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1. Ontario Geological Survey:
Update of Strategic Perspective
for 2014–2019
J.R. Parker1
Director’s Office, Ontario Geological Survey

1

INTRODUCTION
This article provides an update on the strategic direction of the Ontario Geological Survey (OGS)
based on activities implemented during the 2015–2016 fiscal year. This update retains a focus on the
geoscience and related activities to 2019.
These strategic priorities include the delivery of relevant, accurate, up-to-date public geoscience data
and information about Ontario in order to
• identify economic opportunity;
• safeguard public health and safety related to geological factors; and
• inform environmental and land-use planning decisions.
In delivering on the strategic plan, OGS continues to address government priorities and provides
public geoscience to the general public, Indigenous and other stakeholders to inform and guide decision
making.

THE ONTARIO GEOLOGICAL SURVEY – 125 YEARS
In 2016, the OGS celebrated its 125th Anniversary with an event at the Prospectors and Developers
Association of Canada (PDAC) Annual Convention, as well as with co-ordinated events on May 4,
specifically at our head office in Sudbury and at our 8 Resident Geologist offices across the province. The
OGS is a scientific government organization that was founded by the Ontario Government on May 4,
1891 to help develop a viable Ontario mineral industry. The initial OGS role was to establish the general
geological knowledge about Ontario so that the Ontario Government could carry out its Constitutional
mineral-related stewardship responsibilities on which the industry could plan detailed mineral exploration
investigations.
Today, the OGS is the principal provincial government organization responsible for the collection,
documentation and public dissemination of geoscience information. The geological expertise of the OGS
focusses on the description of Ontario’s bedrock geology, surficial geology, the geological processes that
shaped the landscape, and the Earth resources that occur within that geological framework. This
geological information is used to support and inform decisions related to
• environmental geochemical baseline;
• identification of geological hazards that are a threat to public health and safety;
• engineering infrastructure factors related to aggregate and terrain;
Summary of Field Work and Other Activities 2016,
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•

climate change impact and mitigation from a geological perspective;

•

protection and planning considerations from a geological perspective;

•
•

biodiversity and habitat; and
stewardship and economic development related to groundwater, energy, aggregates, metals and
minerals.

VISION, MISSION AND MANDATE OF THE OGS
The OGS vision, mission and mandate statements are
Vision:

The vision of the OGS is “a leading provider of reliable, credible, accessible geological data,
information and knowledge for the public good”.

Mission:

The mission of the OGS is to sustain and support Ontario’s quality of life, economic
prosperity, environmental quality, and public safety by providing Ontario’s citizens,
institutions and Indigenous people with public geoscience data, information and knowledge
to inform decision making.

Mandate: The mandate of the OGS is to collect and disseminate geoscience data, information and
knowledge to attract and guide efficient and effective mineral sector investment, as well as
inform a broad range of government policy priorities, including a) vibrant and strong
communities; b) responsible, balanced economic development; and c) a fair society.

OGS: DELIVERING GLOBALLY SIGNIFICANT GEOLOGICAL SCIENCE
Throughout its history, the OGS has maintained an international reputation for independent, credible,
geoscience expertise. The following examples highlight recent achievements of the OGS scientific and
technical professionals:
• geochemical characterization of groundwater across southern Ontario, including the
identification of some geochemical parameters that are of interest from a health perspective;
• delivery of large regional airborne geophysical surveys across northwestern and northeastern
Ontario to characterize the bedrock and surficial geological framework;
• characterization of the bedrock geology and surficial geochemistry of the “Ring of Fire” region;
• development of a seamless (digital) map of aggregate resources for southern Ontario for broad
regional planning;
• remote predictive mapping of surficial deposits in Ontario’s Far North: extremely useful for
land-use planning, habitat prediction, environmental baseline;
• development of a conceptual framework for a geohazards program within the OGS, which
would include a geohazards inventory, hazard intensity maps and charts, and a defensible risk
assessment processes;
• groundwater aquifer mapping: three-dimensional (3-D) modelling of subsurface sediments and
bedrock; and
• continued delivery of a world-class inorganic geochemical laboratory, which supports the OGS
geochemical program.
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TRENDS THAT WILL SHAPE THE OGS FUTURE
Trends that continue to influence the OGS geoscience program include the following.
• Long-term global growth, largely driven by the need for mineral resources; having up-to-date
inventory of Ontario’s geology and Earth resources is a key aspect of attracting and fulfilling
this investment potential.
• Mineral resource exploration and development continue to push geographic and technological
frontiers: the Far North, “deep search” for mineral resources, potential for renewable and nonrenewable energy sources across all of Ontario, and quality and quantity of groundwater
resources required to support Ontario’s people and industry.
•

Expectations for governments to provide robust guidance on management, mitigation and
adaptation to the challenges of a changing climate require geoscience to help frame and inform
some of those decisions, including mitigation of drought impact and to identify vulnerable
groundwater aquifers.

•

Population growth across southern Ontario, which requires geoscience for land-use planning
and to identify groundwater aquifers and aggregate construction materials.

•

Emphasis on evidence-based decision making requiring the need to include geoscience to fully
assess risk.

•

Increasing societal need to understand, identify, and reduce disaster risks posed by natural
geological threats and, in a geological context, protect Ontario natural environments. For each
trend, the OGS has a vital role to play in ensuring Ontario is well positioned to face these
challenges through provision of geological data and information.

•

Standards and expectations for environmental responsibility continue to grow, and having a
sound understanding of the geological features of the Earth is critical to ensure a geochemical
baseline is in place, that the material to be sampled for geochemical analysis is understood, and
that the “geological container” that holds the Earth resources, such as groundwater, is described.

•

Land-use planning across the Far North and municipalities elsewhere in Ontario will continue;
that process requires the consideration of geology in order to assess health, safety, infrastructure,
geochemical baseline, groundwater source protection and economic potential options.

•

Expectations for rapid, evidence-based policy analysis and user-friendly data discovery, access
and handling will continue to grow through an “open spatial data” climate.

•

Engagement, relationship-building, consultation and notification of Aboriginal people and
citizens of Ontario related to the delivery of the OGS field activities is an essential part of
operating with a social licence and is an integral part of the operations of the OGS geoscience
program where a multi-year presence on the land is required.

OGS CLIENTS AND STAKEHOLDERS
The OGS works closely with Aboriginal people in anticipated and planned geological project areas
to engage, build meaningful relationships, and to consult on potential impacts and implications of OGS
projects. The OGS practice is to work collaboratively with the First Nation on topics of mutual interest
that can be the basis of a collaboration related to a geological mapping project. This practice has matured
since OGS implemented changes in 1999 to its Aboriginal engagement practices. In 2016, the OGS
Director’s Office recruited 2 Aboriginal Geoscience Liaison positions based in Sudbury and Thunder
Bay. These positions report to the Director and engage, build, and maintain relationships with Aboriginal
people in remote and non-remote communities across Ontario, with a focus on the Far North, in support
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of the Ministry of Northern Development and Mines (MNDM)–OGS geoscience program. These
positions develop and share information with Aboriginal people related to the broad application of
geoscience and to assess, based on community values and interests, the receptivity and readiness of
Aboriginal communities to collaborate with OGS on geoscience initiatives.
Focus during the 2016–2017 fiscal year is to continue collaborations and relationship building with
Eabametoong First Nation, Sandy Lake First Nation, Constance Lake First Nation, Keewaywin First
Nation, Matawa First Nations Management and Mushkegowuk Council.
The OGS also has clients who formulate and implement policy and who are regulators in the
provincial, municipal and local governments. During the last year, OGS has moved forward with the
development of Provincial Geoscience Policy options. The intent of the policy options is to guide other
Ontario ministries and municipalities in applying geoscience to help inform their decisions. In addition,
OGS data, information and knowledge are used by academia and a variety of private sector organizations
to inform their investment, infrastructure or other business-related decisions.

STRATEGIC PRIORITIES
Four strategic priorities, with implementation plans, were identified in 2013–2014 (Fyon 2014) and
continue to be the focus of the OGS for fiscal years out to 2017–2019.

What Will the OGS Do Strategically?
Priority 1. Establish a geoscience baseline for all of Ontario in order to identify economic opportunities,
safeguard public health and safety, and inform environmental and land-use planning decisions.
Priority 2. Contribute to the maintenance and enhancement of Aboriginal relations.
Priority 3. Contribute to mineral development investment attraction.
Priority 4. Inform users about the value and relevance of OGS goods and services.

Results to Date
PRIORITY 1
Priority 1. Establish a geoscience baseline for Ontario in order to identify economic opportunities,
safeguard public health and safety, and inform environmental and land-use planning decisions.
Strategic Objective: Provide modern, independent and credible geoscience data, information and
knowledge to support decision making by governments, citizens and industry.
OGS public geoscience goods and services provide support for economic, social and environmental
public policy decisions in a variety of areas:
• Economy: water (groundwater and surface), metal, mineral (including aggregate) and energy
resources;
• Environment: inorganic geochemical baseline, geological habitat that influences biodiversity,
waste management, and climate change mitigation and adaptation;
• Public health and safety: groundwater quality; geological hazards (e.g., landslides, karst,
geochemical, gas, radioactivity); and
• Community: infrastructure planning, land-use planning, resource stewardship.
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Multi-year priorities are established and reviewed annually during the OGS planning process. The
Geological Survey of Canada (Natural Resources Canada–Earth Sciences Sector (NRCan–ESS)) is also
an important part of the annual geoscience priority planning. These inputs are in addition to geoscience
needs that are identified by public and private stakeholders and clients. The resulting geoscience projects
are distributed across all of Ontario (see Schweyer, this volume, Article 2).

Results
To deliver on the strategic priorities, different roles and responsibilities are distributed across the
OGS Branch (Table 1.1). Some key results of the 4 key technical mapping commitments are the following.
• Two- and three-dimensional geological mapping projects continued in various regions across
Ontario to attract mineral investment, to inform land-use planning related to First Nation
communities in the Far North and municipalities in northern and southern Ontario, to assess
mineral and groundwater resource potential and to support resource and infrastructure
development decisions.
• Published geochemical survey data, including groundwater characterization, continue to assist in the
identification of natural and anthropogenic factors in the environment, water-quality issues and
geohazards.
• One of the largest airborne geophysical surveys ever contracted by the OGS is being flown in
northwestern Ontario.
• Inventory assessments of groundwater quality have been completed across southern Ontario.
• Development of a geohazards program framework for possible implementation within the
Resident Land Use Geologist program.
• Mineral inventory resource assessments were completed across various parts of Ontario to
establish a framework for assessing its resource potential.
A number of technical initiatives are achieving these results (see Schweyer, this volume, Article 2).
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Table 1.1. Summary of OGS strategic objectives for geoscience information.
Strategic Objectives – Geoscience Information
Outcomes

Divisional
Mandate

Strategic
Objectives

Activities

How?

Who? *

Ontario
geoscience
portfolio
recognized as a
relevant
resource to
inform
economic
opportunities,
health and
safety decisions
and inform
environmental
and land-use
planning
decisions

Collect and
disseminate
geoscience
information to
attract and
guide mineral
sector
investment
and inform a
broad range
of
government
policy
priorities

Establish a
geoscience
baseline for
Ontario to
identify
economic
opportunity

Establish
geoscience
priorities based on
public policy
direction and input
from stakeholders
and clients

Gap analysis meetings
with external clients,
stakeholders, and with
OGS staff who serve as
proxy for external clients

Director’s Office,
ERGMS, RGP

Project planning

ERGMS, RGP,
GeoServices

Establish a
geoscience
baseline for
Ontario to
safeguard
public health
and safety

Collect, analyze,
advise and archive
geoscience
information

Mapping (OGS and
collaborative projects with
external collaborators or
other governments)

ERGMS, GeoServices,
RGP

Property/site visits-mineral, RGP
energy, groundwater

Land-use and
environmental
decisions
informed by
OGS
geoscience
Mineral
investment
decisions
informed by
OGS
geoscience
Enhanced
efficiency and
effectiveness
and reduced
risk of
economic
investment
decisions and
land-use and
environmental
decisions
Public
awareness
about
geoscience
value and
relevance

Establish a
geoscience
baseline for
Ontario to
inform
environmental
and land-use
planning
decisions

Provide access to
OGS geoscience
goods and services
in a form that meets
client needs

Inform users about
the value and
relevance of OGS
goods and services
and facilitate
application of
OGS public
geoscience to
address priority
issues faced by
government,
industry, and
citizens

Geochemistry

ERGMS, RGP,
GeoServices

Geophysics

ERGMS

Receive third-party
geoscience information

RGP, ERGMS

John B. Gammon
Geoscience Library

GeoServices

John B. Gammon
Geoscience Library

GeoServices

GeologyOntario,
OGS Earth and
OGS Geoscience Atlas

GeoServices, RGP,
ERGMS, Director’s
Office, other MNDM
business units

OGS expert technical staff
participation in third-party
technical meetings

ERGMS, RGP,
GeoServices

Multi-ministry committees

Director’s Office,
ERGMS, GeoServices,
RGP, other MNDM
business units

Social media, government
media and public media
articles

Director’s Office,
ERGMS, RGP,
GeoServices

Provide geoscience
information at technical
meetings, symposia,
workshops, and through
direct client visits

ERGMS, RGP,
GeoServices

Develop Ontario
Geoscience Policy Options

Director’s Office

*Abbreviations: ERGMS, Earth Resources and Geoscience Mapping Section; GeoServices, GeoServices Section;
MNDM, Ministry of Northern Development and Mines; OGS, Ontario Geological Survey; RGP, Resident Geologist Program.
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PRIORITY 2
Priority 2. Contribute to the maintenance and enhancement of Aboriginal relations.
Strategic Objective: Continue to maintain and build meaningful and respectful relationships with
Aboriginal people and organizations as a foundation for OGS program activities.
Within MNDM’s Mines and Minerals Division, the OGS contributes to the Divisional and Ministry
goal to build and deliver on an Aboriginal strategy (Table 1.2).

Results
Focus during the 2016–2017 fiscal year is to continue collaborations and relationship building with
Eabametoong First Nation, Sandy Lake First Nation, Constance Lake First Nation, Keewaywin First
Nation, Matawa First Nations Management and Mushkegowuk Council.
The Director’s Office recruited 2 Aboriginal Geoscience Liaison positions based in Sudbury and
Thunder Bay. These positions report to the Director and engage, build and maintain relationships with
Aboriginal people in remote and non-remote communities across Ontario, with a focus on the Far North.
The OGS Resident Geologist Program is continuing to deliver prospecting courses to First Nation
communities and is collaborating with the Ontario Prospectors Association to deliver prospecting courses
and related geological field trips across the province.
Table 1.2. Strategic objectives for Aboriginal relations.
Strategic Objectives – Aboriginal Relations
Outcomes

Divisional
Mandate

Strategic
Objectives

Activities

How?

Who?

Strong and
meaningful
relationships
between
MNDM and
Aboriginal
people and
organizations

Encourage and
facilitate
Aboriginal
participation in
Ontario’s
economy in a way
that recognizes
and is respectful
of Aboriginal
rights and culture

Continue to
maintain and
build meaningful
and respectful
relationships with
Aboriginal people
and organizations
as a foundation
for OGS program
activities

Engagement
and
relationshipbuilding with
Aboriginal
people, at a
community
level, and with
organizations

Seek social licence for OGS
geoscience field projects by
engaging and relationshipbuilding

Director’s Office,
ERGMS,
RGP

Offer OGS geoscience topic area
expertise
Raise awareness about geoscience
and its application to Aboriginal
interests
Help build capacity related to
geoscience and mineral-related
careers
Serve as a bridge between
Aboriginal people and
Government and non-government
topic experts

*Abbreviations: ERGMS, Earth Resources and Geoscience Mapping Section; MNDM, Ministry of Northern Development and
Mines; OGS, Ontario Geological Survey; RGP, Resident Geologist Program.
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PRIORITY 3
Priority 3. Contribute to mineral development investment attraction.
Strategic Objective: The OGS will contribute to 3 mineral investment-related strategic objectives that
are the primary responsibility of the Mines and Minerals Division’s (MMD) Strategic Support Branch by
•

identifying strategic investment opportunities, through research and analysis, to influence
investment-related policy that support Ontario’s mineral competitiveness;

•

ensuring Ontario receives a fair share of the value of mineral resources extracted from the
province;

•

enhancing and sustaining investment through promotion of Ontario’s Mineral Development
Strategy.

The OGS participates in the promotion of mineral development opportunities across Ontario by
promoting geological areas having perceived mineral potential. The OGS brings geological expertise to
the investment attraction and promotional activities led by the MMD’s Strategic Support Branch (Table 1.3).
In addition, OGS technical experts support the MMD investment attraction efforts by providing
•

geoscience knowledge of available mineral properties in a region;

•

knowledge of Ontario geology and the potential for different types of mineral resource
opportunities across all of Ontario; and

•

knowledge of key players in the mineral industry and the ability to broker between interested
clients.

Results
The technical staff of the OGS participated at the Prospectors and Developers Association of Canada
Annual Convention, the Exploration Roundup, the Manitoba Mines and Minerals Convention and the
Quebec Mining Exploration Convention.
Table 1.3. Strategic objectives for mineral development investment and opportunities.
Strategic Objectives – Mineral Development Investment and Opportunities
Outcomes

Divisional
Mandate

Strategic
Objectives

Activities

How?

Who?

Identification of investment
opportunities and/or
advantages that maximize
mineral resources potential
for Ontario economic
development

Encourage,
promote and
facilitate the
sustained
economic benefits
of Ontario’s
mineral resources
(and Ontario’s
energy and
groundwater
resources)

Attract
development
investment to
Ontario

Identify, assess,
and promote
investment
opportunities
to industry
(and local
governments,
conservation
authorities, and
groundwaterrelated interests)

Participate in
marketing and
promotional
events, both
domestic and
international

Director’s Office,
ERGMS,
GeoServices,
RGP

Sustain and increase
investment in Ontario’s
mineral sector
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PRIORITY 4
Priority 4. Inform users about the value and relevance of OGS goods and services.
Strategic Objective: The objective is to raise awareness and understanding about the relevance and
value of OGS public geoscience and the application of OGS public geoscience to help frame decision
options facing Government, industry and citizens.
The OGS role is to communicate to users and potential users the existence, relevance and application
of OGS geoscience to address decisions facing governments, industry and citizens. The OGS provides a
broad range of products and services to deliver geoscience information to users, including two- and threedimensional geological maps, reports, technical posters, technical presentations, and office-based expert
advice.
All publications will be integrated into the GeologyOntario data warehouse. Some key data sets will
also be made available using the Google Earth™ mapping service (“OGS Earth”) visualization platform.
The Resident Geologist Program (RGP) enhanced its monthly reports by using OGS Earth as a delivery
channel and by incorporating mineral deposit and assessment file information, as well as increasing
online accessibility to non-assessment geoscience information in the RGP offices.

Results
The OGS continued to use a variety of communication channels to deliver its products and to raise
awareness about geoscience, including
•

the 125th Anniversary of the OGS and related media communications;

•

“social media”, such as Twitter and Facebook;

•

formal public presentations that describe the value, relevance and application of geoscience to
address key societal topics;

•

other internal communication channels, such as MNDM NewsBlast; and

•

conceptual development of geoscience policy options related to the application of public
geoscience to address the range of issues and decisions facing governments, industry and
citizens.
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THE FUTURE
To date, the OGS information holdings include 10 076 maps, 3276 reports and 649 data releases;
file downloads from our Web site, in the period January 1 to October 31, 2016, were in excess of
345 000 maps and reports in portable document format (.pdf) and image (.jpg) format. During this same
period, the OGS published 11 new reports, 67 new maps, and 21 new data set releases.
The OGS continues to
•

implement a geoscience program based on accurate, modern, credible, geoscience data,
information and knowledge to help inform decisions facing government, industry and citizens;

•

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

•

publish and promote information about Ontario’s Earth resources, including its mineral, energy
and water resource endowments;

•

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

•

continue utilization of social media, such as OGS Facebook (www.facebook.com/OGSgeology)
and Twitter (twitter.com/ogsgeology).

The OGS public geoscience goods and services play an important role in helping support publicpolicy decision makers, investors and other users. Societal needs are increasingly complex and require a
sound and objective understanding of geoscience to help assess and frame the complex options available.
Geoscience is an essential element of social, environmental, and resource management decision-making
processes. One important future step for Ontario would be the establishment of a geoscience policy,
designed to
•

guide Government ministries in their application of geoscience information to help inform
social, environmental, and development decisions;

•

help inform evaluation of land-use management and stewardship options on basis of
conservation, protection of human and ecologic health and safety, and economic growth;

•

provide a consistent and defensible standard for use by ministries; and

•

contribute to safer and stronger communities, a more sustainable environment, and a more
prosperous economy.
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2. Earth Resources and
Geoscience Mapping Section:
2016 Program and Project Overview
J.E. Schweyer1
Earth Resources and Geoscience Mapping Section, Ontario Geological Survey

1

GOAL AND RESPONSIBILITY OF THE SECTION
The goal of the Ontario Geological Survey’s (OGS) ERGMS is to improve the understanding of the
geology, geochemistry and Earth resources of Ontario and to convey this knowledge to the public through
multi-year, multi-disciplinary geoscience projects that address critical geoscience problems in key
geographic areas. These studies may be delivered as part of the ERGMS geoscience mapping function or
through collaborative geoscience projects or initiatives.
The ERGMS is responsible for
• mapping Ontario’s Precambrian and Phanerozoic bedrock geology and understanding various
Earth resources at a regional scale;
• mapping and sampling Quaternary sediments to understand regional distribution, compositional
trends (geochemical and mineralogical) and glacial history for the purpose of resource
evaluation with special emphasis on areas covered by thick Quaternary deposits;
• mapping overburden and bedrock hydrostratigraphic units and contained groundwater resources
at a regional scale and understanding the geochemical effects of groundwater interactions with
rock and surficial media;
• collecting regional ground and airborne geophysical data and producing derivative products in
support of bedrock geology and groundwater mapping projects;
• collecting regional surficial geochemistry data from water and other surficial media (e.g., lake and
stream sediments, peat, etc.) with direct relevance to mineral exploration, land-use planning,
assessment of watershed quality and the establishment of environmental baseline databases;
• mapping aggregate and industrial minerals to provide up-to-date inventories and quality
assessments of aggregate and industrial mineral resource potential; and
• mapping traditional and unconventional non-renewable energy resources to identify new energy
sources and better understand the effect of hydrocarbon interaction on groundwater resources.
The program direction and strategies of the ERGMS address the strategic objectives and core
business of the Ontario Geological Survey Branch, which, in turn, are linked to those of the Ministry of
Northern Development and Mines (MNDM) and the Mines and Minerals Division. Government priorities
(Table 2.1) are achieved through strategies and initiatives that consist of one or more projects. Therefore,
project planning, development, evaluation, selection and implementation are based on strategies and
initiatives designed to achieve alignment of individual projects with Ministry and Government priorities.
This article reports on the current activities of the ERGMS. It uses the text and tables previously
published by Parker (2015), with updated content; many sections remain unchanged.
Summary of Field Work and Other Activities 2016,
Ontario Geological Survey, Open File Report 6323, p.2-1 to 2-21.
© Queen’s Printer for Ontario, 2016
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Region
Far North

2-2

Government Priority
Economy:
• aggregate material is
essential to infrastructure
development and growth
• understanding the
geology and Earth resource
potential of Ontario
attracts investment dollars,
triggers economic
development and assists in
closing the socio-economic
gap between Aboriginal
and non-Aboriginal
Ontarians; contribute
geoscience data to assess
non-renewable energy
potential for the Far North
as a transition source and
to support remote
development
Improving Quality of
Life:
• collection of new,
accurate geoscience data
informs land-use planning
for protection of natural
beauty and development of
resources and for healthy
families + communities;
provide a foundation to
help assess cumulative
impact on the land from
development and climate
change

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

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

Initiative
“Ring of Fire”
Initiative
Far North Land Use
Planning Initiative

Activity
Precambrian
Bedrock Geology
Mapping

Current Projects
a) Bedrock geology and compilation of the
McFaulds Lake region: multi-year bedrock
geology mapping, core re-logging and
compilation in the “Ring of Fire” as in-kind
support to the TGI-4 Initiative
b) Bedrock geology and compilation of the Fort
Hope–Miminiska greenstone belt: multi-year
bedrock geology mapping and compilation;
mapping in the Makokibatan Lake area in 2016

Surficial
Geochemistry of
Northern Ontario
Initiative
2-D Surficial
Sediment Mapping
Initiative
“Ring of Fire”
Initiative
Far North Land Use
Planning Initiative
Far North Land Use
Planning Initiative
Geo-mapping for
Energy and Minerals
(GEM-2)

Surficial Geology
Mapping and
Sampling;
Remote Predictive
Mapping;
Surficial
Geochemistry

c) Far North terrain mapping project: remote
sensing, field checking
d) Geochemistry of detrital chromite: investigating
their use as a vector to nickel-copper-PGE,
chromium and iron-titanium-vanadium deposits
e) McFaulds Lake area lake sediment and water
sampling project: high-density lake sediment
and water geochemistry survey – mineral
exploration and baseline environmental data

Paleozoic Bedrock
Geology Mapping

f) Paleozoic stratigraphy and hydrocarbon resource
potential of the Hudson Platform: in support of
the GEM-2 Initiative

Earth Resources and Geoscience Mapping Section (2)

Table 2.1. Government priorities linked to current projects of the Earth Resources and Geoscience Mapping Section: 2016–2017.
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Region
Government Priority
Near North - Economy:
Northeast
• understanding the
geology and Earth resource
potential of Ontario
attracts investment dollars,
triggers economic
development
Improving Quality of
Life:
• collection of new,
accurate geoscience data
informs land-use planning
for protection of natural
beauty and development of
resources and for healthy
families + communities;
provide a foundation to
help assess cumulative
impact on the land from
development and climate
change

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

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

Initiative
Abitibi Initiative

Activity
Precambrian
Bedrock
Geology
Mapping

Proterozoic Initiative

Proterozoic
Bedrock
Geology
Mapping

Surficial Geochemistry
of Northern Ontario
Initiative
Proterozoic Initiative
Abitibi Initiative
Groundwater Initiative

Surficial
Geology
Mapping and
Sampling

Current Projects
a) Bartlett and Halliday domes bedrock geology
mapping: data compilation project
b) Southern Swayze bedrock geology mapping project:
1:20 000 scale bedrock geology mapping in Yeo
Township and southern part of Potier Township
c) Gold metallogeny and structural synthesis in the
southern Swayze greenstone belt – PhD thesis study
d) Structural and tectonic study of the Ridout shear zone
– PhD thesis study
e) Northeast Michipicoten greenstone belt bedrock
geology mapping: 1:20 000 scale bedrock mapping in
Stover and Copenace townships
f) Borden Lake greenstone belt bedrock geology
mapping
g) Southwest Sudbury Structure bedrock geology mapping
project: 1:20 000 scale bedrock geology mapping of
Drury, Denison, Trill and Fairbank townships
h) Structural and lithological characterization of
Sudbury low-sulphide PGE-rich footwall
mineralization – PhD thesis study
i) Quaternary mapping of Drury and Denison townships:
1:20 000 scale surficial mapping and sampling
j) Analysis of B and C horizon soil samples collected in
the Temagami, Sudbury and Algoma forest
management units in northeastern Ontario
k) Quaternary geological mapping along the
Highway 11 corridor
l) Surficial geochemistry sampling over the Borden Lake
area
m) Ambient groundwater geochemistry program:
Sudbury region
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Region
Government Priority
Near North - Economy:
Northwest
• understanding the
geology and Earth resource
potential of Ontario
attracts investment dollars,
triggers economic
development
Improving Quality of
Life:
• collection of new,
accurate geoscience data
informs land-use planning
for protection of natural
beauty and development of
resources and for healthy
families + communities;
provide a foundation to
help assess cumulative
impact on the land from
development and climate
change

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

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

Initiative
Geology of
Northwestern
Ontario Initiative
Proterozoic Initiative

Activity
Precambrian
Bedrock Geology
Mapping

J.E. Schweyer

Current Projects
a) Western Wabigoon Subprovince synthesis
b) Bedrock geology mapping of Adrian and Marks
Townships: 1:20 000 scale mapping
c) Geochemistry of ultramafic rocks in the
Shebandowan greenstone belt – MSc study
d) Rowan–Kakagi lakes area bedrock geology
mapping project: 1:50 000 scale mapping
e) Bedrock geology mapping of Walsh and Tuuri
townships, Schreiber–Hemlo greenstone belt:
1:20 000 scale mapping
f) Bedrock geology mapping of the Quetico
Subprovince and related Proterozoic rocks
northwest of Thunder Bay: 1:50 000 scale
mapping
g) Geology and geochemistry of the Laird Lake
property, Red Lake greenstone belt – MSc thesis
h) Marmion terrane 4-D crust–mantle evolution
and mineral systems – PhD thesis study
i) Structural study of the Dogpaw and Dubenski
gold deposits in the Rowan–Kakagi lakes area –
MSc thesis study
j) Gold in the Terrace Bay Batholith – MSc thesis
Geology of
Proterozoic Bedrock k) Petrogenesis of the Crystal Lake gabbro and the
Northwestern
Geology Mapping
Mount Mollie dike and characterization of
Ontario Initiative
nickel-copper-platinum group element
mineralization – MSc thesis study
Proterozoic Initiative
Geology of
Geochemical
l) High-density lake sediment and water
Northwestern
Mapping
geochemistry survey: Nakina–Marshall Lake
Ontario Initiative
m) High-density lake sediment and water
geochemistry survey: Municipality of Greenstone
n) High-density lake sediment and water
geochemistry survey: Marathon region
Geophysical
Geophysical
o) Ear Falls airborne magnetic gradiometer and
Techniques in
Mapping
gamma-ray spectrometer geophysical survey,
Support of Bedrock
northwestern Ontario
Geology Mapping
p) Project management and QA/QC of airborne
Initiative
geophysical surveys
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Region
South

Government Priority
Economy:
• understanding the geology and Earth
resource potential of Ontario attracts
investment dollars, triggers economic
development
Improving Quality of Life:
• collection of new, accurate geoscience data
informs land-use planning for protection of
natural beauty and development of resources
and for healthy families + communities;
provide a foundation to help assess
cumulative impact on the land from
development and climate change

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

Objective
Initiative
Provide the geologic
Proterozoic
framework to support
Initiative
Earth resource exploration
(minerals, metals and
energy), land-use planning,
economic and
infrastructure development
and provide a geoscience
baseline to help assess
cumulative impacts of
development by collecting,
interpreting, synthesizing
and disseminating
geoscience information
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Activity
Current Projects
Proterozoic a) Geology of the Brudenell area: bedrock
Bedrock
geology and compilation mapping
Geology
project, northeast Central
Mapping
Metasedimentary Belt, Grenville Province
b) Geology of the Cobden area: multi-year
1:50 000 scale bedrock geology and
compilation mapping project to improve
understanding of the geology and mineral
deposits, Grenville Province
c) Geology of the Perth area: multi-year
1:50 000 scale bedrock geology and
compilation mapping project to improve
understanding of the geology and
mineral deposits, Grenville Province
d) Geology of the Mud Lake, Black Donald
Lake and Centennial Lake areas: multiyear 1:20 000 scale bedrock geology and
compilation mapping project
In collaboration with Provide the geologic
Environmental Stream
e) Southern Ontario stream sediment
Improving Quality of Life:
• identification of natural and anthropogenic other government
context for identification
Initiative
Sediment
geochemistry survey: collaborative
metals and organic components in the
ministries, apply
and interpretation of
Sampling
project with the Ministry of the
environment mitigates the impact of
geoscience
natural and anthropogenic
and
Environment and Climate Change to
geohazards on public health and safety
techniques in areas threats to the environment,
Analysis
conduct analysis of organic and inorganic
of environmental
water quality issues, and
compounds collected in stream sediment
priority to identify
geohazards by collecting,
samples, southern Ontario
natural and
interpreting, synthesizing
f) Characterization of phosphorus in stream
anthropogenic
and disseminating
sediments and waters in the Lake Erie
hazards
geoscience information
region: collaboration with OMAFRA
Apply geoscience
Provide the geoscience
Aggregate
Aggregate g) Renfrew County ARIP: aggregate
Economy:
• aggregate material is essential to
techniques in areas framework for
Resources
Resources
resources inventory
infrastructure development and growth
of aggregate
identification of aggregate Initiative
Mapping
h) Elgin County ARIP: aggregate
resource priority to and industrial mineral
and
Infrastructure Investments:
resources inventory
• aggregate resource supply is essential to
meet societal and
resources for land-use
Inventory
i) County of Peterborough ARIP:
infrastructure investments
government
planning and for resource
aggregate resources inventory
priorities
and infrastructure
Improving Quality of Life:
• collection of new, accurate geoscience data
development by collecting,
on aggregate and industrial mineral resources
interpreting, synthesizing
informs land-use planning for protection of
and disseminating
natural beauty, development of resources
geoscience information
required to support healthy families and
communities
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Region

Government Priority

Strategy

Objective

Initiative

South,
continued

Economy:
• water is essential to growth
Improving Quality of Life:
• abundant clean water is a prerequisite
for healthy families and communities
(Places to Grow; climate change)
• understanding groundwater systems
(Clean Water Act; Greenbelt) will enable
protection of natural beauty and resources
• identification of groundwater quality
issues and geohazards mitigates public
health and safety issues

Apply geoscience
techniques in areas
of groundwater
priority to meet
societal and
government
priorities

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

2-D and 3-D
Surficial
Sediment
Mapping
Groundwater
Initiative

Activity

Current Projects
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Surficial
j) Three-dimensional (3-D) mapping of Quaternary
Geology
geology in southern Simcoe County: 3-D model to be
Mapping and
published in 2017
k) Three-dimensional (3-D) mapping of Quaternary
Sampling
geology in central Simcoe County: multi-year project
to generate geologic model for groundwater
assessment
l) Three-dimensional (3-D) mapping of Quaternary
geology deposits in the Niagara Peninsula: multiyear project to generate geologic model for
groundwater assessment
2-D and 3-D Paleozoic
m) Bedrock aquifer, karst and early Silurian sequence
Bedrock
Bedrock
stratigraphy mapping project: Guelph to Owen Sound
n) Update karst map for Southern Ontario –
Geology
Mapping
collaboration with the Ministry of Environment and
Mapping
Climate Change
Groundwater
o) Bedrock aquifer mapping of the Niagara Escarpment
Initiative
cuesta – collaboration with the City of Guelph
p) Characterize groundwater flow systems of the early
Silurian rocks of the Niagara Escarpment cuesta –
PhD thesis study
q) Lineament and structural analysis of Chatham
airborne magnetic data: collaboration with Ministry
of Natural Resources and Forestry
r) Lineament and structural analysis of eastern Ontario
airborne magnetic data
s) Sequence stratigraphic and sedimentologic study of
the late Silurian to Middle Devonian succession,
southwestern Ontario – PhD thesis study
t) South Niagara Peninsula bedrock geology mapping
project – release unpublished maps
Ambient
Geochemical u) Ambient Groundwater and Geochemistry Program:
Groundwater Mapping
data interpretation
v) High-density hydrogeochemical assessment of the
Geochemistry
Niagara Peninsula – MSc thesis study
Mapping
w)
Methane and halogens in groundwater in
Groundwater
southeastern Ontario – MSc thesis study
Initiative
x) Investigation of groundwater as a source of high
iodine levels in milk from dairy herds in eastern
Ontario – MSc thesis study
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The ERGMS supported 62 active projects during the 2016–2017 fiscal year, which includes
59 active core projects (see Table 2.1) and 24 active collaborative projects (Table 2.2). The collaborative
projects include 4 projects with other provincial ministries; 3 projects with the Geological Survey of
Canada (GSC); 1 project with the City of Guelph; 2 projects with the South Nation Conservation
Authority; and 16 graduate thesis projects with universities. Locations for projects for which there are
corresponding articles in this volume are depicted in Figures 2.1 and 2.2.

Figure 2.1. Location of the Earth Resources and Geoscience Mapping Section projects in northern Ontario and the Far North as
described in Summary of Field Work and Other Activities, 2016. Numbers correspond to article numbers.
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From November 2015 to October 2016 inclusive, the ERGMS produced 16 Preliminary Maps,
6 Open File Reports, 15 Miscellaneous Releases—Data (MRD), 1 Aggregate Resources Inventory Paper
(ARIP), an Aggregate Resources of Ontario geodatabase (ARO), 4 Geophysical Data Sets (GDS),
1 Groundwater Resource Study (GRS) and 51 airborne geophysical survey maps (see “List of Publications”
in this article for a complete listing of these publications; the geophysical maps are grouped by theme for
each survey area). The ERGMS staff presented numerous technical talks and posters at various
geoscience forums and meetings throughout the year.

Figure 2.2. Location of the Earth Resources and Geoscience Mapping Section projects in southern and eastern Ontario as
described in Summary of Field Work and Other Activities, 2016. Numbers correspond to article numbers.
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Initiative

Project

Project Collaborator(s)

Proterozoic Initiative

PhD thesis on the structural and lithological characterization of Mineral Exploration Research Centre Summary of Field Work article in 2016
Sudbury low-sulphide PGE-rich footwall mineralization
(MERC) – Harquail School of Earth
Sciences, Laurentian University
MSc thesis study of the petrogenesis of the Crystal Lake
Lakehead University
gabbro and the Mount Mollie dike in the Thunder Bay area and
characterization of nickel-copper-PGE mineralization in the
intrusions

Abitibi Initiative

Geology of Northwestern
Ontario Initiative

2-9
2-D and 3-D Paleozoic
Bedrock Geology Mapping
Initiative

Project Progress

Summary of Field Work article in 2015
and final publication in 2017

Mineral Exploration Research Centre Summary of Field Work article in 2016
(MERC) – Harquail School of Earth
Sciences, Laurentian University

PhD thesis study to conduct a structural and tectonic study of
the Ridout shear zone

University of Waterloo

Summary of Field Work article in 2016

PhD thesis study of the Marmion terrane 4-D crust–mantle
evolution and mineral systems in the Wabigoon Subprovince

Lakehead University,
University of Western Australia

Completion in 2016

MSc thesis to characterize the geochemistry of ultramafic
metavolcanic rocks in the Shebandowan greenstone belt

Lakehead University

Summary of Field Work article in 2016

MSc thesis to study the geology and geochemistry of the
Laird Lake gold property, Red Lake greenstone belt

Lakehead University

Summary of Field Work article in 2016

MSc thesis study of the geology and geochemistry of the
Terrace Bay batholith, describing the morphology and
geochemistry of the gold mineralized zones

Lakehead University

Ongoing

MSc thesis study of the structural of the Dogpaw and
Dubenski gold deposits in the Rowan–Kakagi lakes area

University of Waterloo

Summary of Field Work article in 2016

Collaboration and data sharing agreement as part of the
bedrock aquifer mapping of the Niagara Escarpment cuesta
project

City of Guelph

Ongoing

Collaborate on a lineament and structural analysis of airborne
geophysical data in the Chatham–Sarnia region

Ministry of Natural Resources and
Forestry (MNRF)

Ongoing

PhD thesis study consisting of sequence stratigraphic and
sedimentologic study of the late Silurian to Middle Devonian
succession, southwestern Ontario

University of Western Ontario

Summary of Field Work article in 2016

J.E. Schweyer

PhD thesis study of gold metallogeny and structural synthesis
of the southern Swayze greenstone belt
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Table 2.2. Earth Resources and Geoscience Mapping Section collaborative initiatives and projects, 2016–2017.

Initiative

Project

Project Collaborator(s)

Project Progress

Environmental Initiative

Southern Ontario stream-sediment geochemistry survey

Ministry of the Environment and
Climate Change (MOECC)

Ongoing

Stream water and sediment geochemistry project in the Lake
Erie region with a focus on phosphorus characterization

Ministry of Agriculture and Food,
Ministry of Rural Affairs
(OMAFRA)

Data release in 2016

Groundwater Initiative

MSc thesis study to investigate and characterize a groundwater McMaster University
geochemical anomaly on the Niagara Peninsula

Summary of Field Work article in 2015

PhD thesis study to characterize groundwater flow systems of
the early Silurian rocks of the Niagara Escarpment cuesta

University of Waterloo

Ongoing

MSc thesis to study the provenance of, and possible
relationship between, methane and halogens in groundwater in
southeastern Ontario

University of Ottawa
Summary of Field Work article in 2016
South Nation Conservation Authority
(SNCA)
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MSc thesis into the investigation of groundwater as a source of University of Guelph
Summary of Field Work article in 2016
high iodine levels in milk from dairy herds in eastern Ontario
South Nation Conservation Authority
(SNCA)
Update karst map for Southern Ontario

Ministry of the Environment and
Climate Change (MOECC)

Ongoing

2-D and 3-D Surficial
Sediment Mapping Initiative

PhD thesis study of subsurface data collection for 3-D
mapping of Quaternary deposits in the central part of the
County of Simcoe, southern Ontario

McMaster University

Ongoing

Surficial Geochemistry
Initiative

PhD thesis study consisting of surficial mapping and
geochemistry of Denison and Drury townships

Harquail School of Earth Sciences,
Laurentian University

Commencing 2016

Collaborative Projects with
the GSC:
Groundwater Program

Collaborate on reflection seismic geophysical surveys and
Geological Survey of Canada
down-hole geophysics in central Simcoe County and the
Niagara Peninsula in support of 3-D surficial geology mapping

Ongoing

Collaborate on groundwater geoscience projects (aquifer
mapping and characterization) in southern Ontario as part of
the Federal groundwater program

Ongoing

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

Ongoing data collection and
compilation

J.E. Schweyer

Collaborative Projects with
the GSC:
Geo-mapping for Energy
and Minerals 2 (GEM-2)
Initiative

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

expanding the geoscience database of Ontario;

•

support sustainable development and effective land-use planning;

•

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

•

support and attract new mineral investment;

•

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

•

collaborate with other ministries on initiatives of mutual interest.

These strategies are addressed through a series of initiatives built upon one or more projects (see
Table 2.1). In addition, the ERGMS participates in several collaborative projects (see Table 2.2) to
complement existing staff skills and capacity and to expand the amount of geoscience data that describe
Ontario. Collaborative projects are an important means to extend government resources and to capitalize
on resources and expertise available in other government geological surveys, universities or private sector.
The ERGMS program is organized into 5 technical strategies or objectives to provide the geoscience
framework or context to
1. support Earth resource exploration (minerals, metals, groundwater and energy), land use
planning, economic and infrastructure development and provide a geoscience baseline to help
assess cumulative impacts of development by collecting, interpreting, synthesizing and
disseminating geoscience data;
2.
3.

assess energy potential in the south and Far North and the relationship between the geology and
groundwater quality and public health and safety;
identify and interpret natural and anthropogenic threats to the environment, water-quality issues
and geohazards by collecting, interpreting, synthesizing and disseminating geoscience data;

4.

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

5.

identify and inventory groundwater resources for use, protection, and planning by collecting,
interpreting, synthesizing and disseminating geoscience data.
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INITIATIVES
The ERGMS initiatives are based on geographic or functional groupings and are made up of
1. team initiatives (i.e., Abitibi Initiative) consisting of individual projects that are designed to
meet an overall goal;
2. interjurisdictional team initiatives, such as the Targeted Geoscience Initiative 5 (TGI-5) and
Geo-mapping for Energy and Minerals (GEM) Initiative, that consist of individual and joint
OGS and GSC projects that are also designed to meet an overall goal or objective; and
3. individual, focussed projects.
The major initiatives of the ERGMS are subdivided into 8 broad categories outlined below and in Table 2.1.
 Initiatives that involve collaborative project agreements with the GSC:
• Targeted Geoscience Initiative 5 (TGI-5) ore systems (uranium-rich systems, volcanic and
sedimentary hosted base metal mineralization, porphyry-related mineral systems, lode gold
systems, and nickel-chromium-platinum group element (PGE) systems);
• Geo-mapping for Energy and Minerals 2 (GEM-2) Initiative projects;
• groundwater geoscience projects in southern Ontario as part of the Federal groundwater program
 Initiatives involving provincial-scale mineral resource compilation and inventory studies:
• documentation of specific types of mineralization;
• developing inventories of various tectonic settings relevant to mineral exploration.
 Initiatives based on geographic area:
• Abitibi initiative;
• “Ring of Fire” initiative;
• Far North Land Use Planning initiative;
• geology of northwestern Ontario initiative;
• surficial geochemistry of northern Ontario initiative;
• surficial mapping of northern Ontario initiative;
• surficial geochemistry of southern Ontario initiative;
• surficial mapping of southern Ontario initiative;
• Proterozoic initiative;
• Paleozoic initiative.
 Initiatives involving aggregate and industrial mineral resource compilation and inventory studies:
• documentation and inventory of aggregates resources initiative;
• documentation and inventory of industrial mineral resources initiative.
 Initiatives involving identification of overburden and bedrock hydrostratigraphic units and contained
groundwater resources at a regional scale; and understanding the geochemical effects of surface and
groundwater interactions with rock and surficial media:
• two- and three-dimensional surficial sediment mapping initiative;
• two- and three-dimensional Paleozoic bedrock geology mapping initiative;
• ambient groundwater geochemistry initiative;
• environmental initiative.
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 Initiatives involving documentation, compilation and inventory studies of energy resources:
• documentation of hydrocarbons in Paleozoic rock initiative.
 Initiatives involving geophysical projects:
• application of geophysical techniques in support of bedrock geology mapping initiative;
• geophysics and rock properties data compilation initiative;
• application of geophysical techniques in support of surficial sediment mapping initiative.
 Initiatives that develop and manage client, stakeholder and First Nation relationships:
• external and internal committees;
• maintaining relationships and exchanging technical information with regional prospector and
land-owner associations;
• maintaining relationships and exchanging technical information with First Nation communities.

Collaborative Initiatives with the Mineral Exploration Research Centre
(MERC), Harquail School of Earth Sciences, Laurentian University
The Mineral Exploration Research Centre (MERC) at the Harquail School of Earth Sciences,
Laurentian University, commenced a 5-year, multi-disciplinary research initiative on Low-Sulfide PGErich Sudbury Footwall Mineralization in the Sudbury region (Leybourne 2015). This is a multidisciplinary, collaborative initiative involving MERC researchers and students, private sector companies
and the Ontario Geological Survey. The goal of the program is to develop an integrated geological,
geochemical and geophysical exploration model for low-sulphide, PGE-rich mineralization and identify
characteristics that show measurable spatial variation within and with proximity to low-sulphide PGE-rich
mineralized zones through the characterization of
1. mineralization (including metallurgical characterization), sulphide- and oxide- (alloys)
mineralogy, mineral chemistry, textures, grain-size;
2. alteration mineral assemblages, mineral chemistry, textures, structure;
3. physical properties of mineralization, alteration and rock types;
4. structural and lithological controls, rock types, textures, structures, and metamorphism; and
5. surficial geochemical expression of buried mineralized zones in transported surficial media.
Ontario Geological Survey in-kind support to this project currently consists of
1. the southwest Sudbury Structure bedrock geology mapping project, focussing on 1:20 000 scale
mapping of Drury, Denison, Trill and Fairbank townships (Simard, Gordon and Généreux, this
volume, Article 16);
2. Quaternary mapping and sampling at 1:20 000 scale in Drury and Denison townships (Hashmi
2016); and
3. support of an PhD thesis study on the structural and lithological characterization of low-sulphide
PGE-rich Sudbury footwall mineralization (Généreux et al., this volume, Article 19) through the
Ontario Geological Survey–Laurentian University Graduate Mapping School Agreement.
The ERGMS intends to also support a PhD thesis study, also through the Ontario Geological
Survey–Laurentian University Graduate Mapping School Agreement, to characterize the surficial
expression of low-sulphide, PGE-rich Sudbury footwall mineralization. This thesis research will
a) determine the extent to which the geochemical signature of low-sulphide PGE mineralization is
expressed in the surface environment; b) determine if only mechanically transported anomalies can be
identified from shallow mineralization, or whether deeper mineralization can be detected by vertically
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transported metals; and c) what combinations of sampling strategies, geochemistry and isotopic methods
can be used to remove anthropogenic effects on the surface geochemical environment (Leybourne 2015).
This thesis study began in 2016.

Collaborative Initiatives with the Geological Survey of Canada
Planning for the Targeted Geoscience Initiative 5 (TGI-5) is underway, with the GSC, OGS, private
sector and academia collaborating on geoscience projects located throughout Ontario and focussed on
geoscience themes and mineral commodities.
The ERGMS is conducting the Hudson Platform project designed to complement geoscience activities
by the GSC as part of their Geo-mapping for Energy and Minerals Initiative 2 (GEM-2), which, in turn, is
focussed on geological mapping for informed resource development in the extreme Far North of Canada
(generally north of latitude 60°). The Hudson Platform project is a study of Paleozoic stratigraphy and
hydrocarbon resource potential of the Hudson Platform, which involves bedrock geology mapping and
diamond-drill core logging and compilation to upgrade geoscience data for Paleozoic strata in the Hudson
Bay Lowland and to re-evaluate hydrocarbon resource potential (Armstrong 2015). Complementary work is
being conducted on Devonian (Braun et al., this volume, Article 28) and Upper Ordovician strata (Hahn et
al., this volume, Article 28) in the Far North.
The ERGMS is also collaborating with the GSC, as part of the Earth Sciences Sector (ESS) of
Natural Resources Canada (NRCan) Groundwater Geoscience Program. The GSC conducted reflection
seismic geophysical surveys and down-hole geophysics in the central part of Simcoe County and in the
Niagara Peninsula to support the ERGMS ongoing 3-D mapping of Quaternary deposits and groundwater
aquifers in these regions (Mulligan, this volume, Article 31; Burt, this volume, Article 30).
The GSC is also initiating a multi-year (2014 to 2019) collaborative project with the OGS, which
will focus on aquifer mapping and characterization in southern Ontario as part of the OGS Groundwater
Initiative and the NRCan–ESS Groundwater Geoscience Program. The collaborative project will apply a
basin analysis approach to investigating the complex interplay of hydrogeological issues in southern Ontario
(Russell, Priebe and Parker 2015). Project objectives will be advanced under 5 key thematic groupings, each
of which will focus on a number of core studies to be refined as project planning continues:
1. Framework for Sustainable Groundwater Use: will build on the decade of source water
protection work and Government of Ontario and Government of Canada Open Data initiatives
to develop a groundwater geoscience data network, regional conceptual geological framework,
and regional geological model construction of the Phanerozoic bedrock succession and
Quaternary geology.
2. Support Great Lakes Water Accords: as identified in bilateral Ontario–Canada agreements
by contributing to improved understanding on groundwater–surface water interaction and
contributions of groundwater to Great Lakes water quality.
3. Methods Development for Regional Groundwater Studies: advance the field collection and
data processing of shallow high-resolution seismic reflection data, airborne electromagnetic
data, down-hole geophysical data, portable X-ray fluorescence (XRF) analysis for
chemostratigraphy and remote sensing in support of hydrogeology.
4. Case Studies: complete work on targeted geographic and thematic issues that can contribute to
an emerging regional understanding. For example, possible studies include groundwater–
surface water studies and water quality in the upper Thames River watershed, depression
focussed recharge, a groundwater geochemical anomaly on the Niagara Peninsula and petrophysical studies of aquitards, etc.
5. Science and Technology Exchange: demonstrate science leadership through collaboration and
co-ordination of geoscience collaborations, technology exchange opportunities, etc.
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OTHER COLLABORATIVE PROJECTS
Other collaborative projects that the ERGMS conducted in 2016 (see Table 2.2) are as follows:
•

support of a PhD thesis study with Lakehead University and the University of Western Australia
of zircon lutetium-hafnium and oxygen systematics of granites across the Wabigoon Subprovince,
which includes some structural and geochemical work to map terrane boundaries, and relating
these boundaries to mineral endowment, which includes analytical support from the OGS
Geoscience Laboratories (Bjorkman et al. 2014);

•

support an PhD thesis study as part of a 5-year, multi-disciplinary research program on
“Low-Sulfide PGE-rich Sudbury Footwall Mineralization” being conducted by the Mineral
Exploration Research Centre (MERC) at the Harquail School of Earth Sciences, Laurentian
University. The thesis was initiated in 2015 as part of the southwest Sudbury Structure bedrock
geology mapping project (Généreux et al., this volume, Article 19) through the Ontario
Geological Survey–Laurentian University Graduate Mapping School Agreement;

•

support a PhD thesis study with the Harquail School of Earth Sciences, Laurentian University
on the surficial mapping and geochemistry of Denison and Drury townships. The thesis is part
of the Ontario Geological Survey–Laurentian University Graduate Mapping School Agreement;

•

support an MSc thesis study with Lakehead University to study the petrogenesis of the Crystal
Lake gabbro and the Mount Mollie dike and characterize associated nickel-copper-platinum
group element (PGE) mineralization (O’Brien et al. 2015);

•

support an MSc thesis study with Lakehead University to study the geology and geochemistry
of the Laird Lake gold property, in the vicinity of the Madsen and Starrett–Olsen gold deposits
in the Red Lake greenstone belt (Gélinas and Hollings, this volume, Article 14);

•

support an MSc thesis study with Lakehead University to characterize the geochemistry of
ultramafic metavolcanic rocks in the Shebandowan greenstone belt (Hinz et al., this volume,
Article 13);

•

support an MSc thesis study with Lakehead University to study the geology and geochemistry
of the Terrace Bay batholith, describing the morphology and geochemistry of the gold
mineralized zones;

•

support of a PhD thesis study, through the Ontario Geological Survey–Laurentian University
Graduate Mapping School Agreement, and with the Mineral Exploration Research Centre
(MERC) at the Harquail School of Earth Sciences, Laurentian University, to conduct a
metallogenic gold study and structural synthesis of the southern Swayze greenstone belt in the
southern Abitibi Subprovince (Hastie, Kontak and Lafrance, this volume, Article 8);

•

support of an MSc thesis study with the University of Waterloo to conduct a structural and
tectonic study of the Ridout shear zone and implications for regional tectonics in the southern
Abitibi Subprovince (Wu and Lin, this volume, Article 9);

•

support of an MSc thesis study with the University of Waterloo to conduct a structural study of
the Dogpaw and Dubenski gold deposits in Rowan–Kakagi lakes area in the western Wabigoon
Subprovince, northwestern Ontario (Krapf-Jones, Meade and Lin, this volume, Article 15);

•

support of an MSc thesis study with McMaster University to focus on the characterization and
determination of groundwater quality for a geochemical anomaly located in the Niagara
Peninsula (McEwan et al. 2015);
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•

support of a PhD thesis study with the University of Western Ontario consisting of a sequence
stratigraphic and sedimentologic study of the late Silurian to Middle Devonian succession in
southwestern Ontario, which will include isotopic chemostratigraphy and lithogeochemistry of
formations with some focus on the Silurian–Devonian boundary and the boundary between the
Detroit River Group and overlying Dundee Formation (Sun, Brunton and Jin, this volume,
Article 26);

•

collaborate with the City of Guelph as part of the bedrock groundwater aquifer mapping of the
Niagara Escarpment cuesta;

•

support a PhD thesis study at the University of Waterloo to characterize the groundwater flow
systems of the early Silurian rocks of the Niagara Escarpment cuesta using physical, chemical
and numerical hydrogeological tools built on a sequence stratigraphic framework (Priebe,
Neville and Brunton 2014);

•

support a PhD thesis study at McMaster University to collect subsurface data for threedimensional mapping of Quaternary deposits in the central part of the County of Simcoe,
southern Ontario (Mulligan, this volume, Article 31);

•

collaborate with the Ministry of the Environment and Climate Change (MOECC) on a regional
stream sediment geochemistry project across southern Ontario (Dyer, Fletcher and Reiner 2010;
Dyer and Burke 2012);

•

collaborate with the Ministry of Agriculture and Food and Ministry of Rural Affairs
(OMAFRA) on a study of stream water and sediment geochemistry from the Lake Erie region
with a focus on phosphorus characterization (Burke 2013, 2014);

•

collaborate with the Ministry of Natural Resources and Forestry (MNRF) on a lineament and
structural analysis of airborne geophysical data in the Chatham–Sarnia area to develop method
for the identification of fault structures in Paleozoic rocks (Ontario Geological Survey 2014);

•

collaborate with the South Nation Conservation Authority (SNCA) and support of an MSc
thesis study at the University of Ottawa to study the provenance of, and possible relationship
between, methane and halogens in groundwater in southeastern Ontario (Lemieux et al., this
volume, Article 33);

•

collaborate with the South Nation Conservation Authority (SNCA) and support of an MSc
thesis study at the University of Guelph into the investigation of groundwater as a source of
high iodine levels in milk from dairy herds in eastern Ontario (Rogerson et al., this volume,
Article 34).

PROVINCIAL-SCALE METALLOGENIC COMPILATION AND
INVENTORY STUDIES
The ERGMS continued 2 ongoing, multi-year, provincial-scale projects that fall under the initiative
to create inventories of various tectonic settings relevant to mineral exploration, as follows:
•

update and maintain the geochronology database for Ontario. The current geochronology
database is being updated and converted to a Microsoft® Access® database and GIS format;

•

documentation of metamorphic patterns in Archean greenstone belts, with work initially
focussing on the Wabigoon Subprovince.
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INTERJURISDICTIONAL AND COMMITTEE REPRESENTATION
Staff of the ERGMS represented the Ministry of Northern Development and Mines, the OGS and
other geoscience organizations on several interjurisdictional committees, internal committees and
associations during the 2015–2016 fiscal year, which are summarized below:
•

North American Commission on Stratigraphic Nomenclature (representing the Geological
Association of Canada)

•

Paleontology Division of the Geological Association of Canada

•

TGI-5–National Geological Surveys Committee (NGSC) Subcommittee

•

Great Lakes Geologic Mapping Coalition

•

Canadian Mining Industry Research Organization (CAMIRO) Geophysics Expert Committee

•

CAMIRO Geochemical Expert Committee

•

Conservation Authorities Geosciences Committee

•

Canadian Exploration Geophysical Society (KEGS) Scholarship Foundation

•

Far North Information and Knowledge Management Working Group

•

MNDM Green Team

•

MNDM Information Technology–Information Management (IT/IM) Strategy Committee

•

Geoscience Laboratories (Geo Labs)–ERGMS Working Group

•

Willet Green Miller Centre (WGMC) Joint Health and Safety Committee

•

GIS in the Ontario Public Service (OPS) License Management Task Force

•

Southern Ontario Stream Sediment Geochemistry Project Steering Committee

•

Canadian Working Group on Regional Groundwater Flow Systems of the International
Association of Hydrogeologists

•

thesis committees and adjunct professorships at universities (Laurentian University, Carleton
University, Ohio State University, University of Western Ontario, University of Toronto,
Chinese Academy of Sciences)

•

Prospectors and Developers Association of Canada (PDAC) Health and Safety Committee
(representing the Committee of Provincial and Territorial Geological Surveys)

•

Prospectors and Developers Association of Canada (PDAC) Student–Industry Mineral
Exploration Workshop (S-IMEW)

STAFFING CHANGES IN THE SECTION
Peter MacDonald accepted a Precambrian Geoscientist position; and Julien Bonin accepted a drafter
position. Joe Walker accepted a Precambrian Geoscientist Intern position and Laura Colgrove accepted a
Geochemist Intern position with the ERGMS as part of the Ministry of Northern Development and Mines
two-year internship pilot initiative.
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INTRODUCTION
The Makokibatan Lake area was mapped in the summer of 2016 as part of the multi-year bedrock
geology mapping of the Fort Hope greenstone belt, which is located in the eastern portion of
Uchi Subprovince. The map area covers roughly 3400 km2 and is centred on latitude 51°20′40″N and
longitude 87°08′30″W. Mapping focussed on Washi and Makokibatan lakes and the Albany River system
to the east and west of these lakes (Figure 3.1). The area has roughly 2 to 3% outcrop exposure that
decreases in size and abundance west to east.
The goals of the Fort Hope–Miminiska greenstone belt bedrock mapping project include 1) creating a
set of 1:50 000 to 1:100 000 scale bedrock geology maps for the Fort Hope–Miminiska greenstone belt;
2) defining better the stratigraphy of the greenstone belt; 3) determining the evolution of individual tectonic
assemblages and the overall tectonic setting of the Fort Hope greenstone belt during the Uchian orogeny
(Percival et al. 2006); and, most importantly, 4) examining and assessing the mineral potential of the belt.
This article presents the results from the 2016 field season and includes descriptions of the supracrustal
and intrusive rocks, structural geology, mineralization and alteration. The relationships presented herein
are preliminary, based solely on field observations, and are subject to change upon analysis of geochemical,
geochronological and petrographic data.

REGIONAL GEOLOGY
The Makokibatan Lake area was originally mapped by V.K. Prest in 1940 and 1941 (Prest 1942)
following reconnaissance mapping by E.M. Burwash in 1928 focussing along the Albany River system
(Burwash 1929). Additional reconnaissance mapping was completed in 1969 as described in Operation
Fort Hope by Thurston and Carter (1970). No more detailed government mapping has been completed
since. The purpose of this current mapping effort is to update the regional mapping by the addition of
geochemical, structural and economic data for the region.
The Makokibatan Lake area is located near the southern end of the Fort Hope greenstone belt. No
geochronological data have been collected in the Makokibatan Lake area previously. In the Eabamet Lake
area to the north, a new geochronological age of 2737.7±1.3 Ma has been determined for felsic
volcaniclastic rocks interpreted to be part of the same event that resulted in the deposition of volcaniclastic
rocks at Frenchman’s Rapids (Kamo 2016) (see Figure 3.1). The quartz monzodiorite to granodiorite
Summary of Field Work and Other Activities 2016,
Ontario Geological Survey, Open File Report 6323, p.3-1 to 3-9.
© Queen’s Printer for Ontario, 2016
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Figure 3.1. Simplified geologic map of the Makokibatan Lake area. Universal Transverse Mercator (UTM) co-ordinates are provided using North American Datum 1983
(NAD83) in Zone 16. White area in northwestern part of the figure was not mapped as a part of this project. Abbreviations: Au, gold; Cu, copper; Zn, zinc.
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intrusion that occurs along the Albany River to the west of Makokibatan Lake (see Figure 3.1) is
interpreted to be the same body as the one on the southeast shore of Eabamet Lake farther to the north.
The intrusion has an age of 2736±4 Ma, which is within error of the age of the volcaniclastic rocks (Davis
2016). Both ages are correlative with the Confederation assemblage of the Lake St. Joseph greenstone
belt to the west (Corfu and Stott 1993). Geochronology samples collected during 2016 will further clarify
the above relationships and enable correlations with known tectonic assemblages elsewhere in the region.

GEOLOGY OF THE MAKOKIBATAN LAKE AREA
The supracrustal rocks (see Figure 3.1) in the Makokibatan Lake area are dominated by mafic to
intermediate pillow basalts and massive flows. Mafic flows range from aphyric to up to 20% plagioclase
phenocrysts locally. Pillows are small to medium sized, ranging from 15 cm to over 2 m long when
flattened (Photo 3.1A). The pillows have thin selvages, generally 0.5 to 3 cm wide, infilled with mafic
metasedimentary rock and, more rarely, recrystallized hyaloclastite. Massive amygdaloidal basalts to
andesites (Photo 3.1B) are commonly intercalated with pillowed flows in the centre of the main volcanic
package along the shorelines of Washi Lake and extending to the east and west (see Figure 3.1). Coarse- to
medium-grained synvolcanic mafic sills and dikes and pillow-lava feeders are common throughout the
mafic metavolcanic package and are up to 50 m wide. Some mafic flows and sills contain zeolite-altered
feldspar glomerocrysts, 5 to 30 mm in size. The areas near Frenchman’s Rapids and Kagiami Falls along
the Albany River (see Figure 3.1) are dominated by felsic to intermediate volcaniclastic rocks with varied
morphologies, including tuff, crystal tuff and lapilli. Lapilli are commonly the same composition or more
felsic than the surrounding ash layers and are flattened parallel to foliation (Photo 3.1C). Fine laminae and
bedding are recognized where recrystallization has not obliterated primary textures. Tuff breccias are
uncommon, suggesting a more distal source for much of the felsic to intermediate volcaniclastic rocks in
the region. The felsic pyroclastic rocks are often completely recrystallized and metamorphosed to garnetactinolite-sericite. These rocks are crosscut by a series of medium- to coarse-grained mafic dikes, now
amphibolite, that are interpreted to be synvolcanic with the mafic metavolcanic rocks to the south.
The metasedimentary package along the west shore of Makokibatan Lake (see Figure 3.1) is composed
primarily of metawacke and metasiltstone. Where primary bedding is still visible, beds are very thinly to
thickly bedded. The areas around Kagiami Falls and Frenchman’s Rapids both contain lenses of metawacke
and metasiltstone commonly interbedded with amphibolite (Photo 3.1D). Iron formations occur as
discontinuous bands ranging from 0.3 to 3 m wide throughout the supracrustal rocks of the greenstone belt
(see Figure 3.1). The silicate iron formation to iron-rich metasedimentary rocks occur as para-amphibolite
and consists of dark green amphibole ± garnet and quartz with trace pyrite and possesses slightly elevated
magnetic susceptibility readings, averaging 2 ×10–3 SI units, relative to the mafic metavolcanic rocks
which average 0.7 ×10–3 SI units. Between Washi Lake and Makokibatan Lake, the metasedimentary
rocks are migmatized to metatextite with up to 25% leucosome and injections of late granite.
Multiple oval-shaped mafic intrusions occur within the map area and are up to 8 km wide. Most of
the intrusions have few exposures with the exception of the intrusion surrounded by Abazotikichuan Lake
between Frenchman’s Rapids and Makokibatan Lake (see Figure 3.1). The Abazotikichuan intrusion
ranges from leucocratic to melanocratic, although is dominantly mesocratic gabbro. It is varitextured
along its margins; otherwise, it ranges from medium to coarse grained (Photo 3.1E). Along the northern
edge, the gabbroic intrusion is intruded and brecciated by a younger granitoid resulting in subrounded
gabbroic xenoliths along the contact with the granitoid. Minor pyrrhotite and trace chalcopyrite is
disseminated along the northwest contact of the Abazotikichuan intrusion. On the north shore of Washi
Lake, there is another mesogabbroic intrusion exposed along the shoreline that has plagioclase megacrysts
up to 20 cm in size in a coarse-grained groundmass. Elsewhere, the mafic intrusions are solely defined by
their aeromagnetic signatures because outcrop exposure is lacking (Ontario Geological Survey 2003a,
2003b, 2003c, 2003d).
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Photo 3.1. Selected photos of lithologic units in the Makokibatan Lake area. A) Mafic to intermediate pillow basalts, younging
toward the south, on the north side of Washi Lake (compass is 22 cm long, with sighting arm pointing north). Arrow points in
pillow younging direction; 491324E 5693724N. B) Mafic volcanic flow with 2 to 5 mm plagioclase phenocrysts and quartz
amygdules with alteration rims, 7 km west of Washi Lake; 478607E 5690796N. C) Felsic to intermediate lapilli tuff with white
lapilli flattened parallel to foliation, 8 km north of Makokibatan Lake; 466418E 5686951N. D) Interbedded metawacke with
layers of amphibolite, Kagiami Falls; 515467E 5696088N. E) Varitextured mesocratic metagabbro in mafic intrusion at
Abazotikichuan Lake south of Frenchman’s Rapids; 478752E 5687746N. F) Proterozoic diabase dike with large epidotized
plagioclase phenocrysts at the centre crosscutting a feldspar porphyry dike, north side of Washi Lake; 497158E 5694852N.
The UTM co-ordinates are provided using NAD83 in Zone 16.
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External granitoid batholiths of different relative ages bound the greenstone belt. The oldest is a
coarse-grained, weakly foliated biotite quartz monzodiorite to granodiorite intrusion that dominates the
shorelines of the Albany River west of Makokibatan Lake. There are a series of unnamed, oval-shaped,
possibly syntectonic to posttectonic granitoid plutons throughout the map area that can be seen as distinct
magnetic highs on airborne geophysical survey data (Ontario Geological Survey 2003a, 2003b, 2003c,
2003d). One of these intrusions, the most proximal to Washi Lake, is granitic with alkali-feldspar
phenocrysts up to 4 cm in a medium- to coarse-grained massive groundmass. In the southeast corner of the
map area, the granitoids have a gneissose character and typically contain migmatized metasedimentary
xenoliths. Late granitic dikes, up to 4 m wide, are associated with migmatized metasedimentary rocks east
of Makokibatan Lake and are commonly spatially associated with tourmaline-bearing potassium feldspar–
rich pegmatites. Feldspar porphyry dikes, up to 20 m wide, are common and are subparallel to foliation
around Washi Lake. They are commonly partially sericitized where sheared; these dikes are pretectonic to
syntectonic as they have undergone the same deformation events as the surrounding mafic volcanic rocks.
At least 3 sets of Proterozoic diabase dikes occur within the map area (see Figure 3.1), all of which
are strongly magnetic with distinct linear aeromagnetic signatures on airborne geophysical survey data
(Ontario Geological Survey 2003a, 2003b, 2003c, 2003d). The dikes are medium to coarse grained and
are composed of pyroxene, plagioclase and rare olivine with distinct sharp chilled margins and are usually
moderately to strongly magnetic. The north-northwest-trending set is interpreted to be a part of the
Molson swarm, the northeast-trending set is a part of Marathon dike swarm and the northwest-trending set
a part of the Matachewan dike swarm (Buse and Hamilton 2012; Madon, McIlraith and Stott 2009). The
Matachewan dikes that crosscut the supracrustal rocks on Washi Lake, commonly contain large epidotized
plagioclase phenocrysts occupying the centre of dikes or occurring in aggregations where the dikes are
wider (Photo 3.1F).

STRUCTURAL GEOLOGY
The Makokibatan Lake area is composed of successive packages of supracrustal rocks that strike
roughly east or west and dip steeply to the north or south. The facing direction in the Washi Lake area is
dominantly south, although, approximately 10 km to the west, there are some northward-younging
pillows as well. The majority of observed pillow-younging directions are upright, with overturned pillows
observed only where the stratigraphy is dipping at high angles. These packages are widely affected by a
regional penetrative foliation trending parallel to the general stratigraphy. The penetrative foliation in the
greenstone belt is typically warped around syntectonic to posttectonic intrusions that also create their own
strain aureoles.
Folding is characterized by regional, east-trending isoclinal folding expressed as isoclinal upright
folds in outcrops (Photo 3.2A). These dominant east-trending fold axes locally display other trajectories
as a result of modifications brought about by later deformation events or pluton emplacement. A series of
synformal and antiformal axes pass from east of Frenchman’s Rapids to north of Makokibatan Lake and
are defined by folded stratigraphy and iron formation (see Figure 3.1). Previous workers, Thurston and
Carter (1970), also postulated an additional antiform centred on Washi Lake that plunged 70° to the east,
but this study only found changes in stratigraphic facing to the west of Washi Lake in support of this fold.
Extensive disharmonic folding is present in areas east of Makokibatan Lake where there was
migmatization of metasedimentary rocks (Photo 3.2B).
Stretching and mineral lineations are common in the map area, but are concentrated primarily within
the strain aureoles of syntectonic and posttectonic intrusions. Commonly, they are defined by actinolite
and can have varied orientations and dips (Photo 3.2C).
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Photo 3.2. Selected photos of structural features and mineralization in the Makokibatan Lake area. A) Tight isoclinally folded
plagioclase-phyric mafic flow with an aphyric mafic flow at core of the fold, fold hinge is parallel to dominant foliation, 8 km
east of Frenchman’s Rapids. Black solid line represents primary layering S0; the black dashed line represents the fold axis;
453649E 5690700N. B) Intensely folded and deformed metasedimentary migmatite with white leucosomes along the Albany
River, 8 km southeast of Washi Lake (compass is 22 cm long, with sighting arm pointing north); 508236E 5692131N.
C) Mineral lineation defined by actinolite in intermediate to mafic flow, 11 km north of Washi Lake. Black arrow points down
the plunge of the mineral lineation; 483042E 5704898N. D) Strongly sheared mafic flow or intrusion with well-developed C–C′
fabric indicative of sinistral shear sense on the north side of Washi Lake. Red dashed lines represent C′ shear bands; dashed
black line represents the C-shear plane; 497127E 5695039N. E) Rusty quartz vein with molybdenite and minor pyritechalcopyrite mineralization hosted in amphibolite on the west side of Kagiami Falls; 520023E 5702762N. F) Gossaniferous
outcrop with 2 to 4% disseminated pyrite within an amphibolite south of Makokibatan Lake (compass is 22 cm long, with
sighting arm pointing north); 480720E 5683456N. The UTM co-ordinates are provided using NAD83 in Zone 16.
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Ductile deformation is characterized by the presence of shear zones. These shear zones strike
between 060° and 090°, parallel to the regional foliation, are steeply dipping and are up to 5 m wide. Where
the shear zones occur in mafic pillowed flows, the pillows are stretched with aspect ratios up to 20:1. Shear
sense indicators were rare, but, when identified, displayed both sinistral and dextral sense. The largest
shear zone is up to 200 m wide on the north shore of central Washi Lake and has a well-developed C–C′
fabric indicative of sinistral shear sense (Photo 3.2D). Brittle faulting was rarely observed and was
restricted primarily to fractures with centimetre-scale displacement in both the sinistral and dextral sense.

METAMORPHISM AND ALTERATION
Metamorphism in the Makokibatan Lake area ranges from greenschist to amphibolite facies.
Amphibolite-facies metamorphism is focussed along the edges of the supracrustal sequence and the
northwestern part of the belt, whereas the centre is greenschist facies. Amphibolite-facies mafic mineral
assemblages are dominated by hornblende and plagioclase, whereas the intermediate to felsic
assemblages comprise plagioclase + amphibole ± quartz ± garnet ± biotite. The majority of greenschistfacies mafic rocks consist of actinolite + feldspar ± chlorite, whereas the felsic rocks contain varied
proportions of sericite. The metasedimentary rocks at both greenschist and amphibolite facies contain
biotite + quartz + feldspar ± garnet; no aluminosilicate minerals were identified in the metamorphosed
siltstones and wackes. Only minor alteration was noted, primarily albite-epidote-quartz alteration (also
referred to as spilitization) within mafic metavolcanic rocks and their intrusive equivalents.

ECONOMIC GEOLOGY
There are few mineral occurrences and prospects in the Makokibatan Lake area (see Figure 3.1). The
only active claims in the map area are currently held by Canada Chrome Inc., a wholly owned subsidiary
of KWG Resources Inc. These occur along the proposed north-south route to the “Ring of Fire” area
adjacent to Kagiami Falls. No additional significant exploration activity has been performed in the region
during the past 5 years.
Although exploration was done in the map area between the 1930s and the 1980s, only a few
mineralized occurrences were identified (see Figure 3.1). Assay samples, collected by Asarco Exploration
in 1967 from a copper occurrence with greater than 5% observed chalcopyrite within a shear zone along
Washi Lake, yielded 2.51% Cu (Mason and White 1995). East-southeast of Frenchman’s Rapids near
Schist Lake (see Figure 3.1), a drill hole by F. Hoey in the 1960s contained a 60 cm intercept recorded at
0.51 ounce gold per tonne within a zone of quartz stringers and veins with disseminated sulphides
including pyrite, chalcopyrite and pyrrhotite. Subsequent re-assaying of the hole in the 1980s yielded
much lower values of 0.010 to 0.057 ounce gold per tonne (Mason and White 1995). Other occurrences in
the area (see Figure 3.1) are discretionary occurrences and could not be found by field party personnel.
Gossaniferous zones were rarely seen in outcrop, likely an artefact of the general lack of outcrop in
the area as a whole. Only 2 areas were sampled by field party personnel for assay: one along the west
shoreline north of Kagiami Falls and the other one south of Makokibatan Lake. The first was a series of
white and rusty quartz veins, up to 30 cm wide, that contained up to 5% disseminated molybdenite and
trace quantities of pyrite, pyrrhotite and chalcopyrite (Photo 3.2E). The veins are subparallel to foliation
and are hosted in intermediate to mafic metavolcanic rocks. The second occurrence was a series of
gossaniferous zones in an amphibolite that occurs parallel to a linear lake, likely along a fault or shear
zone, south of Makokibatan Lake (Photo 3.2F). Where the sulphides were not weathered away, they
appeared to be dominantly disseminated pyrite, up to 5%; this rock was sampled for gold and base metals.
Results of these assays are pending.
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It is recommended that exploration focus on the metavolcanic rocks, specifically targeting shear
zones with quartz veining in the Frenchman’s River area and eastward. Furthermore, precious and base
metals may be remobilized into map-scale fold hinges, such as those described in “Structural Geology”.
Additionally, the mafic intrusions, such as the one on the north shore of Washi Lake, may be promising
targets for magmatic sulphide mineralization. Because of limited outcrop exposure in the map area,
geophysical methods, such as electromagnetic surveys, may be the only way to identify potential base
metal targets in the metavolcanic-dominated supracrustal packages.
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INTRODUCTION
A major gold occurrence discovery at the north edge of Borden Lake by Probe Mines Limited in
2012 (Murahwi, Gowans and San Martin 2012) has revived the interest of both the exploration industry
and the academic world in the Kapuskasing Structural Zone (KSZ). Although the KSZ has been the
subject of many regional-scale studies and mapping over the last 4 decades by the Ontario Geological
Survey (OGS) (Thurston, Siragusa and Sage 1977a, 1977b), researchers (Percival 1981; Moser 1993;
Krogh 1993) and the Geological Survey of Canada (see Percival 1994), it has received, until now, very
limited detailed coverage at scales larger than 1:50 000 (e.g., 1:20 000, 1:10 000, etc.).
The Borden Lake mapping project, covering over 200 km2, is located just east of the town of
Chapleau and encompasses the entirety of the Cochrane and Borden townships (Figure 4.1). The mapping
area lies entirely within the KSZ. Approximately 12 weeks were spent in the field during the summer of
2016 conducting detailed bedrock mapping at a scale of 1:20 000. This article presents the preliminary
results of the mapping during this period. It will cover various aspects of the local geology, such as rock
types, structures and their relationship with the metamorphism. Possible regional correlations will be also
briefly addressed.

GENERAL GEOLOGY AND LITHOLOGY
The KSZ cuts across, at a high angle, the east-striking Archean Abitibi Subprovince to the east and
the Wawa Subprovince to the west (see Figure 4.1). The northeast-trending KSZ extends over 500 km in
length and up to a maximum of 50 km in width (Percival 1983). The KSZ is fault bounded by long-lived
lithospheric shear zones, named the Ivanhoe Lake fault zone, to the east, and the Saganash Lake fault, to
the west (see Figure 4.1) (Percival and West 1994). Because of these tectonic contacts, the KSZ has been
widely interpreted as representing an intracontinental portion of the lower Archean continental crust
uplifted and thrust toward the east upon the Abitibi Subprovince (Percival 1983). The KSZ is composed
of migmatitic (metatexites to diatexites) mafic gneisses and subordinate paragneisses, which, by anatexy,
produced a tremendous amount of tonalitic and granitic melt (Krogh 1993). Within the KSZ, peak
metamorphic conditions were estimated at 850°C and 11 kilobars (Hartel and Pattison 1996). The onset of
the migmatitic event was determined to be at circa 2660 Ma by various authors (Moser 1994; Krogh
1993). A geochronological study performed by Krogh (1993) also suggested that the crustal-scale partial
melting might have occurred in 2 stages: a first event at 2660 Ma and a second event at circa 2640 Ma.
Older migmatitic tonalitic gneisses, with ages ranging from 2.96 to 2.72 Ga (2925±35 Ma and 2725±5 Ma;
U/Pb on zircon: Moser 1993), and gneissic mafic to intermediate intrusive rocks are also part of the rock
types of the KSZ.
Summary of Field Work and Other Activities 2016,
Ontario Geological Survey, Open File Report 6323, p.4-1 to 4-20.
© Queen’s Printer for Ontario, 2016
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Figure 4.1. Simplified regional map of the southern portion of the Kapuskasing Structural Zone and the surrounding Wawa Subprovince (Wawa gneiss domain) and Abitibi
Subprovince (modified from Ontario Geological Survey 2011). Universal Transverse Mercator (UTM) co-ordinates are provided using North American Datum 1983 (NAD83)
in Zone 17. Study area is outlined by the red box. Abbreviation: BLBG, Borden Lake greenstone belt.
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In the Borden Lake area, the KSZ hosts a supracrustal package, which was recognized early as being a
geological entity distinct from the KSZ and was named the Borden Lake belt (Percival 1981; Moser 1993).
The east-trending Borden Lake belt sensu stricto is 25 km long and is up to 5 km at its widest (see Figure 4.1).
Nonetheless, the units of the Borden Lake belt extend much farther east, to over 50 km away, to where they
form slivers of supracrustal rocks surrounded by the KSZ migmatites (Bursnall et al. 1994). Within the
Borden Lake area, these supracrustal units are composed, from top to bottom, of Timiskaming-type
metaconglomerates, a heterogeneous felsic-dominated unit overlying a mafic-dominated volcanic rock
package that underwent amphibolite-facies metamorphism. These rocks are intruded by a series of early mafic
to intermediate intrusive rocks and by younger synkinematic felsic plutonic rocks. Even though the term of
“greenstone belt” for the Borden Lake supracrustal rocks was never formally or informally used or defined,
its stratigraphic features (e.g., Timiskaming-type metaconglomerates overlying a relatively thick volcanic
sequence), its structural style and its metamorphism make it appropriate to use the term “greenstone belt”
instead of the current “Borden Lake belt” (Moser 1993). From this point on, in this article, the supracrustal
units of the Borden Lake area will be grouped under the name of Borden Lake greenstone belt (BLGB).

Kapuskasing Structural Zone Migmatites
Geological units of the KSZ represent about 45% of the map area (Figure 4.2). Previously mapped as
gneissic tonalitic intrusive rocks, most of these gneisses are better described as primary to melt-rich diatexites
according to the classification of Sawyer (2008). However, it may be difficult in the field to differentiate such
rocks and to classify them between a melt-rich diatexite (70–80% in melt content) and a real intrusive rock
because this classification partly relies on the ratio of melanosome:leucosome observed on the outcrop. Thus,
this classification can be strongly influenced by exposure conditions. Most of the features presented herein
were observed along a 4.5 km long section exposed along Highway 101 located on the northeastern corner of
Borden Township. Metamorphic zircons extracted from mafic gneisses of this section yielded a U/Pb age of
2666 Ma that is interpreted as a metamorphic age (207Pb/206Pb model age: Moser 1993). Paleosomes are
virtually absent. The neosome is separated into a melanosome represented by mafic gneisses and a
leucosome composed of gneissic tonalite. The melanosomes are organized in relatively continuous
boudinaged layers of mafic gneiss and numerous schollen. Where well preserved, granulite-facies mafic
gneisses usually are massive to weakly foliated, leucosome depleted, porphyro-granoblastic, fine grained
and strongly melanocratic. The more melanocratic aspect is a result of the low mode or quasi-absence of
plagioclase testifying to the refractory nature of these mafic gneisses (Photo 4.1A). The typical observed
mineral assemblage in hand samples is composed of garnet + clinopyroxene (diopside) ± hornblende ±
plagioclase. Garnets are subhedral, evenly distributed throughout the matrix and can account for about 35%
of the total mode in the rock. A significant portion of the granulite-facies assemblages in the mafic gneisses
were retrogressed to upper amphibolite facies, which represents about 50 to 60% of the observed
melanosomes. Retrogressed mafic gneisses are of 2 types. The first type is generally characterized by a
well-developed foliation underlined by hornblende and also by fairly continuous tonalitic leucosomes. The
second type is rarer and still preserves textural features (i.e., massive aspect) of the granulite-facies mafic
gneisses. For instance, enclaves of granulitic assemblages within these mafic gneisses can still be present
and are surrounded by a more plagioclase-rich and melt-rich mafic matrix. In both types, garnet
porphyroblasts are frequently part of the metamorphic assemblage and range in size from 0.5 to 2 cm,
which is typically bigger than the ones in the well-preserved granulite-facies mafic gneisses.
The leucosomes may represent locally up to 80% of the migmatite and are tonalitic in composition.
The texture and composition of the tonalitic leucosomes vary greatly according to their relationships with
the mafic melanosomes. Within massive melanosomes, the leucosome tend to be mesocratic, coarse
grained, hornblende and clinopyroxene rich, and form net-structures and patches crosscutting fabrics
(Photo 4.1B). This texture is usually characteristic of residual primitive melt, which was not expelled
from the melanosome. On the other hand, outside the melanosomes, more evolved tonalitic melts tend to
be leucocratic, medium grained, light grey and strongly foliated. These tonalitic leucosomes have, in turn,
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Figure 4.2. Simplified geological and structural map of Cochrane and Borden townships. The mapped area covers both the western portion of the Borden Lake greenstone belt
(BLGB) and the surrounding migmatites of the Kapuskasing Structural Zone. The UTM co-ordinates are provided using NAD83 in Zone 17.
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melted to produce a lit-par-lit (stromatic) metatexite in which the leucosomes likely deriving from the
tonalite are monzogranitic in composition (Photo 4.1C). Interconnection and migration of this
monzogranitic melt is not rare and has been recurrently observed at the outcrop scale. For the least
deformed facies, the melt usually concentrates into low-pressure areas, such as boudin necks. Melt
migration occurs along planes of structural weaknesses, such as the interface between mafic layers and
tonalitic leucosomes (Photo 4.1D).
As briefly mentioned earlier in this section, there is a strong visual correlation between the amount of
melt present in the mafic boudins and the preservation of the granulitic assemblages. The more melt
observed in the melanosome, the more retrogression it underwent. Two processes (not mutually
exclusive) can account for such a pattern. The first one is that not all in-situ melt was expelled from the
melanosome, allowing this melt to rehydrate the surrounding melanosome and retrogressing the granulitefacies assemblages into amphibolite facies. The second hypothesis also involves rehydration by a silicate
melt, but this melt comes from another source and intrudes the melanosome. Along these roadcuts, both
processes were observed, but, based on the previously described composition and texture of some of the
leucosomes within the melanosomes, the first process seems to have dominated.

Photo 4.1. Selected photographs illustrating petrographic features of the diatexites of the Kapuskasing Structural Zone.
A) Massive garnet-bearing mafic granulite. Note the absence of leucosomes; Highway 101, Borden Township (UTM 340664E
5310251N). The pen is 14 cm long. B) Early coarse-grained, clinopyroxene- and hornblende-bearing tonalitic leucosome within
mafic melanosome. Melt started to concentrate and interconnect in low-pressure areas as boudin necks; Highway 101, Borden
Township (UTM 340664E 5310251N). The hammer is 45 cm long. C) Stromatic metatexitic tonalite. The leucosomes are pink
and monzogranitic in composition; Highway 101, Borden Township (UTM 340122E 5309894N). Notebook is 19 cm long.
D) Monzogranitic leucosomes migrating along discontinuities, such as the interface between mafic melanosome and tonalitic
leucosome at the first stage of partial melting. In this case, the mafic layer is strongly brecciated; Highway 101, Chewett
Township (UTM 343086E 5311164N). The hammer is 45 cm long. All UTM co-ordinates provided using NAD83 in Zone 17.
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Borden Lake Greenstone Belt
The supracrustal rocks of the BLGB have been subdivided into 3 units, described, from bottom to
top as 1) lower unit, 2) intermediate unit and 3) upper unit. The rationale for adopting this subdivision
instead of a lithological one is that these units can be lithologically quite heterogeneous.

LOWER UNIT
The lowermost supracrustal entity of the BLGB is predominantly composed of mafic to intermediate
metavolcanic rocks (see Figure 4.2). Notwithstanding the intense deformation and metamorphism, primary
features (i.e., volcanic features), such as pillows (Photo 4.2A), can still be observed mostly on the northern
flank of the BLGB. Unfortunately, no reliable younging direction was found in the course of this study.
An interesting feature of this unit is that it is characterized by a widespread, likely multistage, alteration of
various compositions. The bulk of the alteration seen in this volcanic unit was very likely synvolcanic in
origin because it is mostly stratabound and was also deformed and metamorphosed by the subsequent
tectonic events. It is clearly distinct of the latter and more discordant potassic (sericite and potassic feldspar)
and silicic (quartz vein) alteration, which could have been associated with gold mineralization. A 100 m
long well-exposed section (UTM 327581E 5306471N) provides a good overview of the different types of
alteration encountered in this unit and also gives a good sense of its lithological complexity. It is composed
of at least 3 different mafic flows, 5 to 15 m thick, each possessing their own petrographic characteristics.
Since a detailed description of this outcrop would be beyond the scope of this paper, herein will be
presented only the relevant items. Each flow is separated by a felsic unit of varying thickness, which, in this
section, is composed of a well-foliated to mylonitic quartz-phyric, very fine-grained, white-weathering, grey
felsic gneiss (Photos 4.2B and 4.2C). Each felsic unit can be, on its own, composed of several layers of
felsic gneiss interlayered with the amphibolites. Such a felsic unit was observed in direct contact with an
interflow oxide-facies iron formation approximately 1 m thick (Photo 4.2D). On this outcrop, it seems that
the alteration observed in the mafic metavolcanic rocks reaches its maximum intensity near the contacts
with the felsic layers. However, and the opposite of similar settings observed elsewhere in the BLGB, the
alteration here does not affect the felsic gneisses. The metamorphosed alteration can be roughly separated
into 2 types. The first type is composed of garnet + biotite ± epidote pods and layers within the mafic
metavolcanic rocks. They may be the result of the metamorphism of a chloritic alteration occurring at
(synvolcanic) or closely after the volcanic stage (slightly postvolcanic) (Photo 4.2E). The second type
shows the same textural relationships (Photo 4.2F) than the first type, but is instead composed of an
assemblage of garnet + diopside ± epidote. Again, a carbonate alteration at the volcanic stage may have
constituted a suitable protolith. Nonetheless, one has to keep in mind that this type of alteration may also
be closely associated with gold mineralization, which is ubiquitous in the area (see “Intermediate unit”).
Because of the relationships presented here, the authors favour (for now) the synvolcanic hypothesis for
these 2 types of alteration. It is also worth noting that both types of alteration contain visible, and
sometimes abundant, disseminated sulphide mineralization (see Photo 4.2E). In the least-altered mafic
metavolcanic rocks, a third type of alteration is present and is characterized by epidote pods and also by
albitization in pillow selvages, and could reflect interaction of the flow with seawater.
This close proximity between alteration in the mafic metavolcanic rocks and felsic gneisses raises
the question of the role that the latter played in this alteration pattern. It also raises the question of the
extrusive or volcanic nature of the felsic gneisses. Several competing arguments can be drawn in favour
or against an extrusive origin.
1.

The fact that the felsic gneisses interlayered with the mafic metavolcanic rocks show little to no
alteration would instead point toward an intrusive origin. Moreover, these felsic units occur
often in several layers, although rarely more than 2, highly variable in thickness. This feature
could reflect sill emplacement into a path of weakness roughly paralleling the boundary
between the different mafic metavolcanic rocks.
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Photo 4.2. Selected photographs illustrating the metavolcanic rocks of the Borden Lake greenstone belt; all photos are of the same
outcrop (see text for details). A) Pillowed flow within the mafic metavolcanic rocks. Plagioclase phenocrysts and possibly
recrystallized varioles or amygdules are restricted inside the pillow. The surrounding material is composed of a well-foliated, very
fine-grained, garnet-bearing amphibolite; Cochrane Township (UTM 327581E 5306471N). The pen is 14 cm long. B) Felsic
gneiss, possibly volcanic derived, interlayered with the mafic metavolcanic rocks; Cochrane Township (UTM 327581E
5306471N). The hammer is 45 cm long. C) Close-up view of the felsic unit shown in Photo 4.2B. The quartz phenocrysts are
stretched by the deformation; Cochrane Township (UTM 327581E 5306471N). The hammer is 45 cm long. D) Contact between
the felsic gneiss to the northeast and the iron formation to the southwest; Cochrane Township (UTM 327581E 5306471N).
The hammer is 45 cm long. E) Garnet-biotite-sulphide-bearing boudinaged layers within a deformed mafic metavolcanic flow.
Note the presence of the felsic gneiss on the right side of the photograph; Cochrane Township (UTM 327581E 5306471N).
The pen is 14 cm long. F) Garnet-bearing calc-silicate pods (diopside and epidote) resulting likely from carbonate alteration
possibly at the synvolcanic stage; Cochrane Township, just west of Borden Lake (UTM 327581E 5306471N). The hammer is 45 cm
long. All UTM co-ordinates provided using NAD83 in Zone 17.
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To the contrary, a felsic gneiss horizon is in apparent conformable and direct contact with an
interflow iron formation. In addition, the felsic units are located between distinct units of mafic
metavolcanic rocks, which would instead support an extrusive origin.

Regardless of the nature of these felsic gneisses (i.e., intrusive or extrusive), the field relationships
described here lead to the interpretation, for the time being, that these felsic gneisses as synvolcanic.

INTERMEDIATE UNIT
In addition to the felsic component aforementioned in the “Lower Unit”, a thick package of felsic
rocks overlies the rocks of the lower unit. This package, located in the core of the BLGB, hosts the
Borden Lake gold deposit (see Figure 4.2: MDI 1). Logs of drill cores by Probe Mines Limited (Allan
2012) and by Noranda Exploration Company Limited (Ireland 1984) from the deposit itself have already
established the overwhelming felsic composition of this package. Nonetheless, from a lithological
standpoint, this package is highly heterogeneous because metasedimentary rocks, felsic metavolcanic rocks
(some likely volcaniclastic) and felsic intrusive rocks have been seen in the field and match the description
of those observed in those cores. The poor exposure of this unit and the deformation did not allow the
authors to provide a more detailed and coherent succession. Nonetheless, important observations were
made. The top of the mafic metavolcanic rocks of the lower unit is overlain by a 5 to 10 m thick layer of
clastic metasedimentary rocks, such as well-laminated sandstones and siltstones (Photos 4.3A and 4.3B).
Based on their weaker deformation, as compared to the amphibolites, the authors interpret them as being
in stratigraphic contact with the mafic metavolcanic rocks of the lower unit. However, for now, this less
intense deformation is not well understood. Another feature worth noting is that these metasedimentary
rocks are interlayered with conformable mafic material, which can represent up to 50% of the rock in
some outcrops (see Photo 4.3A). The interpretation here remains problematic because 2 competing
hypotheses can account for these features. The conformable layering would point toward a volcanic (or
volcaniclastic) origin for the mafic material rather than an intrusive one. On the other hand, the thinnest
mafic layers are garnet rich and display a subtle, but nonetheless visible, compositional transition on
each boundary from mafic (see Photo 4.3A) to quartzofeldspathic compositions, possibly reflecting
metamorphosed alteration halos. This strongly suggests that the mafic layers could also be syn- to postdepositional alteration occurring within the sediments.

UPPER UNIT
Within the BLGB, the most prominent type, and also youngest, of the supracrustal rocks is represented
by the Timiskaming-type conglomerates. For a complete petrographic description, readers are referred to
Moser (1993). The thickest and best-exposed section is located just north of Borden Lake and easily
accessible by Highway 101. Other occurrences were also found sporadically along the shores of Borden
Lake and were also intersected in drill cores on the Borden Lake deposit itself. This metasedimentary unit
has been the subject of several geochronological studies (U/Pb on detrital zircons and/or clasts within the
conglomerate), which all agreed on a maximum age of deposition at circa 2667 Ma (2664±6 Ma: Percival,
Loveridge and Sullivan 1981; 2667±2 Ma: Krogh 1993; 2671±12 Ma: Moser et al. 2008).
Metaconglomerates are interlayered with rare horizons of medium grey, fine- to medium-grained,
metasandstones and metagreywackes (Photo 4.3C). An interesting feature is that the matrix of these
metaconglomerates gave consistent magnetic susceptibility measurements between 10 and 30 ×10−6 SI.
The most probable hypothesis is that this magnetism is inherited from the protolith from which the
sedimentary rocks were derived: either it came from easily weathered magnetic mafic or from ultramafic
to mafic volcanic rocks or from iron formation. An alternate explanation could be that this magnetism is
related to significant pyrrhotite content or magnetite, which is known to be associated with gold
mineralization. Calc-silicate pods, and more rarely layers, are locally present within the metaconglomerates.
In hand sample, these pods are usually composed of a mineral assemblage of diopside, epidote and often
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garnet (Photo 4.3D). Calc-silicate rock chemistry can be formed by multiple processes, such as deposition
of carbonate-bearing siliciclastic sediment or carbonate alteration. In the present case, whichever process
was at play, the protolith was metamorphosed afterward. By comparison with other less metamorphosed
similar settings in the Abitibi Subprovince, it appears that a metamorphosed carbonate alteration (possibly
ankerite-calcite) is the most likely hypothesis. Keeping in mind that this alteration likely affected older
rocks as well, it would be challenging, based on field observations alone, to distinguish carbonate
alteration in the metaconglomerates from that seen in the mafic metavolcanic rocks, which have been
interpreted as being synvolcanic.
Although strongly deformed and metamorphosed, the metaconglomerates are still recognizable.
The mineral assemblage plagioclase + quartz + biotite + hornblende ± garnet is ubiquitous in the matrix
of the metaconglomerates. Based on crystallization–deformation relationships, 2 generations of garnet are
described. The first generation is clearly synkinematic, with recrystallization tails of biotite and
hornblende around garnet porphyroblasts ranging in size from 2 to 5 mm. The second generation grew as

Photo 4.3. Selected photographs illustrating the different types of metasedimentary rocks in the Borden Lake greenstone belt.
A) Well-layered, fine-grained, porphyro-granoblastic felsic gneiss deriving likely from a siliciclastic or volcaniclastic rock. Note
the presence of rare thin garnet-rich melanocratic layers of mafic composition; Cochrane Township (UTM 327880E 5306574N).
The pen is 14 cm long. B) Contact between highly deformed, garnet-bearing, metavolcanic rocks and metamorphosed (garnetbearing), but far less deformed, metasedimentary rocks; Cochrane Township, just west of Borden Lake (UTM 328315E 5303127N).
The pen is 14 cm long. C) Well-layered siltstones (top of the photo) interlayered with metaconglomerates (bottom of the photo);
both are Timiskaming-type metasedimentary rocks; Cochrane Township (UTM 330360E 5305302N). The marker is 14 cm long.
D) Garnet-bearing calc-silicate pod within Timiskaming-type metaconglomerates, likely derived from the metamorphism of a
former carbonate-bearing alteration; Highway 101, Cochrane Township (UTM 330372 E 5304914N). The pen is 14 cm long.
All UTM co-ordinates provided using NAD83 in Zone 17.
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euhedral garnet static on the foliation and, thus, is clearly postkinematic. This second metamorphism has
also been seen in other rock types, especially in the metasedimentary rocks overlying the mafic
metavolcanic rocks (see Photo 4.3A).

