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ergy and stratigraphy and is led by the Canada-Nunavut Geoscience Office (CNGO) in collaboration with the Geological Survey of Can-
ada (GSC). The study areas include the Paleozoic Hudson Bay, Hudson Strait and Foxe basins, and the Mesozoic Baffin Bay basins, as well
as Boothia Peninsula. The objective of this work was to evaluate the hydrocarbon potential and better understand the Paleozoic
stratigraphy in these areas.
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Abstract

The Canada-Nunavut Geoscience Office (CNGO) participated in several projects related to energy potential and Paleozoic

stratigraphy under phases 1 and 2 of the Geo-mapping for Energy and Minerals (GEM) program during the years 2008–

2020, including the Hudson Bay and Foxe Basins, Hudson-Ungava, Baffin Bay Basins, Baffin Geological Synthesis, Baffin

Island, and Boothia Peninsula–Somerset Island projects. The aim of the projects was to evaluate the hydrocarbon potential

in the Paleozoic Hudson Bay, Hudson Strait and Foxe basins and the Mesozoic Baffin Bay basins, and to better understand

the Paleozoic stratigraphy in the Hudson Platform area and on the islands of the Canadian Arctic Archipelago. This paper

summarizes the major research activities carried out under these projects and the contributions made to them by the CNGO.

Introduction

Natural Resources Canada (NRCan) launched the Geo-

mapping for Energy and Minerals (GEM) program in 2008,

under the leadership of the Geological Survey of Canada

(GSC). After the completion of phase 1 (GEM-1, 2008–

2013), the program was renewed and a new round of re-

search activities was defined as phase 2 (GEM-2, 2014–

2020). During the two phases, the CNGO made important

and significant contributions to several projects related to

the energy potential in the Paleozoic Hudson Bay, Hudson

Strait and Foxe basins and the Mesozoic Baffin Bay basins,

and the Paleozoic stratigraphy across the Hudson Platform

and on the islands of the Canadian Arctic Archipelago.

These contributions include the Hudson Bay and Foxe Bas-

ins project and the Baffin Bay Basins project of GEM-1,

and the Hudson-Ungava project, Baffin Island project,

Boothia Peninsula–Somerset Island project and Baffin

Geological Synthesis project of GEM-2 (Figure 1).

Except for the Boothia Peninsula–Somerset Island project,

the overall research goals of the above-mentioned projects

were to propose a new understanding of the geological frame-

work of the Paleozoic Hudson Bay, Hudson Strait and Foxe

basins, as well as the Mesozoic Baffin Bay basins, and to pro-

vide improved knowledge of hydrocarbon systems in the

basins. To achieve these goals, the most important approach

was to conduct research to understand the stratigraphy, par-

ticularly that of the hydrocarbon source rocks. Prior to and

during the GEM program, the CNGO undertook this essen-

tial work mainly on the Paleozoic stratigraphy and espe-

cially that of the hydrocarbon source rocks in Nunavut. The

outputs of these projects have been separately published as

journal papers, GSC open file reports and Canada-Nunavut

Geoscience Office Summary of Activities papers (see refer-

ences). Results of these works have been successively pre-

sented at a number of national and international scientific

conferences (see references). The aim of this paper is to

summarize the research activities carried out, and the

achievements made, by the CNGO for these projects, orga-

nized by basin and area.

Hudson Bay Basin

The Hudson Bay Basin (Figure 1) is one of the largest Paleo-

zoic sedimentary basins in North America. Industry stake-

holders initially explored the basin for hydrocarbon re-
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Figure 1: Eastern Nunavut, showing energy-related and Paleozoic-stratigraphy project areas of the Canada-Nunavut Geoscience
Office contributing to phases 1 and 2 of the Geo-mapping for Energy and Minerals program ( GEM-1 and GEM-2), with outlines of
sedimentary basins. Abbreviation: Pen., Peninsula



sources, at a reconnaissance scale, nearly 50 years ago. The

Paleozoic succession of the basin comprises approximately

2000 m of Upper Ordovician (Bad Cache Rapids and Chur-

chill River groups, and Red Head Rapids Formation), lower

Silurian (Severn River, Ekwan River and Attawapiskat for-

mations) and Devonian (Kenogami River, Kwataboa-

hegan, Stooping River, Moose River, Murray Island, Wil-

liams Island and Long Rapids formations) strata. These

formations comprise mainly carbonate rocks consisting of

alternating fossiliferous limestone, evaporitic and reefal

dolostone, and minor clastic rocks.

Prior to the Hudson Bay and Foxe Basins project

Hudson Bay Lowlands and offshore area

Upper Ordovician and lower Silurian conodont
biostratigraphy

Not long before the GEM-1 Hudson Bay and Foxe Basins

project was launched in 2008, the CNGO had carried out a

study of Upper Ordovician and lower Silurian conodont bio-

stratigraphy in the Hudson Bay Basin. For this research,

Zhang and Barnes (2007a, b) recovered about 4500 cono-

donts (microfossils) from 390 conodont-bearing samples

from continuous cores and well cuttings from six explora-

tion wells in the Hudson Bay Lowlands and offshore area.

The research resulted in identifying 50 species representing

28 genera, and has significantly improved the understand-

ing of the Late Ordovician and early Silurian geology. The

main outputs are as follows:

� The conodont zones and their stratigraphic ranges are

clearly defined. Seven zones were established for the

Upper Ordovician–lower Silurian interval: the Belodina

confluens, Amorphognathus ordovicicus, Rhipido-

gnathus symmetricus, Ozarkodina elibata, Kockelella?

trifurcata and Distomodus staurognathoides interval

zones, and the Pterospathodus celloni–P. eopennatus

Assemblage Zone.

