30
Buse, S., 42

H

C

L

Calhoun, R.F., 3
Carter-McAuslan, A., 4
Chapman, J.B., 7
Cowell, D.W., 35

Layton-Matthews, D., 7
Lesher, C.M., 11

D

Marich, A.S., 23
Mercier-Langevin, P., 9
Muir, T.L., 19

Davis, D.W., 42
Day, A., 21
Dinel, E., 8
Dodge, J.E.P., 25
Dubé, B., 3, 12
Dyer, R.D., 26, 27

Halls, H.C., 18
Hamilton, M.A., 17, 42
Hamilton, S.M., 28, 34
Hattori, K.H., 28
Hechler, J., 41
Hill, J.L., 25
Hingst, V., 41
Hollings, P., 18
Houlé, M.G., 5, 9, 10, 11, 43

K
Kelly, R.I., 22
Kontak, D., 12

M

P

Easton, R.M., 14, 15, 16, 18

Pamer, L., 39, 40, 41
Paradis, S.J., 13
Parker, J.R., 2
Parker, S., 35
Peter, J.M., 7
Préfontaine, S., 9, 10, 42, 43

F

R

Farrell, N., 32
Fyon, J.A., 1

Rainsford, D.R.B., 4, 19, 33
Rowell, D.J., 24
Roy, M., 13

E

V
Veillette, J.J., 13

W
Webb, J.L., 25

Z
Zwiers, W.G., 33

Metric Conversion Table
Conversion from SI to Imperial

Conversion from Imperial to SI

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 cm@
1 m@
1 km@
1 ha

0.155 0
10.763 9
0.386 10
2.471 054

AREA
square inches 1 square inch
square feet
1 square foot
square miles
1 square mile
acres
1 acre

1 cm#
1 m#
1 m#

0.061 023
35.314 7
1.307 951

VOLUME
cubic inches
1 cubic inch
cubic feet
1 cubic foot
cubic yards
1 cubic yard
CAPACITY
1 pint
1 quart
1 gallon

Multiplied by
25.4
2.54
0.304 8
20.116 8
1.609 344

mm
cm
m
m
km

6.451 6
0.092 903 04
2.589 988
0.404 685 6

cm@
m@
km@
ha

16.387 064
0.028 316 85
0.764 554 86

cm#
m#
m#

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

MASS
ounces (avdp) 1 ounce (avdp) 28.349 523
ounces (troy) 1 ounce (troy)
31.103 476 8
pounds (avdp) 1 pound (avdp) 0.453 592 37
tons (short)
1 ton (short)
907.184 74
tons (short)
1 ton (short)
0.907 184 74
tons (long)
1 ton (long)
1016.046 908 8
tons (long)
1 ton (long)
1.016 046 90

1 g/t

0.029 166 6

1 g/t

0.583 333 33

CONCENTRATION
ounce (troy)/
1 ounce (troy)/
ton (short)
ton (short)
pennyweights/ 1 pennyweight/
ton (short)
ton (short)

Gives

0.568 261
1.136 522
4.546 090

L
L
L
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
grams per ton (short)
0.032 151 ounces (troy) per ton (short)
20.0
pennyweights per ton (short)
0.05
ounces (troy) per ton (short)

Note: Conversion factors which are 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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