Intrusive Rocks
ARCHEAN INTRUSIVE ROCKS
Mafic to intermediate intrusive rocks are recognized as the oldest in the Borden Lake area and
intrude the metavolcanic rocks. They are concentrated on the southern flank of the BLGB where they
form a relatively thick and continuous unit (see Figure 4.2). The intensity of the deformation makes it
sometimes difficult to distinguish them from the least-altered facies of the mafic metavolcanic rocks of
the lower unit. However, even where strongly deformed, their massive appearance in the field and their
lack of synvolcanic alteration provide, most of the time, reliable criteria to separate them from the welllayered metavolcanic rocks. The least-deformed facies is represented by an equigranular, mediumgrained, gneissic mesocratic gabbro. In areas more intensely deformed, the gneissic mafic intrusive rocks
change into a fine- to medium-grained, porphyro-nematoblastic, mesocratic gneiss.
Synkinematic felsic intrusive rocks are also well represented in the BLGB. The dominant felsic
intrusive rock is composed of a medium-grained, locally feldspar-phyric, white-weathered, grey, tonalite
to granodiorite. They intruded all the units of the BLGB, including the Timiskaming-type
metaconglomerates, in which they tend to form narrow sills (Photo 4.4A). These plutons were
heterogeneously deformed with mylonitic facies coexisting with undeformed protolith within a scale of a
few metres. The larger plutonic bodies also produce a thermal aureole within the country rocks. One
example, found on Highway 101 along a 400 m long roadcut, is an intrusive megabreccia where 5 to 10 m
wide blocks of strongly recrystallized amphibolite are surrounded by sills and dikes of tonalite. It is also
probable that part of the post-kinematic garnet observed locally in the field belongs to a beltwide contact
metamorphism induced by these abundant granodiorite-tonalite intrusions.
An even later felsic intrusive rock is well exposed along the Borden Lake shorelines. It is an
equigranular, medium-grained, pink monzogranite. When present, the deformation is only limited to a
crude cleavage and/or a weak magmatic foliation. A poorly constrained age of 2633±11 Ma (U/Pb on
zircon) was determined by Percival, Loveridge and Sullivan (1981). Considering the little deformation that
this pluton underwent, this age likely constitutes the lower limit of the tectonic activity within the BLGB.

Photo 4.4. A) Syntectonic granodiorite intruding Timiskaming-type metaconglomerates in the Borden Lake greenstone belt;
Cochrane Township (UTM 330188E 5305248N). The pen is 14 cm long. B) Late pegmatite hosting euhedral garnet intruding
the migmatite of the Kapuskasing Structural Zone; Highway 101, Borden Township (UTM 341538E 5310788N). The pen is
14 cm long. All UTM co-ordinates provided using NAD83 in Zone 17.
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Undeformed post-tectonic pegmatites intruded both the KSZ and the BLGB lithostructural units.
They do not form mappable plutonic bodies and are generally emplaced as dikes. Pegmatites intruding the
KSZ present features that distinguish them from those intruding the BLGB. Indeed, pegmatite dikes
within the KSZ often hosts euhedral garnets that can be as wide as 5 cm (Photo 4.4B). Where the dikes
intrude the mafic granulites, garnet is also present at the contact with the mafic granulite as a product of
contact metamorphism. Such a dike, located along Highway 101 on the northeast corner of Borden
Township, has an age of 2637±2 Ma (U/Pb on zircon: Moser 1993, 1994).
Previously unrecognized alkaline intrusive rocks are exposed just east of the Chapleau River along
the shores of Stevenson Lake (see Figure 4.2). They are located right at the contact between the
migmatites of the KSZ to the north and the amphibolites of the BLGB to the south. The petrographic
composition of these intrusive rocks can be divided into felsic and mafic-to-ultramafic end members.
Both end members are interlayered on a metre scale. The felsic portion is composed of a hornblendephyric, fine- to medium-grained, pink syenite, which often hosts centimetre-scale round gabbroic
enclaves. In these syenites, ferromagnesian phases can account for up to 40 to 45% of the modal
composition, with a much higher proportion of hornblende over biotite. Associated with these pink
syenites are well-layered fine- to medium-grained greenish grey ultramafic (pyroxenite) to mafic intrusive
rocks. Hornblende-phyric syenites were also found sporadically on the south flank of the BLGB along the
Borden Lake shorelines where they constitute small intrusive bodies. The age of these intrusions is, for
now, unknown, but they are crosscut by late undeformed pegmatites and were strongly affected by the
regional deformation. The most deformed facies that preferentially affected the mafic intrusive rocks are
characterized by a strong foliation parallel to the regional fabric. Composite stretching and mineral
lineations associated with the foliation plunge shallowly (30°) to the east.

PROTEROZOIC INTRUSIONS
Proterozoic Dike Swarms
At least 5 dike swarms were recognized in the area by various authors. From older to younger, they
are the Matachewan dike swarm (2.454 Ga), the Biscotasing dike swarm (2.165 Ga), the Kapuskasing
dike swarm (2.043 Ga), the Sudbury dike swarm (1.24 Ga) and the Abitibi dike swarm (1.141 Ga).
Because of similar composition and/or trend, and in the absence of chemistry and/or geochronology, some
of these dikes may be particularly difficult to assign to one particular swarm. For these reasons, only 3
sets of Proterozoic dikes have been identified in the field so far with a reasonable certainty.
MATACHEWAN DIKE SWARM

The Matachewan dikes are generally north trending and produce prominent magnetic anomalies as
observed on the airborne magnetic map. In western Cochrane Township, the number of dikes increases
such that they almost obliterate any Archean magnetic signature (Ontario Geological Survey 2002a, 2002b).
SUDBURY DIKE SWARM

One occurrence of a Sudbury diabase has been located along Highway 101 in Borden Township.
This 70 to 100 cm wide northwest-trending black diabase intrudes the migmatite of the KSZ. Magnetic
susceptibility readings averaged 53 ×10−6 SI. This dike was assigned to the Sudbury dike swarm primarily
based on its orientation. Indeed, the Sudbury dike swarm is the only swarm in the region displaying a
northwest trend. Moreover, this dike is along strike with a prominent 10 km long northwest-trending
narrow magnetic anomaly seen in the second vertical derivative of the total magnetic field (Ontario
Geological Survey 2002a, 2002b) in the adjacent eastern Gamey Township. This anomaly likely
constitutes the southeastern continuation of the dike observed along Highway 101.
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LAMPROPHYRE DIKES

In Borden Township, a peculiar set of east-northeast-trending lamprophyre dikes crosscut the
Sudbury diabase (1238 Ma) observed along Highway 101, and described previously. These dikes consist
of biotite- and magnetite-bearing, very fine-grained, green-weathering, medium grey mafic rocks.
Subangular to rounded inclusions of pale greenish fine-grained mafic material are present and range in
size from 2 to 50 mm. These inclusions always have corroded margins and, for the wider inclusions, are
often brecciated. The macroscopic characteristics presented here match those given at the same location
by Thurston, Siragusa and Sage (1977b), who identified these inclusions as being an assemblage of talc,
serpentine and chlorite surrounded by calcite. Scintillometer readings gave average values of 1 to 2
weight % K, little to no uranium and 7 to 15 ppm Th. The relatively high potassium and thorium contents
for a mafic rock confirm the alkaline affinity of these dikes. An age of 1144±7 Ma was determined for
lamprophyre dikes in the area (40Ar/39Ar on phlogopite: Queen et al. 1996). This age strongly suggests
that the lamprophyres are contemporaneous with the gabbros of the Abitibi dike swarm, for which an age
of 1141±2 Ma has been determined (U/Pb on zircon and baddeleyite: Krogh et al. 1987).

Borden Lake Carbonatite Complex
Proterozoic intrusive rocks, other than dikes, are represented in the map area by the Borden Lake
carbonatite complex. This approximately 2 km wide, round intrusion is located in Borden Township (see
Figure 4.2) and produces a prominent magnetic anomaly seen on the total magnetic field map (Ontario
Geological Survey 2002a, 2002b). This intrusion was studied in detail by Sage (1987), whose study
benefited from drilling and trenching performed by A.C.A. Howe International Limited in the late 1970s.
The complex consists of sovite and silicocarbonatite, which caused significant fenitization of the country
rock (Sage 1987). Sage (1987) also interpreted the arcuate lithologic distribution as a result of
emplacement of a series of cone sheets into brecciated and fenitized gneisses. Geochronologic analyses
performed on apatite and calcite yielded a 207Pb/206 Pb age of 1872±13 Ma (Bell et al. 1987).

STRUCTURAL GEOLOGY AND RELATIONSHIP WITH
METAMORPHISM
Early mapping by Percival (1981) and Moser (1993) recognized the asymmetric sinistral boudin
shape of the BLGB. At first approximation, the BLGB can also be described as a synform sitting on top
of the diatexites and intrusive rocks of the KSZ (Moser 1993). In addition, the tectonic nature of the
contact between the BLGB and the KSZ was discussed by Bursnall et al. (1994). Examination of airborne
magnetic anomalies from geophysical survey data (Ontario Geological Survey 2002a, 2002b) and
mapping performed by the field party during this summer confirmed this overall map-scale geometry and
also the kinematics of the faulted contact between the BLGB and KSZ (see Figure 4.2). This structural
pattern results from a complex and polyphase tectonic history that will be detailed in the section below.
For the sake of clarity and because of different structural history and styles, the sequences of structural
events will be described separately depending on whether they belong to the KSZ or the BLGB. As a
result of this, an identical number assigned to an event within the KSZ and the BLGB does not
necessarily mean that it chronologically belongs to the same event.

Kapuskasing Structural Zone
Within the map area, the diatexites can be subdivided into 2 structural domains displaying their own
style of deformation (see Figure 4.2). The first structural domain was only found along Highway 101 in the
northeastern corner of Borden Township (see Figure 4.2). The diatexites are consistently and strongly
deformed. The main deformation stage is characterized by a flat-lying to shallowly northeast-dipping
foliation that is well expressed in the tonalitic leucosomes. This dominant foliation wraps around
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melanosome boudins and pods, which typically possess an internal foliation often folded and disconnected
from the outer flat-lying foliation (Photo 4.5A). Thus, the internal foliation described in the melanosomes
can be interpreted as a relict S1 foliation reworked by the external S2 foliation. The S2 foliation bears a
composite stretching and mineral lineation (defined as a L2 lineation) oriented roughly east and plunging
shallowly to the east. On sections parallel to the L2 lineation and perpendicular to the S2 foliation, shear
criteria, such as asymmetric boudins and shear bands, gave a consistent top-to-the west shear sense
(Photo 4.5B). On sections perpendicular to the foliation and the lineation, intrafolial folds with their axes
parallel to the lineation are present (Photo 4.5C). Despite the strong S2 foliation, the tonalitic leucosomes
texturally show little to no plastic ductile deformation, which strongly suggests that the deformation
responsible for the S2 foliation likely occurred during their crystallization. Moreover, the monzogranitic
melts, derived from the partial melting of the tonalite, display identical textural relationships to those
described for the tonalite. Monzogranitic melts migrating along shear bands were commonly observed,
suggesting that the D2 deformation was also likely operating during this second partial melting event
(Photo 4.5D). Although under-represented within the map area, this domain is likely of regional extent

Photo 4.5. Photographs illustrating the different deformation episodes in the migmatites of the Kapuskasing Structural Zone.
A) Flat-lying S2 foliation reworking a previous S1 foliation present in the well-layered mafic melanosome. Note the presence of
medium grey paragneiss interlayered with the mafic gneiss; vertical view; Highway 101, McGee Township (UTM 341878E
5310875N). The hammer is 45 cm long. B) Well-developed S2 foliation within the tonalite leucosomes. Note the S-shape mafic
melanosome on the upper part of the outcrop, giving a top-to-the-southwest sense of shear; vertical view (section XZ); Highway
101, Borden Township (UTM 341434E 5310713N). The hammer is 45 cm long. C) Section YZ of the outcrop shown on Photo
4.5B and showing an intrafolial fold; vertical view; Highway 101, Borden Township (UTM 341434E 5310713N). The hammer
is 45 cm long. D) Shear bands infilled with monzogranitic melt and giving a top-to-the-southwest shearing (upper part of the
outcrop). Note also, at the bottom of the outcrop, the asymmetric boudinage of a mafic schlieren, giving the same sense of shear;
vertical view (section XZ); Highway 101, Borden Township (UTM 341434E 5310713N). The hammer is 45 cm long. All UTM
co-ordinates provided using NAD83 in Zone 17.
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within the KSZ. As a matter of fact, previous mapping (Percival 1981; Moser 1993) showed similar
structural patterns over wide areas in the KSZ. On the other hand, the sense of shearing documented in this
study has not been reported before and its interpretation is still a matter of debate. Further studies are
warranted to confirm the nature and extend of this shearing.
In the southern part of the map area, closer to the structural boundary with the Borden Lake
greenstone belt (see Figure 4.2), the second structural domain is characterized by a much steeper
structural pattern in which the S2 foliation is reworked by west- to northwest-trending, upright to
southwest-directed F3 folds. Within the map area, this structural pattern dominates over the pattern
characterized by shallowly dipping structures. Map-scale folds are responsible locally for dip reversal on
each side of fold hinges. Outcrop-scale parasitic folds associated with these larger structures were also
found. The fold axes measured in the field plunge shallowly to the east-southeast.
Unfortunately, but primarily because of thick Quaternary cover (up to 30 m thick in some areas),
the transition between the 2 domains could not be observed in the field. Nonetheless, just south of the
flat-lying foliation domain, a sharp lineament can be seen on the second vertical derivative of the total
magnetic field (Ontario Geological Survey 2002a, 2002b), and could represent a tectonic discontinuity
between the 2 domains.

Borden Lake Greenstone Belt
The Borden Lake greenstone belt underwent a polyphase structural history, which is, for some
events, similar to that described previously for the Kapuskasing Structural Zone. Because of this
complexity, the succession of events presented here is a preliminary assessment, but may be subject to
future modification.
Evidence of the first deformational event (D1) was observed mainly on the north flank near the
contact with the KSZ migmatites. The D1 event is particularly well preserved in the mafic volcanic and
interlayered felsic volcanic rocks and is characterized by a penetrative S1 foliation, generally parallel to
the original bedding S0, such as pillows and compositional layering. This S1 foliation orientation varies
according to its position in the BLGB and follows the shape of the BLGB (i.e., east trending in the central
part of the belt, northwest trending in the southwestern part and northeast trending on the southeastern
part). The S1 foliation usually dips moderately to steeply to the north. Nonetheless, because of subsequent
folding events, dips to the south are frequent. The S1 foliation is always associated with composite
stretching and mineral L1 lineations. The L1 lineations usually dip steeply (>45°) to the northeast where
the S1 foliation dips to the north; alternately, where the S1 foliation dips to the south, the lineation dips to
the southeast (Photo 4.6A). In the appropriate sections (parallel to the lineation and perpendicular to the
foliation), shear criteria, such as recrystallization tails around garnet porphyroblasts, asymmetric
synkinematic hornblende porphyroblasts and asymmetric boudinage, were observed (Photo 4.6B) and
gave a consistent apparent north-side-up shearing with a sinistral horizontal component. Such down-dip
stretching lineations were also sporadically found in the amphibolites on the southeastern corner of the
BLGB. However, because of less favourable exposure, kinematics in this part of the belt could not be
assessed with certainty. It is hoped that oriented samples will fill this gap.
Because of the strong overprint of further deformation following the D1 event and the lack of good
observations on the southern flank of the BLGB, the tectonic significance of the D1 event remains unclear
and can be interpreted in different ways. Two scenarios can account for these kinematic patterns:
1.

The BLGB is a synclinal keel, possibly emplaced during a strike-slip tectonic setting during
sagduction (see Lin et al. 2013). In this case, one would expect that kinematics along the
opposite flanks are inverted. On the northern flank, the observed shear criteria observed would
be interpreted as a south-side down motion. On the southern flank, north-side-down motions
would instead be observed.
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Photo 4.6. Photographs illustrating the different deformation episodes in the supracrustal rocks of the Borden Lake greenstone
belt. A) The L1 stretching and mineral lineations (underlined by hornblende) in deformed mafic to intermediate metavolcanic
rocks, vertical view; Cochrane Township (UTM 327581E 5306471N). The pen is 14 cm long. B) View in the XZ section of the
Photo 4.6A showing sigma-type porphyroclasts of hornblende giving an apparent northeast-side-up shearing; vertical view;
Cochrane Township (UTM 327581E 5306471N). The pen is 14 cm long. C) Asymmetrically deformed clasts within the
Timiskaming-type metaconglomerates, giving a dextral sense of shear; horizontal view; Cochrane Township (UTM 330426E
5305597N). The marker is 14 cm long. D) Southwest-directed fold within highly deformed mafic gneiss. Note that the weakly
deformed tonalite sill is also affected by the folding; vertical view; Highway 101, Cochrane Township (UTM 326166E 5303074N).
The pen is 14 cm long. E) Stromatic to patchy metatexite affecting metapelitic sedimentary rocks; horizontal surface; Borden
Township (UTM 340072E 5302660N). The pen is 14 cm long. F) Close-up of the outcrop in Photo 4.6E showing the
metapsammitic layers of the metasedimentary rocks. Note the absence of leucosome; horizontal surface; Borden Township
(UTM 340072E 5302660N). The pen is 14 cm long. All UTM co-ordinates provided using NAD83 in Zone 17.
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The BLGB was overthrust upon the KSZ with a top-to-the southwest displacement. In such a
scenario, shear criteria for this event should be consistently the same throughout the entire BLGB.

The D1 event was reworked by a subsequent belt-scale strike-slip event. The S1 fabrics were
overprinted by such intensity that most of the foliations observed in the field are better defined as a
composite S1-2 foliation. The composite stretching and mineral lineations associated with the S2 foliation
are particularly well developed in the metaconglomerates in which elongated cobbles display an
elongation ratio of 1:30. In contrast to the steeply plunging L1 lineations, the L2 lineations plunge
shallowly to the east-northeast. Dextral shear sense indicators were observed within metaconglomerates
and the late synkinematic granodiorites and tonalites (Photo 4.6C). An interesting feature of this D2 event
is that the ellipsoids of deformation alternate, in places as small as on the scale of a metre, between
domains of prolate and oblate shapes. This pattern was better observed in the metaconglomerates and the
porphyritic tonalites and granodiorites, which constitute good markers of the deformation.
A folding event also affected the entire belt. It shares identical geometric features with the F3 folding
event described previously in the KSZ (see Figure 4.2). The close geographic relationships between the 2
sets of folds likely make them part of the same event. Within the BLGB, the fold axes follow the
boundary of the belt in a similar way to the one described for the S1 foliation trajectories. On the other
hand, axes of smaller scale parasitic folds plunge consistently to the east. In addition, some evidence
suggests that this folding event might have been coeval with the aforementioned D2 dextral shearing.
Along Highway 101, west of Borden Lake, a weakly foliated tonalite sill is affected, along with the
mylonitic mafic gneiss it intrudes, by a mesoscopic southwest-directed fold that is likely part of a larger
folded structure (Photo 4.6D).
In contrast to the KSZ, which shows fairly homogeneous metamorphic conditions ranging from
granulite to upper amphibolite, the BLGB in the map area is characterized by a lower grade
metamorphism in which partial melting is rare and only restricted to the southeastern flank of the
greenstone belt. In this southeastern flank, partial melting affected mainly the metasedimentary rocks and
was only observed in the more pelitic composition in which stromatic metatexites are well developed
(Photo 4.6E). Moreover, at the outcrop scale, well-defined leucosomes are absent from the garnet-bearing
quartzofeldspathic layers interbedded with the pelitic layers, suggesting a lower partial melting ratio
and/or a lack of melt segregation (Photo 4.6F). In this area, garnet-bearing amphibolites derived from
mafic volcanic rocks are also devoid of visible partial melting, although the garnet seems to have
crystallized homogeneously throughout the amphibolite. In the other parts of the BLGB, metamorphism
appears to be lower because the crystallization of garnet in the mafic metavolcanic rocks is strongly
chemically controlled and is generally restricted to altered mafic compositions. This constitutes a major
difference with the southeastern flank. In the absence of pressure and temperature quantitative data within
the BLGB, these metamorphic features indicate a sharp transition between the granulite-facies
metamorphism with the KSZ and the estimated middle amphibolite-facies metamorphism present in the
BLGB; however, the transition seems to be more gradual on the southeastern flank. So far, no satisfactory
hypothesis has been provided concerning these differences.

REGIONAL CORRELATIONS
With the present state of knowledge, the Borden Lake greenstone belt has geological features that
make it more suitable for correlation with the Abitibi Subprovince rather the Wawa Subprovince (see
Figure 4.1). Notwithstanding the lack of geochronology for the volcanic rocks in the Borden Lake
supracrustal units, the type of gold mineralization closely associated in time and space with the deposition
of the Timiskaming-type metaconglomerates and major shear zones is similar to that encountered in
Abitibi Subprovince along the Porcupine–Destor deformation zone or the Ridout deformation zone in the
Swayze greenstone belt (see Figure 4.1). In addition, gold mineralization in the Wawa Subprovince
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Table 4.1. Mineral Deposit Inventory (MDI) occurrences in Cochrane and Borden townships (Ontario Geological Survey 2015).
Number* Occurrence and MDI Number
1
Borden Lake gold deposit
MDI000000000908
2
Borden Lake carbonatite complex
MDI41O14NE00005
3
4

MDI41O14SW00008
MDI41O14SW00007

Commodity
Au, Ag

Best Historical Values
5.39 g/t Au

Host Rock
Felsic gneiss

U, Nb,
(phosphate,
vermiculite)
Cu, (Au)
Au, (Cu Ni)

Up to 0.403 lb/ton of U3O8,
up to 598 ppm of Nb2O5,
up to 9% P2O5
0.37% Cu, 0.015 oz/t Au
426 ppb Au, 0.02% Cu, 0.03% Ni

Carbonatite
Mafic metavolcanic rocks
Mafic metavolcanic rocks

*Numbers in the table correspond to those on Figure 4.2.

displays major differences to those documented in the Abitibi Subprovince. Although interpreted as
synorogenic, gold mineralization in the Wawa Subprovince is hosted mainly in tonalitic batholiths instead
of supracrustal rocks (McDivitt et al. 2015). Moreover, to date, no direct link with Timiskaming-type
sedimentary rocks has been established in the Wawa Subprovince.
On a regional scale, because of their similar trend and history, it is also easier to correlate the highly
sheared BLGB with major shear zones in the Abitibi Subprovince, such as the Porcupine–Destor or the
Ridout deformation zones (see Figure 4.1). Such correlations have already been discussed by several
authors. For instance, Moser (1994) proposed that the BLGB is the western equivalent of the Swayze
greenstone belt. Based on the deflection of the regional KSZ structures along the Ivanhoe Lake fault zone,
it was assumed by different authors (Bursnall et al. 1994; Watson 1980; Goodings and Brookfield 1992;
Williams et al. 1992) that the Archean offset had a sinistral component in an overall thrusting motion. The
Ivanhoe Lake fault zone experienced a subsequent Paleoproterozoic dextral shearing, occurring this time
at higher structural level (see West and Ernst 1991; Percival and West 1994). Even though the magnitude
of these strike-slip movements was never assessed with absolute certainty, they have usually been deemed
to be minor (a maximum of 60 km for the dextral transcurrent event, for instance; see West and Ernst
1991). Although a direct connection with the Ridout deformation zone cannot be ruled out, it is
particularly tempting to make the BLGB the southwestern extension of the Porcupine–Destor deformation
zone. In such a configuration, the BLGB would represent a deeper structural level than that seen in the
Abitibi Subprovince along the Porcupine–Destor deformation zone. If this scenario is correct, one has to
admit that supracrustal rocks as young as 2667 Ma (age of the Borden Lake metaconglomerates) were
also deposited and subsequently buried as deep as 20 to 30 km along the Porcupine–Destor deformation
zone in a very short period of time (<5 million years), before the widespread migmatization of the lower
crust at circa 2660 Ma.

MINERAL POTENTIAL
Mineral occurrences in Cochrane and Borden townships are summarized in Table 4.1. After the
discovery of the Borden Lake gold deposit, this became highly prospective area for gold mineralization.
Within the KSZ, active exploration for gold is currently being conducted by different exploration and
mining companies (Goldcorp, Nikos Explorations Limited and Kapuskasing Gold Corp.). Goldcorp
purchased 100% of the assets of Probe Mines Limited, including the Borden Lake gold deposit, in March
2015 for $526 million (CDN) and owns almost contiguous claims from Chapleau to Foleyet, 68 km to the
east.
The Borden Lake gold deposit is hosted by a garnet-biotite gneiss horizon structurally dipping to the
north and belonging to the intermediate felsic unit (Murahwi, Gowans and San Martin 2012; Dzick 2014).
Until now, the Borden Lake gold deposit has been interpreted as a classic Archean lode-gold deposit
(Murahwi, Gowans and San Martin 2012; Dzick 2014). Gold mineralization is associated with quartz
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veins and disseminated pyrite-pyrrhotite in the host rock (Murahwi, Gowans and San Martin 2012). The
mineralized zone has so far been estimated to be 120 m thick and extends 3.7 km along strike. In June
2014, Probe Mines Limited released an updated NI 43-101 technical report on the Borden gold deposit,
which outlined a high-grade underground resource, as well as an open pit–constrained resource (Dzick
2014). The high-grade zone is estimated to host a constrained Indicated Resource of 1.60 million ounces
of gold averaging 5.39 g/t Au and an additional constrained Inferred Resource of 0.43 million ounces of
gold averaging 4.37 g/t Au, both at a cut-off grade of 2.5 g/t Au (Dzick 2014, p.12). In addition, the
deposit is estimated to contain an open pit–constrained resource of 2.32 million ounces of gold averaging
1.03 g/t Au, at a cut-off grade of 0.5 g/t Au (Dzick 2014, p.12).
In addition, copper-bearing sulphide mineralization has been historically found in the mafic
metavolcanic rocks and the overlying felsic supracrustal package (Harper 1982; Ireland 1984). This
assessment was confirmed more recently by exploration work performed by Probe Mines Limited (Allan
2012). Considering the widespread synvolcanic alteration associated with sulphide mineralization
observed in the mafic metavolcanic rocks of the BLGB and the presence of gold associated with these
rocks (Harper 1982; Ireland 1984), a volcanogenic massive sulphide–type setting for these types of
mineralization seems the most likely.
Other commodities in the area (see Table 4.1) also comprise uranium, niobium, rare earth elements,
phosphate and spodumene hosted in Paleo- to Neoproterozoic alkaline complexes, such as the Borden
Lake carbonatite complex.
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INTRODUCTION
The geological mapping conducted in 2016 is part of a multi-year project to update the geological
knowledge of the northeast Michipicoten greenstone belt. The detailed 1:20 000 scale mapping focussed
on Stover Township (Figure 5.1), as well as on Copenace Township (see Walker and Robichaud, this
volume). The objectives of this summer’s work were the following: 1) update and perform the geological
mapping in Stover Township, which was last mapped in 1972 (Bennett 1972); 2) characterize the major
lithological units and stratigraphy; and 3) evaluate the mineral potential of the area.

REGIONAL GEOLOGY
The Michipicoten greenstone belt consists of successions of Archean metavolcanic and
metasedimentary rocks intruded by Archean granitic rocks (Turek, Smith and Van Schmus 1982) and
younger Proterozoic mafic dikes. The supracrustal rocks of the belt have been previously subdivided into
3 distinct volcanic cycles: 2900 Ma, 2750 Ma and 2700 Ma (Sage and Heather 1991; Heather and Arias
1992; Turek, Smith and Van Schmus 1982, 1984; Turek, Van Schmus and Sage 1988). New
geochronological data from the current mapping suggest that there is a previously undocumented volcanic
cycle ranging in age from 2723 to 2731 Ma (see Figure 5.1; Kamo 2014, 2015, 2016), which indicates
that the volcanic history is more continuous than was previously believed.
The Michipicoten greenstone belt has been previously interpreted as a continuation of the Abitibi
greenstone belt west of the Kapuskasing Structural Zone (Ayer et al. 2010). In comparison, the Abitibi
greenstone belt consists of stratigraphically continuous sequences of Archean metavolcanic rocks and
metasedimentary rocks ranging from earlier than 2750 Ma to 2695 Ma followed, in Ontario, by
2 sedimentary basins: Porcupine-type at 2690 to 2682 Ma and Temiskaming-type at 2676 to 2670 Ma
(Ayer et al. 2002; Ayer et al. 1999a; 1999b; Ayer, Ketchum and Trowell 2002; Ayer et al. 2005). The
second (2750 Ma) and third (2700 Ma) volcanic cycles of the Michipicoten greenstone belt may represent
time-equivalent volcanism similar to the Abitibi greenstone belt; however, no volcanism of 2900 Ma has been
described in the Abitibi greenstone belt.

Summary of Field Work and Other Activities 2016,
Ontario Geological Survey, Open File Report 6323, p.5-1 to 5-10.
© Queen’s Printer for Ontario, 2016
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Figure 5.1. Simplified geological map of the northeast part of the Michipicoten greenstone belt (modified from Ontario Geological Survey 2011b). Stover Township is outlined
in red. Geochronological data: “OGS geochronology sample locations” and ages are from Kamo (2014, 2015, 2016) and Davis (2016); “other referenced geochronology sample
locations” and ages are from Turek et al. (1996) and from Frarey and Krogh (1986). Geochronological data reported in Ma. Universal Transverse Mercator (UTM) co-ordinates
are provided in Zone 17 using North American Datum 1983 (NAD83).
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GEOLOGY OF STOVER TOWNSHIP
Mafic to felsic metavolcanic and volcaniclastic rocks, interspersed with metasedimentary rocks,
dominate the northern part of the township, whereas intermediate and felsic plutonic rocks crop out in the
south (Figure 5.2). The Archean supracrustal rocks are intruded by Archean felsic stocks, sills and dikes,
as well as Proterozoic gabbroic dikes (see Figure 5.2).

Figure 5.2. Simplified geological map of Stover Township (UTM co-ordinates are provided in Zone 17 using NAD83).
See Table 5.1 for information about mineral occurrences.

5-3

Earth Resources and Geoscience Mapping Section (5)

L. Robichaud et al.

Metavolcanic Rocks
Mafic metavolcanic rocks are predominant in northern Stover Township and are interlayered with
felsic to intermediate metavolcanic rocks and metasedimentary rocks (see Figure 5.2). Massive flows are
predominant, but pillowed flows (Photo 5.1A) are observed locally in the northwestern portion of the

Photo 5.1. Representative photographs of the main supracrustal rocks. A) Pillowed mafic metavolcanic rocks (UTM 278606E
5360804N). B) Felsic tuff and lapilli tuff (UTM 279178E 5359465N). C) Felsic tuff breccia (UTM 281413E 5359483N).
D) Interbedded sandstone and siltstone (UTM 279500E 5360589N). E) Highly foliated conglomerate (UTM 278280E 5360649N).
F) Banded iron formation (UTM 276889E 5359035N). All UTM co-ordinates provided using NAD83 in Zone 17. Compass for
scale is 7.1 cm wide, with sighting arm pointing north.
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township. The pillows are poorly developed and are up to a few decimetres in diameter. The mafic
metavolcanic flows are dark grey to black on fresh surfaces and are typically fine grained and well
foliated. Typically, mafic metavolcanic rocks are characterized by greenschist-facies metamorphic
mineralogy, although, near the margin of the Ash Lake pluton and the Ruby Lake stock (see Figure 5.2),
the metamorphic mineralogy is representative of amphibolite facies. South of the Ash Lake pluton and
Ruby Lake stock, a small sliver of foliated mafic metavolcanic rocks (see Figure 5.2) is wedged between
these plutons and the Missinaibi Lake batholith to the south (in Marsh Township).
Felsic to intermediate metavolcanic rocks occur in the north-central to northwestern portions of
Stover Township (see Figure 5.2). They are generally fine- to medium-grained pyroclastic rocks
dominated by tuffs and crystal tuffs (Photo 5.1B). Tuff-breccias (Photo 5.1C) occur locally in the northern
part of the township. The fresh surface of all these felsic rocks is light grey and weathers to a lighter grey
to beige colour. Bedding is rarely observed and ranges in thickness from finely laminated (a few millimetres)
to thickly bedded (≤1 m). The felsic volcaniclastic rocks in the northeastern corner of Stover Township are
interpreted to be the same package as the felsic metavolcanic rocks mapped in Rennie Township
(Robichaud, McDivitt and Trevisan 2015). Turek et al. (1996) reported a U/Pb age of 2740±8 Ma for felsic
metavolcanic rocks in the southeastern corner of Rennie Township. As part of this study, a U/Pb age of
2730.9±1.2 Ma for the same rocks was reported by Kamo (2016).

Metasedimentary Rocks
Clastic metasedimentary rocks are restricted predominantly to the northwestern part of Stover
Township near Baltimore Lake, but minor occurrences were also observed in the central part of the
township. These rocks consist of buff grey, quartz-rich, thinly bedded siltstone, sandstone (Photo 5.1D)
and conglomerate (Photo 5.1E). Siltstone is the dominant sedimentary unit, but sporadic beds of
sandstone and conglomerate also occur. The conglomerate is matrix supported, but contains large cobbles
of predominantly tonalitic composition with a few mudstone and/or siltstone cobbles. Bedding thickness
varies between sediment types: the conglomerates are typically several metres thick, the sandstone ranges
from a few decimetres to a metre in thickness, and the siltstone tends to be thinly to thickly laminated.
Cross-bedding and graded bedding are observed in some of the sedimentary rocks and indicate reversals
in younging direction, indicating that the area is folded. As part of this study, a U/Pb age of 2695±3 Ma
for conglomerates in the northwestern corner of Stover Township was reported by Davis (2016).
Iron formation units (Photo 5.1F) are observed in several locations, but its extent is defined primarily
by geophysical evidence (Ontario Geological Survey 1999, 2002a, 2002b, 2003, 2011a). Iron formation
units occur from the northwestern corner to the central portion of the township. The iron formation units
consist of magnetite-rich layers interlayered with siltstone or sandstone layers, forming beds that range in
thickness from thin laminations to thin beds (≤10 cm). Disseminated sulphides were also observed in some
of the clastic layers.

Archean Intrusions
The most volumetrically important Archean intrusion in the map area is the Ash Lake pluton
(see Figure 5.2). It is composed primarily of medium-grained tonalite to granodiorite (Photo 5.2A) with
minor occurrences of granite. The main mafic minerals are typically biotite ± hornblende. The rocks are
generally massive, although some areas, namely the northern and southern margins of the pluton, are
characterized by weak foliation development. Quartz veining, as well as potassium feldspar staining, are
the dominant indicators of alteration. Turek et al. (1996) reported a U/Pb age of 2679±5 Ma for the
Ash Lake pluton in West Township, situated to the west of Stover Township (see Figure 5.1). Frarey and
Krogh (1986) reported a U/Pb age of 2684.5±2.7 Ma for the Ash Lake pluton in Copenace Township
(see Walker and Robichaud, this volume, Figure 6.1).
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The Ruby Lake stock, which occurs in the southwest portion of Stover Township (see Figure 5.2), is
composed of massive, non-foliated, granitic to granodioritic rocks (Photo 5.2B). The core of the Ruby Lake
stock commonly displays potassium feldspar megacrysts, but the texture has also been noted near the
intrusion’s contacts. The main mafic mineral is amphibole with minor biotite. The rocks are light pink on
fresh surfaces and weather from creamy to dark pink. The Ruby Lake stock is interpreted to be temporally
related to the Rennie Lake stock, which is located in Rennie Township (see Figure 5.1). Turek et al. (1996)
reported a U/Pb age of 2661±11 Ma for the Ruby Lake stock and a U/Pb age of circa 2668 Ma (single
zircon) for the Rennie Lake stock. As part of this study, a U/Pb age of 2678±4 Ma for the Rennie Lake
stock was reported by Davis (2016).
Gabbroic rocks (see Figure 5.2) intrude the supracrustal rocks in Stover Township, notably the felsic
and mafic metavolcanic rocks. The gabbro intrusions are medium to coarse grained, foliated and typically
amphibolitized.

Proterozoic Intrusions
Proterozoic mafic dikes are gabbroic in composition. Most dikes trend north-northwest; however,
a few trend northeast. The Proterozoic dikes generally have sharp, linear aeromagnetic signatures and the
dikes shown in Figure 5.2 are delineated mainly by using airborne magnetic data (Ontario Geological
Survey 1999, 2002a, 2002b, 2003, 2011a). They are predominantly fine- to medium-grained gabbros,
commonly displaying diabasic texture and occasionally containing plagioclase phenocrysts or
glomerocrysts. The dikes sometimes contain trace amounts of pyrite. Based on their orientation, the
north-northwest-trending dikes are interpreted to be part of the Matachewan (2454 Ma: Osmani 1991;
2473 Ma: Heaman 1997) dike swarm and the northeast-trending dikes have been interpreted to be part of
the Biscotasing (2150 Ma: Osmani 1991) dike swarm.

STRUCTURAL GEOLOGY
Bedding (S0) is observed in the form of sedimentary and volcanic bedding. Primary layering features,
such as graded beds and cross-beds, are observed commonly in the township, but do not always indicate
facing direction. Where facing can be determined, younging direction commonly reverses between
outcrops, signifying that folding has occurred; outcrops can be separated by tens to hundreds of metres.
Axial fold planes (F1) are parallel to the predominant bedding orientation and trend west-northwest and
dip steeply to the northeast.

Photo 5.2. Representative photographs of the main intrusive rocks. A) Tonalite from the Ash Lake pluton (UTM 281567E 5354283N).
B) Potassium feldspar megacrystic granite from the Ruby Lake stock (UTM 284748E 5354228N). All UTM co-ordinates provided
using NAD83 in Zone 17.
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Table 5.1. Information about mineral occurrences in Stover Township (from Mineral Deposit Inventory: Ontario Geological
Survey 2015).
Number (shown Occurrence
on Figure 5.2)
1
Guarnaccio occurrence
MDI42C08SE00081

Commodity Best Historical Value

Host Rocks

Au

Up to 0.58 oz/t Au

Iron formation and felsic to
intermediate metavolcanic
rocks
Quartz vein in felsic to
intermediate metavolcanic
rocks
Quartz vein in felsic to
intermediate metavolcanic
rocks
Quartz-carbonate vein in
mafic metavolcanic rocks
Quartz vein in mafic
metavolcanic rocks
Felsic to intermediate
metavolcanic rocks
Felsic to intermediate
metavolcanic rocks
Iron formation

2

Pileggi west discovery occurrence
MDI42C08SE00091

Au

Up to 6.2 oz/t Au

3

Pileggi No.1 showing
MDI42B05SW00005

Au, Cu

Up to 120 550 ppb Au
and 0.25% Cu

4

Garvey No.1
MDI42B05SW00050
Garvey No.2
MDI42B05SW00049
Garvey No.4
MDI42B05SW00052
Pileggi central occurrence
MDI42C08SE00026
Pileggi iron formation showing
MDI42B05SW00044
Conquest Yellowknife sample 8201
MDI42B05SW00048

Au

Up to 2.67 oz/t Au

Au

Up to 1.20 dwt Au

Au

Up to 0.40 dwt Au

Au (Cu)
Au

Up to 0.17 oz/t Au
and 0.02% Cu
Up to 0.8 dwt Au

Au

Up to 0.035 oz/t Au

10

Pileggi southeast showing
MDI42B05SW00017

Au

Up to 19.90 dwt Au

11

Duvex claim SSM 49308
MDI42B05SW00047

Au

Up to 0.02 oz/t Au

12

Stover Lake
MDI42B05SW00046
Renabie DDH No.1
MDI42B05SW00051
Lucuik showing
MDI42B05SW00045
Rengold showing No.2
MDI42B05SW00026

Au

Up to 0.04 oz/t Au

Au

Up to 0.02 oz/t Au

Au, Ag

16

Rengold No.4 property
MDI42B05SW00023

Au, Ag,
Cu, Zn, Pb

17

Bennett gold occurrence
MDI42B05SW00013

Au (Ag)

Up to 1.72 oz/t Au
and 23.68 oz/t Ag
Quartz vein in tonalite
Up to 2.70 oz/t Au,
48.4 oz/t Ag,
2.37% Pb, 0.96% Cu,
0.51% Zn
and 0.08% Te
Quartz vein in tonalite
Up to 5.12 oz/t Au,
65.7 oz/t Ag,
2.37% Cu, 0.96% Zn
and 0.46% Pb
Up to 0.02 oz/t Au
Quartz-carbonate vein in
and 0.2 oz/t Ag
mafic metavolcanic rocks

5
6
7
8
9

13
14
15

Au, Ag,
Pb, Cu,
Zn, (Te)

Felsic to intermediate
metavolcanic rocks and
metasedimentary rocks
Felsic to intermediate
metavolcanic rocks and
metasedimentary rocks
Quartz vein in felsic to
intermediate metavolcanic
rocks
Felsic to intermediate
metavolcanic rocks
Felsic to intermediate
metavolcanic rocks
Sheared granodiorite

Source: Mineral Deposit Inventory (MDI; Ontario Geological Survey 2014) updated July 15, 2014, by A.C. Wilson, Resident
Geologist Office, Timmins, Ontario.
Abbreviations: dwt = pennyweight; oz/t = ounce per ton; ppb = parts per billion.
Conversion: 1 pennyweight (dwt) = 1.55517384 g or 0.05 troy ounce.
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The earliest observable foliation (S1) is poorly defined and is seldom observed in outcrop because of
overprinting by the dominant regional foliation. Where it is preserved, the S1 foliation dips shallowly and
is commonly axial planar to F1 folds before being overprinted by later regional deformation.
The F1 folds and S1 foliation are overprinted by tight, generally upright, F2 folds. The F2 fold hinges
are non-cylindrical and parallel the L2 lineations, which plunge moderately to the northwest or to the
southeast. A regional foliation (S2) is defined within the supracrustal rocks and parts of the Ash Lake
pluton in Stover Township. The regional foliation is steeply dipping to vertical, with alternating dip
directions, and is parallel to bedding (S0). Near the Ash Lake pluton and Ruby Lake stock, the regional
foliation follows the contacts between the intrusions and the surrounding metavolcanic rocks.
The study area was also affected by late brittle faulting (see Figure 5.2). There is limited structural
evidence to support these late faults; this supposition is supported only by offsets revealed through
mapping and by geophysical interpretation. A major fault (see Figure 5.2) trends north-northwest from the
southeast to the northeast corner of the township, and transects the Ruby Lake stock. Displacement of
various rock units indicates sinistral displacement of approximately 1 km along this fault.

ECONOMIC POTENTIAL
A total of 17 mineral occurrences are reported from the Mineral Deposit Inventory (MDI) (see
Figure 5.2; Table 5.1; Ontario Geological Survey 2015) in Stover Township. Gold is the dominant metallic
commodity reported as a result of mineral exploration programs. Other metallic commodities include silver,
copper, zinc and lead.
Gold mineralization in Stover Township can be divided into 3 distinct types: 1) quartz or quartzcarbonate veins in supracrustal rocks; 2) intrusion associated (sometimes with quartz veins); and
3) associated with iron formation. Gold mineralization is found predominantly within the felsic and mafic
metavolcanic rocks in the northern half of the township (see Figure 5.2; see Table 5.1). The gold in these
rocks is sometimes associated with quartz or quartz-carbonate veins, but is typically found within the host
rocks. Secondary copper and silver are sometimes observed in these types of gold deposits. Three
intrusion-associated occurrences (see Table 5.1: numbers 14, 15 and 16) are found on the northern margin
of the Ash Lake pluton, northeast of Puppy Lake (see Figure 5.2). These are associated with quartz veins
and shear zones. The occurrences within the Ash Lake pluton are gold and silver occurrences; 2 of these
occurrences also contain copper, zinc and lead (see Table 5.1: numbers 15 and 16). Two other gold
occurrences are closely associated with iron formation (see Table 5.1: numbers 1 and 8; see Figure 5.2).
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INTRODUCTION
The geological mapping conducted in 2016 is part of a multi-year bedrock geology mapping project
to update knowledge of the Wawa Subprovince, in particular, the Michipicoten greenstone belt. The
detailed 1:20 000 scale mapping was focussed on Copenace Township, in conjunction with the mapping
of Stover Township (Robichaud et al., this volume). The objectives were to 1) perform the geological
mapping of Copenace Township, which has not been previously mapped at this scale; 2) characterize the
major rock units and stratigraphy; and 3) evaluate the mineral potential of the area.

GEOLOGY OF COPENACE TOWNSHIP
Copenace Township is located in the eastern portion of the Michipicoten greenstone belt (Figure 6.1).
For a summary of the regional geology of the Michipicoten greenstone belt, see Robichaud et al. (this
volume). The geology of Copenace Township (Figure 6.2) consists of a centrally located north-trending
package of Archean mafic metavolcanic and metagabbroic rocks bounded by Archean intermediate to
felsic plutonic rocks (consisting of the Ash Lake pluton and the Missinaibi Lake batholith). All major
rock types are crosscut by Proterozoic mafic dikes.

Mafic Metavolcanic Rocks
Mafic metavolcanic rocks (Photo 6.1A) are exposed in the northern part of the township. Sporadic
occurrences were mapped in the southern portion; however, these are too small to be displayed on Figure 6.2.
The mafic metavolcanic rocks are light grey on weathered surfaces, dark to medium grey on fresh surfaces,
and are commonly chlorite and epidote altered. These rocks are typically very fine grained with some
localized areas medium grained; all rocks have been metamorphosed to upper greenschist to amphibolite
facies. The flows are massive or pillowed; the pillows are poorly developed and are a few decimetres in
size. The mafic metavolcanic rocks are typically well foliated; folding (see Photo 6.1A) and faulting were
observed locally. Well-rounded millimetre-size feldspar amygdules were observed in a few instances.

Archean Intrusions
In Copenace Township, the most dominant rock types are Archean intrusions, followed by mafic
metavolcanic rocks (see Figure 6.2). The intrusive rocks range from felsic to ultramafic in composition,
and the sizes of the various intrusions show a considerable range. The mafic to intermediate intrusive
Summary of Field Work and Other Activities 2016,
Ontario Geological Survey, Open File Report 6323, p.6-1 to 6-9.
© Queen’s Printer for Ontario, 2016
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Figure 6.1. Simplified geological map of the northeastern part of the Michipicoten greenstone belt (modified from Ontario Geological Survey 2011b) displaying the outline of
Copenace Township enclosed by a red box. Geochronological data: “OGS geochronology sample locations” and ages are from Kamo (2014, 2015); “other referenced
geochronology sample locations” data are from Turek et al. (1996) and from Frarey and Krogh (1986). Geochronological data reported in Ma. Location information provided as
Universal Transverse Mercator (UTM) co-ordinates using North American Datum 1983 (NAD83) in Zone 16.
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rocks occupy the central portion of the township and extend to the northern and southern map boundaries.
The Archean intermediate to felsic intrusive rocks can be separated into 2 large, lithologically and temporally
distinct intrusions: the Ash Lake pluton, which underlies the western and northeastern portions of the
township, and the Missinaibi Lake batholith, which occupies the southeastern corner of the township.
Ultramafic intrusive rocks occur in the Pickle Lake area and in the area south of Prospere Lake (see Figure 6.2).
All Archean intrusive rocks are metamorphosed; in the following section, the prefix “meta” is assumed.

Figure 6.2. Simplified preliminary geological map of Copenace Township (UTM co-ordinates are provided in Zone 16 using
NAD83). See Table 6.1 for information about mineral occurrences.
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Photo 6.1. A) Intermediate dike displaying an M-fold in strongly foliated mafic metavolcanic rocks (UTM 714486E 5350510N).
B) Massive medium-grained hornblende-gabbro (UTM 720549E 5347147N). C) Locally deformed, medium grey gabbro breccia
with centimetre- to metre-size, subangular to angular, mafic intrusive rock fragments in a medium-grained gabbro matrix with
younger felsic injections (UTM 719537E 5342672N). D) Medium grey, massive gabbro breccia with centimetre- to decimetresize subangular to rounded fragments in a medium-grained gabbro matrix (UTM 719812E 5346046N). E) Massive chloritebiotite-granite from the eastern part of the Ash Lake pluton (UTM 719886E 5351601N). F) Quartz megacrystic, chlorite
granodiorite from the western part of the Ash Lake pluton (UTM 712308E 5350157N). All UTM co-ordinates provided using
NAD83 in Zone 16. Compass for scale in Photos 6.1A, 6.1B and 6.1D is 6.9 cm wide, with sighting arm pointing north.
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MAFIC TO INTERMEDIATE INTRUSIVE ROCKS
Archean gabbroic to dioritic rocks (Photo 6.1B) form a linear belt in central Copenace Township
(see Figure 6.2). This linear belt is composed of medium to dark grey, massive to strongly foliated,
medium-grained, hornblende gabbro to diorite which commonly may contain up to 3% magnetite. The
gabbro ranges from mafic rich (>60% mafic minerals) to more proportional mafic and felsic components
(approximately 50% mafic minerals).
The mafic to intermediate intrusive rocks occasionally form heterolithic, locally strained, breccia.
There are at least 2 distinct breccia types based on fragment composition. The most common breccia type
(Photo 6.1C) has angular to subangular, centimetre- to metre-size fragments, which are predominantly
gabbroic in composition, but the breccia also contains minor populations of mafic metavolcanic rock
fragments. This breccia type has locally intense zones of deformation. The matrix of the breccia comprises
40 to 60% of the rock and is a medium grey, massive medium-grained gabbro to diorite (≤50% mafic
minerals), with more felsic phases locally. This breccia occurs in the southern part of the township and
extends from the contact with the Missinaibi Lake batholith to the western Ash Lake pluton. This breccia
unit appears to be discontinuous, but this may, in part, be the result of poor exposure (see Figure 6.2).
It also continues through Pickle Lake in central Copenace Township and sporadically as far north as
Argo Lake (see Figure 6.2).
The second type of breccia (Photo 6.1D) consists of centimetre- to decimetre-size subangular to
rounded fragments that are largely ultramafic to mafic intrusive rocks, with minor felsic intrusive and
mafic metavolcanic rock populations. This breccia is only observed in the Pickle Lake area (see Figure 6.2).
The zones of increased deformation are not present in this breccia, although outcrop size and scarcity may
be a factor. The matrix constitutes approximately 15 to 25% of the rock and is medium grey, massive,
fine- to medium-grained gabbro to diorite (≤50% mafic minerals).

INTERMEDIATE TO FELSIC INTRUSIVE ROCKS
The Ash Lake pluton (see Figure 6.2) (2679±5 Ma in West Township: Turek et al. 1996; and
2684.5±2.7 Ma in Copenace Township: Frarey and Krogh 1986) can be spatially subdivided into
2 distinct compositional phases. In the northeastern part of the township, it is composed of light grey to
light pink, massive to weakly foliated, medium-grained, equigranular, chlorite + biotite tonalite to
granodiorite (20–30% mafic minerals) (Photo 6.1E). Secondary minerals include chlorite, epidote and
hornblende. The Ash Lake pluton in the western part of the township, near Blackfish and Murray lakes,
is a light pink, massive, medium- to coarse-grained, commonly quartz megacrystic, chlorite + biotite
granodiorite to granite (10–15% mafic minerals) (Photo 6.1F), with minor occurrences of tonalite and
alkali feldspar granite. Secondary minerals include chlorite, epidote and hematite.
The Missinaibi Lake batholith is exposed in the southeastern part of the township (see Figures 6.1
and 6.2); U/Pb ages (see Figure 6.1) for the batholith are 2713.6±1.1 Ma in Lang Township (Kamo 2014);
2716±2 Ma in Marsh Township (Kamo 2015); 2720.8±1.4 Ma in Brackin Township (Kamo 2015); and
2741±21 Ma in Leeson Township (Turek et al. 1996). It is largely composed of medium- to fine-grained
tonalite to granodiorite with minor occurrences of granite (Photo 6.2A). The main mafic mineral is
typically biotite, but hornblende is present at the northwestern edge of the batholith. The more tonalitic to
granodioritic phases are light grey on both weathered and fresh surfaces; the more granitic phases are
light pink on weathered surfaces and medium pink on fresh surfaces. The rocks are generally moderately
to strongly foliated, although some areas are characterized by weak fabric development. Pegmatitic and
aplitic granitic dikes, of unknown origin, intruded the batholith.
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The contact between the belt of Archean mafic to intermediate intrusive rocks and the Missinaibi
Lake batholith is not readily apparent, because the dioritic rocks of the mafic to intermediate intrusive
package contrast poorly with the relatively mafic-rich members of the Missinaibi Lake batholith.
Furthermore, the contacts of the felsic intrusions acted as conduits for fluids that resulted in intense and
pervasive potassium and epidote alteration, rendering the original rock types difficult to identify in the
field. Consequently, preliminary contact locations were established in the field using the abundance of
mafic minerals, the presence of a strong foliation, and the mineralogy of the mafic phase (i.e., biotite and
chlorite versus hornblende). Additional refinement of the contact location will likely occur after
petrographic and geochemical studies are completed.

ULTRAMAFIC INTRUSIVE ROCKS
Based on shore and island outcrops, the ultramafic to mafic intrusive rocks are interpreted to occur
in a long and narrow body under Pickle Lake. Additionally, smaller plugs occur throughout the southern
mafic to intermediate intrusive rocks (see Figure 6.2). The ultramafic intrusive rocks that occur in the
larger body on Pickle Lake are brown on weathered surfaces and are dark to light grey on fresh surfaces.
They are massive to weakly foliated, coarse to fine grained and appear to have a cumulate texture.
Igneous layering (Photo 6.2B) is locally present as weak to moderately strong, centimetre- to decimetre-

Photo 6.2. A) Strongly foliated biotite-tonalite of the Missinaibi Lake batholith, with felsic dikes parallel to the foliation (UTM
720485E 5342523N). B) Medium-grained, layered ultramafic intrusive rock (UTM 719827E 5345890N). C) Massive biotitebearing ultramafic intrusive rock (UTM 716982E 5341930N). D) Plagioclase-phyric diabasic textured dike of the Matachewan dike
swarm (UTM 713248E 5343282N). All UTM co-ordinates provided using NAD83 in Zone 16. Compass for scale in Photo 6.2A is
6.9 cm wide, with sighting arm pointing north.
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size, parallel planar bands in the cumulate ultramafic plutonic rocks. Magnetite is commonly present in
these rocks either as disseminated grains or as thin stringers. The second group (Photo 6.2C) occurs in
southern Copenace Township (see Figure 6.2) as irregular or plug-like bodies. They are massive,
heterogeneous, dark grey, very coarse- to fine-grained, biotite-bearing ultramafic to mafic intrusive rocks.
These rocks locally have pockets of very coarse-grained, euhedral amphiboles with interstitial feldspar.

Proterozoic Intrusions
All of the major rock types in the township are crosscut by Proterozoic mafic dikes. These are
composed of predominantly fine- to medium-grained gabbro, which typically appear less altered than the
Archean gabbro and diorite. These dikes typically have a diabasic texture and locally contain saussuritized
plagioclase phenocrysts (Photo 6.2D). The Proterozoic mafic dikes generally have sharp, linear
aeromagnetic signatures and are mostly delineated by using airborne magnetic data (Ontario Geological
Survey 1999, 2002a, 2002b, 2003, 2011a); the dikes shown on Figure 6.2 are based on these geophysical
data. The majority of the dikes trend roughly north-northwest; however, several have either a northeastern
or northwestern trend. The north-northwest-trending dikes are interpreted to be part of the Matachewan
dike swarm, because of their orientation and the presence of plagioclase phenocrysts. The northeasttrending dikes are interpreted to be part of the Biscotasing dike swarm. The northwest-trending dikes
were not observed in the field, but, based on geophysical data, the trend of the dikes and the general
locations of dike swarms in Ontario, they are interpreted to belong to the Pukaskwa dike swarm. The
Pukaskwa dikes are described as olivine diabase dikes, consisting of plagioclase, iddingsite (after olivine)
and augite, with minor amounts of iron oxide, titanium oxide and chlorite (Osmani 1991).
A few lamprophyre dikes were observed in the township. They are typically magnetic and dark grey,
with moderate amounts of biotite and plagioclase phenocrysts in a fine-grained groundmass.

ALTERATION
Alteration minerals identified in the field are primarily epidote, alkali feldspar and hematite. All
3 alteration minerals can occur together, with epidote and alkali feldspar generally occurring together.
Alteration is most intense at the contact between units, and generally favours brittle structures, such as
fractures or veins, although disseminated and pervasive alteration does occur locally. The intensity of
epidote and alkali-feldspar alteration varies considerably, ranging from very weak and fracture controlled
to intense and pervasive, although most alteration is weak. Epidote and alkali-feldspar alteration were
noted in all rock types in the township except for the ultramafic intrusive rocks. Hematite alteration is
typically weak, occurs as both disseminated and vein controlled, and appears restricted to the intermediate
to felsic intrusive rocks. The ultramafic intrusive rocks exhibit varied degrees of alteration, but typically
contain moderately pervasive serpentinization and talc alteration. The ultramafic intrusive rocks that
occur in plug-like bodies may effervesce in contact with 10% hydrochloric acid solution, indicating the
presence of weak carbonate alteration.

STRUCTURE
The dominant foliation in the township is north trending, which is best displayed in the strongly
foliated mafic metavolcanic rocks, but also is present in the Archean mafic to intermediate intrusive
rocks. Where the mafic metavolcanic rocks bifurcate in the northern part of the township, the foliations
tend to parallel the granite–greenstone contact. The dominant foliation in the Missinaibi Lake batholith is
east-northeast trending and is roughly parallel to the adjacent mafic to intermediate intrusive unit. Rare
folding is observed in the mafic metavolcanic rocks, as well as in the zones of increased deformation
within the breccia. Axial fold planes tend to parallel the regional foliation. Lineations are scarce, have a
moderate to steeply dipping plunge and a general southwest-to-northwest direction.
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Table 6.1. Information about mineral occurrences in Copenace Township (from Mineral Deposit Inventory: Ontario Geological
Survey 2014, 2015).
Number (shown Occurrence
on Figure 6.2)
1
Anglehart discovery prospect
MDI42C08SE00095
2
Gilbert option
MDI42C01NE00011

Commodity

Best Historical Value

Host Rocks

Au (Cu)

Up to 0.167 oz/t Au
and 2166 ppm Cu
Up to 2.40 dwt Au

Quartz veins in mafic
intrusive rocks
Shear zone in mafic
metavolcanic rocks

Au

Source: Mineral Deposit Inventory (MDI) updated August 2, 2014, by A.C. Wilson, Resident Geologist Office, Timmins, Ontario.
Abbreviations: dwt = pennyweight (for denarius weight); 1 pennyweight (dwt) = 1.55517384 g or 0.05 troy ounce; oz/t = ounce
per ton; ppm = parts per million.

Faults of varying scale are present throughout the township. One notable example of a large-scale
fault is the late dextral fault that cuts several Matachewan dikes south of Pickle Lake, displacing them by
approximately 450 m (see Figure 6.2). However, because the diabase dikes are known to bifurcate, it is
possible that the dikes used a pre-existing fault as a pathway and were not displaced. Small-scale faults
are moderately common in the mafic metavolcanic rocks and mafic to intermediate intrusive rocks and
typically show centimetre-scale displacement.

ECONOMIC POTENTIAL
Limited exploration has been undertaken in the township. Reported exploration is limited to regional,
multi-township mineral exploration programs by exploration companies and a few reports on individual
claims by prospectors. Based on previous work, only 2 Mineral Deposit Inventory (MDI) sites are present
in the township: these are summarized in Table 6.1 and their locations are shown in Figure 6.2. Gold with
secondary copper is present in quartz veins in mafic intrusive rocks at the Anglehart prospect, and gold is
present in shear zones in mafic metavolcanic rocks at the Gilbert option (see Figure 6.2, numbers 1 and 2,
respectively).
There may be some diamond potential in the township, because a few many lamprophyre dikes were
observed during mapping. A regional diamond exploration program, primarily looking for kimberlite
targets in the area, was conducted by Golden Chalice Resources from 2005 to 2008.
The ultramafic to mafic intrusive rocks in the southern ultramafic intrusive plugs locally contain
trace amounts of magnetite, pyrite, pyrrhotite and chalcopyrite. The ultramafic to mafic intrusive rocks at
Pickle Lake contain trace amounts of magnetite, but have few apparent sulphides. The mafic to intermediate
intrusive rocks commonly have trace amounts of pyrite and/or magnetite, with rare occurrences of pyrrhotite.
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INTRODUCTION
As part of a multi-year project to re-examine the geology of the southern Swayze area of the Abitibi
greenstone belt, 1:20 000 scale geological bedrock mapping was conducted in 2016 throughout Yeo
Township and the southern half of Potier Township (Figure 7.1), as well as reconnaissance mapping of
northern Arbutus Township. The objectives of the bedrock mapping were to 1) confirm and refine the
metavolcanic and metasedimentary stratigraphy presented by Heather (2001); 2) delineate the western
extension of the Chester intrusive complex that hosts gold mineralization in Chester Township, located
east of the study area; and 3) examine and document the relationship of the surrounding granitoid
complexes (i.e., Ramsey–Algoma granitoid complex and Kenogamissi Batholith) to the supracrustal
rocks of the southern Swayze area.

REGIONAL GEOLOGY
The Abitibi greenstone belt is located in the eastern part of the Wawa–Abitibi terrane in the southern
Superior Province (van Breemen, Heather and Ayer 2006). It is predominantly composed of mafic to felsic
metavolcanic rocks and minor ultramafic metavolcanic rocks with punctuations of clastic metasedimentary
successor basins. The volcanic episodes are most recently defined by Thurston et al. (2008, and references
therein) as discrete volcanic episodes: 2750–2735 Ma (Pacaud), 2734–2724 Ma (Deloro), 2723–2720 Ma
(Stoughton–Roquemaure), 2720–2710 Ma (Kidd–Munro), 2710–2704 Ma (Tisdale) and 2704–2695 Ma
(Blake River) episodes. Overlying the volcanic episodes, in Ontario, are 2 sedimentary basins, referred to
as the Porcupine-type (2690–2682 Ma) and the Timiskaming-type (2676–2670 Ma) sedimentary basins
(Thurston et al. 2008, and references therein).
The Swayze area (see Figure 7.1) of the Abitibi greenstone belt is composed mainly of mafic,
intermediate and felsic metavolcanic rocks, with localized ultramafic metavolcanic, clastic and chemical
metasedimentary rocks, and syn- to postvolcanic ultramafic to felsic intrusive rocks. It is bounded by the
Kapuskasing structural zone to the west, the Ramsey–Algoma granitoid complex to the south and the
Kenogamissi Batholith to the north and east (see Figure 7.1).
The southern Swayze area was systematically mapped by Heather (2001) to revise the major rock
types, construct a regional stratigraphy, establish regional structural chronology and geometry, and
characterize the geological evolution in order to correlate the Swayze area with the rest of the Abitibi
greenstone belt. The stratigraphic sequence that was established for the Yeo and southern Potier townships
area is presented in Table 7.1, and includes from oldest to youngest 1) the mafic to felsic metavolcanic
and metaintrusive Chester group (contemporaneous with the 2750–2735 Ma episode, Pacaud), 2) the
mafic to felsic metavolcanic Marion group (contemporaneous with the 2734–2724 Ma episode, Deloro),
Summary of Field Work and Other Activities 2016,
Ontario Geological Survey, Open File Report 6323, p.7-1 to 7-13.
© Queen’s Printer for Ontario, 2016
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Figure 7.1. Simplified geology map of the southern Swayze area of the Abitibi greenstone belt displaying the location of Yeo
and southern Potier townships (outlined by red box). Location information provided as Universal Transverse Mercator (UTM)
co-ordinates using North American Datum 1983 (NAD83) in Zone 17 (modified from Ontario Geological Survey 2011).

Table 7.1. Swayze area supracrustal stratigraphic groups and formations, with dominant rock types and associated ages and
equivalent Abitibi greenstone belt episodes.
Swayze Area
Groups
Ridout group

Formations

Rock Types

Opeepeesway formation

Siliciclastic metasedimentary
rocks
Felsic metavolcanic rocks
Mafic metavolcanic rocks
Siliciclastic and chemical
metasedimentary rocks
Felsic metavolcanic rocks
Mafic metavolcanic rocks
Felsic metavolcanic and
siliciclastic
metasedimentary rocks
Mafic metavolcanic rocks

Trailbreaker group Heenan formation
October Lake formation
Marion group
Woman River formation

Chester group

Strata Lake formation
Rush River formation
Yeo formation
Arbutus formation

*See

Age*
(Ma)
<2688±2
2705±2

Abitibi Greenstone Belt
Episodes or Basins Equivalent**
2676–2670 Ma
(Timiskaming-type)
2710–2704 Ma (Tisdale)

circa 2730 2734–2724 Ma (Deloro)

2739±1

2750–2735 Ma (Pacaud)

text for referenced sources of geochronological information.
**Sources: Episode information from Thurston et al. (2008, and references therein). Group and formation names from Heather (2001).
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3) the mafic to felsic metavolcanic Trailbreaker group (contemporaneous with the 2710–2704 Ma episode,
Tisdale) and 4) the clastic metasedimentary Ridout group (contemporaneous with the Timiskaming-type
basins, 2676–2670 Ma; Figure 7.2; Heather 2001; Thurston et al. 2008).

GEOLOGY OF YEO AND POTIER TOWNSHIPS
The geology of Yeo and southern Potier townships consists of metavolcanic and metasedimentary
supracrustal rocks, bounded to the north and south by granitoid rocks. The supracrustal rocks are also
intruded by and crosscut by smaller mafic to felsic intrusive rock bodies.

Metavolcanic Rocks
The metavolcanic rocks of Yeo and southern Potier townships include the Chester, Marion and
Trailbreaker groups. Each of the units is composed of a basal mafic formation and an overlying
intermediate to felsic formation (see Table 7.1).

CHESTER GROUP
The Chester group is composed of the Arbutus and Yeo formations (see Table 7.1; Heather 2001).
The metavolcanic rocks at the stratigraphic base of the Chester group, located in the central part of Yeo
Township, are known as the Arbutus formation (see Figure 7.2; Heather 2001). It is a predominantly
mafic unit, commonly dark green to black on weathered and fresh surfaces, and is composed of massive
to pillowed flows, with minor pillow breccia. Relatively undeformed pillows are generally small to
medium in size (10–50 cm in length) with thin selvages (0.5–1 cm; Photo 7.1A). Texturally, the flows are
typically cryptocrystalline to very fine grained, with local coarse-grained areas that are interpreted to be
the result of amphibolite-facies contact metamorphism proximal to the Ramsey–Algoma granitoid
complex or, alternatively, the coarse-grained core area of thick flows. Individual flows within the Arbutus
formation range from 1 to 5 m thick and are overlain by felsic tuffs that range from a few centimetres to a
few metres thick. Felsic tuff units are more predominant at the base of the formation and generally
become thinner through the stratigraphic column (i.e., toward the north).
Gradationally overlying the Arbutus formation at the top of the Chester group is the Yeo formation
(see Figure 7.2; Heather 2001). Located across northern Yeo Township, the Yeo formation has an age of
2739±1 Ma (van Breemen, Heather and Ayer 2006), and is composed predominantly of felsic (white to
grey on weathered and fresh surfaces, respectively) and intermediate (dacitic; grey to light green on
weathered and fresh surfaces) pyroclastic rocks, with very minor felsic lava flows. Felsic lapilli tuff and
tuff are the typical pyroclastic rocks of the Yeo formation, with lesser tuff breccia (Photo 7.1B).
Intermediate pyroclastic rocks are predominantly crystal tuff. Bedding in the Yeo formation ranges from
millimetre-size individual tuff laminae that together form packages up to 3 m thick, to 1 to 10 m thick
lapilli tuff and tuff breccia beds; however, true thicknesses are often concealed by deformation and/or
exposure. A few massive units are interpreted as lava flows based on their lack of features; however,
deformation may have either masked primary flow texture (e.g., spherules, lobes, banding, etc.) or
pyroclastic features (e.g., bedding).

MARION GROUP
The metavolcanic rocks of the Marion group were mapped in northwestern Yeo Township and
include the Rush River formation at the stratigraphic base of the group, and the Strata Lake formation at
the top (see Table 7.1; see Figure 7.2; Heather 2001). The Rush River formation is a predominantly mafic
to intermediate (andesitic) unit, typically light green on weathered surface and composed of fine-grained
flows and/or amphibole-phyric synvolcanic intrusions that occur semi-conformably on top of the older
Chester group Yeo formation (see Figure 7.2). Pillowed flows are locally present with small- to medium7-3
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Figure 7.2. Preliminary simplified geology map of Yeo and southern Potier townships. Geochronological data are from
van Breemen, Heather and Ayer (2006). Mineral Deposit Inventory (MDI) occurrences (Ontario Geological Survey 2016) are
keyed to Table 7.2. Location information provided as UTM co-ordinates using NAD83 in Zone 17.

7-4

Earth Resources and Geoscience Mapping Section (7)

T.P. Gemmell and P.J. MacDonald

Photo 7.1. Selected photographs of major rock units. A) Slightly flattened, pillowed basalt flow with thin selvages, Arbutus
formation (station 16PM036, UTM 422138E 5266908N). B) Deformed and altered felsic pyroclastic breccia tuff deposit, Yeo
formation (station 16PM371, UTM 421309E 5268288N). C) Syndepositional deformation of interbedded felsic and mafic tuffs,
October Lake and Heenan formations (station 16PM082, UTM 418574E 5273178N). D) Chert-magnetite-hematite ironstone,
Woman River formation (station 16TG157, UTM 423524E 5269770N). E) Polymictic conglomerate, Opeepeesway formation
(station 16PM063, UTM 420567E 5271313N). F) Brecciated gabbro, Chester intrusive complex (station 16TG214, UTM
426792E 5263120N). Compass for scale is 22 cm, with sighting arm pointing east in Photos 7.1A and 7.1B, and north in Photo 7.1F.

7-5

Earth Resources and Geoscience Mapping Section (7)

T.P. Gemmell and P.J. MacDonald

size pillows (10–50 cm in length), with thin (0.5–1 cm thick) very well-defined selvages and no observed
breccia. Individual flows within the Rush River formation appear relatively thick (>5 m); however, this is
difficult to determine based on exposure and visual homogeneity between flows.
The Strata Lake formation occurs stratigraphically above the Rush River formation within the
Marion group (see Figure 7.2; Heather 2001) and has an age of circa 2730 Ma, as determined from
numerous locations throughout the southern Swayze area (van Breemen, Heather and Ayer 2006). It is
composed of felsic lapilli tuff and tuff, which often appear as siliceous siltstones and sandstones, suggesting
sedimentary reworking of volcanic material. The Strata Lake formation units are typically exposed together
with the Rush River formation, suggesting that the 2 formations were coeval or that folding or faulting
has complicated the stratigraphy. However, no confident evidence of fold or fault repetition was
observed. Individual beds range from 1 to 15 cm thick with packages of similar rocks up to 3 m thick.

TRAILBREAKER GROUP
The metavolcanic rocks of the Trailbreaker group are known as the October Lake formation, which
lies disconformably on top of the Marion group, and the Heenan formation (see Table 7.1; see Figure 7.2;
Heather 2001). The October Lake formation is composed of mafic metavolcanic rocks that are commonly
moderate to dark green on weathered and fresh surfaces, and are typically cryptocrystalline to very fine
grained. Individual flows range from 3 to 5 m thick, and show episodic massive and pillowed textures,
with localized flow-top breccia, pillow breccia and varioles. Mafic tuffs, interbedded with felsic tuffs,
occur in the October Lake formation (Photo 7.1C), and are typically observed near the stratigraphic top of
the formation. Individual laminae are 1 to 5 mm thick, and form packages upward of 10 m thick.
Evidence of syndepositional deformation (i.e., faulting) is preserved locally in the volcaniclastic units of
the October Lake formation (see Photo 7.1C).
Volcanic rocks of the Heenan formation occur conformably on top of the October Lake formation
(see Figure 7.2; Heather 2001). They are composed of felsic tuffs, crystal tuffs and lapilli tuffs and have
an age of 2705±2 Ma (Heenan Township: van Breemen, Heather and Ayer 2006). Individual laminae are
typically 1 to 5 mm thick and form packages of volcaniclastic units that are typically 2 to 3 m thick,
although folding may exaggerate true thicknesses.

Metasedimentary Rocks
The metasedimentary rocks of Yeo and southern Potier townships occur in the Chester, Marion and
Ridout groups (see Table 7.1). They are composed predominantly of siliciclastic units, although chemical
metasedimentary rocks occur within the Marion group.

CHESTER GROUP
Siliciclastic metasedimentary rocks occur at the stratigraphic top of the Chester group and are included
within the predominantly metavolcanic Yeo formation. They are exposed in northeastern Yeo Township
and are composed of siliceous sandy siltstones that are light green to grey on weathered surface. They lie
conformably on top of the Yeo formation felsic pyroclastic rocks and have an age of 2735±6 Ma (Davis
2016). Individual beds range from 1 to 3 cm thick and exhibit conflicting younging orientations based on
graded and cross bedding, likely as a result of regional deformation (i.e., folding and fault repositioning).
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MARION GROUP
The siliciclastic and chemical metasedimentary rocks at the stratigraphic top of the Marion group are
known as the Woman River formation and are located in northern Yeo Township (Heather 2001). The
stratigraphic base of the Woman River formation are siliceous sandy siltstones and sandstones that are
difficult to separate from the underlying felsic volcaniclastic rocks of the Strata Lake formation. Individual
beds of siliciclastic material range from 3 to 12 cm thick and are locally graded or crossbedded, although
deformation commonly conceals, or makes these features cryptic, thus making younging directions
difficult to determine. Overlying the siliciclastic material are chemical metasedimentary rocks, typically
chert–oxide-facies ironstones (hematite and/or magnetite; Photo 7.1D). Bedding is planar, and continuous,
with individual laminae or beds ranging from 1 to 15 mm thick (see Photo 7.1D). Sulphide-facies
ironstones are locally present and are composed predominantly of pyrite and pyrrhotite.

RIDOUT GROUP
Unconformably overlying the Trailbreaker group are metasedimentary siliciclastic rocks of the
Ridout group Opeepeesway formation (see Figure 7.2; Heather 2001). It is composed predominantly of
polymictic sandy pebble conglomerates (Photo 7.1E), with lesser sandstone, and has an maximum age of
2688±2 Ma, based on a sample from the northwestern extent of the Opeepeesway formation (van
Breemen, Heather and Ayer 2006). Individual beds in the Opeepeesway formation are difficult to identify
because of deformation (i.e., transposition). Source material is assumed to be locally derived, and
includes, in decreasing order of abundance, tonalite, felsic volcanic rocks, mafic volcanic rocks,
magnetite ironstone, gabbro, massive sulphide and hematite ironstone (see Photo 7.1E).

Intrusive Rocks
The intrusive rocks of Yeo and southern Potier townships predominantly include the Chester
intrusive complex, the Ramsey–Algoma granitoid complex and the Kenogamissi Batholith (Neville pluton).
Locally present are small intrusions that include felsic porphyritic and lamprophyric dikes, as well as at
least 2 Proterozoic mafic dike swarms.

CHESTER INTRUSIVE COMPLEX
The Chester intrusive complex includes 2 main magmatic phases: a gabbroic to dioritic phase and a
tonalitic phase (see Figure 7.2). The gabbroic phase is located at the southern extent of the intrusive
complex in southeastern Yeo Township, and is composed of fine- to medium-grained, equigranular,
interlocking amphibole (50%) and plagioclase (35%) grains with accessory biotite, chlorite and traces of
pyrite and pyrrhotite. The gabbroic phase generally becomes more dioritic toward the north, with more
plagioclase (50%) than amphibole (30%) and accessory biotite and chlorite. The tonalitic phase of the
Chester intrusive complex occurs in the northern half of the complex and includes a west arm that
branches off the main intrusive body into Yeo Township. The tonalite has an age of 2738.7±0.8 to
2741.1±0.9 Ma (Kontak, Creaser and Hamilton 2013) and is typically medium grained and composed of
plagioclase (55%) and quartz (35%) with accessory biotite and chlorite. Quartz eyes in the west arm
predominantly have a blue hue. The 2 phases of the intrusive complex are thought to be coeval; however,
in most locations, the tonalite brecciates the gabbroic to dioritic phase (Photo 7.1F), suggesting that the
gabbroic phase is older and that the intrusive complex evolved toward more felsic compositions during its
emplacement history.
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RAMSEY–ALGOMA GRANITOID COMPLEX
Bounding the Swayze area of the Abitibi greenstone belt to the south is the Ramsey–Algoma
granitoid complex (see Figure 7.2). In Yeo Township, the Ramsey–Algoma granitoid complex is
composed predominantly of deformed diorite and quartz diorite (Photo 7.1G), with minor tonalitic,
gabbroic and monzodioritic phases. The quartz diorites have an age of 2727 +11/–9 Ma (Heather, Shore and
van Breemen 1995), obtained from a sample in northern Arbutus Township, just west of Yeo Township.
The phases are generally medium grained with equigranular, interlocking plagioclase (60–65%),
amphibole (30–35%) and quartz (5–10%) grains with accessory biotite and chlorite. Porphyritic
monzodioritic phases are locally present in north-trending corridors. The contact of the Ramsey–Algoma
diorites and quartz diorites with the Chester group supracrustal rocks (i.e., Arbutus formation) and the
Chester intrusive complex gabbro is typically sharp, with a narrow zone (1–5 m) of mylonitized intrusive
and supracrustal rocks that are intruded by and crosscut by a number of intermediate composition small
dikes (<1 m) of unknown provenance and age. Locally, the contact is transitional, with fragments of the
Chester intrusive complex gabbro observed in the Ramsey–Algoma diorite within 5 to 15 m of the contact.
Later phases of the Ramsey–Algoma granitoid complex, that intruded the earlier phase diorites,
include a deformed tonalite stock, along the western edge of Yeo Township, and the Smuts pluton to the
south (see Figure 7.2). The deformed tonalite stock is a semi-circular intrusion approximately 3 km in
diameter, with strongly deformed margins and a composition dominated by fine-grained plagioclase and
quartz, with accessory muscovite. It is easily identified by its “bulls-eye” magnetic feature on regional
geophysical aeromagnetic survey data (Ontario Geological Survey 2003). The Smuts pluton is a large
medium-grained granodiorite igneous body (see Photo 7.1G), with an age of 2685±2 Ma from a sample
from the northeastern portion of Smuts Township (south of Yeo Township; Heather 2001). The Smuts
pluton is composed of equigranular plagioclase (55–60%), quartz (15–20%), potassium feldspar (5–15%),
biotite (5–10%) and hornblende (<5%).

KENOGAMISSI BATHOLITH
The Neville pluton is the southern part of the Kenogamissi Batholith that flanks the northern margin
of the southeastern arm of the Swayze area (see Figure 7.2). The Neville pluton has an age of 2682 +3/–2 Ma,
which was obtained from a sample in southwestern Neville Township (east of Potier Township; van
Breemen, Heather and Ayer 2006). It is predominantly an equigranular granodiorite, with plagioclase

Photo 7.1, continued. Selected photographs of major rock units. G) Quartz diorite, Ramsey–Algoma granitoid complex,
intruded by granodiorite of the Smuts pluton (station 16PM099, UTM 421417E 5262399N). H) Potassium feldspar porphyritic
granodiorite, Neville pluton (station 16PM426, UTM 419300E 5275597N). Compass for scale is 22 cm, with sighting arm
pointing southeast in Photo 7.1G.
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(60%), quartz (25%), potassium feldspar (15%), biotite (5–10%) and hornblende (<5%). Locally,
porphyritic phases are granitic in composition, with potassium feldspars phenocrysts (Photo 7.1H). Mafic
xenoliths are common in the pluton and range up to 8 cm in length. The contact of the Neville pluton with
the supracrustal rocks of the Swayze area (i.e., October Lake formation) is generally abrupt, with lit-parlit injections of dikes within the supracrustal rocks that are parallel to the overall contact (Gemmell 2015).

MINOR INTRUSIONS
Throughout the Swayze area are small (metre to several hundred metre size) intermediate to felsic
porphyritic dikes. These small intrusions generally trend west-northwest and predominantly intruded the
Trailbreaker and Ridout groups (see Figure 7.2), suggesting that they are younger than circa 2688 Ma.
The porphyritic dikes are typically composed of 1 to 5 mm diameter, anhedral plagioclase and quartz
phenocrysts in a plagioclase-rich matrix, which is commonly sericitized and strongly deformed. The
contacts of the intrusions, where observed, are sharp, with thin (<1 cm) chilled margins.
Biotite-rich intermediate lamprophyric intrusive rocks are locally emplaced into the Chester intrusive
complex. They are up to 30 cm wide and predominantly intruded the tonalite phase of the Chester
intrusive complex.

Proterozoic Mafic Dikes
All rock types in the map area are crosscut by at least 2 Proterozoic mafic dike swarms (see Figure 7.2).
The older dike swarm is the Matachewan swarm (2473 +16/–9 Ma: Heaman 1997), which generally trends
north to northwest. The Matachewan dikes are centimetres to several metres wide and typically exhibit
well-developed chilled margins. They are amphibole and pyroxene rich, magnetic and locally contain
euhedral to anhedral plagioclase phenocrysts. The younger swarm is the Abitibi dike swarm (1141±2 Ma:
Krogh et al. 1987), which trends northeast, are tens to several hundred metres wide and have thick chilled
margins. The Abitibi dikes are uniformly composed of medium-grained plagioclase and amphibole, and are
also magnetic, albeit generally less magnetic than the Matachewan dikes.

STRUCTURAL GEOLOGY
The earliest deformation event (D1) observed is related to north-northeast compression. The
compression formed a well-developed foliation (S1; trending ~300°) throughout all the supracrustal units,
as well as within the Chester intrusive complex and the diorites of the Ramsey–Algoma granitoid
complex. Within the Trailbreaker formation, the S1 foliation is also axial planar to tight chevron-style
folding (F1; Photo 7.2A).
The second deformation event (D2) is related to shearing within the east-trending Ridout deformation
zone (Wu and Lin 2015). The D2 event is expressed predominantly as a west-trending foliation (S2), as
well as sinistral drag folding (F2), and as crenulations with spaced cleavage (Photo 7.2B). The S2 foliation
is most recognizable in the Trailbreaker and Ridout groups because of their proximity to the Ridout
deformation zone, but it is also recognized throughout the supracrustal rocks, the Chester intrusive complex
and the diorites of the Ramsey–Algoma granitoid complex.
The youngest deformation event (D3) is related to reactivation of the Ridout deformation zone
(Wu and Lin 2015). It is manifested as east-northeast-trending foliation (S3), crenulation cleavage and
Z-shaped drag folds (F3). The D3 reactivation of earlier formed shear zones exhibits dextral shear sense.
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Photo 7.2. Selected photographs of structures, alteration and mineralization. A) Example of the first deformation event (D1)
showing chevron-style M-folding, Heenan formation (station 16TG075, UTM 419383E 5273394N). B) Example of the second
observed deformation event (D2) showing drag folding (crenulation) with well-developed spaced cleavage, October Lake
formation (station 16TG392, UTM 427901E 5270345N). C) Pervasive iron-carbonate alteration of sheared basalt, October Lake
formation (station 16TG065, UTM 418493E 5272316N). D) Epidote-hematite-potassium feldspar alteration, Chester intrusive
complex (station 16TG299, UTM 426715E 5264197N). E) Example of semi-massive pyrrhotite mineralization, Yeo formation
(station 16PM477, UTM 416542E 5270189N). F) Quartz-carbonate-pyrite vein with green mica alteration, Rush River
formation (station 16PM360, UTM 420160E 5269129N). Compass for scale is 22 cm, with sighting arm pointing north.
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Table 7.2. Information about mineral occurrences in Yeo and Potier townships (from Mineral Deposit Inventory: Ontario
Geological Survey 2016).
Number
Occurrence and
(shown on MDI Number
Figure 7.2)
1
Three Ducks DDH B-1
MDI41P12SW00121
2
Three Ducks DDH G-1
MDI41P12SW00116
3
Anderson
MDI41O09SE00050

Commodity

Best Historical Value

Host Rock

Cu

3060 ppm Cu (grab)

Mafic to intermediate metavolcanic rocks

Au

0.603 g/t Au (grab)

Fe, (Au, Ag)

45% Fe, 0.11 g/t Au,
4.3 g/t Ag (grab)

4

Schist Lake
MDI41O09SE00002
Trail Creek
MDI41O09SE00048
Cryderman–Moore Lake
MDI41P12SW00138
Moore Lake
MDI41O09SE00006
Young, C.T.
MDI41P12SW00047
Kidd DDH 34-5
MDI41P12SW00140

Au

9.56 g/t Au (grab)

Au, Ni
Au

4.4 g/t Au;
1110 ppm Ni (grab)
17 g/t Au (grab)

Sheared basalt and sulphide-facies
ironstone
Sulphide-facies ironstone and graphitic
mudstone (pyrite, chalcopyrite,
sphalerite, arsenopyrite)
Quartz-pyrite-arsenopyrite vein in shear
zone at contact of conglomerate and QFP
Sulphide-facies ironstone with quartz vein

Au

24 g/t Au (grab)

Au

7.16 g/t Au (grab)

Zn, (Ag, Cu)

Hopkins, P.E.
MDI41P12SW00141
Crown Minerals Area A
MDI000000001602

Au, (Ag)

4.2 m @ 0.51% Zn,
4.46 g/t Ag, 0.16% Cu
(DDH)
15 g/t Au; 1.3 g/t Ag
(grabs)
18.8 g/t (grab)

5
6
7
8
9
10
11

Au

Shear zone at contact of sedimentary
rocks and diorite
Quartz-carbonate-pyrite vein at contact of
diorite and sedimentary rocks
Quartz-pyrite vein in shear zone at contact
of basalt and QFP intrusion
Pyrrhotite-chalcopyrite (-pyrite-sphalerite)
stringer zone in Arbutus and Yeo
formations
Shear zone in Chester intrusive complex
tonalite
Quartz-pyrite vein hosted in felsic
intrusive rocks

Abbreviations: Ag = silver, Au = gold, Cu = copper, DDH = diamond-drill hole, Fe = iron, g/t = grams per tonne, Ni = nickel,
“(element)” = grades below MDI cut off, ppm = parts per million, QFP = quartz-feldspar porphyry, Zn = zinc.

ALTERATION AND METAMORPHISM
The oldest alteration event is the local replacement of primary mineralogy in the metavolcanic and
Chester intrusive complex rocks by chlorite and sericite. This synvolcanic alteration is most prevalent in
the Arbutus and Yeo formations, but is present locally throughout the map area. Later phases of
alteration, presumably syntectonic, overprinting the supracrustal rocks, include iron-carbonate, sericite,
chlorite and/or quartz alteration within deformation zones and are likely related to hydrothermal fluids
(Photo 7.2C). Lastly, syn- to posttectonic alteration is related to the emplacement of the granitoid
complexes (i.e., Ramsey–Algoma granitoid complex and the Kenogamissi Batholith) and is most
prevalent within 1 km of the granite–greenstone contacts. This late alteration is typically fracture
controlled and includes epidote, with lesser hematite and potassium feldspar alteration (Photo 7.2D).
Regional metamorphism of the area is typically lower greenschist facies, with locally observed upper
greenschist, amphibolite and hornfels facies. Lower greenschist-facies metamorphism is exhibited as
chlorite replacement of mafic minerals in the metavolcanic, metasedimentary and intrusive rocks. Regional
upper greenschist-facies metamorphism is present sporadically throughout the mafic metavolcanic rocks
of the map area and is identified by the presence of biotite laths. Amphibolite-facies metamorphism
occurs near the contacts between the metavolcanic rocks with the granitoid complexes and is identified by
the presence of garnet and medium-grained amphibole that represents recrystallization of originally very
fine-grained flows. Hornfels-facies metamorphism was observed along the margins of the Abitibi gabbro
dikes, where local high temperatures caused the growth of feldspars in the surrounding supracrustal rocks.
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MINERALIZATION
Two styles of potential economic mineralization were observed: volcanogenic massive sulphide
(VMS)–style base-metal mineralization and lode-gold–style mineralization. Notable mineral occurrences
within Yeo and Potier Townships are shown on Figure 7.2 and are summarized in Table 7.2.
Volcanogenic massive sulphide mineralization was observed in the Chester group metavolcanic rocks
and included narrow horizons (<2 m) of massive, semi-massive and/or stringer pyrite or pyrrhotite
(Photo 7.2E), with trace amounts of chalcopyrite, sphalerite and galena (e.g., see Figure 7.2; see Table 7.2:
number 9). The observed mineralization was hosted and surrounded by favourable alteration packages of
chlorite and/or sericite.
Lode-gold mineralization exhibits 3 distinct styles. The first is in east-trending, approximately 1 m
thick, shear zones in the Chester intrusive complex (see Figure 7.2; see Table 7.2: number 10) with
sericite and/or iron-carbonate alteration, quartz veining and pyrite-chalcopyrite mineralization. The second
is associated with sulphidation of ironstone units in the northern section of Yeo and Arbutus townships
where pyrite and arsenopyrite replaced magnetite layers, filled fractures and is present in quartz veins
(see Figure 7.2; see Table 7.2: numbers 3 and 5). The third style of lode-gold mineralization occurs as
shear zone–hosted quartz and/or iron-carbonate veins along Yeo Lake, and is exhibited by sericite, ironcarbonate and green mica alteration, and disseminated pyrite within and along the margins of veins within
the Yeo and Rush River formations (Photo 7.2F).

EXPLORATION RECOMMENDATIONS
It is recommended that exploration in the area remain focussed on the Chester group metavolcanic
rocks and the Chester intrusive complex, because both units have the potential for base-metal and lodegold mineralization. During mapping in 2016, significant base-metal mineralization potential was
identified, specifically as 1) localized disseminated, stringer and semi-massive pyrite and pyrrhotite with
trace galena, sphalerite and chalcopyrite along the contact of the Chester intrusive complex gabbro and
the felsic to mafic metavolcanic rocks of the Arbutus formation and 2) along the contact of the felsic to
intermediate metavolcaniclastic rocks of the Yeo formation with the mafic metavolcanic rocks of the
Rush River formation. Most of the aforementioned metavolcanic rocks are relatively permeable and
overlie a synvolcanic intrusion with known base metal and gold mineralization and, thus, represent a
target for volcanogenic massive sulphide mineral exploration.
In terms of lode-gold mineralization, the Opeepeesway formation hosts the Jerome (Osway
Township), Namex (Huffman Township) and multiple other gold-silver occurrences. Mapping in 2016
expanded the extent of the Opeepeesway formation another 3 km eastward across Schist Lake.
Consequently, further exploration of the eastern extension of the formation is warranted.
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INTRODUCTION
This summary of field activities for 2016 represents observations from the third field season in a
four-year PhD study of gold mineralization in the southern Swayze greenstone belt (SGB), and builds
upon work completed in the 2014 and 2015 field seasons (Hastie 2014; Hastie, Lafrance and Kontak
2015). Although, it is widely accepted that the SGB is the western extension the Abitibi greenstone belt
(AGB; van Breemen, Heather and Ayer 2006; Thurston et al. 2008; Ayer et al. 2010), it is referred to in
this article as the SGB rather than the AGB to facilitate geographical location.
The SGB is located approximately 40 km west of Shining Tree in northern Ontario and at present is
relatively underexplored compared to the remainder of the AGB. The reasons for the apparent lack of
gold deposits, compared to the remaining AGB and other global greenstone belts, have not been
addressed. Importantly, the 2009–2010 discovery of the Côté Gold deposit (circa 2740 Ma: Katz et al.
2015) (7.6 million ounces indicated and 1.1 million ounces inferred gold; IAMGOLD Corporation 2013),
which defines a new metallogenic gold event (Kontak, Creaser and Hamilton 2012), suggests that the
inferred lack of gold deposits may be more apparent than real.
This project draws on previous geological studies focussed on the tectonic and structural evolution of
the SGB (Heather 2001) to understand the nature and origin of its different types of gold deposits and to
address the issues noted above. Although Côté Gold is currently the only world-class gold deposit in the
SGB (Rogers et al. 2013; Katz et al. 2015), there are several smaller, but significant, gold deposits with
poorly constrained geological settings and genetic models (e.g., Jerome, Rundle, Kenty, Namex, 4K;
Figure 8.1). These latter deposits provide a basis to address the links between different types of gold
mineralization features and processes at the deposit scale and at a regional scale.
The main objectives of the project are to 1) compile and fully characterize the different types of gold
deposits in the southern SGB; 2) provide a tectonic framework for the formation of these different types
of gold deposits; 3) integrate these gold deposit types within the evolution of the SGB; and 4) compare
these results with models for evolution of gold-endowed Archean greenstone terranes.

Summary of Field Work and Other Activities 2016,
Ontario Geological Survey, Open File Report 6323, p.8-1 to 8-10.
© Queen’s Printer for Ontario, 2016
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Figure 8.1. Simplified geologic map of the southern Swayze greenstone belt displaying areas of study (enclosed by red line).
Location information provided as Universal Transverse Mercator (UTM) co-ordinates using North American Datum 1983
(NAD83) in Zone 17 (modified from Ontario Geological Survey 2011).
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GENERAL GEOLOGY
The SGB is located to the southwest of the AGB and is bounded by the Nat River granitoid complex
to the north, the Kenogamissi batholith to the east, the Ramsey–Algoma granitoid complex to the south,
and the Kapuskasing Structural Zone to the west (see Figure 8.1). The SGB contains intrusive and
extrusive rocks of ultramafic to felsic composition and both chemical and clastic metasedimentary rocks,
which, together, range in age from 2739 Ma to younger than 2690 Ma (Heather 2001; van Breemen,
Heather and Ayer 2006). Work by Ayer, Ketchum and Trowell (2002) indicates the presence of alkaline
volcanic rocks, with an age of 2670±2 Ma, in Swayze Township that are co-spatial with an east-trending
string of gold occurrences (e.g., Kenty and Rundle deposits; see Figure 8.1). These metavolcanic rocks are
temporally equivalent to the Timiskaming-type basins (<2669 Ma) found in the AGB, which are
dominated by coarse clastic metasedimentary rocks and minor alkaline metavolcanic rocks. In addition to
this, 2 gold-rich fault systems, termed the “Rundle high strain zone” and the “Ridout high strain zone”
(Heather 2001), extend across the central and southern portions of the SGB, respectively, and both have been
proposed as the possible westward extensions of the Larder–Cadillac deformation zone (Atkinson 2013).
The results of previous field work (Hastie 2014; Hastie, Lafrance and Kontak 2015), assessment of
exploration reports, and other academic studies (Heather 2001; Kontak, Creaser and Hamilton 2012) have
led to the identification of 6 gold deposits in the SGB representing 4 distinct deposit types. These deposit
types include the older intrusion-related Côté Gold deposit (circa 2740 Ma: Katz et al. 2015), the younger
and possibly intrusion-related (syenite-associated?) Jerome, Rundle and Namex deposits, greenstonehosted Kenty deposit, and banded iron formation–hosted 4K gold deposits (see Figure 8.1).

RESULTS OF SUMMER FIELD WORK
Reconnaissance work in the region to locate access roads, to assess the regional geology and to
compile any information on historic gold occurrences was done during the 2014 field season to prioritize
the representative deposits representing the 4 deposit types (e.g., Jerome, Kenty, Rundle, Namex, 4K
deposits; see Figure 8.1). The main tasks of the 2016 field season were to 1) revisit all deposits to
complete their characterization; 2) perform a detailed study of the Namex deposit because samples
collected during the summer 2014 returned significant gold values; 3) determine if the Shunsby deposit
contains gold values that would warrant further investigation as a gold-bearing volcanogenic massive
sulphide deposit; and 4) visit the Royal Ontario Museum and their collections of gold samples from the
AGB to assess the similarity and differences among gold mineralization at different mines, and select
samples to compare geochemical signatures of deposits in the SGB and AGB.
In total, 84 samples were collected during the 2016 field season, of which 48 were collected from
outcrops at the Namex and Shunsby deposits. A brief description of the results of the summer’s mapping and
sampling at these 2 deposits is provided, along with a description of the visit to the Royal Ontario Museum.

Namex Deposit
The Namex deposit (see Figure 8.1), so named by its recent development in 2007–2008 by Namex
Explorations Inc. (formerly Huffman Lake property), is located in the southeast corner of Huffman
Township just south of Huffman Lake. The deposit is currently owned by IAMGOLD Corporation and
can be accessed from the Yeo road. The Namex outcrop is a 340 by 140 m stripped exposure located
within the Ridout high-strain zone. Detailed mapping focussed on the eastern portion of the outcrop
where the majority of gold mineralization is hosted (Figure 8.2). A feldspar porphyry unit, which
constitutes roughly one third of the outcrop, consists of 15 modal %, euhedral to subhedral, feldspar
phenocrysts (0.5 to 2 cm) within a medium- to fine-grained matrix of feldspar, muscovite, quartz and
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ankerite (Photo 8.1A). It contains rare xenoliths of conglomerate clasts and is intrusive to the bounding
polymictic conglomerate (Photo 8.1B). A unit of polymictic conglomerate makes up the remainder of the
outcrop (see Figure 8.2) and contains moderately to strongly deformed, elongate clasts (10 to 50 cm) of
mafic to felsic volcanic rocks, gabbro, iron formation, breccia, and feldspar porphyry rocks (Photo 8.1C).
The matrix of the conglomerate shows a shift from a dominantly felsic composition (quartz + feldspar +
ankerite + muscovite) in the eastern part of the exposure to a mafic composition (chlorite + feldspar +
quartz + muscovite) in the western part of the exposure. The conglomerate is clast supported in the
southern part of the exposure, and matrix supported in the northern part of the exposure. Rare top indicators
seen in the matrix-supported portions of the stripped exposure and represented by cross-bedding in
greywacke matrix indicate a consistently north-younging direction (Photo 8.1D).
Structural features can be separated into 3 generations of structures, based on overprinting
relationships, which postdate the formation of the basin in which the conglomerates were deposited.