� The biostratigraphic control for the different formations

is precisely identified. Upper Ordovician and lower Si-

lurian formations are dated as Edenian–Richmondian

and early Rhuddanian–middle Telychian, respectively.

� The position of the Ordovician–Silurian boundary is

recognized, typically associated with the global hiatus

created by the terminal Ordovician glaciation in Gond-

wana.

� Most of the conodonts from the six wells studied have a

Colour Alteration Index (CAI) value of 1, indicating lit-

tle alteration of organic matter and that the strata have

not reached burial temperatures greater than 80ºC.

However, slightly higher CAI values are recorded from

the deepest part of the wells in the offshore area of the

basin, indicating burial temperatures just within the oil

window.

Efforts in identifying petroleum source rocks

In order to understand the petroleum potential in the Hud-

son Bay Basin, particularly the occurrence and extent of pe-

troleum source rocks in the Hudson Bay offshore area, the

author collected 216 samples of well-cuttings and core

from three exploration wells for Rock-Eval 6 analysis

(Zhang et al., 2007; Zhang and Dewing, 2008); two of these

exploration wells were in the Hudson Bay offshore area and

one was on the Hudson Bay Lowlands. Unfortunately, most

samples contain less than 0.3% total organic carbon (TOC)

and have Tmax values below 435°C. These data indicated

that the petroleum source rock does not occur in the areas

near the three selected wells and that the burial temperature

is not high enough for petroleum generation, even if the

source rocks were present. However, this study provided

essential data for further study in the Hudson Bay and Foxe

Basins project.

Southampton Island

Southampton Island (Figure 1), where the Paleozoic strata

are well exposed, was located on the northern margin of the

Hudson Bay Basin during the Paleozoic; hence, the island

plays a key role in understanding the Paleozoic geology of

the basin. In 2007, the CNGO and GSC-Ottawa, with par-

ticipation from universities, launched the Southampton Is-

land Integrated Geoscience project that included three

components: Precambrian mapping, Paleozoic stratigra-

phy and surficial mapping.

Ordovician petroleum source-rock stratigraphy

The Paleozoic stratigraphy subproject on Southampton Is-

land, led and carried out by the author, focused on the Ordo-

vician conodont biostratigraphy, petroleum source-rock

stratigraphy and petroleum potential. During the field sea-

son, 14 stratigraphic sections were measured, and 300 and

40 samples were collected for biostratigraphic and geo-

chemical studies, respectively.

The Upper Ordovician Bad Cache Rapids and Churchill

River groups and Red Head Rapids Formation on South-

ampton Island are dominated by carbonate rocks but con-

tain thin organic-rich shale units that were discovered on

the island during the 1970s and informally named ‘Boas

River shale’ and ‘Sixteen Mile Brook shale’, and then col-

lectively formally named the Boas River Formation. How-

ever, the stratigraphy and hydrocarbon potential of these

shale units have been poorly understood since then. There

has been considerable debate surrounding these organic-rich

shale units, which focused on such fundamental issues as

� are there one, two or three oil-shale intervals within the

Ordovician sequence?

� what are their precise stratigraphic positions and their

extent within the Hudson Bay offshore area?

� what is their hydrocarbon potential?
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The most important contribution from the field studies of

Upper Ordovician and lowest Silurian strata on Southamp-

ton Island to the geological study of the Hudson Bay Basin

was the discovery of the three oil-shale intervals in a con-

tinuous section in the Cape Donovan area (Zhang, 2007,

2008a, b; Zhang and Lavoie, 2013; Figure 2), which un-

equivocally demonstrated that

� the three oil-shale intervals in the Cape Donovan area

are within the lower Red Head Rapids Formation rather

than between the Bad Cache Rapids and Churchill River

groups, as previously interpreted; and

� the Cape Donovan lower oil-shale interval can be corre-

lated with the ‘Boas River shale’, and the Cape Dono-

van middle or upper oil-shale interval can be correlated

with the ‘Sixteen Mile Brook shale’.

Petroleum potential

A total of 40 samples was collected from the three oil-shale

intervals in the Cape Donovan sections for Rock-Eval 6

analysis, which led to the recognition of Type I–Type II

kerogen and unusually high yield and TOC, as summarized

in Table 1. Rocks of Late Ordovician age with such high

yield and TOC had not been previously recognized in Can-

ada and have been reported from only a few locations glob-

ally, such as the kukursite in the Baltic Oil Shale Basin in

Estonia and northwestern Russia.

New data from Southampton Island supporting the
presence of organic intervals in Hudson Bay offshore

The discovery of three oil-shale intervals in the Red Head

Rapids Formation on Southampton Island encouraged the

author to re-study the materials from the Hudson Bay off-

shore area (Zhang and Dewing, 2008). This resulted in rec-

ognition of the three organic-rich intervals in the same for-

mation in several offshore wells. The presence of three

organic-rich intervals in the Hudson Bay offshore area is

supported by three lines of evidence obtained from the

lower Red Head Rapids Formation in the exploration wells

(Zhang, 2008a, b):

� Three prominent positive gamma-ray kicks were ob-

served.

� Organic-rich fragments were found under the micro-

scope by carefully hand-picking well-cutting samples

that were initially studied by Zhang and Dewing (2008).

� Some reasonably high TOC values (2.29–5.73%) were

obtained from several samples within the interval cov-

ering the three positive gamma-ray kicks, by using pref-

erentially picked organic-rich fragments from the well

cuttings.