Figure 8.2. Geologic outcrop map of the Namex East stripped exposure at the Namex deposit. Location information provided as
UTM co-ordinates using NAD83 in Zone 17.

8-4

Earth Resources and Geoscience Mapping Section (8)

E.C.G. Hastie et al.

Photo 8.1. Outcrop photos from the Namex deposit. A) Representative photo of feldspar porphyry (“Fsp”) intrusive unit.
B) Feldspar porphyry containing a conglomerate clast and showing an intrusive contact (red dashed line) with the polymictic
conglomerate. Lens cap is 5 cm in diameter and top of photo is south. C) Representative photo of polymictic conglomerate.
D) Cross-bedding in greywacke matrix of conglomerate, which indicates younging to the north (top of the photo). E) Photo
showing G1 structures overprinting bedding in conglomerate. Bedding (S0) defined by coarse clast-dominated beds in
conglomerate shown by blue lines. Foliation (S1), shown by dashed red line, is axial planar to isoclinal F1 folds. Top of photo is
west. F) Photo of sinistral quartz extension vein in conglomerate, which shows overprinting dextral fringe structures. Top of
photo is north.
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The oldest generation of structures (G1) is represented by isoclinal, east- and west-striking, F1 folds
defined by folded and transposed, clast-supported conglomerate beds. A cleavage (S1), which is defined
by the long axis of flattened clasts and by a closely spaced (1 mm) sericitic and chloritic cleavage in the
sandy conglomerate matrix, is axial planar to the F1 folds (Photo 8.1E). Early, steeply dipping and both
east- and west-striking, barren quartz veins are boudinaged parallel to S1 cleavages. The feldspar porphyry
and conglomerate units also show boudinaged contacts that are crosscut at boudins necks by a second
generation of steeply dipping, north- and south-striking extensional veins, which also cut the early barren
veins and are consistent with north-to-south compression.
A second generation of structures (G2) are represented by tight to isoclinal outcrop-scale F2 folds
with S-shaped asymmetry overprinting S1 cleavages. The folds plunge roughly 70° toward east-southeast
(see Figure 8.2). A third generation of extensional veins, consisting of quartz-ankerite-tetrahedrite, cuts
across the S1 cleavage. The veins are steeply dipping, strike both northeast and southwest, and show F2
S-shaped asymmetry (Photo 8.1F). Evidence from G2 structures point to sinistral shearing consistent with
northeast-to-southwest bulk shortening.
A third generation of structures (G3) is expressed by a strong S3 foliation overprinting the S1 cleavages
and the axial plane of S-shaped F2 folds. The S3 foliation is a closely spaced (1 mm) fabric, defined by
muscovite and chlorite. The S3 foliation is anticlockwise to S1 and to lithological contacts, and overprints
the axial plane of sinistral F2 folds locally (see Figure 8.2). Folding of S3 along the margin of extensional
veins produced asymmetrical fringe structures, indicating dextral movement after sinistral (see Photo 8.1F).
An L3 mineral stretching lineation, plunging approximately 15° toward the east, is present along the
S3 foliation. In addition, a fourth generation of extensional quartz + ankerite + tetrahedrite veins have
been observed, which are steeply dipping, strike both northwest and southeast, and display Z-shaped
asymmetry. These G3 structures collectively suggest dextral shearing consistent with northwest-tosoutheast bulk shortening.
Gold mineralization has 2 associations at the Namex deposit. 1) Low-grade gold (0.1–1 ppm Au) is
present as disseminated pyrite hosted dominantly within the feldspar porphyry. Two drill holes from
Namex Explorations Inc. showed an average grade of roughly 0.2 ppm Au over 100 m in both drill holes
(Winter 2008). Samples of the feldspar porphyry rocks assayed as part of this study (Hastie 2014) show a
very similar average grade. 2) Higher grade gold and silver values (1.5–11 ppm Au and 40–205 ppm Ag)
from the 2015 field samples are associated with tetrahedrite that forms within both sinistral and dextral
extension veins described above.
During the 2014 and 2015 field seasons, samples from both the conglomerate and the feldspar
porphyry rocks were sent to Jack Satterly Geochronology Laboratory at the University of Toronto for
U/Pb analyses of zircons to determine the ages of the 2 units. The feldspar porphyry returned an age of
2710±3 Ma using isotope-dilution–thermal ionization mass spectrometry (ID–TIMS) (Kamo 2015a,
2015b) and the conglomerate returned an age of younger than 2680±3 Ma using laser ablation inductively
coupled plasma mass spectrometry (LA-ICP–MS) (Davis 2016). The feldspar porphyry shows convincing
intrusive contacts with the conglomerate, which suggests that the zircons analyzed from the feldspar
porphyry rocks are inherited. Remaining zircons from this sample will be analyzed using LA-ICP–MS to
determine if there are any younger populations of zircons consistent with the field relationships.

Shunsby Deposit
The Shunsby deposit (see Figure 8.1), currently owned by BWR Exploration Inc. (formerly Black
Widow Resources Inc.), is located in the southern SGB, in the central portion of Cunningham Township,
approximately 2 km northeast of the Isaiah Creek stock. This deposit is currently classified as a
volcanogenic massive sulphide deposit (Sobie 2013) and mineralization is hosted primarily within
brecciated chert-argillite units that contain large amounts chalcopyrite, sphalerite and galena.
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Early in the 2016 field season, particular attention was paid to 3 outcrops—Copper Breccia, Copper Knob
and Main Zone—with significant historic results for copper and zinc. These exposures were visited and
sampled extensively to determine if the Shunsby deposit is a gold-bearing volcanogenic massive sulphide
deposit. Assay results of samples (Table 8.1) indicate that, although there is significant copper, zinc, lead
and silver mineralization, all gold values returned results below detection limit. Thus, no further work will
be done on this deposit.

Table 8.1. Assay results from samples collected at 3 stripped exposures of the Shunsby deposit in Cunningham Township.
Sample
Number
232901
232902
232903
232904
232905
232906
232907
232908

Exposure Name
Copper Breccia
Copper Breccia
Copper Breccia
Copper Breccia
Copper Breccia
Copper Breccia
Copper Breccia
Copper Breccia

Easting
(m)
375638
375637
375637
375634
375632
375632
375629
375628

Northing
(m)
5285994
5286000
5285997
5285998
5286002
5286002
5286009
5286001

Cu
(ppm)
160 309
143 147
14 973
95 370
90 867
471
28 481
51 768

Pb
(ppm)
1503
280
136
229
82
69
855
323

Zn
(ppm)
17 761
10 693
21 764
2491
1119
206
23 722
4433

232909
232910
232911
232912
232913
232914
232915
232916
232917
232918
232919
232920

Main Zone
Main Zone
Main Zone
Main Zone
Main Zone
Main Zone
Main Zone
Main Zone
Main Zone
Main Zone
Main Zone
Main Zone

375784
375791
375791
375754
375800
375805
375802
375799
375786
375775
375779
375779

5286111
5286114
5286127
5286131
5286137
5286172
5286168
5286169
5286156
5286149
5286154
5286154

4928
328
683
135
278
22
179
313
29 078
66 904
129 695
52 014

26
505
1936
<14
116
17
202
1550
741
359
780
1458

32 283
4549
14 638
23
172
11
57
2496
33 355
327
714
2749

<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
<0.1
0.2
0.6
0.2

<0.016
<0.016
<0.016
<0.016
<0.016
<0.016
<0.016
<0.016
<0.016
<0.016
<0.016
<0.016

232921
232922
232923
232924
232925
232926
232927
232928
232929
232930

Copper Knob
Copper Knob
Copper Knob
Copper Knob
Copper Knob
Copper Knob
Copper Knob
Copper Knob
Copper Knob
Copper Knob

375726
375730
375724
375734
375716
375718
375717
375719
375719
375719

5286150
5286156
5286161
5286163
5286166
5286167
5286165
5286166
5286166
5286166

146
415
50 464
77 713
39 168
68348
11 826
44 275
121 007
88 478

55
35
194
400
63
307
76
132
110
158

579
44
21 755
921
14 824
1625
233
5003
>40 000
15 691

<0.1
<0.1
1.1
0.3
<0.1
<0.1
1.1
<0.1
0.4
3.5

<0.016
<0.016
<0.016
<0.016
<0.016
<0.016
<0.016
<0.016
<0.016
<0.016
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Ag
(oz/ton)
0.5
1.4
<0.1
0.1
1
<0.1
2.2
<0.1

Au
(oz/ton)
<0.016
<0.016
<0.016
<0.016
<0.016
<0.016
<0.016
<0.016
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Abitibi Gold at the Royal Ontario Museum
At the end of the field season, permission was granted by the Royal Ontario Museum to visit and
examine gold samples from across Ontario and Quebec, with specific focus on gold deposits from the
AGB. During this visit, 222 samples were studied with the intent to photograph the samples, to document
textural relationships of mineral phases with the gold, and to obtain samples from 42 well-known gold
deposits for further study. It is significant to note that visible gold shows textural relationships with host
rocks and quartz (Photo 8.2), which suggest a late-stage paragenesis. The small representative subsamples
collected will be used to compare geochemical signatures of quartz and gold to deposits within the
southern SGB, and to refine our understanding of mechanisms for high-grade gold deposition and
remobilization.

Photo 8.2. Photos of representative hand specimens of visible gold from deposits in the AGB. A) Gold in quartz from the
Croesus deposit in Munro Township east of Matheson (LM47270). B) Gold in quartz plus wall rock from the Kerr Addison
deposit in Virginiatown (M38709). C) Gold in quartz from the McIntyre Mine in Timmins (M36549). D) Gold in quartz plus
wall rock from the Dome Mine in Timmins (M22586). Photos were taken with the permission of the Ontario Geological Survey
and the Royal Ontario Museum.
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CONCLUSIONS AND FUTURE WORK
This report and those of Hastie (2014) and Hastie, Lafrance and Kontak (2015) suggest that multiple
types of gold deposits occur in the SGB and that they likely reflect different gold events based on their
nature and settings.
The Namex deposit represents low-grade gold mineralization hosted within feldspar porphyry that
intruded Timiskaming-type conglomerates younger than 2680±3 Ma. The porphyry unit has evidence of
late higher grade quartz + ankerite + tetrahedrite veins that formed during sinistral shearing, which was
then overprinted by dextral shearing. The close association of early pyrite mineralization to feldspar
porphyry rocks prior to shearing indicates that this gold mineralization may be intrusion related. Therefore,
this deposit may have analogues to gold mineralization in the Kirkland Lake mining camp of the AGB.
Future work on the sampled gold deposits will focus on characterizing the nature and location of the
gold, the host rock types, alteration assemblages, structural controls and relative timing of mineralization
in order to properly classify the deposits and determine how they fit into the overall evolution of the SGB.
A comparison of gold-related studies in the AGB, combined with samples obtained from the Royal
Ontario Museum on historic AGB gold deposits, will also contribute to improving our understanding of
the reasons for the presently perceived differences of gold endowment and past production between the
AGB and the SGB. The results from the gold deposits characterized in this study (Kenty, Rundle, Jerome,
Namex and 4K deposits) suggest that there are many exploration opportunities within the SGB, in
addition to the potential inferred by the presence of the Côté Gold deposit. Thus, the SGB may offer one
of Ontario’s best opportunities to host previously unknown gold deposits and to develop both historic
deposits and recently found occurrences using modern mining methods.
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INTRODUCTION
The Swayze greenstone belt is widely accepted as the western extension of the Abitibi greenstone
belt (van Breemen, Heather and Ayer 2006; Thurston et al. 2008; Ayer et al. 2010). However, it is still
referred to as the Swayze greenstone belt in this article to facilitate the description of geographic location.
Previous studies have identified at least 3 phases (G1 to G3) of ductile deformation (e.g., Wu and Lin
2015). Although the later strike-slip structures (G2 and G3) have been well constrained, the kinematics and
the nature of the first generation of structures (G1) remain unclear. In the 2016 field season, regional
structural mapping was carried out around the granitoid–greenstone boundaries in the southeastern
Swayze greenstone belt (Figure 9.1) to systematically document the G1 structures: these findings are
summarized in this report.

GENERAL GEOLOGY
The study area is located in the southeastern part of the Swayze greenstone belt, where supracrustal
rocks of the belt are bounded to the north by the Kenogamissi Batholith and to the south by the Chester
intrusive complex and the Ramsey–Algoma granitoid complex (see Figure 9.1). The Kenogamissi
Batholith is a multiphase intrusive complex with prolonged magmatic activities, within which 2 phases
are relevant to this study: the Neville pluton and the Somme pluton. The Neville pluton is a crescentshaped intrusion, located at the southern margin of the Kenogamissi Batholith, in contact with the
supracrustal rocks. The pluton is mainly composed of amphibole-bearing quartz monzonite to
granodiorite, with a weak northeast-trending, steeply dipping foliation. The foliation is identified as S1
based on regional structural correlation (see “Structural Analysis”). The foliation intensifies and its
orientation changes gradually to east-trending toward the contact with the greenstone belt, where the
pluton is mylonitized. The Somme pluton is situated to the north of the Neville pluton and is a mediumto coarse-grained granodiorite to granite. The absence of deformation-related fabrics and its young
emplacement age (2662±4 Ma: Ayer and Trowell 2002) support the interpretation that the pluton is a
posttectonic intrusion. The Chester intrusive complex is a subvolcanic high-level intrusion (Berger 2012)
mainly composed of medium- to coarse-grained gabbro and diorite (Berger 2012; Gemmell 2015; Katz et
al. 2015). The Ramsey–Algoma granitoid complex is mainly composed of quartz diorite and tonalite with
east-trending gneissic bandings or ductile foliation, parallel to the regional S1 foliation.
The metavolcanic rocks in the study area range from mafic to felsic in composition and can be in the
form of volcanic flow or volcaniclastic rocks. They can be stratigraphically correlated to volcanic cycles
in Abitibi greenstone belt (Ayer et al. 2002). On the scale of the greenstone belt, the volcanic rocks are
folded and deformed by multiple generations of high-strain zones (Heather 2001).
Summary of Field Work and Other Activities 2016,
Ontario Geological Survey, Open File Report 6323, p.9-1 to 9-7.
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The Timiskaming-type metasedimentary rocks stratigraphically overlie the volcanic package. In the
field, the Timiskaming-type metasedimentary rocks consist of sandstone interlayered with pebble beds
and clast-supported conglomerate with cobble- to boulder-size clasts. The clasts are usually from felsic
volcanic rocks, banded iron formations and intrusive rocks (e.g., diorite and tonalite). The size of the
clasts generally increases from south to north. The beddings are tilted to vertical and the younging
directions, where observed, are invariably to the north (Photo 9.1A). Deformation of the Timiskamingtype metasedimentary rocks is concentrated near the boundaries of the unit. The southern boundary of the
Timiskaming-type metasedimentary rocks is characterized by the development of L-S tectonite. However,
the kinematics related to the L-S tectonite is yet to be resolved (Photo 9.1B). The northern boundary
shows evidence for north-side-up shearing (Photo 9.1C). The significance of these observations will be
discussed in the following section.

STRUCTURAL ANALYSIS
At least 3 generations (G1 to G3) of ductile deformation are identified in the southern Swayze greenstone
belt. Discrete phases of structures are labelled as generation (G) instead of deformation (D) because there may
be more than 1 generation (G) of structures in a single progressive deformation event (D) (Lin 2001).
Herein, the supracrustal sequence is subdivided into 2 domains to facilitate the description of the G1
structural pattern. The northern domain includes the volcanic package south of the Neville pluton and
north of the Timiskaming-type metasedimentary rocks (see Figure 9.1). The southern domain includes the

Figure 9.1. Simplified geological map of the southeastern Swayze greenstone belt. The northern and southern domains are
delineated by grey dotted lines and grey shading superimposed on the geology. Geology is modified from Heather and Shore (1999)
and Ayer and Trowell (2002) based on observations from this study. Universal Transverse Mercator (UTM) co-ordinates
provided using North American Datum 1983 (NAD83) in Zone 17T.
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volcanic package north of the Ramsey–Algoma granitoid complex (as well as the Chester intrusive
complex) and south of the Timiskaming-type metasedimentary rocks (see Figure 9.1). In both domains,
the G1 deformation is characterized by a penetrative S1 foliation and mineral L1 lineation. The structural
details of the 2 domains are discussed as follows.
In the northern domain, the G1 deformation affects both the Neville pluton and the supracrustal
rocks. The S1 foliation generally follows the granitoid–greenstone contact, striking southeast in the
western part of the area and east in the eastern part. The S1 foliation dips steeply to the southwest or to the
south. The S1 foliation is parallel to dikes, petrographically similar to the Neville pluton, which intrude
into the mafic metavolcanic rocks. Garnet porphyroblasts within the supracrustal rocks near the granitoid–
greenstone contact have been found sporadically and are likely the expression of a contact metamorphism.
In the supracrustal formations, the S1 foliation is characterized by the alignment of chlorite and amphibole
within the metavolcanic rocks. The L1 lineation is defined by elongate amphiboles in mafic rocks and by
elongate plagioclase and/or quartz aggregates in felsic rocks (Photos 9.2A and 9.2B). The L1 lineation is
best developed at the granitoid–greenstone contact and decreases in intensity southward, possibly as a

Photo 9.1. Structures in the Timiskaming-type metasedimentary rocks. A) Cross-bedding in metasandstone shows that the
younging direction is to the north; Huffman Township (UTM 417539E 5271432N); horizontal surface. B) Steep east-plunging
L1 lineation in a Timiskaming-type metasedimentary rock at its southern contact with felsic volcanic rocks; Yeo Township
(UTM 422751E 5270320N); vertical surface. For scale, the pencil is 14.5 cm long. C) S-C fabric in the Timiskaming-type
metasedimentary rocks near its northern contact with mafic volcanic rocks shows a north-side-up shear sense; Osway Township
(UTM 406063E 5276316N); vertical surface. All UTM co-ordinates provided using NAD83 in Zone 17T.
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result of the weakening of deformation or because of overprinting by later deformation. The L1 lineation
generally trends westward (Figure 9.2A) and plunges steeply at the granitoid–greenstone contact and
gradually changes to a moderate to shallow plunge approaching the northern boundary of Timiskamingtype metasedimentary rocks. Kinematic indicators, where observed, all show a north (i.e., pluton)-side-up
sense of shear on vertical surface and dextral sense of shear of horizontal surface (Photo 9.2C).
In the southern domain, the G1 generation is defined by a penetrative S1 foliation or gneissosity in the
Ramsey–Algoma granitoid complex and the alignment of chlorite or amphibole in mafic metavolcanic
rocks. The S1 foliation dips steeply to the north and is most pronounced at the granitoid–greenstone
contact. The L1 lineation is down-dip at the granitoid–greenstone contact where the amphibolite-facies
metavolcanic rocks are deformed to L-tectonites (Photo 9.2D). It weakens in intensity and changes to

Photo 9.2. Structures in the volcanic packages on vertical surfaces. All photos are taken at the granitoid–greenstone contacts
unless otherwise indicated. A) West-plunging L1 mineral lineation in the mafic metavolcanic rocks in the northern domain;
St. Louis Township (UTM 445841E 5273496N). For scale, the part of pencil shown in the photo is approximately 3 cm long.
B) West-plunging L1 mineral lineation in the intermediate metavolcanic rocks in the northern domain, away from the granitoid–
greenstone contact; Huffman Township (UTM 416963E 5273802N). For scale, the part of pencil shown in the photo is
approximately 2 cm long. C) S-C fabric in mafic metavolcanic rocks in the northern domain showing north-side-up sense of
shear; Neville Township (UTM 428483E 5271214N). D) Down-dip L1 mineral stretching lineation defined by elongate
amphibole in amphibolite, southern domain; Arbutus Township (UTM 411764E 5270043N). For scale, the diameter of the coin
is 19 mm. E) S-C fabric in felsic lapilli tuff shows south-side-up sense of shear, southern domain; Osway Township (UTM
403316E 5272200N). For scale, the pencil is 14.5 cm long. All UTM co-ordinates provided use NAD83 in Zone 17T.
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moderately east plunging up to the southern boundary of Timiskaming-type metasedimentary rocks
(Figure 9.2B). The kinematics at the granitoid–greenstone contact is invariably south (pluton-)-side-up on
vertical surface and dextral sense of shear of horizontal surface (Photo 9.2E).
In supracrustal rocks, the G2 event overprints G1 structures in both northern and southern domains
and is characterized in the field by discrete shear zones. Throughout both domains, these shear zones
display a variety of shear sense indicators giving a general sinistral shear sense. Moreover, S-shaped drag
fold and crenulation cleavage clockwise to the S1 foliation are also consistent with an overall sinistral
shearing. However, and as mentioned in “General Geology”, kinematics observed in the mylonitized
conglomerate at the northern margin of Timiskaming-type metasedimentary rock shows locally northside-up movement on the vertical surface, but, in this conglomerate, the kinematics are associated with
sinistral sense of shear on horizontal surface. The associated lineation, where observed, plunges
moderately to the east. This sinistral horizontal component contrasts with the general dextral component
found in the northern domain for the G1 structures. On the other hand, both sets of horizontal component
possess exactly the same north-side-up shearing that can create a strong uncertainty when assigning such
structures to either the G1 or G2 event. The ambiguity here would be only restricted to the northern
domain defined for the G1 event because the vertical motion for the southern domain would be different
between the G1 and G2 events. Such ambiguity for the northern domain would also be difficult to
determine in the field if, for instance, the horizontal plane of observation is missing.
Here, and based on the sinistral shearing in the horizontal surface, the movement is tentatively
correlated to the G2 event. Alternatively, it is also possible that this sinistral north-side-up shearing could
be another event distinct from the G1 and G2 events. Further investigation into microstructures and
geochronology is needed to definitively correlate this deformation to regional deformation phases.

Figure 9.2. Equal-area lower-hemisphere projections of L1 lineations in southeastern Swayze greenstone belt area.
A) L1 lineations in the northern domain and B) L1 lineations in the southern domain. Abbreviations: GGC: granitoid–greenstone
contact, TMR: Timiskaming-type metasedimentary rock.
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The G3 deformation overprints both G1 and G2 structures and is usually associated with a dextral
shear. The G3 structures are best preserved at lithological contacts and are characterized by dextral shear
sense indicators, Z-shape drag folds, F3 foliation and crenulation cleavage counterclockwise to an earlier
foliation. No structures indicative of vertical movement are associated with G3 deformation. Therefore,
the G3 deformation probably represents a regional dextral strike-slip reactivation.

DISCUSSIONS
At least 3 phases of structures are identified in the southern Swayze greenstone belt. Evidence of the
G1 event is most intense at the granitoid–greenstone contacts, both to the north and to the south. The
L1 lineation is moderately to steeply plunging and trends to the west in the northern domain, but to the
east in the southern domain. Shear sense indicators, combined with the orientation of the lineations at
both the contacts, suggest an oblique movement with a pluton-side-up dip-slip component and a dextral
strike-slip component. The pluton-side-up movement on both boundaries, as well as the S1 fabrics parallel
with sills petrographically identical to the Neville pluton and contact metamorphism, suggest that the
G1 event was probably coeval with pluton emplacement. The G2 and G3 deformations are, respectively,
sinistral and dextral shearing events and their field expression is restricted to discrete shear zones. Therefore,
their influence on the overall geometry of the greenstone belt is probably limited. Thus, it is interpreted
that G1 deformation probably controls the structural pattern of the southern Swayze greenstone belt.
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INTRODUCTION
The geology of the Flint Lake area was mapped at a scale of 1:20 000 in the summer of 2016 as part
of a multi-year mapping study of the Rowan–Kakagi greenstone belt. The regional study builds on the
geological mapping carried out in the area by workers, such as Davis and Morin (1975), Blackburn, Beard
and Rivett (1981) and Johns (2007). The current regional study was undertaken to resolve the structure of
the greenstone belt and to define the style and timing of alteration and gold mineralization in the context
of the regional deformation history (Meade 2015).
Located approximately 80 km southeast of Kenora, the Flint Lake area was identified by
reconnaissance mapping in 2015 (Meade 2015) as having excellent exposures of deformed volcanic rocks
within the Pipestone–Cameron fault zone, a major regional structure that is spatially associated with gold
mineralization. Detailed mapping of outcrops around Flint Lake, including the southern portion of
Dogpaw Lake and Caviar Lake, has provided valuable insight into the kinematics and styles of
deformation that characterize the Pipestone–Cameron fault zone (Figure 10.1).
Geological mapping was carried out in conjunction with detailed structural analysis of gold
occurrences in the study area (Krapf-Jones, Meade and Lin, this volume).

GEOLOGICAL SETTING
Flint Lake is transected by a number of discrete high-strain zones that constitute the Pipestone–
Cameron fault zone, which is a major crustal-scale structure that can be traced from Lake of the Woods
southeast to the Cameron Lake area (see Figure 10.1). The Pipestone–Cameron fault zone juxtaposes rocks
of the Kakagi Lake greenstone belt in the southwest and the Rowan Lake greenstone belt to the northeast.
At Flint Lake, rocks of the Kakagi Lake greenstone belt include intermediate pyroclastic rocks of the
“Kakagi Lake volcanics” (2724–2711 Ma), as well as differentiated mafic to ultramafic sills known as the
Kakagi sills (Edwards 1976; Trowell, Blackburn and Edwards 1980). In the study area, the Kakagi sills
form the north limb of the Emm Bay syncline, a macro-scale fold structure exposed in Kakagi Lake (see
Figure 10.1).
Northeast of the Pipestone–Cameron fault zone, the Rowan Lake greenstone belt includes a
succession of pillowed mafic flows called the “Rowan Lake volcanics” and a succession dominated by
intermediate pyroclastic rocks known as the “Cameron Lake volcanics” (Melling 1988; 2732±2 Ma:
Lewis, Kamo and Lodge 2012).
Summary of Field Work and Other Activities 2016,
Ontario Geological Survey, Open File Report 6323, p.10-1 to 10-6.
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Figure 10.1. Simplified geological map of the Rowan–Kakagi greenstone belt (modified from Johns 2007). Flint Lake study
area outlined in black. Abbreviations: AB, Aulneau Batholith; AtB, Atikwa Batholith; CaL, Caviar Lake; CL, Cameron Lake;
CLSZ, Cameron Lake shear zone; DB, Dryberry Batholith; DPL, Dogpaw Lake, ES, Emm Bay syncline; FL, Flint Lake;
LOW, Lake of the Woods; MCSZ, Monte-Cristo shear zone; NLS, Nolan Lake stock; PCFZ, Pipestone–Cameron fault zone;
RL, Rowan Lake; SA, Shingwak anticline; SL, Stephen Lake; SLP, Stephen Lake pluton; WF, Wabigoon fault. Universal
Transverse Mercator (UTM) co-ordinates are provided using North American Datum 1983 (NAD83) in Zone 15.
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A number of late-tectonic intermediate to felsic granitoid plutons occur adjacent to the Flint Lake
area, these include Stephen Lake pluton (2699±2 Ma: Davis and Edwards 1986) and the Nolan Lake stock
(2705±4 Ma: Lewis, Kamo and Lodge 2012) (see Figure 10.1). A suite of late syntectonic feldspar
porphyry and quartz-feldspar-porphyry dikes also occur along the trace of the Pipestone–Cameron fault
zone (Meade 2015).
Numerous gold occurrences are located along the Pipestone–Cameron fault zone, including the
Cameron Lake deposit with measured + indicated resources of 0.569 million ounces (Drabble et al. 2015,
p.16, their Table 1.1). The Cameron Lake deposit is characterized as a structurally controlled, vein-hosted
deposit in which gold is associated with pyritic, quartz-albite breccia veins in strongly carbonatized and
sericitized mafic volcanic rocks (Melling 1988). Smaller gold mineralized zones in the Flint Lake area
include the Dogpaw deposit and the Dubenski deposit (Krapf-Jones, Meade and Lin, this volume).

HIGHLIGHTS OF MAPPING IN 2016
Preliminary interpretations of deformation features within the Pipestone–Cameron fault zone
observed in the Flint Lake area are presented below.
The Flint Lake area is deformed by a number of steeply north-dipping, discrete high-strain zones that
range in width from a few metres to a few tens of metres. High-strain zones are characterized by strong planar
fabric development and strong to intense iron-carbonate alteration, often identifiable in outcrop by their shaly
weathering pattern (Photo 10.1A). The alteration intensity is varied across the high-strain zones. The central
portions of the high-strain zones are intensely altered, such that all primary mineralogy is replaced by iron
carbonate, quartz and sericite. The margins of iron carbonate–replacement zones are strongly foliated and
pervasively altered, but transposed primary features, such as pillow selvages, can be discerned. Iron carbonate
occurs as colour banding parallel to the main foliation, as well as in veins and fractures.
Intensely altered portions of high-strain zones rarely preserve kinematic indicators or fabric elements
indicative of shearing. Linear fabrics are also rarely observed, with the exception of rare horizontal
slickenlines on phylonitic foliation planes, which are interpreted to represent only very late seismic
movement in the shear zone. The less-altered marginal portions of the high-strain zones tend to be far
more informative. A number of deformation zones are exposed along the shorelines of Dogpaw Lake and
Flint Lake that show good kinematic indicators; these exposures are the basis for the current discussion.
Kinematic indicators include 1) extensional shear bands (locally carbonate filled) (Photo 10.1B),
2) boudinaged and rotated quartz-carbonate veins (Photo 10.1C), and rare small-scale Z-folds (Photo 10.1D).
Kinematic indicators are best observed on horizontal surfaces and consistently show apparent dextral shear
sense. Mineral lineations and stretching lineations are expressed on steeply north- to northeast-dipping
foliation planes. Lineations have varied plunges, from about 40° toward the west, to down dip, suggesting that
there was a significant oblique-slip component to dextral transpression (Lin and Jiang 2001) (Photo 10.1E).
An important high-strain zone is exposed in Flint Lake, where a northeast-trending gabbro sill,
assigned to the Kakagi sills, is deformed by a very strongly developed east-trending foliation fabric
(see Figure 10.1). The foliation transposes the sill into parallelism with the Pipestone–Cameron fault
zone, truncating it and juxtaposing it against mafic volcanic rocks to the north (Photo 10.1F). The map
pattern produced by shearing of the gabbro sills into the Pipestone–Cameron fault zone is consistent with
deformation on a dextral transpressional shear zone (see Figure 10.1). The discontinuity defined by
truncation of the gabbro sill has been used to define the trace of the Pipestone–Cameron fault zone
(e.g., Davis and Morin 1975); however, discrete shear zones associated with deformation in the Pipestone–
Cameron fault zone occur over a wide area from the north shore of Flint Lake to the shear zone–hosted
Dubenski gold deposit south of Flint Lake (see Figure 10.1, gold prospect 2). The cross section exposed at
Flint Lake indicates that the Pipestone–Cameron fault zone is locally up to 2.5 km wide.
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Photo 10.1. A) High-strain zone exposed at Dogpaw Lake showing intense iron carbonate-quartz-sericite alteration with
characteristic phylonitic foliation fabric (434743E 5467301N). B) Extensional shear bands in strongly deformed and altered
mafic volcanic rocks (434461E 5467558N). C) Rotated, boudinaged quartz-carbonate vein with apparent dextral shear sense
(432714E 5470041N). D) Small-scale fold with Z asymmetry (432773E 5469930N). E) Steeply plunging, down-dip mineral
lineation locally well developed in Pipestone–Cameron fault zone exposed on Dogpaw Lake (433211E 5470787N). F) Strongly
developed ductile foliation fabric in gabbro of Kakagi sill exposed within the Pipestone–Cameron fault zone at Flint Lake
(437869E 5465426N). Photo locations provided as UTM co-ordinates using NAD83 in Zone 15.
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Discrete shear zones are separated by areas of low strain where primary textures are preserved. The
pattern of high- and low-strain zones suggests that the Pipestone–Cameron fault zone may best be
described, on a macro scale, as a sinuous network of narrow, ductile shear zones with numerous “rafts” of
undeformed rock occurring within the fault zone. Low-strain zones are typically dominated by the
intermediate pyroclastic rocks that occur in the “Rowan Lake volcanics” and “Cameron Lake volcanics”,
suggesting that shearing was predicated on rocks with more mafic compositions. Fine-grained mafic rocks
are more susceptible chemically to iron-carbonate alteration; once altered, they act as zones of weakness.
This association may suggest an important genetic link between contemporaneous alteration and
deformation.
The Pipestone–Cameron fault zone is shown on regional-scale maps of the Rowan–Kakagi area as
having a prominent left-stepping jog in the Flint Lake area (Blackburn, Beard and Rivett 1981; Johns
2007). Detailed mapping during this study identified a subtle, but mappable, change in orientation of
foliation fabrics from northwest-trending on the west side of Dogpaw Lake to west-trending at Flint Lake.
Another inflection occurs in the area east of Flint Lake where the fault zone strikes northwest, coincident
with the eastern shoreline of Stephen Lake (see Figure 10.1). The transition zone between the northwestand west-trending fault segments at Flint Lake is poorly exposed, but structural styles and fabric elements
are similar in both fault segments. Furthermore, no crosscutting fabrics were observed that would suggest
the northwest- and west-trending fault segments are separate structures; they are, therefore, interpreted to
constitute a continuous, curved, ductile shear zone.
The inferred jog in the Pipestone–Cameron fault zone is coincident with gold mineralization at the
Dogpaw deposit located south of Dogpaw Lake (see Figure 10.1, gold prospect 1). The deposit is
associated with a northwest-trending shear zone called the Dalby Bay shear zone (Krapf-Jones, Meade
and Lin, this volume). The shear zone is thought to represent a second-order structure associated with
deformation at the fault jog during shearing along the Pipestone–Cameron fault zone.

DISCUSSION
The complexity of the internal structural geometry of the Pipestone–Cameron fault zone is evident
from mapping in the Flint Lake area. The fault zone is wide with discrete deformation zones occurring in
both the footwall and hanging wall of the main break that defines the fault. The orientation of the fault
zone is varied, giving rise to second-order deformation features and localized fault splays; a study of
historic gold occurrences within the fault zone demonstrates that such structures have the potential to host
gold mineralization.
Mapping data and rock samples for optical microstructural analyses are currently being processed to
better define the structural styles and kinematics of the Pipestone–Cameron fault zone in the study area.
Geochemical and geochronological analysis of feldspar porphyry dikes occurring within the Pipestone–
Cameron fault zone is being undertaken to constrain the timing of deformation and gold mineralization in
the fault zone.
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INTRODUCTION
Despite its proximity to several current and past-producing mines (i.e., the Hemlo gold mining camp
in the eastern Schreiber–Hemlo greenstone belt; the Winston Lake zinc-copper mine, located
approximately 20 km north of Schreiber; and the copper-zinc mines in the Manitouwadge greenstone belt)
and steady local gold and base metal exploration activity, the western section of the Schreiber–Hemlo
greenstone belt has received limited government and academic study over the last 30 years and lacks
modern petrological, geochemical and geochronological data.
In 2015, the senior author began a 1:20 000 scale, multi-year mapping program of Walsh, Tuuri and
Syine townships (Figure 11.1). During the first field season, Magnus and Walker (2015) described the
rock types present in the townships, produced a preliminary depositional and structural history for this
part of the greenstone belt and provided a brief description of local mineralized occurrences.

Figure 11.1. Simplified bedrock geology of the western Schreiber–Hemlo greenstone belt from Priske to Walsh townships,
including the Terrace Bay pluton, currently under investigation by MSc candidate K.A. Arnold (Lakehead University).
All Universal Transverse Mercator (UTM) co-ordinates provided using North American Datum 1983 (NAD83) in Zone 16.
Summary of Field Work and Other Activities 2016,
Ontario Geological Survey, Open File Report 6323, p.11-1 to 11-7.
© Queen’s Printer for Ontario, 2016
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Figure 11.2. Simplified bedrock geology map of Walsh, Tuuri and Syine townships. Note that Proterozoic diabase dikes, which are abundant in the map area, are not shown for
clarity. The North zone and Hematite zone occurrences are indicated by locations 1 and 2 (in yellow-filled circles), respectively, directly east of Jackfish Lake. Abbreviations:
Ag = silver, Au = gold, Cu = copper, Mo = molybdenum, Ni = nickel, Pb = lead, S = sulphide minerals, Te = tellurium, Th = thorium, Ti = titanium, Zn = zinc, JMMHSZ =
Jackfish–Middleton–McKellar Harbour shear zone, MDI = Mineral Deposit Inventory (Ontario Geological Survey 2016). All UTM co-ordinates provided using NAD83 in
Zone 16.
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The presence of gold in the Terrace Bay pluton (see Figure 11.1) has been recognized in the past;
however, most of the focus of the previous research has been on gold occurrences situated along the
outside boundaries of the intrusion (Marmont 1984). In 2016, Kira Arnold began a Master of Science
thesis under the Lakehead University–Ontario Geological Survey Mapping School Agreement focussing
on the petrology and geochemistry of the Terrace Bay pluton and on the gold occurrences hosted inside
the intrusion (Figure 11.2).
This article includes an update on the geology and structure of the Archean bedrock geology in
Walsh, Tuuri and Syine townships based on results from field work in 2016 (Project Unit 15-004), and
a preliminary description of the Terrace Bay pluton and selected gold-mineralized outcrops located inside
the intrusion (Project NW-16-003). All analytical data reported in this article are from the Geoscience
Laboratories, Ontario Geological Survey, unless otherwise stated.

REGIONAL GEOLOGICAL SETTING
The Schreiber–Hemlo greenstone belt is part of the Wawa–Abitibi granite–greenstone terrane of the
Superior Province. Locally, the supracrustal rocks of the Wawa–Abitibi terrane have been interpreted to
have formed in an island arc volcanic setting offshore of the proto-continental Wabigoon and Marmion
granite–greenstone terranes (Williams 1989).
The Coldwell alkalic intrusive complex, which occupies the eastern edge of the map area, and
a multitude of diabase and lamprophyre dikes that crosscut the map area, were emplaced into the Archean
bedrock during the formation of the Midcontinent Rift (circa 1.1 Ga (Keweenawan): Sage 1991). For the
sake of brevity, these rocks will not be discussed further in this article.

WALSH, TUURI AND SYINE TOWNSHIPS (PROJECT UNIT 15-004)
Walsh, Tuuri and Syine townships encompass a section of the Schreiber–Hemlo greenstone belt
between Terrace Bay and Marathon (see Figure 11.1). Approximately 11 weeks of the 2016 field season
were spent mapping and sampling throughout Walsh, Tuuri and Syine townships. Mapping efforts
concentrated on areas that would fill in gaps left after the 2015 mapping field season, such as along the
Lake Superior shoreline and the less-accessible areas in the northern half of the map area, around Spider,
Bozena, Goldbar and McKellar lakes (see Figure 11.2).

Geology
The age of volcanism in the map area is currently unknown. Zircons collected from felsic volcanic
rocks in the nearby Manitouwadge and Winston Lake greenstone belts have U/Pb ages of circa 2722 Ma
(Davis, Schandl and Wasteneys 1994; Zaleski, van Breemen and Peterson 1999), and 2 younger ages of
felsic volcanism have been recorded in the eastern part of the Schreiber–Hemlo greenstone belt, at
circa 2705 and circa 2695 Ma (Fage 2011).
Based on structural interpretation, the stratigraphically oldest rocks in the map area include the
felsic-dominated volcanic to volcaniclastic rocks that form the core of an eastward-plunging anticline that
stretches from the Terrace Bay pluton to McKellar Lake (see Figure 11.2). These rocks comprise felsic
lapilli and crystal tuffs, tuff-breccia and monolithic clast-supported breccia (likely proximal to
unobserved coherent felsic rocks) with minor pillowed mafic rocks and lenses of chemical
metasedimentary rocks (i.e., chert, graphitic argillite and iron sulphide). Higher in the volcanic
stratigraphy, massive to pillowed mafic flows become more dominant. Pillows are commonly bun shaped,
with rinds up to 2 cm thick, and interstices filled with hyaloclastite and locally filled with iron-sulphide
mineralization. Locally, the cores of the pillows are variolitic (Magnus and Walker 2015).
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A band of chemical metasedimentary rock, composed of chert and graphitic argillite with local beds
of iron sulphide, separates the metavolcanic rocks in the north from a sequence of siliciclastic
metasedimentary rocks. These rocks comprise decimetre- to metre-scale beds of turbiditic wacke, which
display normal grading upward (generally southward), with intermittent beds of mudstone. Fralick,
Purdon and Davis (2006) collected 2 samples of turbiditic wacke along McKellar Harbour from the
interpreted stratigraphically lowest and highest locations of the depositional package. These samples
yielded overlapping youngest zircon ages (maximum ages of deposition) of 2696±3 Ma and 2693±4 Ma,
respectively. However, the Jackfish–Middleton–McKellar Harbour shear zone (JMMHSZ), which
crosscuts sedimentary rocks in the vicinity of the 2 samples, has complicated the interpretation of local
stratigraphy. Hence, the maximum age of deposition for these samples may not reliably constrain the base
of the metasedimentary package, nor do they provide a minimum age for the deposition of chemical
metasedimentary rocks that underlie the clastic metasedimentary package.
A panel of metavolcanic rock is present south of the clastic metasedimentary package, composed mainly
of massive to pillowed (locally variolitic) mafic flows with minor volcaniclastic rocks (see Figure 11.2).
On the islands east of Prairie Cove, felsic volcaniclastic rocks (tuff, tuff-breccia and epiclastic conglomerate)
are present, with minor pillowed mafic flows. The contact between these metavolcanic rocks and the
metasedimentary rocks to the north lies within the JMMHSZ, which makes the nature of the contact difficult
to determine, and precludes stratigraphic correlation between these metavolcanic rocks and those in the north.
Mafic intrusive rocks (melanocratic to leucocratic metagabbro) are abundant in the map area, and
crosscut all of the previously described supracrustal rocks. Mylonitic textures have been observed in these
intrusive rocks, especially in the vicinity of the JMMHSZ and, based on the map pattern, the intrusive
rocks appear to have been affected by folding along with the supracrustal rocks (see Figure 11.2). Several
large granitoid plutons of unknown age crosscut and surround all of the previously described rock types in
the map area (see Figure 11.2), of which only the Terrace Bay pluton will be discussed in detail.

Structural Geology
Evidence of the east- to northeast-striking upright isoclinal folds described above and by Magnus
and Walker (2015) is supported by additional observations, made during the 2016 field season, of
stratigraphic younging indicators, bedding–cleavage relationships and fold closures.
The Jackfish–Middleton–McKellar Harbour shear zone (JMMHSZ) is a roughly 1.5 km wide zone of
anastomosing shears, which extends from Santoy Bay through McKellar Harbour (see Figure 11.2). Magnus
and Walker (2015) reported only south-side-up reverse motion with a dextral horizontal component in this
shear zone. Although this is true for several shears that parallel the JMMHSZ between Santoy Bay and
Jackfish Bay, including the southern boundary of the Terrace Bay pluton (see Figure 11.2, blue lines),
new observations indicate that some shears in the JMMHSZ display south-side-down normal motion,
which suggests that the kinematics of this shear zone are more complicated than previously thought, and
will require further investigation.
The trace of the northwest-striking dextral shear zone described by Magnus and Walker (2015) has
been better delineated (see Figure 11.2, burgundy lines), and evidence from outcrops and offset of map
units has helped delineate the northeast-striking subjugate sinistral shears (Photo 11.1).

Alteration, Mineralization and Recommendations for Exploration
During the 2016 field season, sufficient garnetiferous (likely hydrothermally altered) metavolcanic rocks
were observed in the Goldbar Lake–Bozena Lake area to distinguish “garnet amphibolite” as a mappable unit
(see Figure 11.2). Several base metal occurrences are present in close proximity to these garnetiferous rocks,
which may suggest that the hydrothermal fluids that altered the volcanic rocks may also have been
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responsible for the deposition of base metals in a volcanogenic massive sulphide–style environment.
More detailed mapping and geochemical and petrological studies are required to better understand these
occurrences and to evaluate the potential for additional base metal mineralization in the map area.

TERRACE BAY PLUTON (PROJECT NW-16-003)
The Terrace Bay pluton, which occurs in Syine, Strey and Priske townships, is a 25 km long ovalshaped granitoid intrusion located in the western Schreiber–Hemlo greenstone belt (see Figure 11.1). The
junior author spent approximately 4 weeks of the 2016 field season conducting 1:20 000 scale mapping of
the pluton and detailed mapping of gold-mineralized outcrops. Samples were collected throughout the
pluton and specifically focussed on the contact with the surrounding supracrustal rocks. The purpose of
this MSc thesis study is to characterize the Terrace Bay pluton and the related gold and base-metal
mineralized occurrences in the intrusion, and to compare them with the occurrences marginal to the
intrusion that were last studied by Marmont (1984).

Geology
The core of the Terrace Bay pluton is a massive, homogeneous equigranular and locally potassiumfeldspar porphyritic granodiorite. Mafic xenoliths are sparse, but are observed commonly in the core of
the intrusion. In the core of the intrusion, the granodiorite is typically grey and has an average magnetic
susceptibility of 10.2 ×10–3 SI units, whereas in proximity to fractures, veins and shears, the granodiorite
is pink to red and has a lower average magnetic susceptibility of 0.1 ×10–3 SI units.
Proximal to its outer contacts, particularly along its eastern and northern edges, the pluton consists
primarily of a pink mesocratic to leucocratic amphibole-bearing quartz syenite. The petrogenetic

Photo 11.1. This photo displays an outcrop of massive to pillowed mafic volcanic rocks crosscut by an Archean metagabbroic
dike (labelled “d”). The dike displays significant dextral displacement along a northwest-striking shear, as well as minor sinistral
displacement along subjugate sinistral shears visible in the right side of the photograph; displacement along shears is indicated by
yellow arrows, which also indicate the direction (dextral = arrow to right; sinistral = arrow to left). These structures are apparent
at the scale of the entire greenstone belt, as depicted by the “late shear zones” shown in Figure 11.2. The compass is 20 cm long
and is pointing north.
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relationship between this rock type and the granodiorite core is currently unclear, but will be examined
using geochemical and petrographic analyses. Xenoliths, between 2 and 40 cm long (elongate parallel to
the edge of the pluton), are abundant in the quartz syenite and are dominantly mafic in composition.
Quartz veins with minor carbonate components occur throughout the pluton. The veins range in
width from 0.5 to 40 cm and appear undeformed. The quartz veins occur as individual veins, parallel vein
sets (both horizontal and inclined) and in stockwork structures. The host granodiorite around and between
the parallel vein sets and especially the stockwork veins is commonly altered; the alteration assemblages
are to be characterized as part of the MSc thesis study.
Locally, the quartz veins and the altered granitoid rocks host minor to abundant (up to 10%) sulphide
minerals such as pyrite, chalcopyrite, galena, molybdenite and arsenopyrite. These sulphide-mineralized
veins, especially those that are present as parallel vein sets and in stockwork structures, commonly also
contain gold mineralization, such as at the North zone and Hematite zone occurrences (see Figure 11.2,
locations 1 and 2, respectively) (Puumala et al. 2014). These occurrences were sampled for assay, whole
rock geochemical and petrographic analyses to characterize the veins and the relationship of the
mineralization to the pluton.
The North zone is located in a stripped outcrop exposure of granodiorite crosscut by several parallel
quartz veins with interstitial stockwork veining and alteration halos. The veins exposed on the surface have
an average strike of 121° with dips between 26 and 41° (southwest). Pyrite, chalcopyrite and galena are
present in veins and are disseminated in the altered granodiorite around the veins. The Resident Geologist
Program staff collected and assayed grab samples of the sulphide-bearing granodiorite; these samples
yielded a range of values from 131 up to 580 ppb Au, and 1 sample returned a value of 2377 ppb Au
(Puumala et al. 2014). A sample of a quartz vein collected by Magnus in 2015 returned 287 ppb Au.
A distinct zone of green altered granodiorite, oriented 018/85 (southeast), crosscuts the granodiorite and
the stacked quartz veins, and has returned low gold values (W. Richards, prospector, personal
communication, 2016).
The Hematite zone is a stripped exposure located to the southeast of the North zone. The zone is
dominantly massive, unaltered, grey granodiorite with horizontal quartz veins occurring at the top of the
outcrop. Several horizontal veins crosscut the granodiorite, range in width from 0.5 to 15 cm and
consistently strike 210° with a near-horizontal dip of 5° (northwest). Several vertical quartz veins with
black tourmaline along the vein walls occur at the south end of the outcrop. Veins in both orientations
host sulphide minerals, such as pyrite and chalcopyrite, and a sample of a near-horizontal vein sampled by
Magnus in 2015 returned 799 ppb Au. A distinct zone of dark red, highly altered granodiorite oriented
294/85 (northeast) crosscuts the granodiorite and veins, with a 15 cm wide calcite vein along its northern
boundary. Samples collected by Magnus in 2015 of both the altered zone and the calcite vein yielded no
discernable gold (i.e., analytical results were below detection limit).

Future Work
Assays, whole-rock geochemical analyses and petrographic analyses will be completed on samples
collected during the 2016 field season to characterize the Terrace Bay pluton and its various granitoid
rock types, the mineralized and non-mineralized veins that crosscut the granodiorite and the various types
of alteration observed in outcrop. If possible, a petrogenetic model for the emplacement of the pluton and
the related gold mineralized veins will be produced. A sample of granodiorite from the core of the pluton
has been submitted to the Jack Satterly Geochronology Laboratory for an age determination to constrain
the age of emplacement of the intrusion.
Mapping in the summer of 2017 by the junior author will focus on completing additional traverses
throughout the Terrace Bay pluton to investigate possible crosscutting structures and to examine the
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nature of the contacts of the intrusion with the surrounding supracrustal rocks. Additional gold and basemetal mineralized occurrences will be mapped in detail and sampled so as to better understand the nature
of this mineralization and its relationship to the host intrusion.
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INTRODUCTION
This report describes preliminary results of the fourth year of a multi-year bedrock geology mapping
project to update knowledge of the geology in the eastern part of the Shebandowan greenstone belt
(SGB). The 2016 field season focussed on 1:20 000 scale mapping of the Shebandowan assemblage in
Adrian Township and the northern part of Marks Township (Figure 12.1). Adrian and Marks townships
are located approximately 30 km west of Thunder Bay. They are accessible from Adrian Lake Road and
Boreal Road, west of Highway 590, which transect the map area and are the access route to many trails
and logging roads.
Historically, the majority of work on the SGB has focussed on the western and central part of the belt
where the past-producing North Coldstream copper-gold and Shebandowan nickel-copper mines are
located. Adrian and Marks townships were last mapped by Berger (1993, 1995a, 1995b), but significant
regional work has been done recently in the eastern SGB (Corfu and Stott 1998; Lodge et al. 2013; Lodge
2013). These recent studies highlight the need for updated bedrock geology maps for the eastern SGB.
This project aims to build on these recent studies through additional 1) detailed field mapping, 2) wholerock geochemical data, 3) U/Pb geochronology (this study and previous studies by Corfu and Stott (1998)
and Lodge et al. (2013)) and 4) geophysical interpretation (i.e., detailed airborne geophysics (Toews and
Hunt 2008; Ontario Geological Survey 2003)). In addition to these regional studies, active exploration is
ongoing, with new mineral prospects being identified (e.g., Rockstone GC-12-01 occurrence (Table 12.1))
and with data from these projects continuing to be released by their respective exploration firms.
Specific goals for the 2016 field season were to better understand 1) the bedrock geology of Adrian
and Marks townships, as compiled from Berger (1995a, 1995b), 2) the stratigraphy and geological
characteristics of the Shebandowan assemblage in Adrian Township, 3) the supracrustal rocks in Marks
Township, and finally, 4) to evaluate the mineral potential of the 2 townships.

REGIONAL GEOLOGY
The Shebandowan greenstone belt (SGB) extends 150 km west from Thunder Bay in an arcuate
shape, bordered by the Quetico Subprovince to the north and wrapping around the Northern Light–
Perching Gull Lakes batholithic complex to the south (see Figure 12.1). The SGB contains a succession of
supracrustal rocks and their syn-eruptive intrusive equivalents, and has undergone several deformation
Summary of Field Work and Other Activities 2016,
Ontario Geological Survey, Open File Report 6323, p.12-1 to 12-14.
© Queen’s Printer for Ontario, 2016
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and intrusive events. Geochronological data and previous geological studies have defined 3 main
supracrustal assemblages: the Greenwater assemblage (circa 2720 Ma), the Kashabowie assemblage
(circa 2695 Ma) and the Shebandowan assemblage (circa 2690 to 2680 Ma) (Corfu and Stott 1998;
Williams et al. 1991). The SGB has undergone 2 main stages of deformation (D1 and D2), based on the
interpretation of Corfu and Stott (1998). The D1 deformation event occurred at approximately 2695 Ma,
and is thought to have tectonically imbricated rocks of the Greenwater and Kashabowie assemblages
across the SGB. The D2 deformation event is thought to record oblique northwest-directed compression.
Regionally, the emplacement of sanukitoid plutons between 2685 and 2680 Ma is thought to have
occurred during the waning of D2 (Corfu and Stott 1998). The D2 fabrics are found dominantly in the
northern part of the belt. The SGB has been metamorphosed to greenschist facies with local lower
amphibolite-facies conditions recorded in the contact aureoles of plutons.

TERMINOLOGY
Clastic rocks (both metavolcanic and metasedimentary) underlie 75% of Adrian Township. This
section outlines a threefold (volcaniclastic, epiclastic, terrigenous clastic) field classification scheme that
was developed to highlight the distinguishing characteristics of the clastic rocks observed. The classification
is based largely on whether the clasts are of volcanic origin or non-volcanic origin. It is intended to be
non-genetic and does not distinguish between primary volcanic clasts (direct products of volcanism) and
secondary clasts (derived from physical weathering of volcanic rocks). In fine-grained rocks, where

Figure 12.1. Regional geology map showing the location of Adrian and Marks townships (outlined in black). Bedrock geology
modified from Santaguida (2001a, 2001b) and Lodge et al. (2015). Abbreviation: VMS, volcanogenic massive sulphide.
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Table 12.1. Main features of mineral showings in Marks Township from the Mineral Deposit Inventory (Ontario Geological
Survey 2015). Number is keyed to the mineral occurrence number shown on Figure 12.2. Best historic values and descriptions
are from the original reference.
Number Occurrence
1
Rockstone GC-12-01
MDI000000001815
2

Marks Township
(Bellettini–Hakala)
MDI000000001767

3

Marks Lake
MDI52A05NW00007

4

Marks Creek
MDI52A05NW00009

5

Echo Lake property

Commodities Best Historic Value Description
Zn, Cu
71 ppb Au, 1935 ppm Best intersection occurred over 24 m.
Cu, 10247 ppm Zn
Mineralization occurs within
carbonate-quartz matrix of a
brecciated graphitic argillite unit
Amethyst
1 m thick vein with a Northeast-striking veins and breccia
strike length of at
zone hosted in granite contain quartz,
least 100 m
amethyst, smoky quartz, and minor
galena and chalcopyrite
Fe
Two areas (425×25 m, Magnetite-quartz iron formation,
210×25 m); values
outlining a crude M-shaped pattern,
up to 30% Fe*
is associated with lean iron formation
and quartzite containing some
disseminated pyrite
Fe
Two areas (640×53 m, Magnetite-quartz (jasper) iron
210×20 m); values
formation with some specularite,
up to 25% Fe*
amphibole, garnet and intercalated
with meta-andesite associated with
lean iron formation and quartzite
within Archean metavolcanic rocks
package
Amethyst
Approximately 45 kg First discovered by Berger (1993),
of amethyst
who reported 6 quartz-amethyst veins
excavated and
trending northeast. Property visited
removed
during 2016 field season.

Reference
Siemieniuk
(2012)
Hakala
(2002)
Shklanka
(1968)

Shklanka
(1968)

Hakala
(1999)

Abbreviations: Au, gold; Cu, copper; Fe, iron; Zn, zinc.
*Note: Shklanka (1968) provides iron values as % Fe, and does not specify whether this indicates weight % or volume %.

distinguishing between volcanic and non-volcanic clasts is not possible, criteria such as roundness of the
grains, presence of euhedral or angular crystals, colour, and sedimentary structures were used to assign
the rock to the categories outlined below in the classification scheme.
1.

Volcaniclastic is used to describe a clastic rock where >99% of the observed fragments are
volcanic rocks. Fine-grained rocks in this category are defined by the presence of euhedral or
angular crystals, or angular grains, and tend to be a light cream tan. These rocks are described
using the size classification terms of Fisher (1966) and White and Houghton (2006) (i.e., tuff,
lapilli tuff, tuff breccia, coarse tuff breccia).

2.

Epiclastic is used to describe a clastic rock that has a significant volcanic component, as well as
a non-volcanic (terrigenous clastic) component, and is considered to have been deposited
through sedimentary processes proximal to the volcanic source. Volcaniclastic material that has
incorporated a non-volcanic component (>1%, e.g., chert, intrusive rocks) and volcaniclastic
rocks, in which the particles have been significantly rounded, are considered epiclastic. These
rocks are described using the size classification terms of McPhie, Doyle and Allen (1993) (i.e.,
volcanic mudstone, volcanic sandstone, volcanic conglomerate).

3.

Terrigenous clastic is used to describe a clastic rock derived from multiple sources and is
considered to have been deposited through sedimentary processes (not directly related to a
volcanic event). In coarse-grained rocks, there is a significant non-volcanic component (often
plutonic, chemical sedimentary); in fine-grained rocks, the grains are commonly rounded and
tend to be a dark grey. Terrigenous clastic rocks are described using the size classification
scheme of Wentworth (1922) (i.e., mudstone, siltstone, sandstone, conglomerate) and the
classification scheme of Dott (1964) for terrigenous sandstones (i.e., wacke, arenite).
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GEOLOGY OF MARKS TOWNSHIP
Marks Township is underlain by Archean supracrustal and intrusive rocks in the north and
Paleoproterozoic metasedimentary rocks in the southeast (Figure 12.2). The intermediate to felsic
intrusive rocks are medium-grained, massive to foliated, granodiorite, granite, and quartz monzonite
rocks, which are described in more detail by Berger (1993). Examination of the airborne geophysical data
suggests there are 2 plutons in Marks Township, which are interpreted to have intruded the supracrustal
package at circa 2688±3 Ma, based, in part, on recent U/Pb geochronological data from a sample of the
eastern pluton in Conmee Township (Table 12.2, analysis 3). The Paleoproterozoic metasedimentary
rocks are flat-lying rocks belonging to the Gunflint Formation of the Animikie Group (see Berger 1993
for more detail).

Supracrustal Rocks in Marks Township
Supracrustal rocks in Marks Township are subdivided into 2 units: a northern dominantly terrigenous
clastic package and a southern dominantly mafic metavolcanic unit (see Figure 12.2).
The terrigenous clastic package is composed of light cream-tan to grey to dark brown-grey
(weathered) thinly bedded to massive siltstone and wacke (Photo 12.1A). The eastern part of this unit is
mainly brown-grey wacke and siltstone commonly containing abundant metamorphic garnet. The western
part of the terrigenous clastic package is predominantly fine-grained siltstone and mudstone with thin
beds of wacke. A geophysical lineament appears to divide the eastern more wacke-rich unit from the
western finer grained unit and is displayed as a fault northeast of Marks Lake (see Figure 12.2). Toward
the north, this unit is in contact with intermediate metavolcanic rocks that form much of southern Adrian
Township. The terrigenous clastic package contains units of volcanic metaconglomerate (Photo12.1B).
The volcanic metaconglomerate includes subrounded to subangular clasts of lapilli to block size and is
composed of 1) quartz- and plagioclase-phyric aphanitic felsic volcanic rock, 2) fine-grained gabbro
and/or mafic volcanic rock and 3) angular to subrounded quartz or chert fragments. This unit is
commonly rusty and contains varied amounts of disseminated pyrite and pyrrhotite mineralization.
South of the terrigenous clastic package, the supracrustal rocks are dominated volumetrically by
mafic metavolcanic rocks containing bands of felsic metavolcanic and terrigenous clastic rocks. The
mafic rocks are typically fine-grained amphibolite with an interpreted protolith of mafic metavolcanic
rock; small amoeboid-shaped pillows were identified along Adrian Lake Road supporting a volcanic
protolith for at least some of the amphibolite. The felsic metavolcanic rocks are cream-tan, very fine to
fine grained and foliated; however, no primary textures are preserved to indicate whether the protolith
was a flow or a tuff.

GEOLOGY OF CLASTIC PACKAGES IN ADRIAN TOWNSHIP
Two rock packages dominated by volcaniclastic rocks are present in Adrian Township (Figure 12.3).
Both are thought to be part of the Shebandowan assemblage (see “Stratigraphy”). The southern package is
exposed over an area of approximately 8.5 by 2.5 km and trends westward along the southern boundary of
Adrian Township. The northern package is exposed over an area of approximately 12 by 4 km and trends
northwest across the northern two-thirds of the township. Follow-up mapping was conducted during the
2016 field season to better understand the geology in these complex rock packages; this mapping was
aided by the presence of a new logging road built during the winter of 2015–2016 (labelled as Adrian
Loop Road in Figure 12.3). The road transects the northern clastic package of the Shebandowan
assemblage and its contact with the Greenwater assemblage, which lies immediately to the north; building
of this road has created significant new bedrock exposures.
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Figure 12.2. Preliminary interpretation of the geological contacts in Marks Township. Mineral occurrence numbers are keyed to
Table 12.1. Geochronology samples are keyed to Table 12.2. Universal Transverse Mercator (UTM) co-ordinates provided
using North American Datum 1983 (NAD83) in Zone 16.
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Analysis

Mineral

1

Zircon

Age
(in Ma)
<2720

2

Zircon

2721±2

3

Zircon

2688±3

4

Zircon

≤2687±3

5

Zircon

2679±12

6

Zircon

≤2700±4

7

Zircon

≤2680

8

Baddeleyite

2713±2

9

Zircon

≤2691±3

Method
LA-ICP–MS

Interpretation

Largest zircon population is at 2720 Ma, older zircons may be
evidence that the depositional environment was a foreland basin
(Lodge et al. 2013). Younger zircons either give the maximum
depositional age or record metamorphic events
ID-TIMS
The data indicate there was felsic volcanism at ~2720 Ma; thus,
this unit is likely part of the Greenwater assemblage
LA-ICP–MS The pluton in southeast Marks Township can be interpreted to be
the western extent of a pluton in Conmee Township based on
airborne geophysical data (OGS 2003). This emplacement of the
pluton in Conmee Township occurred at the same time as
Shebandowan assemblage volcanism
CA-ID-TIMS Three distinct ages were recorded: 2722.7±1.5 Ma, 2693.1±2.9 Ma
and 2686.8±2.8 Ma. Deposition occurred during or after
2686.8±2.8 Ma and is likely related to Shebandowan assemblage
volcanism
ID-TIMS
The data give an imprecise age, but indicate deposition after
Greenwater assemblage volcanism, with deposition likely during
Shebandowan assemblage volcanism
ID-TIMS
These data indicate deposition was after Greenwater assemblage
volcanism, but does allow for deposition to have occurred before
Shebandowan assemblage deposition
LA-ICP–MS The detrital zircon data have an age maxima at circa 2680 Ma and
a weighted average of 2688±6 Ma. This age indicates deposition
was during or after deposition of the Shebandowan assemblage,
but the low precision does not allow further interpretation
CA-ID-TIMS The data indicate the age of emplacement of the gabbro, but also
indicate that volcanism occurred earlier
LA-ICP–MS Appears to have been derived from a nearly uniform source and is
likely volcanic sandstone deposited during or slightly after
volcanism

Rock Type

Sample
Number
RL-10-019

Easting
(m)
291133

Northing Source
(m)
5364950 Lodge et al.
(2013)

Felsic fragmental
volcanic rock
Granodiorite

Mr

292056

5364238

14RL005

296201

5377284

Corfu and
Stott (1998)
Petrus (2015)

Felsic tuff

15NS004

288966

5371653

Kamo (2016)

Volcanic breccia

St

290626

5372528

Corfu and
Stott (1998)

Wacke

Ad

291386

5370158

Corfu and
Stott (1998)

Conglomerate

RL-10-360

290767

5369539

Lodge et al.
(2013)

Gabbro

15LMR115

294356

5372761

Kamo (2016)

Volcanic sandstone

15NS012-1

288769

5367438

Davis (2016)

Wacke

Earth Resources and Geoscience Mapping Section (12)

Table 12.2. Summary of U/Pb ages available for Marks and Adrian Township; however, analysis 3 is from a pluton in Conmee Township, but is related to similar plutons in
Marks Township. Sample locations are shown in Figures 12.2 or 12.3, except for analysis 3.

Abbreviations: CA-ID-TIMS = chemical abrasion isotopic dilution thermal ionization mass spectrometry; ID-TIMS = isotopic dilution thermal ionization mass spectrometry;
LA-ICP–MS = laser ablation inductively coupled plasma mass spectrometry. Locations are provided as UTM co-ordinates in NAD83, Zone 16.
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Photo 12.1. Photographs from Marks and Adrian townships. A) Load-and-flame structure in a thinly bedded wacke from the
terrigenous clastic unit in Marks Township (289538E 5365614N). B) Felsic and mafic volcanic clasts and gabbro clasts from the
volcanic metaconglomerate in Marks Township (289289E 536500 N). C) Thin to medium beds of tuff and volcanic sandstone,
which characterize the southern clastic package in Adrian Township (289818E 5367425N). D) Subangular to subrounded clasts in
heterolithic tuff breccia, which characterizes the northern clastic package in Adrian Township (290426E 5374308N). E) Coherent to
autobrecciated felsic flow in the northern clastic package of Adrian Township (290098 E 5373173 N). F) Monolithic tuff breccia
from felsic unit on southwest boundary of the northern clastic package in Adrian Township (288968E 5371651N). All
UTM co-ordinates provided using NAD83 in Zone 16. Objects used for scale: compass is 14.5 cm long, scale card is 10 cm long.
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Figure 12.3. Preliminary interpretation of the geological contacts in the clastic packages in Adrian Township. Geochronology
samples are keyed to Table 12.2. The UTM co-ordinates provided using NAD83 in Zone 16.
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Southern Clastic Package
The southern package is characterized by grey to tan, very fine- to coarse-grained tuff and lapilli tuff
interlayered with biotite-bearing volcanic sandstone that contains lithic fragments interpreted to be finegrained tuff. The tuff and lapilli tuff commonly contain angular to euhedral plagioclase fragments, and is
laminated to medium bedded, but, in most exposures, is thinly bedded or lacks discernable bedding
features (Photo 12.1C). A fault is interpreted to be present in the southwest of this package of rocks in an
area with no exposed outcrop (see Figure 12.3). This interpretation is based on a geophysical lineament
and outcrops of terrigenous clastic siltstone occurring on the southwestern side of the interpreted fault in
Sackville and Marks townships (see Figure 12.1).

Northern Clastic Package
The northern package of clastic rocks is dominated volumetrically by heterolithic tuff breccia
(Photo 12.1D) that surrounds units of coherent volcanic rocks, monolithic and bilithic volcaniclastic rocks
and terrigenous clastic and chemical metasedimentary rocks (see Figure 12.3).
The heterolithic tuff breccia contains finer and coarser grained equivalents including tuff, lapilli tuff
and coarse tuff breccia. Identifiable clasts in this unit all appear to be of volcanic origin and are rounded
to subangular throughout. This unit can be clast supported or matrix supported; the matrix appears to be a
coarse- to fine-grained tuff made of the same heterolithic material as the larger clasts it supports. There
may be mappable variations in clast composition and size in this unit that could potentially be applied to
infer the locations of volcanic edifices, if they are preserved. Six dominant clast types were identified
throughout the unit: 1) light pink-tan to cream tan, aphanitic, plagioclase and hornblende-phyric,
intermediate volcanic rocks; 2) light grey-tan, aphanitic, hornblende-phyric (5%), intermediate volcanic
rocks; 3) light cream to tan, aphanitic, plagioclase-phyric (35%), intermediate to felsic volcanic rocks;
4) light grey to white, aphanitic, plagioclase- and quartz-phyric, felsic volcanic rocks; 5) medium grey,
aphanitic, plagioclase-phyric (5 to 25%) and hornblende-phyric (5 to 25%), mafic volcanic rocks; and
6) medium grey, aphanitic mafic volcanic rocks that are glomeroporphyritic or that have abundant
plagioclase phenocrysts.
The other rock units in the clastic package are volumetrically minor, comprising less than 10% of
the overall outcrops mapped. Felsic metavolcanic rocks are located along the southwest boundary and in
the centre of the clastic unit. They are composed of quartz- and plagioclase-phyric flows, autobreccias
(Photo 12.1E) and monolithic tuff breccias (Photo 12.1F). Mafic metavolcanic rocks are located in the clastic
package and are characterized by dark green-grey, aphyric to microporphyritic plagioclase-bearing, pillowed
and massive flows, with or without amygdules (Photo 12.2A). A unit of hornblende-phyric, amygdaloidal,
intermediate massive flows were mapped along the northeastern boundary of the clastic package.
A terrigenous clastic unit is located along the southwest boundary of the clastic package. A second
terrigenous clastic unit is shown in Figure 12.3 between the southern and northern clastic package within
the Greenwater assemblage (see Figure 12.3), but is more likely related to the terrigenous clastic unit to
the north and the northern clastic package. Both these terrigenous clastic units consist of wacke, siltstone,
mudstone and conglomerate, and contain several sedimentary structures including bedding, ripples and
load-and-flame structures.

Northeast Boundary of the Northern Clastic Package
The northeastern boundary of the northern clastic package likely represents the contact between the
Shebandowan and Greenwater assemblages, and new exposures along Adrian Loop Road provide an
opportunity to study this contact in some detail. A laterally extensive 500 m thick unit of tuff interbedded
with chemical metasedimentary rocks bounds the northern clastic package to the northeast. The tuff is
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Photo 12.2. Photographs from Marks and Adrian townships. A) Amoeboid-shaped pillows in a mafic metavolcanic rock in
northern clastic package in Adrian Township (289946E 5372673N). B) Interbedded ironstone, tuff and jasper from the
northeastern boundary of the northern clastic package in Adrian Township (292506E, 5373559N). C) Breccia, containing clasts
with different flow textures characteristic of komatiites, from the northeastern boundary of the northern clastic package in Adrian
Township (292980E 5373806N). D) Dark grey matrix-supported lapilli tuff with angular volcanic fragments of porphyritic and
aphyric mafic and intermediate volcanic rocks plus chert clasts near the northeastern boundary of the northern clastic package in
Adrian Township (293008E 5373860N). E) Spinifex texture in an ultramafic metavolcanic flow adjacent to the northeastern
boundary of the northern clastic package in Adrian Township (292786E 5373756N). F) Amethyst vein and hand sample from
the Echo Lake property amethyst occurrence (286497E 5356637N). All UTM co-ordinates provided using NAD83 in Zone 16.
Scale card is 10 cm long.
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characterized by fine- to coarse-grained tuff with minor lapilli tuff, is typically cream-tan to light bluegrey and contains irregularly distributed crystals of hornblende, quartz and plagioclase. The chemical
metasedimentary rocks are thin to medium bedded in up to 4 m thick packages of bright red jasper and
magnetic ironstone (Photo 12.2B).
A thin discontinuous unit of breccia is located at the presumed contact between the Shebandowan
and Greenwater assemblages and between rocks belonging to the Greenwater assemblage. The breccia is
generally clast supported to clast rich and is dominated by a single clast type that varies between outcrops
from ultramafic metavolcanic rocks, with a variety of flow textures (Photo 12.2C), to mafic metavolcanic
flows and gabbro; approximately 5% of clasts in the breccia are chert or oxide-facies ironstone. Clasts are
subrounded to subangular and range from gravel to boulder in size, but are typically between 10 and 20
cm. In 1 locality (UTM 293008E 5373860N), an outcrop adjacent to the ultramafic volcanic breccia is a
dark grey matrix-supported lapilli tuff with angular volcanic fragments of porphyritic and aphyric mafic
and intermediate volcanic rocks plus chert clasts (Photo 12.2D). The angular nature of these clasts is
unlike other rocks in the area and warrants further study.

STRATIGRAPHY
Several new U/Pb ages are available for rocks from Adrian and Marks townships and have aided in
establishing the stratigraphic framework for these 2 townships (see Table 12.2).
The Greenwater assemblage is described by Corfu and Stott (1998) as thick tholeiitic basalts and
associated komatiitic flows, and thin bands of intermediate and felsic volcanic flows and pyroclastic
deposits deposited at circa 2720 Ma. The rocks in the western, northeastern and southeastern parts of
Adrian Township, as well as the central part of Marks Township, are consistent with this description.
A U/Pb zircon analysis of a felsic volcanic rock (see Table 12.2, analysis 2) confirms that volcanism
occurred at 2721±2 Ma. A gabbro intruding the Greenwater assemblage in northeastern Adrian Township
indicates that volcanism occurred before 2713±2 Ma (see Table 12.2, analysis 8).
Field classification of the Shebandowan assemblage is outlined by Rogers and Berger (1995, p.10).
The northern clastic package in Adrian Township appears to fit this definition, in particular, the
heterolithic tuff breccia with hornblende-phyric volcanic clasts. Geochronological evidence suggests that
both the southern and northern clastic packages in Adrian Township were deposited during or after circa
2690 Ma volcanism, suggesting these rocks belong to the Shebandowan assemblage (see Table 12.2,
analyses 4, 5, 7 and 9).
The breccia at the northeastern boundary of the northern package contains lithic clasts from the
Greenwater assemblage and likely represents the basal unit of the Shebandowan assemblage. The
presence of a komatiite flow (Greenwater assemblage) between 2 of these breccia outcrops may indicate a
repetition of stratigraphy related to faulting. If the northeastern boundary does contain basal units of the
Shebandowan assemblage, then a younging direction to the southwest is suggested.
It is unclear whether the terrigenous clastic package in Marks Township is associated with the
southern clastic package in Adrian Township or was deposited before Shebandowan volcanism. Analysis
of detrital zircons in a wacke from this unit (see Table 12.2, analysis 1) indicates a wide range of ages are
present, with a peak at circa 2720 Ma. Lodge et al. (2013) interpreted the presence of grains older than
2750 Ma to suggest that deposition occurred in a foreland basin. The presence of grains with ages of
2690 Ma either records the maximum depositional age of the unit, or perhaps a metamorphic event at this
time (Lodge et al. 2013). If the wacke is part of the southern clastic package in Adrian Township, it is
proposed herein that the wacke is a basal unit of the Shebandowan assemblage, thereby indicating an
overall younging direction to the north.
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STRUCTURAL GEOLOGY
The bedding in the terrigenous clastic package in northern Marks Township is subvertical and has
different orientations, suggesting that the package has been folded. Both the terrigenous clastic package
and mafic metavolcanic unit to the south are strongly lineated, plunging steeply to the northeast and have
reached upper greenschist to lower amphibolite metamorphic grade. It is likely this deformation event is
related to the intrusion of the intermediate to felsic plutons in southern Marks and Conmee townships,
which occurred at 2688±3 Ma (see Table 12.2, analysis 3). More work will be conducted to confirm this
interpretation.
The bedding in the southern clastic package in Adrian Township is also subvertical and also has
different orientations, suggesting folding by the same event that folded the terrigenous clastic package
in Marks Township. The bedding orientations in the northern clastic package in Adrian Township are
subvertical and generally trend northwest, suggesting either that this unit is more tightly folded than the
unit in the south, or that it is folded more simply. The lack of structural fabrics in these rocks prevents a
detailed analysis of the structural history of these clastic packages, but it is noted that these packages do
appear to be less deformed then the underlying mafic metavolcanic units of the Greenwater assemblage.
A more detailed analysis of the structural features in the Greenwater assemblage rocks in Adrian
Township can be found in Ratcliffe (2015) and Berger (1993).

MINERALIZATION
The economic potential and mineralization styles present in Adrian Township were discussed by
Ratcliffe (2015) and Berger (1993). This section focusses on new observations from Adrian Township, as
well as reviewing known mineralization in Marks Township.
In Adrian Township, some anomalous gold values were reported by Berger (1993) along the
Weigand fault (Ratcliffe 2015). Additionally, mafic and ultramafic intrusive rocks and ultramafic
metavolcanic rocks in northeastern Adrian Township have the potential to host magmatic nickel-copperplatinum group element (PGE) mineralization, although no significant occurrences are known. New
observations in 2016 show ultramafic flows (Photo 12.2E) are adjacent to the northeastern boundary of
the northern clastic unit close to the Shebandowan–Greenwater assemblages unconformity. Rocks similar
to these have been described from the nickel-copper mineralized ultramafic flows at the Bateman property
in Conmee Township (Lodge, Ratcliffe and Walker 2014; M.A. Puumala, Resident Geologist office,
Thunder Bay, personal communication, 2016) and should be examined in more detail.
The economic potential and mineralization styles present in Marks Township are summarized in
Table 12.1. The most significant occurrence is the Rockstone occurrence (MDI000000001815). A drilling
project on this occurrence, conducted by Greencastle Resources Ltd. in 2012, found trace amounts of
pyrite, sphalerite and pyrrhotite in brecciated graphitic argillite; the best assay values intersected from this
unit include 0.82% Zn and 0.15% Cu over 24 m (Siemieniuk 2012). These anomalous (with respect to the
adjacent rocks) base-metal concentrations in the brecciated graphitic argillite could suggest the presence
of a volcanogenic massive sulphide–style hydrothermal alteration system is present along strike.
However, no significant zone of alteration or other evidence typical of such a mineralizing environment
was noted during mapping.
Two occurrences, Marks Lake and Marks Creek (see Table 12.1, numbers 3 and 4, respectively) (see
also Figure 12.2), are found in the ironstone beds associated with the Greenwater assemblage in Marks
Township, with reported values of up to 30% Fe (Shklanka 1968).
Several amethyst occurrences have been identified in Proterozoic veins hosted in the felsic to
intermediate plutons in the south of Marks Township (see Table 12.1, numbers 2 and 5) (Photo 12.2F).
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Follow-up work carried out by J. Hakala (1999, 2002), after publication of Berger (1993), reported
multiple veins in the area and a stripped exposure revealed a 1 m thick vein over 100 m. Regionally, these
veins are known to host historic silver deposits, as well as anomalous amounts of lead, zinc, cobalt and
copper, in addition to amethyst (Smyk and Franklin 2007).
Several occurrences of volcanic metaconglomerate (see Figure 12.2, see Photo 12.1B) in Marks
Township contains varied amounts of disseminated pyrrhotite and pyrite mineralization. The matrix is
dark grey to black, but can appear rusty. These rocks have been sampled for base-metal analysis and
alteration characterization.
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INTRODUCTION
This article presents the results of the second summer of field work related to a Master of Science
(MSc) thesis project conducted by the lead author. The purpose of this project is to study the ultramafic
rocks (komatiites and peridotites) in the southeastern part of the Shebandowan greenstone belt,
predominantly in Conmee Township (Figure 13.1), to determine their petrogenesis, tectonic setting and
mineral potential. During 2016, detailed bedrock mapping of several trenches was completed, as well as
mapping of a 4 km2 area at a scale of 1:15 000. Petrographic descriptions, mineral chemistry and
geochemical analysis of the ultramafic samples collected in the field are ongoing. Komatiites are
relatively rare in this region of the Superior Province; therefore, understanding their petrogenesis will
provide insights into the tectonic evolution of the western Superior Province.

GENERAL GEOLOGY
The study area is located within the Shebandowan greenstone belt (see Figure 13.1) of the Wawa–
Abitibi terrane (Stott et al. 2010). The Wawa–Abitibi terrane consists of a series of Archean greenstone
belts intruded by granitoid rocks, and overlain and intruded by Proterozoic igneous rocks and
metasedimentary sequences. The 2 main greenstone belts in the area are the Shebandowan and the
Saganagons belts, which have been interpreted by Corfu and Stott (1998) to be a single succession of
supracrustal rocks. The Shebandowan greenstone belt has been divided into 4 assemblages (Corfu and
Stott 1998; Lodge 2012, 2016): the Greenwater and Burchell assemblages (circa 2720 Ma), the
Kashabowie assemblage (circa 2695 Ma) and the Shebandowan assemblage (circa 2690 to 2680 Ma).

BATEMAN PROPERTY TRENCHES
Collaborators from the University of Wisconsin–Eau Claire (Robert Lodge, Maile Olson and Samuel
Helmuth) present field-based evidence in this article for the potential for assimilation of sulphur-bearing
sedimentary rocks by ultramafic magmas in the trenches that were previously mapped in this project (Hinz
and Hollings 2015). The Bateman property trenches, dug by Linear Metals Corporation in the western

Summary of Field Work and Other Activities 2016,
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edge of Conmee Township, were the focus of this study (Hinz and Hollings 2015; Figure 13.2). In addition
to describing the rock units and their contact relationships, geochemical data from samples collected
during the 2016 field season and during the previous field season (Hinz and Hollings 2015) will be used
to document the process of assimilation and contamination of the ultramafic rocks with sulphide-bearing
sedimentary strata. Many rock types in these trenches are thin, spatially restricted units that are not well
exposed outside of the trenches because of the extensive glacial cover. Nonetheless, the ultramafic rock
units in this region of the Shebandowan greenstone belt are remarkably well preserved, with minimal
structural fabric development, hydrothermal alteration or metamorphic overprinting, resulting in almost
pristine preservation of contact relationships and primary volcanic textures.

Rock Types
Mapping in 2016 of the 4 km2 area surrounding the Bateman property trenches identified a variety
of rock units of the Greenwater assemblage (circa 2720 Ma: Corfu and Stott 1998; Lodge 2012) (see
Figure 13.2). The major rock units are ultramafic flows and sills, clastic and chemical metasedimentary
rocks, mafic intrusive and metavolcanic rocks, intermediate metavolcanic rocks, and felsic intrusive and
metavolcanic rocks.

Figure 13.1. Regional geology map showing the location of Conmee Township (outlined in red) in relation to the Shebandowan
greenstone belt. The study area, including the Bateman property trenches, is outlined in black. Bedrock geology modified from
Santaguida (2001a, 2001b) and Lodge et al. (2015).
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Figure 13.2. Preliminary geological sketch map of the study area, showing the main rock units and the locations of the Bateman
property trenches. Study area locations 1 and 2 (outlined in white) are shown in more detail in Figures 13.3A and 13.3B, respectively.
Universal Transverse Mercator (UTM) co-ordinates provided using North American Datum 1983 (NAD83) in Zone 16.
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ULTRAMAFIC ROCKS
Within the Bateman trenches, the fresh surface of mafic to ultramafic rocks are light greyish brown
to dark green with diverse textures. This unit includes massive, equigranular cumulates to brecciated and
heavily serpentinized to polysutured and possibly pillowed flows. Spinifex texture is locally developed
and varies from radial to pseudo-oriented needles that range from less than 1 cm up to 10 cm in length.
Some exposures of this unit, particularly near contacts, have a variolitic texture with varioles up to 10 cm
in size. Overall, it is difficult to determine if the mafic to ultramafic units exposed in the Bateman trenches
are intrusive or extrusive. Crosscutting relationships where sedimentary layering in metasedimentary units
is truncated may either be intrusive contacts or the result of thermal erosion. The ultramafic units elsewhere
in the map area consist of both intrusive and extrusive rocks. The intrusive rocks are medium-grained,
dark black and green peridotites with varied amounts of serpentine alteration throughout. In many of these
rocks, there is a cumulate texture with euhedral black grains rimmed by a pistachio green serpentine,
which also forms the matrix. The peridotites are very magnetic and appear to align with anomalies
observed in airborne magnetic geophysical survey data of the area (Ontario Geological Survey 2003).
Two northwest-oriented ridges (each approximately 1 km long and 200 m wide) between Thunder Lake
and Gold Lake consist entirely of this peridotite, with an area in between where no outcrop was found.
The extrusive ultramafic komatiites are fine grained and light grey, with varied amounts of serpentine and
talc alteration. Various macroscopic textures are observed throughout the ultramafic rocks, including
different types of spinifex (including both oriented and randomly oriented types of varied lengths and
widths; Photo 13.1), polyhedral jointing, cumulate texture and cooling fracture pattern (Photo 13.2).

METASEDIMENTARY ROCKS
Argillite-rich and chert-rich rocks are exposed in many of the Bateman property trenches and are
typically interlayered with ultramafic units (Figures 13.3A and 13.3B). These metasedimentary rock units
are also seen elsewhere in the thesis study area, but are too small to be represented as units on a regional
scale. Argillite is commonly very dark black to brown, but can be grey and more siliceous when in close

Photo 13.1. Randomly oriented spinifex texture observed in a lakeshore exposure at the south end of Thunder Lake (see Figure 13.2);
needles here can be up to 10 cm long, and 1 cm wide.

13-4

Earth Resources and Geoscience Mapping Section (13)

S. Hinz et al.

proximity to chert-rich metasedimentary units. Argillite typically showed no bedding and locally contained
graphite and abundant radial pyrite concretions up to 5 cm in diameter. Radial pyrite concretions in the
argillite showed multiple generations of growth and were locally weathered away, resulting in a vuggy
texture. Chert-rich metasedimentary rock units are the most common sedimentary units throughout many
of the Bateman trenches. Cherty units are light grey in colour and are commonly massive to thinly bedded
and laminated. Bedding is defined by variations in colour, with alternating white and grey beds or
laminations. Locally, chaotic and discontinuous bedding was observed, as well as various cherty breccias
interpreted to represent either debris-flow deposits or soft-sediment deformation. Other metasedimentary
rock units observed were banded iron formation and conglomerate. The banded iron formation was seen
only in the southeast of the Bateman property map area and consisted of chert, hematite and magnetite
layers varying in thickness from 0.5 to 5 cm (see Figure 13.2). A heterolithic pebble to cobble conglomerate,
consisting of a fine-grained matrix, with clasts of basalt, monzonite and jasper, dominates the middle
section of the map area and separates the northern and southern ultramafic packages (see Figure 13.2).

MAFIC AND INTERMEDIATE ROCKS
Mafic metavolcanic and intrusive rocks crop out mostly in the southeast and northwest of the
Bateman property map area (see Figure 13.2). The metavolcanic rocks are fine grained and dark greyblue, with local carbonate veins and sparse pyrite. No pillows or flow textures were seen anywhere in this
unit. The intrusive rocks are massive medium-grained, equigranular grey-blue gabbro with weakly
disseminated pyrite. Intermediate metavolcanic rocks occur as a continuous layer throughout the middle
of the Bateman property map area, as well as in the northeast corner of the area (see Figure 13.2). These
are fine-grained, light grey-blue metavolcanic rocks with medium-grained plagioclase phenocrysts.

FELSIC ROCKS
In Bateman trench 1D (see Figure 13.3A), there is a small amount of felsic metavolcanic rock. This
unit is massive and varies in weathering colour from a light tan to blue-gray. On weathered surfaces, 3 mm
euhedral white feldspar crystals and 1 mm clear quartz crystals are visible. The massive nature of this
unit, its fine grain size and its limited exposure hinder an interpretation of the genesis of these felsic rocks.
However, based on the variation in grain size and abundance of phenocrysts around the outcrop, it may be
a tuffaceous volcaniclastic unit. Similar felsic rocks crop out elsewhere in the Bateman property map area

Photo 13.2. Cooling fracture pattern observed in a peridotite at the south end of Thunder Lake (see Figure 13.2).
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Figure 13.3. A) Sketch map showing the interpreted geology of the region surrounding the Bateman series-1 trenches in
Conmee Township (see Figure 13.2: number 1). Note, the darker colours indicate observed exposures and lighter colours
indicate interpreted geology. B) Sketch map of trench 4A (from the Bateman series-2 trenches) showing detailed contact
relationships between the metasedimentary and mafic to ultramafic units (see Figure 13.2: number 2).
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as discontinuous lenses within the conglomerate unit. The other felsic unit in the map area is a monzonite
dike. It consists of a fine-grained, green-grey matrix with red-pink autoliths and hornblende phenocrysts.
It is distinctly magnetic and aligns with the northeastern linear magnetic anomaly observed in airborne
magnetic geophysical survey data of the area (Ontario Geological Survey 2003).

Contacts in Trenches
In general, contacts between the metasedimentary and ultramafic units, although shown in Figure 13.2,
are buried by overburden and, therefore, are inferred. However, exposed contacts between the metasedimentary
and ultramafic units display a number of textures that may indicate some degree of thermal erosion and
incorporation of sedimentary material into the ultramafic magma. Where dark-coloured ultramafic rocks
are in contact with lighter coloured sedimentary units, the contact is neither straight nor angular. Rather, the
ultramafic units appear to meet the metasedimentary units in a more chaotic manner, where angular breccia
fragments of the sedimentary unit have partially rounded edges and corners. Since these fragments have not
been transported significant distances within the ultramafic rock and likely are not physically eroded, it is
possible that any rounding within these fragments may be evidence for thermal erosion by the younger
ultramafic rocks during emplacement (Photo 13.3A). Angular to subrounded xenoliths (or accidental
fragments) of metasedimentary rock ranging from less than 1 cm to 20 cm can be found close to the contact
with the ultramafic unit, and some of these metasedimentary rock fragments have visible parallel bedding
that reveal varying degrees of fragment rotation. In some areas, the ultramafic rocks have apparent “arms”,
up to tens of centimetres long, that protrude into the metasedimentary unit and may represent either
intrusive relationships or thermal erosion by extrusive rocks.

PEPERITES
Heterolithic breccia, composed of angular fragments of metasedimentary and ultramafic rocks at the
contact between white-weathering metasedimentary units and dark-coloured ultramafic units (Photo 13.3B),
are very well exposed in Bateman trench 4A. These breccias are interpreted by the authors as peperites
and are present over a zone of about 1 to 3 m wide centred along the contact. The peperites are composed
of centimetre-scale, angular to subrounded brecciated fragments of both metasedimentary and ultramafic
units at the contact, in a complex contact zone with fragments of ultramafic rocks within primarily
sedimentary rock or fragments of sedimentary rocks contained primarily within ultramafic rocks. This
suggests magma interacting with wet, unconsolidated sedimentary strata. Near the contact, the ultramafic
unit generally shows increasing brecciation and increased alteration of ultramafic rock fragments to
serpentine, talc and carbonate. These features are interpreted to locally represent hyaloclastite breccia and
suggest a high-level or surface formation of these units. These breccias contain thin, angular ultramafic
clasts that are randomly oriented and are heavily altered to serpentine, talc, calcite and quartz. Similarly,
metasedimentary units also show increasing brecciation and disruption of bedding structures with
increasing proximity to the contact. Disseminated pyrite seems to be most abundant in the contact region
of these rocks.

Macroscopic Textures
The distinct textures in the ultramafic units in the Bateman property map area include different types
of spinifex, polyhedral jointing, cumulate texture and cooling fracture patterns. Spinifex is common
throughout both the northern and southern ultramafic packages, with pyroxene crystal lengths varying
from 1 to 10 cm and needle widths varying from 1 to 10 mm. The spinifex texture occurs as randomly
oriented (see Photo 13.1) and oriented blades. The polyhedral jointing is seen only in the northern
peridotite unit. The jointing occurs in a dark black-green, medium-grained rock with angular boundaries
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that are rimmed by a finer grained mineral, which has preferentially weathered away. There is a cumulate
texture present in many of the peridotite outcrops, which are characterized by medium-grained, blackgreen euhedral olivine phenocrysts that have been altered to serpentine, talc and magnetite. The cooling
fracture pattern is seen on 1 outcrop along the lakeshore exposure at the south end of Thunder Lake (see
Photo 13.2). It is present within the least-serpentinized peridotite, where calcite veins transect the outcrop
in no specific orientation. At these veins, there are 5 to 10 cm long fractures that cut into the rock and
propagate perpendicular to the veins independent of the vein orientation (see Photo 13.2).

Photo 13.3. Photographs illustrating the contact relationships between metasedimentary and ultramafic units exposed in the
Bateman property trenches (see Figures 13.2 and 13.3). A) Brecciated chert (light) in contact with ultramafic rock (dark, lower
right) showing crosscutting relationships and rounded edges of contact. B) Peperitic contact between chert (light) and spinifextextured (dark) ultramafic unit.
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FUTURE WORK
An additional 90 samples have been submitted to Geoscience Laboratories in Sudbury for
geochemical analysis. Twenty samples have been submitted to the Lapidary lab at Lakehead University to
be prepared for thin section, which will be examined to further classify the various rock units. The
lithogeochemical data from this study will be used to determine fractionation trends and mixing and/or
crustal contamination signatures to understand the evolution of the ultramafic rocks.
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INTRODUCTION
This report builds upon work completed in the 2015 field season (Gélinas and Hollings 2015) and
represents the first year of research completed as part of a two-year MSc thesis study of the geology,
geochemistry and gold mineralization at the Laird Lake property in the Red Lake greenstone belt. The
project was initiated to study the relationship between the Balmer and Confederation assemblages and to
characterize the gold mineralization on the property.
The Red Lake greenstone belt is located in the Uchi Subprovince of the Superior Province,
approximately 275 km northwest of Thunder Bay. Known as one of the biggest gold camps in Canada,
much of the exploration in the Red Lake greenstone belt has been focussed near the current and pastproducing gold mines associated with the Red Lake Mine trend (Sanborn-Barrie et al. 2004). The Laird
Lake property lies at the southwestern end of the belt, and is an area with only limited exploration activity
despite sporadic exploration efforts since 1936 (Willoughby 1988).
The Balmer assemblage of the Red Lake greenstone belt hosts the largest past- and currently
producing gold mines (Corfu and Wallace 1986). Only 10 km east of the study area is the past-producing
Madsen Mine, which yielded over 75.16 t of gold and 12.99 t of silver from 1938 to 1976, with ore grades
averaging 10 g/t Au (Dubé et al. 2000). The Madsen Mine is located in the Flat Lake–Howey Bay
deformation zone, which coincides with the angular unconformity between the Balmer and Confederation
assemblages and is locally defined by the Austin ore zone (Hugon and Schwerdtner 1988; Durocher
1983). The Laird Lake area lies along strike from the Madsen Mine and the Starratt–Olsen deposit, and
potentially includes the continuation of the same deformation zone (Figure 14.1).
The main objectives of the project are to 1) produce a map of the rocks that underlie the property and
of a stripped mineralized trench; 2) determine the tectonic assemblage of the rocks using geochemical
signatures and samarium–neodymium isotope data; 3) compare the oxygen isotope values between the
gold-mineralized and barren quartz veins present on the property; and 4) compare the results of this
research with other, well-studied examples of Archean orogenic gold deposits.

Summary of Field Work and Other Activities 2016,
Ontario Geological Survey, Open File Report 6323, p.14-1 to 14-12.
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Figure 14.1. Simplified geological map of the Red Lake greenstone belt indicating the thesis study area (red outline) (modified after Sanborn-Barrie et al. 2004). Universal
Transverse Mercator (UTM) co-ordinates are provided in Zone 15 using North American Datum 1983 (NAD83).
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GENERAL GEOLOGY
The Red Lake greenstone belt preserves approximately 300 million years of geologic activity,
including multiple episodes of volcanism, sedimentation, plutonism, deformation and gold mineralization
(Corfu and Andrews 1987; Sanborn-Barrie, Skulski and Parker 2001). The belt consists of 7 tectonic
assemblages, including the Balmer (2.99 to 2.96 Ga), Ball (2.94 to 2.92 Ga), Slate Bay (2.91 Ga), Bruce
Channel (2.894 to 2.891 Ga), Trout Bay (2.85 Ga), Huston (2.71 Ga), Confederation (2.74 to 2.73 Ga)
and Graves (2.73 Ga) assemblages (Atkinson 1994; Corfu and Wallace 1986; Corfu and Andrews 1987)
(see Figure 14.1). A summary of the general geology of the Red Lake greenstone belt can be found in
Gélinas and Hollings (2015), with additional detail in Sanborn-Barrie et al. (2004).

RESULTS
Mapping of the Laird Lake property, at a scale of 1:10 000, was carried out during the 2015 field
season. Detailed mapping (1:20) of the “Gold Bearing Zone” trench was also completed during this time.
The main goals of the 2016 field season were to 1) better define and characterize the unconformity
between the Balmer and Confederation assemblages; 2) map the areas not covered in the previous field
season; and 3) conduct more sampling to acquire additional material for geochemistry, geochronology
and isotopic work in areas of interest (unconformity and gold-mineralized zones).
Overall, 46 samples were collected, mostly concentrated at the unconformity where deformation is
stronger and where determining the assemblage is more difficult. In total, 40 samples were submitted for
geochemical analyses, 3 samples for geochronology, 4 samples for secondary ion mass spectrometry
(SIMS) oxygen isotope analyses and 13 samples for samarium–neodymium isotope analyses.

Geology of the Laird Lake property
The Laird Lake property (Figure 14.2) lies within a sliver of the greenstone belt that occurs between
the Killala–Baird batholith (2704 Ma) and the Medicine Stone batholith (pre- to syntectonic). For a
detailed description of each unit, refer to Gélinas and Hollings (2015). Detailed mapping of the Laird
Lake property in 2015 and 2016 has shown that the Balmer and Confederation assemblages display
outcrop-scale textural differences that can be used to subdivide them. The Balmer assemblage typically
consists of fine-grained, aphyric, locally pillowed mafic metavolcanic rocks, ultramafic metavolcanic
rocks with flow-breccia textures and local spinifex-bearing clasts, and banded-iron formations. In
contrast, the Confederation assemblage rocks consist of phenocrystic (feldspar) or poikiloblastic
(amphibole) mafic metavolcanic rocks intercalated with intermediate to felsic metavolcanic rocks that
include flows, lapilli tuffs, crystal tuffs and tuffs.
Studies conducted by Sanborn-Barrie et al. (2000, 2004) and Sanborn-Barrie, Skulski and Parker
(2001) have identified multiple generations of deformation in the Red Lake greenstone belt. The D2 stage
of deformation is characterized by east- to northeast-trending structures and southeast-trending folds and
fabrics. These deformational structures are likely associated with the Uchian phase of the Kenoran
orogeny (Penczak and Mason 1997; Menard and Pattison 1998; Sanborn-Barrie et al. 2004). The Laird
Lake property shows a dominant east-trending fabric defined by weak to strong mineral alignments and
mineral banding, which most likely represent structures associated with D2 deformation.
The contact between the 2 assemblages elsewhere in the Red Lake greenstone belt has been described
as an angular unconformity, which can be locally defined by the presence of the metasedimentary Huston
assemblage (Sanborn-Barrie, Skulski and Parker 2001). This package of metasedimentary rocks is most
often conglomeratic; at the Madsen Mine, it is defined by a thin veneer of clastic detritus (Austin “tuff”)
14-3

Figure 14.2. Geological map of the Laird Lake property, showing the location of the known gold occurrences and the angular unconformity between the Balmer and
Confederation assemblages. Darker colours indicate observed outcrops or exposed areas; lighter colours indicate interpreted geology. The UTM co-ordinates are provided in
Zone 15 using NAD83.
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and, at other locations, is it represented by a succession of well-bedded argillite and turbiditic wacke.
At the Laird Lake property, the unconformity is defined by a prominent mineral banding texture on the
Balmer assemblage side of the unconformity (Photo 14.1A), which is most commonly in contact with
moderately foliated felsic to intermediate metavolcanic rocks of the Confederation assemblage and a lack

Photo 14.1. Selected photos of units in the vicinity of, or at, the unconformity. A) Strongly foliated mafic metavolcanic rock of
the Balmer assemblage showing alternating bands of biotite, amphibole and quartz, with patches of diopside at the “Gold Bearing
Zone” trench (UTM 421130E 5643828N). Scale card is 10 cm long. B) Unconformity between the Balmer assemblage (bottom,
darker) and Confederation assemblage (top, under hammer) with a pyroxene-rich mafic intrusion (centre, medium grey) intruded
along the contact (UTM 420740E 5643776N). Hammer handle is 35 cm long. The UTM co-ordinates are provided in Zone 15
using NAD83.
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of metasedimentary rocks (Photo 14.1B). Late pyroxene-rich mafic dikes commonly crosscut the
unconformity (see Photo 14.1B). The mineral banding observed within the Balmer assemblage is defined
by alternating bands of biotite, amphibole and quartz with ± diopside (see Photos 14.1A and 14.2A). This
texture is very similar to the surface exposures of the Austin “tuff” at the Madsen Mine.

Photo 14.2. Selected photos of the Lee Lake Peninsula gold zone. A) Strongly foliated mafic metavolcanic rock of the Balmer
assemblage showing alternating bands of biotite, amphibole, quartz, diopside and arsenopyrite (UTM 418366E 5642963N).
Compare with Photo 14.1A. Scale card is 10 cm long. B) Small-scale folding of mineral bands in mafic metavolcanic rock of
the Balmer assemblage (UTM 418366E 5642963N). The UTM co-ordinates are provided in Zone 15 using NAD83.
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Gold mineralization at the Laird Lake property is strongly associated with the unconformity (see
Figure 14.2). Typically, pyrite ± chalcopyrite ± pyrrhotite, and rarely arsenopyrite, are associated with
elevated gold values. Most gold showings are hosted in the Balmer assemblage, either in mafic
metavolcanic rocks or, rarely, in banded iron formation. The gold at the “Pit Zone” trench within Balmer
mafic metavolcanic rocks is typically found within a 5 to 20 cm thick smoky quartz vein with visible gold
often present. The Confederation assemblage hosts weakly mineralized gold zones, which are typically
hosted in quartz veins or in a pyrite-rich quartz-feldspar porphyritic crystal tuff as at the “Zone 11” trench.
Field work in 2016 located a new gold zone (Lee Lake Peninsula) at the southeast side of Lee Lake. The
area contains the same mineral banding that is typical of strongly foliated Balmer mafic metavolcanic rocks,
with interlayered biotite, amphibole, quartz and diopside layers with local layers rich in arsenopyrite. Smallscale folds were observed also and demonstrate the intensity of deformation in this area. Bounty Gold Corp.
received assay values up to 17 g/t Au over 20 cm and 5.4 g/t Au in hand samples, after their initial sampling
of the area during the summer of 2016 (J. LeBlanc, personal communication, 2016).

“Gold Bearing Zone” Trench
Located on the south side of Laird Lake, the “Gold Bearing Zone” trench (Figure 14.3;
UTM 421130E 5643828N) is a 65 m long stripped exposure of Balmer assemblage mafic metavolcanic
rocks less than 100 m from the interpreted location of the unconformity. There are 2 chert-magnetite
banded iron formations present in this trench. Within one of these banded iron formations, the magnetite
has been almost completely replaced by pyrite and is associated with elevated gold values. Multiple
crosscutting intermediate to mafic dikes cut the trench parallel to the main east-west fabric, and were
intruded before all the north-trending faults. Locally distinctive mineral banding (see Photo 14.1A) and
complex fold patterns demonstrate the intensity of deformation at this trench. Gold-bearing shears, up to
25 cm thick, cut the outcrop subparallel to the fabric and are defined by the presence of magnetite-rich
cores and pyrite-rich margins with local quartz-carbonate stringers. Some of the highest gold values are
found at the intersection between the shear zone and the sulphide-facies iron formation. The shear zone
has been interpreted by the author as the fluid conduit for the gold-bearing fluid and, if gold was
transported by a gold-bisulphide complex (Phillips and Powell 2010), the complex would have
destabilized by reaction with the banded iron formation because of the high concentration of iron in the
magnetite, thereby resulting in pyrite and gold precipitating into the banded iron formation.

Geochemistry
A total of 100 samples were submitted for whole-rock geochemical analysis to the Geoscience
Laboratories in Sudbury, Ontario after the 2015 field season. Major elements were analyzed by X-ray
fluorescence (XRF) and inductively coupled plasma atomic emission spectrometry (ICP–AES), the trace
elements were analyzed by inductively coupled plasma mass spectrometry (ICP–MS), ICP–AES and XRF
and the precious metals were analyzed by nickel sulphide fire-assay with an ICP–MS finish. These data
were utilized to subdivide the tectonic assemblages in cases where field observations could not determine
the specific assemblage either because of poor outcrop exposure and/or the presence of intense structural
fabrics that destroyed the primary textures.
Hollings (1998) and Sanborn-Barrie, Skulski and Parker (2001) previously showed that the Balmer
and Confederation assemblages of the Red Lake greenstone belt have distinct primitive mantle–
normalized trace-element profiles. The mafic flows of the Balmer assemblage are typically tholeiitic with
flat rare earth element (REE) patterns, but can also be slightly depleted in light rare earth elements
(LREE) or, more commonly, slightly enriched in LREE and enriched in large-ion lithophile-elements
(LILE) with negative niobium anomalies.The ultramafic flows are typically LREE depleted, show a range
in LILE enrichments and usually have a negative niobium anomaly. This previous work also indicated
that the Confederation assemblage can be subdivided into 3 different sequences: the McNeely calc-alkalic
14-7
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sequence, the Heyson tholeiitic sequence and the Graves calc-alkalic sequence. All 3 sequences show
enriched LREE, flattening to sloping heavy rare earth elements (HREE) and large niobium and titanium
anomalies (Sanborn-Barrie, Skulski and Parker 2001).
The Laird Lake trace element data (Figure 14.4) show a clear distinction between the Balmer and
Confederation assemblages and, thus, can be used to distinguish between the 2 assemblages. The mafic
metavolcanic rocks of the Balmer assemblage on the Laird Lake property plot in the tholeiitic field on a
SiO2 versus K2O diagram (not shown) and display 2 trends on a primitive mantle–normalized REE diagram
(see Figure 14.4): trend 1 has a relatively flat REE pattern compared to trend 2, which is enriched to
depleted in LREE and has a much higher Th/Nb value. Both trends 1 and 2 show weak negative titanium
anomalies. The ultramafic metavolcanic rocks of the Balmer assemblage typically have depleted LREE,
although 1 spinifex-textured sample shows enriched LREE. The ultramafic rocks typically have strong
negative niobium anomalies, but varied europium anomalies. In contrast, the Confederation assemblage
metavolcanic rocks plot within the calc-alkaline field on a SiO2 versus K2O diagram (not shown), whereas,
on a primitive mantle–normalized REE diagram (see Figure 14.4), the rocks are LREE enriched, display
various flattening to sloping HREE, and have large niobium and titanium negative anomalies. The
geochemical trends observed on this diagram, along with field observations, suggest that the Confederation
assemblage rocks are part of the Heyson sequence described by Sanborn-Barrie, Skulski and Parker (2001).

CONCLUSIONS AND FUTURE WORK
The results presented in this paper allow for some preliminary conclusions to be drawn. First, the
Balmer and Confederation assemblages generally can be distinguished in the field by rock type
associations and primary textures. The geochemical data allow for more precise and absolute subdivision
of the assemblages when field observations are insufficient. The angular unconformity separating the 2
assemblages is defined by mineral banding on the Balmer assemblage side of the unconformity, whereas
felsic to intermediate metavolcanic rocks of the Confederation assemblage, with no increase in
deformation, are present on the south side of the unconformity. An increase in gold mineralization is
observed in the vicinity of the unconformity, as shown by the presence of 10 gold zones along its length.
Gold mineralization can be hosted in quartz veins, locally as visible flecks of gold, in banded iron
formation and/or in the Balmer assemblage mafic metavolcanic rocks as a disseminated phase. Most
often, gold is associated with pyrite ± chalcopyrite ± pyrrhotite and, rarely, arsenopyrite.
Given the close association between the unconformity and gold mineralization, the mineral banding
in the Balmer assemblage rocks near the unconformity, and the regional spatial setting of the study area, it
is possible that the Laird Lake property represents a continuation of the same mineralization and
deformation events that occurred at the Madsen and Starratt–Olsen deposits.
Future work will include detailed interpretation of the whole-rock geochemical results from the
samples submitted after the 2016 field season. These data will help narrow down the specific location of
the unconformity, along with being used to create an alteration map of the “Gold Bearing Zone” trench.
Quartz vein samples (barren and mineralized) will be analyzed at the University of Manitoba for oxygen
isotopes to determine whether all veins originate from the same source or if differences are present
between the barren and mineralized veins. Rocks of varied lithology from the Balmer and Confederation
assemblages have been submitted for samarium–neodymium isotope analysis at Memorial University of
Newfoundland to determine the source of the host rocks and to establish the tectonic history of the area.
Lastly, 3 geochronology samples have been submitted for U/Pb analysis at the University of British
Columbia to aid in resolving the timing of mineralization and to establish the tectonic framework of the
deposits. The geochronology samples consist of 1) a felsic to intermediate metavolcanic rock of the
Confederation assemblage from near the unconformity, 2) a strongly deformed diorite intrusion hosted in
the Confederation assemblage near the unconformity and 3) a very weakly deformed diorite intrusion
hosted in the Balmer assemblage approximately 750 m north of the unconformity.
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Figure 14.4. Primitive mantle–normalized trace-element diagrams of the assemblages on the Laird Lake property (normalizing
factor from McDonough et al. 1992): A) Balmer assemblage and B) Confederation assemblage.
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INTRODUCTION
This article reports preliminary results of an Ontario Geological Survey supported collaborative
thesis project in the Rowan–Kakagi greenstone belt in the western Wabigoon Subprovince (Figure 15.1).
The project focusses on 2 historic shear zone–hosted gold occurrences: the Dogpaw and Dubenski
deposits, located approximately 80 km south of Kenora.
The Rowan–Kakagi greenstone belt is transected by the crustal-scale, northwest-trending Pipestone–
Cameron fault zone (PCFZ) (Melling 1988). The PCFZ comprises a complex array of discrete high-strain
zones characterized by schistose fabric development and quartz carbonate alteration (Meade, this volume).
It is associated with numerous, structurally controlled gold occurrences, including the Cameron Lake
deposit with measured + indicated resources of 0.569 million ounces (Drabble et al. 2015, p.16, their
Table 1.1). The Cameron Lake deposit is interpreted to be hosted by a splay of the PCFZ, called the
Cameron Lake shear zone (Melling 1988). Other first- and second-order faults have been identified within
the PCFZ, including the northwest-trending Dalby Bay shear zone, hosting the Dogpaw deposit, and the
west-trending Flint Lake shear zone, hosting the Dubenski deposit (Ball 2014).
The structural controls and relative timing of mineralization at the Dogpaw and Dubenski deposits
are poorly understood. In addition, the regional significance of the deformation and its relationship to the
Cameron Lake deposit has not yet been resolved. The goal of this project is to create a structural
framework relating deformation, alteration and mineralization in this part of the Rowan–Kakagi
greenstone belt.
The objectives of this project include
•

detailed structural analysis of several discrete, gold-bearing shear zones at the Dogpaw and
Dubenski deposits;

•

integration of deposit-scale structural relationships with the regional deformation history of the
PCFZ; and

•

comparison of the Dogpaw and Dubenski deposits with the structural styles, alteration and
mineralization documented at the Cameron Lake deposit.

Summary of Field Work and Other Activities 2016,
Ontario Geological Survey, Open File Report 6323, p.15-1 to 15-7.
© Queen’s Printer for Ontario, 2016
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Figure 15.1. Simplified geological map of the Rowan–Kakagi greenstone belt (modified from Johns 2007). The Pipestone–
Cameron fault zone separates the Rowan Lake greenstone belt in the northeast and the Kakagi greenstone belt in the southwest.
Abbreviations: AB, Aulneau Batholith; AtB, Atikwa Batholith; CaL, Caviar Lake; CL, Cameron Lake; CLSZ, Cameron Lake
shear zone; DB, Dryberry Batholith; DPL, Dogpaw Lake, ES, Emm Bay syncline; FL, Flint Lake; LOW, Lake of the Woods;
MCSZ, Monte-Cristo shear zone; NLS, Nolan Lake stock; PCFZ, Pipestone–Cameron fault zone; RL, Rowan Lake; SA,
Shingwak anticline; SL, Stephen Lake; SLP, Stephen Lake pluton; WF, Wabigoon fault. Universal Transverse Mercator (UTM)
co-ordinates are provided using North American Datum 1983 (NAD83) in Zone 15.
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REGIONAL GEOLOGY
The most recent geological map compilation of the greenstone belt is by Johns (2007) at a scale of
1:50 000. The area around the Dogpaw and Dubenski deposits was mapped by Davies and Morin (1975)
at a scale of 1:31 360. The evolution of the greenstone belt is outlined by Davis and Edwards (1982,
1986), who conducted field mapping and high-precision U/Pb geochronological studies in the Kakagi
Lake area. Their findings are summarized here.
The Rowan–Kakagi greenstone belt consists of 2 metavolcanic terranes: 1) the Kakagi Lake
greenstone belt and 2) the Rowan Lake greenstone belt. The 2 terranes are separated by the northwesttrending PCFZ (see Figure 15.1).
Volcanism in the Kakagi Lake greenstone belt is interpreted to have started at 2731.7 +4.0/–2.9 Ma
based on the U/Pb ages of the Katimiagamak gabbro, which is interpreted to be contemporaneous with
basalts of the Katimiagamak group and Snake Bay group (Davis and Edwards 1986). The Katimiagamak
group and Snake Bay group are overlain by intermediate pyroclastic rocks of the Kakagi Lake group.
A felsic tuff at the top of the Kakagi Lake volcanic succession yielded a U/Pb age of 2711.1 +1.3/–1.2 Ma
(Davis and Edwards 1986). The Kakagi Lake group is intruded by differentiated mafic to ultramafic sills
called the Kakagi Lake sills. A pegmatitic section of gabbro from the Kakagi Lake sills yielded a U/Pb
age of 2724.8 +2.5/–2.3 Ma, suggesting that the sills are broadly contemporaneous with the volcanic rocks
(Davis and Edwards 1986).
Basalts of the Katimiagamak group and Snake Bay group are intruded by the Aulneau Batholith
and the Sabaskong batholith. A tonalite phase and a granodiorite phase of the Aulneau Batholith yielded
U/Pb ages of 2716.8 +4.9/–2.8 Ma and 2709.6 +3.9/–1.5 Ma, respectively (Davis and Edwards 1986).
The Rowan Lake greenstone belt is located northeast of the PCFZ; its internal structural architecture is
characterized by the northeast-trending Shingwak anticline and the Monte-Cristo shear zone (see Figure 15.1).
The Rowan Lake greenstone belt is dominated by mafic flows of the Rowan Lake volcanics, which display
well-preserved primary structures north of the Shingwak anticline. The Rowan Lake volcanics are intruded
by the Nolan Lake stock, interpreted as a late tectonic granitoid (Lewis, Kamo and Lodge 2012).

FIELD WORK AND OBSERVATIONS
Field work carried out in the summer of 2016 included mapping and sampling of 3 trenched
exposures around the Dogpaw deposit (Figure 15.2). The trenches were gridded and mapped at a scale of
1:200, or at a scale of 1:50 where important structural relationships were observed. Reconnaissance
mapping in the area around the deposits was conducted to characterize the regional geological setting of
the deposits including key exposures of the Pipestone–Cameron fault zone. The Kakagi Lake sills and
Kakagi Lake group in the region were also mapped to help characterize these important lithological units.
Rock samples for whole-rock geochemical analysis were collected from the Dogpaw and Dubenski
deposits to characterize major rock types. Samples were collected for gold assay to constrain the
distribution of mineralization. Samples were also collected for thin sections for microstructural and ore
petrographic study.
Preliminary observations from mapping during the summer of 2016 are summarized in the following
sections.
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Dogpaw Deposit
The Dogpaw deposit has been examined by a number of mineral exploration companies over several
decades; the exploration history of the deposit is summarized by Ball (2014). Both the Dogpaw and
Dubenski deposits have numerous mechanically stripped outcrops that provide good, accessible exposures
of key structural relationships.

Figure 15.2. Geological map showing the location of the 1) Dogpaw deposit and 2) Dubenski deposit (modified from Johns 2007).
Abbreviations: DBSZ, Dalby Bay shear zone; PCFZ, Pipestone–Cameron fault zone. The location of the 3 trenches mapped
during the 2016 field season are shown. The UTM co-ordinates are provided using NAD83 in Zone 15.
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The Dogpaw deposit area is underlain by a thick gabbro sill assigned to the Kakagi Lake sills. The
sill is in contact with basalts of the Snake Bay group to the west and intermediate to felsic pyroclastic
rocks of Kakagi Lake group to the east.
The gabbro is mostly equigranular and varies in texture from coarse to very coarse grained.
Pegmatitic patches up to several metres across occur locally (Photo 15.1A). The gabbro contains
approximately 35% plagioclase and 35% pyroxene, with approximately 5 to 15 modal % quartz. The
pegmatitic gabbro commonly exhibits radiating pyroxene and plagioclase crystals, up to several
centimetres in size (Photo 15.1B).
Deformation associated with the localized Dalby Bay shear zone (see Figure 15.2) is expressed in the
gabbro as discrete anastomosing zones of brittle-ductile deformation with a well-developed shear fabric.
The deformation occurs preferentially in finer grained portions of the gabbro; the contacts between highly
sheared gabbro and undeformed pegmatitic gabbro is very sharp. Shear fabrics appear to wrap around the
more competent pegmatitic portions of the gabbro and the shear zone pinches and swells dramatically as
it wraps around the pegmatitic gabbro. In Trench 1, for example, the shear zone varies in width from 1 m
to approximately 20 m.
The partitioning of strain resulting from textural anisotropies in the gabbro also gives rise to discrete
shear zones with different orientations and kinematics (Photo 15.1C). In Trench 1, a well-developed shear
fabric trending north-northeast has asymmetry, suggesting a sinistral sense of movement. This is in
contrast to Trench 2, where the shear fabric trends southeast and displays a dextral sense of movement
(Photo 15.1E). The shear zones may represent a conjugate set that developed concurrently.
Feldspar- and quartz-feldspar-porphyry dikes occur in the area around the Dogpaw deposit. The
dikes locally crosscut zones of intense alteration and deformation or, conversely, they are oriented
subparallel to shear zones and are themselves altered and deformed. Field relationships suggest that the
felsic intrusions are syntectonic to late tectonic. At Dogpaw Trench 1, for example, a southeast-trending
feldspar porphyry dike crosscuts a north-northeast–trending shear zone. The feldspar porphyry dike is
weakly deformed and unaltered. In Trench 2, feldspar porphyry dikes are deformed and trend southeast,
parallel to a ductile shear zone (Photos 15.1D and 15.1E). Geochemical and geochronological analysis of
the dikes may be used to constrain the relative timing of deformation and alteration in the 2 shear zones.
Gold mineralization at the Dogpaw deposit is reported to be associated with zones of brecciation and
carbonate alteration containing up to 10% pyrite (Ball 2014). High-grade zones, identified from historic
diamond drilling, are expressed at surface in some of the trenched exposures. To date, no detailed study of
the mineralization has been undertaken at the Dogpaw deposit. Trenched exposures have been channel
sampled extensively by previous claim holders; however, historic assay results are unavailable. Targeted
channel sampling of zones containing significant alteration, quartz veining and sulphides was done to
constrain the type of mineralization.

Dubenski Deposit
The Dubenski deposit is hosted by the Flint Lake shear zone, a prominent west-trending deformation
zone. The regional significance of west-trending structures within the broadly northwest-trending
Pipestone–Cameron fault zone will be investigated; they may represent fault jogs or a separate
overprinting family of faults. As many as 14 trenched exposures are reported along the strike of the Flint
Lake shear zone, although these are mostly overgrown. The structural setting of the Dubenski deposit is
poorly understood and no recent exploration work is reported on the deposit (Ball 2014). Cleaning and
targeted sampling of 2 trench exposures was carried out during the 2016 field season. During
reconnaissance mapping, mesoscale folds were observed adjacent to strongly sheared volcanic rocks in
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the Flint Lake shear zone (Photo 15.1F). The orientation and asymmetry of the folding may be used to
determine shear sense across the fault zone or to predict plunge controls on mineralization in the absence
of pervasive linear fabrics.

Photo 15.1. Field photos for the Dogpaw and Dubenski trenched exposures (photo locations provided as UTM co-ordinates
using NAD83 in Zone 15). A) Undeformed pegmatitic gabbro from the Dogpaw trenches (436612E 5464860N). B) Pegmatitic
gabbro with radial pyroxene and plagioclase crystals (436612E 5464860N). C) Deformed pegmatitic gabbro with a welldeveloped shear fabric (436402E 5464790N); pencil for scale is 10 mm wide. D) Feldspar porphyry with a well-developed shear
fabric defined by the alignment of plagioclase grains (436503E 5464928N). E) A highly sheared and altered feldspar porphyry
with a well-developed C–C′ shear fabric indicating a dextral sense of movement (436503E 5464928N). F) Tight folding exposed
in a trenched exposure at the Dubenski deposit (438389E 5464928N).
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FUTURE WORK
Field work in the summer of 2017 will have the following objectives:
•

The Dubenski deposit will be studied in detail. Two trenched exposures will be mapped and
sampled. Infill mapping around the trenches will also be conducted.

•

Exposures at the Dogpaw and Dubenski deposits will be revisited to corroborate the results of
assay and geochemical data collected in 2015.

•

Trenched exposures at the Cameron Lake deposit, located approximately 5 km southeast along
the PCFZ, will be observed to compare the styles of mineralization and deformation to those
observed at the Dogpaw and Dubenski deposits.
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INTRODUCTION
The Sudbury Structure, which is a remnant of a deformed impact crater, is host to numerous nickelcopper-platinum group element (PGE) deposits and is one of the greatest nickel-producing districts in the
world. The Southwest Sudbury Structure bedrock geology mapping project, focussing on 1:20 000 scale
mapping of Drury, Denison, Trill and Fairbank townships (see Figure 16.1), was initiated by the Ontario
Geological Survey (OGS) in 2015 as part of the 5-year, multi-disciplinary research program on Low
Sulfide PGE-rich Sudbury Footwall Mineralization being conducted by the Mineral Exploration Research
Centre (MERC) at the Harquail School of Earth Sciences, Laurentian University. This is a collaborative
program with OGS, Laurentian University and the private sector to develop an integrated geological,
geochemical and geophysical exploration model for low-sulphide, PGE-rich mineralization in the
Sudbury Basin. In addition, 1 of 2 related graduate theses was initiated in 2015 as part of the bedrock
geology mapping through the Ontario Geological Survey–Laurentian University Graduate Mapping
School Agreement (see Généreux et al., this volume, Article 19; Gordon, Simard, and Généreux 2015).
The OGS last mapped Drury and Denison townships over 50 years ago (Card 1965a, 1965b, 1967a,
1967b, 1968). Trill Township and parts of Fairbank Township were mapped over 30 years ago (Lafleur,
Maerz and Dressler 1982; Lafleur and Dressler 1985; Thomson 1960). The study area contains numerous
past-producing mines and there is currently 1 operating mine (Totten Mine), a recent past-producer
(Lockerby Mine) and several advanced exploration projects, as well as the potential for undiscovered
deposits. The geology of this part of the Sudbury Structure is more structurally complex than that of the
North Range and is poorly understood, consequently, the need for collecting new geological and
structural data to assist in mineral exploration.
This article summarizes the results from the 2016 mapping program, which focussed on Drury
Township.

REGIONAL GEOLOGY
Drury Township is located approximately 50 km west of Sudbury, and includes the southwestern
exposure of the Sudbury Igneous Complex (SIC). It straddles the boundary between the Archean Superior
Province and the Paleoproterozoic Southern Province (Figure 16.1). Within the study area, Archean rocks
consist predominantly of massive to moderately foliated monzogranites belonging to the Ramsey–Algoma
granitoid complex (Card 1979), which includes several large batholiths, including the Cartier (2642 Ma:
Meldrum et al. 1997) and Birch Lake (2651 Ma: Kamo 2006; Easton and Heaman 2008) batholiths.
Summary of Field Work and Other Activities 2016,
Ontario Geological Survey, Open File Report 6323, p.16-1 to 16-19.
© Queen’s Printer for Ontario, 2016
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Drury Township is situated at or near the transition between the Cartier and Birch Lake batholiths, but the
placement of the contact between the 2 batholiths has not been specifically noted (Tolman 1929; Meldrum
et al. 1997). These granitoid intrusive rocks are intruded by the Matachewan–Hearst mafic dike swarm,
which was likely emplaced in 2 main pulses, the first, earlier pulse at circa 2480 Ma is believed to have
been coincident with emplacement of the East Bull Lake intrusive suite of layered intrusions (Krogh,
Davis and Corfu 1984; James et al. 2002; Bleeker et al. 2012, 2015). The Drury Township intrusion,
a large, gabbroic to anorthositic body, is interpreted to belong to the East Bull Lake intrusive suite
(cf. James et al. 2002). The second and “main pulse” of the Matachewan–Hearst dike swarm occurred at
circa 2460 Ma (Bleeker et al. 2012, 2015; Heaman 1997).

Figure 16.1. Simplified geological map of the Sudbury area, also showing the location of Trill, Fairbank, Drury and Denison
townships (modified from Ames and Farrow 2007). The location of Figure 16.2 is outlined in black.
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The southern boundary of the Superior Province and the Drury Township intrusion are overlain
unconformably by the supracrustal rocks of the Huronian Supergroup, which were deposited in a
continental rift basin between 2450 and 2219 Ma (Krogh, Davis and Corfu 1984; Bennett, Dressler and
Robertson 1991). The Huronian Supergroup is composed of metamorphosed sandstones, mudstones,
carbonates, conglomerates and minor volcanic rocks, which are subdivided into the Elliot Lake, Hough
Lake, Quirke Lake and Cobalt groups (cf. Robertson, Card and Frarey 1969). Major, east-trending
structures, such as the Murray fault (see Figure 16.1), are thought to have originated as extensional faults
during sedimentation (Card and Hutchinson 1972). From 2219 to 2210 Ma, the Huronian Supergroup and
the adjacent Archean granitoid rocks, were intruded by the Nipissing Intrusive Suite (Noble and Lightfoot
1992; Corfu and Andrews 1986; Gordon 2013). Several, metamorphosed, but otherwise relatively
undeformed, east-trending dikes, currently known as “Trap dikes”, also intrude the Huronian Supergroup.
The Sudbury Structure, which has long been recognized as the root of an ancient meteorite crater
formed at 1850 Ma (Dietz 1964; Krogh, Davis and Corfu 1984), crops out in the northeast corner of the
map area. The Sudbury Structure is made up of 1) the Main mass SIC consisting of lower noritic to
gabbroic cumulates, a transitional quartz gabbro and an upper granophyre; 2) the Sublayer; 3) quartzdiorite offset dikes; 4) brecciated and shock metamorphosed footwall rocks known as Sudbury Breccia;
and 5) crater-fill breccias overlain by sedimentary strata of the Whitewater Group (Giblin 1984; Dressler,
Gupta and Muir 1991; Ames et al. 1997, 2002; Ames, Watkinson and Parrish 1998; see Figure 16.1). The
world-class nickel-copper-PGE mineral deposits directly related to the Sudbury Structure are classified
into 3 main types based on their settings: 1) contact deposits, which are nickel-copper ores hosted in
embayments at the base of the SIC, 2) offset deposits, which are nickel-copper-PGE ores hosted in
“quartz diorite” offset dikes, and 3) footwall deposits, which include the copper-nickel-PGE and lowsulphide PGE deposits hosted by Sudbury Breccia (Ames and Farrow 2007).
The Sudbury area has been affected by several episodes of deformation and metamorphism.
Regional metamorphic grade ranges from sub-greenschist to amphibolite facies and generally increases to
the south (Card et al. 1984). Early regional shortening produced tight folds and is believed to have started
prior to the emplacement of the Nipissing Intrusive Suite (Card 1978; Card et al. 1984). However, some
workers have reported field relationships suggesting that most folding is post-Nipissing (Bleeker et al.
2015; Card 1978). The SIC (1850 Ma: Krogh, Davis and Corfu 1984) thermally metamorphosed the
surrounding rocks as it cooled (Dressler, Gupta and Muir 1991). The elliptical shape of the SIC has been
attributed to northwest-directed regional compression, which also produced south-dipping reverse shear
zones such as the South Range shear zone (see Figure 16.1). This later deformational event is constrained
by the age of the undeformed Sudbury diabase dike swarm (1238±4 Ma) (Krogh et al. 1987). Most workers
have attributed post-impact ductile deformation, such as the South Range shear zone, to the Penokean
Orogeny (Card 1978; Riller et al. 1999). However, recent geochronological studies of the Huronian
Supergroup rocks are not consistent with Penokean deformation, but do correspond with later orogenic
events, which include the Mazatzal and Yavapai events and a third event at circa 1450 Ma (Bailey et al.
2004; Piercey, Schneider and Holm 2007).

GEOLOGICAL OVERVIEW AND STRATIGRAPHY
Figure 16.2 presents the results of 2015 and 2016 mapping in Drury Township. Descriptions of each
map unit are summarized in Tables 16.1 to 16.3: characteristics of the Huronian Supergroup rocks are in
Table 16.1, characteristics of the Sudbury Igneous Complex and associated breccias are in Table 16.2,
and characteristics of the intrusive rocks are in Table 16.3.
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Figure 16.2. Simplified geological map of Drury Township, based on mapping in 2015 and 2016. Numbers beside mineral
occurrences correspond to the numbers referred to in the text. Universal Transverse Mercator (UTM) co-ordinates are provided
using North American Datum 1983 (NAD83) in Zone 17.
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Table 16.1. Characteristics of the Huronian Supergroup rocks in Drury Township.
Formation
Hough Lake Group
Mississagi Formation

Rock Types and/or Facies

White to beige-pink, moderately to
Massive to bedded. Beds vary
well-sorted, fine- to medium-grained
from thin (1–2 cm) parallel
subfeldspathic arenite and quartz
and non-parallel to thick
arenite
(15 up to 50 cm) with
cross-beds

Abundant shattercones
throughout.
Exposed stratigraphy is
1.5–2 km thick*

Pecors Formation

Beige to grey, well-sorted, fine-grained Massive to medium bedded
siltstone and mudstone
(10–30 cm) locally
cross-beds, flame structures

Exposed stratigraphy is
100–300 m thick*

Ramsay
Lake
Formation

Other Characteristics

“Sandy” Beige, very fine- to medium-grained
subfeldspathic arenite to wacke and
quartz arenite

Medium (≤30 cm),
crudely bedded

“Sandy” unit ≤300 m
thick*

“Grey”

Grey, very coarse-grained quartz-rich
conglomeratic wacke.
15–30% granite, amphibolite and
quartz clasts (polymictic)

Massive to crudely bedded.
Beds are thick (1 to >10 m)

“Grey” and “Beige” units
≤600 m thick*

“Beige”

Beige, very coarse-grained quartz-rich Thick (1 to >3 m), massive to
conglomeratic subfeldspathic arenite.
crudely bedded. Sandstone
5–15% granite and quartz clasts
beds are thin (1–5 cm) and
(bilithic).
locally contain ripples
Locally interbedded with
fine- to very fine-grained
subfeldspathic arenite

Elliot Lake Group
McKim Formation

Matinenda
Formation

Primary Structures

Dark to medium grey, interbedded
Thinly (0.2–30 cm) bedded
Exposed stratigraphy
fine-grained sandstone, siltstone
mudstone and siltstone,
≤2 km thick*.
and mudstone grading upward into
locally displaying graded beds,
Staurolite and chloritoid
thinly bedded argillaceous mudstone
cross-beds, ripples and flame
porphyroblasts
and siltstone.
structures
predominantly in the
Locally narrow quartz arenite
muddier beds
interbedded with mudstone and
siltstone in the lower 50 m

Top

Beige-white, medium- to very coarsegrained, subfeldspathic arenite and
quartz arenite. Interbedded with
thin (20–50 cm) siliceous siltstone
and mudstone in the top 150 m

Massive to bedded.
Beds are medium to thick
(50 to >300 cm) with local
graded and cross-bedding

Top and basal facies
~0.3–1.2 km thick*

Basal

Greenish-beige, medium- to very
coarse-grained, subfeldspathic
arenite and quartz arenite with
local quartz-pebble-rich slightly
conglomeratic beds

Massive to bedded. Beds are
medium to thick with local
graded and cross-bedding

Uranium-rich horizons
present typically
~50–150 m
stratigraphically
above the base

Aphanitic to plagioclase-phyric,
massive mafic volcanic rocks

Locally amygdaloidal

Unit <50 m thick.
Associated with
Sudbury Breccia and
unsubdivided mafic
intrusive rocks

Fine-grained, mafic amoeboidal lobes
(5 cm up to 2 m in diameter)

~10–15% of outcrop is medium- Unit at least 50 m thick.
Interlobate material
grained, mica-rich interlobate
interpreted as
material
metamorphosed
sediments

Unsubdivided Drury
volcanic
east
rocks

Drury
south

*Unit thicknesses are apparent thicknesses and include thickening by folds and potential thrust repetitions.
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Table 16.2. Characteristics of Sudbury Igneous Complex rocks and associated breccias in Drury Township.
Unit
Main Mass
Granophyre

General Description

Other Characteristics

Medium- to coarse-grained, equigranular, leucocratic,
monzogranite

Moderate to strongly foliated

Transition quartz gabbro

Medium-grained, meso- to melanocratic,
strongly magnetic quartz gabbro

Weak to moderately foliated

Norite

Medium-grained, leuco- to mesocratic,
equigranular quartz-bearing norite

Massive, locally foliated.
Varied quartz and potassium
feldspar content.
Contains Ni-Cu mineralization

Fine- to medium-grained norite matrix with <30%
inclusions mainly of mafic composition (aphanitic to
coarse-grained gabbroids) and varied size (1–15 cm,
poorly sorted). The matrix contains 5–15% blebby
sulphide mineralization throughout (0.2–1 cm diameter)

Contains Ni-Cu-PGE mineralization

Leuconorite,
inclusion-rich

Fine- to medium-grained leuconorite matrix with
35 to >60% small inclusions (0.5–100 cm, averaging 3
cm in size, moderately sorted) of gabbroids, plagioclasephyric fine-grained mafic rocks, and granite

Not magnetic; locally sheared

Norite to leuconorite,
inclusion-rich

Fine- to medium-grained, locally plagioclase-phyric,
norite to leuconorite matrix with 30–85% inclusions of
varying composition and size (mainly gabbroids and
plagioclase-phyric fine-grained mafic rocks, lesser
amount of granite; 0.2 cm to >1 m, very poorly sorted).
Generally, the matrix contains <5% disseminated
sulphides

Highly magnetic; locally sheared;
contains Ni-Cu-PGE mineralization

Contact Sublayer
Norite,
inclusion-poor

Worthington Offset Dike
Inclusion*-bearing
Fine- to medium-grained quartz diorite “matrix” with
quartz diorite
30–80% inclusions of highly variable composition and
size (ultramafic and mafic intrusive, sedimentary,
quartz fragments; 0.5 cm to >3 m, very poorly sorted).
The matrix contains 15 to >40% blebby sulphide
mineralization
Quartz diorite
Sudbury Breccia
Breccia belts

Localized breccia
veins/veinlets

Variably foliated; varied in thickness
(20 to >50 m); generally present in
the core of Worthington Offset dike;
contains Ni-Cu-PGE mineralization;
host of the Totten Mine deposit

Fine- to medium-grained, massive, some large countryVariably foliated; varied in thickness
rock xenoliths close to contact, contains <5% inclusions;
(up to 30 m) on outside of the
<5% disseminated sulphides in matrix
Worthington Offset dike
Clast-rich, poorly sorted, bilithic and heterolithic breccia
belts. Matrix between clasts composes >40% of the
outcrops, is fine grained and dark green to grey.
Clasts range from <1 cm up to 8 m in diameter

Occurs predominately along major
lithological contacts.
Ranges from 50 to 300 m in width.
Variably foliated, foliation wraps
around clasts, and forms
anastomosing veinlets

Very fine-grained, dark green, chloritic rock.
Present in varied amounts in all map
Forms veinlets and veins of various thickness
units older than circa 1850 Ma.
(<1 cm to >1 m). Varies from monolithic to heterolithic,
Variably foliated.
clast rich to clast poor. Minor disruption of host rock
Flow structures locally preserved

*inclusion: mix of country rock, gabbroic and ultramafic fragments, variably rounded, observed in varied abundance in the
Worthington Offset dike.
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Table 16.3. Characteristics of intrusive rocks in Drury Township.
Rock Suite

Age

Rock Type

Description

Sudbury dike
swarm

1238 Maa

Olivine
gabbro

Fine to medium grained,
meso- to leucocratic,
locally plagioclase
phyric

Felsic intrusions
of unknown
affinity

Unknown

Tonalite

Fine grained,
equigranular,
leucocratic

NW

Narrow (1–5 m wide),
massive, white, felsic dikes
crosscut the Nipissing
Intrusive Suite in the
southern half of Drury
Township

Mafic intrusions
of unknown
affinity

Unknown

Microgabbro

Fine grained,
equigranular,
meso- to melanocratic

E-W

Narrow, variably deformed
mafic dikes crosscut all units.
Relatively undeformed dikes
in the southern part of the
township are tentatively
linked to the Trap dike
swarm

Nipissing
Intrusive Suite

2219 to 2210 Mab Gabbronorite

Fine to medium grained,
mesocratic; thicker
intrusions (>250 m)
are locally pegmatoidal
and crudely layered
with melanocratic
basal zones

Varied

Typically present as sills in
and at contacts of the
Huronian Supergroup rocks;
majority of the larger sills
intruded at the contact
between the McKim and
Ramsay Lake formations.
Folded and strongly foliated.
Contain Ni-Cu-(PGE)
mineralization

Matachewan–
Hearst dike
swarm

2473 to 2455 Mac Gabbronorite

Fine to medium grained,
mesocratic, locally
plagioclase phyric

NE

Moderate to strong foliation

Drury Township
intrusion

Historically
assigned to the
2480 Mad
East Bull Lake
Intrusive Suite

E-W

Occurs at the contact of the
Ramsey–Algoma granitoid
complex, Huronian
Supergroup and Sudbury
Igneous Complex.
Variably deformed and
contains Ni-Cu-(PGE)
mineralization

Ramsey–Algoma 2645 Mae
granitoid
complex

Anorthositic Medium to coarse
gabbronorite grained, locally
pegmatoidal,
vari-textured,
leucocratic

Monzogranite Medium to coarse
grained, locally
developed potassium
feldspar megacrysts

Occurrence Other Characteristics
or Trend
NW
Strongly magnetic,
undeformed and massive

Northern Massive to moderately
third of
foliated
Drury
Township

from Krogh et al. (1987).
from Noble and Lightfoot (1992), Corfu and Andrews (1986) and Gordon (2013).
cAge from Heaman (1997).
dAges from Krogh, Davis and Corfu (1984), James et al. (2002), Bleeker et al. (2012, 2015).
eAge from Kamo (2016).
aAge

bAges
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The regional metamorphic grade in Drury Township ranges from lower greenschist to lower
amphibolite facies, with overprinting by later retrograde metamorphism (Card 1965a, 1978). The contact
metamorphic aureole associated with the SIC is best preserved in the Drury Township intrusion and is
estimated to be several hundred metres thick. For the sake of brevity and clarity, metamorphism is not
discussed further in this report and the authors have omitted the prefix “meta” from rock names (e.g.,
gabbronorite versus metagabbronorite).
The township was last mapped prior to the establishment of the current Huronian Supergroup
stratigraphy (cf. Robertson, Card and Frarey 1969). One of the main objectives of this mapping project is
to characterize and apply the modern Huronian Supergroup stratigraphic classification scheme to the
sedimentary and volcanic rocks in southern Drury Township, as illustrated in Figure 16.2. The rocks are
assigned to the Elliot Lake and Hough Lake groups as described in their type sections in the Elliot Lake
area (Young 1991; Bennett, Dressler and Robertson 1991, and references therein) (Photos 16.1A to 16.1E).
The formations in Drury Township are similar to their type section descriptions, with the exception
of the Ramsay Lake Formation and the basal volcanic rocks of the Elliot Lake Group (see Table 16.1).
The Ramsay Lake Formation is historically described as a clast-rich diamictite and orthoconglomerate
with a grey, sandy to granular matrix (Young 1991; Long 2009), with heterolithic clasts making up to
30% of the rock (Bennett 2006). Minor amounts of mudstone, wacke and arenite are locally present
(Bennett 2006). In Drury Township, the Ramsay Lake Formation is dominantly a conglomeratic sandstone
(5–30% clasts) and has been subdivided into “grey” and “beige” members based on colour, composition of
the matrix, and clast abundance (see Table 16.2). The upper portion of the Ramsay Lake Formation is
composed of fine- to medium-grained sandstone and is classified as the “Sandy” member (see Table 16.2).
The majority of the previously identified volcanic rocks in Drury Township (Card 1965a, 1965b)
occur in an east-trending, 300 to 500 m wide mylonite zone (see Figure 16.2; see also Gordon, Simard
and Généreux 2015). Only 2 small exposures of identifiable volcanic rocks were mapped in Drury
Township and occur within the mylonite zone along the eastern edge of the township and in the southern
part of the township interlayered with the McKim Formation (see Figure 16.2). These are referred to as
“Drury East” and “Drury South”, respectively, in Table 16.2.
The SIC is exposed in the northeastern corner of the township (see Figure 16.2; Photos 16.1F, 16.2A
and 16.2B) and exhibits the complete Main Mass stratigraphic sequence, including the basal quartzbearing norite, the transition zone quartz gabbro and the upper granophyre (see Table 16.2). The contact
sublayer is also present, but is not laterally continuous, varies in thickness and appears to only be present
along the Sudbury Igneous Complex–Archean granitoid contact (see Figure 16.2; Photos 16.2C, 16.2D
and 16.2E). The well-documented Worthington Offset dike with both the inclusion-bearing and inclusionfree quartz diorite phases (Photos 16.2F and 16.3A) trends northeast across the southeastern corner of the
township truncating Hough Lake and upper Elliot Lake Group sedimentary rocks. Throughout the township,
Sudbury Breccia is extensive and intruded all units older than circa 1850 Ma. Thick heterolithic Sudbury
Breccia belts are present along major lithologic contacts and thin, clast-rich to clast-poor breccia veins
and veinlets occur in varied amounts within map units and along contacts and/or structural features
(Photos 16.3B and 16.3C).
Several mafic and felsic intrusive suites have intruded the map area throughout its complex
depositional, deformational and metamorphic history (see Table 16.3). Monzogranite belonging to the
Archean Ramsey–Algoma granitoid complex makes-up the basement and oldest rocks in Drury
Township. Geochronology of a sample collected during the 2015 field season yielded discordant U/Pb
zircon ages from which a minimum age of 2645±1 Ma was extrapolated (Kamo 2016). This age suggests
the granitoid rocks in Drury Township are older than the Cartier batholith and more similar in age to the
Birch Lake batholith. The granitoid basement has been intruded by numerous mafic bodies, including
northeast-trending, plagioclase-phyric, mafic dikes interpreted to be part of the Matachewan–Hearst dike
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Photo 16.1. A) Fine-grained, mafic volcanic (?) with amoeboidal lobes, southern Drury Township; UTM 460815E 5135999N.
B) Strongly deformed sandstones of the Matinenda Formation showing north-trending kink bands; compass points north;
UTM 457303E 5141791N. C) Small-scale folds in mudstones of the McKim Formation; UTM 462442E, 5137360N.
D) Massive “grey” polymictic conglomeratic wacke, Ramsay Lake Formation; UTM 459896E 5138038N. E) Cross-bedded finegrained subfeldspathic arenite, Mississagi Formation; UTM 464600E, 5135829N. F) Massive medium-grained quartz-bearing
norite, basal norite, Sudbury Igneous Complex; UTM 462415E, 5144445N. Objects used for scale: coin = 2.8 cm across; open
compass = 14.5 cm long; hammer = 40 cm long.
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Photo 16.2. A) Medium-grained melanocratic quartz gabbro, transition zone, Sudbury Igneous Complex (SIC); UTM 465258E
5144355N. B) Foliated medium-grained monzogranite, granophyre, SIC; UTM 465451E 5143875N. C) Inclusion-poor noritic
sublayer showing 5% sulphide burns (pyrrhotite-chalcopyrite blebs) and ~15% mainly mafic inclusions (white dashed outlines)
in a fine-grained noritic matrix, occurrence 4; UTM 461644E 5144488N. D) Inclusion-rich noritic sublayer with ~80%
inclusions of varied composition (gabbroids, granite; white-dashed outlines) in a fine-grained plagioclase-phyric noritic matrix;
UTM 461523E 5143919N. E) Semi-massive sulphide mineralization enclosing mafic inclusions (white dashed outlines) in the
inclusion-rich noritic sublayer, SIC sublayer, occurrence 3; UTM 460691E 5144145N. F) Sharp contact between quartz-diorite
(“QD” on left) and inclusion-bearing quartz-diorite with 10% sulphide burns (“IQD” on right) of the Worthington Offset dike
(white dashed lines outline some of the inclusions), occurrence 7; location UTM 465613E 5136852N. Objects used for scale:
coin = 2.8 cm across; compass = 7 cm across.
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Photo 16.3. A) Mineralized inclusion-bearing quartz diorite of the Worthington Offset dike with numerous large mafic (“M”)
and ultramafic (“UM”) inclusions (white dashed outlines), occurrence 6; UTM 465801E 5137070N. B) Foliated clast-rich
heterolithic Sudbury Breccia showing abundant subangular folded mudstone fragments (white dashed outlines), which predate
the SIC; UTM 460421E 5139228N. C) Clast-rich heterolithic Sudbury Breccia showing abundant subrounded fragments
(white dashed outlines); UTM 465320E 5141911N. D) Mineralized coarse-grained portion of moderately foliated, vari-textured,
anorthositic gabbronorite of the Drury Township intrusion near the contact with the SIC, occurrence 12; UTM 463985E
5142079N. E) Foliated anorthositic gabbronorite of the Drury Township intrusion at the contact with the SIC, showing
segregation of partial melt; UTM 465320E 5141911N. F) Highly foliated to mylonitic anorthositic gabbronorite of the Drury
Township intrusion at the northern edge of the mylonite zone, eastern Drury Township; UTM 464684E 5141216N. Objects used
for scale: coin = 2.8 cm across; hammer = 40 cm long; colour pencil = 7 mm wide.
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swarm, and the large, leucocratic gabbronorite body of the Drury Township intrusion, which is currently
assigned to the East Bull Lake intrusive suite (Photos 16.3D, 16.3E and 16.3F). The northeast trend of the
plagioclase-phyric Matachewan–Hearst dike swarm in the township is atypical. These dikes are observed
to crosscut the Archean granitoid basement, as well as the Drury Township intrusion, and are not exposed
south of the Superior Province–Southern Province unconformity. This suggests that the dikes are
Paleoproterozoic, but older than the Huronian Supergroup. Further investigation is required to confirm the
classification of these dikes and to explain the northeast trend. Numerous east-trending mafic dikes have
been identified within the Archean granitoid complex and the Huronian Supergroup. These are currently
unsubdivided, but could be related to the Nipissing Intrusive Suite, which was emplaced predominantly as
large gabbroic sills along the contact between the McKim and Ramsay Lake formations. In the southern
half of Drury Township, several of the narrow east-trending dikes appear less deformed and less
metamorphosed than rocks of the Nipissing Intrusive Suite—these are tentatively assigned to the Trap
dike swarm. Northwest-trending felsic dikes have been identified and crosscut one of the larger Nipissing
sills in south-central Drury Township. These are not assigned to any known intrusive suite, but do
represent a late felsic magmatic event. The youngest mafic dikes in the area are part of the Sudbury dike
swarm, are undeformed, and crosscut all other units.

STRUCTURAL GEOLOGY
Structural elements in the map area are divided into 2 groups: 1) pre-Sudbury Igneous Complex
(SIC) deformation and, 2) post-Sudbury Igneous Complex deformation. For further discussion on
deformation in Drury Township, see Généreux et al. (this volume, Article 19) and Gordon, Simard and
Généreux (2015).

Pre-Sudbury Igneous Complex Deformation
Large-scale anticlinal and synclinal folding has been recognized based on several reversals of
stratigraphy, facing and bedding directions, as well as preserved parasitic folds in the Matinenda, McKim,
Ramsay Lake and/or Mississagi formations. Folding appears to be isoclinal, close to upright and plunges
eastward, but the trend of the axial planes varies across the Fairbank Lake fault (see Figure 16.2).
Southeast of the Fairbank Lake fault, axial planes trend east-northeast, whereas, northwest of the Fairbank
Lake fault, axial planes trend more east to west-northwest, roughly parallel to the contact with the
Archean Ramsey–Algoma granitoid complex (see Figure 16.2). Regional foliation, where it has not been
overprinted by younger deformational events, is subvertical and parallels the axial planes of the largescale folds, with the exception of fold hinges where foliation crosscuts bedding at strongly oblique to
perpendicular angles (see Photo 16.1C). The large Nipissing sills in the map area were mostly intruded
along the contact of the McKim and Ramsay Lake formations and were subsequently folded with the
Huronian Supergroup rocks (see Figure 16.2).
Throughout the township, there are numerous shear zones that both predate and postdate the
formation of the SIC. Several of the more minor shear zones that parallel the axial planes of the largescale folds are interpreted to have accompanied the regional folding event. Furthermore, there is a
northwest-trending fault that significantly offsets stratigraphy in the southeastern portion of the township
(see Figure 16.2). This fault is interpreted to predate the SIC because it does not appear to affect the
Worthington Offset dike.
The eastern portion of Drury Township, bound to the northwest by an “unnamed” northeast-trending
fault, which postdates the SIC, and bound to the southeast by a northwest-trending fault, which predates
the SIC (see Figure 16.2), displays a homoclinal, generally southward-facing and southward-dipping
Huronian Supergroup stratigraphic sequence (see Figure 16.2). However, west of this block, there is both
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disruption (absent formations) and repetition of Huronian Supergroup stratigraphy, the cause of which is
attributed to thrust faulting. To date, thrust faults have been identified both northwest and southeast of the
Fairbank Lake fault. The kinematics of thrusting on each side of the Fairbank Lake fault appears to be
opposite. Northwest of the Fairbank Lake fault, thrusting was north-over-south, placing northward-facing
Matinenda Formation rocks in contact with the McKim and Ramsay Lake formations at its base (i.e., to
the south). Southeast of the Fairbank Lake fault, thrusting appears to have been south-over-north, placing
the McKim Formation on top of the Ramsay Lake Formation. This thrust fault is also folded concordantly
with the Nipissing sills and Huronian Supergroup stratigraphy along large-scale northeast-trending folds
and is interpreted to predate or be coeval with folding.

Post-Sudbury Igneous Complex Deformation
Previous work on the Sudbury Structure documented at least 2 episodes of post-impact deformation,
the combination of which resulted in 1) large-scale northeast-trending folding, 2) development of a
prominent east-northeast-trending foliation and southeast-plunging lineation, and 3) major displacement
along south-dipping thrust faults in the South Range shear zone and associated shears (e.g., Zolnai, Price
and Helmstaedt 1984; Rousell 2009). With the exception of the large-scale northeast-trending folding, all
of those elements have been recognized in Drury Township.
The abrupt lateral changes from overall west-northwest-trending folding and thrusting to northeasttrending folded stratigraphy of the Huronian Supergroup, as well as numerous northeast-trending offsets
of the Sudbury Igneous Complex stratigraphy, correspond to a set of northeast-trending faults (Cameron
Creek fault, Fairbank Lake fault, and “unnamed fault”; see Figure 16.2), which postdate the SIC. These
3 faults straddle the entire township and seemingly extend to the northeast to connect with some of the
main northeast-trending faults of the South Range shear zone. Kilometre-scale displacement has been
documented on various shear zones in the South Range shear zone (e.g., Shanks and Schwerdtner 1991),
which would help explain the juxtaposition of 3 structurally distinct blocks of Huronian Supergroup and
Nipissing Intrusive sill stratigraphy in Drury Township.
A major subvertical west-northwest- to east-trending mylonite zone, 300 to 500 m wide, has been
recognized straddling the contact between the Huronian Supergroup and older rocks to the north (see
Figure 16.2; Gordon, Simard and Généreux 2015). The transition from the protolith host rocks into the
mylonite zone is usually gradational (see Photo 16.3F). Fault-bounded “boudins and/or eyes” of relatively
undeformed intrusive and sedimentary host rocks, up to 50 m thick and 300 m long, are found in the
mylonite zone. The core of the mylonite zone is an approximately 100 m thick ultramylonite (see
Généreux et al., this volume, Article 19, for more details). Most C-S fabrics, as well as kinematic
indicators observed in the mylonite zone, record dextral displacement (Gordon, Simard and Généreux
2015; see also Généreux et al., this volume, Article 19).
The mylonite zone is not obviously offset by these northeast-trending faults, which postdate the SIC,
although it widens abruptly and/or splits east of Fairbank Lake Road (see Figure 16.2). Further work is
required to assess this relationship. At the regional scale, the mylonite zone can possibly be correlated
with the Creighton fault, which occurs to the east in the neighbouring Denison Township and which
results in offset of the Worthington Offset dike.
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ECONOMIC GEOLOGY
A summary of mineral deposit inventory (MDI: Ontario Geological Survey 2015) sites is not
presented here, but numerous mineral occurrences, many corresponding to historic nickel-copper and
uranium showings, were visited during the 2015 and 2016 field seasons. Mineralized samples were
submitted to the Geoscience Laboratories for base and precious metal analysis. This section summarizes
the main styles of mineralization observed in the field and reports select assay results from the 2015
mapping season. Assay data from the 2016 field season are pending. The location of mineral occurrences
discussed below are shown on Figure 16.2.

Mineralization Related to the Sudbury Igneous Complex
Near the Sudbury Igneous Complex (SIC) basal contact, nickel-copper mineralization was observed
in several locations in the inclusion-bearing noritic sublayer (see Figure 16.2, occurrences 1 to 4). The
noritic matrix of the sublayer generally contains less than 5% disseminated sulphide. However, in and
around occurrences 1 to 4 (see Figure 16.2), the matrix contains 5 to 15% blebby sulphide (0.2–1 cm
diameter). Locally, sulphide mineralization is semi-massive to massive and completely encloses silicate
inclusions (see Photo 16.2E), and forms gossans larger than 10 m2 (see Figure 16.2, occurrences 1 to 4).
Pyrrhotite and chalcopyrite, locally arsenopyrite, are the dominant sulphide phases observed in the field
(10:1 proportions). However, historic nickel values (pentlandite) have been documented for these
occurrences (e.g., southern extension of Sultana deposit, southern Trill Township; Sultana South,
MDI41I05NE00050: Ontario Geological Survey 2015).
Nickel-copper mineralization was observed in several locations within the Worthington Offset dike
(see Figure 16.2, occurrences 5 to 8). All observed mineralization is associated with the matrix of the
inclusion-bearing quartz diorite and is present in the core of the dike. Mineralization consists of 15 to >40%
blebby to semi-massive sulphide. Pyrrhotite, chalcopyrite and locally bornite were observed in the field
(10:3:1 proportions). Although not identified this past summer, pentlandite is also known to be one of the
dominant sulphide phases in the area. The Worthington Offset dike is host to the active Totten Mine
(MDI41I06NW00004: Ontario Geological Survey 2015; see Figure 16.2), as well as the past-producing
Worthington Mine (circa 1890, MDI41I06NW00005: Ontario Geological Survey 2015; see Figure 16.2,
it is located at the Totten Mine site).
Sudbury Breccia hosted mineralization has been documented in Drury Township. Mapping in 2015
identified a 10 to 300 m wide, Sudbury Breccia belt along the contact of the Drury Township intrusion
and the Archean monzogranite (see Figure 16.2) (Gordon, Simard, Généreux 2015). Local gossanous
patches, up to 100 by 30 cm in size, containing disseminated to blebby sulphide mineralization (pyrrhotite
and chalcopyrite, 5–15%) occur in the chloritic breccia matrix and assayed 0.5% Cu, 177 ppm Ni and
440 ppm Pd+Pt (see Figure 16.2, occurrence 9). A 10 by 10 cm wide pod of massive magnetite within
metres of chalcopyrite mineralization assayed 694 ppm Cu, 188 ppm Ni and 301 ppm Pd+Pt (see
Figure 16.2, occurrence 9). In addition, smaller offshoots of Sudbury Breccia located outside of the main
breccia belts also contain disseminated sulphide mineralization concentrated in gossan zones that range
from a few centimetres up to several metres in width.

Mineralization in Mafic Intrusions
Localized pods of sulphide mineralization have been identified in the larger gabbroic sills of the
Nipissing Intrusive Suite (see Figure 16.2, occurrences 10 and 11, MDI41I05SE00070 and
MDI41I05NE00051: Ontario Geological Survey 2015). Mineralization consists of blebby to semi-massive
pyrrhotite and chalcopyrite in a massive, medium-grained to locally pegmatoidal gabbronorite with no
obvious signs of Sudbury Breccia. Mineralization is interpreted to be primary and magmatic.
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Sulphide mineralization has also been observed in the Drury Township intrusion at the contact with
the basal norite of the SIC (see Figure 16.2, occurrence 12, MDI41I06NW00116: Ontario Geological
Survey 2015). Although, historically linked to the SIC, sulphide minerals are present as 10 to 20% finedisseminated pyrrhotite and chalcopyrite throughout a massive, very coarse-grained leucocratic gabbronorite
(Drury Township intrusion) with local, metre-wide pods of semi-massive and massive sulphide
mineralization (see Photo 16.3D). This mineralization is interpreted to be magmatic. The contact between
the leucocratic gabbronorite of the Drury Township intrusion and the basal norite of the SIC is sheared,
with mineralization present along the shear zone, suggesting some degree of remobilization. The basal
norite of the SIC also contains minor amounts (<5%) of fine-disseminated pyrrhotite and chalcopyrite.

Remobilization of Sulphide Mineralization Along Shear Zones
It has been previously documented that many of the historic copper-nickel showings in Drury
Township, excluding those associated with the Sudbury Igneous Complex contact and offset dikes, appear
to be hosted in sheared, locally silicified, mafic intrusive rocks (Card 1965a, 1965b). This was confirmed
during the 2015 and 2016 field seasons. Pockets of blebby to semi-massive sulphide mineralization are
present along various shear zones where they truncate the larger Nipissing sills, as well as the Drury
Township intrusion. Select occurrences are highlighted in Figure 16.2 (occurrences 13 to 17).
Three occurrences of interest are in or near the Drury Township intrusion: the first is at the base of
the SIC (see Figure 16.2, occurrence 15, MDI41I06NW00117: Ontario Geological Survey 2015), the
second is at the former Chicago Mine (see Figure 16.2, occurrence 16, MDI41I06NW00003: Ontario
Geological Survey 2015) and the third is at the southern contact of the Drury Township intrusion (see
Figure 16.2, occurrence 17, MDI41I06NW00119: Ontario Geological Survey 2015). At the base of the
SIC (see Figure 16.2, occurrence 15), an 80 to 100 m wide gossan zone with 10 to 20% fine-disseminated
chalcopyrite and pyrrhotite, with pockets of semi-massive to massive sulphide mineralization, is hosted
by a moderately foliated, vari-textured, anorthositic gabbronorite (Drury Township intrusion). Foliation
trends northeast, which parallels a northeast-trending shear zone (see Figure 16.2). This outcrop is
crosscut by numerous fine-grained, centimetre- to metre-wide fine-grained mafic dikes that are deformed
and also appear to host mineralization. Similar relationships occur at the former Chicago Mine. The
Chicago Mine (see Figure 16.2, occurrence 16) was reportedly hosted in a west-trending shear zone in
metavolcanic rock, mafic schist and amphibolite (Card 1965a). This past summer, a gossan zone, at least
50 m wide, was found on both sides of Fairbanks Lake Road, hosted in sheared, fine-grained mafic dikes
that crosscut a strongly foliated, anorthositic gabbronorite (Drury Township intrusion). At the southern
contact of the Drury Township intrusion (see Figure 16.2, occurrence 17), a 12 m wide gossan zone,
containing 20 to 25% disseminated to blebby chalcopyrite and pyrrhotite, is present along an eastnortheast-trending shear zone that crosscuts fine-grained mafic dikes in the main intrusion. The eastnortheast trend parallels the northern margin of the adjacent mylonite zone. Assay samples from this
occurrence returned values of 0.65% Cu, 575 ppm Ni and 1168 ppm Pd+Pt.

Radioactive Mineralization
A narrow (up to a few metres wide) uranium-rich horizon, associated with pyritic quartz arenite
and/or quartz-pebble–rich conglomeratic subfeldspathic arenite, is present in the lower Matinenda
Formation. The lenses themselves are discontinuous, but the horizon can be traced for at least 3 km along
strike (see Figure 16.2) and appears to be of similar character to the uraniferous quartz-pebble
conglomerate horizon present in the Elliot Lake–Blind River area (Robertson 1976). This horizon is on
strike with the past-producing Agnew Lake uranium mine, which is located just 5 km to the west of Drury
Township. For further details, see Gordon, Simard and Généreux (2015).
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PROJECT HIGHLIGHTS
Remapping of Drury Township has been critical in improving our understanding of the rocks
associated with the southwest corner of the Sudbury Structure by
•

using Huronian Supergroup and Sudbury Igneous Complex (SIC) stratigraphy to help identify
pre- (folding and thrusting) and post- (northeast faults) SIC structures;

•

identifying several new and prospective Sudbury Breccia belts;

•

identifying a major east-trending dextral mylonite zone (possibly continuing eastward to the
Creighton fault); and

•

documenting the various styles of mineralization present in the township, namely nickel-copperPGE mineralization related to the SIC, magmatic sulphide mineralization in the Nipissing
Intrusive Suite and the Drury Township intrusion, and remobilized shear zone–hosted sulphide
mineralization.

A BSc thesis on a detrital zircon study of the Ramsay Lake Formation was initiated in 2016 at
McMaster University in collaboration with the Ontario Geological Survey and the Jack Satterly
Geochronology Laboratory at the University of Toronto. The Ontario Geological Survey–Laurentian
University Graduate Mapping School Program PhD thesis project by C-A. Généreux is continuing; for
more details, see Généreux et al. (this volume, Article 19) and Gordon, Simard and Généreux (2015).
Publication of the 1:20 000 scale Drury Township bedrock geology map and a Miscellaneous
Release—Data (MRD) are planned for 2017. Mapping related to the Southwest Sudbury Structure
mapping project will continue eastward into Denison Township in 2017.
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Precambrian and Paleozoic
Geology of the Perth Area,
Grenville Province
R.M. Easton1
Earth Resources and Geoscience Mapping Section, Ontario Geological Survey

1

INTRODUCTION
The Perth study area (NTS map area 31 C/16) is bounded by latitudes 44°45′ to 45°00′N and
longitudes 76°00′ to 76°30′W, encompasses approximately 1088 km2, and includes all or parts of Bastard,
Beckwith, Burgess, Dalhousie, Drummond, Elmsley, Kitley, Montague, North Crosby and South
Sherbrooke townships. The cities of Perth and Smiths Falls are located in the map area; the city of Perth
is celebrating its bicentennial in 2016. The 2016 field season was the second of 2 field seasons planned
for the Perth map area (Figure 17.1). Approximately 7 weeks were spent mapping and sampling in the
area in 2016, focussed on rocks of the Frontenac terrane. All Universal Transverse Mercator (UTM)
co-ordinates in this article are provided in Zone 18, North American Datum 1983 (NAD83).

GEOLOGICAL SETTING
Two main lithotectonic subdivisions of the Central Metasedimentary Belt of the Grenville Province
are present in the Perth area, with Highway 7 approximately coincident with the boundary between the
2 subdivisions (see Figure 17.1). To the southeast are medium-pressure granulite- and upper amphibolitefacies rocks of the Frontenac terrane, whereas to the northwest are upper greenschist- to lower amphibolitefacies rocks of the Sharbot Lake domain (see Figure 17.1). They are separated by the Maberly shear zone
that formed at circa 1160 Ma (Corfu and Easton 1997; Davidson and Ketchum 1993; Davidson and
van Breemen 2000).
Detailed descriptions of the Frontenac terrane and Sharbot Lake domain can be found in Easton
(1992) and Carr et al. (2000). The following brief summary is based on those sources. The Frontenac
terrane consists of marble, quartzite and paragneiss, which were metamorphosed to granulite facies at
circa 1168 Ma, coincident with emplacement of monzonite, syenite and diorite plutons of the Frontenac
intrusive suite (Easton 1992; Corfu and Easton 1997). Frontenac intrusive suite plutons younger than
circa 1164 Ma occur in both Frontenac terrane and Sharbot Lake terrane, indicating that the 2 terranes
were amalgamated to one another by that time. Argon–argon cooling ages on hornblende suggest that the
Frontenac terrane was little affected by subsequent Grenville metamorphic events after circa 1120 Ma
(Cosca, Sutter and Essene 1991). In contrast, Sharbot Lake domain is a marble-dominated terrane,
although amphibolite, derived from mafic metavolcanic rocks, is abundant along parts of the Maberly
shear zone and in the northwestern part of the domain. The supracrustal rocks of Sharbot Lake domain
were intruded at circa 1225 Ma by large gabbroic intrusions of the Lavant intrusive suite (Corfu and
Easton 1997) and, subsequently, at least in the southeast, by plutons of the Frontenac intrusive suite.
Between 1090 and 1065 Ma, both the Frontenac terrane and the Sharbot Lake domain were intruded by
monzonite, syenite and granite plutons of the Kensington–Skootamatta intrusive suite (Easton 1992).
Summary of Field Work and Other Activities 2016,
Ontario Geological Survey, Open File Report 6323, p.17-1 to 17-13.
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Current mineral production from the Perth map area consists of aggregate extraction from quarries in
the Paleozoic March and Oxford formations, with past extraction also from the Covey Hill and Nepean
formations. Historic mineral production and advanced exploration activities in Precambrian rocks
included graphite and vermiculite from marbles, mica and feldspar from granitoid pegmatite veins; and
mica and apatite from pyroxenite pods and/or veins. Mineral potential related to these pyroxenite pods
and/or veins is discussed separately (see Easton, this volume, Article 18).

REGIONAL STRUCTURAL FEATURES AND THE PERTH MAP AREA
Some aspects of the geology of the Perth map area can only be understood within the context of the
regional structural pattern, as indicated in Figure 17.2. Of particular significance are the packages of rocks
present along the Sharbot Lake domain–Frontenac terrane boundary and the placement of this boundary.
In the southwest part of the Perth map area is a highly deformed northeast-trending belt, up to 10 km
wide, of gabbroic and anorthositic rocks of the Octono intrusion (Miller 1899) and surrounding
migmatitic, granitoid-dominated orthogneisses. This belt pinches out between Fallbrook and Balderson

Figure 17.1. Major geological features present in the Perth map area. Geology is modified from Hewitt (1964b), Wilson and
Dugas (1961) and Williams and Wolf (1984). Geochronological data: U/Pb zircon (zU) ages, in Ma, shown on the figure are
from Davidson and van Breemen (2000); titanite age (tU) is from Mezger et al. (1993). The abbreviation “LC” designates Lanark
County roads. Modified from Easton (2015, Figure 18.1).
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Figure 17.2. Major Precambrian geological features present in eastern Ontario. Plutonic rocks of the Frontenac suite and the
Precambrian–Paleozoic unconformity are not shown for the purpose of clarity. Outline (dashed black line) indicates the location
of the Perth map area. See text for details.
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(see Figures 17.1 and 17.2). From Highway 511 north of Perth to Carleton Place, a package of quartzite,
migmatitic paragneiss and marble tectonic breccia occurs in the immediate footwall of the Maberly shear
zone (see Figure 17.2). To the immediate north of the presently defined Maberly shear zone is the Wolf
Grove structure (see Figure 17.2), which contains high metamorphic grade gneisses similar in age to
rocks of Frontenac terrane (Buckley, Easton and Ford 1997; Corfu and Easton 1997). Marbles located
between the Wolf Grove structure and the Maberly shear zone have been previously assigned to Sharbot
Lake domain, in part because of their relatively purity and the presence of seawater geochemical
signatures (Easton 1995). However, the presence of seawater geochemical signatures in relatively clean
marbles in the Brooke belt of the western subdomain of Frontenac terrane, as discussed in “Marble
Geochemistry and Stratigraphy”, allows for the possibility that the location of the Sharbot Lake domain–
Frontenac terrane boundary might be better placed on the north side of the Wolf Grove structure, rather
than in its current position subparallel to Highway 7 (see Figure 17.2).
Easton (2015) divided Frontenac terrane in the Perth map area into 3 subdomains (Figure 17.3).
These subdivisions are unchanged after the 2016 field season: from west to east, these are the western,
central and eastern subdomains. As discussed in more detail in “Conditions of Regional Metamorphism”,
a significant metamorphic pressure change occurs along a north-northeast-trending fault located southeast
of Smiths Falls (see Figure 17.3). This fault also appears to separate rocks of the 3 subdomains in the
Perth map area from a large marble-dominated belt present in Frontenac terrane to the east and southeast
of the Perth map area (see Figure 17.2).

Figure 17.3. Major Precambrian geological features present in the Perth map area, superimposed on an image of the first vertical
derivative of the total magnetic field (data from Ontario Geological Survey 2014). See text for details on the characteristics of the
subdomains present in Frontenac terrane. Geographic features, downdropped fault indicators and the Precambrian–Paleozoic
unconformity shown in Figure 17.1 are omitted for clarity. Modified from Easton (2015, Figure 18.2).
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Table 17.1. Proposed Grenville Supergroup stratigraphy in the Westport area (modified from Wynne-Edwards 1967, p.112) and
possible equivalent units in the Perth map area. All supracrustal units of the Grenville Supergroup are older than 1178±4 Ma, the
age of the oldest Frontenac suite pluton in the Perth area (Davidson and van Breemen 2000).
Westport Area
Upper major marble (unit 4)

Perth Area
eastern subdomain marbles with minor
quartzite, commonly cut by white quartz
monzonite to quartz syenite veins
central subdomain, impure marbles and
interlayered quartzofeldspathic
paragneiss and calc-silicate paragneiss
Thin quartzite and quartzose gneiss
central subdomain, includes minor
interlayered with migmatitic
interlayered impure marble, marble
quartzofeldspathic gneiss (unit 3 upper) tectonic breccia and quartzite
Migmatitic quartzofeldspathic gneiss,
central subdomain, core of structural
garnet-bearing gneiss, cordierite-garnet
domes
gneiss, quartz-biotite-feldspar and
quartz-biotite-feldspar-diopside gneiss
(unit 3 lower)
Lower major marble (unit 2)
western subdomain, mainly the Brooke
marble belt
Migmatitic quartzofeldspathic gneiss and western subdomain and southwestern
pyroxene granulite associated with
central subdomain
gneissic quartz monzonite and quartz
syenite (unit 1)

Comment
Relatively clean dolomite and
dolomitic calcite marbles
Impure marbles, would correspond to
lower major marble (unit 2) of
Wynne-Edwards (1967)
Approximate stratigraphic position of
sample CL-1, with a maximum age of
deposition of 1306±16 Ma (SagerKinsman and Parrish 1993)
May include rocks of both units 1 and 3
of Wynne-Edwards (1967). Rb/Sr
whole-rock age of 1204±72 Ma by
Krogh and Hurley (1968)
Relatively clean marbles
Found primarily as slivers between
Frontenac suite plutons (e.g., between
Pike Lake and North Crosby plutons)

FRONTENAC TERRANE
Marble Geochemistry and Stratigraphy
Mapping and geochemical sampling during the 2015 and 2016 field seasons reveals differences in
the character of the marbles present in the 3 subdomains of Frontenac terrane, as follows.
1.

Eastern subdomain marbles are predominantly dolomite and dolomitic calcite marbles with
minor silicate impurities, some interbedded quartzite, and minor interlayered paragneiss or
plutonic rocks. They also contain weak cerium anomalies and Y/Ho values >35, both suggesting
partial preservation of seawater geochemical signatures. The low total rare earth element
abundance and cerium anomalies in these samples is also an indication of the relatively purity
(i.e., lack of clay minerals) of many of these samples.

2.

Central subdomain marbles are predominantly calcite marbles, typically with 10 to 20% silicate
minerals, commonly diopside and phlogopite. Marble tectonic breccias are observed in many
parts of this subdomain. These samples contain no cerium anomalies. Some samples have
moderate total rare earth element contents (70 to 150 ppm) and rare earth element patterns
similar to the Post-Archean Australian Shale composite (Taylor and McClennan 1985) that
cannot be related directly to silicate mineral content.

3.

Western subdomain marbles show a variety features. Those within a northeast-trending belt,
herein referred to as the Brooke belt, located between Brooke and Christie Lake and up to 2 km
wide, are relatively clean calcite marble and minor interlayered dolomitic calcite marble, with
weak cerium anomalies. Some of the Brooke belt marbles also have moderate total rare earth
element contents (70 to 150 ppm) and rare earth element patterns similar to the Post-Archean
Australian Shale composite that cannot be related directly to silicate mineral content. Elsewhere
in the western subdomain, impure marbles and marble breccias are present.
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Wynne-Edwards (1967) proposed that a stratigraphic succession existed within the Grenville
Supergroup rocks of the Westport area, which is located directly to the south. His proposed succession
and its possible correspondence to rock units in the Perth map area are shown in Table 17.1. Supracrustal
units (and subdomains) apparently young from west to east across the Perth map area, similar to the
observation made by Wynne-Edwards (1967) for the Westport area. Supracrustal rocks in the western
subdomain of the Perth map area possibly correspond to the lower major marble unit (see Table 17.1),
whereas those in the eastern subdomain appear to correspond with the stratigraphically higher major
marble unit of Wynne-Edwards (1967). Correlation of supracrustal units in the central subdomain is more
problematic (see Table 17.1). The gneissic units seem to match reasonably well with the major gneiss unit
of Wynne-Edwards (1967), but the presence of more than one marble unit is required, neither of which
readily match the characteristics of either major marble unit of Wynne-Edwards (1967).

Protolith of the Paragneisses
Dark-coloured, feldspathic paragneiss, with and without garnet, is abundant in the central subdomain
(map unit 3 of Wilson and Dugas 1961). Primary depositional features in these rocks have been destroyed
during metamorphism making protolith identification difficult. Geochemical data (e.g., Table 17.2:
analyses 3 to 7) indicate that these rocks are not especially aluminous or quartz-rich (<17 weight % and
<65 weight % Al2O3 and SiO2, respectively), and they plot as pelites or calc-pelites using the CaO–
Al2O3–Na2O+K2O classification diagram of Easton (1997). The moderate alumina and silica contents of
these rocks would explain the general absence of aluminosilicate minerals in these rocks.
Petrographic examination using transmitted light and scanning electron microscopy (SEM) indicates
2 main mineralogical groups: potassium feldspar-oligoclase-quartz-garnet paragneiss (pelitic gneiss, e.g.,
see Table 17.2: analyses 1, 2, 3 and 6) and potassium feldspar-oligoclase-aegirine augite-quartz
paragneiss (calc-pelitic gneiss, see Table 17.2: analyses 4, 5 and 7). Examination using SEM indicates
that neither type contains any detrital zircon, although fine-grained (10 to 50 μm), typically thorium-poor,
monazite is abundant. If zircon is present, it is observed as small (10 to 20 μm) homogeneous grains that
are probably metamorphic in origin. These observations are consistent with derivation of the paragneiss
units from mudstones rather than siltstones or sandstones.

Conditions of Regional Metamorphism
Frontenac terrane is generally regarded as a low-pressure granulite terrane with peak metamorphic
conditions of approximately 5 kilobars and 760 to 790°C (e.g., Lonker 1980; Buckley, Easton and Ford
1997). To date, petrographic examinations using transmitted light and SEM have not been able to confirm
that regional metamorphism in the Perth map area achieved true granulite-facies conditions, or occurred
at low pressure (bathozone 4 of Carmichael 1978).
The appearance of orthopyroxene in quartz-bearing rocks is the diagnostic mineral indicator for the
transition from upper amphibolite-facies to granulite-facies conditions (e.g., Bucher and Frey 2002,
p.244). Orthopyroxene has yet to be observed in any of the paragneiss units examined so far in the Perth
map area. However, many of the paragneiss units have undergone partial melting, indicating high
temperatures. In addition, primary muscovite is absent, suggesting that most of the paragneiss units
reached metamorphic conditions above the muscovite-breakdown reaction. Although the presence of
cordierite has been reported by previous workers (e.g., Wilson and Dugas 1961), its presence has not been
confirmed by the author. Bluish garnet gneisses that appeared to be cordierite bearing in the field turned
out to be garnet-oligoclase rocks, with the blue observed in the field and in the hand sample likely the
result of the presence of peristeritic feldspar. Thus, from a mineralogical standpoint, one can say that the
area reached upper amphibolite- and perhaps granulite-facies conditions in terms of temperature, although
granulite-facies metamorphism has yet to be confirmed.
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Petrographic study suggests metamorphic pressures were at least 2 kilobars, and perhaps as much as
6 kilobars, higher than previously suggested. In the calc-silicate rocks and dolomite marbles in all
3 subdomains of Frontenac terrane, the common mineral assemblage is diopside + plagioclase ± scapolite
± chondrodite. This suggests pressures and temperatures greater than 8 kilobars and higher than 670°C,
respectively (Bucher and Frey 2002, p.209), across the Perth map area. Phlogopite is common in the
impure marbles of the central subdomain, but phlogopite can persist to high metamorphic conditions,
so its presence is not diagnostic of peak metamorphic conditions (Bucher and Frey 2002, p.213). The
Table 17.2. Geochemical data for selected Grenville Supergroup (analyses 1 to 9) and Frontenac suite (analyses 10 to 14) rocks
from the Frontenac terrane, Perth area. All analyses were performed at the OGS Geoscience Laboratories, Sudbury. The UTM
co-ordinates are provided using NAD83 in Zone 18.
Analysis
Number
Sample
Number
Easting (m)
Northing (m)
Subdomain
Rock Name
Easton (1997)
Rock Name
Magnetic
Susceptibility*
SiO2 (wt %)
TiO2
Al2O3
Fe2O3total
MnO
MgO
CaO
Na2O
K2O
P2O5
CO2
S
LOI
Total
Mg Number
CIA
Ba (ppm)
Rb
Sr
Pb
Th
U
Zn
Zr
Y
Total REE

1

2

3

4

5

6

7

8

15RME-0420 16RME-0214 16RME-0222 15RME-0403 15RME-0411 16RME-0225 16RME-0265 16RME-0153
398200
4958467
central
garnetoligoclase
paragneiss
pelite

401021
4961018
central
garnetkyanite
paragneiss
pelite

402376
4961160
central
garnetfeldspar
paragneiss
calc-pelite

398129
4956525
central
feldspathic
paragneiss

399457
4857879
central
paragneiss

398348
4958972
central
feldspathic
paragneiss

386076
4960525
central
calc-silicate
gneiss

409945
4956910
eastern
dolomite
marble

low-Al pelite

calc-pelite

low-Al pelite

calc-pelite

n/a

2.266
± 5.947
57.17
1.49
20.76
9.41
0.075
3.69
1.05
3.69
3.55
0.064
<0.023
0.21
0.35
101.32
43.72
81.87

1.548
± 1.861
57.09
1.57
21.07
8.15
0.053
3.80
1.02
0.87
5 .78
0.065
<0.023
0.06
1.10
100.63
48.02
75.61

1.064
± 0.473
73.40
0.98
9.90
6.80
0.086
1.82
2.56
0.62
2.88
0.079
0.77
0.23
1.42
100.60
34.65
67.94

0.391
± 0.169
51.41
2.03
17.11
8.45
0.114
4.00
3.39
5.30
3.99
1.81
0.17
0.06
0.75
100.02
48.40
71.07

2.455
± 3.942
65.67
0.63
11.99
3.08
0.027
4.88
4.64
7.43
5.23
0.075
2.29
0.81
<0.03
100.62
75.84
61.26

1.277
± 0.857
61.57
1.16
13.17
5.52
0.074
3.71
3.01
3.16
6.17
0.117
0.85
0.42
1.54
99.31
57.11
61.25

0.710
± 0.891
52.72
0.68
11.30
5.96
0.10
6.83
13.71
2.73
3.35
0.143
0.87
1.75
1.59
99.25
69.43
<42.00

0.035
± 0.025
0.50
<0.01
0.59
0.38
0.04
20.14
30.20
<0.02
<0.01
<0.002
45.32
<0.003
46.97
98.78
99.06
n/a

178
44
12
2
17.1
1.6
14
205
52
377.3

551
129
51
4
2.55
0.47
14
184
29
74.9

469
51
184
5
2.31
0.28
52
307
25
121.0

641
89
963
12
7.0
2.4
108
607
40
493.1

998
83
69
<2
4.5
1.1
4
128
18
154.8

902
107
296
16
5.13
0.66
162
284
31
155.2

1366
68
324
2
6.88
2.49
63
127
27
137.3

<8
<1
35
<1.7
0.04
0.04
5
<2
4
9.1

Notes: *Magnetic susceptibility values are ×10–3 SI units: the first row is the average value of 10 readings at the sample site,
the second row indicates range in values.
Major element oxides are in weight %; trace element data are in parts per million;
Mg number = atomic Mg/Mg + Fe, where Fe = total Fe expressed as ferrous iron. Mg number and CIA are dimensionless.
Abbreviations: CIA = chemical index of alteration; LOI = loss-on-ignition; n/a = not applicable; REE = rare earth elements.
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absence of cordierite noted in the previous paragraph is consistent with higher pressure conditions.
Furthermore, 1 paragneiss sample (see Table 17.2: analysis 2) from the central subdomain contains the
assemblage kyanite-garnet-biotite-rutile, indicating metamorphic conditions greater than 7 kilobars and
higher than 675°C (Bucher and Frey 2002, p.235). This is confirmed by a second paragneiss sample (see
Table 17.2: analysis 1) from the same subdomain that contains the assemblage andesine-quartz-garnetcorundum-rutile, as well as the rare zirconium-titanium silicate mineral srilankite. This assemblage could
indicate metamorphic pressures as high as 11 to 14 kilobars and temperatures approaching 1000°C (Troitzch
and Ellis 2004). Neither kyanite or srilankite have been previously reported from Frontenac terrane.
Table 17.2, continued.
Analysis
Number
Sample
Number
Easting (m)
Northing (m)
Subdomain
Rock Name

9

10

11

12

13

14

16RME-0108

15RME-0090

16RME-0253

15RME-0409

16RME-0280

16RME-0237

407128
4961396
eastern
pink
marble

394069
4956345
western
mafic dike
basaltic
trachyandesite
0.582
± 0.11
47.42
2.28
16.21
10.09
0.112
5.82
8.88
3.95
0.92
0.60
2.41
0.19
2.75
99.08
53.33
68.69

398227
4957790
central
mafic dike
basaltic
trachyandesite
5.575
± 7.876
49.79
2.36
15.76
9.27
0.116
5.31
7.76
4.31
2.81
1.03
1.24
0.63
2.07
100.71
53.16
62.81

386710
4951058
western
gabbro
basaltic
trachyandesite
147.70
± 28.76
40.89
4.30
10.42
18.33
0.227
5.97
9.91
2.64
2.31
2.94
0.60
0.39
1.27
99.50
39.22
47.28

395813
4963938
western
diorite
trachyandesite

337
11
666
9
1.40
0.63
212
94
230
53
201.0

1004
40
110
13
1.35
0.39
212
115
171
35
176.1

1503
38
781
7
2.89
0.88
251
283
184
93
563.0

2390
109
2606
29
9.20
0.55
162
183
228
42
575.5

Magnetic
Susceptibility*
SiO2 (wt %)
TiO2
Al2O3
Fe2O3total
MnO
MgO
CaO
Na2O
K2O
P2O5
CO2
S
LOI
Total
Mg Number
CIA

0.025
± 0.022
0.04
<0.01
0.09
0.25
0.034
1.00
54.12
<0.02
<0.01
0.017
39.82
0.03
43.85
99.39
88.00
n/a

395767
4971764
MSZ
mafic dike
basaltic
trachyandesite
41.510
± 12.589
48.61
2.15
14.99
12.51
0.165
5.38
8.18
3.50
2.33
1.00
0.51
0.25
0.24
99.85
46.01
59.98

Ba (ppm)
Rb
Sr
Pb
Th
U
V
Zn
Zr
Y
Total REE

65
3
1678
14
0.57
0.14
<3
3
<1.8
41
747.7

1089
36
899
7
1.02
0.34
217
154
215
52
271.0

0.376
± 0.073
48.33
1.79
15.94
9.95
0.144
4.72
7.05
2.87
5.59
1.76
0.63
0.18
1.21
99.61
57.03
48.45

Notes: *Magnetic susceptibility values are ×10–3 SI units: the first row is the average value of 10 readings at the sample site,
the second row indicates range in values.
Major element oxides are in weight %, trace element data are in parts per million;
Mg number = atomic Mg/Mg + Fe, where Fe = total Fe expressed as ferrous iron. Mg number and CIA are dimensionless.
Abbreviations: CIA = chemical index of alteration; LOI = loss-on-ignition; MSZ = Maberly shear zone, n/a = not applicable;
REE = rare earth elements.
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The high metamorphic pressures from the Perth area are consistent with data from Buckley, Easton
and Ford (1997), who reported metamorphic conditions of 7.2 kilobars and higher than 718°C for gneisses
from the Wolf Grove structure, located northwest of the Maberly shear zone, approximately 30 km
northwest of the centre of the Perth map area (see Figure 17.2). This puts the Perth map area in bathozone
6, not bathozone 4, of the classification of Carmichael (1978). Bathozone 4 conditions, however, exist
only 20 km south of the Perth map area near Lyndhurst, based on the data of Lonker (1980). This would
require significant structural displacement between the Perth and Lyndhurst areas. A possible candidate
structure is the fault that trends north-northeast from Chaffey’s Lock to Portland to Glen Elm just southsoutheast of Smiths Falls (see Figure 17.3), herein termed the Chaffey’s Lock fault. In the Perth map area,
this fault is downdropped to the east, and places rocks of the Nepean Formation against rocks of the
upper March and Oxford formations. This probably indicates no more than 100 m of post-Ordovician
displacement across the fault. A difference of 2 kilobars between the Perth and Lyndhurst areas would
involve at least a vertical displacement of 7 km (considering a lithostatic pressure for an average crustal
density of 2.8×103 kg/m3). It is not known if this displacement occurred rapidly during the Proterozoic, or
if it occurred in several stages in both the Proterozoic and the Phanerozoic.
Peak metamorphic conditions from the Maberly shear zone have yet to be determined; however,
high-pressure conditions are consistent with the presence of corundum in anorthositic rocks of the Octono
gabbroic anorthosite intrusion located west of the Perth map area (Miller 1899). The higher peak
metamorphic conditions in the Perth map area suggest an eastward decrease in metamorphic pressure
coincident with increasing distance from the Sharbot Lake domain–Frontenac terrane boundary. Fully
resolving the metamorphic history of Frontenac terrane is beyond the scope of this project; however,
university researchers are invited to pursue this subject further.

Regolith at the Precambrian–Paleozoic Unconformity
Easton (2015) drew attention to an extensive area of intense weathering of the Precambrian basement
beneath the Paleozoic rocks in the area between highways 7 and 15 (see Figure 17.1). This weathering
destroys both primary mineralogy and textures of the basement rocks and makes rock identification
problematic. Weathering intensity can vary within individual outcrop areas, and is not restricted solely to
low-lying areas. Weathering depths of 3 to 4 m are common, with greater thicknesses likely, as most rock
exposures in the map area are typically only 2 to 4 m high.

PALEOZOIC STRATA
Stratigraphic nomenclature for Paleozoic rocks in the Perth map area follows Lee (2013, p.22) and
Armstrong and Dodge (2007). Five formations are present: the Cambrian (541 to 485 Ma) to Lower
Ordovician (485 to 470 Ma) Covey Hill and Nepean formations, the Lower Ordovician March and Oxford
formations, and the Middle Ordovician Rockcliffe Formation. In the Perth map area, the Covey Hill,
Nepean or March formations may rest directly on the Precambrian basement. Most commonly, the
Covey Hill or the Nepean formations are the basal Paleozoic unit.
Mapping in 2016 found that the Covey Hill and Nepean formations are more extensive in the area
east of Rideau Lake and southwest of Otter Lake than indicated by Williams and Wolf (1984). Here, the
distribution of the 2 formations is closer to that depicted by Wilson and Dugas (1961) (see Figure 17.1).
The reason for this discrepancy may reflect the strong degree of topographic control on the distribution of
the Paleozoic rocks in this area, particularly the Covey Hill Formation, because, in areas of poor outcrop,
it is harder to locate exposures of the Paleozoic rocks. This contrasts with the more blanket-like nature of
the Nepean and March formations. Mapping in 2016 also found many more exposures of the Covey Hill
Formation south of Highway 43 and west of the Rideau fault than had been previously known.
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Covey Hill Formation
The author used the following features to distinguish between the Nepean and the Covey Hill
formations in the field, especially when thick conglomerate beds are absent. These diagnostic features are
similar to those proposed by Sanford and Arnott (2010). As a result, some rocks assigned to the Nepean
Formation by Williams and Wolf (1984), especially in the area east of Rideau Lakes, are probably part of
the Covey Hill Formation.
Sandstones of the Covey Hill Formation are typically grey and are more friable than those of the
Nepean Formation. The Covey Hill Formation is more likely to be channelized, and onlap against
Precambrian topographic highs. Bioturbation is less prominent or not observed in the Covey Hill
Formation. Bedding is less prominent in the Covey Hill Formation, and beds with dip angles of 10 to 25°
are common in many exposures. These higher dip angles appear to be the result of deposition in channels
and/or the development of dunes, as suggested by Wolf and Dalrymple (1984), rather than being
structural, as suggested by Sanford and Arnott (2010). The Covey Hill Formation conglomerates contain
a wide variety of cobbles representing most Precambrian basement rock types. In contrast, thin
conglomerate beds within the Nepean Formation typically contain quartz and sandstone cobbles.
Wolf and Dalrymple (1984) suggested that the Covey Hill Formation was deposited in an alluvialfan system that developed on the east side of the Rideau fault (see Figure 17.1). Similarly, the abundance
of Covey Hill Formation strata in the area south of Highway 43 and west of the Rideau fault may reflect
deposition in a similar environment—in this case, on the south side of the major east-trending fault that
parallels the Tay River between Perth and Port Elmsley, herein termed the Port Elmsley fault (see Figures
17.1 and 17.3).

METALLIC MINERAL POTENTIAL
Kiruna-Type Iron Mineralization
Some early emplaced (pre-1160 Ma) Frontenac suite mafic to intermediate intrusions may have the
potential to host Kiruna-type magnetite-apatite mineralization. The rationale for this suggestion is based
on representative analyses of 5 Frontenac suite mafic to intermediate rocks, presented in Table 17.2
(analyses 10 to 14), which are all characterized by high TiO2, P2O5 and alkali (Ba, K, Rb, Sr) contents.
Their bulk composition is basaltic trachyandesite to trachyandesite using the International Union of
Geological Sciences (IUGS) total alkali–silica classification for volcanic rocks. Rocks of this type have
been found as feldspar-phyric gabbroic and dioritic intrusions in the western subdomain, and as dikes
crosscutting fabrics in gneisses and/or marbles in the central and western subdomains of Frontenac
terrane, as well as in the Maberly shear zone.
The former Fournier Mine (MDI31CSW00009: Ontario Geological Survey 2016), which was a
magnetite producer in 1873, is located approximately 3 km to the south-southwest of sample site
16RME-0280 (see Table 17.2: analysis 13), which has the highest content of magnetite and apatite of the
5 samples. Both the Fournier Mine and sample site 16RME-0280 are situated on the same linear magnetic
anomaly, which is located in a contact strain aureole on the western side of the North Crosby pluton.
Scanning electron microscopy (SEM) indicates that the magnetite in the gabbro formed early in the
crystallization sequence, and is surrounded by later formed titanite or apatite. Ilmenite is also present
wholly surrounded by apatite. Pyrrhotite is common throughout the sample. Examination by SEM also
revealed the presence of early formed rutile hosted in amphibole in sample 16RME-0253, as well as
elevated chlorine contents in both amphibole and biotite.
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Iron exploration in this part of the Grenville Province has not previously looked for Kiruna-type
magnetite-apatite mineralization. The presence of both dikes and intrusions rich in iron, titanium,
phosphorus and alkalis throughout much of the western part of the map suggests that a large volume of
magma was present and that a Kiruna-type exploration model might be applicable to Frontenac terrane.

Rare Earth Elements
Sample 16RME-0108 (see Table 17.2: analysis 9), a coarse-grained pink calcite rock, was obtained
from one of the waste dumps of the Cantin (or Canton) Mine, a former mica-apatite deposit. The sample
contains 748 ppm total rare earth elements, mainly the light rare earth elements, and 1678 pm Sr.
Scanning electron microscopy (SEM) indicated the presence of 3, and possibly 4, rare earth element–
bearing phases: bastnasite (REE(CO3)F), synchsite (CaCe(CO3)2F), monazite ((REE)PO4) and a strontium
equivalent of the mineral haunghoite (BaCe(CO3)2F). A strontium equivalent of haunghoite has not been
previously identified, and this may represent a new mineral species. Celestine (SrSO4) and celestinebarite ((Sr,Ba)SO4) solid solutions are also common in the sample reflecting its elevated strontium
content. This sample indicates that the carbonate rocks at some mica-apatite occurrences may be potential
sources of extractable rare earth element minerals. For further information on the mineral potential of
these mica-apatite deposits, see Easton (this volume, Article 18).

INDUSTRIAL MINERAL POTENTIAL
Carbonate
Marbles in the central subdomain of Frontenac terrane typically contain between 10 and 20% silicate
minerals, predominantly mica and diopside. Consequently, these marbles are not an attractive exploration
target for high-purity flux or other industrial uses. In contrast, marbles in the eastern subdomain of
Frontenac terrane are predominantly dolomite or dolomitic calcite marbles that are relatively free of
silicate impurities (e.g., see Table 17.2: analysis 8). Some marbles in the eastern subdomain are of similar
purity to those found in Sharbot Lake domain, but extensive regional weathering and recrystallization
resulting from weathering during the Phanerozoic reduces their brightness and textural homogeneity
considerably. Marbles in the western subdomain of Frontenac terrane include both silicate-rich and
silicate-poor types. The latter are found mainly in the Brooke belt, located between Brooke and Christie
Lake. As was the case for the eastern subdomain marble, intense weathering of the marbles is widespread
in this belt.