During the Hudson Bay and Foxe Basins project

Because of the above-mentioned research, the CNGO

played an important role when the Hudson Bay and Foxe

Basins project of GEM-1 was launched in 2008.

Ordovician conodont biostratigraphy on
Southampton Island

During the initial stages of GEM-1, the CNGO continued work-

ing on the materials previously collected on Southampton

Island. The main outcomes from this pioneer work are the

Upper Ordovician biostratigraphy and petroleum source-

rock biostratigraphy (Zhang, 2011c; Figure 2), both of

which were achieved for the first time on the island:

� Approximately 15 000 conodont specimens were recov-

ered from 269 conodont-bearing samples from 14 local-

ities, based on which four interval zones throughout the

Upper Ordovician were established for the first time on

the island. These zones are the Belodina confluens and

Pseudobelodina v. vulgaris zones in the Bad Cache

Rapids Group, correlative with the upper Edenian–low-

est Richmondian Stage; the Amorphognathus ordovic-

icus Zone from the uppermost Bad Cache Rapids Group

to the top of Churchill River Group, correlative with the

lower Richmondian Stage; and the Rhipidognathus sym-

metricus Zone in the Red Head Rapids Formation, cor-

relative with the upper Richmondian Stage.

� Most importantly, the biostratigraphic position of the

organic-rich intervals on Southampton Island was cor-

rectly located during this study (Zhang, 2011c). The or-

ganic-rich intervals in the lower Red Head Rapids For-

mation, exposed at Cape Donovan, Sixteen Mile Brook

and Boas River, are correlated with the lower

R. symmetricus Zone of the upper Richmondian Stage,

not the older Maysvillian Stage as previously inter-

preted (Figure 2).

Biomarker and vitrinite-reflectance study on the
Ordovician organic-rich samples from Southampton
Island

In addition to the previous Rock-Eval 6 study (Zhang,

2008a), six and nine samples of oil shales from Southamp-

ton Island were analyzed by two different labs, respec-

tively, for biomarker and vitrinite reflection (Zhang and

Hefter, 2009; Zhang, 2011b; Hefter et al., 2017), in order to

better understand the petroleum potential of the three or-

ganic-rich intervals in the Red Head Rapids Formation in

the Hudson Bay Basin. The data from these analyses

include

� vitrinite reflectance and visual kerogen;

� kerogen carbon isotope, whole-extract carbon isotope

and carbon isotope of saturates and aromatics fractions;

� Soxhlet extraction;

� medium-pressure liquid chromatography (MPLC);

� whole-extract bulk composition by Iatroscan� analysis;

� thermal-extract gas chromatography; and

� high-resolution gas chromatography.

These data are useful in determining the primary contribu-

tors to the organic matter in the oil shales and their thermal

maturity, and in helping to characterize the hydrocarbon

4 Canada-Nunavut Geoscience Office
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source potential of these organic-rich rocks and to analyze

the relationship between source rocks and sea-level events

(Zhang and Hefter, 2009; Zhang, 2011b; Hefter et al.,

2017).

Recognition of Devonian hydrocarbon source rocks

In addition to the Upper Ordovician petroleum source

rocks, the Devonian succession (Stooping River, Kwata-

boahegan, Moose River, Murray Island and William Island

formations) in the Hudson Bay Basin also contains organic-

rich intervals, but their hydrocarbon potential remains less

understood than that of the Upper Ordovician.

While carrying out the work reported in Zhang and Dewing

(2008), the author also collected a total of 50 well-cutting

samples from depths of 875–630 m in the Devonian succes-

sion in the Hudson Bay offshore Beluga O-23 well. The au-

thor examined these samples under the microscope and

hand-picked dark, organic-rich fragments from 28 samples;

these fragments were later analyzed using the Rock-Eval 6

pyrolysis technique.

The Rock-Eval 6 data show that the Devonian succession in

the Beluga O-23 well contains immature high-yield hydro-

carbon source rocks with TOC ranging from 1.6% to

17.64% (average 9.07%) and with a Type II kerogen signa-

ture (Zhang and Hu, 2013). A well-log study was subse-

quently carried out to better understand the stratigraphic

position of these Devonian source rocks. This well-log in-

terpretation showed that these hydrocarbon potential

source rocks are mainly concentrated in five narrow zones

within the selected interval from the upper part of the

Stooping River Formation to the lower part of the Williams

Island Formation (Zhang and Hu, 2013).

Field trip on Southampton Island

During GEM-1, geologists recognized the key role of

Southampton Island in understanding the geology of the

Hudson Bay Basin and the important contributions by the

CNGO to the new understanding of Ordovician stratigra-

phy, biostratigraphy and petroleum potential in the Hudson

Bay Basin (Zhang, 2007, 2008a, b; Zhang and Barnes,

2007a, b). In the summer of 2010, the leader of the Hudson

Bay and Foxe Basins project invited the CNGO to lead a

field trip to examine the Upper Ordovician stratigraphy and

oil shales on Southampton Island (Zhang, 2010), which

was funded by the project.

The field trip, which ran from July 25 to 29, 2010, was led

by a field trip guide (Zhang, 2010) from the CNGO and at-

tended by eight geologists from GSC-Quebec, the Ontario

Geological Survey, the Manitoba Geological Survey and

Shell Oil Company in the United States and the United

Kingdom. The field trip covered all 14 sections measured

and sampled by the author during the 2007 field season

(Zhang, 2007, 2008a, b, 2010). This excursion provided a

rare and productive opportunity for geologists involved in

the Hudson Bay and Foxe Basins project, and interested in

the petroleum potential of the Hudson Bay Basin, to ad-

vance their understanding of the geology and source-rock

potential of the basin.