Feldspar
Although syenitic to granitic pegmatite veins that have been exploited or considered for feldspar
extraction occur throughout the Perth map area, the largest past-producing feldspar mines, such as the
Bathurst Mine (Goad 1990, p.167), are restricted to the Maberly shear zone. The key features of these
exploited pegmatite veins are a north to northwest orientation, a tapered form characterized by wide
centres (up to 35 m) but narrow ends (<10 m), and limited strike length (<300 m) (Goad 1990). All were
emplaced into deformed Frontenac suite syenite intrusions within the Maberly shear zone. The age of
these pegmatite veins is not known, but they must be younger than the Bennett Bay pluton (1164±2 Ma:
Davidson and van Breemen 2000).
The shape of the veins and their concentration in a major deformation zone and in a rheological
strong rock unit (Frontenac suite plutons) suggests that their emplacement was structurally controlled.
This could have occurred either late in the formation of the Maberly shear zone (circa 1155 Ma) or
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perhaps during reactivation of the Maberly shear zone during the main phase of the Ottawan orogeny
(circa 1080 to 1050 Ma). Exploration for economic feldspar occurrences should first focus on pegmatite
veins in Frontenac suite plutons in the Maberly shear zone. Frontenac suite plutons in the western and
central subdomains may also have the potential to host such veins, but historical data suggest that veins in
these areas were less productive than those in the Maberly shear zone (~2750 t versus >150 000 t feldspar
extracted from the Maberly shear zone: Hewitt 1952, 1964a).
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INTRODUCTION
Some of the earliest exploited and, at the time, nationally important, mineral deposits in Ontario are
located within the Bancroft and Frontenac terranes of the Central Metasedimentary Belt of the Grenville
Province (Figure 18.1). These deposits were sources of metallic and non-metallic minerals, such as apatite
(source of phosphorus and acid production), mica, molybdenum and uranium (e.g., Currie 1951; Ellsworth
1932; Hoadley 1960; Lang, Griffith and Steacy 1962; Spence 1920). Most of these deposits were small in
size and were associated with a complex series of host rocks including “calcite vein dikes” (Photos 18.1A,
18.1B and 18.1D), coarse-grained pink calcite rocks (Photo 18.2A), diopsidites (Photos 18.1C and 18.2B),
apatite veinlets (Photo 18.2C) and mica pyroxenites (Photo 18.2D). For brevity, these deposits will be
referred to as “metasomatic deposits” in this report. In Bancroft terrane, it was observed that these
metasomatic deposits are spatially associated with syenite and nepheline syenite intrusions and their
gneissic equivalents, although the plutonic rocks are not typically mineralized. Although vein-like and
podiform mica-apatite deposits in Frontenac terrane were physically compared with similar metasomatic
deposits in Bancroft terrane by various authors (e.g., Currie 1951 and references therein), there was never
any indication that the metasomatic deposits might have formed at the same time, or by the same
processes, in both terranes.
New geochemical and geochronological data obtained in conjunction with mapping in the Brudenell
(NTS 31 F/6), Cobden (NTS 31 C/10) and Perth (NTS 31 C/16) map areas between 2011 and 2016
(Easton 2012, 2013a, 2013b, 2014, see also this volume, Article 17) (see Figure 18.1), has provided
further insights into the origin and time of emplacement of these metasomatic mineral deposits. Although
some of the historically mined commodities are no longer of prime economic significance, other
associated commodities, such as concentrations of rare earth element minerals in some of these
metasomatic deposits, are currently of considerable interest. Consequently, a preliminary exploration
model for these deposits applicable to both the Bancroft and Frontenac terranes is provided herein.

NEW OBSERVATIONS
A key new result from the Brudenell area in Bancroft domain is the recognition that there are 2 ages of
syenite magmatism in the northern Central Metasedimentary Belt: the first at circa 1170 to 1150 Ma, and a
second, longer-lived event, between circa 1090 and 1035 Ma. A new U/Pb zircon age of circa 1155 Ma
(Kamo 2016) from the Eleanor syenite (Easton 2013a) not only establishes a previously unknown early
Summary of Field Work and Other Activities 2016,
Ontario Geological Survey, Open File Report 6323, p.18-1 to 18-9.
© Queen’s Printer for Ontario, 2016
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period of syenite magmatism in the Brudenell map area; but, as this syenite locally metasomatized its
country rocks to form pink calcite and diopsidic marble breccias and vein-like injections, the new age also
establishes that this type of metasomatism was not restricted to the period from 1070 to 1035 Ma, as
suggested by Easton (2013a). The age on the Eleanor syenite also provides a temporal link between the
metasomatic deposits in the Brudenell map area with those present in the Perth map area, which are
coeval with, or slightly postdate, the emplacement of Frontenac suite plutons in the Perth area between
1178 and 1157 million years ago (Davidson and van Breemen 2000; Easton 2015).
Apart from being older, the metasomatic deposits in the Perth map area have many similarities to
those present in the Brudenell and Cobden areas. They occur as veins or pods of limited length and extent
(see Photo 18.1A and 18.1B). Mineralogy can vary considerably from place to place, with some being
calcite dominated (see Photos 18.1A, 18.1D and 18.2A), others being mica pyroxenite dominated (see
Photo 18.2D), and in showing varying degrees of country rock alteration, ranging from minimal to
extensive. The variation in mineralogy is reflected by the fact that, at the turn of the 19th century, some
deposits were mined for apatite (e.g., Spence 1920; Currie 1951), whereas others were mined for mica
(e.g., Currie 1951; Hoadley 1960). Unfortunately, this single commodity-based approach to classification
of these metasomatic deposits has hindered the recognition of the similarities between all of these
occurrences. Currie (1951) was one of the few authors to recognize the genetic similarity between the
mica and the apatite deposits and to consider them as one deposit type.

Figure 18.1. Terrane and domain subdivisions of the Central Metasedimentary Belt (modified from Easton (1992, 2013a) and
Carr et al. (2000)) showing the location of the Brudenell, Cobden and Perth map areas (box outlines), and the location of major
subareas of the metasomatic mica-apatite and calcite vein dike deposits (stars). The Central Metasedimentary Belt is composed
of the Composite Arc Belt and Frontenac terrane. Abbreviations: B, Brudenell subarea; BA, Bancroft subarea; C, Cobden subarea;
CM, Craigmont subarea; CMBbtz, Central Metasedimentary Belt boundary tectonic zone; DL, Desert Lake subarea; M, Minden
subarea; MZ, Maberly shear zone; P, Perth subarea; RLZ, Robertson Lake mylonite zone; W-TH, Wilberforce–Tory Hill subarea.
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Table 18.1 summarizes the characteristics of these metasomatic deposits, as well as highlighting
some important regional variations in the metallic minerals present in the metasomatic deposits.

FORMATION OF DEPOSITS
Figure 18.2 is a cartoon illustrating how these metasomatic deposits may have formed, regardless of
age of emplacement. Key is the development of a major crustal deformation zone (tens of kilometres in
width and length), with an overlying rock package (hanging wall) being thrust on top of another rock
package (footwall). In the case of the Perth map area, Frontenac terrane rocks are thrust on top of Sharbot
Lake domain rocks. In contrast, in the Brudenell map area, rocks of the Central Metasedimentary Belt are
thrust on top of rocks of the Central Metasedimentary Belt boundary tectonic zone (CMBbtz) and the
Central Gneiss Belt.

Photo 18.1. Examples of contact relationships and variability in rock types present in the metasomatic deposits of the Cobden
and Perth areas. A) Large, irregular, near-vertical pink calcite vein (just to the left of and above the scintillometer) cuts mediumgrained pyroxene syenite; observed on the north side of Highway 60 east of Eganville. Scintillometer (yellow-white-black,
lower centre) is 23 cm long; screen is 10 cm square. (Cobden area: 339600E 5046090N). B) Calcite (light, centre of vein)diopside-mica vein with 10 cm wide alteration zone on either side cutting rusty paragneiss; observed on the east side of Lanark
County Road 21. Scale card is 10 cm long. (Perth area: 402416E 4960109N). C) Diopside (dark) and scapolite (light) rock
forming a large metasomatic pod in the Central Metasedimentary Boundary tectonic zone; observed in an outcrop on the east side
of Highway 17 north of Cobden. Hammer (top of image) is 33 cm long. (Cobden area: 350641E 5058100N). D) Pink calcite
vein with blue-green apatite-rich zone (right centre) that was one of the main ore zones in the Silver Queen Mine, now located
within Murphy’s Point Provincial Park. Field of view is 1.5 m long by 75 cm high. (Perth area: 401100E 4958420N). All
UTM co-ordinates provided using NAD83 in Zone 18.
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The second key factor is the emplacement of alkaline magmas into the rocks of the hanging wall,
especially within the deformation zone. These magmas may be emplaced over tens of million years in
various pulses, as indicated in Figure 18.2. Magmas in the early pulse range in composition from basaltic to
syenite, with later magmas becoming more felsic. Both quartz-saturated (quartz syenite to monzogranite) and
quartz-undersaturated (monzonite to syenite) magmas may be present. Crustal contamination and/or
sediment recycling may be important in magma generation, based on the presence of high δ18O (+9 to +16‰)
and negative εNd values (0 to –6) in the syenites (e.g., Marcantonio et al. 1990). Crustal contamination and
sediment recycling may also be important in metal sourcing, especially for elements such as uranium and
thorium. There is limited variation in the composition of the alkaline magmas of the Frontenac suite
(circa 1160 Ma) and those of the Kensington–Skootamatta suite (circa 1070 Ma) (e.g., Lumbers et al.
1990), which may be why metasomatic deposits are found in association with both intrusive suites.

Photo 18.2. Examples of mineralogy present in the metasomatic deposits in the Perth area. A) Coarse-grained pink calcite
characteristic of these deposits, with large books of mica (dark, lower left) and well-formed blue-green apatite crystals
(immediately above scale card). Photo is of an outcrop on the west side of Lanark County Road 21 (402560E 4960244N).
B) Recessively weathered grains from a calcite-diopside-apatite rock located on the west side of Lanark County Road 21
(402640E 4960415N). Large rectangular grain in upper right is an apatite crystal. Blocky grains in the upper right, above the
scale card, are diopside. C) Coarse-grained blue-green apatite and biotite from the core of a 110 cm wide mica pyroxenite and
apatite vein cutting feldspathic paragneiss on the south side of Kenyon Road (402030E 4966039N). D) Coarse-grained mica
pyroxenite from the same vein as Photo 18.2C. The mica pyroxenite is marginal to apatite-mica rock that forms the core of
the vein (402030E 4966039N). Scale card is 10 cm long. All UTM co-ordinates provided using NAD83 in Zone 18.
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Table 18.1. Summary of the characteristics of Grenville metasomatic deposits. Subareas correspond to those indicated in Figure 18.1.
Age
(in Ma)

Terrane and
Subarea

Mineralization Type

Host Rocks

1170–1150

Frontenac
Perth

1170–1150

Bancroft,
Brudenell

Apatite, mica
REE in calcite
iron oxide-apatite
Apatite, mica, REE
REE in marble

Pyroxenite, pink calcite
pink calcite
gabbro
Pyroxenite, pink calcite
marble breccia, locally
metasomatized

1070–1035

Bancroft,
Cobden

Fluorite, apatite, mica

1070–1035

Bancroft,
Brudenell

Apatite, mica, molybdenum
REE in marble

1070–1035

Bancroft,
Craigmont

Apatite, mica, corundum

Pyroxenite, pink calcite,
calcite vein dikes
marble breccia, locally
metasomatized
Pyroxenite, pink calcite
marble breccia, locally
metasomatized
Pyroxenite, pink calcite

1070–1035

Bancroft,
Bancroft

Apatite, mica, corundum
uranium, thorium

Pyroxenite, pink calcite,
calcite vein dikes

1070–1035

Bancroft,
Wilberforce–
Tory Hill

Apatite, mica, uranium,
thorium

Pyroxenite, pink calcite,
calcite vein dikes

REE in marble and calcite

Crustal Sources That May
Have Influenced
Mineralization
Marble-dominated juvenile
arc domains at depth, possibly
Sharbot Lake domain
Juvenile arc domains at
depth?
Fluorine-rich source

Abundance of calc-alkaline
plutonic rocks at depth?
Aluminum-rich rocks at depth
(anorthosite, nepheline
syenite)
Older continental crust at
depth and/or abundance of
evolved granitic rocks
Older continental crust at
depth and/or abundance of
evolved granitic rocks

Abbreviation: REE, rare earth elements.
Note: the term “pyroxenite” used in the table includes diopside-scapolite rocks, mica-diopside rocks, mica pyroxenite.

It has been suggested that Grenville granitoid magmas were hot (~900 to 1000°C) when generated,
which is considered a factor in causing the high zirconium contents of many Grenville intrusive rocks
(e.g., Samson and Moecher 2016). The high temperatures of the granitoid magmas may have assisted in
their rise through the crust, particularly in deformation zones. The high temperatures also may have been
responsible for increased fractionation of the magmas, leading to enrichment of elements in the magmatic
volatile phase, for example, the rare earth elements.
A third factor is that these deformation zones achieved high metamorphic pressure and temperature
conditions (>7 kilobars, 600°C). Although speculative, such conditions would 1) foster the interaction of
the magmatic volatile phase with hydrothermal and/or metasomatic fluids present in the upper structural
unit rocks, 2) allow these fluids to scour metals from the surrounding country rocks, and 3) allow these
fluids to travel greater distances from the magmatic rocks from which they were derived.
Finally, the association between these deposits and deformation zones may be related to the
development of localized zones of extension that occur during the later stages of the deformational event
that creates the zones. These localized zones of extension can create areas where fluids can be trapped and
metals deposited. This would explain the vein-like or pod-like nature of the deposits, as well as the varied
size and intensity of alteration halos adjacent to the deposits, with the latter being influenced by the
volume of fluid involved and/or the temperature of the host rocks. Fluid compositions can range from
chlorine rich (e.g., Perth map area) to fluorine rich (Cobden map area) and, similar to the metal content,
may be influenced by the character of the footwall, and possibly the hanging wall as well. In areas where
metasomatic deposits may have formed at both circa 1170 and 1070 Ma (e.g., the Brudenell map area),
remobilization and/or enrichment of earlier formed metasomatic deposits may also have occurred.
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Figure 18.2. Cartoon cross sections across a major tectonic boundary illustrating the emplacement and evolution of syenite
magmas emplaced along that boundary. In the early pulse, during collision, the overlying rock package (hanging wall) overrides
the footwall, resulting in thrusting and the formation of a major shear zone. At the same time, melting in the mantle and lower
crust begins below the boundary, resulting in the emplacement of ovoid syenite intrusions with minimal metasomatism of their
country rocks. During the middle pulse, gravitational collapse of the overlying rock package (hanging wall) begins. This allows
for localized extension along earlier developed shear zones, which localizes the emplacement of more linear syenite intrusions.
The melting regime during this interval involves more interaction with the lower crust, and perhaps lesser degrees of partial
melting, resulting in more fluid-rich magmas and increased, but localized, metasomatism. In some boundary shear zones, this
may be the end of magmatism and metasomatism. By the late pulse, major tectonic activity along the boundary shear zone ends
and isostatic adjustment begin. The youngest syenites, accompanied by reactive late-stage fluids, are emplaced at this time in the
immediate hanging wall of the boundary shear zone. Note that the model does not depend on the cause of magma generation, but
rather on the chemical characteristics and temperature of that magma, how it ascends through the crust, and how it reacts with
fluids present in the overlying rock package (hanging wall). Figure modified from Easton (2013a).
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DISCUSSION
The geographic variation in mineralization associated with the metasomatic deposits (see Table 18.1;
see Figure 18.1) may reflect the composition of the crust in the lower structural unit underlying the
deformation zone where the deposits are located. For example, in the Perth map area, the underlying crust
is likely dominated by Sharbot terrane marbles, which may be the reason these deposits lack associated
metallic mineralization, such as uranium and/or molybdenum. In contrast, the abundance of uranium and
thorium in the Bancroft subarea and, to a lesser degree, in the Wilberforce–Tory Hill subarea (see Table
18.1; see Figure 18.1) may indicate that the rocks of the footwall in these subareas were more enriched in
radiogenic elements than in the eastern portion of the Central Metasedimentary Belt boundary tectonic
zone. Consequently, any exploration program needs to take into account these regional differences.
The metasomatic deposits are probably not a stand-alone deposit type, but are likely part of a
continuum in deposit types that ranges from alkaline-porphyry copper ± molybdenum ± gold deposits,
through iron oxide-apatite (Kiruna-type deposits) to manto deposits, with the different deposit types
related to increasing distance from the magmatic source, as well as increasing amounts of hydrothermal
activity. All these deposit types share some similar characteristics: an association with alkaline magmatism,
complex interactions between a magmatic volatile phase and hydrothermal and/or metasomatic fluids, and
the presence of widespread alteration zones. These relationships should be kept in mind when doing any
type of exploration on the metasomatic deposits, because the recognition of the presence of one of these
other deposit types may be useful in targeting the location of metasomatic deposits.
The author has observed colour differences in apatite grains from deposits in different subareas.
Apatite from the Brudenell subarea is mainly red, those from the Cobden subarea are dominantly pale
green, and those from the Perth subarea are dominantly blue-green. Blue colours are typically the result of
the oxidation state of manganese (Mn3+ versus Mn2+) and green colours result from the presence of
ferrous and ferric iron (Deer, Howie and Zussman 1966, p.508). Whether these differences in colour can
be used as a guide for exploration remains to be determined.
It is still unclear if the presence of corundum, which sometimes occurs with the metasomatic
deposits, such as in the Craigmont subarea shown in Figure 18.1, is the result of metasomatism of the host
rocks or is simply result of the elevated metamorphic conditions present in the deformation zones that
host the metasomatic deposits, or both.
Rare earth element mineralization has been identified by the author in association with metasomatic
deposits in the Brudenell, Cobden and Perth map areas (Easton and Clarke 2013; see also this volume,
Article 17). In the Perth map area, the rare earth element mineralization is likely circa 1160 Ma in age,
whereas it is circa 1060 to 1035 Ma in the Brudenell and Cobden map areas. In the Perth map area, the
rare earth elements are hosted in REE-carbonate phases, such as bastnasite (REE(CO3)F) and synchsite
(CaCe(CO3)2F), in pink calcite (see Easton, this volume, Article 17), with only minor enrichment of REE
found in the apatite grains studied so far. Similarly, in the Brudenell and Cobden map areas, the rare earth
elements are hosted also in REE-carbonate phases present in pink calcite or metasomatized marble
tectonic breccias where pink calcite and diopside have replaced earlier formed calcite and mafic
minerals. In the Brudenell and Cobden map areas, however, apatite is typically enriched in rare earth
elements. All these rare earth element minerals are amenable to mining, and have the added benefit of not
being radioactive (in contrast to monazite for example).
Use of a portable X-ray fluorescence unit, calibrated for yttrium or the rare earth elements, or both,
might be a useful screening tool in examining pink calcite and marble blocks present in waste dumps of
historic mica and/or apatite deposits for the presence of possible rare earth element mineralization. It is
important that when submitting either marble or calcite vein samples for chemical analyses, especially
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when using inductively coupled plasma mass spectrometry (ICP–MS) methods, it is important to do a
nitric acid pre-leach first to prevent the under-reporting of the rare earth elements, otherwise phosphate
minerals can be formed and can be left behind in the insoluble residue during acid dissolution.

SUMMARY
•

Metasomatic deposits appear to have formed at least twice in the Central Metasedimentary Belt, at
circa 1160 Ma and circa 1060 Ma.

•

At both time periods, the metasomatic deposits are found associated with syenite intrusions that were
emplaced during and after the peak of metamorphism and deformation into the overriding thrust
sheet (hanging wall) of a major deformation zone (see Figure 18.1).

•

Although the syenite intrusions typically are not mineralized, they likely served as the heat source
and the source of some of the metal-enriched solutions that led to the formation of the metasomatic
deposits. The size and quality of mineralization decreases with increasing lateral and/or vertical
distance from the deformation zone even if a deposit is in the hanging wall and syenite intrusions are
still present.

•

On-strike variations observed in metasomatic deposits along the Central Metasedimentary belt
boundary tectonic zone (see Table 18.1) may reflect compositional variations in the footwall.
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INTRODUCTION
The Sudbury Structure (Figure 19.1A) is the remnant of a deformed impact crater, which formed at
1850 Ma. The Sudbury Igneous Complex (SIC) surrounds and underlies the centre of the structure and is
host to several world-class nickel-copper-platinum group element (PGE) deposits and PGE-rich deposits.
Low-sulphide PGE mineralization represents an economically significant style of mineralization in the
footwall of the SIC and is the least understood deposit type in the area. The southern part of the Sudbury
Structure, commonly referred to as the South Range, underwent a more complex deformation and
metamorphic history than the North Range and the East Range, resulting in a strong tectonic overprint on
mineralization. The identification of the structural, lithologic and metamorphic controls on low-sulphide
PGE mineralization in the South Range is the subject of a four-year PhD thesis by the first author through
the Laurentian University–Ontario Geological Survey (OGS) Mapping School Agreement and is part of the
5-year, multi-disciplinary research program on Low Sulfide PGE-rich Sudbury Footwall Mineralization
being conducted by the Mineral Exploration Research Centre (MERC) at the Harquail School of Earth
Sciences, Laurentian University. The goals of the project are to 1) determine the sequence of structural
and metamorphic events in the South Range; 2) determine the relative timing between structures,
metamorphism and low-sulphide PGE mineralization; 3) determine the pressure and temperature achieved
during the tectonic history of the low-sulphide PGE deposits and the South Range; and 4) contribute to
the development of an exploration model for low-sulphide PGE mineralization in the South Range. This
article focusses on the first goal of the project and reports the results of detailed 1:5000 and 1:100 scale
structural mapping of a 400 m wide corridor of deformation during the summer of 2016. The corridor is a
major subvertical, west-northwest- to east-trending mylonite zone, which was mapped by OGS
geoscientists during the summer of 2015 (Gordon, Simard and Généreux 2015) (Figure 19.1B). It is
possible that this mylonite zone is part of the ductile fault system identified by Riller et al. (1999), which
they attributed to the Penokean Orogeny.

GENERAL GEOLOGY
Drury Township is located in the west end of the South Range, approximately 50 km west of the
City of Greater Sudbury. It contains the southwest edge of the Sudbury Igneous Complex (SIC) and
straddles the boundary between the Archean Superior Province to the north and the Paleoproterozoic
Southern Province to the south (see Figure 19.1A).

Summary of Field Work and Other Activities 2016,
Ontario Geological Survey, Open File Report 6323, p.19-1 to 19-9.
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Figure 19.1. A) Simplified geology of the Sudbury area, including major fault systems: Creighton fault (CF); Grenville Front
tectonic zone (GFTZ), Murray fault zone (MFZ), Onaping faults (OF), South Range shear zone (SRSZ). Figure modified after
Card et al. (1984) and Riller et al. (1999). B) Simplified map showing the mylonite zone and surrounding rocks in western
Drury Township. Universal Transverse Mercator (UTM) co-ordinates are provided using North American Datum 1983 (NAD83)
in Zone 17.
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The Superior Province consists of the monzogranites of the Ramsey–Algoma granitoid complex,
which were intruded by the 2 pulses of the Matachewan mafic dike swarm at circa 2480 Ma and
circa 2460 Ma (Krogh, Davis and Corfu 1984; Heaman 1997; James et al. 2002; Halls, Stott and Davis
2005; Bleeker et al. 2012; Bleeker et al. 2015). The Drury Township intrusion, found at the southern edge
of the Superior Province, is interpreted to belong to the East Bull Lake Intrusive Suite, the emplacement
of which coincided with the first Matachewan pulse (Krogh, Davis and Corfu 1984; James et al. 2002;
Bleeker et al. 2012; Bleeker et al. 2015). The Drury Township intrusion consists of vari-textured
leucogabbronorite and is weakly to moderately foliated along narrow, east-trending dextral shear zones
(Gordon, Simard and Généreux 2015).
The Southern Province to the south mainly consists of metavolcanic and metasedimentary rocks of
the Huronian Supergroup, which were deposited in a continental rift basin between 2450 and 2219 Ma
(Krogh, Davis and Corfu 1984; Corfu and Andrews 1986). Major, east-trending structures, such as the
Murray and Creighton faults (see Figure 19.1A), are thought to have originated as extensional faults
during sedimentation and to have been reactivated during subsequent orogenic events (Card and
Hutchinson 1972). Metamorphosed mudstones, sandstones and conglomerates of the Elliott Lake and
Hough Lake groups are exposed in the southern part of Drury Township. These metasedimentary rocks
are folded and intruded by gabbroic sills and stocks of the Nipissing Intrusive Suite (2219 to 2210 Ma),
which were also deformed (Noble and Lightfoot 1992; Corfu and Andrews 1986; Card 1978; Bennett,
Dressler and Robertson 1991; Easton 2006). The contact between the Archean monzogranite and the
Paleoproterozoic metasedimentary rocks has been reported as unconformable in multiple locations
between Sudbury and Sault Ste. Marie (Young 1991; Gordon 2012). However, deformation overprints the
unconformity in the study area and this contact is highly strained (see Figure 19.1B; see “D4 Deformation”).
The Sudbury Igneous Complex (SIC) (1850 Ma) straddles the contact between the Superior Province
and the Southern Province and is interpreted as a fractionated impact melt sheet, which thermally
metamorphosed the surrounding rocks as it cooled. The elliptical shape of the SIC has been attributed to
northwest-directed bulk shortening, which also produced south-dipping reverse shear zones, such as the
South Range shear zone (see Figure 19.1A). The timing of this later deformation event is constrained by
the age of the Sudbury diabase dike swarm of 1238 ± 4 Ma (Krogh et al. 1987), which overprints the
shear zones. Most workers have attributed post-impact ductile deformation, such as the South Range
shear zone, to the Penokean Orogeny (e.g., Card 1978; Riller et al. 1999). However, recent geochronological
studies of the Huronian Supergroup rocks suggest that the deformation corresponds with later orogenies,
such as the Mazatzal and Yavapai events, and a third event at circa 1450 Ma (Bailey et al. 2004; Piercey,
Schneider and Holm 2007; Raharimahefa et al. 2014). Although not well defined in the Sudbury area,
these orogenies have been well characterized elsewhere in the Great Lakes region to the west of Sudbury.
The reader is referred to Gordon, Simard and Généreux (2015) for more detailed descriptions of the
rock types mapped in Drury Township, and Simard, Gordon and Généreux (this volume, Article 16) for
additional information on the regional geology.

DEFORMATION HISTORY
The interpretations presented in this section are preliminary and based on field observations collected
in the summers of 2015 and 2016, as well as initial petrographic observations.

D1 Deformation
A bedding-parallel, east-trending thrust fault is interpreted to have caused repetition of a Matinenda–
McKim formations sequence that has a consistent north-facing direction and contains the uranium-bearing
basal member of the Matinenda Formation (see Figure 19.1B). This thrust fault is folded with the
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stratigraphy (Simard, Gordon and Généreux, this volume, Article 16) and, therefore, must predate the
folding observed in the area (see “D2 Deformation”). Another east-trending thrust fault is interpreted to
occur west of the study area, where sandstones of the Matinenda Formation were thrusted upward and
now lie on top of a McKim–Ramsay Lake formations sequence (see Figure 19.1B).

D2 Deformation
Crustal shortening during D2 deformation produced large-scale isoclinal F2 folds with a westnorthwest- to east-trending axial planar S2 foliation (see Figure 19.1B; Photo 19.1A). This steeply dipping
(80 to 90°) S2 foliation is defined by the strong preferential alignment of muscovite and biotite. It is
observed across the township, where it represents the main regional foliation. Card (1978) reported
Nipissing Intrusive Suite mafic dikes crosscutting major fold axes in the McGregor Bay anticline in the
Whitefish Falls area southwest of Sudbury, suggesting that F2 folding was initiated prior to the
emplacement of the Nipissing Intrusive Suite. However, in Drury Township, the S2 foliation overprints

Photo 19.1. A) Micaceous mudstones of the McKim Formation, showing F2 folds in bedding (S0) with S2 axial planar cleavage.
Pencil tip approximately 3 cm long; UTM 458223E 5139924N. B) Strong layering at the core of the mylonite zone, where finegrained, light-coloured ultramylonite domains (“L-UMY”) are interbedded with very fine-grained, dark-coloured ultramylonite
bands (“M-UMY”) containing deformed quartz veins; UTM 457340E 5141996N. C) Close-up of a protomylonitic domain within
the core of the mylonite zone, showing a moderately developed C-type (S4C) and dextral S-type (S4S) foliations, as well as symmetric
winged porphyroclasts; UTM 457340E, 5141996N. D) Close-up of a chlorite-rich ultramylonite domain as in Photo 19.1B, showing
anticlockwise back-rotation of foliation segments (S4S) along dextral C′-type shear bands (“C′”); UTM 457340E 5141996N. The
UTM co-ordinates are provided using NAD83 in Zone 17.
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Nipissing mafic dikes and sills that are folded (see Figure 19.1B) (Gordon, Simard and Généreux 2015;
Simard, Gordon and Généreux, this volume, Article 16), suggesting that most folding in the area occurred
after the emplacement of the Nipissing Intrusive Suite.

D3 Deformation
A major northeast-trending fault truncates major fold axial planes in the western portion of the study
area (see Figure 19.1B). This fault corresponds to the Cameron Creek fault, first mapped by Card (1965a,
1965b) and, more recently, by Simard, Gordon and Généreux (this volume, Article 16). The Cameron
Creek fault is part of a northeast-trending, brittle-ductile fault system, which offsets the rocks of the
Huronian Supergroup and the Sudbury Igneous Complex (SIC). The mylonite zone appears continuous
across the Cameron Creek fault, which suggests that the offset observed in the SIC occurred prior to
mylonitization (see “D4 Deformation”).

D4 Deformation
A roughly 400 m wide mylonite zone was identified in 2015 during regional mapping by the Ontario
Geological Survey (Gordon, Simard and Généreux 2015). It occurs at the contact between Archean
monzogranites and gabbronorites, to the north, and metamorphosed quartz to subfeldspathic arenite,
micaceous mudstone and siltstone and gabbronorites, to the south (Gordon, Simard and Généreux 2015).
The mylonite zone trends west-northwest and is continuous along strike across Drury Township (see
Figure 19.1B) (Simard, Gordon and Généreux, this volume, Article 16). The boundary between the
mylonite zone and its host rocks is relatively sharp in the granitoid rocks to the north and more gradual
(~100 m) in the sandstone units (see Figure 19.1B). The 100 m wide centre of the mylonite zone is
strongly layered (Photo 19.1B) and consists of 1) fine-grained, light-coloured, quartz-feldspar-dominated
ultramylonite domains; 2) very fine-grained, chlorite-rich ultramylonite bands with deformed quartz
veins; and 3) medium-grained, chlorite-feldspar-dominated protomylonitic domains containing up to 40%
feldspar clasts (Photo 19.1C). Each band ranges from 1 to 30 m in width; the leucocratic bands tend to be
wider than the melanocratic bands. The mineralogy of the mylonitic bands is consistent with the
postulated protoliths present in the area.
Dextral shear sense indicators are best observed in the more deformed core zone of the mylonite.
Winged porphyroclasts are observed in the protomylonitic domains with in the zone, but they are
generally symmetric and, therefore, are not good shear sense indicators (see Photo 19.1C). In the chloriterich ultramylonitic domains, foliation fish are back-rotated in an anticlockwise manner along C′-type
shear bands, suggesting they formed by dextral shearing (Photo 19.1D; Hanmer and Passchier 1991;
Passchier and Trouw 2005). The shear foliation (i.e., C fabric) is also more strongly developed within
these domains (see Photos 19.1B and 19.1D), but it is moderately developed in the protomylonitic
domains (see Photo 19.1C) and is observed locally in the sandstones adjacent to the zone. This C-type
foliation (S4C) is defined by the preferential orientation of micas and is subparallel to the regional S2
foliation. The S-type foliation (S4S), is best observed in the protomyonitic domains, where it is defined
by the alignment of clast aggregates and is approximately 20° anticlockwise to the S4C foliation (see
Photo 19.1C). This suggests that the S4S foliation also formed as a result of dextral shearing (Hanmer and
Passchier 1991; Passchier and Trouw 2005), which is consistent with the other shear sense indicators in
the mylonite zone. In the sandstones adjacent to the mylonite zone, the S4S foliation is anticlockwise to
the regional S2 foliation and crosscuts F2 fold axial planes. This indicates that the dextral displacement
postdates D2 folding.
Along strike eastward into Denison Township, the mylonite zone aligns with the Creighton fault,
which is thought to be absent in Drury Township according to Card (1965a). The Creighton fault has been
interpreted as a reverse fault with a component of dextral displacement postdating peak metamorphism
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(Card 1967, 1968; Zolnai, Price and Helmstaedt 1984; Riller et al. 1999). Although petrographic work is
required to determine the timing relationship between peak metamorphism and the mylonite fabric, the
late dextral shear sense observed in the mylonite zone appears consistent with that recorded in the
Creighton fault. Therefore, it is possible that the mylonite zone is a ductile expression of the Creighton
fault. The first author and OGS geoscientists will be testing this hypothesis, as mapping will be extended
to the east into Denison Township in 2017.

D5 Deformation
A strong, north-trending crenulation cleavage (S5) is also locally observed in mudstones of the
McKim Formation, outside the mylonite zone, and overprints the regional S2 foliation (Photo 19.2A).
This cleavage likely formed as the result of east-west-directed compression. Continued compression
rotated the cleavage in an anticlockwise manner, accentuating the dextral displacement. North-trending
kink bands (K5) are also observed within the mylonite zone, where they overprint the S4 foliations. Most
kink bands are S-shaped, or sinistral, with only a few conjugate sets forming centimetre-scale box-folds
(Photo 19.2B). Although these kink bands could be explained by shear hardening during D4 deformation,
the added presence of the crenulation cleavage outside the mylonite zone suggests that a later, east-west
compressional event (D5) is most likely responsible for both features.

Photo 19.2. A) Dextral crenulation cleavage (S5) overprinting the S2 regional foliation in mudstones of the McKim Formation;
UTM 458343E 5140053N. B) Conjugate kink bands (K5) overprinting the S4C foliation within mylonitic sandstones of the
Matinenda Formation; UTM 457136E 5141820N. C) Steeply-plunging stretching lineation (Lx) in mylonitic sandstones of the
Matinenda Formation; UTM 457279E 5141719N. The UTM co-ordinates are provided using NAD83 in Zone 17.
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Lineations
Although most deformation can be explained by 5 deformation events, the stretching lineations
observed in the field area remain difficult to interpret. A weak, shallow dipping, west-plunging stretching
lineation (L4) is locally observed along the core of the mylonite zone, which is consistent with the dextral
shear sense indicators described in “D4 Deformation”. However, a much stronger, steeply dipping, east- to
southeast-trending stretching lineation (LX) is also present across the township within all rock types,
including the mylonite zone and Sudbury Breccia (Photo 19.2C). The significance of this latter lineation
is not known because shear sense indicators are more strongly developed on the horizontal plane, that is,
perpendicular to the stretching direction. A plausible explanation for these contradicting observations is
that dextral shearing and the LX stretching lineation formed during 2 separate events. Alternatively, they
could have formed during a single, progressive transpression event, as proposed by Riller et al. (1999) for
the South Range. Additional detailed outcrop mapping will be done in 2017 in an effort to determine the
relationship between the Sudbury Breccia, which formed as a result of the impact, and the mylonite zone
and to resolve the structural history of the mylonite zone.

CONCLUSIONS AND FUTURE WORK
Detailed outcrop mapping during the summers of 2015 and 2016 showed that at least 5 deformation
events affected the southwest portion of the South Range: 1) east-trending thrust faulting, 2) northnortheast-directed shortening resulting in large F2 isoclinal folds and a strong regional S2 foliation,
3) northeast-trending faulting, 4) strike-slip dextral shearing and formation of a large-scale mylonite zone,
and 5) late east-west compression. However, the significance of the post-impact, steeply plunging
regional stretching lineation remains to be resolved. Detailed bedrock mapping in the 2017 field season
will focus on the mylonite zone within Drury Township and will follow it eastward into Denison Township
to determine the relative timing between these structures and their relationships with the 5 main
deformation events.
Over the coming fall and winter, samples collected this past summer will be studied to
1) characterize the mineralogy and micro-fabrics in the mylonite zone, 2) identify crystallographic fabrics
inside the mylonite zone and directly adjacent to it, 3) determine the relative timing between structures
and regional metamorphism, 4) determine the pressure and temperature conditions active throughout the
tectonic history of the South Range of the Sudbury Igneous Complex, and 5) determine the absolute age
of deformation and/or metamorphism through in situ U/Pb geochronology, provided that suitable minerals
are identified.
As mentioned at the beginning of this article, the regional structural analysis presented in this report
is only one aspect of the thesis being conducted by the first author. Samples of the footwall rocks hosting
low-sulphide PGE mineralization were also collected near the Sudbury Igneous Complex for thin section
and whole-rock geochemistry to determine the pressures and temperatures recorded in these rocks and
their relative timing with respect to low-sulphide PGE mineralization. Detailed mapping of mineralized
outcrops was also initiated at the end of the 2016 field season and is planned to continue this fall and into
the summer of 2017. This work will be integrated with metamorphic petrography and regional structural
analysis of the area to better understand the emplacement and subsequent remobilization of low-sulphide
PGE mineralization in the South Range of the SIC.
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INTRODUCTION
Three geophysical data sets have been published in 2016 and one is currently pending publication.
Two of these are from a large (32 431 km2) magnetic and gamma-ray spectrometric survey, commissioned
by the Ontario Geological Survey (OGS), over the eastern Quetico Subprovince. A similar survey is
currently in progress over the Ear Falls area in northwestern Ontario. New magnetic supergrids have been
created by merging the extensive network of high-resolution surveys. As in previous years, ongoing
geophysical support has been provided to the OGS bedrock geology mapping, groundwater and Resident
Geologist programs.

SUPPORT FOR THE BEDROCK GEOLOGY MAPPING PROGRAM
Compilations of regional geophysics, from OGS and other data sets, were created for each of the
bedrock geology mapping projects listed below. The compilations were provided, in geographic
information system (GIS)–compatible formats, in advance of the field season. Reviews of the geophysical
data were carried out with the project geologists to help interpret the geophysics with respect to the known
geology and to highlight features where additional investigation may be warranted. Ongoing support was
provided after the field season to assist in the development of the resulting geological maps. Geological
maps were given a final review prior to publication to ensure consistency with the geophysical data.
•

Fort Hope greenstone belt bedrock geology mapping project

•

Rowan–Kakagi Lake region bedrock geology mapping project

•

McFaulds Lake region bedrock geology mapping and compilation

•

Schreiber–Hemlo greenstone belt bedrock geology mapping project

•

northeast Wawa greenstone belt bedrock geology mapping project

•

southwest Sudbury structure bedrock geology mapping project

•

Shebandowan area bedrock geology mapping project

•

southern Swayze area bedrock geology mapping project

•

Borden Lake area bedrock geology mapping project

•

Marathon area lake sediment survey

•

Highway 11 Quaternary mapping project

•

Wawa–Abitibi terrane compilation

Summary of Field Work and Other Activities 2016,
Ontario Geological Survey, Open File Report 6323, p.20-1 to 20-7.
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SUPPORT FOR THE GROUNDWATER PROGRAM
Under a collaborative agreement with the Geological Survey of Canada (GSC), approximately 44 km
of high-resolution seismic reflection data were acquired along 3 road traverses in the central part of the
County of Simcoe (Ontario Geological Survey 2015a). A further 21 km of seismic data were acquired
along 1 line in Norfolk County. The seismic surveys used the GSC’s Minivibe Vibroseis™ source and
“landstreamer” geophone array towed behind the Vibroseis truck. The results from this work are helping
to guide drilling being carried out to map Quaternary stratigraphy in the central part of the County of
Simcoe and in the Niagara Peninsula. To assist in the processing of the seismic surveys, as well as to
obtain physical property information characterizing the Quaternary sediments and bedrock, the GSC is
currently logging approximately 12 of the holes drilled in the Niagara Peninsula and in the southern part
of the County of Simcoe. The borehole logging is acquiring electrical conductivity, magnetic susceptibility,
natural gamma, vertical seismic profile (VSP) and fluid temperature data.
To help target a drill hole designed to intersect the axis (thalweg) of the Dundas buried-bedrock
valley as it enters the western end of Lake Ontario, 2 gravity profiles were obtained along the adjacent
Iroquois and Burlington bars. Earlier work (Starkowski 1980) had detected a large gravity low, along the
Burlington bar, corresponding to the inferred buried valley thalweg. Because of the age of the previous
data and the lack of precise location information, new data were acquired, comprising 110 and 30 stations
along the Burlington and Iroquois bars, respectively (Figure 20.1A). Standard gravity corrections were
applied to the raw data to obtain the Bouguer gravity anomaly. Although the local relief was nearly flat,
terrain corrections were applied to take into account the water depth and near-station topography. The
location of the thalweg (Figures 20.1B and 20.1C) was defined by an approximately 3.5 milliGal negative
anomaly observed in the Bouguer gravity profile (see Figure 20.1C). Similar results were obtained along
the Iroquois bar, although numerous overpasses and bridges resulted in some data gaps.

Figure 20.1. A) Locations of the ground gravity surveys in the Hamilton area (abbreviations: BB, Burlington bar; IB, Iroquois
bar). B) Burlington bar ground gravity stations overlain on satellite image showing the inferred position of the Dundas buriedbedrock valley axis (thalweg). C) Observed Bouguer gravity data along the Burlington bar showing the inferred position of the
Dundas buried-bedrock valley axis (thalweg).

20-2

Earth Resources and Geoscience Mapping Section (20)

D.R.B. Rainsford and S. Biswas

ACQUISITION OF NEW AIRBORNE GEOPHYSICAL DATA
Combined aeromagnetic gradiometer and gamma-ray spectrometric surveys were carried out
between July and November 2015, continuing the coverage eastward from the Thunder Bay area surveys
conducted in 2014 (Ontario Geological Survey 2015b, 2015c). The surveys in this new area were flown in
2 blocks, namely Hearst and Smooth Rock Falls areas (Figure 20.2), totalling 180 090 line-kilometres.
The surveys were flown, using 3 aircraft, in a north-south direction at 200 m line spacing with a nominal

Figure 20.2. Locations of geophysical surveys published and in progress (survey abbreviations: AG, airborne gravity;
AGRS, airborne gamma-ray spectrometric; AM, airborne magnetic).
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Table 20.1. Summary of airborne geophysical data released by the Ontario Geological Survey in 2016.
Publication
GDS 1082
GDS 1248
GDS 1249

Survey Name
Smooth Rock Falls area
Moosonee area
Pays Plat Lake area

Year of Survey
2015
2005
2014

Survey Type
Line-Kilometres
Airborne magnetic and gamma-ray spectrometric
75 634
Airborne magnetic
35 109
Airborne magnetic and gravity
3432

Abbreviation: GDS, Geophysical Data Set.

terrain clearance of 100 m, by Sander Geophysics Ltd. of Ottawa, Ontario, and Terraquest Ltd. of Markham,
Ontario. The results of Smooth Rock Falls area were published in April 2016 (Ontario Geological Survey
2016a, 2016b). The results of Hearst area survey are awaiting publication, pending further community
engagement. The purpose of these surveys was to provide high-resolution geophysical coverage over the
Quetico and Opatica subprovinces, an area where the existing aeromagnetic coverage was limited.
For 2016, a high-resolution aeromagnetic and gamma-ray spectrometric survey is now being flown
in northwestern Ontario in the Ear Falls area close to the Manitoba–Ontario border (see Figure 20.2).
The northern half of the survey area covers the western part of the Ontario portion of the English River
Subprovince and the southern half of the survey encompasses the whole extent of the Ontario portion of
the Winnipeg River Subprovince, as well as covering the southern Red Lake greenstone belt. The survey,
requiring 171 569 line-kilometres of flying, will cover an area of approximately 31 035 km2. The newly
acquired aeromagnetic data will be an improvement over the existing half-mile (800 m) line spacing,
1960s vintage magnetic coverage, and will provide greatly enhanced resolution of geological features.
The data and maps from this survey are anticipated to be published in 2017.

GEOPHYSICAL DATA RELEASES FOR 2016
During 2016, 3 geophysical data sets were released (Table 20.1). The survey locations are shown in
Figure 20.2. The Smooth Rock Falls survey was commissioned by the OGS (see ”Acquisition of New
Airborne Geophysical Data”). The Moosonee survey was a proprietary data set that was purchased
through the MNDM’s Request For Data process (Ontario Geological Survey 2016c). The Pays Plat Lake
area data set was generously donated by Nuclear Waste Management Organization (NWMO) (Ontario
Geological Survey 2016d). The purchased and donated data sets were reprocessed to conform with other
OGS airborne geophysical data sets and prepared for publication in both map and digital data formats.

MAGNETIC SUPERGRID UPDATES
Magnetic supergrids, comprising merged magnetic data from adjacent high-resolution airborne
geophysical surveys, were first created in 1999 (as “Ontario Magnetic Supergrids (in Centurion software)”)
and subsequently revised in 2003 (Ontario Geological Survey 2003a, 2003b). The merging of magnetic
surveys, in a nearly seamless manner, is possible by carefully levelling individual surveys to the Ontario
master magnetic grid (Ontario Geological Survey 1999a, 1999b) using a procedure described by Reford et
al. (1990). Supergrids benefit users by saving them from having to compile magnetic data from multiple
surveys each time they wish to make a regional evaluation. In this update, a total of 51 magnetic data sets
were either added to existing supergrids or used to create new supergrids. Resulting from this work, 7 new
or revised supergrids were created and 1 supergrid (Bamaji–Vickers) remained unchanged (Figure 20.3).
The updated magnetic supergrids will cover approximately 35% of the province; it is anticipated that
these data will be released in 2017.
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OTHER ACTIVITIES
As in previous years, in-situ magnetic susceptibility data were collected by bedrock geology mapping
field crews using KT-10 susceptibility meters. Prior to the beginning of the field season, 27 students were
trained in the operation of the magnetic susceptibility meters in 2016. Each year, the susceptibility meters
were regulated using a calibration pad and their performance monitored by means of reference samples to
ensure consistent data quality. The data, comprising approximately 5000 to 6000 measurements, are
gathered at the end of each field season from the mapping geoscientists and compiled into a GIS database.
Two new RS-230 BGO (bismuth germanate) gamma-ray spectrometers were purchased, to complement
the 3 NAI (sodium iodide) units already in use by the OGS mapping crews. The new spectrometers are
more efficient at capturing gamma rays, resulting in higher resolution data. The handheld gamma-ray
spectrometers are used by some geological field crews to identify radiogenic mineralization and to help
discriminate between similar looking granitoid rocks in the field. The performance and consistency of
these instruments is monitored annually at a convenient field site in Sudbury prior to field use.

Figure 20.3. Distribution of updated magnetic supergrids showing images of residual magnetic field. Red and blue colours
show areas of strong and weak magnetic field, respectively.
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The availability of geophysical and other geoscience data collected by the OGS can be viewed
geographically using the OGSEarth application (www.ontario.ca/ogsearth) through a graphical interface
(keyhole mark-up language (.kml) files for use with applications such as Google Earth™ mapping service).
This is a convenient tool for data discovery. With the release of the updated magnetic supergrids, the
functionality of OGSEarth will be enhanced with the ability to view high-resolution aeromagnetic images.
The Geophysical Survey Index (www.mndm.gov.on.ca/en/mines-and-minerals/applications/ogsearth/
geophysical; GIS format files and an associated .kml file) continues to be maintained and updated with

each new release of geophysical data. In addition to data discovery through this index, embedded links in
OGSEarth allow users to download geophysical data and maps from GeologyOntario.
Free downloads of geophysical data are also available via the OGS online data warehouse—
GeologyOntario (www.ontario.ca/geology). Hard-copy (paper) reports and maps, and physical media
(CD or DVD) of digital data are also available for a nominal fee through the Publication Sales outlet:
Tel:
Toll-free:
Fax:
E-mail:

705-670-5691 (local)
1-888-415-9845 ext. 5691 (Canada and United States)
705-670-5770

pubsales.ndm@ontario.ca
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1

INTRODUCTION
During the summer of 2016, field work for an aggregate resources inventory was undertaken by the
Ontario Geological Survey (OGS) for the County of Peterborough (herein referred to as “Peterborough
County”) in southern Ontario. Peterborough County occupies approximately 362 240 hectares (ha) and is
bounded to the east by the County of Hastings; to the south by the County of Northumberland; to the west
by the City of Kawartha Lakes; and to the north by the County of Haliburton (Figure 21.1). The study
area is covered by all or parts of the following 1:50 000 scale map sheets of the National Topographic
System (NTS): Minden (31 D/15), Fenelon Falls (31 D/10), Lindsay (31 D/7), Scugog (31 D/2),
Gooderham (31 D/16), Burleigh Falls (31 D/9), Peterborough (31 D/8), Rice Lake (31 D/1), Coe Hill
(31 C/13), Bannockburn (31 C/12) and Campbellford (31 C/5).
The purpose of this study is to delineate, characterize and inventory the sand and gravel deposits and
bedrock formations within the study area and to assess their potential as an aggregate resource.
Approximately 1144 field observations, 100 pit and quarry investigations, 1066 material gradation and
aggregate test results, 9500 other data points (i.e., water well, geotechnical boreholes) will be used to
assess the aggregate resources of Peterborough County.

PREVIOUS WORK
Previous aggregate resources inventory papers (ARIPs) for Peterborough County were published on
a township scale between 1980 and 1995 by the Ontario Geological Survey (1980a-f, 1985, 1991, 1992,
1995a, 1995b). These reports do not follow the current ARIP format, as it is now standard practice to
complete these on a county scale (upper tier municipal level). However, these reports include relevant
data and have been consulted for the current study. Data and observations from the most recent OGS
Quaternary geology mapping (Marich 2016a, 2016b, 2016c) and Paleozoic geology mapping (Armstrong
and Dodge 2007) over the study area have also been referenced in the current study.

SURFICIAL GEOLOGY AND PHYSIOGRAPHY
The distribution of surficial materials in Peterborough County is largely the result of glacial activity
that took place in the during the Late Wisconsinan Substage of the Pleistocene Epoch approximately
23 000 to 10 000 years before present (Barnett 1992). The repeated advance, retreat and stagnation of
massive continental ice sheets produced the landscape that exists in the area today. The direction of ice
flow in the study area is largely recorded by depositional forms (drumlins, moraines and eskers). As the
Summary of Field Work and Other Activities 2016,
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ice advanced southwestward across the study area toward the Lake Ontario basin, bedrock and overlying
deposits of till, sand, silt and clay were entrained in the base of the glacier, transported, then redeposited
to form vast till plains, drumlins and moraines. Postglacial erosional and depositional processes have
played a minor role in modifying the physiography of Peterborough County. The timing of these events is
reconstructed using local geomorphic landform relationships and radiocarbon dating (Ontario Geological
Survey 1980a).
According to Chapman and Putnam (1984), Peterborough County lies within 6 physiographic
regions. From north to south, these include the Algonquin Highlands, Georgian Bay fringe, Dummer
moraines, Iroquois plain, Peterborough drumlin field and Oak Ridges Moraine (Figure 21.2).
The Algonquin Highlands occupy the northeast corner of Peterborough County (see Figure 21.2).
This region is characterized by knolls of Precambrian (Grenville Province) bedrock locally overlain by a
thin veneer of glacial sediments (Chapman and Putnam 1984). Locally, relief is highly varied, with exposed
rounded bedrock knobs and ridges ranging from 15 to 60 m high (Chapman and Putnam 1984). Many of
the valleys and depressions within this physiographic region are infilled with outwash sand and gravel.
The Georgian Bay fringe is the largest physiographic region in the study area and occupies the northcentral portion of Peterborough County (see Figure 21.2). It is a broad belt bordering Georgian Bay,
characterized by shallow soil in the low-lying areas and by bare rock knobs and ridges in the uplands
(Chapman and Putnam 1984). In contrast to the Algonquin Highlands, the valleys and depressions are
infilled with thin veneers of fine sand, silt and clay loams as opposed to outwash sand and gravel.

Figure 21.1. Location of the County of Peterborough and the surrounding area, southern Ontario.
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The Dummer moraines physiographic region spans from west to east through the centre of the study
area (see Figure 21.2). The moraines are composed of Dummer till: unsorted material composed primarily
of angular fragments and large boulders of limestone. The underlying bedrock within this region consists
of limestone of the Bobcaygeon, Gull River, Lindsay and Verulam formations (Chapman and Putnam
1984). The Dummer moraines display highly irregular and hummocky topography with sporadic lower
relief areas.

Figure 21.2. Location of physiographic regions within the County of Peterborough (after Chapman and Putnam 2007).
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The Iroquois plain occupies a small portion of the southeast corner of the study area (see Figure 21.2).
This area borders Lake Ontario and represents the area flooded by glacial Lake Iroquois when the last
glacier was receding (Chapman and Putnam 1984). This region contains easily identifiable shorelines,
cliffs, bars, beaches and boulder pavements in the low-lying areas; the undulating till plains above stand
in strong contrast to the smoothed lake bottom deposits (Chapman and Putnam 1984).
The Peterborough drumlin field is the second largest physiographic region and occupies the southcentral portion of the study area (see Figure 21.2). This physiographic region contains varying drumlin
morphologies that range from well-developed drumlins to drumlinoid hills and surface flutes (Chapman
and Putnam 1984). Peterborough County is internationally known for its drumlins—with the city being
located in the geographic centre of the drumlin field.
The Oak Ridges Moraine occupies the southwestern tip of the study area (see Figure 21.2) and is
recognized as one of the most distinctive physiographic features of southern Ontario. At an elevation of
300 m above sea level, it forms the drainage divide separating streams that flow into Lake Ontario from
those that flow into Georgian Bay and the Trent River (Chapman and Putnam 1984). Surface topography
of this region is hilly with a knoll-and-basin type relief. These hills are composed primarily of sand and
gravel, with the exception of localized till ridges that protrude up through the lower lying sandy ridges
(Chapman and Putnam 1984).

SAND AND GRAVEL RESOURCES
Sand and gravel resources deposited during the Late Wisconsinan remain the primary source of
aggregate in Peterborough County. These resources are mainly confined to ice-contact and glaciofluvial
outwash deposits occurring throughout the County. Previous work, completed by the Ontario Geological
Survey between 1980 and 1995, has subdivided these deposits based on direct field observations of the
material type and grain size. This current study validated many of the subdivisions that were previously
observed and will be used in conjunction with the most recent Quaternary mapping (Marich 2016a,
2016b, 2016c) to provide the most up-to-date aggregate mapping.
There are a number of significant glaciofluvial ice-contact deposits scattered throughout the southern
portion of the study area. As the ice receded from the study area, sediment-bearing meltwater flowing
within and beneath the ice sheet deposited sinuous southwest-trending esker ridges. These eskers are
easily recognized on the elevation model and consist of granular material ranging from sand and gravel to
crushable-size clasts. Collapse structures and till inclusions have been observed as well. The aggregate
potential of this deposit type is generally good, with numerous aggregate operations currently being
located within these deposits in Peterborough County.
The Dummer moraines and the Oak Ridge Moraine are located at the centre and the southwestern
portion of the study area, respectively. The aggregate potential of these moraines will be studied in greater
detail during the final analysis of subsurface data sets because these moraines are often associated with
significant granular material, much of which is suitable for the manufacture of aggregate products.
As the ice sheet continued to recede from the area, glacial Lake Iroquois inundated low-lying areas.
Glaciolacustrine deltas and subaqueous fans were deposited where glaciofluvial systems entered the lake.
Some of the shoreline sediments would have been reworked by shoreline processes (i.e., wave action) to
form glaciolacustrine beach deposits. These deposits are often composed of sand and gravel material that
are known to provide valuable aggregate material to local and surrounding municipalities; however,
excessive fines or oversize material may limit their usage.
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Overall, in the study area, there are 87 pits, 33 quarries, and 4 pits and/or quarries operating with
sand and gravel licences. In general, the quality of the sand and gravel resources is very good for the
production of high-end aggregate products. There are, however, documented lithological constraints, such
as excessive fines, oversize material and deleterious rock types (i.e., encrustation, chert, porous rock
types, soft rock types, etc.). The current field survey suggests that Peterborough County’s sand and gravel
resources are limited because of depleted resources and resource sterilization.

BEDROCK GEOLOGY
The bedrock of Peterborough County has been mapped at varying levels of detail by the Ontario
Geological Survey, as summarized in Easton (1992). Regional-scale (1:50 000) coverage of the
Precambrian bedrock of Peterborough County is provided by Lumbers and Vertolli (2000a-d). Figure 21.3
is a generalized bedrock geology map showing the distribution of the various rock types in the study area.
The northern portion of the study area is underlain by Mesoproterozoic Grenville Province bedrock,
specifically metavolcanic, metasedimentary and younger intrusive rocks of the Central Metasedimentary
Belt, which formed approximately 1000 to 1350 million years ago (Easton 1992).
The Precambrian basement is unconformably overlain by a succession of Upper Ordovician
(458 to 443 Ma) carbonate and clastic sedimentary rocks (Photo 21.1). In the study area, the Ordovician
succession is subdivided, from oldest to youngest, into 5 formations: Shadow Lake, Gull River,
Bobcaygeon, Verulam and Lindsay formations (Armstrong and Dodge 2007).

Photo 21.1. Unconformable contact between Mesoproterozoic Grenville Province granitoid inlier (lower half of the photograph)
and overlying Ordovician limestone of the Gull River Formation (upper half of the photograph).
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Figure 21.3. General bedrock geology of the County of Peterborough (modified from Armstrong and Dodge 2007).
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The oldest Paleozoic unit in the study area is the Shadow Lake Formation. This unit unconformably
overlies the Precambrian basement and is composed of non-fossiliferous, greenish-grey, medium- to coarsegrained, shaly sandstone interbedded with thinly bedded, red and green, sandy mudstones (Carson 1980).
The Shadow Lake Formation is overlain by very fine-grained, slightly fossiliferous, dolomitic
limestones of the Gull River Formation. It varies from pale brown to pale grey, fine-grained dolostone
and limestone, with the abundance of limestone beds increasing upward from the base of the formation.
Near the top of the formation, the interbedded limestone and dolostone are separated by thin layers of
shale (Carson 1980).
The immediately overlying Bobcaygeon Formation consists of coarser grained, blue-grey to greybrown, highly fossiliferous limestone. This formation ranges from thinly to thickly bedded limestone with
an abundance of shale partings near the top of the formation.
In the southern portion of the study area, the grey, interbedded bioclastic limestones and shales of the
Verulam Formation conformably overlie the Bobcaygeon Formation. The Verulam Formation consists of
alternating very fine-grained limestone and grey-green calcareous shale. The contact between the
Bobcaygeon and Verulam formations is gradational, defined by an upward increase in fossils and shale
(Armstrong 2000).
In the remaining southwestern portion of the study area, the argillaceous, fine- to coarse-grained,
nodular limestone of the Lindsay Formation conformably overlies the Verulam Formation.

BEDROCK RESOURCES
Precambrian
Several quarries in the northern portion of the study area have been developed in Precambrian
bedrock. These quarries are capable of producing high-quality aggregate products.
In Mesoproterozoic Grenville Province bedrock, extraction occurs mainly in areas of younger
metamorphosed intrusive rocks. A wide range of granites, within the study area, are used to produce
aggregate products. However, issues involving the premature deterioration of concrete resulting from the
reaction between certain granitic rocks and Portland cement (alkali reactivity) have been documented by
Rogers (1985). Other metavolcanic and metasedimentary rocks in the Grenville Province seem to be
excessively foliated and altered and are not suitable for production of high-quality aggregate products.
In the Central Metasedimentary Belt, the paucity of quarries is a result of the preponderance of
metasedimentary rocks that are of too poor quality to be a source for crushed aggregate. Areas of massive,
hard and durable Precambrian exposures are less common. However, extraction for crushed aggregate
products also occurs in areas of metamorphosed mafic intrusions (i.e., fine-grained gabbro) and basalts.

Paleozoic
Of the Paleozoic rocks within this study area, the Bobcaygeon and the Gull River formations are the
best suited for a variety of aggregate uses. However, certain beds within these formations are known to be
alkali-carbonate reactive with Portland cement mixes, which can lead to the deterioration of concrete
structures (Rogers 1985). These alkali-carbonate reactive beds are not readily identifiable in the field,
although these rocks can be detected through aggregate testing and microscopic examination (Rogers
1985). These 2 formations have a relatively shallow stripping depth and are consistent in their properties,
making them a significant resource for Peterborough County.
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The highly varied nature of the Shadow Lake Formation, ranging from soft and friable mud, to silt
and sandstone, makes it unsuitable for most aggregate uses (Ontario Geological Survey 1995b). The
inherent high shale content of this formation is the primary reason why it is not a significant aggregate
resource for Peterborough County.
Crushed stone from the Verulam Formation can be used in some aggregate products; however, its
versatility is limited because of its high shale content (Lee 2013). The Verulam Formation has been used in
other parts of Ontario for lime production; however, it is not a significant resource for Peterborough County.
Similar to the Verulam Formation, certain beds within the Lindsay Formation have a high shale
content, making it generally unsuitable for the production of aggregate products. Poor quality of the rock
and limited exposures in the study area result in a low potential for aggregate production.

NEXT STEPS
The information gathered from this field investigation will be combined with the information
collected from previous published reports completed between 1980 and 1995 to provide a new and
updated aggregate inventory. The report will include in-depth information on the geology of sand and
gravel and bedrock-derived resources in the study area. Maps to accompany the report will delineate
primary, secondary and tertiary aggregate resources available for future use.
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INTRODUCTION
During the summer of 2016, field work was conducted in the Shebandowan greenstone belt area of
northwestern Ontario; an area that had previously undergone a regional till sampling survey during the
summers of 1998 and 1999. The purpose of the study, then, was to better understand the mineral resource
potential of the region using modern drift prospecting methods. Field observations on the surficial
geology were collected along existing roads and trails, exploration trenches and lake shorelines to support
the generation of surficial maps. Mapping efforts were concentrated primarily in areas underlain by
Archean supracrustal rocks with limited field data collection in outlying areas. The results and
interpretations of analyses performed on samples collected as part of this project were published in 3
Open File Reports and as a Preliminary Map (Bajc 1999a, 1999b, 2000a; Bajc and Crabtree 2001).
During the summer of 2016, the project area was revisited to collect field data on the surficial geology of
areas not visited during the initial field survey. In addition to the original Ministry of Natural Resources
and Forestry aerial photographs (at 1:20 000 scale), the study is benefiting from the availability of recent
Forest Resource Inventory aerial imagery and associated elevation models. In areas with minimal tree
cover (i.e., recently logged plots and areas of agricultural activity), the digital surface model (DSM) can
be used to improve surficial mapping. The remaining areas with dense tree cover will require standard
stereoscopic airphoto interpretation for the delineation of surficial units and features.

LOCATION
The Shebandowan greenstone belt area is located immediately north and west of the city of Thunder
Bay and occupies an area of approximately 4100 km2. The study area lies within the area covered by the
following 1:50 000 scale National Topographic System (NTS) maps: 52 B/10 (Burchell Lake), 52 B/9
(Shebandowan), 52 A/12 (Sunshine) and 52 A/5 (Kakabeka Falls) (Figure 22.1). (Note, in the text, these
“areas” are referred to using the area map name rather than NTS map number.) Access is by a dense
network of forestry access (i.e., logging) and township roads. Supracrustal rocks of the Shebandowan
greenstone belt occupy approximately 40% of this area. The remaining 60%, or 2500 km2, is the area
within which mapping efforts were concentrated during the 2016 field season.

GEOLOGIC SETTING
The study area is underlain by 3 distinct bedrock domains (see Figure 22.1). The centrally located
Wawa Subprovince (also referred to as the Wawa–Abitibi terrane), within which the Shebandowan
greenstone belt is located, is fault bounded to the north by Quetico Subprovince metasedimentary and
felsic intrusive rocks and is unconformably overlain to the south by Paleoproterozoic metasedimentary
rocks of the Animikie Group (specifically, the Gunflint and Rove formations).
Summary of Field Work and Other Activities 2016,
Ontario Geological Survey, Open File Report 6323, p.22-1 to 22-9.
© Queen’s Printer for Ontario, 2016
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Several contrasting physiographic regions, each defined by a unique suite of overburden conditions,
exist within the study area. Most of the Burchell Lake and Shebandowan areas, as well as parts of the
Sunshine and Kakabeka Falls areas, are characterized as bedrock-dominated terrains, with local relief
generally not exceeding a few tens of metres. Low-lying areas within the Sunshine area, currently
occupied by the Oskondaga, Matawin, Shebandowan and Kaministikwia rivers, contain thick deposits of
glaciofluvial and glaciolacustrine sediments. These deposits drape a rugged Archean bedrock surface,
producing a gently rolling landscape with sporadic bedrock outcrops. The low relief observed to the
south, in the Kakabeka Falls area, is a reflection of not only the flat-lying Proterozoic metasedimentary
rocks that underlie the region, but the extremely thick glaciolacustrine deposits that have infilled deep
valleys along which the Whitefish and Kaministikwia rivers flow. Overburden thicknesses exceeding 50
to 75 m are suggested by the depth of incision along valley walls, as well as from water-well records data
provided by Ministry of the Environment and Climate Change. Mesoproterozoic Logan diabase sills
intrude the Rove Formation along the southeastern and southern margins of the Kakabeka Falls area and
form the resistant caprocks of large mesas that stand 150 to 200 m above the adjacent lowlands.
The erosional and depositional features preserved within the study area record a complex history of
ice-flow events associated with the Wisconsinan glaciation. The entire area was initially affected by
southward- to southwestward-flowing (190–220° azimuth) northern, or Rainy, lobe ice (Figure 22.2).
Locally, within the southern part of the Sunshine area, there is evidence for an older ice-flow event
toward the southeast. The age and significance of this event is unknown.

Figure 22.1. Location and regional bedrock geology of the Shebandowan study area in northwestern Ontario (figure modified
from Bajc 2000a). Field work in 2016 was concentrated in the areas indicated in yellow. Note, these map areas are referred to in
the text by name, rather than by the 1:50 000 scale NTS map numbers, thus, 52 B/10 = Burchell Lake area, 52 B/9 =
Shebandowan, 52 A/12 = Sunshine and 52 A/5 = Kakabeka Falls.
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Figure 22.2. Regional ice-flow patterns observed within the Shebandowan study area. Important moraines and deltas mentioned in the text are highlighted on the figure.
A digital surface model, derived from Forest Resource Inventory aerial photos (Ontario Ministry of Natural Resources and Forestry), forms the backdrop of this figure.
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During deglaciation, a pause in the retreat of the northern ice sheet resulted in the formation of the
Brule Creek moraine (Zoltai 1965), which extends from the west-central part of the Burchell Lake area
toward the west-central part of the Kakabeka Falls area (see Figure 22.2). The moraine is characterized as
a discontinuous belt of ridges, hummocks and kettles composed of till and associated ice-contact stratified
deposits, including a delta at the southern end of Burchell Lake (see Figure 22.2). The eastern extension
of the moraine has been overridden and obscured by a late glacial advance that saw the Superior lobe
advance northwesterly and westerly into the southeastern corner of the Kakabeka Falls area. The southwesttrending Marks moraine was constructed at the outer limit of this ice advance (see Figure 22.2) and consists
primarily of pebbly silt till containing high concentrations of Proterozoic metasedimentary rocks and Logan
diabase. To the north, the Rainy lobe synchronously readvanced into the extreme northeastern corner of
the study area, constructing the Dog Lake moraine (see Figure 22.2) and depositing gritty silt till on the
up-ice side of the moraine. A large delta was constructed at the south end of Dog Lake along this ice margin
(see Figure 22.2). This late-glacial readvance of the Superior and Rainy lobes is well documented within
the Lake Superior basin and is referred to as the Marquette Phase (9.9 14C ka BP: Clayton and Moran 1982).
The Superior lobe advanced into a high-level glacial lake, referred to as glacial Lake O’Connor, within
the Whitefish River valley (see Figure 22.2) (Zoltai 1963). Fine-grained deposits of this lake are well
exposed along cutbanks of the Whitefish River and its tributaries and are often capped by stone-poor, silty
till deposited by the advancing Superior lobe (Photo 22.1). Glaciolacustrine sedimentation continued within
this lake basin until low-level eastern outlets to the Lake Superior basin were uncovered with ice retreat.
In the Sunshine area, low-lying areas within the valleys of the Oskondaga, Matawin, Shebandowan
and Kaministikwia rivers were flooded as eastward and northward drainage was blocked by the advancing
Superior and Rainy lobes at 9.9 14C ka BP (Marquette Phase). Glacial Lake Kaministikwia was bordered
to the north, south and west by bedrock uplands, and to the northeast and southeast by the advancing ice
sheets (see Figure 22.2). Distinctive, massive to faintly laminated clays with a pronounced reddish hue
were deposited within this basin and can be found up to an elevation of approximately 450 m asl
(elevation of the ice-contact delta at Dog Lake). Red clays associated with this lake have been traced as
far west as Lower Shebandowan Lake.

Photo 22.1. Silty subglacial facies of Superior lobe till overlying laminated glaciolacustrine silt and very fine-grained sand
associated with glacial Lake O’Connor. Note the extremely sharp contact between the 2 units and the fissile nature of the till.
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More detailed information on the Quaternary geology and its applications to mineral exploration can
be found in Bajc (1999a, 2000a, 2000b) and Bajc and Crabtree (2001).

NEW FINDINGS
Expansive tracts of bedrock-dominated terrain exist over low-lying areas in the western part of the
study area where Quetico Subprovince granitic and metasedimentary rocks occur. In some areas, the
bedrock surface is littered with large rounded boulders, many displaying percussion fractures suggesting
possible transport as bed load in a fluvial system (Photo 22.2). The boulder concentration may be the
result of fluvial winnowing of a pre-existing deposit, but the eroding agent remains unresolved. There are
no indications that the bedrock surface has been sculpted by regionally extensive subglacial meltwaters.
However, eastward discharge of glacial Lake Agassiz along a lowland extending from Burchell Lake
through Shebandowan Lake and into the Shebandowan River valley may be responsible for this driftless
corridor. Glacial Lake Agassiz stood at an elevation of approximately 460 to 465 m asl, as evidenced by
an ice-contact delta constructed along the Brule Creek moraine at Burchell Lake (see Figure 22.2). Ice
withdrawal from the moraine would have uncovered low ground to the east along Shebandowan Lake,
which currently stands at 450 m asl. The sudden decline of glacial Lake Agassiz could have stripped the
outlet area of all drift, leaving only the largest boulders on the bedrock surface.
This driftless landscape is in marked contrast to the till-dominated terrain that exists in adjacent regions
to the north. For example, in the northeast corner of the Shebandowan area, a thick, continuous blanket of
pebbly to cobbly, silty sand till conceals much of the bedrock surface and forms a drumlinized to fluted
till plain with a relief typically 5 to 10 m, which, in places, reaches 20 to 30 m high. The drumlins in this
area are oriented toward the south-southwest, parallel to the last main ice flow recorded by glacial striae.

Photo 22.2. Large rounded boulders in an area of thin drift along the western part of the study area. Note the large percussion
fracture plane on the left side of the largest boulder.
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An esker complex following the upper Oskondaga River valley in the Sunshine area was well
exposed and easily viewed at the time of mapping, as a result of recent logging activities (Photo 22.3).
The esker, which has been traced from the northern boundary of the study area to south of Highway 11 at
Shabaqua (>20 km), occurs as a complex of ridges and kettled glaciofluvial outwash. Esker ridges are 5 to
20 m high and are composed primarily of cobble to boulder gravel. Red clays have been observed capping
the sediment sequence in low-lying areas and record a regional transgressive event associated with glacial
Lake Kaministikwia. The glaciofluvial complex could serve as an important aggregate resource for the
area should the need arise for high-quality crushable material.
Portions of the Dog Lake moraine were observed in recently logged areas, which allowed for
characterization of this important glacial feature. The moraine has been traced for longer than 20 km
along the northeast corner of the Sunshine area and consists, for the most part, of a single ridge of boulder
till reaching heights of 10 to 20 m. Where exposed, the boulder till is soft and loose, and contains
interbeds, lenses and stringers of stratified sand and gravel. At the south end of Dog Lake, a large icecontact delta, graded to the level of glacial Lake Kaministikwia, was constructed along the trend of the
moraine. Topsets of the delta occur at approximately 450 to 453 m asl and are interrupted locally by iceblock depressions. Low-lying areas behind (north of) the moraine (Dog Lake basin) were inundated by a
glacial lake as the northern ice margin receded. This lake spilled southward over the moraine at High
Falls along the Kaministikwia River creating an outlet channel approximately 1 km wide floored by
bedrock. Sands and gravels related to this outflow event have been traced southward more than 15 km
down the Kaministikwia River valley. A similar, albeit smaller scale breach in the moraine occurs to the
northwest, approximately 1 km south of Hadwen Lake, with the spillway currently floored by a
spectacular boulder lag (Photo 22.4).

Photo 22.3. Bouldery esker ridge located in recently logged area in the northern part of the Oskondaga River valley, northwest
corner of the Sunshine area.
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Excellent exposures through the Marks moraine were examined at a number of locations in Conmee
Township (in north-central Kakabeka Falls area). The moraine, which consists of a series of ridges within
a zone 1.5 to 3.0 km wide and up to 55 m higher than the surrounding terrain, is composed of a reddish
brown, gritty and pebbly sandy silt till, in places overlying coarse-grained glaciofluvial deposits presumably
derived from the Superior lobe. The glaciofluvial deposits range from channelized sands interrupted
locally by waning flow silts to boulder gravels containing large, angular clasts up to 3 m in diameter.
Large sulphide boulders, similar to those described in Bajc (1999a), which contained up to 5% Zn, were
discovered at a number of localities along the Marks moraine in Conmee Township (Photo 22.5). The
angularity of the boulders, coupled with their similar appearance, may suggest the possibility of a local
source. Representative samples have been submitted to the Geoscience Laboratories for assay analyses.
A large meltwater channel northwest of the Marks moraine in Conmee Township and lying within the
Brule Creek and Cedar Creek valleys likely served as an outlet channel for glacial Lake Kaministikwia as the
Superior lobe retreated from its maximum extent. A delta was constructed along Cedar Creek (just north of
present-day Highway 590) where this outflow entered a lake (glacial Lake Kakabeka), which had ponded
between the ice margin and the Marks moraine (see Figure 22.2) (Loope 2006). Two levels, at approximately
430 and 435 m asl, are recognized on this feature. This glacial lake continued to exist within the large
lowland currently occupied by the Whitefish River until the Superior lobe pulled back from the prominent
mesas in the southeast corner of the Kakabeka Falls area uncovering low-level outlets to the Lake Superior
basin. Evidence for this inflow from glacial Lake Kaministikwia is recorded by the occurrence of
distinctive red clays within a glaciolacustrine sequence dominated by dark grey silts and clays.

Photo 22.4. Boulder lag located within a narrow spillway channel breaching the Dog Lake moraine in the northeast corner of the
Sunshine area.

22-7

Earth Resources and Geoscience Mapping Section (22)

A.F. Bajc

FUTURE WORK
Quaternary mapping of the Kakabeka Falls area is expected to continue during the summer of 2018.
Sufficient field data have been collected from the Burchell Lake, Shebandowan and Sunshine areas to
support the construction of surficial maps. These maps are expected to be completed over the coming year.
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Photo 22.5. Example of a large sulphide boulder encountered within the Marks moraine, Conmee Township. Camera case, for
scale, is 4 cm high.

22-8

Earth Resources and Geoscience Mapping Section (22)

A.F. Bajc

REFERENCES
Bajc, A.F. 1999a. Results of regional till sampling in the eastern part of the Shebandowan greenstone belt,
northwestern Ontario; Ontario Geological Survey, Open File Report 5993, 92p.
——— 1999b. Gold grains in till, western Shebandowan greenstone belt, northwestern Ontario; Ontario Geological
Survey, Preliminary Map P.3417, scale 1:100 000.
——— 2000a. Results of regional till sampling in the western part of the Shebandowan greenstone belt,
northwestern Ontario; Ontario Geological Survey, Open File Report 6012, 82p.
——— 2000b. Glacial history and regional till sampling in the Archean Shebandowan greenstone belt; in Field Trip
Guidebook, Institute on Lake Superior Geology, 46th Annual Meeting, Thunder Bay, Ontario, v.46, pt.2, Field
Trip 5, 32p.
Bajc, A.F. and Crabtree, D.C. 2001. Results of regional till sampling for kimberlite and base metal indicator minerals,
Shebandowan greenstone belt, northwestern Ontario; Ontario Geological Survey, Open File Report 6046, 64p.
Clayton, L. and Moran, S.R. 1982. Chronology of Late Wisconsinan glaciation in middle North America;
Quaternary Science Reviews, v.1, p.55-82.
Loope, H.M. 2006. Deglacial chronology and glacial stratigraphy of the western Thunder Bay lowland, northwest
Ontario, Canada; unpublished MSc thesis, University of Toledo, Toledo, Ohio, 91p.
Zoltai, S.C. 1963. Glacial features of the Canadian Lakehead area; The Canadian Geographer, v.7, p.101-115.
——— 1965. Glacial features of the Quetico–Nipigon area, Ontario; Canadian Journal of Earth Sciences, v.2, p.247-269.

22-9

23. Project NE-16-004.
Quaternary Geological Mapping
Along the Highway 11 Corridor,
Northeastern Ontario
A.S. Marich1
Earth Resources and Geoscience Mapping Section, Ontario Geological Survey

1

INTRODUCTION
This report discusses field work completed during the summer of 2016, the first of 3 planned field
seasons of Quaternary geological mapping along the Highway 11 corridor in northeastern Ontario. The
purpose of this project is to create detailed maps of the Quaternary geology in the following 1:50 000 scale
National Topographic System (NTS) map areas: Kapuskasing (42 G/8), Smooth Rock Falls (42 H/5),
Bradburn Lake (42 H/4), Cochrane (42 H/3), Abitibi (42 H/2) and Iroquois Falls (42 A/15) (Figure 23.1);
note, in the text, these “areas” are referred to using the area map name. Previous maps of the area were
completed at a scale of 1:1 000 000 (Barnett, Henry and Babuin 1991); however, a more detailed study of
the surficial sediments in this area is required for land use planning, aggregate resource mapping and
other geoscience-related studies. This project aims to delineate the distribution of the various Quaternary
geological units as well as to determine the genesis of the landforms and sediments. The Iroquois Falls
and Abitibi areas were the primary focus of the summer 2016 field work.
This project has also been undertaken to support an ongoing update to northern Ontario agricultural
soils mapping conducted by the Ontario Ministry of Agriculture, Food and Rural Affairs (OMAFRA).
The surficial geology data collected for this study will aid OMAFRA with their land use suitability
studies for agriculture, as well as other land use development in the area. The Quaternary mapping will be
of assistance in outlining which areas should be set aside for future agricultural use and those areas where
other land use projects may be undertaken. For example, companies involved with solar energy have
begun to build solar farms in areas with excellent agricultural potential. The current mapping may help
inform land use planning decisions that prevent conflicting land use activities.
Field work focussed on the examination of natural and man-made exposures (e.g., roadcuts, pit
excavations and roadside ditches), as well as soil probe and hand-auger cores. Access to the study area was
via provincial highways, concession roads, active and abandoned forestry roads, as well as recreational trails
accessible using all-terrain vehicles (ATVs). Large portions of the study area were inaccessible because
they were largely occupied by wetlands with limited all-season access. Since access was limited in many
parts of the target area for summer 2016, road and trail work were also completed for the Cochrane and
Smooth Rock Falls areas.
In addition to the more than 2600 field observations, 23 till samples were collected and will be
investigated for pebble lithological analysis, heavy mineral processing and gold grain, kimberlite
indicator mineral (KIM) and metamorphic/magmatic massive sulphide indicator mineral (MMSIM®2)
2

MMSIM is a registered trademark of Overburden Drilling Management Limited, Nepean Ontario.
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Figure 23.1. Simplified bedrock geology of the study area (modified from Ontario Geological Survey 2011). Note: the NTS map areas are referred to in the text by name, rather
than by the 1:50 000 scale NTS map numbers; thus, 42 G/8 = Kapuskasing, 42 H/5 = Smooth Rock Falls, 42 H/4 = Bradburn Lake, 42 H/3 = Cochrane, 42 H/2 = Abitibi and
42 A/15 = Iroquois Falls.
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recovery. In addition, fine-fraction geochemistry will also be completed on the silt and clay sized (–63 µm)
fraction (see Figure 23.2 for sample locations). In support of the soil mapping initiative by OMAFRA,
peat and mineral soil samples were also collected at 144 locations throughout the study area.

BEDROCK GEOLOGY
Bedrock outcrops are rare within the study area, with most observed either along the Highway 11
corridor or in river cuts. The bedrock geology of the study area consists of Archean bedrock of the
Quetico Subprovince (Ontario Geological Survey 2011) (see Figure 23.1). The following section
describes the various bedrock formations from oldest to youngest.
The oldest rocks within the study area are Mesoarchean (3.4–2.5 Ga) felsic to mafic intermediate
metavolcanic rocks consisting of dacite and andesitic flows, tuffs, breccias, chert and iron formation.
They are located in isolated pockets and bands within the south-central and southeast sections of the study
area (see Figure 23.1). Metasedimentary rocks dominate the central portion of the study area. These rocks
include paragneisses and migmatites, wacke, siltstone, arkose, slate, marble, chert and iron formation.
Migmatized supracrustal rocks, consisting of metavolcanic rocks, minor metasedimentary rocks, mafic
gneisses and granitic gneisses, are located in the southeast corner of the Kapuskasing area. There are
small isolated pockets of mafic and ultramafic intrusive rocks (gabbros and anorthosites) within the
central and southeast sections of the study area (Ontario Geological Survey 2011).
The gneissic to foliated tonalitic to granodioritic rocks are the dominant rock type in the
Kapuskasing area and part of the northwest and southeast corners of the Smooth Rock Falls area. A later
foliated tonalite suite, consisting of tonalite to granodiorite, is located within the central and southwest
sections of the Kapuskasing area and the northern and eastern two-thirds of the Abitibi area. Massive
granodiorite to granite occupies small portions of the central and southeast sections of the study area.

QUATERNARY GEOLOGY
The landforms and sediments of northeastern Ontario were shaped by glaciers and associated
geomorphic processes. The initial breakup and retreat of the Laurentide Ice Sheet began approximately
8500 14C years ago within the study area (Dyke 2004) and resulted in the formation of proglacial lakes,
followed by subsequent and possibly multiple readvances (e.g., Hughes 1965; Veillette 1994; Evans 2011;
Roy et al. 2011; Breckenridge et al. 2012). In northeastern Ontario, a large proglacial lake (glacial Lake
Barlow, and subsequently glacial Lake Barlow–Ojibway), spanning 960 km west to east and 240 km
north to south, occupied much of north-central Ontario and Quebec. Landforms and deposits of this lake
dominate the regional landscape (Agterberg and Banerjee 1969). The lake existed for approximately
2000 years and its final drainage is thought to have been catastrophic, discharging northward into the
Tyrrell Sea (Veillette 1994; Roy et al. 2011).
Drift thickness within the study area varies from a few centimetres in areas near bedrock outcrops to
more than 100 m based on water-well records. Much of the area exhibits very low relief and is dominated
by wetlands. The oldest sediment observed within the study area consists of a pale grey, silty sand
diamicton, regionally identified as the Matheson Till. The till contains 5 to 10% granules to pebble-sized
gravel of predominantly Precambrian rock types. It has low carbonate content and does not effervesce
when exposed to a 10% HCl solution. The low carbonate content and prevalence of Precambrian rocks
suggests that Matheson Till is a locally derived till. A thorough understanding of the provenance and
geochemical signature of till can be useful when attempting to assess the mineral resource potential of the
area. This till was identified at only 3 locations within the study area, once east of Iroquois Falls, and twice
within the western half of the Abitibi area (Figure 23.2). On all occasions, the till was observed in the lee of
bedrock highs where it was preserved from subsequent glacial activity. Access to this till for drift prospecting
surveys requires either backhoe or deep drilling programs, which is beyond the scope of this study.
23-3

Figure 23.2. Simplified Quaternary geology of the study area (modified from Barnett, Henry and Babuin 1991). Map includes field and sample locations. Locations where
Cochrane Till was sampled are identified with grey dots; locations where Matheson Till was sampled are identified with red dots.

Earth Resources and Geoscience Mapping Section (23)
A.S. Marich

23-4

Earth Resources and Geoscience Mapping Section (23)

A.S. Marich

Glaciofluvial sands and gravels deposited within eskers and kames were observed throughout the
study area. There is a series of northwest-trending esker systems (glaciofluvial ice-contact deposits)
within each of the 6 map areas (see Figure 23.2). The eskers are discontinuous (sections are completely
buried along their lengths) and are flanked by sand or silt and clay of glacial Lake Barlow–Ojibway. The
eskers are commonly capped with greater than 1 m of fine-textured glaciolacustrine sediments, as
observed in sand pits and rivercuts (Photo 23.1A). The eskers are likely associated with the retreating ice
mass responsible for the deposition of Matheson Till.
Stratified sediment, thicker than 15 to 20 m, was observed within some sand and gravel pits. The
eskers appear to be sand dominant with highly variable gravel content. At many locations within the esker
deposits, clasts exhibited calcium carbonate coatings on their surface or were cemented together by
carbonate-rich groundwater. Both local Precambrian rocks and far-travelled Paleozoic rocks were
observed within gravel deposits. Of note is the presence of cobbles from the Proterozoic Omarolluk
Formation (omars); the source of these cobbles is likely the Belcher Islands in southeastern Hudson Bay.
The dark grey greywacke cobbles contain deep circular cavities resulting from the dissolution of
carbonate concretions (Prest, Donaldson and Mooers 2000) (Photo 23.1B). Many of the eskers and
associated glaciofluvial sediments are being extracted as a local source of aggregate. The current
operations (most notably, those in the esker deposits near Highway 11) are stockpiling sands and crushed
gravel for use in road construction and maintenance.

Photo 23.1. Photographs showing A) fine-textured glaciolacustrine silts and clays overlying fine-textured esker sands;
B) an example of an Omarolluk cobble collected from an esker deposit (cobble is ~8 cm in length); C) Cochrane Till, a sandy silt,
clast-poor diamicton (sample is approximately 5 cm across); D) representative sample of glaciolacustrine sediments deposited as
varves (dark brown beds are clay; pale tan beds are silts).
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The youngest sediments in the study area are associated with the Cochrane advance, the final
advance of the Laurentide Ice Sheet into the area, which reached its maximum approximately 8200 years
ago (Hughes 1965; Evans 2011) and extended south of the study area. On at least one if not multiple
occasions during the Holocene, the Laurentide Ice Sheet advanced into and out of the glacial Lake
Barlow–Ojibway basin (e.g., Hughes 1965; Veillette 1994). The resulting sediments consist of a clayey
silt diamicton (Cochrane Till) interbedded and capped with laminated to varved glaciolacustrine clays and
silts. The Cochrane Till is a fine-textured till with minor (<5%) granule to cobble-size clasts, with
occasional larger pebbles (Photo 23.1C). Undeformed silt and clay inclusions were also observed. The till
reacts strongly when tested with a 10% HCl solution. Clasts are commonly subangular and faceted, and
consist of both Precambrian and carbonate rocks. It is frequently difficult to distinguish between the
Cochrane Till and its associated glaciolacustrine sediments, but the till is generally more massive, and
contains a greater number of clasts.
Massive to laminated glaciolacustrine clays and silts are the most dominant surficial sediments
within the study area (Photo 23.1D). These deep-water sediments are commonly overlain with several
centimetres to more than a metre of peat resulting in the flat and subdued topography. Varves were
observed throughout the study area and consist of couplets of dark brown clay and tan silt to clayey silt.
Couplets vary in thickness from 0.5 cm to greater than 5 cm. The thickness of these rhythmites is
inconsistent across the study area and it is not possible to correlate them over distances greater than 500 m.
Many iceberg keel marks within areas of glaciolacustrine sediments were observed on airphotos and
satellite imagery. These features were not readily observed at ground level; however, a gentle low in the
topography was observed on some occasions.
Sand deposits, associated with shallow glaciolacustrine and nearshore deposition, were observed in
the eastern portion of the study area, flanking the large esker, most notably within the Abitibi area. These
sands were commonly fine to medium textured, exhibited some ripple and cross-bedding structures, were
commonly clast free and contained very little silt. It is suggested here that these sands were the result of
nearshore erosion and winnowing of sands from the esker, which left a field of large (>3 m in diameter)
boulders on the esker surface.

FUTURE WORK
Field work in the study area will continue to the west within the Kapuskasing and Bradburn Lake
areas. Limited-access areas within the project area may be revisited by helicopter if time and resources
allow. Once all field work and laboratory analyses are completed, updated 1:50 000 scale Quaternary
geology maps will be completed for all 6 NTS map areas.
The results of this project will aid with future land use planning initiatives, as well as agricultural
soils mapping. This project will also provide additional insights into the glacial history of the area, which
will be of benefit to upcoming and ongoing geoscience initiatives.
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INTRODUCTION
Most of southern Ontario is covered by extensive glacial sediment deposits accumulated throughout
multiple glacial advances that occurred prior to 10 000 years ago (Barnett 1992). Upon these deposits
have been built cities, farms, highways and homes, and these deposits are the growth substrate for crops,
host for groundwater wells, source of aggregate materials for roads, and the habitat for the organisms that
comprise the natural ecosystem. Rivers and streams have eroded through these deposits over thousands of
years, creating surface pathways that deliver essential materials, such as freshwater, nutrients, sediment
and organisms to the Great Lakes. In recent history, humans have used many of these pathways to dispose
of municipal sewage, urban storm runoff and industrial effluents that stress fragile ecosystems downstream.
The Ontario Geological Survey (OGS), in collaboration with the Ministry of Agriculture, Food and
Rural Affairs (OMAFRA), conducted a stream water and sediment sampling survey of Lake Erie tributaries
through 2012–2013 to better understand and characterize sediment and water geochemical conditions.
The objectives of this survey were to study the effect that different geological deposits have on
nutrient concentrations in surface waters and stream sediments. Specifically, phosphorus is of great
interest because of the increasing frequency and intensity of recent harmful algal blooms in Lake Erie
(International Joint Commission 2014). Phosphorus dynamics in streams are not well understood because
of the complex role of this nutrient in natural environments; although it is well known that phosphorus
enrichment leads to eutrophication conditions that may be harmful for other organisms. Historical efforts
to alleviate the harmful effects of eutrophication in Lake Erie have had some success, although recent
algal blooms in the Great Lakes have triggered the need for a better understanding of nutrient dynamics
(International Joint Commission 2014).
The results of this survey are being released in digital database format in 2016 (Burke 2016).

PREVIOUS WORK
A survey of stream sediments across southern Ontario was conducted in co-operation with the
Ministry of the Environment and Climate Change (then Ministry of the Environment) in the winter of
2008 to determine baseline and anthropogenic levels of organic and inorganic elements (Baker et al.
2009). Infill sampling, resampling and verification of the contractors’ sample sites were conducted
between 2009 and 2014 (Dyer, Fletcher and Reiner 2010; Burke 2013). A preliminary release of the
inorganic (metals) geochemical and geospatial data was published in 2012 (Dyer and Burke 2012).
Summary of Field Work and Other Activities 2016,
Ontario Geological Survey, Open File Report 6323, p.24-1 to 24-6.
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Table 24.1. Summary of elements and compounds determined by various analytical methods for stream sediments and waters.
ICP–AES
(ppm)
Al
Ba
Ca
Co
Cr
Cu
Fe
K
Li
Mg
Mn
Na
Ni
P
S
Sc
Sr
Ti
V
Y
Zn

Sediment
ICP–MS
Phosphorus (P) Fractions
(ppm)
(μg/g)
Ag Hf Se Total bonded P
As Hg Sm Ca-P
Ba Ho Sn Al-P
Be
In
Sr Fe-P
Bi La Tb Loosely sorbed-P
Cd Li
Te Organic-P
Ce Lu Th Residual-P
Co Mo Ti
Cr Nb Tl
Cs Nd Tm Other Analyses
Cu Ni
U Particle size distribution
Dy Pb
V (0.305-2830 μm)
Er
Pr
Y Total loss-on-ignition (LOI)
Eu Rb Yb
Ga Sb Zn
Gd Sc
Zr

ICP–AES
(ppb)
Al
B
Ba
Ca
Cu
Fe
K
Li
Mg
Mn
Mo
Na
P
S
Si
Sr
V
Zn

Water
ICP–MS
Field Parameters
(ppb)
Al
Gd Sm Temperature
As
Hf
Sn Specific Conductivity
Ba
Ho
Sr Oxidation–reduction potential
Be
La
Ta pH
Bi
Li
Tb Turbidity (NTU)
Ca
Lu
Th Dissolved oxygen
Cd Mn
Ti
Ce Mo
Tl
Co Nb Tm
Cr
Nd
U Nutrients (ppm)
Cs
Ni
V Dissolved reactive phosphorus
Cu
Pb
W Total Kjeldahl phosphorus
Dy
Pr
Y Bromide
Er
Rb Yb Chloride
Eu
Sb
Zn Fluoride
Fe
Sc
Zr Nitrate
Ga
Se
Nitrite
Nitrogen
Phosphate
Sulphate

From analysis of that preliminary regional stream sediment data set, specific correlations between
phosphorus in stream sediment and regional surficial geology became apparent. In the Essex County and
Niagara Peninsula regions, high total phosphorus (>1700 ppm P) in stream sediment is associated with
the distribution of regional glaciolacustrine and glacial till deposits (Barnett, Cowan and Henry 1991). It
is hypothesized that glacial sediment geochemistry, as well as the physical characteristics of particles in
stream sediments, have the greatest effect on stream sediment phosphorus concentrations. The more
recent seasonal stream sediment and water study (reported herein) aims to test these hypotheses.

FIELD PROGRAM
The first batch of samples was collected as a pilot project in the late fall of 2012 from 33 watersheds,
near the mouth of each accessible Ontario tributary to Lake Erie and Lake St. Clair. In 2013, seasonal
sampling was conducted within 11 selected watersheds: beginning in the spring, again in late summer,
and lastly in late fall (Burke 2013). Water and sediment samples were submitted to the OGS Geoscience
Laboratories in Sudbury for inductively coupled plasma mass spectrometry (ICP–MS) and inductively
coupled plasma atomic emission spectroscopy (ICP–AES) analyses, as well as loss-on-ignition and
particle-size analysis (PSA) for sediments and major anions in waters. Water and sediment samples were
also submitted to the Agriculture and Food Laboratories in Guelph for sediment phosphorus fractions and
nutrients in waters (Table 24.1).
The watersheds selected for this survey were the Grand River, Thames River, Nanticoke Creek,
Hickory Creek, Kettle Creek; and, from the Leamington area, Hillman Creek, Two Creeks, Sturgeon
Creek, Mill Creek, Wigle Creek and Big Creek (Amherstburg) (Figure 24.1). A total of 202 stations were
sampled as part of this survey; 50 stations with data from only 1 season; and 52 stations with at least
2 seasons of data between the fall of 2012 and fall of 2013; 42 stations have data for spring, summer and
24-2

Figure 24.1. Map of the Lake Erie north shore study area and 33 watersheds of interest. Locations of 52 seasonal and 50 non-seasonal stream sediment and water sampling sites
are shown for the entire sampling period between 2012 and 2013. Inset maps are for #1) Wigle Creek, Mill Creek, Sturgeon Creek, Hillman Creek, Two Creeks; #2) Kettle Creek;
and #3) Nanticoke Creek.
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fall of 2013, 10 of which were also sampled in the fall of 2012. The other 10 sites are lacking the full
seasonal sample spectrum, although the data collected from these sites are still useful. The data set
contains results for more than 60 inorganic elements, phosphorus fractions in water and sediments,
sediment particle-size distributions and several other water-quality parameters.
Sample sites were selected based on considerations of Quaternary geology, watershed morphology,
proximity to Ontario Provincial water quality monitoring network stations (Ministry of the Environment
and Climate Change 2013), proximity to locations from the OGS southern Ontario stream sediment
survey (Dyer and Burke 2012), and site accessibility, while avoiding potential point sources of pollution.
Not all sites could be resampled each season because of very high discharge, and/or change in
surrounding land use or accessibility, or budgetary constraints. Sampling was carried out by the author
with the support of student field assistants. Seasonal sampling rounds took an average of 2 weeks each;
efforts were made to avoid sampling during peak flow periods following rain events.

QUALITY CONTROL AND ASSESSMENT
Quality control for the stream sediments was monitored with the use of sample pulp duplicates,
field duplicates and certified reference materials (CRMs) inserted systematically throughout the sample
sequence. Approximately 25% of the sediment samples submitted were for quality control. Analytical
pulp duplicates were prepared by halving randomly chosen sample pulps and inserting them into the
sample sequence. The CANMET certified reference standards (STSD-2 and STSD-3) were also inserted
as dried pulps between the sample preparation and analysis stages. The stream waters were subjected to a
similar quality-control regime, which included the insertion of analytical duplicates, National Research
Council (NRC) CRMs (SLRS-5 and MOOS-2) and ultra-pure water blanks prior to laboratory submission.
Accuracy was determined by plotting the sequential values returned for the CRMs inserted in the batch
against a vertical scale of concentration and comparing this with the accepted values (e.g., Lynch 1990) for
the standards. The mean and coefficient of variation at 95% confidence of concentrations for all elements
returned for each standard were also compared. Samples were assigned a randomly sequenced laboratorynumber (“laboratory blind”) to ensure analysis in random order. This avoided sampling sequence–related
geochemical patterns resulting from geographical groupings, allowing the confident interpretation that
any distinct trends in the data are a result of systematic analytical or sample preparation errors.
The analytical results for elements analyzed twice, by each of the 2 ICP methods, were compared for
precision and accuracy. From the results of the 2 ICP analyses, for sediment samples, there are duplicate
sets of analysis for 12 elements, whereas waters have duplicate sets for 13 elements. Each set of results
shows a tight correlation between the 2 methods, excepting cases where concentrations exceeded the
upper detection limit for that method of analysis. True charge balance for anion concentrations is not
possible because bicarbonate was not measured in the field. All cation and anion concentration
equivalences fall within an acceptable range given the sample conductivity.
Two sediment preparation methods were used and both analyzed for LOI and by ICP methods. One
half of each sample was prepared by pulverizing the dried material in a zirconium mill until 90% passed
through a 60 mesh (<250 μm) sieve. The other half was disaggregated by ceramic mortar and pestle to
minimize disintegration of silica-rich sand particles. In both cases, the less than 60 mesh (<250 μm)
fractions are used for analyses. Results for both methods of preparation were compared for both precision
and accuracy. The analytical results from different sediment preparation methods were compared to
determine the degree of element concentration enrichment or dilution as a result of incorporation of
silicate minerals from pulverizing sand grains. The different preparation methods were submitted for
ICP and LOI. The 2 methods produced similar accuracy for CRMs, although the data from the pulverized
samples have greater precision.
24-4

Earth Resources and Geoscience Mapping Section (24)

H.E. Burke and R.D. Dyer

PRELIMINARY RESULTS
Spatial analysis of the data shows areas of anomalous concentrations of total phosphorus that reflects
the underlying glacial sedimentary deposits. Sediment phosphorus concentrations correlate reasonably
well (r2 > 0.46) with particle size, LOI, aluminum, iron, potassium, lithium, rubidium, zinc and certain
light rare earth elements. Loosely sorbed phosphorus and organic-bound phosphorus vary the most
between seasons compared to other sediment phosphorus fractions and correlates strongly with the
changes in particle size over the seasons.
The only phosphorus fraction in sediment that shows a notable correlation with water chemistry is
loosely sorbed phosphorus in sediment, which correlates strongly with potassium, rubidium and zinc in
waters. Other phosphorus fractions in sediment correlate moderately (r2 between 0.25 and 0.36) to
europium, lithium, molybdenum and sulphur in water. The strongest correlation between water variables
is for phosphorus (total Kjeldahl phosphorus and dissolved reactive phosphorus) and potassium,
molybdenum, lead, rubidium, titanium and zinc. Weak correlations between water and sediment
geochemistry suggests that stream-water residence times will be a factor in the data interpretation.

FUTURE WORK
The digital data for this survey will be released in late 2016 (Burke 2016). The OGS carried out a
similar survey in 2014 over the Niagara Peninsula that included more detailed sampling on the Thames
River and its tributaries (Burke 2014). The data from that survey will be released as another digital data
release (Miscellaneous Release—Data 341) after quality assessment is completed. Further field work will
be conducted during the spring and summer of 2017 and will involve some resampling of the Thames
River and Leamington area watersheds; those data will be added to the senior author’s MSc thesis study.
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INTRODUCTION
The Ontario Geological Survey (OGS) carried out regional modern alluvium (stream sediment)
sampling over a broad area covering the Kapuskasing Structural Zone (KSZ) during the Operation
Treasure Hunt (OTH) program between 1999 and 2001 (Ontario Geological Survey 2001a, 2001b, 2001c,
2001d). The primary objective of that work was the recovery and identification of heavy minerals from
large (10 to 18 kg) bulk samples of stream sediment. The target was 0.25 to 1.0 mm size indicator
minerals (“indicators”) of kimberlite (e.g., garnet, chromite), which is the most common host rock for
diamonds. In addition, geochemical analyses for over 50 metallic elements was carried out on the much
finer fraction (–80 mesh; <180 μm) from the sediment samples. This legacy data set comprises data from
approximately 2000 samples over an area of approximately 65 000 km2 (Figure 25.1).
The data from this OTH survey is the core component of the current project, which the lead author
will conduct as a Geochemist Intern with the OGS. The first phase of the project involved data
compilation and quality control (QC) data evaluation. The second phase consisted of field work
(primarily stream and lake sediment and water sampling) in the Borden Lake area in July and September
2016. Borden Lake lies within the KSZ and is of interest because of the recent discovery of gold
mineralization near its northern shore by Probe Mines Inc. The area is currently the subject of significant
exploration efforts and economic assessment by GoldCorp, which took ownership of the property in 2015
(Dzick 2014). Thus far, drilling of this deposit has outlined a gold resource exceeding 4 million ounces
(Dzick 2014). The third phase of the project will involve data interpretation and analysis that will be
published as an Open File Report and digital data release in 2017.
There are 3 purposes for the additional multi-media geochemical sampling undertaken this summer:
1) to act as a surficial media geochemical case study over significant known gold mineralization to help
better interpret and place into context the regional KSZ stream sediment geochemistry data set; 2) to
outline and/or define a possible dispersal plume developed on the surficial landscape in the down-ice
direction (south-southwest) from the Borden deposit area; and 3) to develop a geochemical inventory of
the Borden Lake area to serve as a baseline survey prior to any possible future mineral development.

Summary of Field Work and Other Activities 2016,
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Table 25.1. Till samples collected around Borden Lake.
Site ID
16-LMC-2001
16-LMC-2002
16-LMC-2003
16-LMC-2004

Pit Type
Lakeside scarp
Vertical pit
Lakeside scarp
Lakeside scarp

Horizons Sampled
Mixed B and C
B
B, C, boulder pavement
Mixed B and C, C

Figure 25.1. Coverage of Ontario Geological Survey stream sediment sampling projects across the Kapuskasing Structural Zone
(Morris, Murray and Crabtree 1994; Morris, Crabtree and Pianosi 1997; Morris, Crabtree and Averill 1998; Stephenson, Morris
and Crabtree 1999; Ontario Geological Survey 2001a, 2001b, 2001c, 2001d). Within the Operation Treasure Hunt (OTH) areas
(outlined in red), approximately 2000 stream sediments (total) were collected. Figure modified from Ontario Geological Survey
(2001d) and Sage (1991).
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GEOLOGICAL OVERVIEW
Bedrock Geology
The KSZ crosscuts the Superior Province of northern Ontario. It is an elongate structure that
stretches approximately 500 km from Lake Superior north-northeast to James Bay. Near the study area,
the KSZ is adjacent to the Wawa and Abitibi subprovinces. The KSZ is composed of high-grade
metamorphic paragneiss (granulite and amphibolite facies) and gneiss (tonalite and anorthosite suite).
Massive granite plutons and low-grade metavolcanic rocks and metasedimentary rocks are uncommon in
the KSZ, unlike neighbouring regions of the Superior Province (Watson 1980; Percival 1983).
The Archean and Proterozoic geology of the Borden Lake area is addressed in detail by Duguet and
Szumylo (this volume). However, in a few words, the Borden Lake area can be subdivided into 2 units.
The upper unit is represented by the Borden Lake greenstone belt, which is composed of Archean
supracrustal rocks metamorphosed under amphibolite-facies conditions. The lower unit consists of
migmatitic mafic gneisses and gneissic tonalites of the KSZ. Both units are separated by a sheared contact
and are subsequently folded in an east-trending mega-synform centred on the Borden Lake greenstone
belt.
The Borden Lake gold deposit, bounded to the east by Borden Lake and to the north by the Highway
101, is hosted by mostly felsic gneisses (derived mostly from metavolcanic and metasedimentary rocks)
that seem to constitute the higher proportion of the supracrustal package of the Borden Lake greenstone
belt. Gold mineralization occurs across a broad area, with higher ore grades in a core area in the southeast
and decreasing lower to moderate ore grades in the surrounding areas. The mineralization is associated
with disseminated sulphides (mainly pyrite and pyrrhotite) and also with quartz veins (Dzick 2014).

Quaternary Geology
Glacial scouring, entrainment and transport are fundamental processes that result in the geochemical
signal of an over-ridden landscape being dispersed in the down-ice direction. Therefore, knowledge of the
Quaternary geology and glacial history of the region and, in particular, the Borden Lake area, is very
important when utilizing multi-media geochemistry to determine the source area. Recent till sampling and
re-mapping of surficial geology has been conducted in the Chapleau area by the Ontario Geological
Survey (Gao 2011, 2013, 2016a, 2016b; Gao, Wywrot and Zhu 2014). The surficial geology surrounding
Borden Lake includes 1) bare bedrock and bedrock-drift complexes, 2) extensive glaciofluvial deposits,
including some eskers, 3) glaciolacustrine sand and 4) small areas of till (Gao 2016a). Gao, Wywrot and
Zhu (2014) described the till as sandy and boulder till, with the majority of clasts being derived from local
gneiss and granite. Data from 166 till samples indicate that background gold grain counts are <5 grains
per 10 kg of till matrix; although 2 samples, immediately down-ice from the gold deposit, returned gold
grains counts of 19 and 20 (Gao, Wywrot and Zhu 2014). The most recent glacial ice direction was
oriented approximately 190°; therefore, a dispersal plume from the Borden gold deposit may exist southsouthwest of the deposit (Gao, Wywrot and Zhu 2014; Gao 2016b).

SAMPLE COLLECTION
Lake sediment, stream sediment, till and lake water samples were collected from Borden Lake and
surrounding area. The sample locations for the different media are shown in Figure 25.2. Sampling details
are reported in the following sections.

25-3

Earth Resources and Geoscience Mapping Section (25)

L.M. Colgrove and R.D. Dyer

Figure 25.2. Locations of samples and sample types collected at Borden Lake in 2016 (geology from Ontario Geological Survey 2011).
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Stream Sediments
Stream sediment samples were collected from all accessible tributaries draining into and out of
Borden Lake. Many streams flowed at imperceptible rates through organic bogs, yielding little modern,
inorganic sediment to sample. Therefore, fine organic sediment was collected from each stream using
either a shovel, auger or gravity corer, depending on the circumstance. If available, a sample of inorganic
sand and/or silt would also be collected. Sediment was ideally collected from traps including fluvial bars,
boulders and logs, and stream pools. However, limited access occasionally required sampling midchannel. Sample collection was done more than 50 m upstream or more than 100 m downstream from any
roads or railways intersecting the streams. For fine-fraction geochemistry, 2 to 3 kg of material were
collected in a breathable fabric bag and transported in a re-sealable plastic bag. Where ample inorganic
sediment was available, bulk samples (~15 kg) were collected for indicator mineral analysis in large
plastic bags. In total, 20 sites were sampled, including the collection of 7 fine-fraction and 3 bulk
inorganic sediment samples and 23 organic sediment samples.

Lake Sediments
Lake sediments were collected from various locations in Borden Lake using a small watercraft. A
total of 19 shallow and 18 deep organic-rich lake sediments were collected with an OGS-designed gravity
corer. The “shallow” samples constitute the upper 0 to 15 cm of the cores, which capture deposition from
approximately the last 100 years and, therefore, would represent any anthropogenic effects. The “deep”
samples constitute sediment deeper than 20 cm depth in the cores, which is thought to be older than
100 years. The age approximations are based on an average sediment accumulation rate of 1.5 cm per
decade in shield lakes (e.g., Dickman and Fortescue 1991; Hunt 2003). Samples were collected in
breathable fabric bags, and then placed in re-sealable plastic bags for transport. In some cases, 2 cores
were retrieved from the lake bottom to obtain sufficient lake sediment mass.

Till
Basal till samples were collected by watercraft at 4 locations on Borden Lake. Sediment was dug by
shovel out of a lakeside scarp or a vertical hand-dug pit. Optimally, B and C horizons were collected as
separate samples, but limited material or vague transitions resulted, inevitably, in some mixed samples of
B and C horizons. Large bulk samples (>15 kg) were collected in plastic bags for 4.75 mm sieving prior
to separation for heavy-mineral analysis and fine-fraction geochemistry. The >4.75 mm fraction was
retained for later examination. In total, 7 samples were taken from the 4 locations (Table 25.1).

Lake Water
Sampling of lake water and data collection was conducted at 9 locations on Borden Lake. At each
location, a Van Dorn Beta Horizontal 2.5 L water sampler was used to trap water approximately 1 m below
surface. Water poured into a 60 mL polypropylene syringe was filtered through a 0.45 µm polyvinylidene
fluoride membrane into two 60 mL polyethylene bottles, each for analyses of metallic elements and
mercury; these 2 sample bottles were acidified the same day with nitric acid and hydrochloric acid,
respectively. A 250 mL polyethylene bottle was filled with unfiltered water for analysis of anions.
Samples were immediately placed in a cooler for preservation. Alkalinity was determined onsite using a
HACH 16900-01 digital titrator kit. Using a bromcresol green–methyl red indicator, 100 mL of water
were titrated to 3 pH endpoints using 1.6 N sulphuric acid (H2SO4). At each site, a YSI 6600
multiparameter instrument was suspended below the surface (~1 m) to take readings of pH, temperature,
conductivity, oxidation–reduction potential and dissolved oxygen on a YSI 650 multiparameter display
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system (MDS) datalogger connected to the sonde. In most cases, the water depth was sufficient to also
record a depth profile. The YSI instrument was slowly lowered to the lake bottom while continuous
readings were taken on the YSI 650 MDS. On 2 occasions, the Van Dorn sampler was submerged as deep
as possible (>15 m) to obtain a bottom water sample in addition to the shallow sample.

UPCOMING WORK
In the coming months, samples will be sent off for several types of analyses. Bulk inorganic stream
and till samples will be sent for heavy mineral recovery and identification. Particle size analysis (PSA)
will be done on the till samples. All stream, lake and till samples will be analyzed for loss-on-ignition and
fine-fraction geochemistry using inductively coupled plasma mass spectrometry (ICP–MS), inductively
coupled plasma atomic emission spectroscopy (ICP–AES) and instrumental neutron activation analysis
(INAA). Lake water will be analyzed for dissolved metals, mercury and anions using ICP–MS and
inductively coupled plasma optical emission spectrometry (ICP–OES). Analysis of the resulting
geochemical data set may include the following:
•

comparison of samples inside and outside the postulated glacial dispersal plume (from the
Borden gold deposit),

•

exploration for pathfinder parameters in samples determined to be influenced by the gold
deposit,

•

possible refinement of current inferred extent of plume using pathfinder parameters,

•

comparison of quality of gold and pathfinder signatures in different geological media (i.e., lake
versus stream sediment; inorganic versus organic stream sediment),

•

characterization of the stream sediment geochemical signal associated with the Borden Lake
gold deposit to better interpret and place into context the regional KSZ stream sediment
geochemical data set, and

•

characterization of chemistry in stream and shallow lake sediments and lake water as a baseline
for future investigations.
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INTRODUCTION
Results are presented as a part of a multi-year bedrock study to map the upper Silurian to Middle
Devonian sequence stratigraphy comprising the logging and sampling of 38 continuously cored holes
across southwestern Ontario (Sun, Brunton and Jin 2014, 2015; Figure 26.1). The stratigraphic units that
have been logged in detail include, from top to bottom: Devonian Dundee Formation, Detroit River Group
(including the Lucas, Amherstburg and Sylvania formations) and its equivalent Onondaga Formation in
Niagara Region, Bois Blanc Formation including its lower Springvale Member, Oriskany Formation, and
the upper Silurian Bass Islands/Bertie formations and Salina Group G Unit (Figure 26.2; see Sun, Brunton
and Jin 2014, 2015). Lithofacies characterization has been carried out within a sequence stratigraphic
framework across the Lake Erie region of the Appalachian Foreland Basin and across the cratonic
forebulge region (eastern Michigan Basin), with emphasis on the depositional breaks and associated
bedrock groundwater flow zones that reside in the upper Silurian through Middle Devonian strata of
southwestern Ontario. Recognition and correlation of these unconformities is important in the interpretation
of tectophase durations, sea-level fluctuations, paleogeographic configurations and paleoclimatology.
The Silurian–Devonian unconformity in southern Ontario represents a major depositional hiatus:
the late Silurian carbonate rocks display significant erosional features in the form of paleokarst (e.g.,
solution-widened joints, sinkholes and collapse breccias, in places filled with variable siliciclastic
material) below the unconformities in both subsurface bedrock and scattered outcrops (see Kobluk et al.
1977; Brunton and Dodge 2008). Brett, ver Straeten and Baird (2000) have summarized at least 3 Early
Devonian erosional surfaces in central and western New York state. Kobluk et al. (1977) recognized
2 Gedinnian erosional surfaces—pre-Oriskany and post-Oriskany—in the Niagara Peninsula, and
Sunderman (1988) described siliciclastics at the Silurian–Devonian unconformity in Indiana. The extent
of this significant disconformity has not been documented in the remainder of southern Ontario, in part,
because of the lack of good outcrops of the Silurian–Devonian contact, the presence of variably thick
overburden, and nomenclatural differences at formational rank across national borders.
This report describes the Silurian–Devonian unconformity in a peripheral forebulge region of
southwestern Ontario, using selected cores (see Sun, Brunton and Jin 2014, Table 31.1; see also Sun,
Brunton and Jin 2015, Table 34.1). During the 2016 field season, both core and outcrop data were collected
to carry out lithofacies analyses, stratigraphic correlations and characterization of the unconformities.
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The 27 cores in London and 4 cores in Sudbury have been logged in detail, with emphasis on documenting
the following: 1) carbonate rock type; 2) presence and proportion of fossils or non-skeletal constituents;
3) porosity types; 4) depositional structure; 5) diagenetic fabrics, 6) karstic features, among other features.
The core data, in combination with geophysical profiles, provide vertical control on the thickness, the
nature of contacts of stratigraphic units and the lithofacies character. A total of 117 rock samples have
been collected to date, representing different lithofacies from key cores in the study area. Petrographic
analyses of thin sections, including the examination of grain and fossil types, porosity, depositional
texture and diagenetic fabric, enable microscopic properties of carbonate facies to be identified,
photomicrography is underway in the Paleobiology Lab in the University of Western Ontario.
Outcrop investigations included visits to key quarries in the Niagara Peninsula in the spring of 2016.

Figure 26.1. Geologic map of southwestern Ontario showing the locations of the selected oil and gas wells (38) that penetrate
the stratigraphic interval of interest. This region is part of the western St. Lawrence Lowland, comprising Paleozoic-dominated
bedrock and overlying Quaternary sediments. The red line outlines the study area for the upper Silurian–Middle Devonian
sequence stratigraphy mapping project. Numbered red dots represent existing cored holes through all or parts of the stratigraphic
interval of interest (see Sun, Brunton and Jin 2014, Table 31.1). Cross-section A–A′ represents a transect across the peripheral
forebulge region, commonly referred to as the eastern Michigan Basin margin, and cross-section B–B′ represents a transect along
western Appalachian Foreland Basin. Geology after Armstrong and Carter (2010).
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GEOLOGIC SETTING
Paleogeographically, southwestern Ontario was situated on the farfield side of the Appalachian
Foreland Basin within a peripheral bulge (forebulge) area marked by the present-day location of the
Findlay and Algonquin arches (see Figure 26.1; see also Ettensohn and Brett 1998). The study area
includes the present-day Onondaga escarpment in the northwestern region of the Appalachian Basin.
The elongate shape of the Appalachian Basin today reflects the inherited structural influence of Late

Figure 26.2. Upper Silurian and Devonian stratigraphic nomenclature of southwestern Ontario reflecting the positions of major
lithofacies changes and associated tectonostratigraphic controls resulting from the intermittent movements of forebulge region
within the present-day western Niagara Peninsula region (modified from Haynes 1992; Haynes and Parkins 1992; Armstrong and
Dodge 2007; Armstrong 2008; Armstrong and Carter 2010). All rock units listed are formations unless otherwise indicated
(Mbr = Member); rock units are not to scale regarding relative thicknesses across the study area. At least 2 major unconformities
can be recognized among the formations outlined in red.
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Paleozoic orogenesis (Quinlan and Beaumont 1984; Root and Onasch 1999; Ettensohn 2008; Cocks and
Torsvik 2011) and underlying Precambrian basement terrains, and differential erosion over the past few
hundred million years. The Algonquin Arch in southwestern Ontario has traditionally been referred to
as a broad geologic feature separating the Appalachian Foreland Basin from the Michigan Basin, the
southwestern end of which being a structural low termed the Chatham Sag (Brigham 1971; see
Figure 26.1). The Findlay Arch has been described as a southwesterly extension of the Algonquin Arch
in the United States (Carter and Easton 1990). North and west of the Algonquin Arch, strata dip gently
westward into the structural Michigan Basin, whereas equivalent-age strata, south of the peripheral
forebulge region (so-called arch), dip gently south to southeast into the Appalachian Foreland Basin
(Winder and Sanford 1972). Sanford, Thompson and McFall (1985) produced a structural model of the
Paleozoic subsurface bedrock in southern Ontario hypothesizing an extensive fracture network in
response to the orogenic activity occurring to the southeast along the Appalachian Orogen. It was
proposed that vertical rotation of fault-bounded blocks resulted in favourable configurations of basinal
fluid migration through permeable unconformities and structurally traps for hydrocarbon and/or
hydrothermal overprinting dolomitizing fluid. Recent sequence stratigraphic studies of Early Silurian
carbonate-dominated successions in southwestern Ontario and Michigan have demonstrated that the
Algonquin Arch is better described as an ephemeral flexural forebulge region (peripheral bulge) that
shifted positions through time and influenced sedimentary facies patterns and differential erosion on the
Laurentian craton (see Ettensohn and Brett 2002; Brett et al. 2004; Brunton 2009; Brintnell et al. 2009;
Brintnell 2012; Brunton and Brintnell 2011; Brunton et al. 2012). One of the goals of this study is to
examine the regional changes in lithofacies character on the farfield region of the Appalachian Foreland
Basin and to further test this hypothesis.

STRATIGRAPHY
Stratigraphic units that characterize the upper Silurian–Devonian unconformities are briefly discussed
in the following sections (see Figure 26.2). An overview of general descriptions of lithofacies is presented
in Armstrong and Dodge (2007), Armstrong (2007, 2008), Armstrong and Carter (2010) and Sun, Brunton
and Jin (2014, 2015). Stratigraphic cross sections showing the thicknesses of each lithofacies and distribution
of sandstone units near the Silurian–Devonian unconformities are presented in Figures 26.3 and 26.4.

Bass Islands Formation / Bertie Formation
The Bass Islands/Bertie formations are the youngest Silurian strata in southwestern Ontario (Armstrong
and Carter 2010). The Bertie Formation is present only in the Niagara Peninsula of Ontario and adjacent
western New York state (Johnson et al. 1992; Armstrong and Carter 2010). Previous studies have described
5 members of the Bertie Formation in the Fort Erie area to Buffalo (Telford and Johnson 1984; Haynes and
Parkins 1992; Brett, ver Straeten and Baird 2000; Brett et al. 2004). These members are also recognizable in
core and include, in ascending order: the Oatka, Falkirk, Scajaquada, Williamsville and Akron members.
The Oatka Member is the basal unit of the Bertie Formation and comprises approximately 1.8 to 3 m of
greenish dark grey shale and shaly dolostone with little megafaunal evidence, indicating a sabkha-like
depositional environment. The Oatka Member is 3 m thick in the Niagara Peninsula and thins to 0.3 m in the
northwestern part of southwestern Ontario. The lower contact with Salina Group G Unit has been defined by
the disappearance of gypsum or anhydrite nodules encrusted by dolomitic laminae and the occurrence of
greenish shale or shaly dolostone by a flat and sharp contact. The overlying Falkirk Member is dark brown,
bituminous, poorly bedded thrombolitic-cryptic algal boundstone. Sedimentary structures include organic
bands, gas fenestrae, dewatering structures, salt casts and small cavities that are plugged by secondary
coarsely crystalline gypsum in cores between Dunnville to Port Colborne. The top of the Falkirk Member is
a thick micritic dolomudstone overlying crinkly laminated algal microbialites: one shale layer is locally
present 1 m below the upper contact at the Ridgemount Quarry North. The thickness of Falkirk Member
varies and stratal units are not correlatable on a regional scale (Haynes 1992). The Scajaquada Member
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consists of dark grey to light grey, thinly laminated shaly dolomudstone and shale partings. Its thickness
is uniform (1.4 m) in the Niagara Region, but thins westward and is not recognizable across the “arch”
(Haynes 1992) or the peripheral forebulge area. The Williamsville Member consists of grey micritic,
slightly argillaceous dolomudstone and thin shale layers, which also pinches out across the arch. It
possesses a moderately diverse assemblage of fossils, including molluscs, ostracods and eurypterids
(Eurypterus remipes) (Ciurca 1990). The Akron Member is the youngest(?) Silurian rock unit exposed on
the border with New York state and is described as a massive and wavy bedded, vuggy, bioturbated
dolostone with irregular bluish buff mottles. The Akron Member lithofacies thin to west of Fort Erie and
are overlain by microfractured, massively bedded, medium crystalline to sucrosic, light grey
dolomudstone lithofacies referred to as the Bass Islands Formation (Haynes 1992).
The Bass Islands Formation is present in the subsurface across southern Ontario and is laterally
equivalent to or younger than the Bertie Formation (Haynes 1992). It is divided into 2 members at its type
section on Bass Islands in Ohio: the lower Put-in-Bay and the upper Raisin River – the differentiation of
these members in the subsurface is difficult because the contact is characterized as a “discontinuous
brecciated zone” (paleokarstic; see Sparling 1970). A basal shale or shaly dolomudstone unit is consistently
present and has been correlated to the Oatka Member of the Bertie Formation. A 30 to 70 cm thick unit
of bituminous thrombolitic lithofacies caps this shale unit and can be correlated to the lower Falkirk
Member. Overlying the thrombolites, the “False G” unit (Armstrong and Carter 2010) consists of

Figure 26.4. Stratigraphic cross-section B–B′ showing the lithofacies distribution at the Silurian–Devonian unconformity from
Bruce County south to Lambton County. For legend, see Figure 26.3; for the location of the cross section, see Figure 26.1.
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abundant bluish grey anhydrite nodules and encrusting crinkly laminated algal microbialites. Above these
rock units, shallowing upward cycles are present in the pattern of, in ascending order: 1) dolomudstone
with irregular bluish mottles; 2) light grey dolomudstone showing brecciation and microfracturing
features; and 3) bituminous algal microbialites. The blue mottles in the microcrystalline dolomudstone
matrix are the typical sublithofacies in Bass Islands Formation. Mottles are present in 2 forms: irregular
diffuse or horizontally elongate. Both of them are speculated to have formed by bioturbation because it
has the same texture and fabrics with the microcrystalline dolostone matrix with a lower organic content,
indicating a shallow subtidal environment. The brecciated and microfractured dolomudstone is massively
bedded, buff in colour, and represents intertidal to upper subtidal facies. Crinkly laminated algal
microbialites typically cap the cycles, with common fenestrae vugs that are partly plugged by secondary
evaporite or dolomite. Gastropods, ostracods, small rugose corals and trilobites are generally sparsely
scattered in the uppermost Bass Islands Formation, but are abundant in 1 core (Amoco 33409)
immediately under the Silurian–Devonian contact.

Oriskany Formation
In the Niagara Peninsula, Devonian basal sedimentary rocks display a generally sharp and regional
erosional surface with pronounced small-scale karst features and are overlain by the Oriskany Formation
conglomerates and sandstones that possess scattered fossils (Kobluk et al. 1977; Johnson et al. 1992;
Uyeno, Telford and Sanford 1982). The Oriskany Formation is a mature quartzose arenite with little clay
content. Its distribution is restricted to the Niagara Peninsula and adjacent New York state. Some joints
and paleokarst features in the uppermost Silurian carbonates are infilled with Oriskany sands and wellrounded pebbles and cobbles derived from older siliciclastics (see Derry, Michener, Booth and Wahl and
Ontario Geological Survey 1989). The Oriskany Formation is sparsely fossiliferous (mainly brachiopods)
and possesses an Early Devonian fauna (cf. Best 1953; Sanford 1968). In the Nelson Quarry (Photo 26.1B),
lenses or nodules of whitish grey, clean sandstone with quartz grains are surrounded by the orthoquartzitic
sandstone matrix. The contact between the Oriskany Formation and overlying bluish grey, cherty
carbonates of Bois Blanc Formation and/or the overlying greenish to pinkish calcareous sandstones of the
Springvale Member is sharp and erosional in character. Although the thickness of the Oriskany Formation
is only 3 m at the type section (Baker 1983), it has a patchy distribution in the subsurface of southern
Ontario and is locally absent in core data.

Springvale Member (Bois Blanc Formation)
The Springvale Member occurs as lenses either at the base of, or interbedded with (as seen in core
U.S. Steel No. 1 – J.H. Lawrence No. 1), the Bois Blanc Formation cherty limestone or dolostones.
Outcrops of this sandstone member are confined to the Niagara Peninsula, but it subcrops across southern
Ontario, with the notable exception of Bruce and Huron counties. Its type locality is near the village of
Springvale in Haldimand County (Stauffer 1913). It consists of glauconitic and phosphatic, light brownbluish or pinkish white, medium to coarse sand grade orthoquartzitic arenite with abundant wispy greenish
microstyloseams. Fauna is rich in Meristina and Amphigenia (Photo 26.2B) (Oliver and Sorauf 1981;
Oliver 1966). Locally, hematitic stained clasts of dolomudstone and chert nodules are present in the upper
Springvale Member. Sedimentary structures are well developed in core from Consumers’ Pan Am 13048
and Consumers’ Amoco 13061, such as cross-bedding, and inferred sand dunes. Although similar in
lithology to the underlying Oriskany Formation sands, the abundance of phosphate and glauconite minerals,
the presence of chert nodules and the higher calcite contents distinguishes this siliciclastic unit in cores.
In geophysical logs, however, both units have a flat and low gamma-ray curve and high neutron-log
porosity, making it difficult to differentiate with the overlying Bois Blanc Formation. Distribution of the
Springvale Member is patchy and the thickness varies. In core from Argor 65-1 (near Sarnia), for
example, it is more than 10 m thick, but in Imperial 805 – Lyons No.1, 20 km to the northeast, it is only
80 cm thick.
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Photo 26.1. Examples of disconformities (significant time breaks) in outcrop. A) Contact of Bois Blanc Formation (Devonian)
and the Bass Islands/Bertie formations (Silurian) in Hagersville Quarry. The bottom 2 m are buff to light blue mottled Akron
Member of the Bertie Formation, which is overlain by 4.5 m thick medium- to massive-bedded dolomudstone. The Silurian–
Devonian contact is irregular, with common joints and dissolution pits that are infilled by argillaceous Bois Blanc Formation
dolomite. The lower 1.5 m of Bois Blanc Formation dolomudstone are thinly bedded and very argillaceous, with common
glauconite and phosphate. The top 2 m are the undifferentiated cherty Bois Blanc Formation dolostone. The Oriskany Formation
is not present in this quarry. B) Contact of the Bois Blanc Formation–Springvale Member–Oriskany Formation sandstone
(Devonian) in the Nelson Quarry. The lower 2 m are the Oriskany Formation quartz arenite with sparsely scattered oil stains.
Note the lighter grey lenses or nodules of sandstone with more quartz grains in the medium grey sandstone matrix. Contact of
Springvale Member and Oriskany Formation is fairly horizontal. A joint is present in the right middle part of photo (outlined
with vertical dashed lines) that is partly infilled by the Springvale Member glauconitic and phosphatic sandstones. The
Springvale Member is only 20 cm thick and is overlain by the thin- to medium-bedded Bois Blanc Formation dolostone with
common light grey chert nodules.
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Photo 26.2. Examples of the Silurian–Devonian contacts in selected cores. Each core length is 35 cm long and the top is to the
left. Scale bar = 2 cm. A) Contact of the Oriskany Formation quartzose arenite (Devonian) and its underlying Bass Islands
Formation (Silurian). The Oriskany Formation sandstone contains common fragments of brachiopods and unconformably
overlies the Bass Islands Formation sucrosic dolostone. Contact surface is 1 cm thick with common clays and quartz grains
cemented by dolostone (U.S. Steel No. 1 – J.H. Lawrence No. 1). B) Contact of the Bois Blanc Formation shaly limestone
(Devonian) and its underlying Springvale Member (Devonian). The lower Springvale Member sandstone is phosphatic and
glauconitic, containing fossils of brachiopods (Amphigenia). Porosity of the sandstone is very high: note the very oil-stained
interval to the right (Consumers’ Amoco 13061). C) Contact of the pinkish phosphatic Springvale Member sandstone and its
underlying Bass Islands Formation dolostone. The blue mottled dolostone is microfractured and the unplugged vugs are
commonly highlighted by leaching (Consumers’ Pan Am 13057). D) Bass Islands Formation dolostone, with large cavity that
has been infilled by secondary sparry dolomite 10 cm below the contact with the overlying Bois Blanc Formation. Irregular
karstic surface can be seen 5 cm below the cavity (Consumers’ 33409). E) Bass Islands Formation dolostone immediately under
the contact with the overlying Bois Blanc Formation. Microfractures and irregular vugs are very common because of subaerial
exposure and leaching, which are partly plugged by secondary dolomite (Domtar Goderich S.T. #1). F) Contact of the glauconitic
Bois Blanc Formation dolostone and the faintly laminated Bass Islands Formation dolostone. The contact surface is irregular,
and compacted dark green glauconite minerals infilled the surface. The lower Bois Blanc Formation dolostone is still glauconitic,
with irregular light grey chert nodules to the left (Imperial No.809 – W.J. Mawson No.1). G) Contact of the Bois Blanc Formation
dolostone with the Bass Islands Formation massive dolomudstone. Contact surface is sharp and flat, which is overlain by an
irregular chert nodule unit at the base of Bois Blanc Formation. Dolostone above the chert nodule unit is slightly glauconitic.
No vugs or fractures or karstic features can be seen in the top of the Bass Islands Formation (Imperial 805 – Lyons No.1).
H) Contact of the Bois Blanc Formation dolostone with the Bass Islands Formation dolostone. Two irregular karstic surfaces can
be seen below the contact. Dissolution surfaces are commonly infilled by light grey laminated dolostone (Cansalt DDH 87-3).
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Bois Blanc Formation
In its type section on Bois Blanc Island in the straits of Mackinac (Michigan), the lithology of the
Bois Blanc Formation consists of grey-tan brown or bluish grey, finely crystalline limestones with
abundant grey-white chert nodules (Sanford 1968). In the Niagara Peninsula and western New York state,
overlying the Oriskany or Springvale sandstones, the Bois Blanc Formation consists of a thin- to mediumbedded, microcrystalline, brownish grey dolostone or limestone with fairly dark grey chert nodules, and
contains large brachiopods, bryozoans, small rugose corals and other fossils. Farther on the cratonic side
of the Appalachian Foreland Basin, in Michigan and in the remainder of southern Ontario, the formation
is lighter in colour and possesses more abundant light grey irregular-shaped chert nodules. The chert
nodules are irregular and large in size (10 to ~20 cm in diameter) and are found within concentrated
styloseams. Fauna are rich in brachiopods, bryozoans, gastropods and sponges, which are all filter feeders
and/or detritus feeders that are adapted to elevated nutrient levels, and rugose corals that become
abundant in the upper unit. Both the faunal assemblage and the presence of large chert nodules indicate
more nutrient-rich waters where siliceous sponges could flourish. The dissolution of siliceous sponges is
suspected to account for the source of silica to form such chert nodules (Musgrove 1983). The Bois Blanc
Formation is present as lenses in the Niagara Peninsula, and it varies in thickness from a thin veneer in
Buffalo to a maximum of 5 m in Hagersville, and grades northwestward in Ontario to 30 to ~50 m thick
gray and tan dolomites in the Ingersoll–London areas and, ultimately, to light grey limestones in Bruce
and Huron counties. In the Sarnia–Woodstock area, the Bois Blanc Formation has an argillaceous and
glauconitic basal succession where the Springvale Member sandstone is absent. Because of the pervasive
silicification of the Bois Blanc Formation, detailed correlations are difficult to make across the arch
(Cassa and Kissling 1982). Syndepositional sedimentary structures are disrupted by the diagenetic growth
of chert nodules and dolomitization; thus, only the lithologic character of the carbonate rocks and the
proportion of marine fauna and diagenetic alteration fabrics are potentially helpful. From core data, the
Bois Blanc Formation can be easily distinguished with the underlying sandstone units by its lacking in
siliciclastic components, abundant chert nodules and a very high porosity. Geophysical logs for the Bois
Blanc Formation display a flat low gamma-ray signature in the basal siliciclastic–phosphatic–glauconitic
succession and then displays 2 stepped rises and falls in the gamma curves.

UNCONFORMITIES
At least 2 unconformities are recognizable at the contact between the Lower Devonian Bois Blanc
Formation and the upper Silurian Bass Islands/Bertie formations in the Niagara Peninsula, whereas, by
subsurface bedrock mapping, only 1 unconformity surface is indicated in the remainder of southern
Ontario. In the Niagara Peninsula, this surface is overlain by Early Devonian Oriskany Formation quartzrich sandstones. The sub-Bois Blanc Formation–Springvale Member unconformity rests directly on the
Oriskany Formation sandstone or directly on the Silurian dolomites (Photo 26.1A) that probably removed
all the Oriskany Formation and part of the upper Bass Islands/Bertie formations. In southwestern Ontario,
from Sarnia across Chatham to southern Lake Erie, the Springvale Member sandstone is present on the
Silurian–Devonian unconformity surface, but the clean Oriskany Formation sands are not found. In the
northwest of southern Ontario, from Bruce County to Huron County, only 1 unconformity is evident
between the Bass Islands Formation dolostone and Bois Blanc Formation dolostone or limestone.

Unconformity at the Base of the Oriskany Formation
Evidence of this unconformity can be found in all cores in the Niagara Peninsula where Oriskany
Formation quartz arenites overlie the Silurian dolostone by a sharp and irregular unconformity surface
(Photo 26.2A). Kobluk et al. (1977), Ciurca (1982, 1990, 2005, 2011) and Ciurca and Hamell (1994)
have fully studied this unconformity, suggesting that it is complex, regionally variable and probably a
combination of more than 2 erosional unconformity-forming episodes (see also Brett, ver Straeten and
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Baird 2000). At the Nelson Quarry, the Silurian–Devonian contact represents a slightly irregular surface
of Oriskany Formation sitting disconformably on the Silurian Akron Member of the Bertie Formation.
Locally, angular clasts of Bass Islands/Bertie formations dolomite occur in the Oriskany Formation
sandstones and solution-widened joints are infilled by clean quartz arenite (core from Consumers’
Amoco 13102). Under the Silurian–Devonian disconformable surface, boring trace fossils (Trypanites)
and microfractures are common, but vugs are not well developed (cf. Kobluk et al. 1977).
In cores, however, typical solution-widened joints or Trypanites trace fossils are not easily
recognizable, but bioturbation is well developed and disarticulated brachiopods are mixed with the clean
quartz sands that overlie this contact (see Photo 26.2A). Dark grey, irregular karstic surfaces are locally
found under the Silurian–Devonian contact (Photo 26.2D). The presence of clasts of poorly sorted,
subangular dolomudstone that are cemented by the quartzose sandstone usually marks this unconformity.
In core from Consumers’ Amoco 13102, a solution-widened cavity is found at the unconformity surface
with clasts of subangular dolomudstone surrounded by quartz grains at the base.

Unconformity at the Base of the Bois Blanc Formation–Springvale
Member
In localities from Port Colborne to Hagersville, outcrops of the Springvale Member occur directly on
either the Oriskany Formation or the Silurian Bass Islands/Bertie formations (also see Photos 26.2B and
26.2C). Kobluk et al. (1977) described the development of neptunian-like dikes, solution pits, vugs and
multiple joint sets containing Oriskany Formation sandstone. In the Hagersville Quarry, this irregular
unconformity possesses phosphatized clasts of Bass Islands Formation massive sucrosic dolomudstone,
abundant glauconite, concentrated argillaceous seams, and calcareous cements. Disarticulated
brachiopods are commonly found overlying the basal contact and become larger and more common in the
upper unit in cores (see Photo 26.2B). In the Nelson Quarry (see Photo 26.1B), the contact displays lowrelief steps of 1 m long joints and borings.
In the subsurface of southwestern Ontario, the unconformity surface is irregular, and glauconite and
sand grains commonly infill the large cavities of the uppermost Silurian dolostones. In Imperial No.809 –
W.J. Mawson No.1 core, the Springvale Member sandstone is dark green and very glauconitic. Overlying
the Silurian–Devonian unconformity, irregular clasts of Silurian dolostones are mixed with the glauconitic
and sandy dolostone, which grades upward into cherty, dolostone (Photo 26.2F). In core from Argor 65-1,
this unconformity is marked by a 40 cm thick karstic brecciated zone that consists of subangular dolomite
clasts mixed with glauconitic sandstone. In core from OGS 82-2, a 30 cm thick, thinly bedded sandstone
interval marks the Silurian–Devonian boundary, which is overlain by 50 cm thick sandy glauconitic
dolomite. Vugs and cavities are very well developed under this unconformity (see Photo 26.2D). Irregular
vugs are highlighted by meteoric leaching and the microfractures are commonly plugged by sparry
dolomite. Oil stains are also pervasive (e.g., Consumers’ Pan Am 13057, see Photo 26.2B). Episodes of
irregular karstic surfaces, which consist of undissolved clay remnants, are found in core from Cansalt
DDH 87-3, indicating a complex, multi-phased erosional history.

Unconformity at the Bases of the Oriskany Formation and Bois Blanc
Formation–Springvale Member
In Bruce and Huron counties, the Bois Blanc Formation carbonates rest directly on the upper Silurian
strata by a combined erosional surface (Photos 26.2E, 26.2G and 26.2H). Whether this surface represents
a non-depositional hiatus, or that deposition of Lochkovian to late Emsian took place and strata were
subsequently eroded, is unknown. Westward, across the “arch” or forebulge from the Niagara region,
basal Bois Blanc Formation bluish grey, microcrystalline dolostone or limestone overlies the uppermost
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Silurian dolostone by a fairly flat, 3 to 5 cm thick surface with concentrated argillaceous seams (see
Photo 26.2H). The uppermost Silurian dolomudstone is microfractured and infilled by secondary
dolomite (see Photo 26.2E), with common irregular vugs highlighted by leaching, within which sand
grains are lacking. Where the massive light grey dolomudstone is present under the unconformity, the
porosity is enhanced to form a sucrosic texture (e.g., Domtar Goderich S.T. #1 core). Locally, the
uppermost Silurian dolostones are hydrocarbon stained. Geophysical profiles show little change across
this unconformity because of the similar lithology of the lower Bois Blanc Formation and the upper Bass
Islands Formation and both of them possess a high porosity.

SUMMARY AND CONCLUSIONS
The Silurian–Devonian unconformity represents a complex and regionally extensive
paleokarstification surface in southern Ontario. The upper Silurian succession represents restricted marine
to shallow marine conditions (e.g., microbial laminites and intertidal massive dolomudstone in arid
subtropical environment). Locally, on the farfield side of the Algonquin Arch, as the sea level continued
to rise, the peritidal lithofacies changed into more normal marine to lagoonal facies where evaporite
deposits declined.
The hiatus event prior to deposition of the Oriskany Formation may have eroded substantial upper
Silurian strata compared to those uppermost Silurian units in the northern Appalachian Basin (Laporte
1969, 1971) and southern North America craton (Broadhead et al. 1988), and may represent an initial
stage of the deposition of Devonian sands (upper Lower Devonian: Siegenian or lower to upper Pragian
in age). These sands are clean, well sorted and sized, and are not continuous on regional basis, being
preferentially preserved in paleokarst sinkholes or solution-enhanced joints. The Springvale Member
glauconitic and phosphatic quartz-rich sandstone mixed with carbonate minerals created a calcareous
sandstone zone that marks a second erosional phase. The sea-level fluctuation after deposition of the
Oriskany Formation may have eroded all Oriskany Formation sands where the Springvale Member
directly overlies the Bass Islands Formation dolostone. Although leaching, vugs and microfractures
infilled by secondary dolomite or calcite are very common in uppermost Bass Islands/Bertie formations,
paleosols are absent either as a result of non-deposition or formation or were removed by the chemical
dissolution and/or paleokarstification. The spotty distribution of the 2 sandstone units may indicate an
irregular seafloor and intermittently subaerial surface (e.g., Karrow 1973), perhaps as a result of the
dissolution of the underlying Silurian evaporites (Sanford and Brady 1955; Summerson and Swann 1970).
The high degree of sorting and size distribution offers evidence for an initial transport of the sands by
wind (Summerson and Swann 1970), and the successive marine invasions immobilized the sand and
mixed it with fossils. In the eastern Michigan Basin margin, the basal sandy and glauconitic base of the
Bois Blanc Formation may be coeval with the deposition of Springvale Member sandstone in the
Appalachian Basin in the late Early Devonian. The overlying cherty, fossiliferous carbonates of the Bois
Blanc Formation were probably deposited on a marine shelf or ramp, with diverse assemblages of
abundant brachiopods, bryozoans, sponges, gastropods and small rugose corals representing the return to
marine carbonate deposition scenario through the Early to Middle Devonian.

FUTURE WORK
Future work will continue to focus on lithofacies distribution and correlation of the upper Silurian to
Middle Devonian strata throughout southern Ontario that straddle both the Michigan and Appalachian
basins. The future research work will
1.

refine and delineate the various carbonate facies through core logging and outcrop logging with
detailed work on petrographic and paleontological analysis of the upper Silurian to Middle
Devonian strata;
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2.

summarize the temporal and spatial distribution relationships of the various carbonate facies
from both the Appalachian and the Michigan basins, to try to unveil the unclear correlations of
the units in southern Ontario and those in western New York state, to help refine the regional
sequence stratigraphic correlations, and to explore the relationships between carbonate facies
and tectonic factors (e.g., tectonic hiatuses, short-lived orogenesis (tectophases), and migration
of peripheral forebulges);

3.

incorporate chemostratigraphic and biostratigraphic data to assist in local to regional
correlations of stratigraphic intervals and temporal and/or spatial relationships.
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INTRODUCTION
The Lower to Middle Devonian Kwataboahegan Formation is considered to have good hydrocarbon
resource potential in the offshore of Hudson Bay, Nunavut (Hamblin 2008; Lavoie et al. 2015); however,
characterization of this formation and other Devonian strata in the basin is mainly based on seismic and
sparse petrophysical data (e.g., Hu and Dietrich 2012; Lavoie et al. 2013). In northern Ontario, the Moose
River Basin offers Devonian outcrop exposures and core data that may be useful to develop analogues for
Devonian strata in the Hudson Bay Basin. Under Natural Resources Canada’s Geo-Mapping for Energy
and Minerals program, phase 2 (GEM-2), a collaborative project between the University of Manitoba and
Ontario Geological Survey was undertaken to investigate the stratigraphy and sedimentology of the
Devonian succession in the Moose River Basin in northern Ontario. This article presents the results of the
recent study on the lithostratigraphy of Devonian strata in the Schlievert Lake OGS-83-8D borehole in the
Moose River Basin, chemostratigraphic correlations of the Devonian succession across the Moose River
Basin and lithofacies analysis of the Kwataboahegan Formation in the Schlievert Lake OGS-83-8D borehole.

Methods
The Schlievert Lake OGS-83-8D core (well licence # T006359) is stored at the Ontario Government
complex in South Porcupine, Ontario and was examined and sampled by the 2 senior authors in June
2016. A preliminary lithostratigraphic log with geophysical logs was published shortly after the core was
drilled (Russell et al. 1985). The other cores included in this study are housed at the Ontario Oil, Gas and
Salt Resources Library in London, Ontario, and consist of Kerr Addison Coral Rapids CR-78-08 (well
licence # F013837), Onakwahegan No. 2 (well licence # T003354) and Aquitaine Sogepet et al. Sandbank
Lake No. 1 (well licence # T003143) (Figure 27.1). Well records for these cores are also archived at the
Oil, Gas and Salt Resources Library. Lithostratigraphic and chemostratigraphic results for these 3 cores,
as well as detailed location information, were previously reported by Chow and Armstrong (2015).
Core and thin section examination included documentation of rock types, sedimentary structures and
textures, fossil and grain content, diagenetic features and porosity. A total of 284 powdered carbonate
samples were collected for carbon (δ13C) and oxygen (δ18O) isotope analyses, using 0.5 to 3 m sampling
intervals over the Kwataboahegan Formation and adjacent units in each of the 4 cores. Micrite-rich rock
types (wackestones and packstones) were selected wherever possible and samples were obtained using a
hand-held drill. Analyses were completed at the Stable Isotope Laboratory at the University of Manitoba.
Summary of Field Work and Other Activities 2016,
Ontario Geological Survey, Open File Report 6323, p.27-1 to 27-13.
© Queen’s Printer for Ontario, 2016
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Values are reported as ‰ relative to Vienna Pee Dee belemnite (VPDB). Analytical precision of these
measurements is ±0.09‰ for δ13C and ±0.19‰ for δ18O using an internal calcite standard, and ±0.04‰
for δ13C and ±0.17‰ for δ18O using an internal dolomite standard.

Stratigraphy
Devonian strata in the Moose River Basin have a total thickness of about 400 m and are composed
of, in ascending order, the upper member of the Kenogami River Formation and the Sextant, Stooping
River, Kwataboahegan, Moose River, Murray Island, Williams Island and Long Rapids formations
(Figure 27.2; e.g., Norris 1993; Telford 1988). Most of the formations are dominated by marine carbonate
rocks, with the exception of the Sextant and Long Rapids formations, which are mainly siliciclastic rocks,
and the Moose River Formation and Williams Island Formation, which contain significant evaporites and
shales, respectively.

RESULTS
Devonian Stratigraphy of the Schlievert Lake OGS-83-8D Core
The Schlievert Lake OGS-83-8D core includes over 300 m of Devonian strata, with all but the
Long Rapids Formation represented (Figure 27.3). The lowest Devonian unit in this core (and in the
Moose River Basin; McGregor and Camfield 1976) is the upper member of the Kenogami River
Formation. This member is characterized by light cream tan to light grey, massive to (microbially?)

Figure 27.1. Locations of wells (red dots) studied for this project, plotted on a general bedrock geology map (geology from
Ontario Geological Survey 2011).
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laminated dolomudstone with evaporite mineral casts. It gradationally overlies the gypsum-bearing red
and green siliciclastic mudstone and minor dolomudstone of the Upper Silurian middle member of the
Kenogami River Formation.
The upper Kenogami River Formation is sharply overlain by sandstones and dolomudstones that are
tentatively assigned to the Sextant Formation. A thin sandy conglomerate (all carbonate clasts) marking
the base of the Sextant Formation suggests ravinement and a possible disconformable contact with the
underlying Kenogami River Formation. Sharply (disconformably?) overlying the Sextant Formation are
chert-bearing, fine- to coarse-grained, sandy bioclastic grainstones that are tentatively assigned to the
lower Stooping River Formation. However, sharp and apparently disconformable top and bottom contacts
suggest these strata should be a separate unit, perhaps representing a basinward equivalent of the Sextant
Formation. Lithofacies in this core, similar to the lower Stooping River and Sextant formations, are found
in the lower Stooping River Formation (below 395 m [1296 feet] depth) of the Sandbank No. 1 core
(Figure 27.6; Chow and Armstrong 2015). Further study and re-assessment of the stratigraphic
assignments in this part of the Devonian section are warranted.
The remainder of the Stooping River Formation in the Schlievert Lake core consists mainly of cherty
fossiliferous, fine-grain limestone (bioclastic wackestone) with varying argillaceous content (including
thin green shale beds). It sharply (disconformably?) overlies the lower Stooping River Formation and is
gradationally overlain by the more fossiliferous and less cherty Kwataboahegan Formation. The

Figure 27.2. Stratigraphic chart for the Devonian succession in the Moose River Basin (after Sanford 1987; Norris 1993; Uyeno
and Bultynck 1993; Klapper et al. 2004).
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Figure 27.3. Lithostratigraphic plot of the Devonian and Silurian succession in the Schlievert Lake core, with depth locations
and ages of conodont samples and vertical profiles for δ13C and δ18O isotopic data. See Figure 27.4 for lithologic legend.
Abbreviations: bio-, bioclastic; bx, breccia; Fm, Formation; g, grainstone; m, mudstone; p, packstone; PC, Precambrian; pg,
packstone-grainstone; R, River; r, rudstone; w, wackestone; wp, wackestone-packstone; wpg, wackestone-packstone-grainstone;
xst, crystalline (basement). Carbon and oxygen isotopic data are reported as per mil (‰) Vienna Pee Dee belemnite (VPDB)
standard.
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Kwataboahegan Formation is characterized by brown (bituminous?) stromatoporoid-coral floatstone to
bindstone and stromatoporoid-coral-crinoid wackestone-packstone-rudstone with interbeds of light grey,
bioclastic wackestone-packstone. In this core, the basal 10 m are dolostone and dolomitic limestone, with
sparse white chert nodules. The Kwataboahegan–Stooping River formational contact is very gradational
and was selected in this core as the lowest occurrence of a large skeletal element (tabulate coral). The
Kwataboahegan Formation is gradationally overlain by the Moose River Formation with the contact
placed at the top of the highest dark brown (bituminous?) fossiliferous limestone. A detailed lithofacies
analysis of the Kwataboahegan Formation is presented elsewhere in this report.
The lower part of the Moose River Formation consists of vuggy, fractured dolostone grading down into
dolomudstone and stromatoporoid? floatstone. Above this is a succession of shale- and carbonate-hosted
breccia zones that are, in turn, gradationally overlain by disturbed (brecciated?) grey-green mudstones.
These grade upward into a unit of brecciated crinoidal wackestone and packstone clasts in a grey-green
mudstone matrix that may represent the collapsed remnant of the underlying Murray Island Formation.
These brecciated intervals in the upper Moose River and Murray Island formations were likely formed by
collapse following dissolution of gypsum beds that commonly occur in the Moose River Formation.
The Murray Island Formation (or its remnant) is gradationally overlain by grey-green monotonous
mudstone (shale) of the lower member of the Williams Island Formation. The youngest Paleozoic bedrock
unit in this core is the carbonate-dominated upper member of the Williams Island Formation. A variety of
carbonate rock types constitute this unit, although they are dominated by generally fossiliferous bioclastic
wackestones and packstones. Minor lithologic elements include a tabular stromatoporoid bindstone,
dolomudstone, green mudstone and a thin interval of shale-hosted limestone breccia.

Conodont Biostratigraphy of the Schlievert Lake OGS-83-8D Core
Conodonts extracted from samples of the lower Kwataboahegan Formation (281.1–304.2 m [922.2–
998.1 feet] depth) and Stooping River Formation (328.3–329.7 m [1077–1081.8 feet] depth; 386.8–388.4 m
[1269–1274.7 feet] depth) in the Schlievert Lake core indicate a late Emsian age (serotinus Zone) for both
formations (Gouwy 2016). A sample of sandy bioclastic limestone from the (tentative) lower Stooping
River Formation (436.5–437.5 m [1432.2–1435.4 feet] depth) yielded conodont fragments of an
indeterminate age (Gouwy 2016). These results are consistent with conodont ages reported for these units
in the Jaab Lake core drilled 70 km to the north (Uyeno and Bultynck 1993).

Figure 27.4. Legend for lithostratigraphic plot in Figure 27.3.
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Lithofacies Analysis of the Kwataboahegan Formation in the
Schlievert Lake OGS-83-8D Core
Based on core and thin section examination of the Schlievert Lake core, 7 lithofacies were
recognized in the Kwataboahegan Formation (Table 27.1; Figure 27.5; Photos 27.1A to 27.1F):
1) nodular to massive dolomitic lime mudstone, 2) skeletal wackestone-packstone, 3) tabulate coral
packstone-floatstone, 4) coral-stromatoporoid floatstone-rudstone, 5) coral floatstone, 6) interbedded
skeletal wackestone and lime mudstone and 7) interbedded stromatoporoid bindstone and skeletal
packstone. Refer to Braun (2016) for detailed lithologic descriptions and interpretations of each
lithofacies. These lithofacies overall are interpreted to have been deposited in low-energy, open subtidal
environments, with locally restricted conditions and episodic storm events, which agree with
interpretations proposed by Stoakes (1978).
The Kwataboahegan Formation in the Schlievert Lake core can be divided into 2 decametre-scale
lithofacies associations (or “packages”) (see Figure 27.5). The lower package (288.8–315.7 m [947.5–
1035.8 feet] depth) consists of lithofacies 1 to 4 and shows an overall coarsening-upward trend. The
upper package (264.2–288.8 m [866.8–947.5 feet] depth) consists of lithofacies 1, 5, 6 and 7 and is
characterized by abundant coral floatstones and tabular stromatoporoid bindstones. More detailed study of
the lithofacies architecture of the Kwataboahegan Formation is warranted, but preliminary interpretations
are that the formation represents an overall shallowing-upward trend, where lithofacies association 1
represents the establishment of a biohermal or biostromal buildup and lithofacies 2 represents inter-reef
deposition with input from proximal carbonate sand shoals.

Chemostratigraphy of the Devonian Succession in the Moose River Basin
REGIONAL CORRELATIONS
Values of δ13C from uppermost Silurian to Middle Devonian strata in Schlievert Lake OGS 83-8D,
Sandbank No. 1, Onakwahegan No. 2 and Coral Rapids CR-78-08 cores range from −4.0 to +4.5‰ (mean
+1.2‰) and δ18O values range from −12.5 to −1.5‰ (mean −5.3‰). Stratigraphic plots of these data
reveal patterns of positive and negative excursions or spikes in δ13C values that may be useful for
correlation across the Moose River Basin (see Figure 27.6). A prominent positive δ13C excursion of up to
4.8‰ occurs across the contact between the middle and upper Kenogami River Formation members in the
Schlievert Lake OGS 83-8D, Sandbank Lake No. 1 and Onakwahegan No. 2 isotopic profiles (see Figure
27.6). A positive δ13C spike at the contact between the Stooping River Formation and an enigmatic lower
Stooping River Formation unit in Schlievert Lake OGS 83-8D (~1410 feet depth; see Figures 27.3 and
27.6) appears to correspond to an upward negative shift in the lower part of the Stooping River Formation
in Sandbank Lake No. 1 (~1310 feet depth; see Figure 27.6). A review of the lithologic log plot for the
Sandbank No. 1 (see Chow and Armstrong 2015, Figure 33.5) reveals lithofacies similar to the lower
Stooping River Formation unit of the Schlievert Lake core in the vicinity of this isotopic shift. This
suggests that more detailed lithofacies analysis of the lower Stooping River Formation unit to upper
Kenogami River Formation interval, constrained by chemostratigraphic data, is required to confirm or
refine formational assignments in that interval.
The rest of the Stooping River Formation is generally characterized by relatively low and constant
(to slightly upward increasing) δ13C values. The Kwataboahegan Formation in Coral Rapids CR-78-08
and Sandbank Lake No. 1 shows an increasing trend up-section in δ13C values in the lower part of the
formation, followed by a slight decrease and more irregular pattern in the upper part of the formation and
into the overlying Moose River Formation. Spurious results from the upper half of the Kwataboahegan
Formation in the Schlievert Lake core are attributed to inadvertent sampling of diagenetic features, such
27-6

Earth Resources and Geoscience Mapping Section (27)

M. Braun et al.

as calcite cements and neomorphosed matrix, and skeletal allochems. A negative δ13C spike occurs at the
contact between the Kwataboahegan and Moose River formations in Coral Rapids CR-78-08, but is less
apparent in Schlievert Lake OGS 83-8D.

Figure 27.5. Lithostratigraphic section of the Kwataboahegan Formation in the Schlievert Lake core, showing the lithofacies and
lithofacies associations (“LA”) (from Braun 2016). Abbreviations same as for Figure 27.3, plus floatstone (F) and bindstone (B).
Details of lithofacies are presented in Table 27.1.
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Table 27.1. Description of lithofacies of the Kwataboahegan Formation in the Schlievert Lake core.
Lithofacies
1 Nodular to
massive
dolomitic lime
mudstone

Lithology
Nodular dolomitic
lime mudstone,
massive dolomitic
lime mudstone

2 Skeletal
wackestone to
packstone

Crinoid-brachiopod
wackestone to
packstone,
interbedded
skeletal
wackestone and
packstone, skeletal
wackestone
Tabulate coral
floatstone with
skeletal
wackestone to
packstone matrix,
skeletal packstone,
tabulate coral
framestone with
skeletal packstone
matrix
Tabulate coralstromatoporoid
floatstone,
Thamnopora
rudstone,
stromatoporoid
bindstone, coralstromatoporoid
rudstone to
floatstone
Rugose-tabulate
coral floatstone,
tabulate coral
floatstone,
bituminous coral
floatstone

3 Tabulate coral
packstone to
floatstone

4 Coralstromatoporoid
floatstone to
rudstone

5 Coral floatstone

6 Interbedded
skeletal
wackestone and
lime mudstone

7 Interbedded
skeletal
packstone and
stromatoporoid
bindstone

Thickness
Allochems
0.86–1.52 m 1–10%, crinoids,
brachiopods,
stromatoporoids,
tabulate corals,
palaeoberesellids,
bryozoans
1–2.87 m
20–60%, crinoids,
tabulate corals,
brachiopods, trilobites,
tabular
stromatoporoids,
solitary rugose corals,
bryozoans

Cement
Trace,
finely to
extremely
coarsely
crystalline
calcite
Trace–5%,
finely to
coarsely
crystalline
calcite

Dolomite
30–70%,
finely to
medium
crystalline,
planar

Porosity
5–25%,
interparticle,
microvuggy,
vuggy, moldic

35–60%,
finely to
medium
crystalline,
planar

Trace–5%,
interparticle,
intraparticle,
intercrystalline,
microvuggy

1.4–6.2 m

15–65%, tabulate corals,
Thamnopora, crinoids,
tabular
stromatoporoids,
solitary rugose corals,
brachiopods, trilobites,
bryozoans

2–5%,
finely to
coarsely
crystalline
calcite

10–40%,
finely to
medium
crystalline,
planar

5–20%,
interparticle,
intraparticle,
intercrystalline,
moldic,
microvuggy

7.54 m

50–80%, tabulate corals,
Thamnopora, tabular
stromatoporoids,
brachiopods, trilobites,
bryozoans

2–15%,
finely to
very
coarsely
crystalline
calcite

10–15%,
finely to
medium
crystalline,
planar

10–30%,
interparticle
intraparticle,
intercrystalline,
moldic,
microvuggy

35–60%, tabulate and
solitary rugose corals,
Thamnopora, tabular
stromatoporoids,
crinoids, trilobites,
brachiopods,
bryozoans, ostracods,
palaeoberesellids
Skeletal
1.42–2.13 m 15-40%, tabulate corals,
wackestone,
Thamnopora, solitary
interbedded
rugose corals, tabular
skeletal
stromatoporoids,
wackestone and
crinoids, trilobites,
lime mudstone,
brachiopods,
bituminous skeletal
bryozoans, ostracods,
wackestone,
palaeoberesellids
skeletal packstone
Skeletal packstone
7.9 m
20–80%, stacked tabular
and stromatoporoid
stromatoporoids,
bindstone
tabulate corals,
crinoids, solitary rugose
corals, brachiopods,
bryozoans, ostracods,
palaeoberesellids

2–10%,
finely to
coarsely
crystalline
calcite

10–15%,
finely to
medium
crystalline,
planar

5–25%,
interparticle,
intraparticle,
intercrystalline,
microvuggy,
moldic,
fracture

2–15%,
finely to
extremely
coarsely
crystalline
calcite

5–20%,
finely to
medium
crystalline,
planar

5–30%,
interparticle,
intraparticle,
intercrystalline,
microvuggy,
moldic, shelter

Trace–
20%,
finely to
coarsely
crystalline
calcite

10–15%,
finely to
medium
crystalline,
planar

15–25%,
interparticle,
microvuggy,
moldic, shelter

0.4–1.54 m
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Photo 27.1. Core photographs of selected lithofacies in the Kwataboahegan Formation, in the Schlievert Lake OGS-83-8D core.
A) Lithofacies 2: skeletal packstone with an in situ tabular stromatoporoid (TS), crinoid fragments (C) and bituminous laminae
(BL) (314.85 m [1033 feet] depth). B) Lithofacies 3: tabulate coral floatstone with Thamnopora fragments (TH), crinoids (C)
and tabular stromatoporoid (TS) in a bituminous micrite matrix (301 m [987.55 feet] depth). C) Lithofacies 4: coral-stromatoporoid
rudstone with Thamnopora (TH) fragments and in situ tabular stromatoporoids (TS) in a crinoid (C) packstone matrix.
Microstylolites (MS) occur at contacts between allochems (293 m [961.3 feet] depth). D) Lithofacies 5: bituminous coral
floatstone showing tabulate coral (TC) and rugose coral (R) fragments in a skeletal wackestone matrix (M). Bituminous laminae
(B) are present in the lower half of the photo (280.36 m [919.8 feet] depth). The large black arrow at the top of each photo
indicates the top of the drill core.

27-9

Earth Resources and Geoscience Mapping Section (27)

M. Braun et al.

GLOBAL CORRELATIONS
Some of the stratigraphic trends in δ13C values reported in this study appear to be broadly correlative
with excursions recorded in the composite Devonian δ13C curves based on global data sets (see Figure
27.6) (Buggisch and Joachimski 2006; Becker, Gradstein and Hammer 2012), suggesting that Lower to
Middle Devonian strata in the Moose River Basin have recorded signals of global-scale events, such as
eustatic sea-level and faunal changes. Global δ13C events that appear to be recorded in the Moose River
Basin cores (see Figure 27.6) include the Klonk isotope event at the Silurian–Devonian boundary and the
negative δ13C shift related to the Basal Zlichov Event in the early Emsian (Buggisch and Mann 2004;
Buggisch and Joachimski 2006). The latter is herein referred to as the Basal Zlichov isotope event.
The positive shift in δ13C values across the contact between the middle and upper Kenogami River
Formation members appears to correspond to the Klonk isotope event. This event is a prominent δ13C
positive excursion reported in various localities in Europe and North America (Saltzman 2002; Buggisch
and Mann 2004; Buggisch and Joachimski 2006), as well as in Australia (Andrew et al. 1994). The
amplitude of the δ13C excursion is up to 4.0‰ in Europe and up to 5.0‰ in North America (Buggisch and
Mann 2004). This isotopic event corresponds to a significant faunal boundary, referred to as the Klonk
Event, that defines the Silurian–Devonian boundary (summarized by House 2002). Proposed explanations
for the carbon isotope excursion include subaerial exposure and erosion of Silurian carbonate platforms,
along with increased nutrient input and elevated organic productivity caused by weathering and erosion of
the Caledonian Orogen (Saltzman 2002). The influence of eustatic sea-level change is unclear, as several
European sections are interpreted to reflect sea-level rise, whereas North American sections are
interpreted to represent sea-level fall (Saltzman 2002; Buggisch and Mann 2004).
Recognition of the Klonk Event in the Moose River Basin has several important implications. The
Silurian–Devonian boundary within the basin had been previously reported as being within the middle
member of the Kenogami River Formation, based on palynological work by McGregor and Camfield
(1976). The position of the Klonk Event, as identified in this study, indicates that the Silurian–Devonian

Photo 27.1, continued. Core photographs of selected lithofacies in the Kwataboahegan Formation, in the Schlievert Lake OGS-83-8D
core. E) Lithofacies 6: skeletal wackestone showing abundant crinoid (C) fragments. Chalky lime mudstone (LM) lenses have minor
concentrations of pyrite (P) (278.9 m [915 feet] depth). F) Lithofacies 7: tabular stromatoporoid (TS) bindstone with a bituminous
matrix (B) (272.4 m [893.7 feet] depth). The large black arrow at the top of each photo indicates the top of the drill core.
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Figure 27.6. Devonian chemostratigraphic cross section across the Moose River Basin using δ13C isotope profiles of Schlievert Lake OGS-83-8D, Sandbank Lake No. 1,
Onakwahegan No. 2 and CR-78-08 cores. The δ13C isotope profile for Schlievert Lake OGS-83-8D is from Braun (2016). Profiles for the latter 3 cores are from Chow and
Armstrong (2015). Red arrows indicate positive shift of Klonk isotope event. Blue arrows indicate negative shift related to the Basal Zlichov isotope event. Abbreviations:
Fm, Formation; M.I., Murray Island; W.I., Williams Island. Carbon isotopic data are reported as per mil (‰) Vienna Pee Dee belemnite (VPDB) standard.
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boundary is close to the contact between the middle and upper Kenogami River Formation members.
Furthermore, the transition from red beds of the lower member to peritidal carbonate facies of the upper
member indicates a transgression. This transition is in contrast to other reported sections in North
America where regression marks the Silurian–Devonian boundary interval (Saltzman 2002; Buggisch and
Mann 2004). This discrepancy with other North American sections may be a result of the apparent
continuous deposition across the boundary in the Moose River Basin (i.e., conformable contact between
the middle and upper members of the Kenogami River Formation) as compared to at least some North
American sections with missing stratigraphy at the boundary.
The negative δ13C shift observed in the lower part of the Stooping River Formation in Sandbank Lake
No. 1 and the corresponding negative shift above the enigmatic lower Stooping River Formation unit in
Schlievert Lake OGS 83-8D appear to correspond to the Basal Zlichov isotope event (see Figure 27.6).
This isotope event may be related to the lower Emsian Basal Zlichov Event documented in central Europe
(Buggisch and Joachimski 2006), which is characterized by gradual faunal changes associated with
evidence for sea-level rise (summarized by House 2002). Correlations of the δ13C data between sections
in Europe have been challenging because of lithostratigraphic and biostratigraphic problems (Buggisch
and Mann 2004).
In the Moose River Basin, the Basal Zlichov isotope event is associated with the transition from
sandstone and sandy carbonate facies of the basal Stooping River Formation (or lower Stooping River
unit) into fossiliferous carbonate facies of the overlying Stooping River Formation. This facies transition
represents a transgression and supports the interpretation of eustatic sea-level rise as a possible
explanation for this δ13C shift.
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INTRODUCTION
In 2008, Natural Resources Canada initiated the Geo-Mapping for Energy and Minerals (GEM)
program designed to provide more modern geoscience data to better evaluate energy and mineral
resources in Canada’s Far North. One of the GEM projects focussed on re-evaluating the hydrocarbon
resource potential of the Hudson Bay Platform. This five-year project produced a number of publications
on several topics, including modern geophysical studies of the basin-fill and basement structure in the
offshore (Pinet et al. 2013), re-evaluation of thermal maturity of various source rocks (Lavoie et al. 2015),
refining stratigraphic correlations between Ontario and Manitoba (e.g., Lavoie et al. 2013) and reevaluating the biostratigraphy of the basin-fill (Zhang 2008; Hu and Dietrich 2012). A summary of this
work is provided by Lavoie et al. (2013). In 2013, the Hudson–Ungava Project was initiated as part of the
second phase of GEM (GEM-2), with the overall objective of developing a refined understanding of the
evolution of the Hudson Bay Basin (HBB). The Moose River Basin (MRB) is considered a satellite basin
of the HBB, and its Ordovician stratigraphic nomenclature is based on stratigraphy of the HBB established
by Nelson (1964) from outcrops in northern Manitoba. There are broad lithostratigraphic similarities
between the 2 basins, but significant differences include the thicknesses of some units and missing
stratigraphic units in the MRB (Sanford and Grant 1990; Armstrong 2012; Turner and Armstrong 2015).
To date, only large-scale sequence stratigraphic interpretations have been made in the HBB (e.g.,
Hamblin 2008; Pinet et al. 2013). Largely based on offshore seismic data, Pinet et al. (2013) subdivided
the entire basin-fill of the offshore Hudson Bay Basin into 5 sequences separated by major unconformities.
Pinet et al. (2013) grouped all of the Upper Ordovician strata into Sequence 1, which contains
2 subsequences (1a and 1b). Sequence 1a (Bad Cache Rapids Group to Churchill River Group) records
deposition in a broad basin that may have been connected to the Caledonian foreland basin and other
Ordovician basins. Sequence 1b consists of the Red Head Rapids Formation and records deposition in a
broad, confined basin and is truncated by an unconformity at the Ordovician–Silurian boundary. Faults
may have been syndepositionally active during the Late Ordovician (Pinet et al. 2013; Lavoie et al. 2015).
One study on the Silurian onshore sedimentary rocks in northern Ontario subdivided the Silurian
section into higher order sequences and parasequences (Suchy 1992). To date, there has been no attempt
to subdivide the Ordovician section into higher order sequences despite documented cyclicity in some
parts of the Upper Ordovician stratigraphy (Red Head Rapids Formation; Armstrong et al. 2013). During
the Late Ordovician, the HBB and MRB record deposition in a ramp-like epicratonic basin that was
Summary of Field Work and Other Activities 2016,
Ontario Geological Survey, Open File Report 6323, p.28-1 to 28-10.
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probably connected to a broader carbonate platform that covered much of Laurentia. Defining sequence
stratigraphic packages in such broad sedimentary basins is difficult, because of a lack of shelf-slope
geometries and a generally gentle slope basinward. Interpretations of the onshore HBB and MRB are
further hampered by a lack of data, which are limited to widely spaced exploration drill holes that
preclude certainty in correlation. Although there are outcrop data points in this region, they generally
offer limited stratigraphic coverage and uncertain stratigraphic placement.
There are several gaps in knowledge with respect to the Ordovician part of the stratigraphy in both
the HBB and the MRB, including
•

a lack of detailed understanding of the depositional environments in the HBB and the MRB;

•

a lack of understanding in how closely related the depositional histories of the HBB and MRB
were, and whether the basins were fully connected throughout their histories;

•

a lack of understanding of how the stratigraphy of each basin related to global events such as
the Late Ordovician Hirnantian glaciation or the Taconic orogeny.

The objectives of this project, funded by GEM-2 and supported in-kind by the Ontario Geological
Survey and Manitoba Geological Survey, are
1.

to determine the cause of a problematic regional history of Ordovician deposition and nondeposition in the Hudson Bay and Moose River Basins;

2.

to explain and predict the distribution of possible source rocks (i.e., the Boas River Formation);

3.

to support the development of a robust Ordovician stratigraphic architecture for the Hudson
Platform.

This article presents the results of 2016 core logging and includes descriptions of the Upper
Ordovician lithostratigraphy in the HBB and MRB, as well as preliminary interpretations about the
depositional environments and possible transgressive–regressive cycles, and a discussion of follow-up
work. Results presented herein are preliminary, based primarily on drill-core evidence, and are subject to
change based on geochemical results and further petrographic work.

GEOLOGIC SETTING
The Hudson Platform is the largest Phanerozoic basin in North America, covering 971 250 km2
(Norris 1993), and contains up to 2500 m of sedimentary rocks. The Hudson Platform encompasses the
Hudson Bay Basin, which is the largest of the sub-basins, as well as the smaller Moose River Basin
(Ontario), Foxe Basin (Nunavut) and Hudson Straight (Nunavut). At various intervals through the
geological history of the Hudson Platform, these sub-basins alternated between being part of a vast
undifferentiated platform, and exhibiting discrete depocentres (Sanford 1987). Although the Hudson Bay
Basin is the largest intracratonic basin in North America, it is relatively poorly understood because of its
remote location (over 600 000 km2 of the basin is covered by water) and the prevailing idea that it lacked
any economically viable resources (Norris 1993; Lavoie et al. 2013). The Hudson Platform is segregated
into sub-basins by broad positive basement elements that were variably tectonically active through the
depositional history of the basin. The HBB contains up to 2500 m of upper Ordovician to Devonian strata,
whereas the MRB contains up to 500 m of Upper Ordovician to Devonian strata (Johnson et al. 1992).
A detailed overview of the current state of knowledge in the HBB and MRB can be found in Lavoie et al.
(2013).
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METHODS
Thirteen cores were logged and sampled for this study, 12 previously logged cores (9 from Ontario,
3 from Manitoba) and 1 unlogged core (Ontario) (see Figure 28.1; Table 28.1). During the GEM-2–
sponsored field excursion to the Churchill area of northern Manitoba in 2015 (Nicolas and Young 2015),
type sections of Ordovician formations were examined and sampled for isotopic analysis. The intent is to
compare these type sections with the inferred equivalents in cores from Manitoba and Ontario.
Lithologic descriptions are augmented by petrographic descriptions of thin sections collected in
previous years. Representative samples of all lithofacies have been collected for further petrographic
analysis. Over 450 samples have been collected and submitted for stable carbon and oxygen isotope
analyses. Samples have also been prepared for X-ray diffraction (XRD), X-ray fluorescence (XRF),
scanning electron microscopic (SEM) and laser ablation inductively coupled plasma mass spectrometric
(LA-ICP–MS) analyses, all to be completed in the fall of 2016.

Figure 28.1. Locations of cores and outcrops examined for this study. Inset map shows the Hudson Platform with its tectonic
elements (modified from Pinet et al. 2013). Specific locations of cores and outcrops are provided in Table 28.1. Geology from
Huot-Vézina et al. (2013). Abbreviations: AP, Arctic Platform; App, Appalachians; BBA, Booth–Bell Arch; Cam, Cambrian;
Carb, Carboniferous; Cen, Cenozoic; CHMA, Cape Henrietta-Maria Arch; Dev, Devonian; FB, Foxe Basin; HBB, Hudson Bay
Basin; HSB, Hudson Straight Basin; IP, Interior Platform; Mes, Mesozoic; MRB, Moose River Basin; Perm, Permian; Pre C,
Precambrian; SLP, St. Lawrence Platform.
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Table 28.1. List of cores and outcrops examined and sampled for this study. Outcrop locations (Stops 1 to 5) are from Nicolas
and Young (2015).
Core or Outcrop Name
KWG–Spider DR-94-10
KWG–Spider DR-94-19
KWG–Spider DR-95-27
Buffalo Skin River 1
Pym #4
Wabimeg DH 2
Inco–Winisk 49212
Inco–Winisk 49204
Prospection 79-1D-1
Prospection 78-1B-3
Aquitaine Sogepet et al. Pen No. 1
Sogepet Aquitaine Kaskattama Prov. No. 1
Houston Oils et al. Comeault Prov. No.1
Arctic Star Diamond Corp ADD-06-01
Stop 1 Portage Chute Formation
Stop 2 Surprise Creek Formation
Stop 3 Chasm Creek Formation
Stop 4 Chasm Creek Formation
Stop 5 Red Head Rapids Formation

Type
Core
Core
Core
Core
Core
Core
Core
Core
Core
Core
Core
Core
Core
Core
Outcrop
Outcrop
Outcrop
Outcrop
Outcrop

Basin and
Location
MRB–Ontario
MRB–Ontario
MRB–Ontario
MRB–Ontario
MRB–Ontario
MRB–Ontario
HBB–Ontario
HBB–Ontario
HBB–Ontario
HBB–Ontario
HBB–Ontario
HBB–Manitoba
HBB–Manitoba
HBB–Manitoba
HBB–Manitoba
HBB–Manitoba
HBB–Manitoba
HBB–Manitoba
HBB–Manitoba

UTM
UTM
Easting (m) Northing (m)
608882
5788342
668109
5833947
605499
5832171
557524
5733570
549630
5791053
600296
5723347
467110
6039872
497448
6017656
613039
6060476
613831
6059492
392508
6291237
671277
6328360
627674
6282230
491537
6250769
365417
6412418
382828
6426687
386114
6430316
398962
6441662
410616
6447083

UTM
Zone
16
16
16
16
16
16
16
16
16
16
16
15
15
15
15
15
15
15
15

Universal Transverse Mercator (UTM) co-ordinates provided using North American Datum 1983 (NAD83).
Abbreviations: HBB, Hudson Bay Basin; MRB, Moose River Basin.

LITHOSTRATIGRAPHY
The Upper Ordovician stratigraphy of the Hudson Bay Basin was established by Nelson (1964) in
the Churchill River and Nelson River area of Manitoba. The succession consists of, in ascending order:
the Bad Cache Rapids Group, the Churchill River Group and the Red Head Rapids Formation.
Correlation of at least some of these units into the Moose River Basin in Ontario was suggested by
Sanford and Grant (1990) and by Armstrong et al. (2013). In Manitoba, the Bad Cache Rapids Group
contains the Portage Chute Formation and the Surprise Creek Formation. Armstrong (2012) and
Armstrong et al. (2013) proposed reassignment of the Surprise Creek Formation to the overlying
Churchill River Group, although subsequently stated that it should remain in the Bad Cache Rapids
Group (Armstrong 2015; Turner and Armstrong 2015). In Ontario, the Boas River Formation was placed
between the Bad Cache Rapids and Churchill River groups (Sanford and Grant 1990, 1998; Armstrong
and Lavoie 2010a, 2010b). Preliminary results of this study suggest that this unit is part of the Bad Cache
Rapids Formation (see below). This report follows the terminology of Armstrong (2015) (Figure 28.2).
The Portage Chute Formation contains 2 members, and is described as a transgressive basal
sandstone (Member 1: Nelson 1964) overlain by a relatively monotonous package of nodular, slightly
dolomitic and fossil-rich limestone (Member 2: Nelson 1964). In both the MRB and HBB, there are
distinct packages of lithofacies with subtle differences that may represent 2 distinct intervals of relative
sea-level rise during deposition of the Portage Chute Formation.
In the MRB, member 1 of the Portage Chute Formation consists of 1 to 6 m of argillaceous sandstone.
This unit is gradationally overlain by fossiliferous dolostone of member 2, which is up to 22 m thick in
the MRB. The contact between the 2 members is marked by an upward decrease in the abundance of
quartz grains in the dolostone of the basal 2 m of member 2. The lowermost 3.5 m of member 2 consists
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of fossiliferous dolowackestone with abundant pyrite-rimmed, Chondrites-like burrows. The upper 2 m of
this burrowed interval contain well-developed hardgrounds that are pyrite and/or phosphate impregnated
(Photo 28.1A). At least 5 hardgrounds are present in this interval in multiple drill holes over large
distances in the MRB, suggesting that they are probably laterally extensive and may represent important
events in the local sea-level history (e.g., multiple flooding surfaces?). Above the hardground-bearing
interval is burrowed dolowackestone to packstone that contains stromatoporids, corals and dasyclad algae.
In general, dasyclads are associated with water depths of 5 to 10 m (Wray 1977), and this interval may
represent a shallower-water setting than the hardground-bearing interval. Above the dasyclad-bearing
interval is another interval containing hardgrounds and Chrondrites-like burrows. In some drill cores, the
second hardground-bearing interval is argillaceous and has a nodular texture. This package grades upward
into wackestone to mudstone with a restricted ostracod-dominated fauna, which indicates probable
shallowing (or increased restriction) toward the top of this formation.
In the HBB, Portage Chute Formation lithofacies are slightly different from the Portage Chute
Formation lithofacies in the MRB. In general, stratigraphic units in the HBB are thicker than those in the
MRB, except for member 1, which has similar thickness to that in the MRB. In the HBB, member 2

Figure 28.2. Paleozoic and Mesozoic stratigraphy of the Hudson Bay and Moose River basins (after Armstrong 2015; and
Turner and Armstrong 2015). Dashed lines indicate the presence of unconformities, the duration of which is unknown.
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Photo 28.1. Core photographs of some typical lithofacies from the Moose River and Hudson Bay basins. All photos are oriented
with stratigraphic top in the top left corner. White scale bar in all photographs is 5 cm long. A) Typical Chondrites-like burrows
(white arrow) in a hardground-bearing interval in the Bad Cache Rapids Group in the Moose River Basin (drill core KWG–
Spider DR-95-27; hardground (white box) at 118 m depth below surface). B) Crinoid-bearing packstone in the upper part of the
Bad Cache Rapids Group in the Hudson Bay Basin (Aquitaine Sogepet et al. Pen No. 1; field of view from 979.32 to 985.42 m).
C) Breccia-capped cycles (white boxes) in the Surprise Creek Formation in the Hudson Bay Basin (Aquitaine Sogepet et al. Pen
No. 1; field of view from 921.41 to 927.20 m). D) Typical lithofacies of the Surprise Creek Formation in the Moose River Basin
(KWG–Spider DR-95-27, core at top left is from 86 m depth below surface). E) Anhydrite-bearing (dark grey anhydrite), green
argillaceous dolostone-capped cycle in the Red Head Rapids Formation of the Hudson Bay Basin (Aquitaine Sogepet et al. Pen
No. 1; field of view from 824.79 to 830.28 m). F) Typical lithofacies of the Red Head Rapids Formation in the Moose River
Basin (KWG–Spider DR-95-27; field of view approximately 65 to 68 m below surface).

28-6

Earth Resources and Geoscience Mapping Section (28)

K.E. Hahn et al.

contains roughly 5 distinct units (informally named units 1 to 5 in this report for simplicity). Unit 1 of
member 2, approximately 5 m thick, is a burrowed skeletal wackestone to packstone and contains
3 probable hardgrounds in the lower 3 m. The hardgrounds are defined by an irregular surface
impregnated with pyrite, but none of the hardgrounds in the HBB are as well developed as those in the
MRB. Unit 2 is approximately 25 m thick and consists of burrowed wackestone to packstone that contains
dasyclad algae. This unit is gradationally overlain by unit 3, which is approximately 12 m thick. Unit 3 is
an extremely nodular, argillaceous crinoid packstone that lacks dasyclad algae (Photo 28.1B). Unit 4
(approximately 12 m thick) gradationally overlies unit 3 and consists of burrowed wackestone to
packstone containing dasyclad algae, in addition to corals and stromatoporids. This unit is gradationally
overlain by unit 5, approximately 17 m of skeletal wackestone to packstone that gradually becomes more
dolomitic up-section. The facies succession through the Portage Chute Formation in the HBB appears to
record 2 deepening and shallowing intervals: deepening through unit 1, shallowing in unit 2, deepening
through unit 3, then shallowing through units 4 and 5. Further detailed lithofacies analysis is required to
confirm this tentative interpretation.
In 2 drill holes located near the southern margin of the HBB (the INCO–Winisk cores; see Table 28.1;
see Figure 28.1), the Boas River Formation is part of member 2 of the Portage Chute Formation (see
Figure 28.2). At these locations, the succession of units in the Portage Chute Formation are similar to
those in the other HBB cores: the lowest part of the section is burrowed fossiliferous wackestone to
packstone with hardgrounds (unit 1) and continues up-section into burrowed wackestone and packstone
(unit 2). In the INCO–Winisk cores, the crinoid-bearing argillaceous nodular packstone interval (equivalent
to unit 3) contains phosphatized bioclasts and passes gradationally up-section into the organic-rich Boas
River Formation limestone. The Boas River Formation contains interstratified laminated organic-rich
limestone and organic-poor limestone. Ostracod fragments are common throughout. This formation was
previously interpreted to record deep-water deposition (St. Jean 2012). If the Boas River Formation is
temporally related to unit 3 of the Portage Chute Formation (tentatively interpreted as deposited in deeper
water than unit 2), then the deep-water interpretation for the Boas River Formation fits into the
depositional history of the Portage Chute Formation. Units 4 and 5 are present in the INCO–Winisk cores,
but they are much thinner and, in unit 5, there are beds (~10 cm) of crinoid grainstone near the contact
with the Surprise Creek Formation.
The uppermost unit of the Bad Cache Rapids Group, the Surprise Creek Formation, conformably
overlies the Portage Chute Formation in both the HBB and MRB (see Figure 28.2). In the HBB, subtle
breccia-capped cycles are present in the Surprise Creek Formation. Cycles roughly go from dolomudstone
to gypsum to intraclastic breccia and range in thickness from 2 to 14 m (Photo 28.1C). These cycles
appear to be laterally extensive in the more basinal setting, with similar cycles present in both Aquitaine
Sogepet et al. Pen No. 1 and Houston Oils et al. Comeault Prov. No.1 (>100 km apart). In drill holes that
are closer to paleotopographic highs or the paleoshoreline, such as the INCO–Winisk cores (Ontario) and
Arctic Star Diamond Corp ADD-06-01 (Manitoba), the cycles are slightly different: burrowed
dolomudstone to laminated dolomudstone to massive dolomudstone. In total, 3 cycles are present in the
Surprise Creek Formation in the HBB.
In the MRB, cycles are not as well developed in the Surprise Creek Formation (Photo 28.1D). The
lithofacies association in the MRB is much more variable, and significant accumulations of sandstone
(>1 m) are present at some locations. Lateral changes in lithofacies are more abundant. The depositional
environment in the MRB was probably a landward equivalent of contemporaneous sedimentation in the
HBB.
The Churchill River Group overlies the Bad Cache Rapids Group and contains, in ascending order,
the Caution Creek and Chasm Creek formations (see Figure 28.2). The Caution Creek and Chasm Creek
formations in the HBB contain very similar lithofacies to those of the Bad Cache Rapids Group. In the
Caution Creek Formation, there are several well-developed hardgrounds near the base of the formation
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that are impregnated with pyrite, as well as abundant pyrite-rimmed Chondrites-like burrows. There are
no obvious cycles in either the Caution Creek or Chasm Creek formation, but a gradual transition from
fossiliferous burrowed wackestone to dolomitic wackestone. Near the base of the Caution Creek
Formation, there are skeletal packstone beds, probably reflecting storm deposition.
In the MRB, there is no lithofacies equivalent of the Caution Creek and Chasm Creek formations.
The upper part of the Surprise Creek Formation may record contemporaneous deposition at an extremely
slow sedimentation rate. No obvious subaerial exposure surface is present between the Surprise Creek and
Red Head Rapids formations in the MRB, but comparison of the stable carbon isotope chemostratigraphy
between the MRB and HBB indicates that a significant stratigraphic interval may be missing in the MRB
(Turner and Armstrong 2015).
In the HBB, the Red Head Rapids Formation contains 5 very well-developed cycles, from burrowed
dolomudstone with rare skeletal particles to dolomudstone to evaporites (mostly anhydrite with 1
occurrence of halite) to argillaceous dolostone (Armstrong et al. 2013; Lavoie et al. 2013; this study).
These cycles are present in the HBB drill cores from Ontario and Manitoba (Photo 28.1E).
The Red Head Rapids Formation in the MRB contains significantly different lithofacies than in the
HBB (Photo 28.1F). In the MRB, it contains a mixture of dolomudstone, argillaceous dolomudstone,
sandstone, fossil-bearing dolomudstone and siliciclastic siltstone. Intraclastic dolostone beds are common
in the Red Head Rapids Formation. This formation’s characteristics and thickness vary laterally between
drill holes, making detailed correlations difficult. It is currently not well understood whether the contact
between the Red Head Rapids Formation and the underlying Surprise Creek Formation is conformable,
but Ratcliffe and Armstrong (2013) report a breccia (suggesting unconformity) at the contact.

DISCUSSION AND FUTURE WORK
The Moose River Basin and Hudson Bay Basin contain Katian to Hirnantian (Upper Ordovician)
strata (Demski et al 2015; Turner and Armstrong 2015). These ages are based on biostratigraphy
(conodonts, chitinozoans and macrofossils) and on the identification of the Hirnantian isotopic carbon
excursion (or “HICE”) (i.e., Demski et al. 2015; Turner and Armstrong 2015). The Hirnantian experienced
several pulses of glaciation, which have been identified geochemically (e.g., Holmden et al. 2013) and by
using sequence stratigraphy in basins that are contemporaneous with the HBB and MRB. Sea-level
changes and glacial oscillations have been successfully identified in other intracratonic basins using novel
isotopic systems (neodymium isotopes on carbonates, strontium isotopes). These methods require large
sample sets (similar scale to carbon isotope stratigraphy) and are costly (~$400/sample). A preliminary
assessment of strontium isotopes in this stratigraphy found that both the Red Head Rapids and Surprise
Creek formations deviate strongly from the global isotopic curve, probably reflecting basin restriction,
which matches the proposed paleo-environment for those formations (Turner and Armstrong 2015).
Preliminary analysis of oxygen isotopes on bulk carbonate in the HBB and MRB sample set (this
study) suggest that primary oxygen isotope signatures may be preserved in some drill core. The oxygen
isotope profiles will be compared to the sequence stratigraphic interpretations in an attempt to define
cycles related to either water temperature or degree of restriction. Stable carbon isotopes are more robust
than oxygen isotopes through diagenesis and have already been used in the HBB for correlation to the
global carbon isotope curve (Demski et al. 2015; Turner and Armstrong 2015). Stable carbon isotopes
will be integrated into the sequence stratigraphic framework to establish a protocol for intrabasinal
correlations when the carbon isotopic curve differs from the global curve.
The Red Head Rapids Formation of the HBB contains well-developed metre-scale cycles that
probably correlate to well-known Late Ordovician sea-level changes. Turner and Armstrong (2015)
suggest that differences in the stratigraphy of the HBB and MRB are related to differing subsidence rates,
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possibly as a result of far-field tectonic effects of the Taconic orogeny. This project aims to produce a
more robust geological history of the HBB and MRB by integrating detailed sedimentologic analysis
(sequence stratigraphy) with geochemistry to assess the various basin-controlling factors, such as global
sea-level changes, related to global events, such as glaciations, as well as local tectonic affects that may
have influenced the histories of the basins.
Work will continue on this project through the fall of 2016, with at least 1 journal article planned to
be submitted in early 2017. The sequence stratigraphic framework will be formally established through
further petrographic analysis and refinement of lithostratigraphic correlations. This work will be
complemented by evaporite and clay mineralogy analysis to identify possible non-marine depositional
settings in the MRB, as well as in situ major and minor element analysis of carbonates and evaporite
minerals to test the degree and extent of basin restriction.
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INTRODUCTION
In southern Ontario, Paleozoic sedimentary bedrock aquifers, variably karstic in character, are the
sole water source for many municipalities and rural homeowners in areas of thin or low permeability drift
(Brunton 2009; Brunton and Piersol 2009). The recent characterization and modelling of groundwater in
the Phanerozoic strata of southern Ontario for source water protection has improved our understanding of
many of these aquifer systems at the watershed or subwatershed scales (see Ministry of the Environment
and Climate Change, Source Protection, www.ontario.ca/page/source-protection). Beyond the watershed
scale, characterization of entire stratigraphic units that host fresh groundwater resources has not been
conducted. One of the objectives of the Ontario Geological Survey (OGS) Groundwater Geoscience
Initiative is to map regional-scale groundwater flow systems in the Paleozoic sedimentary strata of
southern Ontario. To achieve this objective, the OGS conducts three-dimensional (3-D) sedimentary
bedrock mapping activities in conjunction with hydrogeological field activities. The integrated geological
and hydrogeological approach provides insight into the geological controls on groundwater flow and
hydrochemistry (see summary of methods in Brunton et al. 2007; Brunton 2008; Priebe, Neville and
Brunton 2015; Priebe and Lee 2016). The study area that is the subject of this report comprises the Early
Silurian carbonates of the Niagara Escarpment, and is the first study of its kind conducted by the OGS.
Bedrock mapping activities in the Early Silurian carbonates of the Niagara Escarpment have been
completed; the mapping products and descriptive sequence stratigraphic framework for the study area will
be provided in a forthcoming study by F.R. Brunton and C. Brintnell. The past several years of bedrock
mapping and hydrogeological characterization show that most regional-scale groundwater-flow zones
coincide with sequence stratigraphic boundaries, demonstrating the utility of the sequence stratigraphic
approach to groundwater-flow system characterization (Brunton et al. 2007; Brunton 2009; F.R. Brunton
and C. Brintnell, unpublished data, 2016). The collection of hydrogeological information related to
bedrock mapping activities began in 2011 with 12 multi-depth groundwater monitoring wells, across the
study area, that were constructed with the Flexible Liner Underground Technologies LLC (FLUTe™)
technology. Each multi-depth monitoring well contains 3 to 5 ports designed for both groundwater
sampling and water-level monitoring. These wells were sampled in 2011 and 2012 (Lee et al. 2011;
Priebe, Brunton and Lee 2012; Priebe and Lee 2016). Groundwater hydrochemical data, and details of
FLUTe™ well geometries and stratigraphy at each well location, are provided by Priebe and Lee (2016).
The review of the hydrogeological data within a sequence stratigraphic framework demonstrated that
targeted field work was required to support the final groundwater system characterization. Field work,
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consisting of groundwater sampling and water-level data collection, was conducted in July and August of
2016, and was designed to achieve 3 objectives, each focussing on filling specific data gaps in the study area:
1.

collect additional water-level measurements to improve estimates of groundwater-flow direction;

2.

conduct infill sampling in key areas to better constrain recharge area boundaries;

3.

collect groundwater samples for isotope tracer analyses that will provide evidence regarding
groundwater-flow zone continuity.

STUDY AREA
The 8000 km2 study area is bounded in the north by the tip of the Bruce Peninsula, to the east by the
erosional edge of the Niagara Escarpment cuesta, to the south by the cut-down of key strata in the Clinton
and Lockport groups, formerly referred to as the Algonquin Arch (Brunton et al. 2012), and to the west by
the subcropping of the younger strata of the Silurian Salina Group (Figure 29.1). The study area boundary
contains the freshwater portion of the Lockport Group stacked carbonates. The Lockport Group consists
of the following stratigraphic formations in ascending order: Gasport, Goat Island, Eramosa and Guelph
formations (Brunton 2009; Brunton and Brintnell 2011; Brunton et al. 2012). This nomenclature has
evolved from the descriptions outlined by Johnson et al. (1992) to incorporate revisions of Early Silurian
stratigraphy from New York and southern Ontario described by Brett et al. (1995), and the global
integration of Silurian strata with the Midcontinent region of North America by Cramer et al. (2011).
The most significant change to the Early Silurian stratigraphic nomenclature in the study area and across
Southern Ontario is the adoption of Lockport Group to include the Eramosa and Guelph formations
(see discussions in Brunton and Brintnell 2011; Brunton et al. 2012). The Lockport Group formations
comprise the aquifers that supply water to many cities, such as Guelph and Cambridge, to many rural
towns, such as Shelburne and Flesherton, and to tens of thousands of private domestic well owners.
Although the significance of the groundwater resources in the study area carbonates have been discussed
for decades (e.g., Funk 1979; Sibul, Walmsley and Szudy 1980; MacRitchie et al. 1994; Singer et al. 2003),
no attempt had been made prior to this OGS study to understand the geological control on regional-scale
groundwater systems (Brunton et al. 2007; Brunton 2008).

2016 FIELD ACTIVITIES
A total of 67 groundwater samples were collected from 36 stations during the summer 2016 field
season (see Figure 29.1). The stations consist of 12 FLUTe™ multi-depth monitoring wells, with 3 to 6
sampling ports each, 5 Provincial Groundwater Monitoring Network wells and 20 domestic water wells.
The stations sampled and monitored were selected to fill in data gaps and to help constrain the initial
predictions of groundwater flow direction made from water level and chemistry data collected from the
vertically detailed, yet sparsely located, network of FLUTe™ multi-depth monitoring wells. The selection
of domestic bedrock wells as sampling points was made based on location, well type and quality. Newer
wells (drilled in the past 10 years) and deep bedrock wells (more than 15 m into bedrock) were favoured.
Domestic water-well information was acquired from the Ministry of Environment and Climate Change
water-well records database.
The OGS Ambient Groundwater Geochemistry Program (AGGP) protocols for the collection,
holding times and preservation of groundwater samples were employed for this field work (see Hamilton
and Brauneder 2008). Field parameters, consisting of pH, oxidation–reduction potential (ORP), electrical
conductivity, dissolved oxygen and temperature, were recorded prior to the collection of each sample;
sampling was carried out once field parameters had stabilized. A field quality assurance–quality control
(QA–QC) program was undertaken to support an evaluation of analytical accuracy and precision. The
QA–QC program consisted of the collection of 1 blank, 4 duplicate pairs and 6 standards, representing
15% of the total number of samples submitted for analysis.
29-2

Earth Resources and Geoscience Mapping Section (29)

E.H. Priebe and F.R. Brunton

Figure 29.1. The locations of the 2016 groundwater sampling and water-level measurements are shown, overlain on the Paleozoic
bedrock geology (from Armstrong and Dodge 2007). Three different types of wells were sampled and each type is represented
with a different symbol: 1) the 12 FLUTe™ multi-depth monitoring wells are indicated by a red dot with the label “DDH”;
2) the 5 Provincial Groundwater Monitoring Network (PGMN) wells are indicated by a red pentagon with the label “W”; and
3) the 20 domestic water wells are indicated by a red triangle (without accompanying label). The study area boundary,
encompassing the Niagara Escarpment north of Hamilton, is represented by the black line. Universal Transverse Mercator (UTM)
co-ordinates provided using North American Datum 1983 (NAD83) in Zone 17.
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Groundwater samples were collected for the same suite of hydrochemical parameters, described by
Priebe and Lee (2016), including major anions, metals, nutrients and bacteria. A description of the
analytical methods employed for these analyses are also provided by Priebe and Lee (2016). In addition to
the standard suite of hydrochemical parameters just mentioned, groundwater samples were also collected
for several isotope tracers. Isotope tracers can provide valuable insight into recharge timing, water–rock
interaction, cross-formational flow and flow-zone continuity. In particular, in large and sparsely
monitored study areas such as this one, isotope tracers can provide evidence of groundwater flow
dynamics between monitoring points. For this study, groundwater samples were collected to analyze the
water isotopes (tritium, deuterium and oxygen-18) and strontium isotope ratios (87Sr/86Sr). Water isotope
analyses were conducted to delineate the recharge boundaries and to better understand recharge timing, as
described by Clark and Fritz (1997). Groundwater samples were collected for strontium isotopes to
investigate water–rock interaction and to support predictions of cross-formational flow. Strontium isotope
ratios have been demonstrated to be effective tools for this kind of characterization (e.g., see Bullen,
Krabbenhoft and Kendall (1996) or Xie et al. (2013)). Strontium isotope ratios for groundwater will be
evaluated with regard to the strontium isotopes in rock that were collected from 2 Lockport Group cores
from the centre of the study area. Results from whole-rock analyses for strontium isotopes show Lockport
Group formation-level excursions in ratios that should be traceable in groundwater. Additional context for
the interpretation of strontium isotopes will be taken from the regional study by Hobbs et al. (2011), who
compiled and interpreted isotope data for the Paleozoic stratigraphy of the Michigan Basin.