Foxe Basin

The Foxe Basin, which is the second largest Paleozoic sedi-

mentary basin in the Hudson Platform (Figure 1), includes

the present-day Foxe Basin, southern Baffin Island and

northeastern Melville Peninsula. It was explored for hydro-

carbon resources in the 1970s at a reconnaissance scale.

The Paleozoic sedimentation in the Foxe Basin is com-

posed of four cycles: 1) sandstone and dolostone of the

middle(?) Cambrian Gallery Formation and Lower Ordovi-

cian Turner Cliffs Formation; 2) dolostone and sandstone

of the Lower to Middle(?) Ordovician Ship Point Forma-

tion; 3) variably dolomitic limestone of the Upper Ordovi-

cian Frobisher Bay, Amadjuak, Akpatok and Foster Bay

formations; and 4) limestone of the lower Silurian Severn

River Formation. The Rowley M-04 well, drilled in the

1970s, intersected 511.4 m of this entire Paleozoic se-

quence in the present-day Foxe Basin; however, the first

cycle was not deposited on northeastern Melville Penin-

sula, and the first and second cycles were not deposited on

southern Baffin Island.

Prior to the Hudson Bay and Foxe Basins project

In order to understand the petroleum potential in Foxe Ba-

sin, the author (in Zhang and Dewing, 2008) collected a to-

tal of 30 samples, covering the interval from the upper part

of the Lower to Middle(?) Ordovician Ship Point Forma-

tion to lower Silurian Severn River Formation, from the

6 Canada-Nunavut Geoscience Office
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cores of the Rowley M-04 well for Rock-Eval 6 analysis.

Unfortunately, most of the samples have TOC between

0.3% and 2% and Tmax below 435°C, which means there is

no petroleum potential in the area of the Foxe Basin near the

well.

During the Hudson Bay and Foxe Basins project

Northeastern Melville Peninsula

Northeastern Melville Peninsula preserves the strati-

graphic record of the northwestern margin of the Foxe Ba-

sin. The Ordovician sequence on the peninsula includes the

Lower and Middle(?) Ordovician Ship Point Formation

and Upper Ordovician Frobisher Bay, Amadjuak, Akpatok

and Foster Bay formations. Their biostratigraphic ages and

correlations were poorly understood prior to GEM-1; in

particular, it was unclear whether any Ordovician organic-

rich intervals exist on the peninsula.

In 2009, the CNGO joined the GEM-1 Melville Peninsula In-

tegrated Geoscience project, which included three sub-

projects: Precambrian mapping, Paleozoic stratigraphy and

surficial mapping. The author led and carried out the Paleo-

zoic stratigraphy subproject.

During the field season, more than 100 samples were col-

lected for the biostratigraphic study at 24 outcrops and 38

frost-shattered rubble localities in three areas on northeast-

ern Melville Peninsula. These samples stratigraphically

cover the uppermost Lower to Middle(?) Ordovician Ship

Point Formation and the Upper Ordovician Frobisher Bay,

Amadjuak, Akpatok and Foster Bay formations (Zhang,

2011a, 2013a).

After the field season, more than 5000 conodont specimens

were recovered from the samples and 56 conodont species

representing 38 genera were identified. Based on the strati-

graphic distribution of these conodonts, five conodont as-

semblages were recognized for the first time within the Or-

dovician sequence on northeastern Melville Peninsula

(Zhang, 2011a, 2013a):

� Oepikodus communis–Jumudontus gananda Assem-

blage in units 2–4 of the Ship Point Formation, corre-

lated with the Reutterodus andinus Zone in the upper-

most Lower Ordovician;

� Appalachignathus delicatulus–Polyplacognathus

ramosus–Belodina confluens Assemblage in the Frobi-

sher Bay Formation, correlated with the upper

Chatfieldian Stage of the lower Upper Ordovician;

� Belodina confluens–Periodon grandis Assemblage in

the Amadjuak Formation, correlated with the Edenian,

Maysvillian and lowest Richmondian stages of the Up-

per Ordovician;

� Amorphognathus ordovicicus–Plegagnathus Assem-

blage in the Akpatok Formation, correlated with the

lower Richmondian Stage of the Upper Ordovician;

� Rhipidognathus symmetricus–Aphelognathus cf. A.

divergens Assemblage in the Foster Bay Formation,

correlated with the upper Richmondian Stage of the Up-

per Ordovician.

Field observations, paleontological data and stratigraphic

analysis of northeastern Melville Peninsula were combined

with GIS and Google Earth� technologies to calculate the

thickness of different lithostratigraphic units, to recognize

faults and calculate fault throw, and to modify the regional

geological map. The results of this work reduced the likeli-

hood of Ordovician organic-rich intervals being present on

Melville Peninsula to a minimum (Zhang, 2011a, 2013a).

Southern Baffin Island

Southern Baffin Island preserves the stratigraphic record of

the southeastern part of the Foxe Basin. The Ordovician se-

quence on southern Baffin Island includes the Upper Ordo-

vician Frobisher Bay, Amadjuak and Akpatok formations.

Their biostratigraphic ages and correlations were better un-

derstood than those on Melville Peninsula prior to GEM-1,

but there still were some errors and uncertainty. In particu-

lar, it was unclear

� what the exact thickness of the organic-rich interval is

within the Ordovician succession on southern Baffin

Island;

� whether this organic-rich interval is widely distributed;

� whether the stratigraphic position of the Ordovician or-

ganic-rich interval is the same as that on Southampton

Island; and

� whether the youngest preserved Ordovician strata be-

long, in fact, to the Foster Bay Formation, as previously

interpreted.