PRELIMINARY MODEL OF STUDY AREA GROUNDWATER-FLOW
SYSTEMS
Groundwater Flow in the Guelph Formation
The Guelph Formation is the uppermost formation of the Lockport Group. Discrete hydraulic testing
within the Guelph Formation shows that the most permeable zones are focussed consistently at 3
stratigraphic positions, each representing changes in lithology related to facies changes. Specifically, the
most permeable zones occur at the contacts between the lower reefal complex and overlying lagoonal
facies. Monitoring of water levels between these 3 zones shows that vertical gradients, at each of the
FLUTe™ monitoring wells, are generally downward and rather weak (~0.005). In many areas, the
groundwater-flow zones that immediately underlie the Guelph Formation (Eramosa or Goat Island
formations, depending on location) are confined, with rather strong upward-vertical gradients, suggesting
that the Guelph Formation flow zones are hydraulically distinct from underlying flow zones.
Water-level elevations for the FLUTe™ multi-depth monitoring wells completed only in the Guelph
Formation were used to make a preliminary prediction of groundwater-flow direction (Figure 29.2).
Groundwater-flow direction appears to be radial, corresponding with a topographic high, generally
referred to as the “Dundalk dome”. Although sparse within the large study area, the water-level elevation
measurements (see Figure 29.2) are of excellent quality, with respect to the accuracy of the top of casing
elevation, water level measurement, and the stratigraphic characterization at each location. In 2016,
water-level measurements were taken from additional locations, including domestic water wells,
municipal monitoring wells and provincial groundwater monitoring network wells. These additional
water-level data will be used to improve the reliability of the Guelph Formation potentiometric surface,
and to generate surfaces for each of the formations of the Lockport Group, where possible, once the
locations and stratigraphic positions of the monitoring points have been verified.
The indication that groundwater flow follows a radial pattern in the Guelph Formation (Figure 29.3)
is in partial contrast to the conceptual model of Sharpe et al. (2014), who described the groundwater of
the Guelph Formation and the Lockport Group as being recharged at the outcrop–subcrop belt near the
edge of the Niagara Escarpment, with groundwater flowing westward in the dip direction of the Paleozoic
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Figure 29.2. A preliminary peizometric surface is shown for the Guelph Formation, developed with water-level elevation
measurements taken from the FLUTe™ monitoring wells. The water-level elevations, in metres above sea level (m asl), are
shown next to each monitoring point. The water-level elevation contours and estimated groundwater-flow direction are shown
using dashed lines to communicate that there is uncertainty in this preliminary interpretation. The UTM co-ordinates provided using
NAD83 in Zone 17. Paleozoic bedrock geology from Armstrong and Dodge (2007).
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strata. The Paleozoic strata of southwestern Ontario dip shallowly to the southwest, at about 3.5 to 12 m/km
(Armstrong and Carter 2010). This regional dip developed in the Late Paleozoic as a structural basin
during the accretion of Pangaea (Brunton et al. 2012). The generalized stratigraphic cross section (see
Figure 29.3) shows, from north to south, the thickened Guelph Formation that causes the Dundalk dome,
which is associated with the regional potentiometric high point that causes the radial flow.
The delineation of a general regional groundwater flow field is an essential step in characterizing the
Lockport Group flow systems. However, the influence of local-scale geological heterogeneities associated
with karst features and carbonate facies must also be considered. Such heterogeneities can fragment a
groundwater-flow zone or can connect multiple flow zones. Within the regional flow systems of the
Lockport Group, it is likely that local-scale geological heterogeneities form important recharge and
discharge points. Such local-scale heterogeneities likely consist of karst-enhanced joints, sinkholes,
buried cuestas and valleys or subcrop and outcrop boundaries. Future work will include the iterative
interpretation of isotope tracer and hydrochemical results, within the context of 1) the groundwater flow
field and 2) the evolving geological model, to help develop predictions of the continuity of groundwaterflow zones in the Lockport Group formations.

Hydrochemical Evidence of Rapid Recharge
In 2009 and 2010, the OGS conducted AGGP mapping activities in the Bruce Peninsula and Niagara
Escarpment areas (Hamilton et al. 2011). Two distinct areas of elevated dissolved oxygen (DO) in
groundwater, measured in samples collected from domestic bedrock and overburden–bedrock interface
wells, were delineated by Hamilton et al. (2011). These 2 areas are shown on Figure 29.4 with the DO
measurements taken from groundwater samples collected in 2016 from bedrock wells (domestic and
monitoring wells). Hamilton et al. (2011) suggested that the 2 areas of elevated DO represent areas of

Figure 29.3. Conceptual cross section showing the Paleozoic stratigraphy of the study area from north to south, based on the
geological characterization provided in Brunton and Brintnell (2011) (vertical exaggeration = 10×). The thickest portion of the
Guelph Formation, referred to as the Dundalk dome, represents the highest topographic point of the study area. Note that the
base of Cabot Head Formation, the underlying Manitoulin Formation and the Upper Ordovician strata are not differentiated.
The Cabot Head Formation acts as a regional aquitard through this region of the Niagara Escarpment. Note: in the figure legend,
“bedrock” indicates underlying Ordovician and older Paleozoic strata; “IRM” refers to a grouping of the Irondequoit, Rockway
and Merritton formations.
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rapid recharge, likely into karst-dominated flow systems. These areas of elevated DO in groundwater
represent portions of the Early Silurian carbonates that were also described as “potential” karst areas by
Brunton and Dodge (2008), based on field observations. A comparison of the 2016 DO measurements,
taken from Guelph Formation wells, with the boundaries identified by Hamilton et al. (2011), shows good
correlation. A few areas of elevated DO just outside of the Hamilton et al. (2011) boundaries were
identified in the Luther Lakes area, as well as south-southwest of the Beaver Valley area.
The presence of measurable DO in deep bedrock groundwater systems is generally uncommon
because of its atmospheric origin and rapid reactivity in the subsurface. How far along the groundwater
flow path DO is consumed depends on the quantity and nature of the organic materials and reduced
inorganic species in the subsurface (Hem 1985). Because its absence does not preclude the possibility of
an area being a recharge zone, DO cannot be used in isolation for delineating recharge or karst zones, but
rather should be combined with additional geochemical tracers, as was also suggested by Hamilton et al.
(2011). All of the potential recharge areas identified using DO measurements will be evaluated further
using the still-pending additional hydrochemical and isotopic analytical data results.

SUMMARY
The field work conducted in the summer of 2016 consisted of groundwater sampling and water-level
measurements within the Niagara Escarpment study area. This work was designed to collect the final data
required to complete the characterization of the groundwater systems of the Lockport Group. In general,
infill sampling was conducted to improve the density of sampling locations and a portion of these samples
were collected for isotope tracer analyses to better constrain recharge boundaries and predictions about
flow zone continuity.
Preliminary interpretations made from the 2016 field results include the characterization of
groundwater-flow direction for the uppermost Lockport Group and the Guelph Formation, and the
delineation of recharge areas using DO. The predicted groundwater-flow direction for the Guelph
Formation will be refined as water-level data collected this past summer are evaluated. However, it is not
anticipated that the addition of more data will significantly change the groundwater flow assessment
because it so closely corresponds with the large topographic changes across the study area, in part related
to the Dundalk dome. Groundwater flow-direction estimates will also be made for the other Lockport
Group formations after water level data collected this past summer are evaluated.
A preliminary evaluation of recharge areas was made using DO measurements on groundwater from
the Guelph Formation. These results correspond generally with those reported by Hamilton et al. (2011);
however, a few peripheral areas of elevated DO, identified in the recent data, somewhat modify the extent
of the previously reported areas. The interpretation of the results of isotope tracer and hydrochemical
analyses from the 2016 groundwater sampling will be used to improve the reliability of recharge
boundary delineation.
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Figure 29.4. Dissolved oxygen (DO) measurements, from 2016 field data, for Guelph Formation groundwater are shown as
% saturation and are displayed as red gradational dots. The 2 areas outlining elevated DO in bedrock groundwater sampled from
2009 to 2011 (Hamilton et al. 2011) are shown with thick black lines. The 2 studies show good correlation of findings, with a
few outlying areas identified this summer that will be investigated further. The UTM co-ordinates provided using NAD83 in
Zone 17. Paleozoic bedrock geology from Armstrong and Dodge (2007).
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INTRODUCTION
In 2013, the Ontario Geological Survey (OGS) initiated a three-dimensional (3-D) mapping project,
encompassing the Niagara Peninsula between Port Dover in the southwest, the Regional Municipality of
Waterloo in the northwest and the Niagara River in the east (see Burt 2013, for descriptions of the project
area location and regional setting). As with previous 3-D projects, the goal is to build a 3-D model of
regional-scale Quaternary deposits that form both regional and local aquifers and aquitards.
The 2013 reconnaissance field season focussed on the examination of natural and man-made exposures,
as well as soil probe and hand-auger cores (Burt 2013). A ground-based gravity survey, targeting areas
with predicted buried-bedrock valleys, based largely on water well records, was completed in the fall of
2013 (Ontario Geological Survey 2014). Three shallow seismic lines, ranging from 4.5 to 8.5 km in
length, were acquired by the Geological Survey of Canada (GSC) in 2015 to determine whether multiple
thalwegs exist within the Erigan channel, and to define the lateral extent and geometry of the lower drift
gravel beds observed during the 2014 drilling program. Downhole geophysics were conducted in
7 boreholes located adjacent to the seismic lines to calibrate the seismic data and convert time profiles to
true depths (Burt et al. 2016). The results of the geophysical surveys were used to guide subsequent
drilling and placement of monitoring wells.
A total of 93 continuously cored boreholes, 28 of which have been converted into monitoring wells,
were drilled during the 2014, 2015 and early 2016 field seasons. Preliminary logs for boreholes BH01 to
BH77, as well as descriptions and photos of regional-scale sediment packages, were previously presented
(Burt 2014, 2015). Groundwater sampling and monitoring by the Niagara Peninsula Conservation
Authority and McMaster University is ongoing (Campbell and Burt 2015; McEwan et al. 2015).

CURRENT FIELD ACTIVITIES
Sixteen PQ (8.5 cm inner diameter) continuously cored mud-rotary boreholes, penetrating the
Quaternary sediments and upper 1.5 to 3 m of bedrock, were drilled during the summer of 2016
(Figure 30.1). The locations, depths and monitoring wells for holes drilled in 2016, as well as previously
drilled holes mentioned in this report, are listed in Table 30.1. The 2016 boreholes drilled to date range
from 16.03 to 68.68 m in depth, with a combined drill length of 536.88 m and a project total of 2704.03 m.
The core was logged, photographed at 0.25 m increments and representative intervals sampled in the
field. Samples were collected for particle size analysis (diamicton and stratified sediments), heavy
mineral analysis (diamicton), carbonate content (diamicton and fine-textured stratified sediments) and
pebble counts (diamicton and gravelly stratified sediments). A pocket penetrometer was used to perform
field penetration tests on clay-rich sections of core.
Summary of Field Work and Other Activities 2016,
Ontario Geological Survey, Open File Report 6323, p.30-1 to 30-13.
© Queen’s Printer for Ontario, 2016
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Figure 30.1. Location map of the Niagara Peninsula area showing boreholes drilled in 2014, 2015 and 2016, cross sections and
seismic lines. Select boreholes from the Brantford–Woodstock project (Bajc and Dodge 2011) and Dundas Valley project (Marich
et al. 2011), mentioned in this report, are also shown; see Table 30.1 for locations, drill depths and monitoring-well ownership.
Table 30.1. Borehole name, location, depth to bedrock, depth of hole and monitoring-well ownership of boreholes drilled in
2016. Information for 2014 and 2015 boreholes and boreholes from previous projects (Bajc and Dodge 2011; Marich et al. 2011)
shown in this report is also listed. See Burt (2015) for a complete list of boreholes drilled in 2014 and 2015.
Borehole ID

Code

Location1

Easting2
(m)

BH02-NP-2014
BH03-NP-2014
BH05-NP-2014
BH06-NP-2014
BH08-NP-2014
BH09-NP-2014
BH10-NP-2014
BH12-NP-2014
BH13-NP-2014
BH14-NP-2014
BH21-NP-2014
BH22-NP-2014
BH25-NP-2014
BH27-NP-2014

BH02
BH03
BH05
BH06
BH08
BH09
BH10
BH12
BH13
BH14
BH21
BH22
BH25
BH27

Turner Road, Thorold
Lemon Road, Niagara Falls
Civic Complex, Wainfleet
Gainsborough CA, West Lincoln
Case Road, Wainfleet
Glynn A Green School, Pelham
Sumbler Road, Pelham
Bossert Road, Niagara Falls
Concession 1, Wainfleet
Townline Road, Wainfleet
Brookfield Road, Port Colborne
College Road, Fort Erie
Niagara Parkway, Fort Erie
Gents Road, Wainfleet

643767
653848
632560
630724
626541
640009
635967
658276
628215
640187
649879
656546
664936
633076

1Abbreviations:

Northing2 Depth to Depth Well
(m)
Bedrock of Hole Owner3
(m)
(m)
4768927
27.38
30.50
4761720
20.80
22.75
4753345
45.15
48.40 NPCA
4766938
36.50
40.67 NPCA
4753495
44.50
47.35 NPCA
4766739
64.75
68.07 NPCA
4762870
55.00
58.00 NPCA
4763144
16.30
19.7
4749786
42.70
45.72 NPCA
4756676
38.70
42.06 NPCA
4755644
23.20
27.43
4757699
15.05
16.84
4757794
12.10
13.77 NPCA
4758904
47.95
51.05 NPCA

Brant, County of Brant; Gainsborough CA, Gainsborough Conservation Authority; Haldimand, Haldimand
County; Hamilton, City of Hamilton; N Dumfries, Township of North Dumfries (Regional Municipality of Waterloo); Norfolk,
Norfolk County; West Lincoln, Township of West Lincoln (Niagara Region); Wainfleet, Township of Wainfleet (Niagara Region).
2Universal Transverse Mercator (UTM) co-ordinates provided using North American Datum 1983 (NAD83) in Zone 17.
3Abbreviations: Ham, City of Hamilton; NPCA, Niagara Peninsula Conservation Authority.
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Table 30.1, continued.
Borehole ID

Code

Location1

Easting2
(m)

BH28-NP-2014
BH30-NP-2014
BH34-NP-2014
BH35-NP-2014
BH36-NP-2014
BH37-NP-2015
BH44-NP-2015
BH47-NP-2015
BH48-NP-2015
BH49-NP-2015
BH50-NP-2015
BH51-NP-2015
BH52-NP-2015
BH53-NP-2015
BH54-NP-2015
BH55-NP-2015
BH57-NP-2015
BH58-NP-2015
BH59-NP-2015
BH60-NP-2015
BH61-NP-2015
BH62-NP-2015
BH65-NP-2015
BH66-NP-2015
BH67-NP-2015
BH68-NP-2015
BH70-NP-2015
BH71-NP-2015
BH77-NP-2015
BH78-NP-2016
BH79-NP-2016
BH80-NP-2016
BH81-NP-2016
BH82-NP-2016
BH83-NP-2016
BH84-NP-2016
BH85-NP-2016
BH86-NP-2016
BH87-NP-2016
BH88-NP-2016
BH89-NP-2016
BH90-NP-2016
BH91-NP-2016
BH92-NP-2016
BH93-NP-2016
BH-08-14
DV-01
COPETOWN

BH28
BH30
BH34
BH35
BH36
BH37
BH44
BH47
BH48
BH49
BH50
BH51
BH52
BH53
BH54
BH55
BH57
BH58
BH59
BH60
BH61
BH62
BH65
BH66
BH67
BH68
BH70
BH71
BH77
BH78
BH79
BH80
BH81
BH82
BH83
BH84
BH85
BH86
BH87
BH88
BH89
BH90
BH91
BH92
BH93
BW14
DV-01
COPETOWN

Niagara College, Welland
Centre Street, Pelham
Concession 4, West Lincoln
Concession 5, West Lincoln
Highland Road E, Hamilton
Younge Road, Haldimand
Concession 4, Haldimand
Kohler Road, Haldimand
South Coast Drive, Haldimand
Concession 10 Walpole, Haldimand
Concession 10 Walpole, Haldimand
Line Road 2, Haldimand
Highway 3, Haldimand
Hart Road, Haldimand
Haldimand Road 9, Haldimand
Concession 2, West Lincoln
Woodburn Road, Hamilton
Onondaga Townline Road, Brant
Tyneside Road, Hamilton
Smith Road, Hamilton
Powerline Road E, Hamilton
Burt Road, Brant
Westover Road, Hamilton
Village Road, N Dumfries
Concession 4 W, Hamilton
Lynden Road, Hamilton
Adams Road, Brant
Hamilton Road, Brant
Concession 3 Townsend, Norfolk
Barbers Lane, Norfolk
Tisdale Road, Norfolk
Blue Line Road, Norfolk
Lynn Valley Road, Norfolk
Concession Road 14 Townsend, Norfolk
Villa Nova Road, Norfolk
Cockshutt Road, Norfolk
McGill Road, Brant
Tyneside Road, Haldimand
Fiddlers Green Road, Hamilton
Green Road, West Lincoln
Concession 2, West Lincoln
Metler Road, Wainfleet
Pancake Lane, Pelham
Centre Road, Pelham
Junction Road, Haldimand
Marr Drive, Brant
Weir Road, Hamilton
Governors Road, Hamilton

641022
635923
623742
614680
602676
591752
590047
592676
582035
576972
572550
580567
570877
614303
599393
604910
601437
581883
591658
585366
579025
562713
575009
563001
563556
568857
564808
566727
562792
559445
564230
562595
569808
563850
565881
561786
559410
590195
584360
602822
609673
628905
637818
635907
602303
–
567191
576596

1Abbreviations:

Northing2 Depth to Depth Well
(m)
Bedrock of Hole Owner3
(m)
(m)
4763800
40.75
42.67 NPCA
4766523
92.35
94.45
4767952
24.50
25.88
4768507
23.53
25.93
4780714
9.65
12.19
4767031
23.10
24.40
4746963
6.35
7.65
4751165
6.75
7.40
4739230
17.95
19.15
4753521
2.50
2.65
4752659
7.50
8.85
4759980
17.15
18.25
4747248
11.30
12.10
4758648
22.95
25.12 NPCA
4766673
19.35
21.40 NPCA
4765617
15.00
17.37 NPCA
4774379
23.25
29.95 Ham
4773703
26.80
27.40
4776011
39.70
42.20 NPCA
4783097
32.25
34.35 NPCA
4786966
84.70
86.30
4787595
42.70
44.20
4794991
27.20
27.48
4801951
12.65
15.15
4791679
15.80
17.80 Ham
4789180
28.30
29.77
4780501
35.35
36.52
4771907
43.85
44.30
4762132
31.65
33.25
4750648
48.85
51.90
4739302
18.05
19.90
4736273
32.43
34.90
4742851
13.95
16.05
4746910
24.95
28.20
4750990
17.40
18.90
4752122
29.10
31.80
4770341
53.75
56.36
4771312
22.55
24.53
4776849
24.30
27.38
4769446
18.80
21.20
4766515
14.30
16.05
4760965
37.70
39.13
4766009
63.09
68.68
4763861
57.95
60.65
4761050
19.40
21.25
–
54.90
57.25
4785513
42.7
45.40
4788332
–
192.38

Brant, County of Brant; Gainsborough CA, Gainsborough Conservation Authority; Haldimand, Haldimand
County; Hamilton, City of Hamilton; N Dumfries, Township of North Dumfries (Regional Municipality of Waterloo); Norfolk,
Norfolk County; West Lincoln, Township of West Lincoln (Niagara Region); Wainfleet, Township of Wainfleet (Niagara Region).
2Universal Transverse Mercator (UTM) co-ordinates provided using North American Datum 1983 (NAD83) in Zone 17.
3Abbreviations: Ham, City of Hamilton; NPCA, Niagara Peninsula Conservation Authority.
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One shallow seismic line, 21.5 km in length, in the far southwest of the area and extending into the
Norfolk area, was acquired by the Geological Survey of Canada’s (GSC) Near Surface Geophysics Section
as part of a collaborative effort (see Figure 30.1; Russell and Dyer, this volume). The three-component
geophone array, built by the GSC (Pugin, Pullan and Hunter 2009), collects high-resolution p- and s-wave
data and is capable of imaging contacts between units of contrasting seismic velocity within the
Quaternary sediments as well as the top of the bedrock surface. Downhole geophysics will be conducted
in monitoring wells adjacent to the seismic line, as well as in select wells near the Niagara Escarpment
and buried-bedrock valleys in the east.

HYDROSTRATIGRAPHIC UNITS
The bedrock and Quaternary sediment cover across the Niagara Peninsula have been divided into
coarse-textured (aquifer) and fine-textured (aquitard) hydrostratigraphic units, defined by dominant
sediment characteristics and stratigraphic position (Figure 30.2). Many of the older (lower) units correspond
with those from other southwestern Ontario 3-D study areas (noted in brackets within the text), including
the Brantford–Woodstock area (Bajc and Dodge 2011), Waterloo Region (Bajc and Shirota 2007) and

Figure 30.2. Summary of hydrostratigraphic units in the Niagara Peninsula area.
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Orangeville–Fergus area (Burt and Dodge 2016). Adopting a common stratigraphy will facilitate the
comparison and analysis of model results and allow improved understanding of ice sheet history. Several
younger units have been introduced for the Niagara Peninsula area, reflecting the importance of the late
glacial record. The sediments were described in detail in previous summary reports (Burt 2014, 2015).
From oldest to youngest, the current Niagara Peninsula units are the following.
• Undifferentiated Paleozoic bedrock.
From north to south, this unit includes Ordovician Queenston Formation shale located below the
Niagara Escarpment, Silurian Eramosa Formation bituminous dolostone, Guelph Formation
vuggy dolostone, Salina Group shale, gypsum and dolostone and Bertie Formation dolostone
located between the escarpments, and Devonian Bois Blanc Formation limestone and dolostone,
Onondaga Formation cherty limestone and Dundee Formation, locally oil-stained, limestone
above the Onondaga Escarpment (see Armstrong and Carter 2010, for detailed descriptions).
The southward-dipping bedrock surface is incised by buried-bedrock valleys.
• Older drift.
Stony silt-sand diamicton, stone-poor to somewhat stony muddy diamicton, silt and clay
glaciolacustrine deposits, and sand and gravel glaciofluvial deposits. As a result of recent
drilling in the far west and southwest of the area, it will now be possible to subdivide the older
drift into the main Late Wisconsinan Catfish Creek Till aquitard (unit ATC1), the late glacial
Port Bruce Phase aquitard (unit ATB1) composed of Port Stanley Till and associated
glaciolacustrine deposits, an aquifer (unit AFA2) correlated with the Grand River (Bajc and
Dodge 2011), with the Caledon outwash (Burt and Dodge 2016) aquifers and with the
Wentworth Till (unit ATA2). In this report, the tills and glaciolacustrine deposits are shown
together (older drift aquitard) and only the older outwash aquifer deposits are shown separately.
• Whittlesey aquifer.
Coarse-textured ice-contact stratified drift, and glaciofluvial sand and gravel deposited during
ice retreat and early glacial Lake Whittlesey sands, including the Simcoe delta (Barnett 1978).
This unit is correlated with the Whittlesey aquifer (unit AFA1) in the Brantford–Woodstock
(Bajc and Dodge 2011) and Waterloo Region (Bajc and Shirota 2007) areas and with the
Wentworth aquifer (unit AFA1) in the Orangeville–Fergus (Burt and Dodge 2016) area.
• Lower Whittlesey aquitard.
A lower unit of glaciolacustrine rhythmically bedded clay, silty clay and clayey silt with
occasional sand beds. Sediment colours are typically well-defined reds, browns and greys,
reflecting the input of sediment derived from local red and dark grey to black shale. This unit is
correlated with the Whittlesey aquitard (unit ATA1) in the Brantford–Woodstock (Bajc and
Dodge 2011) and Waterloo Region (Bajc and Shirota 2007) areas.
• Lower Halton aquifer.
Ice-contact stratified drift and glaciofluvial sand and gravel derived from Halton ice. In more
distal locations, sand and silt glaciolacustrine deposits reflect an increased sediment load within
the glacial lake.
• Halton aquitard.
Stone-poor to somewhat stony muddy diamicton, muddy diamicton with abundant clay
laminations, interbedded muddy diamicton and silt and clay and locally interbedded silty
diamicton, silt and sand. These sediments were deposited by grounded ice, floating ice (debris
flows and ice-rafted debris within glaciolacustrine sediments) and within a glacial lake.
Previous research has shown that there are up to 5 distinct subunits within the Halton aquitard
(Feenstra 1981; Menzies and Taylor 1998).
• Upper Halton aquifer.
Ice-contact stratified drift and glaciofluvial sand and gravel derived from Halton ice. This unit
includes the Fonthill ice-contact–delta complex.
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•

Upper Whittlesey aquitard.
Glaciolacustrine rhythmically bedded clay, silty clay and clayey silt with occasional sand beds.
Sediment colours are typically more muted than the lower glaciolacustrine aquitard. This unit
includes glacial Lake Iroquois and Wainfleet Pond deposits. The upper Whittlesey aquitard is
correlated with the Whittlesey aquitard (unit ATA1) in the Brantford–Woodstock (Bajc and
Dodge 2011) and Waterloo Region (Bajc and Shirota 2007) areas.

•

Regressive aquifer.
Regressive (near-shore) glaciolacustrine silt, sand and rarely gravel including glacial Lake
Iroquois deposits and the Dunnville delta. Also included in this unit are modern shoreline
deposits, Lake Erie shoreline dunes and alluvium. This unit is correlated with the regressive
Whittlesey aquifer (unit AFA0) in the Brantford–Woodstock (Bajc and Dodge 2011) area.

Figure 30.3. Summary logs and preliminary hydrostratigraphy of boreholes drilled in the western part of the Niagara Peninsula
area; for information on borehole locations, see figure inset, Figure 30.1 and Table 30.1. Borehole BW14 was drilled as part of
the Brantford–Woodstock project (Bajc and Dodge 2011). Summarized versions of the boreholes are shown. Inset map shows
the general area, the locations of cross sections A–A′ and B–B′ and the boreholes used for the cross sections, overlain on digital
elevation model (DEM) image (hillshade) (from Ministry of Natural Resources 2010).
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STRATIGRAPHY
A series of preliminary cross sections have been produced using summary logs from the 2016
summer drilling program, supplemented by select summary logs from the 2014 and 2015 Niagara
Peninsula drilling programs (Burt 2014, 2015), the Dundas Valley project (Marich et al. 2011) and the
Brantford–Woodstock project (Bajc and Dodge 2011). The cross sections have been chosen to illustrate
key features within the Niagara Peninsula area (Figures 30.3 to 30.8). Results of the 2016 drilling
program have allowed refinements to previous cross sections (Burt et al. 2016).
The thickest and best-preserved record of older sediments is located in the west (Figure 30.3).
Catfish Creek Till, Port Stanley Till, Wentworth Till and associated glaciolacustrine sediments form a
thick aquitard that thins to the east and southeast as bedrock rises toward the Onondaga Escarpment (see
Figure 30.3: section A–A′) and the Niagara Escarpment (see Figure 30.3: section B–B′). A thick wedge of
older sandy aquifer sediments form the core of the Erie-Ontario lobe Galt moraine (see Figure 30.3:
section A–A′, boreholes BW14 and BH78). Wentworth Till overlies these sediments in other locations
(Bajc and Dodge 2011; Barnett 1978), but was not observed in either borehole. The lower and upper

Figure 30.4. Summary logs and preliminary hydrostratigraphy of boreholes drilled in the southwestern part of the Niagara
Peninsula area; for information on borehole locations, see figure inset, Figure 30.1 and Table 30.1. Inset map shows the general
area, the locations of cross sections C–C′, D–D′ and E–E′ and the boreholes used for the cross sections, overlain on digital
elevation model (DEM) image (hillshade) (from Ministry of Natural Resources 2010).

30-7

Earth Resources and Geoscience Mapping Section (30)

A.K. Burt

Whittlesey aquitards, deposited in glacial lakes Whittlesey–Warren, are evident east of the moraine.
The upper and lower units are separated by Halton unit diamicton and associated deposits in the northeast
(see Figure 30.3: section B–B′). It can be more difficult to distinguish between the glaciolacustrine units
in the absence of Halton diamicton; however, there is often a silt-rich interval at the base of the upper
Whittlesey aquitard that records an increased sediment load derived from the advancing Halton ice
margin. There is a thick package of Halton diamicton and glaciolacustrine sediments (see Figure 30.3:
section B–B′, borehole BH59) at the crest of the Ontario lobe Fort Erie moraine.

Figure 30.5. Summary logs and preliminary hydrostratigraphy of boreholes drilled in the Dundas Valley area of the Niagara
Peninsula area; for information on borehole locations, see figure inset, Figure 30.1 and Table 30.1. Boreholes DV-01 and
Copetown were drilled as part of the Dundas Valley project (Marich et al. 2011). Summarized versions of the boreholes are
shown. Inset map shows the general area, the locations of cross sections F–F′ and G–G′ and the boreholes used for the cross
sections, overlain on digital elevation model (DEM) image (hillshade) (from Ministry of Natural Resources 2010).
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Farther south, the southward-dipping Devonian bedrock surface is clearly shown in a series of cross
sections (Figure 30.4: sections C–C′, D–D′ and E–E′). The crest of the escarpment, located between
boreholes BH49 and BH51 (see Figure 30.4: section C–C′), forms 2 distinct basins. In the far southwest,
thick rhythmically bedded sand and silty sand, interpreted as the distal reaches of the Simcoe delta, was
observed in borehole BH80 (see Figure 30.4: section D–D′). The delta extends eastward into Norfolk
County (Barnett 1978), but has a limited extent within the Niagara Peninsula area; it was not observed in
boreholes to the north or east. Rhythmically bedded silt and clay, deposited in glacial lakes Whittlesey–
Warren, overlies the Simcoe delta sands and fills the southwestern basin. Based on the distribution of
Halton diamicton and glaciolacustrine sediments, the Halton ice margin was located between boreholes
BH51 and BH86 (see Figure 30.4: section D–D′).
The most distinctive feature in the northwest is the Dundas valley (Figure 30.5: section F–F′,
boreholes Copetown and BH61). Within the Niagara Peninsula area, the valley is infilled with a thick
fining-upward package of gravel, sand, silt and clay that was deposited in glacial lakes Whittlesey–
Warren (Marich et al. 2011). These sediments have been interpreted as distal to the coarse-textured Oak
Ridges Moraine (Sharpe and Russell 2016). The lower, coarse-textured Whittlesey aquifer is only found
in the valley bottom, whereas the overlying fine-textured glaciolacustrine sediments extend beyond the

Figure 30.6. Summary logs and preliminary hydrostratigraphy of boreholes drilled in the north central part of the Niagara
Peninsula area; for information on borehole locations, see figure inset, Figure 30.1 and Table 30.1. Inset map shows the general
area, the locations of cross sections H–H′ and I–I′ and the boreholes used for the cross sections, overlain on digital elevation
model (DEM) image (hillshade) (from Ministry of Natural Resources 2010).
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confines of the valley. Farther west, the valley is carved through the older tills, which comprise the older
drift aquitard, as well as into bedrock (see Figure 30.5: section G–G′, borehole DV-01). Smaller tributary
buried-bedrock valleys, such as the sand-filled valley shown to the northeast (see Figure 30.5: section
F–F′, borehole BH65), feed into the main valley. Older tills, correlated with the Wentworth Till that forms
the Galt moraine (see Figure 30.5: section F–F′, borehole BH66), were observed overlying bedrock within
the tributary valley.
The western cross section (see Figure 30.5) is located beyond the Halton ice margin and, as was
observed in the southwest, the transition between lower and upper Whittlesey aquitards is typically
defined by an influx of siltier sediments into the lake (see Figure 30.5: section G–G′). This is more
pronounced closer to the ice margin, where thick sand and gravelly sand were deposited during both ice
advance and retreat. Lower and upper Halton aquifer sediments, separated by Halton aquitard interbedded
diamicton, silt and sand, were observed in several boreholes along section F–F′ (see Figure 30.5).
The presence of the valley itself may well have influenced the deposition of the ice-proximal sands and
gravels because these sediments were not observed southeast of the valley (see Figure 30.5: section F–F′,
borehole BH59).
The interplay of diamicton and glaciolacustrine sediments near the Halton unit margin is shown in
sections H–H′ and I–I′ (Figure 30.6). Thick diamicton was observed in boreholes drilled in the Fort Erie
moraine and an unnamed buried moraine located south of the Niagara Escarpment (see Figure 30.6:

Figure 30.7. Summary logs and preliminary hydrostratigraphy of boreholes drilled in the east-central part of the Niagara
Peninsula area; for information on borehole locations, see figure inset, Figure 30.1 and Table 30.1. Inset map shows the general
area, the locations of cross sections J–J′ and K–K′ and the boreholes used for the cross sections, overlain on digital elevation
model (DEM) image (hillshade) (from Ministry of Natural Resources 2010).
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section H–H′, borehole BH86 and section I–I′, borehole BH57). Away from the moraine crests, the
ground surface dips to the south and southeast mirroring the bedrock surface. The topography also
becomes flatter, resulting from the deposition of the thick blanket of glaciolacustrine silt and clay that
forms the upper Whittlesey aquitard. Drumlins can be seen rising out of the glaciolacustrine clay blanket
between the Halton unit moraines and the Onondaga Escarpment. Boreholes BH37 (see Figure 30.6:
section H–H′) and BH45 (not shown) clearly demonstrate that these drumlins are composed of older siltsand tills.
Farther east, the simple stratigraphic sequence of older tills and lower and upper Whittlesey
aquitards, separated by Halton diamicton, is once again disrupted by the presence of a large buriedbedrock valley: the Erigan channel (Figures 30.7 and 30.8). Cross sections J–J′ (see Figure 30.7) and L–L′
(see Figure 30.8) are perpendicular to the valley, whereas cross section K–K′ (see Figure 30.7) follows
the main valley axis. A shallower tributary valley (see Figure 30.8: section M–M′, borehole BH31), the
Chippawa valley, extends from the Erigan channel to the Niagara River. The valleys are typically wide
and shallow where carved into the soft shale and gypsum of the Salina Group. Approaching the Niagara
Escarpment, the Erigan channel narrows as it crosses the more resistant dolostones of the Guelph and
Eramosa formations.

Figure 30.8. Summary logs and preliminary hydrostratigraphy of boreholes drilled in the east-central and eastern parts of the
Niagara Peninsula area; for information on borehole locations, see figure inset, Figure 30.1 and Table 30.1. Inset map shows the
general area, the locations of cross sections L–L′ and M–M′ and the boreholes used for the cross sections, overlain on digital
elevation model (DEM) image (hillshade) (from Ministry of Natural Resources 2010).
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The older drift aquitard was observed in the majority of boreholes in the eastern Niagara Peninsula.
In this area, the older tills are variably interbedded with glaciolacustrine clays (see Figure 30.7: section
K–K′, borehole BH13) and gravel (see Figure 30.7: section K–K′, borehole BH10; see Figure 30.8:
section L–L′, boreholes BH14 and BH21). The older tills appear to have been partially eroded within the
Erigan channel and, as was observed in the Dundas valley, sand and gravel were observed at the valley
bottom. Thick, rhythmically bedded glaciolacustrine silt and clay was deposited across the eastern peninsula
forming the lower Whittlesey aquitard. The influence of advancing Halton ice is clearly demonstrated by
the deposition of a thick, dirty gravel glaciofluvial deposit (see Figure 30.7: section K–K′, borehole
BH92). This borehole was drilled into 1 of 2 large mound-shape features (eskers?) identified by André
Pugin and Barbara Dietiker (Geological Survey of Canada, personal communication, 2016) on the 2015
seismic line (Burt et al. 2016). A series of grounding line recessional moraines, characterized by thick
diamicton variably interbedded with sand (see Figure 30.7: section J–J′, borehole BH09; see Figure 30.7:
section K–K′, borehole BH08) or glaciolacustrine silt and clay (see Figure 30.7: section J–J′, borehole
BH28; see Figure 30.8: section M–M′, borehole BH02), records the retreat of Halton ice. It is interesting
to note that, with the exception of the moraines, Halton diamicton was not observed in boreholes drilled
in the vicinity of the main Erigan channel (see Figure 30.7: section K–K′; see Figure 30.8: section L–L′).
During ice retreat, a large ice-contact–delta complex (the Fonthill kame) was deposited at the re-entrant of
the Erigan channel (see Figure 30.7). Glaciolacustrine silt and clay, forming the upper Whittlesey
aquitard, drapes the recessional moraines and the lower flanks of the delta complex.

FUTURE ACTIVITIES
Drilling continued in the fall of 2016 with 2 boreholes drilled on the Burlington and Iroquois bars
over the projected trend of the Dundas buried-bedrock valley (located at the western extent of Lake Ontario)
and the St. David’s buried gorge (located near the Whirlpool area of the Niagara River).
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INTRODUCTION
Three-dimensional (3-D) mapping of Quaternary deposits in the central part of the County of Simcoe
(herein referred to as central Simcoe County) continued in the fall of 2015 and summer of 2016. This is
one of several ongoing projects under the Ontario Geological Survey’s groundwater mapping initiative.
The purpose of these mapping projects is to develop 3-D models of Quaternary sediments that help
reconstruct the Quaternary glacial history of the region, characterize the distribution and properties of
regional sediment units, and refine knowledge of buried-bedrock topography. Ultimately, these models
assist in groundwater resource evaluation, development and preservation, as well as provide the necessary
geoscience information to inform future land use planning, and to aid in identifying potential
groundwater–surface water interactions.
Field work began in 2014 with surficial mapping and geophysical investigations (Mulligan 2014,
2015; Rainsford and Biswas 2014). Recently, collaboration with the Geological Survey of Canada (GSC)
has led to the acquisition of seismic reflection data (Figure 31.1), which assists in characterizing the
distribution of subsurface sediments, as well as providing specific targets for boreholes and/or
monitoring-well installations.

GEOLOGIC BACKGROUND
Although surficial mapping in the region has been completed by several workers (Burwasser and
Boyd 1974; Barnett 1992; Bajc 1994), including the author, in support of groundwater mapping
(Mulligan 2014, 2015), comparatively little is known about the subsurface geology. Bajc (1994) cored
5 boreholes (identified with “P92” in Figures 31.1 and 31.2) in support of surficial mapping in the
northern part of the study area and results from that drill program are presented in Figure 31.2. The
bedrock topography is high in the west and southwest along the Niagara Escarpment, lowest in the central
parts of the study area, and rises slowly toward the north and east, where bedrock crops out along the
shores of Georgian Bay (Gao et al. 2006). Little is known about the detailed morphology of the bedrock
surface in the central parts of the study area because so few wells penetrate the full succession of
Quaternary sediments. A regional ground-based gravity survey was undertaken in 2014 to better constrain
the location of potential bedrock-valley thalwegs within the broad low underlying the study area
(Rainsford and Biswas 2014). Some of these gravity lows were targeted for drilling to intersect the
thickest sediment successions.
Summary of Field Work and Other Activities 2016,
Ontario Geological Survey, Open File Report 6323, p.31-1 to 31-10.
© Queen’s Printer for Ontario, 2016
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Figure 31.1. Data distribution across the study area. Note the different symbols for boreholes drilled during this study (white
circles), cored boreholes from previous investigations (grey circles) and boreholes installed with monitoring instruments (black
dot within a white circle). Map features are overlain on digital elevation model (DEM) image (hillshade) (from Ministry of
Natural Resources 2010). Universal Transverse Mercator (UTM) co-ordinates are provided using North American Datum 1983
(NAD83) in Zone 17N.
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Figure 31.2. Cross-sectional profiles showing the thickness and characteristics of bedrock and sediment packages described in the text. From oldest to youngest, the abbreviations
for the units are the following: p€ BR = Precambrian bedrock; Pz BR = Paleozoic bedrock; LCT = lower coarse-grained till; LGL = lower glaciolacustrine package; LFT = lower
fine-grained till; TF = Thorncliffe Formation equivalents; NT = Newmarket Till; LA = glacial Lake Algonquin and postglacial deposits. No horizontal scale. The cross-section in
A displays geology across the Penetanguishene Peninsula, the cross-section in B displays the sediment geology across the buried Laurentian Valley, and the cross-section in C
displays a generalized north-south transect across the region. See Figure 31.1 for borehole locations. Abbreviations used in “Key to Sediment Logs”: def = deformed; f-m = fine to
medium grained; IRD = ice-rafted debris; m-c = medium to coarse grained; vf-f = very fine to fine grained. Boreholes with labels beginning with “P92” are from Bajc (1994).

Earth Resources and Geoscience Mapping Section (31)
R.P.M. Mulligan

31-3

Earth Resources and Geoscience Mapping Section (31)

R.P.M. Mulligan

RESULTS
Sediment drilling in central Simcoe County began in the fall of 2015 with 8 boreholes drilled and
continued during the summer of 2016 with an additional 6 boreholes completed (see Figure 31.1).
Quaternary sediment thickness observed in the boreholes varies from 32 to 161 m (see Figure 31.2).
Thicker sediment successions are observed beneath uplands (generally 130–165 m; Gao et al. 2006)
compared to adjacent lowlands (50–120 m), although, within bedrock valleys beneath the lowlands, as much
as 135.3 m of sediment were intersected. To date, all the boreholes in this study have been drilled below
the base of the Niagara Escarpment, where bedrock elevation is commonly between 135 and 170 m asl,
except in the central parts of the study area, where extensive erosion has led to a lowering of the bedrock
surface, forming the Laurentian Valley (Spencer 1890), which is as low as 89 m asl (see Figure 31.2).
Only 2 boreholes did not intersect bedrock. Drill targets were selected to characterize the properties,
internal structure and heterogeneity of surficial landforms, to fill large gaps in the bedrock topography
model and water-well database where no wells extend into the deep subsurface, and to develop a better
understanding of the hydrogeologic setting of significant groundwater-producing zones in the region.
Additionally, polyvinylchloride (PVC) piping (2.5 inch inner diameter) was installed at 6 locations to
permit downhole geophysical logging of the boreholes to better characterize targets identified in seismic
reflection surveys undertaken during the summers of 2015 and 2016 (Russell and Dyer, this volume).
A brief discussion of the observed sediment facies and apparent geometry is warranted, although,
despite the completion of 2 drilling programs, the stratigraphic assignment of certain tills and
glaciolacustrine sediments in some boreholes remains enigmatic. The cross-sectional profiles displayed in
Figure 31.2 are preliminary depictions of subsurface relationships and may change following future data
collection and receipt of analytical results. Six sediment packages are identified, consisting of 3 distinct
glacial tills separated by glaciolacustrine and glaciofluvial deposits. The 6 Quaternary sediment packages
overlie Paleozoic and Precambrian bedrock groups.

Bedrock
The Quaternary sediments in the study area primarily overlie fine-grained Ordovician limestones of
the Simcoe Group (Armstrong and Carter 2010) (see Figure 31.2: Paleozoic bedrock (“Pz BR”)). Two
inliers of Precambrian bedrock of the Grenville Province Central Gneiss Belt (Go Home and Alliston
terranes: Easton and Carter 1995) were intersected (see Figure 31.2: Precambrian bedrock (“p€ BR”)).
Of note is the intersection of a Precambrian inlier in borehole CS-15-03, which is located 34 km southsouthwest of the inferred Precambrian–Paleozoic contact (Photo 31.1A). This location was the lowest
bedrock elevation (89 m asl) encountered in the study area, and lies on a south-southeast–trending linear
anomaly identified on regional aeromagnetic data (Boyce and Morris 2002).

Lower Coarse-Grained Till
In all but 2 boreholes containing pre-Late Wisconsinan sediments, the lower coarse-grained till
(LCT) unconformably overlies bedrock. The till is sand rich, overconsolidated, generally massive, and
contains abundant large cobbles and boulders (Photo 31.1B), including high concentrations of Precambrian
rocks, particularly where it overlies Precambrian inliers. Limestone clasts within the till are commonly
gouged, faceted and striated. The basal part of the till overlying bedrock is highly enriched in angular
clasts derived from the underlying rock, which is commonly gouged, striated and highly fractured locally.
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Photo 31.1. Examples of sediments and bedrock exposed in boreholes. A) Inlier of Precambrian basement rock (p€ BR)
intersected at 89.5 m asl in an interpreted valley incising the Paleozoic bedrock (Pz BR) at borehole CS-15-03. B) Sandy,
cobble- and boulder-rich facies of the lower coarse-grained till (LCT). The large (30 cm) boulder is derived from the local
bedrock in borehole CS-16-04. C) Finely laminated and upward-thinning rhythmically laminated silt and clay of the lower
glaciolacustrine package (LGL) at borehole CS-15-05. D) Coarse cobble-rich gravel with little intervening matrix material. The
unit exceeded 48 m in thickness at borehole CS-16-03 and underlies and/or is partially interbedded with lower glaciolacustrine
deposits (LGL). E) Oxidized upper 20 cm of the surface of the lower fine-grained till (LFT) in borehole CS-16-05 (note the
colour change from brown to grey near the base of the small limestone cobble). The till is commonly very silt rich and contains
abundant granules and pebbles, but few larger cobbles. F) Example of typical fining-upward successions, from gravel into fine
or very fine sand (right to left in photo) exposed in Thorncliffe Formation equivalents (TF) at borehole CS-16-01. G) Sand- and
cobble-rich Newmarket Till (NT) in borehole CS-15-01. Numbers on cards record depth in metres below ground surface; see
Figure 31.1 for locations and Figure 31.2 for occurrence and facies variations.
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Lower Glaciolacustrine Deposits
Variably thick successions consisting predominantly of rhythmically laminated silt and clay overlie
the lower coarse-grained till. Rhythmites are 1 to 7 cm thick and commonly thin upward into finely
laminated clay and silty clay in several boreholes (Photo 31.1C). Near the base of the unit, abundant icerafted debris is observed in discrete debris-rich beds (both in fine and coarse fractions of rhythmites) and
diamict intraclasts showing close affinity to the lower coarse-grained till are common. Trace fossils
(burrows) along the silt or sandy parting planes were common, and fine-grained detrital organic material
(i.e., water-worn wood, leaf fragments and mosses) were recovered from sand interbeds near the base of
this unit in several boreholes. In boreholes CS-16-03 and CS-16-05, a significant unit of cobble-rich
gravel was encountered at this stratigraphic position (Photo 31.1D). The unit exceeds 48 m in thickness in
borehole CS-16-03 (see Figure 31.2) and contained almost no fine-grained interbeds and only minor
sandy intervals. The gravels underlie the lower fine-grained till and underlie, or are partially interbedded
with, the lower glaciolacustrine deposits (see Photo 31.1C: LGL). Accumulations of gravel of this
thickness require significant accommodation space and close proximity to the sediment source. These
deposits likely indicate a high-energy (proximal subaquatic fan?) depositional environment during retreat
of ice that deposited the lower coarse-grained till and represent the coarse-grained, proximal equivalents
to the rhythmically laminated fine-grained deposits observed elsewhere in the study area.

Lower Fine-Grained Till
Overlying the lower glaciolacustrine package is a widespread and consistent unit of clayey to sandy
silt till (see Figure 31.2: LFT). It is highly consolidated to overconsolidated and generally appears
massive except for rare stratified interbeds of silt, sand or clay. It is rich in granules and pebbles, but
contains relatively few cobbles or boulders (Photo 31.1E). Limestone clasts are commonly striated and/or
faceted. The lower fine-grained till (LFT) was intersected in all boreholes that intersect sediments below
Newmarket Till, except CS-16-02 (although the middle sandy till unit may be a coarser facies equivalent).
The base of the till is, in places, interbedded with the deformed lower glaciolacustrine deposits. In other
boreholes, there is a sharp basal contact truncating the rhythmites or fine-grained sands of the lower
glaciolacustrine package. The upper surface of the lower fine-grained till is generally sharp and erosively
overlain by coarse-grained sediments or debris flows associated with younger units, but, in 2 boreholes
(CS-16-03 and CS-16-05), interbedded silt, sand and debris flows appear to record ice-marginal
sedimentation during early phases of ice retreat. At one location, the upper 35 cm of this till and several
metres of overlying sandy, ice-marginal deposits were oxidized (see Photo 31.1E), possibly indicating a
period of subaerial weathering.

Thorncliffe Formation Equivalents
A wide variety of sediment facies are observed at this interval across the study area. They can be
grouped into fine- and coarse-grained facies. The coarse-grained facies typically comprise a thick (up to
90 m) succession of sand, gravel and lesser silt (Photo 31.1F: TF), generally forming part of an interbedded
fining-upward package. This fining-upward succession is observed both in upland and lowlands settings
(see Figure 31.2) and is commonly thicker in lowland areas than in adjacent uplands. The base of the
coarse-grained Thorncliffe Formation sediments is commonly underlain and/or interbedded with poorly
consolidated, stratified, sandy and cobble-rich diamictons overlying the lower fine-grained till.
Fine-grained facies of Thorncliffe Formation equivalents are either rhythmically laminated, sharing
many similarities with rhythmites observed in recent drilling to the south (Bajc et al. 2014; Mulligan and
Bajc, in press), but more commonly consist of thick units of deformed clayey silt with abundant ice-rafted
debris and diamictons directly underlying Newmarket Till (see Figure 31.2). The fine-grained facies
appear to overlie, and are partially interbedded with, the coarse-grained facies.
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Newmarket Till
A widespread unit of highly consolidated to overconsolidated silt- to sand-rich and generally massive
till with few stratified interbeds (Photo 31.1G) overlies Thorncliffe Formation equivalents. The
Newmarket Till displays significantly greater variations in grain size, physical properties and lithological
components compared to many areas to the south in Simcoe County and the Greater Toronto Area
(Sharpe et al. 2002; Bajc et al. 2014). In general, it is coarser and more enriched in Precambrian rocks in
the north. Significant elevation range for the top of Newmarket Till is observed across the study area
(see Figure 31.2: NT), which is consistent with observations from recent surficial mapping in the region
(Mulligan and Bajc 2012; Mulligan 2014, 2015). It is generally observed at or near the surface across the
study area, except where planed off by wave erosion on localized highs within the lowlands (boreholes
CS-15-04 and CS-15-06) and in the south, where it directly overlies Paleozoic bedrock and is buried by
thick deglacial sediments (borehole CS-15-08; see Figure 31.2).

Glacial Lake Algonquin and Postglacial Deposits
Laminated silts and clays were deposited in low-lying areas on the underlying stratigraphic units.
Fine-grained sediments are commonly capped by stratified sands and gravels recording late-stage base level
decline associated with lake drainage. A maximum thickness of 45 m was observed in borehole CS-15-08,
with detrital organic material (i.e., leaves and wood) being recovered from fluviodeltaic sands associated
with lake drainage in the upper parts of the sediment package. On upland areas in the northern part of the
study area, sands and gravels occur at surface above the water plane elevation for glacial Lake Algonquin
(borehole CS-16-05). These deposits record meltwater systems draining the ice sheet that flowed over the
uplands, primarily in the swales between drumlins. Glacial Lake Algonquin deposits are predominantly
silt and clay rich and host limited thicknesses of coarse-grained sediments, except as observed in borehole
CS-15-05 (see Figure 31.2).

DISCUSSION
The stratigraphic packages identified in this study bear many similarities to sediment successions
identified elsewhere in southern Ontario. Similar stratigraphic units were identified in recent 3-D mapping
in southern Simcoe County (Bajc et al. 2014; Mulligan and Bajc, in press) and in the Barrie–Oro Moraine
area (Burt and Dodge 2011). The main stratigraphic packages in central Simcoe County are identical to
those identified in southern Simcoe County, although unit thicknesses and facies types are significantly
different. The greatest differences within the successions are the predominantly coarse-grained texture of
the Thorncliffe Formation equivalents, as well as the apparently continuous successions across both
uplands and lowlands, the high relief and lack of a consistent and well-developed subaerial unconformity
on the upper surface of the lower fine-grained till, the thickness and presence of detrital organic and trace
fossils in the lower glaciolacustrine package, and the intersection of inliers of Precambrian basement
rocks. These differences hold significant implications for landscape evolution and ice-sheet
reconstructions in the area.
The intersection of several inliers of Precambrian bedrock provides new insights into the rugged
topography of the Canadian Shield beneath the Paleozoic cover rocks of southern Ontario. Its occurrence
within a valley cut into the Paleozoic bedrock, exposed in borehole CS-15-03 (see Figure 31.2), along a
regional magnetic anomaly 34 km from the nearest known surface outcrop, suggests that structural
features in the Grenville Province have an influence on the strength or erodibility of the overlying
Paleozoic limestone and shale successions.
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The sediment facies, unit thickness and the presence of detrital organic material within the lower
glaciolacustrine package suggest that a significant ice retreat occurred between the deposition of the lower
coarse and fine tills (see Figure 31.2). In southern Simcoe County, the 2 lower tills were commonly in
direct contact or separated by thin sorted units, which suggested a close affinity of the 2 tills (i.e., regional
versus lobate ice flow; Mulligan and Bajc, in press), similar to Late Wisconsinan tills (i.e., Catfish Creek
and Port Stanley or Tavistock tills) observed throughout southwestern Ontario (Bajc et al. 2015).
Additionally, the lower glaciolacustrine package is consistently thicker beneath upland areas compared to
the lowlands throughout the majority of the region. This caused significant topographic variation of the
lower fine-grained till (as much as 110 m; see Figure 31.2), indicating that the modern upland and
lowland topography is at least partially palimpsest and resulted from differential sediment accumulation
and erosion that began during the Illinois Episode. This is in stark contrast to uplands in southern Simcoe
County, which are cored primarily by Wisconsinan sediments (Bajc et al. 2014) and only minor
topographic variation is observed on the surface of the lower fine-grained till.
The thick and predominantly coarse-grained Thorncliffe Formation equivalent deposits show similar
facies and geometry beneath both uplands and lowlands in central Simcoe County (see Figure 31.2). The
coarse-grained nature likely reflects proximity to the sediment source (likely an ice margin in the southern
Georgian Bay basin), whereas the fine-grained deposits at this stratigraphic position to the south record
more distal glaciolacustrine sedimentation (Mulligan and Bajc, in press). Consistent fining-upward trends
overlying soft debris-flow diamictons within the unit likely record heightened meltwater production
associated with (minor?) ice retreat sometime during the Middle Wisconsinan.

HYDROGEOLOGICAL APPLICATIONS
The study area hosts numerous high-yield aquifers at various stratigraphic positions (Post and
McPhie 2015). The observation of Newmarket Till at varying elevations, both in upland and lowland
settings, has significant implications for the continuity of surficial aquitards and separation of
groundwater and surface water throughout the region. This unit, identified in boreholes and in surficial
mapping throughout the study area and regions to the south (Sharpe et al. 2002; Mulligan and Bajc 2012;
Bajc et al. 2014; Mulligan 2014, 2015), forms a continuous “leaky” aquitard throughout the study area,
which has enhanced aquitard properties where it is buried by thick deglacial lake deposits and/or
underlain by fine-grained Thorncliffe Formation equivalents. In many areas, the drastic changes in
elevation observed on the Newmarket Till surface appear to be a significant factor in promoting artesian
flow conditions in the lowest parts of lowland areas.
Unlike areas to the south, the coarse-grained Thorncliffe Formation equivalents in central Simcoe
County appear to have enhanced potential to host significant volumes of water, which ultimately may be
suitable for municipal supply in some areas. Groundwater flow directions in deeply buried units remains
an important question, as contributions to or from Georgian Bay are likely significant. The Oro–Medonte
aquifer forms the water supply for many domestic wells drilled through uplands along the eastern part of
the study area (Burt and Dodge 2011). This upper aquifer is equivalent to the Thorncliffe Formation
(see Figure 31.2: TF) beneath uplands in central Simcoe County.
The lower tills and glaciolacustrine packages reach substantial thicknesses within central Simcoe
County (see Figure 31.2). In most boreholes, the fine-grained nature of the lower glaciolacustrine deposits
and high consolidation of both lower tills make these units unsuitable for water resource development.
The boreholes drilled at locations CS-16-03 and CS-16-05 encountered significant volumes of sand and
gravel separated by intervening silt and clay or debris flows, which hold potential water resources for the
future. The geometry and potential connectivity of the coarse-grained units identified in these boreholes
remain highly uncertain, as few domestic wells tap into this interval because of the common occurrence
of freshwater-bearing sandy units at shallower depths (sandy Thorncliffe Formation deposits).
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The glacial Lake Algonquin sand aquifer (Sibul and Choo-Ying 1971) is a shallow unconfined
aquifer identified to the south that services numerous homes within lowland areas. In central Simcoe
County, the limited volumes of coarse-grained sediments within the glacial Lake Algonquin deposits
appear to restrict the utility of the surficial aquifer for water supply. However, in areas where significant
nearshore erosion has taken place, local erosion of Newmarket Till at surface creates hydraulic windows
through the sandy lake deposits down into the predominantly coarse-grained Thorncliffe Formation.
The Thorncliffe Formation beneath lowland areas may form part of what has historically been called
the “Alliston aquifer” (Sibul and Choo-Ying 1971), although the connectivity of these deposits in the
subsurface has not been firmly established and a direct flow connection between the central Simcoe
County study area and other aquifers in the region has yet to be documented. Recent sediment mapping
investigations to the south suggest that the Alliston aquifer is an assortment of sand bodies at various
stratigraphic intervals beneath uplands and lowlands, rather than a single continuous and connected
sediment body in the subsurface (Mulligan and Bajc, in press).
Boreholes drilled as part of this study are the first to intersect more deeply buried coarse-grained
units underlying the lower fine-grained till. This unit is intersected by only a few domestic wells, but
could potentially serve as a more significant water resource in the future should shallower flow systems
become stressed and/or contaminated. West of Midland and northwest of Penetanguishene, the lower
fine-grained till is underlain by significant thicknesses of very coarse-grained gravel, which could serve
as high-yield aquifers.

FUTURE WORK
A third drilling program is planned for the summer of 2017. Geophysical logging of boreholes with
monitoring wells will be undertaken by the Geological Survey of Canada to characterize the physical
properties of sediment units identified in boreholes, which will ultimately assist in correlating existing
geophysical profiles from previous local groundwater investigations. Ongoing and future monitoring of
water levels and testing of water chemistry at the monitoring sites will be conducted by local
municipalities, conservation authority and environmental association staff.
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INTRODUCTION
The Ambient Groundwater Geochemistry Program (AGGP) was introduced in 2007 to provide a
high-quality characterization of groundwater geochemistry across Ontario and to delineate natural trends
that may affect usability of the groundwater resource (Hamilton, Brauneder and Mellor 2007). By 2015,
field work on this multi-year project was completed for all of southern Ontario at a uniform sample
density of approximately 1 sample in every 10 km2 area. In 2016, a groundwater geochemical mapping
study was completed in the Sudbury and surrounding areas to provide the first northern Ontario
component of the AGGP. The study area covers approximately 13 000 km2 and extends from Cartier in
the northwest to Port Loring, south of Lake Nipissing, in the southeast (Figure 32.1). A groundwater
geochemical mapping program has never been completed in the Sudbury area at this scale. The objectives
of the 2016 study are as follows:
1.

to expand on the existing AGGP database and continue the ongoing water-quality mapping of
major bedrock and overburden units;

2.

to conduct a geochemical groundwater comparison of Precambrian Shield aquifers with the
Paleozoic sedimentary rock aquifers in southern Ontario; and

3.

to test the methodology and potential for sampling radiological and radiochemical parameters,
including radon and gross alpha-particle and gross beta-particle activity concentrations.

STUDY AREA
The 2016 study area was divided into 10 km2 sampling blocks termed “nodes” (see Figure 32.1).
The target sample density was 1 bedrock and 1 overburden well sample in each node. When field work
was completed in mid-July, samples had been collected from a total of 90 nodes. As with previous years,
there was some difficulty locating both types of wells in every node. In most nodes, at least 1 bedrock
well was sampled; however, in some nodes, overburden wells could not be located. In some areas, a
bedrock well sample was taken in lieu of a missing overburden well and, in others, extra bedrock wells
were sampled to fill obvious gaps in the sample distribution or to augment the number of wells sampled
in a particular formation. In total, 52 overburden and 144 bedrock wells were sampled. Although every
effort was made to ensure optimal sample density, sizeable gaps still exist in the sample distribution
where no wells exist in undeveloped areas.
The study area encompasses 4 First Nation communities: Wahnapitae, Atikameksheng Anishnawbek,
Dokis and French River (see Figure 32.1). Each of the communities were consulted prior to sampling and
3 communities participated in the program.
Summary of Field Work and Other Activities 2016,
Ontario Geological Survey, Open File Report 6323, p.32-1 to 32-11.
© Queen’s Printer for Ontario, 2016

32-1

Figure 32.1. The Ambient Groundwater Geochemistry Program–Sudbury project area showing the study area, sampling nodes (light grey grid), sample locations and general
geology. Bedrock geology from Ontario Geological Survey (2011).
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GEOLOGIC SETTING
This study represents the first time the AGGP has been conducted entirely over the Precambrian
Shield. This area comprises 3 geological provinces: the Archean Superior Province, and the Proterozoic
Southern and Grenville provinces. Also included in this area are the Killarney Magmatic Belt, a belt
(circa 1740 Ma) of intrusive and minor metavolcanic rocks, and the Sudbury Igneous Complex (SIC),
which is a base metal–bearing, differentiated igneous intrusion (see Figure 32.1).
Some of the oldest rocks in the study area are Archean rocks of the Superior Province and comprise
the bedrock in the northwestern corner of the study area. These rocks belong to the Abitibi Subprovince
and form the footwall to the north and east of the SIC (Dyer, Takats and Felix 2004; Card 2009). The main
geologic units of the Superior Province in the Sudbury area are the Levack gneiss, the Cartier granite and
the Birch Lake batholith. The granulite-facies Levack gneiss complex consists of 3 main rock types:
tonalite-granodiorite orthogneiss, biotite paragneiss and foliated granodiorite (Card 2009). These rocks
were deformed and metamorphosed at circa 2647 Ma, prior to being intruded by leucogranitic rocks of
the Cartier granite at circa 2642 Ma (Ames and Farrow 2007; Card 2009). Archean tonalite-granodiorite
orthogneisses are also present in the Grenville Province west of Sudbury (Chen, Krogh and Lumbers 1995).
The majority of exposed Southern Province rocks in the Sudbury area belong to the Huronian
Supergroup, which was deposited between 2450 and 2219 Ma, and which unconformably overlies rocks
of the Superior Province (Bennett, Dressler and Robertson 1991). In the Sudbury area, the Huronian
Supergroup exists mostly along the southern margin of the SIC forming the footwall (see Figure 32.1).
However, outliers of the Huronian Supergroup do occur in the Superior Province north of the SIC (Long
2009) (see Figure 32.1). The Huronian Supergroup is divided into 4 groups, which are described in detail
by Bennett, Dressler and Robertson (1991). These 4 groups are, from oldest to youngest, the Elliot Lake,
Hough Lake, Quirke Lake and Cobalt groups. The Elliot Lake Group in the Sudbury area consists of
3 main metavolcanic sequences and 2 metasandstone-dominated sequences. The metavolcanic rocks,
from oldest to youngest, are the tholeiitic Elsie Mountain Formation, the bimodal Stobie Formation, and
the felsic Copper Cliff rhyolite (Bennett, Dressler and Robertson 1991). The metasedimentary rocks of
the Elliot Lake Group consists mainly of turbiditic sandstones, siltstones and mudstones of the McKim
Formation, as well as thin sandstone and conglomerate units of the Matinenda Formation, which are locally
radiogenic (Bennett, Dressler and Robertson 1991; Simard, Gordon and Généreux, this volume). The
overlying Hough Lake, Quirke Lake and Cobalt groups consist of 3 repeated successions of conglomerate;
mudstone and siltstone and/or carbonate rocks; and sandstone (Bennett, Dressler and Robertson 1991).
Intrusive rocks associated with the deposition of the Huronian Supergroup include layered mafic
intrusions of the East Bull Lake intrusive suite (circa 2480 to 2440 Ma), which occur in both the Superior
and Grenville provinces (James et al. 2002); mafic dikes of the Matachewan diabase dike swarm (circa
2460 Ma: Bleeker et al. 2015); and felsic intrusions, including the Murray, Creighton and Skead granites,
as well as equivalents located in the Grenville Province (Easton 2007). Rocks of the East Bull Lake
intrusive suite and the Matachewan dike swarm cut Archean rocks in the area, but are not intruded into
the Huronian Supergroup. In contrast, the felsic intrusive rocks do cut the Huronian Supergroup, and
Bleeker et al. (2015) provide geochronological evidence that the Copper Cliff rhyolite, and the Murray
and Creighton granites are coeval. Between 2220 and 2210 Ma, the Huronian Supergroup was injected by
gabbro sills of the Nipissing intrusive suite (Bennett, Dressler and Robertson 1991). Prior to the Sudbury
impact event at circa 1850 Ma, rocks of the Southern Province were folded, thrusted and locally
metamorphosed, although the timing and details of this deformation event remain poorly understood
(Jackson 2001; Easton 2006; Simard, Gordon and Généreux, this volume).
The ellipsoidal-shaped Sudbury Structure (see Figure 32.1) is thought to have been formed by a
meteorite impact at 1850 Ma (Krogh, Davis and Corfu 1984) and hosts world-class deposits of nickelcopper and platinum group elements (Dressler 1984). The SIC refers to the approximately 60 by 25 km
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mafic melt sheet that was formed by the impact. The Sudbury Structure was later infilled by fallback
breccias and metasedimentary rocks of the Whitewater Group (Dressler 1984). From oldest to youngest,
these are the Onaping, Vermillion, Onwatin and Chelmsford formations (Ames and Farrow 2007; Card
and Rousell 2009). Dikes and irregular bodies of breccia, likely caused by the force of the impact, extend
up to 80 km outside of the basin (Peredery and Morrison 1984). The breccias typically have a fine-grained
matrix with subrounded clasts of adjacent country rock (Dressler, Peredery and Muir 1992). Mineralization
associated with the Sudbury structure is mainly hosted in brecciated footwall rocks, the contact sublayer
at the base of the SIC and in the so-called offset dikes (Ames and Farrow 2007).
The Killarney Magmatic Belt located south of Sudbury (see Figure 32.1) consists of felsic intrusive
rocks and minor intermediate to felsic metavolcanic rocks that were emplaced into the Huronian Supergroup
at circa 1740, with minor renewed felsic intrusive activity at circa 1450 Ma. Rocks of the Killarney
Magmatic Belt may extend well eastward into the Grenville Province in the southeastern part of the study
area (Easton 2014).
The Grenville Province in the eastern part of the study area (see Figure 32.1) consists of Archean,
Paleoproterozoic and Mesoproterozoic rocks that were all metamorphosed and deformed during the
Grenville orogeny between circa 1080 and 990 Ma (Easton 1992). Most of the Archean and
Paleoproterozoic rocks within the Grenville Province were metamorphosed and deformed at least once
prior to the Grenville orogeny, and are interpreted to represent deeper level equivalents of parts of the
Superior and Southern provinces (Easton 1992; Carr et al. 2000). The Grenville Front represents the
northward limit of Grenville deformation and metamorphism (Easton 1992). To the east and south of the
Grenville Front is the Grenville Front tectonic zone, a linear high-strain belt up to 30 km wide that is
composed of highly deformed and metamorphosed rocks recognizable as being derived from the Killarney
Magmatic Belt in the southwest, and from the Southern and/or Superior provinces in the east (Easton
1992). Grenville Province rocks in the southeastern part of the study area belong to the Nepewassi
domain, a thrust sheet that consists of Archean and Paleoproterozoic ortho- and paragneisses, which were
intruded by a variety of plutonic rocks at circa 1740, 1450 and 1220 Ma (see summary in Easton 2014).
The Quaternary geology of the north and east ranges of the Sudbury Basin has been mapped and
described by Bajc (1997a, 1997b, 1997c, 1997d), Barnett and Bajc (1999) and Bajc and Hall (2000). The
Quaternary geology of the southwest corner of the Sudbury Basin (Denison and Drury townships) has
been mapped recently by Hashmi (2016). The study area consists primarily of exposed bedrock, overlain
by a thin and discontinuous drift cover (Gartner 1978a, 1978b, 1978c, 1978d). The area was affected by
the Late Wisconsinan glaciation as glaciers flowed into the Sudbury Basin area in a southwestward
direction following the topography of the Sudbury Basin and deposited till. Glacial till in the study area
comprises silty sand, is mostly derived from local bedrock and is mapped as ground moraine, hummocky
moraine and recessional moraine (Bajc and Hall 2000). Glacial till is generally low in carbonate and
deposited as a discontinuous veneer over uplands in the northern portion of the study area (Bajc and Hall
2000). Glacial retreat resulted in the formation of the large glacial Lake Algonquin, which deposited finegrained glaciolacustrine sediments (sand, silt and clay) and coarser grained deltaic deposits (Bajc and Hall
2000). Glaciolacustrine sediments associated with glacial Lake Algonquin overlie most till deposits,
especially in the lowlands and consist of massive to laminated sand, silt and clay (Bajc and Hall 2000).
Glaciolacustrine deposits are the most common surficial material in the study area, with continuous
deposits fringing the west arm of Lake Nipissing, along the southern margin of the SIC and infilling the
Sudbury Basin (Figure 32.2). Coarse-grained glaciofluvial deposits, composed of well-sorted sands and
gravels, exist in the area (Hashmi 2016; Bajc and Hall 2000). The Wanapitei esker is the most extensive
esker in the area, trending both north and south of Lake Wanapitei (Barnett and Bajc 1999). Sand units
can also be found overlying the Huronian Supergroup rocks in the central part of the study area, as well as
along the northern margin of the SIC (see Figure 32.2). Lastly, peat and bogs occupy depressions (Bajc
and Hall 2000).
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Figure 32.2. Surficial geology of the Sudbury study area displaying preliminary gross beta-particle activity concentrations measured during the 2016 study. Surficial geology
from Ontario Geological Survey (2000).
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SAMPLING AND METHODS
Groundwater samples were collected from domestic, farm and monitoring wells, as well as from
3 groundwater-fed seeps along roadcuts. In addition, 31 quality-control (QC) samples (~15% representing
blanks, standards and duplicates) were submitted to evaluate analytical accuracy and precision. A total of
230 samples were submitted to the laboratory, including quality-control samples.
Approximately 91 parameters are determined for each site. Field parameters were measured during
the collection of each groundwater sample; these consisted of temperature, dissolved oxygen (DO), pH,
conductivity and oxidation–reduction potential (ORP), which are measured using multi-parameter
instruments equipped with a flow cell. Notes were recorded regarding the well type and well-head security,
the plumbing and the sampling point. Observations about the water were also collected (e.g., gaseous,
odours, colour, turbidity, etc.). Additional parameters measured in the field include bicarbonate (HCO3–
from alkalinity), hydrogen sulphide (H2S), dissolved gases (CO2, O2, CH4) and iodide (I−). The majority
of parameters are determined using samples submitted to several different laboratories for analyses,
including metals, anions, mercury, isotopes, tritium, nitrates and nitrite, total Kjeldahl nitrogen (TKN),
organic nitrogen, bacteria (total and fecal coliform), and dissolved inorganic and organic carbon. Many of
these analyses are being completed by the OGS Geoscience Laboratories. However, samples for specific
analyses were submitted to several external laboratories: 1) Saskatchewan Research Council Environmental
Analytical Laboratories for radiological and radiochemical samples; 2) SGS Canada for time-sensitive
parameters, including bacteria, nitrogen parameters, and dissolved inorganic and organic carbon;
3) IT2 Isotope Tracer Technologies for δ2H and δ18O; 4) University of Ottawa G.G. Hatch Stable Isotope
Laboratory for δ34S and δ18O; and 5) University of Waterloo Environmental Isotopes Laboratory for 3H
(tritium).
For a more detailed description of the general field methods employed by the AGGP, see Hamilton,
Brauneder and Mellor (2007) and Hamilton and Brauneder (2008).

RADIONUCLIDE SAMPLING
Radioactivity in groundwater is the product of natural inputs resulting from the radioactive decay of
minerals in bedrock and overburden aquifers, but may also be the result of anthropogenic inputs from
local activities, such as mining and milling operations. Although the risk from radionuclides in groundwater
is generally low, there is a specific risk from radon if it is released to indoor air (e.g., through aeration of
water) and inhaled (Health Canada 2009). This component of the project will serve as a pilot project to
delineate any patterns in radioactivity that may be present in northern Ontario and determine if there is
sufficient variability and magnitude in concentrations to warrant inclusion of these parameters in future
areas sampled as part of the AGGP.
In 2016, each well was sampled to analyze for gross alpha-particle and gross beta-particle activity
concentrations to determine the presence of overall radioactivity. Groundwater samples were collected at
each site in a 1 L high-density polyethylene (HDPE) plastic bottle and acidified with 10 mL of 3M nitric
acid (HNO3). In addition, 2 samples were collected in 40 mL amber vials to be analyzed for radon-222
(222Rn) by liquid scintillation. Because dissolved radon gas is highly volatile and will escape readily at the
water outlet, special care was taken to prevent volatilization during sampling. Sample vials were capped
immediately after filling, taking care to leave no head space. With a half-life of 3.82 days for 222Rn,
samples have a holding time of only 8 days; thus, samples were shipped to the Saskatchewan Research
Council Environmental Analytical Laboratories at the end of each sampling day.
The method of analysis for determining gross alpha-particle and gross beta-particle activity
concentrations (excluding radon) requires the selection of a sample volume that will yield 100 mg of dry
solids after evaporation. The result of this process is a different detection limit for individual samples
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because a varying volume is required to achieve the desired mass. Samples with less than 100 mg/L solids
will have a detection limit of 0.06 Bq/L, whereas samples with greater than 1000 mg/L solids will have
detection limits greater than 0.5 Bq/L. These varying detection limits will provide some challenges during
interpretation and data comparison across the study area.
Testing for gross alpha-particle and beta-particle activity concentrations is a preliminary tool to
identify areas that may require more detailed investigation into the cause(s) of radioactivity. This
investigation will provide a general measurement of the radioactive signal present in Sudbury area
groundwater and, in future, may assist in identifying areas that may require further characterization
studies. The recommended screening limits for gross alpha-particle and gross beta-particle activity in
drinking water are 0.5 Bq/L and 1 Bq/L, respectively (World Health Organization 2011, p.208-209). The
evaporation method to determine gross beta-particle activity includes a contribution from potassium-40
(40K), which is a common natural beta-particle emitter (Health Canada 2009); therefore, additional
analysis of total potassium may be needed if the gross beta-particle activity concentration is exceeded.
Radon is an alpha-particle emitter; however, it is readily lost to air and is completely lost during
evaporation of the sample in testing for gross alpha-particle and gross beta-particle activity; therefore, the
combination of both gross alpha-particle activity concentration and radon analyses would provide a more
complete estimate of the alpha-particle signal.
The recommended drinking water limit for radon has not been established; however, the World Health
Organization guidelines suggest that indoor air concentrations exceeding 100 Bq/m3 should be mitigated
(World Health Organization 2011, p.216). As a decay product of radium-226 (226Ra), 222Rn is one of the
most commonly reported radionuclides in groundwater in Canada (Health Canada 2009) and is closely
linked with increased occurrence of lung cancer (Field and Withers 2012). Both 226Ra and 222Rn belong to
the 238U decay series (Health Canada 2009).
The prevalence of granitoid rocks in the Sudbury area provides an opportunity to test the utility of
including radionuclide sampling in the suite of AGGP analyses. Granites have inherent radioactivity
because of their propensity to accumulate uranium and thorium, with average whole-rock concentrations
of 4 ppm U and 12 to 20 ppm Th, respectively (Cuney and Kyser 2009); and because of the high
potassium content, a small proportion of which is 40K. A similar groundwater survey completed in Nova
Scotia identified granite, sandstone and shale as the major rock types that contained radionuclide levels of
concern (Drage, Baweja and Wall 2005). In that study, out of 21 wells completed in granite, 13 wells had
radionuclide levels that exceeded recommended levels. These high radionuclide levels were attributed to
210
Pb (Drage, Baweja and Wall 2005), which is a long-lived decay product of the short-lived daughterproducts of 222Rn (Health Canada 2009).
As more of northern Ontario is sampled as part of the AGGP, elevated levels of radioactivity may be
encountered related to Superior Province granitic rocks. If these groundwater surveys identify particular
rock units with elevated radioactivity, then these specific radionuclide sources could be studied as part of
new projects.

PRELIMINARY RESULTS AND DISCUSSION
Most laboratory results were pending at the time of writing. Once all data are available, qualitycontrol analyses will be conducted; after that, individual analytical reports will be prepared for each of the
well owners who participated in the project. Following distribution of the homeowner reports, the 2016
data will be integrated into the master database that contains all the results of sampling associated with
the AGGP. In time, the published database (Hamilton 2015) will also be updated.
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Preliminary interpretation of the radionuclide analyses reveals gross beta-particle activity anomalies
coincident with Pleistocene glacial Lake Algonquin units deposited over the Grenville and Southern
provinces (see Figure 32.2). However, these clay-bearing units likely contributed 40K to the gross betaparticle activity signal. Although 40K occurs naturally in most rocks and soils, clay minerals can be
especially rich in this isotope (Ellis and Singer 2008). Anthropogenic effects also need to be taken into
consideration: farming activities in clay-rich areas may use fertilizers, which will elevate potassium levels
in the soils and may leach into groundwater. Only 2 samples (1.3 and 3.0 Bq/L), from bedrock wells,
measured above the WHO recommended gross beta-particle activity concentration limit of 1 Bq/L (World
Health Organization 2011, p.208). Overburden wells developed in these clay-bearing units also produced
water containing elevated gross beta-particle activity.
A preliminary investigation of bedrock-well field parameters collected at the time of sampling,
coupled with some early results from laboratory analyses, revealed several variations between the 2016
data collected in Sudbury and the southern Ontario data set. The differences in the 2 data sets were
anticipated as an obvious effect of the differences between the Paleozoic sedimentary host rocks in
southern Ontario and the igneous and metamorphic crystalline host rocks of northern Ontario. Figure 32.3
compares several field-based parameters drawn from the southern Ontario data set (Hamilton 2015) and
preliminary data from this study. The pH is near neutral in both areas (Figure 32.3D), although, surprisingly,

Figure 32.3. Plots comparing several field parameters from bedrock wells from Sudbury study area with the same parameters
from wells in southern Ontario (compiled from Hamilton 2015).
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the mean pH of groundwater in the Sudbury area is more basic than that of southern Ontario groundwaters.
The higher variation in the Sudbury area is likely caused by the low buffering capacity in the Sudbury
area as compared to southern Ontario, reducing the groundwater’s ability to resist significant pH changes.
The carbonate rocks in southern Ontario, which contain more soluble minerals, resulted in much higher
electrical conductivities when compared to the conductivities in the Sudbury area. Electrical conductivity
values (Figure 32.3B) for bedrock wells in the Sudbury area ranged from 129 µS/cm at the 5th percentile
to 1130 µS/cm at the 95th percentile, in contrast to 342 and 3840 µS/cm, respectively, in southern Ontario.
The extensive carbonates in southern Ontario also contribute to much higher dissolved inorganic carbon
concentrations (Figure 32.3E). As expected, the higher latitude of northern Ontario resulted in colder
water temperatures (mean 8.7°C) than in southern Ontario (mean 10.5°C) (Figure 32.3A).
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INTRODUCTION
Groundwater with naturally elevated concentrations of both methane and iodine is a regional issue
affecting parts of eastern Ontario, particularly those areas covered in contiguous thick marine sediment
(CTMS) (Figure 33.1), as evidenced by data collected through the Ontario Geological Survey (OGS)
Ontario Ambient Groundwater Geochemistry Project (OAGGP) in 2012, 2013 and 2015. This problem is
thought to be associated with the geological setting, specifically a marine environment that existed in the
St. Lawrence Lowland following the most recent glacial retreat approximately 10 000 years ago. In
addition to trapping saline water, thick marine clays contain large amounts of planktonic organic matter,
of which some species are known to bioconcentrate iodine during their life cycle (Fuge and Johnson
1986). The anaerobic decomposition of these organisms would release both the reduced form of iodine,
iodide (I−), and methane into pore water, which would then migrate to the adjacent bedrock aquifers.
These clays overlie a complex Paleozoic bedrock topography and geology (Armstrong and Dodge 2007),
the interbedded limestone and shale units of which, along with long groundwater residence times, may
further contribute to high amounts of both iodine and methane.
The townships of Alfred–Plantagenet and Clarence–Rockland (herein referred to as the “study area”;
see Figure 33.1) have been studied extensively in 2015 and 2013 (respectively), where the sampling
density was refined from the 10×10 km grids established in the 2012 OAGGP study to 2×2 km grids, to
create aquifer capability screening tools (ACSTs) that demonstrate the spatial distribution of potable
water in the study area (Geofirma Engineering Ltd. 2015; Morton 2015; Morton et al. 2013). Selected
sites where groundwater was shown to contain high amounts of methane or iodine in these previously
studied areas were revisited during the 2016 field season to collect the full OAGGP suite, as well as extra
samples for the following analyses: 129I; 14C in methane, dissolved organic carbon and dissolved inorganic
carbon; 13C isotopes in methane, dissolved organic carbon (DOC), dissolved inorganic carbon (DIC); and
deuterium (2H) ratios in collected methane samples. These extra isotopic data will be used to determine
the age and the sources of both iodine and methane in the groundwater, and to establish a possible
relationship between the spatial distributions of both parameters. The current hypothesis is that biological
anaerobic decomposition of organic matter contained in the marine clay deposits is the primary source of
methane gas and dissolved iodine; thus, a spatial and quantitative relationship between the 2 parameters is
expected. The investigation of this hypothesis using data collected from this study forms the basis of a
Master of Science thesis by Alexander Lemieux at the University of Ottawa.
Summary of Field Work and Other Activities 2016,
Ontario Geological Survey, Open File Report 6323, p.33-1 to 33-7.
© Queen’s Printer for Ontario, 2016
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Elevated concentrations of iodine in cow’s milk from dairy farms in the eastern Ontario region may be
a consequence of the abnormally high groundwater concentrations of iodide in the area (Rogerson et al., this
volume). The 129I data for groundwater collected during this study will also be used as part of a Master of
Science thesis by Courtney Rogerson at the University of Guelph. As part of that study, the isotopic
fingerprint of iodine in groundwater will be compared to that of iodine found in the cow’s milk, to
determine whether the 2 are correlated.

SITE SELECTION
Although this project was part of the OAGGP, the methodology for site selection differed from the
one established by Hamilton, Brauneder and Mellor (2007). Bedrock, interface and deep overburden wells
that had been sampled in all of eastern Ontario (2012), as well as the Township of Clarence–Rockland
(2013) and the Township of Alfred–Plantagenet (2015) as part of the OAGGP, were screened with respect
to their iodide content. Because there is no limit for iodine in drinking water in Ontario (Ministry of the
Environment 2006), a threshold of 150 ppb I− in drinking water was used. This is the threshold used by
epidemiologists in China to determine areas that are at risk of iodine excess disorders (China Ministry of
Health 2003).

Figure 33.1. Boundaries of the study area, with the locations of dairy herd (milk) samples in relation to the delineation of the
contiguous thick marine sediment (CTMS) region, which was derived from drift thickness mapping data from Gao et al. (2006).
Universal Transverse Mercator (UTM) co-ordinates provided using North American Datum 1983 (NAD83) in Zone 18N.
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Of the 138 bedrock-well sites near the study area that were sampled throughout the 2012, 2013 and
2015 sample seasons, 58 sites had iodine concentrations exceeding 150 ppb I−. These sites were further
assessed for other chemical parameters, such as dissolved methane content, salinity, selenium concentration
and H2S content. Physical and/or spatial parameters were also examined, which included drift thickness,
well depth and bedrock topography. Based on these parameters, the sites were assigned a priority number
from 1 to 5: 1 being the highest priority and 5 being the lowest priority.
To ensure a proper spatial distribution of groundwater samples, a proximity analysis was carried out
using geographic information system software, relating the location of the 58 potential sites to dairy farms
that would be sampled as part of the collaboration between the OGS and the University of Guelph. The
OAGGP sites that were within 1.5 km of dairy farms to be sampled for both groundwater and milk were
removed from the priority list to prevent redundancy in data. Once this was done, 43 OAGGP sites
remained on the priority list. The station numbers from 2013 and 2015 that were selected to be resampled
were relayed to the South Nation Conservation Authority, which was the sole keeper of the contact details
for property owners at these sites; staff from South Nation Conservation Authority then contacted the
homeowners to schedule an appointment during the 3 week field season. Sites from 2012 that were
selected were contacted by the OGS. Dairy farm owners were contacted by the University of Guelph. The
consent form signed by the dairy farmers contains a section authorizing the OGS to sample their wells, in
addition to the milk sample being collected by the University of Guelph. In situations where there was a
lack of data in certain areas, the cold-call protocol (actually a visit) used by Hamilton, Brauneder and
Mellor (2007) was employed to fill gaps.
As many samples as possible for the milk and groundwater projects were collected together at the
same stations (i.e., sample collection sites). However, to ensure an adequate spatial distribution of
groundwater samples with a wide range of iodine and methane concentrations, not all groundwater
samples could be collected on a dairy farm. Where milk was sampled at a site that was not a groundwater
sampling station, a sample of the water cows are drinking was collected and will be analyzed for a limited
suite of parameters (see Figure 33.1, red dots).

FIELD SAMPLING
The field sampling was carried out in general accordance with the protocols developed by the OGS
for the Ontario Ambient Groundwater Geochemistry Project (Hamilton, Brauneder and Mellor 2007;
Hamilton and Brauneder 2008). Every site visit began with the well owner signing a consent form,
followed by a brief interview with the well owner. Interviews included questions about the age and depth
of the well, a description of water use and water treatment systems (which, for sampling purposes, were
always bypassed), and historic water quality or quantity issues. Following the interview, a visual
inspection and measurements were taken at the well head, including casing diameter, casing height above
ground (“stick-up”), water level, well depth and Universal Transverse Mercator (UTM) co-ordinates
(using a global positioning system unit).
An apparatus used to purge water and collect samples was connected to a faucet that provided
untreated water. The water apparatus consisted of 4 main tubes. Two tubes were inflow from the faucet
line and outflow to a garbage pail used to purge the initial volume of water prior to sampling. The other
2 tubes included switch valves to control the flow rate: one was used for filling sample bottles and the
other was used to run water through a flow cell with which a YSI multi-parameter instrument could be
inserted to record and log measurements of temperature, pH, conductivity, oxidation–reduction potential
and dissolved oxygen. Sampling started once stable readings were observed on the YSI probe, usually
occurring when variations in temperature were within a range of 0.1°C.
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Where a full OAGGP suite of samples was collected, 15 sample bottles were filled to analyze water
for metals, anions, mercury, iodide, oxygen and deuterium isotopes in water, sulphur isotopes in water,
tritium, dissolved organic and inorganic carbon, total Kjeldahl nitrogen (TKN) + ammonia and ammonium,
nitrate and nitrite, methane, total organic carbon and colour; this included a “spare” sample bottle for
additional analyses that might be required. The sample bottles for metals, anions, mercury and total
organic carbon were each filled using a syringe and 0.45 μm polyvinylidene fluoride filter.
Where a limited OAGGP suite was collected, 5 bottles were filled to analyze water for metals,
dissolved organic and inorganic carbon, anions, oxygen and deuterium isotopes in water, colour and total
Kjeldahl nitrogen (TKN) + ammonia and ammonium; this included a “spare” sample bottle for additional
analyses that might be required. The sample bottles for metals and anions were filled using a syringe a
0.45 μm polyvinylidene fluoride filter.
Alkalinity was measured on site using a Hach® Model 1690001 digital titrator by titrating 1.6 N H2SO4
into 100 mL of sample with an added indicator packet of bromocresol green. Titrated amounts were
recorded at 3 endpoints: blue grey, violet grey and pink. Hydrogen sulphide (H2S) content was measured
on site by preparing a blank of de-ionized water and comparing it, using a colour wheel, to a prepared
sample. Hydrogen sulphide was not measured at sites where the distinctive rotten-egg odour was not
observed, because experience has shown that, where there is no odour, H2S concentrations are invariably
below the detection limit (0.01 mg/L).
At the end of each week, a cooler was prepared containing a) the samples for dissolved organic and
inorganic carbon, total Kjeldahl nitrogen (TKN) + ammonia and ammonium, nitrate and nitrite, colour,
and b) a Chain of Custody form. This cooler was shipped via Purolator to SGS Environmental
Laboratories for analysis. Methane, iodine and tritium bottles were stored at room temperature, and all
other samples were refrigerated. Methane samples were measured the following morning, iodine was
measured within 5 days, and all other samples were stored and sent weekly to the OGS Geoscience
Laboratories in Sudbury.

MEASUREMENT PROBES AND CALIBRATION
A YSI 650 data-logging instrument was used to record pH, electrical conductivity, temperature,
dissolved oxygen and oxidation–reduction potential (ORP). The YSI instrument was connected to a sonde
that incorporated 3 probes: 1) pH–ORP, 2) temperature–electrical conductivity and 3) optical DO (ODO).
At the beginning of each sampling day, the probes were calibrated or checked with standards for
accuracy. The YSI probe was calibrated for pH, dissolved oxygen and electrical conductivity. The pH
probe was calibrated using a three-point calibration at pH of 4, 7 and 10; and electrical conductivity was
checked with a 1413 μS/cm solution. The ODO probe was calibrated daily to zero (0) using a zero oxygen
calibration solution. The ORP probe was calibrated once at the beginning of the field season using
ZoBell’s solution (240 mV), whereas the temperature probe was not calibrated.

DISSOLVED METHANE MEASUREMENTS
Samples to be analyzed for dissolved methane content were collected in 1200 mL graduated glass
bottles. The bottles were filled with water up to the 600 mL line, and stored upside-down at room
temperature and out of sunlight until measurement, which occurred the morning following collection.
Gas contents of CH4 (2 sensors), O2 and CO2 were measured using an RKI Eagle 2 portable multi-gas
meter, and the water temperature was measured using the probe on the YSI sonde. To analyze dissolved
gas concentrations using the Eagle, a flexible silicone tube connected to the Eagle was inserted into the
headspace of the bottle, approximately 3 cm above water. The Eagle would then pump the gas through
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the silicone tube from the headspace to the sensors, which would usually provide a stable reading within
10 seconds.
Methane measurements were taken using 2 sensors: a low-level sensor capable of measuring from
0 to 50 000 ppm CH4, and a high-level sensor capable of measuring up to 100 volume % CH4. The lowlevel sensor for methane and the carbon dioxide sensor were checked every day using a 25 000 ppm
methane gas cylinder and 2.50% carbon dioxide by volume gas canister, respectively. The machine was
also zeroed to air (i.e., 0 ppm CH4, 0% CO2 and 21.9% O2) every morning. The high-level methane sensor
was checked once a week, because the high concentrations damage the low-level sensor and because
residual methane left in the lines by the 50% (by volume) methane gas calibration canister took
approximately 20 minutes to purge. The high-level sensor is reported by the manufacturer to hold a
calibration for months at a time and this has been generally observed to be correct.

IODIDE AND BROMIDE MEASUREMENTS AND IODINE-129 SAMPLES
Oxidation–reduction potential and pH data from previous OAGGP studies in the area suggest that
nearly all dissolved iodine in the study area would be present in the reduced form. As such, the only
species of iodine measured was iodide (I−). Similarly, the only species of bromine measured was bromide
(Br−). For these measurements, the Thermo Scientific™ Orion™ 9453BN Iodide Electrode was
connected and operated through an Orion™ Star A324 portable meter. The meter was calibrated to
10 ppb I−, 1000 ppb I− and 10 000 ppb I− prior to measurement. For bromide measurements, the Thermo
Scientific™ Orion™ 9435BN Bromide Electrode was connected and operated through an Orion™ Star
A324 portable meter. The meter was calibrated to 0.5 ppm Br−, 5 ppm Br−, and 50 ppm Br− prior to
measurement. Samples were measured within 5 days of their collection. Prior to measurement, the water
filling the neck of each bottle was discarded, and 1 mL of ionic strength adjuster and micro-magnetic stir
bar were added. The probe was inserted into the sample bottle, placed over a magnetic stirring plate and a
measurement was recorded after the meter automatically indicated the probe had stabilized.
Iodine-129 samples were collected at every site in a clear 500 mL borosilicate Wheaton bottle with
butyl septa or a 500 mL HDPE bottle and stored at room temperature out of sunlight until shipping.
Iodine-129 isotopes will be used to date the iodine dissolved in the groundwater samples.

CARBON ISOTOPE SAMPLES
At sites where the full OAGGP suite was collected, the bottles included three 40 mL amber septumvials to measure 13C isotopes of DIC and DOC. At sites where there was significant exsolution of gas in the
form of free bubbles, two 125 mL glass Wheaton bottles were filled with the vapour phase (when collection
was possible) to analyze for 14C, 13C and 2H isotopes of the methane and to measure the gas composition,
and two 500 mL glass Wheaton bottles were filled with water to analyze the 14C of DIC and DOC.
The 13C DIC and DOC samples were collected in amber glass vials and immediately refrigerated.
The C DIC and DOC samples were filtered using a 0.45 µm polyethersulfone higher capacity filter and
2 separate 500 mL Wheaton bottles were collected, sealed by a plastic cap with a butyl septum and
refrigerated. The 14C DIC and DOC bottles were pretreated with a 5.8 M AgNO3 solution (~1 mL) to
precipitate any sulphide present in the water in order to prevent it from interfering with the analyses. For
vapour phase samples, gas was collected underwater in 2 inverted 125 mL glass Wheaton bottles. The
bottles were filled with purge water, and then inverted in a 120 L purge bucket. The purge hose was
connected to a funnel apparatus over which the mouth of the bottle was placed to collect the gas, which
would displace the water in the bottle as it filled. The funnel apparatus was designed to slow the flow of
water down and promote exsolution of methane. Bottles were then capped underwater using plastic caps
14
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with butyl septa and stored at room temperature out of sunlight until analysis. Butyl septa are nearly gas
impermeable and thereby prevent the migration of any vapour phase (particularly methane) from the
bottle into the atmosphere or oxygen into the bottle.
In total, 26 vapour (for 14C, 13C, 2H and composition of methane) and aqueous (for 14C DIC and
DOC) phase samples were collected. Stable isotope aqueous phase samples (13C) collected at all sites will
be used to determine the source of DIC and DOC in the groundwater. Radiocarbon analyses of methane
gas and DIC and DOC will be used to determine the age of their respective carbon sources. Stable
isotopes of the methane gas will be used to determine whether it is biogenic or thermogenic.

RESULTS
A total of 91 samples were submitted for geochemical analyses. Groundwater was sampled from
private wells at 82 locations throughout the study area: 40 of these wells were previously visited sites or
were the result of cold calls by the OGS, and 42 of these wells were dairy farms, as part of the
collaboration with the University of Guelph. In Figure 33.1, the black circles represent sample locations
where the full OAGGP suite was collected, and red circles represent sample locations where a partial
OAGGP suite was collected. Of the 42 dairy farms sampled, a full OAGGP suite was collected at
19 farms, and a partial suite collected at 23 farms. The remaining 9 sites comprise field control samples:
5 standards, 1 blank and 3 duplicates.
The distribution of data points is not perfectly homogeneous, as usually required by regular OAGGP
protocol. This is because of the variable nature of the target parameters (halogen and methane) and, in
some areas, their concentrations were not high enough for the analytical requirements. The variability is
most likely relating to both surficial geology (marine clays) and bedrock topography (buried valleys).
In addition, significant parcels of land in the study area did not contain any drilled wells because of the
poor quality of groundwater in the area.
Laboratory results are still pending at the time of writing. Once the data are available, individual
analytical reports will be prepared for each of the well owners who participated in the project.
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INTRODUCTION
Iodine is an essential dietary element required in the synthesis of thyroid hormones, which are crucial
supporters of many metabolic processes governing growth and development in mammalian species.
Meeting adequate dietary iodine needs is essential because a consequence of severe iodine deficiency or
exceedance can lead to detrimental health concerns such as hypo- or hyperthyroidism (Flachowsky et al.
2014). Bovine milk and dairy products are one of the leading nutritional iodine sources for humans, and
can provide over 50% of the recommended dietary iodine allowance (Franke, Bruhn and Osland 1982;
Flachowsky et al. 2014). Iodine concentration in milk at Canada’s farm gates is regularly tested and
results indicate a rising trend in milk iodine levels in Ontario milk. On average, milk sold in Canadian
retail stores contains 304±8.4 μg I/kg with an even greater average of 345 μg I/kg for Ontario milk
(Borucki Castro et al. 2010). This rise in iodine content in milk has led to tightly monitored surveillance
of iodine in saleable milk because of the narrow margin of safety regarding tolerable iodine intake.
Interim iodine limits have been initiated in the industry in an act to monitor levels on farms. The Dairy
Farmers of Ontario (DFO) test every bulk tank shipment and producers are notified and “flagged” if their
milk iodine concentration in samples is above 300 μg/L (Dairy Farmers of Ontario 2015). Similarly, if
samples contain iodine levels above 500 μg/L, they are considered “high” and producers are encouraged
to find a solution to reduce the iodine content in their milk.
Iodine is known to be a natural constituent of milk, but physiological absorption and transfer of
dietary iodide into milk varies among cows. Milk iodine concentration is influenced by intake of feedstuff
and mineral supplements, as well as milking management along with the use, application and removal
strategies of anthropogenic compounds, including iodophors or iodine containing teat dips (Borucki
Castro et al. 2011, 2012). Nevertheless, with this knowledge, many Ontario herds, in spite of milking
management and feeding corrections, continue to have elevated or high milk iodine levels. Little research
has investigated whether groundwater is a significant contributor to high iodine content in milk. Iodide in
groundwater was previously investigated by the Ontario Geological Survey (OGS) Ontario Ambient
Groundwater Geochemistry Project in 2012, 2013 and 2015. Reports from the Ambient Groundwater
Geochemistry Project (Hamilton 2015) indicate that naturally elevated iodide concentrations in well water
is a concern to regions of eastern Ontario covered in contiguous thick marine sediment (CTMS)
(Figure 34.1), the result of the Champlain Sea marine environment (Fuge and Johnson 1986) occupying
the Ottawa Valley and St. Lawrence Lowland approximately 10 000 years ago (10 ka) following the last
Summary of Field Work and Other Activities 2016,
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glacial retreat. Further data from the DFO indicate that the regions of eastern Ontario with high
groundwater iodine significantly overlap areas where dairy herds have milk iodine levels in exceedance of
the interim limits.
In an effort to determine if groundwater is an influential contributor to milk iodine levels in Ontario,
field work was conducted in the summer of 2016 on dairy farms located in and outside of the CTMS area
in eastern Ontario. Samples of the lactating herd ration (feed), water source consumed by the lactating
herd, and milk from the bulk tank were taken on each farm site for isotopic analysis of iodine-129 (129I) as
a way of fingerprinting iodine. A total of 58 samples were collected from farms located in eastern Ontario
during the field season (July and August 2016). This report summarizes the field work and preliminary
results in support of a Master of Science thesis, by Courtney Rogerson, at the University of Guelph,
started in the fall of 2015 under the supervision of Dr. David Kelton.
Additional groundwater samples for a large number of parameters were collected to determine the
age and the geological source(s) of iodine and methane, and to study the spatial distribution and
relationships between the parameters (Lemieux et al., this volume). These additional samples are part of
the field work component in support of a Master of Science thesis by Alexander Lemieux at the
Department of Earth and Environmental Sciences at the University of Ottawa.

Figure 34.1. Boundaries of the study area, with the locations of dairy herd (milk) samples in relation to the delineation of the
contiguous thick marine sediment (CTMS) region, which was derived from drift thickness mapping data from Gao et al. (2006).
Water used by the herds was also sampled at every site; the water sources and sample suites are indicated in the figure. Universal
Transverse Mercator (UTM) co-ordinates provided using North American Datum 1983 (NAD83) in Zone 18N.
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METHODS
Study Area and Producer Enrolment
Dairy farms were selected in eastern Ontario in relation to the CTMS area of interest, which is
centred on the townships of Alfred–Plantagenet and Clarence–Rockland. This area is of particular
importance because wells drilled in regions of thick glaciomarine and marine sediments have a greater
risk of containing water with excessive levels of iodine. Thus, the CTMS area (shown in Figure 34.1) was
the “study area” of interest for sample collection. Drift thickness data, previously published by the
Ontario Geological Survey (Gao et al. 2006), was used to define the CTMS area and S.M. Hamilton
(OGS) used geographic information system software to develop a shapefile delineating the study area;
this area was used as the reference for herd enrolment. A list of eastern Ontario dairy herds located within
or close to the CTMS boundaries was developed by Karen Hand at the University of Guelph. Milk iodine
levels of producers located within or close to the CTMS area were assessed using records from the DFO
milk load iodine testing from 2011 to 2016, and producer DFO licences were categorized according to
individual historical milk iodine testing levels. Herds within the study area with milk iodine levels below
350 μg/L were considered “normal”, above 350 μg/L to 500 μg/L were considered “elevated” and above
500 μg/L were categorized as “high”. “Case” herds exhibited chronically high or elevated tests, whereas
“control” herds were associated with consistently “normal” iodine tests from 2011 to 2016.
Initial contact was made with producers by the DFO in the form of an informative letter containing
information about the project and its purpose. Following the informative letter, an information package
was sent that included 1) a cover letter reiterating the purpose of the project and listing the contents of the
package; 2) a consent form providing detailed information into procedures including sample collection,
OGS collaboration, and individual confidentiality regarding data and personal identifiers; and 3) an
information form asking producers to provide their contact information and nutritionist and/or feed
advisor(s) name and contact. Producers interested in participating were asked to mail back the signed
consent form and completed information form. Follow-up contact was made via telephone to nonresponding producers, and those producers who were interested in participating. Telephone contact
provided further information regarding the sample collection and survey completion for the study, and
interested participants were assigned a date and time for a farm visit during the scheduled three-week
field season. Participants were asked to complete a survey with areas of interest, including iodine
supplementation of feed, milking procedures, water sources, and both availability and consumption of
water by the lactating herd. Producers were given 3 options for completing the survey: 1) they could
request a hard copy sent by mail to complete by hand; or 2) a link to an online version (generated using
Qualtrics LLC web-based survey service) sent by e-mail, which would allow producers to complete the
survey on any electronic device; or 3) in person during the farm visit.

Sample Collection
A total of 58 dairy herds were enrolled and sampled in the summer of 2016 in eastern Ontario.
Samples of the lactating herd ration, well water and bulk tank were taken at each farm. Farm visits began
with the producer signing the consent form and completing the information form, if they had not mailed
the completed documents prior to the farm visit. Additional consent authorizing the OGS to sample well
water on the dairy farms for the aforementioned collaboration between the OGS and the University of
Ottawa was required for 19 farms; these sites were determined by a prior proximity analysis,
accomplished in ESRI® ArcGIS®, to prevent data redundancy.
In keeping with the regulations under the Milk Act, a trained Field Service Representative from the
DFO collected the 2 milk samples from the bulk tank(s). One milk sample was collected in a high-density
polyethylene wide-mouth 500 mL PrecisionwareTM bottle for iodine isotopic analysis. An additional milk
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sample was collected in a 40 mL plastic vial for further testing of total iodide content. Milk samples were
labelled with the producer’s DFO licence number for identification, transported in a refrigerated
environment and then frozen for storage. A large Ziploc® bag of the lactating herd’s current feed ration
was also collected for iodine content analysis. To ensure the feed collected was a representative sample of
the milking herd’s diet, small handfuls of feed were gathered down the length of the feed alley. Feed
samples were labelled for individual farm identification, sealed, immediately refrigerated and then stored
frozen.
A faucet providing, usually, untreated water consumed by the lactating herd, was sourced at each
site. An apparatus that consisted of 4 main tubes was constructed to purge the water and collect samples.
Two tubes allowed for 1) water inflow from the faucet line and 2) water outflow into a garbage pail used
to estimate purge volume of the water prior to sampling. The remaining tubes contained switch values
used to control the flow rate of water to allow for 3) filling of sample bottles and 4) a continuous stream
of water run through a flow cell containing a YSI multi-parameter instrument, which was used to record
and log measurements of pH, temperature, dissolved oxygen, electrical conductivity and reduction–
oxidation potential. The water was sampled after the YSI probe readings were stable and the temperature
variations were observed within a range of no more than ±0.1°C.
At each site where detailed groundwater characterization was to take place (see Figure 34.1: black
dots), 15 individual samples of the groundwater were collected for geochemical and isotopic analyses.
Water samples were collected to test for iodine, 129I, and to determine the isotopic ratio of 129I/127I in
groundwater. Samples were also collected as part of the related MSc thesis (of A.J. Lemieux) to test for
anions, mercury, metals, methane, dissolved organic carbon (DOC) and inorganic carbon (DIC), total
Kjeldahl nitrogen (TKN), ammonia, nitrate and nitrite, colour and total organic carbon (TOC). Anions,
metals, mercury and total organic carbon samples were pressure filtered using a 60 mL standard syringe
and a 0.45 μm Millipore® Durapore® (polyvinylidene fluoride (PVDF)) filter. A “spare” sample was
collected for any additional analyses that might be required.

Iodine-129 and Iodide Samples
Iodide concentrations were measured using the Thermo ScientificTM OrionTM 9453N Iodide
Electrode that was connected through an OrionTM Star A324 portable meter. Samples were measured in
the field laboratory within several days of sampling. The iodide electrode was operated through the
portable meter that was calibrated to 10 ppb I–, 1000 ppb I–, and 10 000 ppb I– prior to measurement
collection.
Groundwater samples tested for 129I were collected in a 500 mL high-density polyethylene (HDPE)
bottle or a clear 500 mL borosilicate Wheaton bottle with a butyl septum. Prior to shipping, samples were
stored out of sunlight at room temperature. The 129I samples will be assessed in the laboratory for isotopic
fingerprinting and to determine the age of dissolved iodine in groundwater samples. The isotopic
fingerprint of groundwater samples, that is, their ratio of radiogenic to non-radiogenic iodine (129I/127I),
will be compared to that of corresponding milk samples for assessment of any potential associations.

Preliminary Results and Summary
A total of 58 dairy herds were enrolled in this study and samples of the lactating herds’ current feed
ration, milk, and untreated water source collected. Of the total 58 herds, 19 of these sites were sampled as
part of collaboration with the OGS. Figure 34.1 shows the locations where a partial groundwater suite was
collected only for the University of Guelph (red circles), and a full groundwater suite was measured
jointly for the University of Guelph–OGS collaboration (black circles).
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This report summarizes the preliminary field work and procedures of groundwater, feed and bulk
tank field data collection in eastern Ontario dairy herds. Laboratory results of milk, feed and groundwater
samples are currently pending, and any further investigation or conclusions will be subsequent to the
laboratory analyses. Individual producer reports will be prepared for the participants in the project once
the data are available. As per the signed agreements, the groundwater data and sample locations will be
published, but the specific locations of milk samples and their compositions will only be used for research
purposes and their locations will not be released publicly.
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INTRODUCTION
The Ontario Geological Survey (OGS) and the Geological Survey of Canada (GSC) have
collaborated on regional groundwater geoscience issues in southern Ontario since 1993. For the current
(2015–2019) collaboration in southern Ontario, the 2 organizations have signed a formal task-sharing
Agreement in 2016. The task-sharing agreement outlines the respective roles of each organization. The
objectives of the collaborative project are to complement the OGS groundwater initiative that has been
ongoing for over 15 years, to advance GSC work on additional key aquifers and, ultimately, to construct
southern Ontario–wide three-dimensional (3-D) models of bedrock and surficial sediment aquifers. The
current collaboration supports groundwater issues guided by gap analyses completed by the OGS in 2012
and 2015 (e.g., Russell, Priebe and Parker 2015). The GSC is supporting OGS activities and initiating
additional studies that align with science objectives of both the federal Groundwater Geoscience Program
and provincial–federal agreements (e.g., Great Lakes Water Quality Agreement), and can optimize data
and knowledge existing in the Ontario groundwater community.
This report is a review of the scope and progress of the project to date. Earlier documentation of the
project can be found in publications from the gap analysis workshop of March 2015 (Russell, Priebe and
Parker 2015) and the OGS–GSC Groundwater Open House in March 2016 (Russell and Priebe 2016).

ONTARIO GEOLOGICAL SURVEY: GROUNDWATER INITIATIVE:
2000 TO PRESENT
In May 2000, a tragic event in southwestern Ontario significantly influenced Ontario Geological
Survey (OGS) groundwater geoscience activities, resulting in an expanded mandate. The municipal water
supply of the town of Walkerton, a community of about 5000 people, became contaminated with a highly
dangerous strain of E. coli bacteria as a result of farm runoff into a poorly constructed municipal well
head. The incident resulted in the deaths of 7 people and nearly half the town’s population becoming ill as
a result of drinking contaminated municipal water. In the reports of the Walkerton Inquiry that followed,
Justice O’Connor made 121 recommendations to ensure Ontarians receive the highest level of protection
as possible when it comes to drinking water (O’Conner 2002a, 2002b). The Provincial government
subsequently introduced numerous pieces of legislation and regulations to help ensure that Ontario’s
drinking water is, and will continue to be, safe (e.g., Clean Water Act, 2006).
Summary of Field Work and Other Activities 2016,
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One of the recommendations that directly impacted the OGS was the call for source water protection
plans at a watershed scale as part of a comprehensive multi-barrier approach. Source water protection
plans were to identify risks to local drinking water sources and to include strategies to help reduce or
eliminate those risks. Contained within the plans are sections on watershed characterization, water budgets
(which are generated by creating regional groundwater-flow models), the identification of aquifer recharge
areas and aquifer vulnerability, as well as well-head protection areas. Source water protection plans were
created by Conservation Authority staff and/or consultants hired by the conservation authorities.
As an initial response to the call for source water protection planning, the Ontario Geological Survey
released a series of fully attributed maps, which included bedrock geology, physiography, surficial
geology, sediment thickness and bedrock topography (Figure 35.1). These data sets form an integral part
of the watershed characterization portion of the source protection plans. Following the release of these
data sets, the OGS turned its attention to the subsurface and initiated several subsurface mapping
programs. These include the Ambient Groundwater Geochemistry Program that involved the sampling
and analysis of both bedrock and overburden waters for a wide suite of parameters (Hamilton 2015, 2016).
A number of interesting, geologically controlled patterns have been identified as part of this program. The
OGS also released a karst potential map of southern Ontario (Brunton and Dodge 2008) and is currently
working on the stratigraphic and geologic controls of groundwater flow through carbonate-hosted bedrock
aquifers in Silurian strata just above the Niagara Escarpment (F.R. Brunton and C. Brintnell, unpublished
data, 2016; Sun, Brunton and Jin 2014, 2015; see also Sun, Brunton and Jin, this volume, Article 26).
The main thrust of the OGS groundwater initiative is 3-D mapping of Quaternary geology and
Phanerozoic bedrock in southern Ontario, currently focussing on the Greenbelt surrounding the Greater
Golden Horseshoe (Figure 35.2). The Greenbelt includes the Niagara Escarpment, the Oak Ridges

Figure 35.1. Figure showing seamless attributed compilation maps published by the OGS, including Paleozoic bedrock geology,
physiography, surficial geology, drift thickness and bedrock topography of southern Ontario (data from Armstrong and Dodge
2007; Chapman and Putnam 2007; Ontario Geological Survey 2010, 2011; Gao et al. 2006, respectively).
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Moraine and selected areas adjacent to the Escarpment and Moraine, which are referred to as “Protected
Countryside”. Population is projected to leapfrog beyond the Greenbelt into cities and communities lying
along the outer perimeter, many of which are reliant on groundwater for their municipal water supply
(e.g., Cambridge, Guelph, Orangeville and Shelburne). An understanding of the geology and hydrogeology
of these areas is required if source water protection plans are to be implemented using sound geoscience.
The 3-D mapping projects are situated on the outer fringes of the Greenbelt in areas either heavily reliant
on groundwater or where industrial development has threatened the groundwater resource. Since the
inception of the Waterloo pilot project in 2002, the OGS has completed 4 Quaternary 3-D studies and
another 3 studies are in progress (Niagara Peninsula, the southern part of the County of Simcoe and the
central part of the County of Simcoe). Within Paleozoic rocks, the early Silurian bedrock study (Niagara
Escarpment: from Manitoulin Island to Niagara Falls) is currently being finalized (F.R. Brunton and
C. Brintnell, unpublished data, 2016) and work on the upper Silurian to Middle Devonian succession
(upper Silurian to Onondaga Escarpments in southwestern Ontario) has been started (Sun, Brunton and
Jin 2014, 2015; see also Sun, Brunton and Jin, this volume, Article 26).

GEOLOGICAL SURVEY OF CANADA: GROUNDWATER AQUIFER
ACTIVITIES IN ONTARIO
The Geological Survey of Canada as part of Natural Resources Canada (NRCan) has been mandated
by the Senate of Canada (Senate of Canada 2005) to map 30 key Canadian aquifers (e.g., Rivera 2014).
Work to date has been completed on 19 key aquifers and, of the remaining 11 aquifers, 3 (upper Thames
River, Grand River and Credit River watersheds) are in Ontario. Following implementation of the Clean
Water Act, 2006 (Ontario 2012) and the Source Water Protection Program, Ontario provided $240 million
to support source protection planning and implementation (Auditor General of Ontario 2014, p.416). As a
consequence, a great deal of work by conservation authorities and provincial ministries has been completed

Figure 35.2. Location of 3-D Quaternary geology mapping projects in southern Ontario: the GSC Oak Ridges Moraine (“ORM”)
study and OGS published (1 to 5) and ongoing (6 and 7) studies (see text for details) (geology from Ontario Geological Survey (2010).
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in each of these watersheds, generating substantial groundwater data, analysis and modelling to support
source water and well-head protection planning. In addition, the OGS has completed detailed subsurface
studies in parts of the Grand River watershed (e.g., Bajc and Dodge 2011; Bajc, Russell and Sharpe 2014;
Burt and Dodge 2011), across the Niagara Escarpment region (e.g., Brunton and Brintnell 2011; Cramer
et al. 2011; Brunton et al. 2012; Bancroft, Kleffner and Brunton 2016), and Credit River watershed (Burt
and Webb 2013).
Source water protection is only one of a number of groundwater issues in southern Ontario that need
to be addressed by the groundwater community. The extended suite of issues includes climate change,
cumulative impact, agricultural impacts, low-temperature geothermal, and broader groundwater–surface
water interaction. The province and federal government are also signatories to bilateral agreements,
particularly the “Great Lakes Water Quality Agreement” (International Joint Commission 2012) and the
“Canada–Ontario Agreement on Great Lakes Water Quality and Ecosystem Health” (Canada–Ontario
2014), which are concerned with the water quality of the Great Lakes watershed. Consequently, there is a
need to address broader groundwater issues in the area. Thus, it was decided to adopt a more synoptic
approach to southern Ontario and to develop a more regional framework that was absent from the source
water protection plans and to support local case studies and methods development where possible.

ONTARIO GEOLOGICAL SURVEY–GEOLOGICAL SURVEY OF
CANADA: COLLABORATION ON GROUNDWATER AQUIFER STUDIES
The OGS and GSC have a 20 plus year history of collaborative work since 1993, starting with the
hydrogeology of the Oak Ridges Moraine (Sharpe et al. 1994; Sharpe et al. 2002; Sharpe et al. 2014). The
scope of the collaborations has ranged from fully integrated collaborative projects to geophysical support
that leverages specific GSC expertise and capacity. The current groundwater geoscience collaborative
project is structured around 5 general themes:
1.
2.

Framework for Sustainable Groundwater Use
Supporting Great Lakes Water Accords

3.

Methods Development for Regional Groundwater Studies

4.

Case Studies

5.

Science and Technology Exchange

This article will provide a brief review of the principal objectives and progress from 2014 to mid2016 on activities under each of these headings. Table 35.1 provides information about the key personnel
leading each activity, arranged alphabetically by activity theme.

Framework for Sustainable Groundwater Use
GROUNDWATER GEOSCIENCE DATA NETWORK
Within Ontario, there are a number of provincial data access points (Table 35.2) for groundwater
data, such as the Ontario Surface Water Monitoring Centre, Land Information Ontario and the Ontario
Open Data catalogue and, for petroleum-related information and data, the Oil, Gas and Salt Resources
Library. There is also currently an emerging network across the province of Conservation Authority
groundwater information through use of the Kisters AG WISKI (Water Information System KISTERS)
hydrologic data management system, which is co-ordinated by the Ontario Ministry of Natural Resources
and Forestry. Conservation authorities and provincial ministries using WISKI are able to access integrated
data and it is anticipated that a demonstration service will be initiated for 2017 with the Ministry of
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Table 35.1. Activity leads and e-mail contacts arranged alphabetically by activity.
Activity Title
Regional
Groundwater data framework development
3-D Paleozoic modelling

Activity Lead

Contact

Boyan Brodaric
Terry Carter,
Frank Brunton
Hazen Russell,
Andy Bajc

boyan.brodaric@canada.ca
terry.carter@cartergeologic.com,
frank.brunton@ontario.ca
hazen.russell@canada.ca,
andy.bajc@ontario.ca

Great Lakes Water Quality
Groundwater–surface water interaction

Marc Hinton

marc.hinton@canada.ca

Methods Development
Reflection seismic
Borehole geophysics
Geostatistical modelling – south Simcoe County
pXRF techniques application
Remote sensing applications

André Pugin
Heather Crow
Nicolas Benoit
Ross Knight
Shusen Wang

andre.pugin@canada.ca
heather.crow@canada.ca
nicolas.benoit@canada.ca
ross.knight@canada.ca
shusen.wang@canada.ca

Case Studies
Surficial subsurface – south Simcoe County
Surficial subsurface – Simcoe to Niagara
Surficial subsurface – central Simcoe County
Chemostratigraphic framework
Petrophysical study of Newmarket Till
Ambient groundwater geochemistry

Andy Bajc
Abigail Burt
Riley Mulligan
Ross Knight
Bruce Kjarsgaard
Stew Hamilton

andy.bajc@ontario.ca
abigail.burt@ontario.ca
riley.mulligan@ontario.ca
ross.knight@canada.ca
bruce.kjarsgaard@canada.ca
stew.hamilton@ontario.ca

Science and Technology Exchange
Regional geochemistry
Canadian Journal of Earth Sciences special issue
OGS–GSC Open House

David Sharpe
Hazen Russell
Elizabeth Priebe

david.sharpe@canada.ca
hazen.russell@canada.ca
elizabeth.priebe@ontario.ca

3-D Surficial modelling

Table 35.2. Provincial online data sources for groundwater and petroleum-related data (addresses current as of December 10, 2016).
Online Data Source
Ontario Surface Water Monitoring Centre (OSWMC)
Land Information Ontario (LIO)
Ontario Open Data catalogue (OODC)
Oil, Gas and Salt Resources Library (OGSRL)

Type of Data
Groundwater
Groundwater
Groundwater
Petroleum related

Web Address
www.ontario.ca/page/surface-water-monitoring
www.ontario.ca/page/land-information-ontario
www.ontario.ca/search/data-catalogue?sort=asc
www.ogsrlibrary.com

Natural Resources and Forestry. Upon examining the range of data types, solutions and lack of integration,
a workshop was held on November 24, 2015. The workshop focus was on how to co-ordinate an approach
to the delivery and enhancement of groundwater data (Russell 2015). To provide an international and
provincial context for such an initiative, the project contracted and published a report highlighting the
potential benefit of such a co-ordinated effort in Ontario (Frey, Berg and Sudicky 2016). In June 2016,
it was decided that the most efficient means of advancing such a framework was for the project to work
collaboratively with respective agencies on a bilateral basis. The GSC is well positioned to co-ordinate
such a role, having developed previously the Canadian Groundwater Information Network that supports
distributed database access to water wells across Canada and time-series monitoring data in multiple
Canadian provinces and in the United States (Brodaric et al. 2011; Fitch et al. 2016). As a start to the
initiative, in 2016, the GSC connected to a number of additional OGS data sets using Web services and
through data caching at the GSC. The GSC and the OGS are also jointly developing new databases to
consolidate and permit a simplified single point of access to OGS publication data from the Groundwater
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Resources Studies and from unpublished GSC borehole data. Most notable amongst these data sets are the
data associated with continuous core boreholes. The OGS and GSC borehole lithological data are being
integrated, with a future plan to provide downhole geophysical data. Furthermore, to support access to
data collected under source water protection and to provide a data structure to maximize the return on
investment in groundwater geoscience data, the GSC is expanding the data delivery function of the
Canadian Groundwater Information Network under Open Geospatial Consortium–Groundwater Standards
Working Group (Brodaric 2016). The end objective is an open network of data available to the public that
will be maintained and updated.

REGIONAL CONCEPTUAL GEOLOGICAL FRAMEWORK
To support the development of data-driven 3-D geological models, the 2 organizations are
collaborating on enhancing regional conceptual models for both the surficial and bedrock systems of
southern Ontario. Specifically, model development focusses on revision of the bedrock stratigraphy,
based on sequence stratigraphic concepts, paleokarst recognition and the development of process-based
models of basin evolution (e.g., Brunton et al. 2012; Brunton, Priebe and Yeung 2016). These activities
are underway and form a core component of the OGS groundwater initiative (Bajc et al. 2016). This OGS
work is supporting a PhD study at the University of Western Ontario on the sequence stratigraphic and
sedimentological study of the late Silurian to Middle Devonian succession (Sun, Brunton and Jin 2014,
2015; see also Sun, Brunton and Jin, this volume, Article 26). The surficial geology regional stratigraphic
framework will be developed based on the wealth of OGS and GSC knowledge accrued from 20 years of
subsurface drilling and geophysical investigations (Bajc et al. 2016; Russell et al. 2016), and 12 years of
OGS subsurface and outcrop mapping, drilling and geophysical surveys in Phanerozoic strata (Brunton,
Dodge and Shirota 2005; Brunton et al. 2007; Brunton et al. 2012).

GEOLOGICAL MODEL CONSTRUCTION
Geological–hydrostratigraphic three-dimensional (3-D) models will be developed for the Paleozoic
and surficial geology of southern Ontario. This work is being completed in collaboration with Ministry of
Natural Resources and Forestry, and the Oil, Gas and Salt Resources Library, London, Ontario, for the
entire Phanerozoic succession with refinement in the shallower zone of potable water based on OGS work
(F.R. Brunton and C. Brintnell, unpublished data, 2016; Brunton, Priebe and Yeung 2016). As of
September 2016, a model, based on 60 formations and layers, has been developed in a 3-D geographic
information system (Aranz Geo Limited LeapFrog®) to help direct database improvements (Figure 35.3).
The current plan for model delivery is for a completed model, incorporating improved formation top and
bottom picks and updated nomenclature, for late 2018. The OGS is working on development of localscale surficial models in the County of Simcoe and in the Niagara Peninsula, which will extend the model
coverages already developed for the Waterloo, Oro Moraine and Orangeville areas. A regional surficial
model will synthesize and expand on the extensive modelling efforts completed by the OGS (e.g., Region
of Waterloo: Bajc and Shirota 2007; Brantford–Woodstock: Bajc and Dodge 2011; Barrie–Oro Moraine:
Burt and Dodge 2011; Orangeville–Fergus: Burt and Dodge 2016) and by the GSC in the Oak Ridges
Moraine (Logan et al. 2006) to provide a single unified model for southern Ontario, with varying degrees
of data support and confidence. Both the bedrock and surficial geological models will be integrated into
“Canada in 3D”, which is a national collaborative 3-D modelling initiative of provincial and territorial
geological surveys and the GSC (Geological Survey of Canada 2014).
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Supporting Great Lakes Water Accords
DEVELOPMENT OF PROTOCOL TO MAP GROUNDWATER–SURFACE WATER
INTERACTION
To support multiple components of groundwater–surface water interaction, collaborative work with
B. Conant (University of Waterloo) and C. Robinson (University of Western Ontario) has been initiated.
This work focusses on developing a conceptual framework of the geologic–hydrogeological controls on
groundwater discharge sites in streams, lakeshores and offshore. Components of a protocol for mapping
groundwater–surface water discharge areas is also being worked on, and includes airborne infrared sensor
technology (University of Waterloo) and radon gas surveys (University of Western Ontario). Potential
future work could expand to include stream-based temperature and conductivity measurements, botanic
indicators and water chemistry. Work is currently well advanced on a conceptual framework. Work
focussing on the Grand River in collaboration with the Grand River Conservation Authority and
University of Waterloo is ongoing.

FEASIBILITY STUDY FOR REGIONAL GROUNDWATER MODELLING
In 2015, NRCan contracted Aquanty Inc., Waterloo, Ontario, to prepare a report on the technical and
science feasibility of a regional groundwater model of southern Ontario and the potential applications of
such a model. The report also included an international literature review focussing on jurisdictions (state
to country) that have embarked on data management and groundwater modelling platform development
(Frey, Berg and Sudicky 2016). In 2016–2017, the GSC is planning to fund research to develop a proofof-concept regional model with the collaborative support of Agriculture and AgriFoods Canada and
interested provincial ministries. This modelling work will parallel similar work in Quebec for the
St. Lawrence Lowland. The process of seeking collaboration with additional provincial and federal
organizations is ongoing.

Figure 35.3. Preliminary 3-D Phanerozoic bedrock model for southern Ontario (working model as of June 2016).
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Methods Development for Regional Groundwater Studies
GEOPHYSICAL SUPPORT
Subsurface studies by the OGS are supporting and providing field data to validate GSC reflection
seismic techniques that are being applied to improve understanding of 3-D architecture of key subsurface
stratigraphic units in southern Ontario. The OGS and GSC entered into a collaborative funding agreement
for this work with a focus on 2 areas: the central part of the County of Simcoe and the Niagara region
(e.g., Burt et al. 2016). The GSC is focussing on improving data collection methodologies, signal
enhancement and post-processing techniques. Integration of OGS borehole data will be used to better
inform data processing and will support improved architectural analysis. Borehole geophysical data
collection, analysis and characterization of geophysical responses within glacial sediment using various
tools are ongoing. The GSC is also investigating the opportunity to deploy MoHo s.r.l. TROMINO®
(http://moho.world/en/tromino/geology/) passive seismic systems for mapping bedrock and high-impedance
contrast units within the surficial stratigraphy. In 2016–2017, this topic forms the basis of a BSc thesis
study at Carleton University.

USE OF PORTABLE X-RAY FLUORESCENCE SPECTROMETRY IN
CHEMOSTRATIGRAPHIC ANALYSES
Over the past 2 years, using a portable X-ray fluorescence spectrometer (pXRF), the GSC completed
1375 analyses on 11 borehole cores from the Greater Toronto Area (Russell, Priebe and Parker 2015). To
validate these pXRF analyses, 100 samples were also submitted for traditional laboratory digestion and
analysis techniques (Knight, Sharpe and Valiquette 2015). A range of tests were completed to assess
variations in sample thickness, grain size influence, instrument drift and influence of battery charge (e.g.,
Landon-Browne et al. 2016). The outcome of the work was successful and, in 2016–2018, the pXRF will
be used to analyze more than 2000 core samples across southern Ontario.

REMOTE SENSING IN SUPPORT OF HYDROGEOLOGY
Improved data input for regional modelling is essential to the development of greater confidence in
modelling results. Remote sensing technologies and data used for hydrological studies in southern
Ontario include mapping vegetation properties and land use change, seasonal water-level changes on
selected waterbodies and wetlands, soil moisture, surface deformation, and total water storage change
(e.g., Wang and Li 2016). These satellite data products will contribute information to improved
understanding of the water cycle, groundwater–surface water interaction and water budget accounting.
Specifically, vegetation cover and land use information provide important input for estimating land
surface evapotranspiration and canopy interception of precipitation. Soil moisture data will provide
improved information on infiltration and groundwater recharge. Accurate monitoring of surface
deformation using interferometric synthetic aperture radar (InSAR) technology may help detect
groundwater depletion and recharge. Based on interpretations of data from the Gravity Recovery and
Climate Experiment (GRACE) satellite, total water storage changes enable the quantification of the
regional water states, assess drought and flood potentials and provide critical information for water
budget accounting.

GEOSTATISTICAL MODELLING
The GSC is completing the development of an effective methodology for 3-D directional facies
simulation using the Markovian-type categorical prediction (MCP) approach. The method will be applied
to Innisfil Creek subwatershed, within the Nottawasaga River watershed, in the southern part of the
County of Simcoe area. The basis for this geostatistical modelling exercise will be the integration of the
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OGS sedimentology and stratigraphy conceptual model and the OGS deterministic 3-D model as training
data. Later, the study will focus on improved scaling and regionalization of hydraulic data and,
subsequently, on the production of a stochastic parameterization of hydraulic conductivity for each stage
of the hydrostratigraphic model using geostatistical simulation. Achieving this objective will be based on
the statistical (histogram) and spatial (variograms) reproduction of hydraulic conductivities for each
hydrofacies and also by hydraulic conductivity field upscaling to the simulated flow model. Conservation
Authorities, such as Nottawasaga Valley, will provide most of the hydraulic data. The effect of the
uncertainty for hydrostratigraphic architecture and hydraulic conductivity on groundwater flow will be
assessed. This work is the basis of a PhD thesis study at École Polytechnique de Montréal.

Case Studies
A variety of case studies are being undertaken, of which 4 are highlighted below. Case studies range
from individual core investigations with collaborators to field programs focussing on subsurface studies
to support the 3-D geological model development.

SURFICIAL SUBSURFACE STUDIES
Surficial subsurface studies, with the objective of developing 3-D geological models, are being lead
by the OGS in the south and central parts of the County of Simcoe and in the Niagara Peninsula. The
OGS is co-ordinating and leading the surficial mapping and drilling of sediments supported by
geophysical surveys. Within the Niagara Peninsula, 94 continuous cored boreholes have been completed,
with most reaching bedrock. The GSC is contributing geophysical expertise for seismic reflection
profiling and downhole geophysics. To date, approximately 70 km of seismic data have been collected
and processed to reveal the seismo-stratigraphic architecture and seismic facies (e.g., Burt et al. 2016). In
addition, 14 boreholes (13 OGS, 1 conservation authority) have been logged using the full suite of
stratigraphic and seismic downhole tools. In the County of Simcoe, 2 boreholes were logged (Mulligan
2014) in the Barrie area and 6 boreholes were logged near Midland in 2016 (Mulligan, this volume,
Article 31). The OGS is also supporting a PhD thesis study at McMaster University on a basin analysis
study of Quaternary deposits in the County of Simcoe.

NEWMARKET TILL PETROPHYSICAL STUDY
Newmarket Till and Catfish Creek Till are dense and have long been recognized as being distinctive
by water-well drillers (hardpan) and, more recently, from shallow seismic reflection studies as regional
stratigraphic markers. Of particular note are the elevated seismic velocities (Vp ~2500 m/s) for these
units, which is in the range of bedrock velocities in the area. The 2 tills are also regional aquitards and
confining beds for extensive subtill aquifers across a large part of the region. Nevertheless, no study has
been completed to identify what controls the widely recognized density character of these till units.
A petrophysical study is being completed to identify whether the tills are overconsolidated, cemented or
both. Laboratory studies, using scanning electron microscopy and field emission scanning electron
microscopy backscattered electron and secondary electron images, indicate the intragrain matrix is a
complex pore-filling cement, with a very low percentage (<1%) of open pore space. Preliminary results,
based on semi-quantitative energy dispersive X-ray spectroscopic analyses (Kjarsgaard et al. 2016),
suggest a calcite-dominated cement, with minor phyllosilicates, a high-calcium mineral interpreted to be
portlandite (Ca[OH]2) and possibly secondary hydrated calcium-rich silicate minerals (CaSiH).
Additional analytical work is being undertaken to fully characterize the mineralogy of these cements.
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CHEMOSTRATIGRAPHIC TRANSECTS USING
PORTABLE X-RAY FLUORESCENCE SPECTROMETER
Extensive surficial geochemical data exist for much of southern Ontario (e.g., Dyer and Burke 2012;
Sharpe et al. 2016); however, there is very limited subsurface geochemical characterization of the surficial
geology. Based on the successful pXRF demonstration in the Greater Toronto Area (see “Use of Portable
X-Ray Fluorescence Spectrometry in Chemostratigraphic Analyses”), 2 transects in southern Ontario are
planned, which will use samples from existing OGS and GSC boreholes and from a small number of
borehole samples in the possession of different conservation authorities and universities. These 2 transects
are 1) an east-to-west transect from Rice Lake (near Peterborough) to London and 2) a north-to-south
transect from the Oro Moraine (north of Barrie) to Niagara. The initial sample density will consist of
approximately 2000 samples, with an attempt to sample core at a nominal interval of 1 to 2 m, thereby
providing the potential for the inclusion of 20 to 30 sites. To minimize sample preparation cost, samples
already processed to 74 μm for Chittick analysis at the OGS will be analyzed and integrated with GSC
samples processed to63 μm. A comparison of the 74 μm and 63 μm sample splits, done during the winter
of 2015–2016, suggests that the difference in sample grain size will have minimal to no impact on the
results. A literature review complemented the internal quality assurance–quality control results and
confirms the GSC results (e.g., Landon-Browne et al. 2016). Analyses of this subset of more than
400 samples will be started in the autumn of 2016; sample preparation is continuing on a broader suite of
sand and mud samples.

AMBIENT GROUNDWATER GEOCHEMISTRY PROGRAM
The OGS Ambient Groundwater Geochemistry Program (AGGP) collected 2664 samples from
2095 stations across 96 000 km2, representing all of southern Ontario. The program objective is to map
and understand the natural groundwater geochemical conditions in Ontario’s major rock and surficial
sediment aquifers. This one-time sampling program sampled mostly water wells drilled for domestic
water supply, but also sampled monitoring wells and farm wells, with an average sample density of 1 site
per 100 km2. The preliminary analysis of this data has been published by the OGS (Hamilton 2015).
Evaluation of the relationship between rock and groundwater chemistry is ongoing (e.g., Priebe and Lee
2016). Additionally, there are supporting thesis studies on various questions related to ambient water in
the Niagara region, with ongoing interpretation of geochemical data. An MSc thesis study at Laurentian
University, supported by the OGS, focusses on stream water and sediment geochemistry within selected
watersheds in the Lake Erie region, with the objective of understanding the influence of geology on
phosphorus and other nutrient concentrations (Burke 2016; see also Burke and Dyer, this volume,
Article 24). A second MSc thesis study at McMaster University focusses on the characterization and
determination of groundwater quality for a geochemical anomaly located in the Niagara Peninsula.

Science and Technology Exchange
A range of science and technology transfer activities are being co-ordinated between the 2 agencies.
In 2015, a gap analysis workshop was held to solicit input on the geoscience needs of the groundwater
community in southern Ontario (Russell, Priebe and Parker 2015). In 2016, the OGS and GSC presented
an update on the work-in-progress by the 2 agencies and also invited a number of provincial ministries
and universities to present updates of their work (Russell and Priebe 2016). The United States Geological
Survey was also invited and delivered presentations on groundwater studies in the American portion of
the Great Lakes Basin. The next open house is planned for March 1–2, 2017, and will be co-ordinated
with conservation authorities. The 2 days of presentations and posters will highlight the science activities
of the OGS and GSC and those of the conservation authorities.
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TECHNICAL SESSIONS, WORKSHOPS AND INFORMATION TRANSFER
The OGS and GSC have organized or are organizing a series of sessions at national and international
geological and hydrogeological conferences (e.g., International Association of Hydrogeologists–Canadian
Chapter, Waterloo 2015; Geological Association of Canada–Mineralogical Association of Canada,
Kingston 2017; Geological Society of America, Seattle 2017; Canadian Quaternary Association
(CANQUA) 2018) and completing technical presentations. For the Geological Association of Canada
annual meeting in May of 2017 (www.kingstongacmac.ca), several sessions are being organized and
a field trip on the glacial geology of the eastern Lake Ontario basin has been proposed.
Recognizing the enormous amount of work that has been completed in southern Ontario on the
surficial geology and groundwater, a special issue of the Canadian Journal of Earth Sciences is in progress,
edited by staff from the OGS, GSC and academia. Contributions are to be submitted by the end of 2016,
with the issue planned to be released in 2017. Contributions received to-date update knowledge on buriedbedrock valleys, moraine and tunnel-valley aquifer settings. In addition, during the past 2 years, 3 short
courses on the use of pXRF have been supported at the OGS, at Laurentian University and at the Geological
Society of America Annual Meeting (in Denver in 2016) (e.g., Knight, Kjarsgaard and Lemke 2016).
The GSC has a number of legacy data sets for southern Ontario, and efforts are underway to ensure
these data are fully released into the public domain. The most notable data set is a regional geochemical
data set of 300 sample sites across the area (Sharpe et al. 2016). Efforts are underway to release the data
as a GSC Open File, followed by publication in a peer-reviewed journal. Discussions are also underway
with the Ontario Ministry of the Environment and Climate Change on how this data set can be used for
broader baseline applications.

SUMMARY
The increased human resources and technical capacity, brought together through development of a
collaborative project, highlight the value of intergovernmental and interdepartmental collaborations. With
limited resources and staff, the synergy of effort by the 2 institutions will be able to deliver much greater
progress than if the OGS and GSC were working separately. This is particularly apparent where the OGS
and GSC are also collaborating with Ministry of Natural Resources and Forestry on the development of a
3-D geological model of the Paleozoic basin of southern Ontario. In this example, each organization is
contributing key resources of data management and subsurface knowledge, revised and updated
stratigraphic perspective and 3-D modelling experience. Development of the regional surficial
chemostratigraphy highlights another aspect of the collaboration.
Exposure to, and familiarity with, the Oil, Gas and Salt Resources Library data management of
petroleum records and the enormous value this data set provides for modelling the Paleozoic geology of
southern Ontario highlights how similar initiatives focussing on groundwater data management could
yield similar cost savings and advancement in understanding of groundwater systems in southern Ontario.
The review by Frey, Berg and Sudicky (2016) provides an international perspective and frames the
southern Ontario context. The Conservation Authorities Moraine Coalition is making progress in
elements of managing these data, which could broaden the scope of a data framework beyond the purview
of provincial ministries to include conservation authorities (e.g., Holysh and Gerber 2014).
The OGS–GSC project collaboration also highlights the value of provincial–federal government
collaboration. Each individual organization is unable to muster the human resources and technical support
necessary to complete all analyses and investigations possible on data collected. The collaboration of the
OGS and GSC reinforces and supports each agency’s groundwater geoscience program. Each
organization, through extended collaborations with other agencies and academia, have further
demonstrated the value of collaboration to maximize project deliverables and outcomes.
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INTRODUCTION
Accurate and precise analyses of trace elements in geological samples are an indispensable part of
many lithogeochemical studies, mapping projects, and mineral exploration programs, with zirconium (Zr)
and hafnium (Hf), along with the rare earth elements (REE), other high field-strength elements (HFSE)
and large-ion lithophile elements being used to determine the petrogenesis and tectonic environments of
volcanic and intrusive rocks and the metallogeny of ores (Kerrich and Wyman 1996). The trace element
data for such studies can be obtained by a variety of methods using either solid samples (e.g., pressed
pellet X-ray fluorescence (XRF), instrumental neutron activation analysis (INAA), or laser ablation
inductively coupled plasma mass spectrometry (LA-ICP–MS)) or solution-based methods (e.g., atomic
absorption spectrometry (AAS), inductively coupled plasma atomic emission spectrometry (ICP–AES),
or solution nebulization inductively coupled plasma mass spectrometry (ICP–MS)) after alkali or lithium
metaborate fusion, sodium peroxide sinter, or acid digestion in open or closed vessels. Owing to the
greater ease of obtaining clean reagents, the lower salt contents of the final solutions, and their ability to
decompose most common rock-forming minerals, acid digestions using mixtures of inorganic acids in
open or closed beakers are the commonly preferred method of sample decomposition in many geological
laboratories, including the Geoscience Laboratories (Geo Labs). When carried out in closed vessels, such
methods can be highly successful in the decomposition of most sample types, including those with
ordinarily acid-resistant mineral phases containing elevated concentrations of one or more
lithogeochemically important trace elements (e.g., zircon, spinel, chromite, titanite or garnet; Tomlinson,
Bowins and Hechler 1999; Burnham et al. 2002). However, because accurate trace element analyses are
predicated on the quantitative decomposition of all trace element–bearing phases, the success of the
digestion needs to be monitored, especially in challenging samples.
As part of a recent review of data quality at the Geo Labs, it was observed that a small proportion of
samples, particularly those associated with a suite of migmatitic monzonites and quartz monzonite
gneisses of the West Bay gneiss (Central Gneiss Belt of the Grenville Province; Easton 2014; Van De
Kerckhove 2014), showed low recoveries for zirconium and hafnium by ICP–MS (Geo Labs method code
IMC-100) relative to XRF analysis on pressed powders (Geo Labs method code XRF-T02). Mineralogical
analysis of these samples indicated that many contained appreciable zirconium (up to 1000 ppm Zr) in the
form of sub-millimetre zircon grains. Because the range of zirconium contents was not outside that of
samples that showed good inter-method agreement, the coarse grain size (rather than the abundance) of
the zircons was inferred to be the cause of the discrepancies, prompting an investigation into more
efficient digestion methods for such samples, in particular into the effect of digestion time and additional
methods of grain size reduction. This report presents the results of this investigation.
Summary of Field Work and Other Activities 2016,
Ontario Geological Survey, Open File Report 6323, p.36-1 to 36-9.
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INTER-METHOD COMPARISONS
Between April 2014 and March 2015, 1376 samples were analyzed for zirconium by both ICP–MS
after a closed-vessel digestion and XRF on pressed powders. When compared on either a bivariate plot or
as a histogram of the ZrICP-MS/ZrXRF values (Figure 36.1), the 2 data sets show an excellent agreement,
with a slight positive bias of data by ICP–MS data relative to those by XRF (about 6%) and an inter-method
precision of about ±12% (2σ). Slight differences between the results by different methods may be expected,
along with some noise as a result of mild sample heterogeneity and/or the combination of each method’s
precision. The observed differences are consistent with the quality-control objectives of the Geo Labs.
Separate from the main group of data is a set of atypical samples that exhibit low ZrICP-MS/ZrXRF
values consistent with poor recovery of zirconium during the acid digestion. The majority of these
samples were from highly deformed or recrystallized rocks that originated from 2 different projects in the

Figure 36.1. Top) Comparison of zirconium data obtained by pressed powder XRF and acid digestion ICP–MS at the Geo Labs
during 2014–2015 (n = 1376). Data screened for 10 times the lower limit of detection (LLoD: 18 ppm Zr XRF, 60 ppm Zr ICP–MS).
Symbols used: crosses = all data; open squares = samples from the Central Gneiss Belt (CGB) study (Easton 2014); grey squares =
samples used in this study. Lower left) ZrICP-MS/ZrXRF values plotted as a function of zirconium content. Lower right) Distribution of
ZrICP-MS/ZrXRF values showing expected distribution assuming 6% high bias by ICP–MS and ±12% 2σ inter-method precision.
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Table 36.1. Details of West Bay gneiss and other samples used during this study.
Client ID

Description

14RME-1022
14RME-1042
14RME-1044
14RME-1073
14RME-1074
14RME-1114

Alkali basalt*
Granitic diatextite**
Granitic metatextite
Granitic metatextite
Quartz monzonite
Monzogranite1

Proportion
<88 μm (%)

XRF
(ppm)

ICP–MS
(ppm)

95.0
98.5
96.2
98.9
97.1
98.6

481
793
721
1008
655
461

482
518
438
668
535
461

ZrICP-MS
ZrXRF
1.00
0.65
0.61
0.66
0.82
1.00

*Chosen to represent samples showing quantitative zirconium recovery by ICP–MS analysis after closed-vessel digestion.
**Contains coarse garnet grains.

Grenville Province, one in the Nepewassi domain of the Central Gneiss Belt (Easton 2014; Van De
Kerckhove 2014) and the other in the Black Donald Lake area, in the northeastern Central
Metasedimentary Belt (Duguet, Whitney and Ma 2014). From the plots shown in Figure 36.1, it is clear
that the cause of poor recovery is not the absolute zirconium content of the samples, as many samples
with in excess of 1000 ppm Zr gave consistent results by the 2 methods, but that the form of the
zirconium may be an important factor for recovery efficiency. To investigate the role played by
mineralogy in the recovery of zirconium (and geochemically similar hafnium), a subset of gneissic
samples showing poor zirconium recoveries from the Nepewassi domain of the Central Gneiss Belt,
mostly from the West Bay gneiss, was selected for further analysis.

WEST-BAY GNEISS SAMPLES
The West Bay gneiss is a medium- to coarse-grained monzonite to syenite intrusion located east of
Sudbury in the Nepewassi domain of the Central Gneiss Belt of the Grenville Province (Easton 2014;
Van De Kerckhove and Easton 2016). The West Bay gneiss has undergone partial melting, contains 10 to
20% thin syenitic leucosomes, and can be classified as a diatextite. The ages of emplacement and
metamorphism of the West Bay gneiss are not well constrained, although it is older than the nearby
Cosby intrusion (circa 1420 Ma: Lumbers 1975), which is non-migmatitic even though it is of the same
chemical composition.
Six samples of the West Bay gneiss were submitted for geochemical analyses to the Geo Labs as part
of an Ontario Geological Survey mapping project in the Nepewassi domain; complete analytical data for
the West Bay samples discussed in this article can be found in Van De Kerckhove and Easton (2016).
Based on these data, the West Bay gneiss samples classify as trachydacite (monzonite) to trachyte
(syenite) using the total alkali versus silica discrimination diagram of LeBas et al. (1986), and are
metaluminous according to Shand’s Index. They are ferroan, alkalic, anorogenic (A-type) granites using
the Frost et al. (2001) classification, are high-potassium calc-alkalic granites as defined by Peccerillo and
Taylor (1976), and plot in the within-plate field on the trace-element discrimination diagrams of Pearce,
Harris and Tindle (1984). Total REE contents range from 360 to 512 ppm, and all have chondritenormalized REE patterns typical of anorogenic granites. Most alkali elements are enriched in the West
Bay gneiss, most notably barium, rubidium and potassium, but strontium contents are low to moderate in
comparison. Uranium and thorium contents (<2 ppm U and <12 ppm Th) are lower than the average
granite, which has concentrations of 3.8 and 12–20 ppm, respectively (Kyser and Cuney 2009).
All 6 of the samples submitted for geochemical analyses were characterized by high zirconium contents
(580–1000 ppm Zr) and 4 of the 6 showed poor recoveries by acid dissolution ICP–MS (ZrICP-MS/ZrXRF <0.80).
Three of these samples (14RME-1042, -1044 and -1073), as well as a crosscutting texturally preserved
quartz syenite (14RME-1074), were chosen as part of the investigation of zirconium and hafnium recovery
(Table 36.1).
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MINERALOGICAL INVESTIGATION
Mineralogy
Depending on the SiO2 saturation of the magma, its crystallization history, and the role of aqueous
fluids, zirconium (and hafnium) may be present as a variety of primary and secondary minerals. Under
most conditions, the zirconium content of rocks formed under silica-saturated conditions is predominantly
controlled by igneous zircon (ZrSiO4), whereas those formed under silica-undersaturated conditions may
be controlled by baddeleyite (ZrO2) (Heaman and LeCheminant 1993). However, depending on the rock
type and late-stage mineral reactions, zirconium may be present in a wide range of different minerals.
In the alkalic Strange Lake intrusive complex (Labrador and Quebec) (Birkett et al. 1992), there is a
progression from early, high-temperature igneous zircon, dalyite (K2ZrSi6O15) and vlasovite (Na2ZrSi4O11)
through medium-temperature magmatic elpidite (Na2ZrSi6O15∙3H2O), armstrongite (CaZrSi6O15∙3H2O)
and calcium catapleiite (CaZrSi3O9∙2H2O), to late, low-temperature and postmagmatic gittinsite
(CaZrSi2O7), catapleiite (Na2ZrSi3O9∙2H2O), hilairite (Na2ZrSi3O9∙3H2O) and zircon.
To determine whether the poor solubility of zirconium in the anomalous Central Gneiss Belt samples
could be related to the mineralogy of zirconium within the samples, polished sections of the 4 samples
showing low recoveries were examined for zirconium-bearing phases under the Geo Labs scanning
electron microscope (SEM). Although the samples contained an abundance of very large zircon grains
(Photo 36.1), no other zirconium-bearing minerals were found and, despite field evidence for a
complicated geological history, including a partial melting event, the SEM analyses indicated the
presence of only one population of zircon grains, with no obvious indications of inheritance or any
significant metamorphic overgrowths. Based on these observations, it appears that the size of the zircons,
rather than their crystallinity or the presence of an anomalous mineral species, could be responsible for
the low zirconium recoveries, especially if the zircons were not adequately pulverized during sample
preparation. Because zircon is slow to dissolve at low temperatures (≤150°C: Zhang et al. 2012), a larger
grain size prior to digestion could dramatically effect recovery.

Photo 36.1. Scanning electron microscope backscattered images of large zircons in samples 14RME-1044 (~580 × 150 μm, left)
and 14RME-1074 (350 × 95 μm, right).
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Particle Size Analysis
Following on from the mineralogical study, particle-size analysis was carried out on a subset of
samples from the Central Gneiss Belt suite, including samples that showed normal2 as well as low
zirconium recoveries. Overall, there was no difference in the proportion of oversized (>170 mesh, 88 μm)
grains (see Table 36.1), with all samples meeting the quality-control objectives of the Geo Labs (>90%
less than 170 mesh). However, separation and examination of the oversized fraction from the samples that
exhibited low recoveries indicated that a large proportion of this faction was composed of fresh-looking
zircon grains that showed little or no sign of grinding (Photo 36.2), suggesting that the coarse zircons
observed in the original samples were indeed not being adequately pulverized during sample preparation,
leading to slower or incomplete dissolution during the closed-vessel digestions.

DIGESTION EXPERIMENTS
To investigate ways of either speeding up the reaction rate or increasing the digestion efficiency,
subsamples of pulverized material from the 4 West Bay gneiss samples were taken and either
repulverized in a McCrone micronizing mill for 10 minutes (to reduce the particle size) and digested
using the regular method or digested using the closed-vessel digestion method (Geo Labs method code
SOL-CAIO), employing between 0 and 3 weeks for the initial closed-vessel digestion stage (1 week in the
oven being normal for the closed-vessel method regularly used at the Geo Labs). The digestions were
then analyzed by ICP–MS (method code IMC-100). Alternative methods of increasing digestion rate,
including increasing digestion temperature or modifying the digestion acid mixture, have been discussed
by Zhang et al. (2012). However, because the construction of the closed vessels currently used by the Geo
Labs limits their use to less than 110°C and a detailed investigation of the effects of changes to the
digestion acid mixture were beyond the scope of the study, only the effect of particle size and time were
considered.

Photo 36.2. Backscattered electron images of heavy mineral separates obtained from sample 14RME-1074. Samples were wet
sieved using a 63 μm sieve and separated using sodium polytungstate. Grains range from approximately 60 × 120 μm (left) to
90 × 200 μm (right).

14RME-1022, an unmetamorphosed alkali basalt dike, and 14RME-1114, a medium-grained massive or weakly
gneissic monzogranite (see Table 36.1).
2
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Table 36.2. Particle size distribution and zirconium recovery using the routine (1 week) closed-vessel digestion of repulverized
West Bay gneiss samples.
Client ID
14RME-1042*
(Duplicate)*
14RME-1044
(Duplicate)
14RME-1073
14RME-1074

Proportion
<88 μm (%)

Proportion
<37 μm (%)

Proportion
<21 μm (%)

100
99.7
100

100
97.5
100

99.3
96.2
100

100
100

100
100

100
100

XRF
(ppm)

ICP–MS
(ppm)

793

819

ZrICP-MS
ZrXRF
1.03

721
721
1008
655

720
724
1016
679

1.00
1.00
1.01
1.04

*Originally contained coarse garnet grains that may have been more resistant during re-milling.

Effect of Repulverization on Zirconium Recovery
Repulverization of the sample reduced the particle size of the West Bay gneiss samples from 96–99%
less than 88 μm (200 mesh; see Table 36.1) to >96% less than 21 μm (Table 36.2). Analysis by ICP–MS
of the repulverized material for all 4 samples, using the regular closed-vessel digestion to prepare the
solutions, showed quantitative recovery of zirconium relative to the original XRF analyses. This
experiment shows that re-milling to more thoroughly reduce grain size can lead to efficient recovery of
trace elements from coarse-grained acid-resistant accessory phases. However, because the technique is
time consuming and difficult to apply to routine sample processing, it may only be practical for limited
sample numbers and cannot be generally applied.

Effect of Time on Zirconium Recovery
The effect of digestion time on the recovery of zirconium and hafnium is shown in Figure 36.2.
Whereas the results for an open-vessel digestion (zero time in the oven in a closed vessel) are consistent
with previous studies, which indicated very poor recovery of zirconium owing to the short contact time
between the acids and the sample (e.g., Burnham et al. 2002), and the results for the regular closed-vessel
digestion (1 week in the oven) are consistent with the original analyses and show only 70 to 90% recovery

Figure 36.2. Recovery of zirconium (left) and hafnium (right) by acid digestion with ICP–MS analysis as a function of digestion
time for selected West Bay gneiss samples and the USGS GSP-2 granodiorite inter-laboratory reference material. Recovery
measured against the concentrations determined for the repulverized samples.
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of zirconium, the recovery increases with increasing digestion time, with most of the samples showing
better than 96% recovery after 2 weeks in the oven and all samples showing better than 99% recovery
after 3 weeks. Full recovery of zirconium and hafnium from sample 14RME-1044 (the sample that
showed the largest zircon grains in thin section) required the full 3 weeks.

Effect on the Recovery of Other Trace Elements
Figure 36.3 shows the effect of digestion time on the recoveries of other trace elements from the 4
West Bay gneiss samples and USGS GSP-2 granodiorite used for quality control in the study. Consistent
with previous studies (e.g., Burnham et al. 2002), there is significant improvement in the recovery of
many trace elements between the open-vessel and regular closed-vessel digestions, that is, between 0 and
1 week digestion in the oven. This is most prominent for sample 14RME-1042, in which the recovery of
the HREE was greatly improved by the closed-vessel digestion, possibly owing to the more thorough
digestion of the contained garnet. However, with the exception of zirconium and hafnium, there is only a
limited improvement in the recovery of trace elements with increasing digestion time, suggesting that, in
these samples, only zircon is present at coarse enough grain sizes to create problems for the regular
closed-vessel digestion.

Figure 36.3. Trace element compositions determined in West Bay Batholith samples and USGS GSP-2 granodiorite after acid
digestion, with 0 (open-vessel digestion) to 3 weeks used for the initial closed-vessel digestion stage. Data are normalized to the
post-Archean average Australian shale (PAAS: Taylor and McLennan 1985). The normalized trace element patterns for 14RME1074 were similar to those of 14RME-1044.
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CONCLUSIONS
Trace element concentrations obtained by closed-vessel digestion followed by ICP–MS analysis at
the Geo Labs show excellent agreement with data produced by non-solution methods, even for elements
in ordinarily acid-resistant accessory phases. The experiments described in this article indicate that, when
low recoveries are observed, the cause may be the slow dissolution rate of an accessory phase (possibly
coupled with a larger than normal grain size after pulverization), rather than pure insolubility, and that
quantitative recoveries can be obtained either by more efficient grain size reduction or by increasing the
temperature or (more practically) the time used for the digestion. In the samples investigated during the
study, it was found that even sub-millimetre zircons could be successfully digested by increasing the
closed-vessel digestion time from 1 to 3 weeks, without the need to re-mill.
Despite the improvement in extraction efficiency observed for the gneissic samples used in the study,
a systematic increase in the duration of the closed-vessel digestion stage currently used at the Geo Labs
does not appear to be warranted owing to the small number of samples for which an improvement would
be seen and the effect that prolonged digestion times would have on sample throughput. When necessary,
samples exhibiting low zirconium (and hafnium) recoveries will be re-prepared and analyzed using a
modified method that includes an extended closed-vessel digestion stage
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37. Summary of Quality Control Data
for the Geoscience Laboratories
Methods AAF-101, AAF-102, AAF-200,
IAC-100, IAO-100 and IAL-100
J.C. Hargreaves1
Geoscience Laboratories, Ontario Geological Survey

1

INTRODUCTION
This article summarizes the results of analyses for quality control samples for the following
Geoscience Laboratories (Geo Labs) methods: flame–atomic absorption spectroscopic (AAS) analysis of
cobalt, copper, nickel, lead and zinc (method codes AAF-101 and AAF-102) after open-vessel digestion
(method code SOL-OT3), flame–AAS analysis of silver (method code AAF-200) after multi-acid openvessel digestion (method code SOL-OT1), inductively coupled plasma atomic emission spectrometric
(ICP–AES) analysis of major and trace elements (method code IAC-100) after multi-acid closed-beaker
digestion (method code SOL-CAIO), ICP–AES analysis of major and trace elements (method code IAO-100)
after multi-acid open-beaker digestion (method code SOL-OAIO), and ICP–AES analysis of major and
trace elements (method code IAL-100) after aqua regia extraction (method code SOL-ARD).
The quality control data for the AAF-101 and AAF-102 methods are summarized from May 14,
2013, to September 15, 2016, and the AAF-200 data are summarized from November 25, 2014, to
September 15, 2016, capturing analyses conducted after transfer of analyses to a new instrument (Varian
Spectra AAS280FS Atomic Absorption Spectrometer). The quality control data for the IAC-100 and
IAO-100 methods are summarized from January 20, 2014, to September 15, 2016, and those for the IAL-100
method are summarized from September 10, 2013, to September 15, 2016, also capturing all analyses
conducted after method transfer to a new instrument (Thermo iCAP6500 inductively coupled plasma
optical emission spectrometer). This summary includes only reference materials used routinely.
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Table 37.1. Summary of results obtained by the AAF-101 and AAF-102 methods for in-house reference materials and certified
reference materials from May 14, 2013 to September 15, 2016.
Material
Provider
In-house Reference Materials
MRB-29
In-house
LK-NIP-1
In-house
RV-1
In-house
Certified Reference Materials
AMIS-027
AMIS
Certificate†
NIST-8607
NIST
Certificate‡
OKUM-1
IAG
Certificate‡
SU-1a
CANMET
Certificate‡
SU-1b
CANMET
Certificate‡
WMS-1a
CANMET
Certificate‡
In-house Reference Materials
MRB-29
In-house
LK-NIP-1
In-house
RV-1
In-house
Certified Reference Materials
AMIS-027
AMIS
Certificate†
NIST-8607
NIST
Certificate‡
OKUM-1
IAG
Certificate‡
SU-1a
CANMET
Certificate‡
SU-1b
CANMET
Certificate‡
WMS-1a
CANMET
Certificate‡

Description

Co (ppm)

Cu (ppm)

Ni (ppm)

Basalt
Diabase
Gabbronorite

48 ± 5 (61)
56 (1)
65.7 ± 2.8 (6)

150 ± 12 (85)
167 (1)
1859 ± 46 (6)

101 ± 10 (68)
126 (1)
529 ± 15 (6)

Chromitite

110 ± 4 (2)
160**
<8
2.7 ± 0.3
89 ± 8 (6)
88.9 ± 1.5
348 ± 14 (15)
410 ± 10
N/A
672 ± 13
1392 ± 91 (3)
1450 ± 80*
Pb (ppm)

125.7 ± 1.2 (2)
130 ± 10
771 ± 57 (36)
790 ± 20
49 ± 5 (6)
43.5 ± 1.2
9560 ± 470 (19)
9670 ± 50
10 350 ± 1550 (2)
11 850 ± 140
12 650 ± 800 (3)
13 960 ± 210
Zn (ppm)

872 ± 19 (2)
1078 ± 222*
< 16 (30)
4.1 ± 1.0
969 ± 101 (6)
886 ± 10
12 480 ± 1010 (15)
12 330 ± 80
N/A
19 530 ± 170
29 660 ± 2830 (3)
30 200 ± 700

< 14
< 14
< 14

109 ± 8 (71)
97 (1)
95.9 ± 1.5 (5)

< 14
N/A
2548 ± 159 (30)
2600 ± 100
< 14
0.26 ± 0.02**
42 ± 7 (17)
100**
29 ± 11 (2)
58 ± 5
< 14
33**

154 ± 7 (2)
N/A
2950 ± 244 (28)
2900 ± 100
63 ± 7 (6)
61.2 ± 1.9
177 ± 7 (17)
N/A
227 ± 60 (2)
235 ± 19
117 ± 7 (3)
130 ± 8*

Tungsten Ore
Ultramafic Komatiite
Ni-Cu-Co Ore
Ni-Cu-Co Ore
Massive Sulphide

Basalt
Diabase
Gabbronorite
Chromitite
Tungsten Ore
Ultramafic Komatiite
Ni-Cu-Co Ore
Ni-Cu-Co Ore
Massive Sulphide

Notes: Compiled data given as mean ± 1 standard deviation of results (number of measurements).
Underlined: Analytes accredited to ISO 17025:2005.
†Certificate value is average ± 2 between laboratory standard deviations.
‡Certificate value is average ± 95% confidence interval on the population mean.
AMIS = African Mineral Standards; CANMET = Canada Centre for Mineral and Energy Technology; IAG = International
Association of Geoanalysts; NIST = National Institute of Standards and Technology.
*Provisional values.
**Informational values.
N/A: data not available.
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Table 37.2. Summary of results obtained by the AAF-200 method for in-house reference materials and certified reference
materials obtained by the AAF-200 method from November 25, 2014, to September 15, 2016.
Material
Provider
In-house Reference Materials
MRB-29
In-house
LK-NIP-1
In-house
RV-1
In-house
Certified Reference Materials
MP-1a
CANMET
Certificate‡
MP-1b
CANMET
Certificate‡
NIST-2710
NIST
Certificate‡
PTC-1a
CANMET
Certificate‡

Description

Ag (ppm)

Basalt
Diabase
Gabbronorite

3.3 ± 0.3 (74)
3.3 (1)
3.8 ± 0.4 (7)

Zn-Sn-Cu-Pb Ore

66.1 ± 2.7 (37)
69.7 ± 2.2
50.7 ± 0.5 (3)
47.0 ±1.8
34.8 ± 1.6 (37)
35.3 ± 1.5
52 ± 5 (8)
56.0 ± 1.4

Zn-Sn-Cu-Pb Ore
Montana Soil
Cu-Ni Sulphide Concentrate

Notes: Compiled data given as mean ± 1 standard deviation of results (number of measurements).
‡Certificate value is average ± 95% confidence interval on the population mean.
CANMET = Canada Centre for Mineral and Energy; NIST = National Institute of Standards and Technology.
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Al (ppm)

Ba (ppm)

Be (ppm)

Ca (ppm)

Cd (ppm)

78 160 ± 2690 (7)
64 830 ± 2900 (396)
11 770 ± 1020 (108)

129 ± 7 (7)
262 ± 14 (396)
51.6 ± 2.6 (108)

<1
<1
<1

65 900 ± 5300 (7)
60 100 ± 4600 (396)
165 800 ± 22 700 (108)

<1
<1
1.35 ± 0.30 (72)

83 900 ± 3600 (163)
89 500 ± 1100
69 700 ± 3400 (120)
71 600 ± 800
73 800 ± 3600 (108)
78 800 ± 1100
25 980 ± 2200 (106)
26 610 ± 423
40 820 ± 1260 (4)
42 170 ± 210
60 300 ± 3600 (4)
59 000 ± 1450*
12 330 ± 510 (4)
13 500 ± 510
Co (ppm)

1020 ± 69 (163)
1140 ± 32
119 ± 6 (120)
130 ± 13
1226 ± 77 (108)
1340 ± 44
113 ± 6 (106)
120 ± 12
7.1 ± 2.0 (4)
6.2 ± 0.5**
811 ± 24 (4)
851 ± 61*
66.2 ± 1.8 (4)
70**
Cr (ppm)

1.87 ± 0.15 (163)
2.3 ± 0.4
< 1 (120)
N/A
1.22 ± 0.15 (108)
1.5 ± 0.2**
< 1 (106)
0.8 ± 0.2
<1
0.065 ± 0.004**
< 1 (4)
N/A
< 1 (4)
N/A
Cu (ppm)

34 140 ± 2670 (163)
37 200 ± 900
77 600 ± 7500 (120)
81 700 ± 1200
13 960 ± 1210 (108)
15 000 ± 400
223 000 ± 34 000 (106)
254 900 ± 1787
52 480 ± 2020 (4)
56 100 ± 430
112 900 ± 6200 (4)
112 800 ± 6075*
28 040 ± 370 (4)
30 900 ± 1100
Fe (ppm)

<1
N/A
<1
N/A
<1
N/A
<1
0.07 ± 0.02
<1
N/A
<1
N/A
<1
1.4**
K (ppm)

50.9 ± 2.3 (7)
41.1 ± 2.8 (397)
7.6 ± 0.6 (108)

150 ± 5 (7)
257 ± 12 (396)
17.1 ± 2.2 (108)

172 ± 9 (7)
156 ± 13 (396)
38 ± 3 (108)

92 000 ± 7800 (7)
92 300 ± 5600 (396)
18 490 ± 1440 (108)

3848 ± 171 (7)
5698 ± 309 (396)
7450 ± 330 (108)

12.0 ± 1.2 (163)
16 ± 1
35 ± 3 (121)
45 ± 3
5.4 ± 1.3 (108)
7.3 ± 0.8
6.9 ± 0.8 (106)
9±2
83 ± 5 (4)
88.9 ± 1.5
22.3 ± 1.0 (4)
29.8 ± 1.7*
1300 ± 27 (4)
1450 ± 80*

16.4 ± 2.2 (163)
17 ± 2
275 ± 13 (120)
280 ± 19
20.7 ± 2.3 (108)
20 ± 6
33.1 ± 2.2 (106)
32 ± 6
2423 ± 104 (4)
2460 ± 31
288 ± 7 (4)
291 ± 13
65 ± 7 (4)
68 ± 10*

55 ± 4 (163)
53 ± 4
142 ± 8 (120)
127 ± 7
46.2 ± 3.0 (108)
43 ± 4
23.0 ± 2.3 (106)
23 ± 2
47.0 ± 1.3 (4)
43.5 ± 1.2
113 ± 3 (4)
106 ± 9*
12 863 ± 202 (4)
13 960 ± 210

45 790 ± 2850 (163)
46 800 ± 900
85 900 ± 5500 (120)
86 300 ± 1400
33 600 ± 2280 (108)
34 300 ± 1100
16 910 ± 1340 (106)
N/A
83 000 ± 3110 (4)
N/A
48 100 ± 2440 (4)
N/A
421 400 ± 15 900 (4)
454 000 ± 6000

23 020 ± 1080 (163)
23 900 ± 900
4222 ± 235 (120)
4300 ± 100
42 760 ± 2250 (108)
44 800 ± 1200
6510 ± 320 (106)
6476 ± 332
377 ± 23 (4)
365 ± 17
8099 ± 298 (4)
7820 ± 33
904 ± 31 (4)
991 ± 73*

J.C. Hargreaves

Material
Provider
Description
In-house Reference Materials
LK NIP-1
In-house
Diabase Sill
MRB-29
In-house
Basalt
ODL-1
In-house
Dolomitic Limestone
Certified Reference Materials
AGV-2
USGS
Andesite
Certificate†
BHVO-2
USGS
Basalt
Certificate†
GSP-2
USGS
Granodiorite
Certificate†
GSR-6
China
Limestone
Certificate≠
OKUM-1
IAG
Ultramafic Komatiite
Certificate‡
WGB-1
CANMET Gabbro
Certificate‡
WMS-1a
CANMET Massive Sulphide
Certificate‡
Material
Provider
Description
In-house Reference Materials
LK NIP-1
In-house
Diabase Sill
MRB-29
In-house
Basalt
ODL-1
In-house
Dolomitic Limestone
Certified Reference Materials
AGV-2
USGS
Andesite
Certificate†
BHVO-2
USGS
Basalt
Certificate†
GSP-2
USGS
Granodiorite
Certificate†
GSR-6
IGGE
Limestone
Certificate≠
OKUM-1
IAG
Ultramafic Komatiite
Certificate‡
WGB-1
CANMET Gabbro
Certificate‡
WMS-1a
CANMET Massive Sulphide
Certificate‡
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Li (ppm)

Mg (ppm)

Mn (ppm)

Mo (ppm)

Na (ppm)

12.8 ± 1.7 (7)
12.0 ± 1.4 (396)
18 ± 4 (108)

42 390 ± 2570 (7)
36 700 ± 2110 (396)
100 000 ± 5500 (108)

1431 ± 70 (7)
1347 ± 81 (396)
1333 ± 71 (108)

<1
<1
<1

16 700 ± 1150 (7)
17 380 ± 940 (396)
533 ± 136 (108)

10.6 ± 1.0 (163)
11**
6.6 ± 1.6 (120)
5**
32.6 ± 1.9 (108)
36 ± 1**
29 ± 5 (106)
20 ± 3
5.4 ± 1.0 (4)
4.4 ± 0.3**
49.8 ± 1.3 (4)
N/A
4.0 ± 1.0 (4)
3**
Ni (ppm)

10 160 ± 570 (163)
10 800 ± 200
42 310 ± 2510 (120)
43 600 ± 700
5540 ± 320 (108)
5800 ± 200
28 770 ± 1680 (106)
31 310 ± 724
121 680 ± 1880 (4)
128 420 ± 600
57 820 ± 2210 (4)
56 700 ± 1150
3340 ± 40 (4)
3310 ± 220*
P (ppm)

734 ± 41 (163)
770 ± 20
1274 ± 76 (120)
1290 ± 40
304 ± 19 (108)
N/A
423 ± 22 (106)
434 ± 27
1312 ± 42 (4)
1400 ± 20
1123 ± 65 (4)
1110 ± 108*
636 ± 13 (4)
600 ± 70*
Pb (ppm)

1.7 ± 0.7 (140)
N/A
3.4 ± 1.0 (96)
N/A
2.0 ± 0.9 (92)
2.1 ± 0.6**
<1
0.38 ± 0.06
<1
N/A
<1
1.2 ± 0.5*
<1
3.0**
S (ppm)

28 620 ± 1530 (163)
31 100 ± 900
16 010 ± 880 (120)
16 400 ± 600
18 850 ± 1110 (108)
20 600 ± 700
476 ± 113 (106)
634**
8170 ± 350 (4)
9000 ± 170
16 040 ± 1190 (4)
17 025 ± 633*
441 ± 25 (4)
329 ± 65*
Sc (ppm)

136.7 ± 3.1 (7)
101 ± 8 (397)
7.9 ± 0.9 (108)

465 ± 17 (7)
955 ± 65 (396)
149 ± 10 (108)

< 15
< 15
19.3 ± 3.1 (108)

378 ± 205 (7)
191 ± 136 (396)
3440 ± 420 (108)

30.0 ± 1.0 (7)
29.1 ± 1.7 (396)
2.02 ± 0.28 (108)

16.6 ± 1.4 (163)
19 ± 3
111 ± 12 (121)
119 ± 7
15 ± 5 (108)
17 ± 2
15.7 ± 1.1 (106)
18 ± 2
852 ± 39 (4)
886 ± 10
71.8 ± 2.5 (4)
76 ± 7*
26 200 ± 690 (4)
30 200 ± 700

1964 ± 124 (163)
2100 ± 100
1097 ± 76 (120)
1200 ± 100
1180 ± 85 (108)
1300 ± 100
201 ± 13 (106)
226 ± 31
97 ± 5 (4)
120 ± 10
378 ± 26 (4)
432 ± 148*
166 ± 13 (4)
180**

19 ± 6 (163)
13 ± 1
< 15
N/A
44 ± 6 (108)
42 ± 3
18 ± 4 (106)
18 ± 3
< 15
0.26 ± 0.02**
< 15
N/A
38.1 ± 1.6 (4)
33**

13 ± 49 (163)
N/A
165 ± 75 (120)
N/A
454 ± 76 (108)
N/A
483 ± 294 (106)
370**
253 ± 37 (4)
N/A
218 ± 12 (4)
N/A
188 900 ± 24 300 (4)
N/A

10.9 ± 0.7 (163)
13 ± 1
28.9 ± 1.7 (120)
32 ± 1
5.4 ± 0.5 (108)
6.3 ± 0.7
4.7 ± 0.4 (106)
6.0 ± 1.1
25.5 ± 0.5 (4)
27.9 ± 1.5
39.3 ± 2.7 (4)
44 ± 4*
1.1 ± 0.6 (4)
3**
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Material
Provider
Description
In-house Reference Materials
LK NIP-1
In-house
Diabase Sill
MRB-29
In-house
Basalt
ODL-1
In-house
Dolomitic Limestone
Certified Reference Materials
AGV-2
USGS
Andesite
Certificate†
BHVO-2
USGS
Basalt
Certificate†
GSP-2
USGS
Granodiorite
Certificate†
GSR-6
IGGE
Limestone
Certificate≠
OKUM-1
IAG
Ultramafic Komatiite
Certificate‡
WGB-1
CANMET Gabbro
Certificate‡
WMS-1a
CANMET Massive Sulphide
Certificate‡
Material
Provider
Description
In-house Reference Materials
LK NIP-1
In-house
Diabase Sill
MRB-29
In-house
Basalt
ODL-1
In-house
Dolomitic Limestone
Certified Reference Materials
AGV-2
USGS
Andesite
Certificate†
BHVO-2
USGS
Basalt
Certificate†
GSP-2
USGS
Granodiorite
Certificate†
GSR-6
IGGE
Limestone
Certificate≠
OKUM-1
IAG
Ultramafic Komatiite
Certificate‡
WGB-1
CANMET Gabbro
Certificate‡
WMS-1a
CANMET Massive Sulphide
Certificate‡
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Material
Provider
Description
In-house Reference Materials
LK NIP-1
In-house
Diabase Sill
MRB-29
In-house
Basalt
ODL-1
In-house
Dolomitic Limestone
Certified Reference Materials
AGV-2
USGS
Andesite
Certificate†
BHVO-2
USGS
Basalt
Certificate†
GSP-2
USGS
Granodiorite
Certificate†
GSR-6
IGGE
Limestone
Certificate≠
OKUM-1
IAG
Ultramafic Komatiite
Certificate‡
WGB-1
CANMET Gabbro
Certificate‡
WMS-1a
CANMET Massive Sulphide
Certificate‡

Sr (ppm)

Ti (ppm)

V (ppm)

W (ppm)

Y (ppm)

Zn (ppm)

161 ± 8 (7)
302 ± 21 (396)
67 ± 5 (108)

6769 ± 162 (7)
11 440 ± 570 (396)
628 ± 39 (108)

283 ± 17 (7)
308 ± 17 (398)
17.9 ± 1.5 (108)

<6
<6
1 ± 5 (72)

20.5 ± 0.7 (7)
24.2 ± 1.2 (396)
11.6 ± 0.6 (108)

100 ± 7 (7)
106 ± 7 (396)
58 ± 4 (108)

639 ± 47 (163)
658 ± 17
387 ± 29 (120)
389 ± 23
233 ± 19 (108)
240 ± 10
913 ± 67 (106)
913 ± 54
15.4 ± 2.0 (4)
16.1 ± 1.0
106 ± 4 (4)
118 ± 9*
28.3 ± 1.3 (4)
31.3 ± 4.3*

6070 ± 320 (163)
6300 ± 1300
16 450 ± 800 (120)
16 300 ± 200
3847 ± 250 (108)
4000 ± 100
1883 ± 124 (106)
1960 ± 90
2214 ± 56 (4)
2280 ± 24
5810 ± 370 (4)
N/A
794 ± 4 (4)
840 ± 80*

117 ± 6 (164)
120 ± 5
323 ± 19 (121)
317 ± 11
52.2 ± 3.2 (108)
52 ± 4
37.4 ± 2.9 (106)
36 ± 6
172.1 ± 2.8 (4)
167.8 ± 3.1
241 ± 14 (4)
222 ± 17*
129.6 ± 1.1 (4)
140 ± 21*

<6
N/A
<6
N/A
<6
N/A
<6
0.67 ± 0.18
<6
N/A
<6
N/A
<6
N/A

17.2 ± 0.9 (163)
20 ± 1
23.3 ± 1.2 (120)
26 ± 2
23.5 ± 1.2 (108)
28 ± 2
8.1 ± 0.4 (106)
9.1 ± 1.6
8.30 ± 0.23 (4)
9.08 ± 0.29
14.1 ± 0.9 (4)
14.6 ± 2.7*
3.85 ± 0.13 (4)
4**

88 ± 6 (163)
86 ± 8
101 ± 7 (120)
103 ± 6
113 ± 11 (108)
120 ± 10
49 ± 4 (106)
52 ± 4
65 ± 4 (4)
61.2 ± 1.9
39 ± 4 (4)
31.5 ± 8.5*
103 ± 8 (4)
130 ± 8*

Earth Resources and Geoscience Mapping Section (37)

Table 37.3, continued.

Notes: Compiled data given as mean ± 1 standard deviation of results (number of measurements).
† Certificate value is average ± 1 standard deviation of the intralaboratory means.
≠ Certificate value is average ± 99% confidence interval on the population mean.
‡ Certificate value is average ± 95% confidence interval on the population mean.
CANMET = Canada Centre for Mineral and Energy Technology; IAG = International Association of Geoanalysts; IGGE = Institute of Geophysical and Geochemical
Exploration, China; USGS = United States Geological Survey.
*Provisional values.
**Informational values.
N/A: data not available.

J.C. Hargreaves

Material
Provider Description
In-house Reference Materials
MRB-29
In-house Basalt
Certified Reference Materials
AGV-2
USGS
Andesite
Certificate†
BHVO-2
USGS
Basalt
Certificate†
In-house Reference Materials
MRB-29
In-house Basalt
Certified Reference Materials
AGV-2
USGS
Andesite
Certificate†
BHVO-2
USGS
Basalt
Certificate†
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In-house Reference Materials
MRB-29
In-house Basalt
Certified Reference Materials
AGV-2
USGS
Andesite
Certificate†
BHVO-2
USGS
Basalt
Certificate†
Material
Provider Description
In-house Reference Materials
MRB-29
In-house Basalt
Certified Reference Materials
AGV-2
USGS
Andesite
Certificate†
BHVO-2
USGS
Basalt
Certificate†

Al (ppm)

Ba (ppm)

68 100 ± 3800 (10)

273 ± 12 (10)

88 600 ± 5700 (7)
89 500 ± 1100
70 300 ± 4200 (3)
71 600 ± 800
Cu (ppm)

1069 ± 49 (7)
1140 ± 32
118 ± 4 (3)
130 ± 13
Fe (ppm)

159 ± 12 (10)

Be (ppm)

Ca (ppm)

Co (ppm)

Cr (ppm)

62 000 ± 3700 (10)

43.1 ± 2.7 (10)

251 ± 10 (10)

1.90 ± 0.15 (7)
2.3 ± 0.4
< 1 (3)
N/A
K (ppm)

35 130 ± 3040 (7)
37 200 ± 900
76 500 ± 3700 (3)
81 700 ± 1200
Li (ppm)

12.8 ± 1.2 (7)
16 ± 1
32.7 ± 2.0 (3)
45 ± 3
Mg (ppm)

16.2 ± 1.8 (7)
17 ± 2
261 ± 9 (3)
280 ± 19
Mn (ppm)

93 100 ± 7200 (10)

5990 ± 560 (10)

11.8 ± 1.1 (10)

37 960 ± 3140 (10)

1446 ± 157 (10)

54 ± 3 (7)
53 ± 4
140 ± 3 (3)
127 ± 7
Na (ppm)

45 000 ± 3700 (7)
46 800 ± 900
84 800 ± 4600 (3)
86 300 ± 1400
Ni (ppm)

23 350 ± 1590 (7)
23 900 ± 900
4380 ± 340 (3)
4300 ± 100
P (ppm)

10.6 ± 0.6 (7)
11**
6.4 ± 1.5 (3)
5**
Sc (ppm)

10 220 ± 680 (7)
10 800 ± 200
43 000 ± 2540 (3)
43 600 ± 700
Sr (ppm)

753 ± 70 (7)
770 ± 20
1342 ± 139 (3)
1290 ± 40
Ti (ppm)

18 280 ± 1100 (10)

103 ± 5 (10)

1012 ± 66 (10)

30.1 ± 2.0 (10)

299 ± 9 (10)

11 710 ± 430 (10)

29 920 ± 2010 (7)
31 100 ± 900
15 970 ± 1360 (3)
16 400 ± 600
V (ppm)

17.5 ± 2.0 (7)
19 ± 3
106.6 ± 2.1 (3)
119 ± 7
Y (ppm)

2021 ± 94 (7)
2100 ± 100
1174 ± 59 (3)
1200 ± 100
Zn (ppm)

11.3 ± 0.8 (7)
13 ± 1
29.1 ± 1.3 (3)
32 ± 1

643 ± 40 (7)
658 ± 17
371 ± 7 (3)
389 ± 23

6170 ± 320 (7)
6300 ± 1300
16 290 ± 830 (3)
16 300 ± 200

312 ± 20 (10)

25.5 ± 2.2 (10)

108 ± 7 (10)

117 ± 7 (7)
120 ± 5
321 ± 9 (3)
317 ± 11

17.8 ± 1.0 (7)
20 ± 1
24.1 ± 1.8 (3)
26 ± 2

89 ± 6 (7)
86 ± 8
99 ± 7 (3)
103 ± 6

<1

(10)

J.C. Hargreaves

Notes: Compiled data given as mean ± 1 standard deviation of results (number of measurements).
† Certificate value is average ± 1 standard deviation of the intralaboratory means.
USGS = United States Geological Survey.
**Informational values.
N/A: data not available.
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Table 37.4. Summary of results obtained by the IAO-100 method for in-house reference materials and certified reference materials from January 20, 2014, to September 15, 2016.
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Material
Provider
Description
In-house Reference Materials
RAFT-2
Certified Reference Materials
LKSD-1
CANMET Lake Sediment
Certificate
LKSD-2
CANMET Lake Sediment
Certificate
LKSD-3
CANMET Lake Sediment
Certificate
LKSD-4
CANMET Lake Sediment
Certificate
STSD-1
CANMET Stream Sediment
Certificate
STSD-3
CANMET Stream Sediment
Certificate
Material
Provider
Description
In-house Reference Materials
RAFT-2
Certified Reference Materials
LKSD-1
CANMET Lake Sediment
Certificate
LKSD-2
CANMET Lake Sediment
Certificate
LKSD-3
CANMET Lake Sediment
Certificate
LKSD-4
CANMET Lake Sediment
Certificate
STSD-1
CANMET Stream Sediment
Certificate
STSD-3
CANMET Stream Sediment
Certificate

Al (ppm)

Ba (ppm)

Be (ppm)

Ca (ppm)

Co (ppm)

Cr (ppm)

14 400 ± 980 (289)

100 ± 6 (289)

<1

3072 ± 241 (289)

40.1 ± 2.3 (289)

35.6 ± 2.5 (289)

4140 ± 470 (38)
5400 ± 900
15 020 ± 1390 (93)
18 700 ± 2500
17 240 ± 1550 (63)
21 000 ± 2900
12 440 ± 1000 (285)
14 400 ± 1900
11 840 ± 950 (139)
12 800 ± 1400
16 870 ± 1600 (16)
19 800 ± 2800
Cu (ppm)

92 ± 7 (38)
85 ± 4
210 ± 15 (93)
211 ± 12
163 ± 11 (63)
169 ± 10
132 ± 9 (285)
135 ± 4
268 ± 19 (139)
261 ± 9
692 ± 58 (16)
692 ± 62
Fe (ppm)

<1
N/A
<1
N/A
<1
N/A
<1
N/A
<1
N/A
<1
N/A
K (ppm)

65 100 ± 4200 (38)
65 400 ± 1800
5600 ± 510 (93)
6700 ± 600
6360 ± 690 (63)
7400 ± 600
8300 ± 630 (285)
8900 ± 500
15 610 ± 1230 (139)
16 400 ± 700
12 740 ± 1220 (16)
13 300 ± 600
Li (ppm)

7.1 ± 0.7 (38)
9±1
14.5 ± 1.1 (93)
17 ± 1
26.8 ± 1.8 (63)
30 ± 2
8.3 ± 0.7 (285)
11 ± 1
13.2 ± 1.0 (139)
14 ± 2
13.9 ± 1.0 (16)
14 ± 1
Mg (ppm)

12.0 ± 1.3 (38)
12 ± 2
28.2 ± 2.5 (93)
29 ± 3
50 ± 4 (63)
51 ± 5
19.1 ± 1.4 (285)
21 ± 2
28.1 ± 2.2 (139)
28 ± 3
35 ± 3 (16)
34 ± 6
Mn (ppm)

621 ± 36 (289)

27 470 ± 1900 (289)

840 ± 84 (289)

8.6 ± 0.9 (289)

2825 ± 202 (289)

589 ± 36 (289)

44 ± 4 (38)
44 ± 5
35.6 ± 2.7 (93)
36 ± 3
32.8 ± 2.8 (63)
34 ± 3
29.9 ± 2.6 (285)
30 ± 3
35.2 ± 2.8 (139)
36 ± 2
39 ± 3 (16)
38 ± 2

18 620 ± 1460 (38)
18 000 ± 3000
33 870 ± 2410 (93)
35 000 ± 3000
33 120 ± 2590 (63)
35 000 ± 3000
25 100 ± 1810 (285)
27 000 ± 3000
35 370 ± 2510 (139)
35 000 ± 2000
34 850 ± 2960 (16)
34 000 ± 1000

480 ± 59 (38)
N/A
2201 ± 281 (93)
N/A
2679 ± 240 (63)
N/A
1050 ± 97 (285)
N/A
810 ± 102 (139)
N/A
1424 ± 149 (16)
N/A

5.6 ± 1.2 (38)
N/A
16.0 ± 1.4 (93)
N/A
20.7 ± 1.3 (63)
N/A
9.1 ± 0.9 (285)
N/A
9.1 ± 1.0 (139)
N/A
20.2 ± 1.7 (16)
N/A

5940 ± 470 (38)
6500 ± 700
6190 ± 480 (93)
6900 ± 600
8200 ± 660 (63)
9200 ± 1000
3623 ± 277 (285)
4100 ± 500
7760 ± 590 (139)
8200 ± 800
8010 ± 630 (16)
8700 ± 900

435 ± 29 (38)
460 ± 60
1731 ± 104 (93)
1840 ± 180
1208 ± 84 (63)
1220 ± 230
410 ± 25 (285)
430 ± 30
3469 ± 188 (139)
3740 ± 430
2460 ± 161 (16)
2630 ± 140

J.C. Hargreaves

Notes: Compiled data given as mean ± 1 standard deviation of results (number of measurements).
Certificate value is average ± 1 standard deviation of the mean.
Certificate values are provisional and for partial extraction (concentrated HNO3 –concentrated HCl: Lynch 1990, 1999).
CANMET = Canada Centre for Mineral and Energy Technology.
N/A: data not available.
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Table 37.5. Summary of results obtained by the IAL-100 method for in-house reference materials and certified reference materials from September 10, 2013, to September 15, 2016.
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Material
Provider
Description
In-house Reference Materials
RAFT-2
Certified Reference Materials
LKSD-1
CANMET Lake Sediment
Certificate
LKSD-2
CANMET Lake Sediment
Certificate
LKSD-3
CANMET Lake Sediment
Certificate
LKSD-4
CANMET Lake Sediment
Certificate
STSD-1
CANMET Stream Sediment
Certificate
STSD-3
CANMET Stream Sediment
Certificate
Material
Provider
Description
In-house Reference Materials
RAFT-2
Certified Reference Materials
LKSD-1
CANMET Lake Sediment
Certificate
LKSD-2
CANMET Lake Sediment
Certificate
LKSD-3
CANMET Lake Sediment
Certificate
LKSD-4
CANMET Lake Sediment
Certificate
STSD-1
CANMET Stream Sediment
Certificate
STSD-3
CANMET Stream Sediment
Certificate

Na (ppm)

Ni (ppm)

P (ppm)

S (ppm)

Sc (ppm)

113 ± 12 (289)

868 ± 52 (289)

812 ± 58 (289)

5691 ± 312 (289)

3.13 ± 0.24 (289)

22.2 ± 1.4 (289)

247 ± 47 (38)
N/A
295 ± 48 (93)
N/A
352 ± 169 (63)
N/A
170 ± 37 (285)
N/A
277 ± 44 (139)
N/A
354 ± 38 (16)
N/A
Ti (ppm)

11.1 ± 1.3 (38)
11 ± 1
22.1 ± 2.0 (93)
23 ± 3
43.5 ± 3.1 (63)
44 ± 4
29.9 ± 2.2 (285)
32 ± 5
19.0 ± 1.8 (139)
18 ± 3
28.7 ± 2.7 (16)
25 ± 3
V (ppm)

685 ± 57 (38)
731 ± 47
1163 ± 96 (93)
1290 ± 99
931 ± 72 (63)
1110 ± 160
1196 ± 89 (285)
1440 ± 182
1408 ± 109 (139)
1690 ± 220
1419 ± 129 (16)
1610 ± 220
Y (ppm)

15 760 ± 940 (38)
N/A
1488 ± 111 (93)
N/A
1541 ± 114 (63)
N/A
9420 ± 680 (285)
N/A
2149 ± 165 (139)
N/A
1701 ± 151 (16)
N/A
Zn (ppm)

1.9 ± 0.5 (38)
N/A
5.5 ± 0.6 (93)
N/A
5.8 ± 0.6 (63)
N/A
3.3 ± 0.5 (285)
N/A
4.4 ± 0.6 (139)
N/A
4.2 ± 0.3 (16)
N/A

65 ± 4 (38)
62 ± 4
27.1 ± 3.1 (93)
32 ± 6
28 ± 4 (63)
36 ± 8
39.1 ± 2.7 (285)
41 ± 5
30.3 ± 2.1 (139)
28 ± 6
68 ± 5 (16)
67 ± 5

240 ± 36 (289)

25.9 ± 2.2 (289)

14.5 ± 0.7 (289)

119 ± 7 (289)

371 ± 81 (38)
619 ± 126
702 ± 114 (93)
1010 ± 166
1050 ± 139 (63)
1410 ± 236
463 ± 67 (285)
660 ± 86
371 ± 74 (139)
539 ± 130
404 ± 54 (16)
614 ± 130

22.2 ± 2.9 (38)
27 ± 3
48 ± 4 (93)
48 ± 10
54 ± 5 (63)
55 ± 13
32.5 ± 2.7 (285)
32 ± 10
57 ± 5 (139)
47 ± 11
64 ± 6 (16)
61 ± 22

10.1 ± 1.0 (38)
N/A
28.5 ± 1.9 (93)
N/A
18.7 ± 1.3 (63)
N/A
16.4 ± 1.1 (285)
N/A
24.0 ± 1.6 (139)
N/A
20.9 ± 1.6 (16)
N/A

324 ± 22 (38)
337 ± 11
195 ± 15 (93)
200 ± 6
134 ± 9 (63)
139 ± 10
182 ± 12 (285)
189 ± 10
162 ± 11 (139)
165 ± 8
199 ± 15 (16)
192 ± 11

J.C. Hargreaves

Notes: Compiled data given as mean ± 1 standard deviation of results (number of measurements).
Certificate value is average ± 1 standard deviation of the mean.
Certificate values are provisional and for partial extraction (concentrated HNO3 –concentrated HCl: Lynch 1990, 1999).
CANMET = Canada Centre for Mineral and Energy Technology.
N/A: data not available.

Sr (ppm)
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Table 37.5, continued.
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Metric Conversion Table
Conversion from SI to Imperial

Conversion from Imperial to Sl

SI Unit

Multiplied by

Gives

Imperial Unit

1 mm
1 cm
1m
1m
1 km

0.039 37
0.393 70
3.280 84
0.049 709
0.621 371

LENGTH
inches
1 inch
inches
1 inch
feet
1 foot
chains
1 chain
miles (statute)
1 mile (statute)

1 cm2
1 m2
1 km2
1 ha

0.155 0
10.763 9
0.386 10
2.471 054

square inches
square feet
square miles
acres

1 cm3
1 m3
1 m3

0.061 023
35.314 7
1.307 951

cubic inches
cubic feet
cubic yards

AREA
1 square inch
1 square foot
1 square mile
1 acre

VOLUME
1 cubic inch
1 cubic foot
1 cubic yard

CAPACITY
1 pint
1 quart
1 gallon

1L
1L
1L

1.759 755
0.879 877
0.219 969

pints
quarts
gallons

1g
1g
1 kg
1 kg
1t
1 kg
1t

0.035 273 962
0.032 150 747
2.204 622 6
0.001 102 3
1.102 311 3
0.000 984 21
0.984 206 5

ounces (avdp)
ounces (troy)
pounds (avdp)
tons (short)
tons (short)
tons (long)
tons (long)

1 g/t

0.029 166 6

1 g/t

0.583 333 33

MASS
1 ounce (avdp)
1 ounce (troy)
1 pound (avdp)
1 ton(short)
1 ton (short)
1 ton (long)
1 ton (long)

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

Multiplied by
25.4
2.54
0.304 8
20.116 8
1.609 344

Gives
mm
cm
m
m
km

6.451 6
0.092 903 04
2.589 988
0.404 685 6

cm2
m2
km2
ha

16.387 064
0.028 316 85
0.764 554 86

cm3
m3
m3

0.568 261
1.136 522
4.546 090

L
L
L

28.349 523
31.103 476 8
0.453 592 37
907.184 74
0.907 184 74
1016.046 908 8
1.016 046 9

g
g
kg
kg
t
kg
t

34.285 714 2

g/t

1.714 285 7

g/t

OTHER USEFUL CONVERSION FACTORS
1 ounce (troy) per ton (short)
1 gram per ton (short)
1 ounce (troy) per ton (short)
1 pennyweight per ton (short)

Multiplied by
31.103 477
0.032 151
20.0
0.05

grams per ton (short)
ounces (troy) per ton (short)
pennyweights per ton (short)
ounces (troy) per ton (short)

Note: Conversion factors in bold type are exact. The conversion factors have been taken from or have been derived from factors given
in the Metric Practice Guide for the Canadian Mining and Metallurgical Industries, published by the Mining Association of Canada in
co-operation with the Coal Association of Canada.
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