In 2011, with funding from the Hudson Bay and Foxe Basins

project, the CNGO undertook a Paleozoic stratigraphy pro-

ject on southern Baffin Island, led by the author. Field stud-

ies in 2011 were designed to address the questions listed

above. A total of 39 localities was visited throughout the

Paleozoic strata on southern Baffin Island and samples

were collected from 15 of these localities. A total of 130

carbonate and 46 shale samples was collected for conodont

biostratigraphic study and Rock-Eval 6 analysis, respec-

tively. This project (Zhang, 2011d, 2012a, b)

� confirmed that the Upper Ordovician organic-rich inter-

val is about 2 m in thickness in outcrop on southern

Baffin Island;

� established that the stratigraphic position of the organic-

rich black shale interval is in the lower part of the Upper

Ordovician Amadjuak Formation, rather than between

the Amadjuak and Akpatok formations as previously in-

terpreted (Figure 2);

� found the organic-rich black shale to have TOC values

ranging from 1.68% to 14.9% and averaging about 11%;
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� determined that the organic matter is thermally imma-

ture and consists of Type I kerogen;

� demonstrated that the organic-rich black shale interval

of the lower Amadjuak Formation changes laterally

(northwesterly) into inorganic shale, meaning that it

does not have a wide geographic distribution on south-

ern Baffin Island;

� recognized, in characteristic rubble, another low-yield

shale interval with TOC values ranging from 2.82% to

5.13% and averaging 4.21%, at a higher stratigraphic

level (Foster Bay Formation); in fact, this formation has

been eroded from the study area; and

� demonstrated that the previously interpreted Foster Bay

Formation overlying the Akpatok Formation does not

outcrop; the unit has likely been eroded from southern

Baffin Island, so modifications were made to the exist-

ing geological map of southern Baffin Island.

Hudson Strait Basin

Studying Paleozoic stratigraphy and petroleum potential in

the Hudson Strait Basin was part of the GEM-2 Hudson-

Ungava project. The Hudson Strait Basin includes present-

day Hudson Strait and northern Ungava Bay. In compari-

son to the Hudson Bay and Foxe basins, it is a relatively

small Paleozoic sedimentary basin in the Hudson Platform

area (Figure 1). Akpatok Island is the only location where

Paleozoic strata are exposed in the basin.

This basin was explored for hydrocarbon resources in the

1970s at a reconnaissance scale, including drilling a num-

ber of shallow drillholes in the offshore area by GSC-At-

lantic and a single drillhole on Akpatok Island by Premium

Iron Ores Ltd. There were no detailed stratigraphic studies

in the basin before GEM-2 launched in 2014. Based on lim-

ited data, the previous interpretations were that 1) Akpatok

Island is underlain almost entirely by the Akpatok Forma-

tion, 2) the Upper Ordovician Amadjuak Formation is ex-

posed only near the shoreline, and 3) the organic-rich inter-

val is located between the Amadjuak and Akpatok

formations.

Prior to the Hudson-Ungava project

In order to test whether the organic-rich rocks occur in the

Hudson Strait offshore area, the author collected samples

(Zhang, 2013b) from the Ordovician short cores obtained

from six stations (Figure 1) during two cruises in Hudson

Strait by GSC-Atlantic during the 1980s. The short core

from one of the six stations contains black shale laminated

with limestone; 11 samples were collected from the black

shale lamination for Rock-Eval 6 analysis. These samples

contain TOC ranging from 0.34% to 12.78% and averaging

2.8%. This was the first time that the petroleum source rock

was confirmed to occur in the Hudson Strait Basin but, un-

fortunately, these source rocks are thermally immature

(Zhang, 2013b).

During the Hudson-Ungava project

Akpatok Island is located at the junction between Hudson

Strait and Ungava Bay (Figure 1) and is the only location

where the Paleozoic rocks are exposed in the Hudson Strait

Basin; therefore, it is very important in understanding the

Paleozoic geology of the basin. The CNGO played a key

role in enhancing knowledge of the Ordovician stratigra-

phy and petroleum potential on the island.

Work on core collection from Akpatok Island

The Premium Homestead Akpatok F-26 well, drilled on

Akpatok Island in 1969, penetrated the Ordovician Ship

Point Formation, which is not exposed on the island. The

author collected 41 samples from the existing cores from

this well for Rock-Eval 6 programmed pyrolysis. The rocks

of the Ship Point Formation in the core are thermally imma-

ture with poor to fair petroleum source-rock potential

(Zhang, 2014).

Geological reconnaissance on Akpatok Island

A one-day geological reconnaissance of Akpatok Island

was carried out by the CNGO, led by the author, on Au-

gust 15, 2014 (Zhang and Mate, 2015). Ten localities were

visited, and thirteen and five samples were collected for

processing of conodonts and Rock-Eval 6 analysis, respec-

tively. This reconnaissance resulted in

� identification of the organic-rich rocks among frost-

shattered rubble of uncertain stratigraphic position;

� recognition that the Ordovician sequence on Akpatok

Island contains good to very good petroleum source

rocks with average and maximum TOC values of 3.11%

and 4.19%, but they are thermally immature; and

� identification of outcrops with workable sections at dif-

ferent elevations across the island.

This reconnaissance provided essential first-hand data for

more detailed stratigraphic fieldwork and helped in a pre-

liminary assessment of the hydrocarbon source-rock poten-

tial in Ungava Bay and the Hudson Strait (Zhang and Mate,

2015).

Detailed field investigations on Akpatok Island

In 2015, the GSC and the CNGO co-operated in a field in-

vestigation on Akpatok Island, led by the author and based

on the reconnaissance visit of 2014 (Zhang and Mate, 2015).

The detailed fieldwork focused on four selected areas, which

cover all the elevations from the shoreline to the top of the

island and contain the entire exposed Ordovician sequence.

In the four areas, sections were measured and sampled at

more than 20 localities. Ninety samples were collected

from the entire exposed Ordovician sequence for conodont

processing, and some graptolite specimens were collected

from the organic-rich rubble. The field and post-field stud-

ies (Zhang, 2017a, 2018a, b; Zhang and Riva, 2018; Fig-

ure 2) resulted in
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� recovering over 22 000 conodont elements from 66 pro-

ductive samples from both outcrops and rubble at more

than 20 localities in four areas;

� establishing four Upper Ordovician conodont zones,

namely 1) Belodina confluens and Oulodus velicuspis

interval zones, confined to the Amadjuak Formation

and correlated with Edenian and Maysvillian; 2) Amor-

phognathus ordovicicus–Plegagnathus dartoni Con-

current-range Zone, restricted to the Akpatok Formation

and correlated with lower Richmondian; and 3) Rhipido-

gnathus symmetricus Taxon-range Zone, restricted to

the Foster Bay Formation and correlated with upper

Richmondian;

� ascertaining the lithostratigraphic units on the island, in-

cluding the upper Amadjuak Formation and the Akpatok

and Foster Bay formations, rather than only the Amad-

juak and Akpatok formations, which was especially im-

portant, given that nearly the upper half of the island

was shown to be underlain by the Foster Bay Formation;

� determining that the stratigraphic position of the or-

ganic-rich interval on Akpatok Island is within the

lower Foster Bay Formation, rather than between the

Amadjuak and Akpatok formations as previously inter-

preted, based on both conodonts (Amorphognathus

ordovicicus) and graptolites (Anticostia decipiens and

Rectograptus socialis) recovered from the organic-rich

rubble; and

� enabling accurate calculations of the thicknesses of dif-

ferent lithostratigraphic units and substantially revising

the geological map of Akpatok Island, based on field

observations, paleontological data and stratigraphic

analysis, in conjunction with GIS technology.

Stratigraphic position and age of the
Ordovician organic-rich intervals in the
northern Hudson Bay, Hudson Strait and
Foxe basins in view of the graptolites

As mentioned earlier, the organic-rich intervals in the Up-

per Ordovician succession were found on Southampton,

Akpatok and southern Baffin islands, and represent the pe-

troleum source rocks in the northern Hudson Bay, Hudson

Strait and Foxe basins. Before the GEM program, these or-

ganic-rich intervals were named the Boas River Formation,

and their stratigraphic position was interpreted as being be-

tween the Bad Cache Rapids and Churchill River groups, or

the Amadjuak and Akpatok formations, with an age of

Maysvillian (Figure 2).

During the GEM program, the author had paid particular at-

tention to the graptolites preserved in the organic-rich in-

tervals and rubble at the three locations (Zhang and Riva,

2018). The graptolites provide a reliable age assessment for

the Upper Ordovician petroleum source rocks in the north-

ern Hudson Bay, Hudson Strait and Foxe basins. These

graptolites are characterized by

� Anticostia lata and Anticostia hudsoni in the lower Red

Head Rapids Formation on Southampton Island;

� Anticostia decipiens and Rectograptus socialis in the

lower Foster Bay Formation on Akpatok Island; and

� Diplacanthograptus spiniferus and Amplexograptus

praetypicalis in the lower Amadjuak Formation on

southern Baffin Island.

These data suggest that the organic-rich intervals in the

northern Hudson Bay and Hudson Strait basins can be cor-

related with the Paraorthograptus pacificus Zone of the

upper Katian, and the horizon in the Foxe Basin with the

Diplacanthograptus spiniferus Zone of the lower Katian

(Figure 2). The correlation based on the graptolites strongly

supports that based on the conodonts (Zhang, 2011c,

2018a, b, 2019). Use of the Boas River Formation is not

deemed appropriate, because it occurs as an organic-rich

interbed in different stratigraphic units in different basins;

therefore, it is suggested that the Boas River Formation be

abandoned as a stratigraphic term (Zhang and Riva, 2018;

Zhang, 2019). This was the first time in the history of the

study of the northern Hudson Bay, Hudson Strait and Foxe

basins that the stratigraphic position and age of the petro-

leum source rocks were correctly determined based on de-

tailed field investigations and strong paleontological evi-

dence from both conodont and graptolite distributions

(Figure 2).

Baffin Bay Basin

Organic-rich black shale from shallow drillholes
along the northeastern and southeastern Baffin
Shelf

Evaluation of the petroleum potential in the Baffin Bay area

was designated as one of the GEM energy-related projects.

It is known, from the 1970s, that oil seeps have been found

at the sea surface off the Scott Inlet area; however, it has not

been confirmed whether the oil seeps originated from Paleo-

zoic source rocks or Mesozoic–Cenozoic source rocks. In

an attempt to answer this question, the author accessed the

short-core and piston-core collections made by GSC-At-

lantic along the northeastern and southeastern Baffin Shelf

during the 1970s and 1980s.

Forty-eight samples were collected from short cores and

piston cores at 21 stations during six cruises (75009, 77027,

78029, 80028, 82034 and 85027) in the northeastern and

southeastern Baffin Shelf area (Figure 1). These samples

were analyzed for both Rock-Eval 6 and vitrinite reflect-

ance data collection (Zhang, 2013b). Thirty-four of the 48

samples were from Cretaceous/Paleogene short cores and

piston cores. The majority of these samples contain TOC

between 1% and 15.82% and hydrogen index (HI) between

23 and 153, which can be evaluated as a good or very good

source rock. The HI/oxygen index (OI) and the Tmax val-

ues for all the samples from the short cores show that these
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Cretaceous/Paleogene source rocks contain immature

Type III kerogen, an indication of gas-prone source rock.

The oil seeps and what were considered to be ‘oily materi-

als’observed at the sea surface off Scott Inlet are presumed

to have originated from mature oil-prone source rocks that

contain Type I or Type II kerogen. Regionally, source rocks

containing Type I or Type II kerogen have been discovered

within Upper Ordovician strata on Southampton Island

(Zhang, 2007, 2008a, b), southern Baffin Island (Zhang,

2011d, 2012a, b) and Akpatok Island (Zhang and Mate,

2015). Such rocks were also found to be present on Hall

Peninsula (Zhang et al., 2014a, b; see discussion below)

and in Hudson Strait (Zhang, 2013b). All of this evidence

suggests that the observed oil seeps and oily materials off

Scott Inlet may have originated from the Ordovician source

rocks, which were then overlain by Cretaceous/Paleogene

strata, creating sufficient load to generate oil. Therefore,

Zhang (2013b) emphasized that a target for source rocks in

the northeastern and southeastern Baffin Shelf area should

be the Ordovician source rocks where they have been

deeply buried by Cretaceous/Paleogene deposits.

Carbonate xenoliths from Hall Peninsula

From 2013 to 2020, the CNGO conducted a research pro-

ject in collaboration with the mineral exploration company

Peregrine Diamonds (now De Beers Group) to study the

carbonate xenoliths collected by the company’s drilling

campaigns during diamond exploration on Hall Peninsula.

Although this xenolith project was not financially sup-

ported by the GEM program, its results provide valuable

data for both the GEM Baffin Bay Basins and Hudson Bay

and Foxe Basins projects.

Hall Peninsula, located on southeastern Baffin Island, hosts

the Chidliak kimberlite province. There is no Phanerozoic

sedimentary cover in this area, only unconsolidated glacial

deposits. However, Late Ordovician and early Silurian

conodonts have been recovered from carbonate xenoliths

preserved in the Late Jurassic–Early Cretaceous

kimberlites. These xenoliths provide a rare opportunity to

study the Paleozoic history of the present-day Precambrian

country.

A total of 185 carbonate xenolith samples was collected

from 36 drillholes in 15 kimberlites, from which more than

2200 well-preserved conodont specimens were recovered.

These conodonts are of Late Ordovician and early Silurian

age (Zhang and Pell, 2013a, b, 2014, 2016, 2020), thus pro-

viding evidence that

� the Upper Ordovician Frobisher Bay, Amadjuak,

Akpatok and Foster Bay formations and lower Silurian

Severn River Formation were once present on Hall

Peninsula;

� the combined thickness of lower Paleozoic strata that

were present at the time of kimberlite emplacement is

about 270–305 m, and these strata were totally eroded

from Hall Peninsula sometime between the Early Creta-

ceous and today at a minimum erosion rate of 2 m/m.y.;

and

� the conodont CAI values of the more than 2200 cono-

dont specimens from Hall Peninsula have a wider range

(1.5–8) than anywhere else in Canada and are independ-

ent of depth, which is important information for the

study of kimberlite-emplacement processes.

Organic-rich black shale xenoliths from Hall
Peninsula

A Late Ordovician–early Silurian organic-rich black shale

xenolith was discovered from one drillhole (CHI-482-10-

DD01) in kimberlite CH-31 on Hall Peninsula. Rock-

Eval 6 analysis on the samples from this xenolith shows that

it contains average and maximum TOC of 8.04% and

8.96%, with Type II kerogen. The xenolith represents an

excellent oil-prone source rock. It provides strong evidence

that the natural petroleum seeps in the Baffin Bay area, es-

pecially in Cumberland Sound, may have originated from

the lower Paleozoic source rocks, rather than from the Cre-

taceous rocks as previously interpreted. The lower Paleo-

zoic rocks were then overlain by Cretaceous rocks, creating

sufficient load to generate oil in the active petroleum

system (Zhang et al., 2014a, b).

Boothia Peninsula

The Integrated Geoscience of the Northwest Passage:

Boothia Peninsula–Somerset Island activity was part of

phase 2 of the GEM program. This project contained three

subprojects: Precambrian mapping, Paleozoic stratigraphy

and surficial mapping. The author led and performed the

field and post-field studies for the Paleozoic stratigraphy

subproject on Boothia Peninsula.

Fieldwork in the summer of 2017 (Zhang, 2017b) focused

on sampling carbonate rocks within the Cambrian and Or-

dovician sequence at two locations on the peninsula: Lord

Lindsay River and Pasley Bay. The two locations are the

type localities of the Netsilik and Franklin Strait forma-

tions, named in the 1970s. The type localities of the two for-

mations are located in two different geological settings:

that of the Netsilik Formation was not disturbed by struc-

tural deformation, but that of the Franklin Strait Formation

was overturned by the Boothia Uplift. However, the age of

the formations, the relationship between them, and their

stratigraphic correlation with the well-established Cam-

brian and Ordovician units of the Arctic islands have been

poorly understood since the 1970s. Resolution of these

issues was the focus of this subproject.

The outputs (Zhang, 2017b, 2020a, b, work in progress

[Lower and Upper Ordovician conodont biostratigraphy

and revised lithostratigraphy in the fault and fold zones of
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Boothia Uplift, southwestern Boothia Peninsula, Nuna-

vut]) of this subproject are summarized as follows:

� Thirty-five conodont species were recognized among

more than 640 identifiable conodont specimens from 23

conodont-bearing samples, out of 50 samples collected

at 12 localities along Lord Lindsay River, the type sec-

tion of the Netsilik Formation.

� Forty-one conodont species were recognized among

nearly 1000 conodont specimens from 39 conodont-

bearing samples out of 53 samples collected at Pasley

Bay, the type section of the Franklin Strait Formation.

� One upper Cambrian and four Lower Ordovician North

American standard conodont zone/subzone–equivalent

faunas were recognized from the Lord Lindsay River

section, namely the upper Cambrian Hirsutodontus

hirsutus Subzone-equivalent fauna and the Lower Or-

dovician Cordylodus angulatus, Rossodus manitou-

ensis, Acodus deltatus/Oneotodus costatus and Oepiko-

dus communis Zone-equivalent faunas.

� Five Lower Ordovician and four Upper Ordovician

North American standard conodont zone–equivalent

faunas were recognized from the Pasley Bay section,

namely the Lower Ordovician Cordylodus angulatus,

Rossodus manitouensis, Acodus deltatus/Oneotodus

costatus, Oepikodus communis and Reutterodus

andinus, and the Upper Ordovician Belodina confluens,

Oulodus velicuspis, Oulodus robustus and Amor-

phognathus ordovicicus Zone–equivalent faunas.

� In the stratigraphic framework of the Arctic islands, the

Netsilik Formation can be correlated with the lower and

upper members of the Turner Cliffs Formation and the

lower Ship Point Formation; the Franklin Strait Forma-

tion can be redefined as the upper part of the lower mem-

ber and the upper member of the Turner Cliffs Forma-

tion and the Ship Point, Thumb Mountain, Irene Bay

and Allen Bay (lower member) formations. Therefore,

the upper Netsilik and lower Franklin Strait formations

are overlapped.

� The preserved Paleozoic strata can be dated as early

Age 10, late Cambrian to Richmondian, Late Ordovi-

cian, with the strata of Middle and early Late Ordovician

missing.

� Tectonically,

- the exposed upper Cambrian and Lower Ordovician

rocks along Lord Lindsay River are the Paleozoic

erosional remnants, which are almost undisturbed by

regional faults and folds that formed during the late

Silurian–Early Devonian Boothia Uplift;

- the conodonts establish the age of the youngest pre-

served strata in this area, which provide direct evi-

dence for what part of the Paleozoic strata has been

eroded from the Boothia Peninsula after the late Silu-

rian–Early Devonian Boothia Uplift;

- the stratigraphic occurrence of the Ordovician rocks

at the Pasley Bay section supports the tectonic model

(i.e., that the Boothia Uplift is a deep-seated, east-

dipping thrust block); and

- the conodont CAI obtained at the Pasley Bay section

quantitatively estimates that the folded rocks near

the fault zones could have been heated as much as

10�C over the regional burial temperature.

Assisting GSC colleagues in GEM projects
and international co-operation

During the years 2008–2020, the author assisted GSC col-

leagues in their GEM projects (including the Hudson Bay

and Foxe Basins, Hudson-Ungava, Baffin Bay Basins,

Baffin Island and Baffin Geological Synthesis projects)

and contributed to their publications. The outcomes include

� Cretaceous stratigraphy and petroleum potential in the

Baffin Bay basins (MacLean et al., 2014);

� Lower Paleozoic stratigraphy in the Baffin Geological

Synthesis (Bingham-Koslowski et al., in press);

� Hudson Bay, Hudson Strait and Foxe basins tectono-

sedimentary element (Lavoie et al., 2021; Pinet et al.,

2021);

� source-rock and reservoir-rock geochemistry in the

Hudson Bay Basin (Lavoie et al., 2011; Reyes et al.,

2016; Jiang et al., 2018, 2019; Chen et al., 2020);

� geological framework, basin evolution and hydrocar-

bon system in the Hudson Bay, Hudson Strait and Foxe

basins (Lavoie et al., 2013, 2019); and

� bedrock geological mapping on northern Baffin Island

(Saumur et al., 2020).

Additionally, international co-operation (Hefter et al.,

2017) has helped in tracing the source of ancient reworked

organic matter delivered to the North Atlantic Ocean.

Economic considerations

The aim of the CNGO joining the GEM projects related to

energy and Paleozoic stratigraphy was to contribute to the

evaluation of the presence of favourable hydrocarbon-sys-

tem elements (source rocks, maturation, reservoirs) and

link these in new hydrocarbon plays for the Hudson Bay,

Foxe Basin, Hudson Strait and Baffin Bay regions. The ex-

tensive fieldwork and post-field studies of Paleozoic stra-

tigraphy, especially the source-rock stratigraphy, in the re-

gions during the years 2007–2020 have contributed

significant new data and led to a better understanding of the

petroleum potential of the sedimentary basins. These con-

tributions have considerably increased the understanding

of regional petroleum systems, which could eventually as-

sist in focusing future exploration activities. Such explora-

tion activities could result in economic hydrocarbon dis-

coveries, the production of which would add a significant
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new element to the economic growth in Nunavut and

benefit the northern communities.
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