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Abstract

The various Neoproterozoic to Eocene extensional events that have occurred in the Canadian Arctic still give rise to many

questions due to a lack of geochronological and structural data. The Frobisher Bay half-graben, which is partially exposed

in the Iqaluit area, represents just one of the brittle extension systems found on the southeast Arctic Platform. Recent exca-

vations in Iqaluit have revealed normal faults of the Frobisher Bay system, thus making the sector conducive to geochrono-

logical sampling as well as recording of structural data on the kinematics and geometry of the half-graben.

By studying the fault system, it was possible to map the brittle deformation observed in the Iqaluit area, where a conjugate

normal-oblique fault system trending northwest and southeast is defined. Samples carefully recovered from fault gouge

were analyzed using X-ray diffraction that revealed the presence of a significant amount of illite, an authigenic mineral es-

sential to potassium-argon dating. Chlorite is nevertheless the dominant authigenic mineral in the coarse-grained (0–2 ìm)

fraction of the analyzed sample. The occurrence of these two authigenic minerals made it possible to determine a tempera-

ture interval (220 to 350°C) and to identify propylitic alteration associated with regional hydrothermal processes.

Introduction

The eastern coast of Baffin Island plays a key role in the un-

derstanding of the geodynamic evolution of the Canadian

Arctic in an extensional setting, particularly with respect to

the opening of the Labrador Sea–Baffin Bay brittle defor-

mation corridor in the late Mesozoic to early Cenozoic

(Chalmers and Pulvertaft, 2001; Larsen et al., 2009). How-

ever, extensional events also occurred before and during

the Paleozoic. Therefore, extension age locally associated

with the Frobisher Bay half-graben could easily be as early

as the Neoproterozoic (Sanford and Grant, 1990, 1998) or

as late as the Eocene (Chalmers and Pulvertaft, 2001). The

lack of quantitative geochronological data, as well as of

mapping data documenting the geometry and kinematics of

the brittle faults in the area, gives rise to a number of funda-

mental questions related to the mechanisms of extension,

including those questions regarding the age of the forma-

tion and/or the reactivation of the numerous Canadian

Arctic fault zones.

The Frobisher Bay half-graben is an extensional kinemat-

ics fault zone. The structural and geochronological study of

faults in this half-graben could provide geodynamic and

temporal constraints on the tectonic evolution of regional

extension and exhumation. Recent excavations in Iqaluit

have produced fresh exposures of fault surfaces in this half-

graben, also exposing fault gouge potentially rich in dat-

able clay minerals such as illite, a potassium-bearing phyl-

losilicate used in potassium-argon dating (K-Ar; Clauer

and Chadhuri, 1995).

This paper outlines mapping done during the summers of

2020 and 2021 in the Iqaluit area, Nunavut, and presents the

preliminary mineralogical results from X-ray diffraction

analysis of fault gouge recovered along a Frobisher Bay

fault exposed in the Iqaluit area. This work provides infor-
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mation on the type of hydrothermal alteration in the study

area as well as first-order mineralogical constraints useful

to future geochronological studies. The sample preparation

and laboratory analysis procedures specific to clays, which

must be followed to obtain the illite concentrates required

for K-Ar dating, are also described.

Geological setting

The study area is located in the Frobisher Bay half-graben,

which is exposed in the Iqaluit region and controls, at least

partially, the geometry of Frobisher Bay. This half-graben

crosscuts Paleoproterozoic intrusive units (1.865–

1.845 Ga) of the Cumberland batholith (Scott, 1999;

Whalen et al., 2010). The roughly 221 000 km2 Cumber-

land batholith was formed during the Trans-Hudson

Orogen, which involved the collision of two cratonic

blocks, the Superior Craton in the southeast and the Rae

Craton in the northwest, as well as of many other crustal

blocks and volcanic arc terranes. Collision of the Meta In-

cognita microcontinent with the Rae Craton ended at

1.865 Ga, when post-collisional plutonism leading to the

formation of the Cumberland batholith started (St-Onge et

al., 2006). The batholith consists mostly of subcrustal felsic

granite and continental magmatic arc granite, with minor

intrusions of granulite-facies mafic rocks. The southern

part of the batholith, in the Iqaluit area, comprises massive

or weakly foliated monzogranitic to syenogranitic rocks

(Whalen et al., 2010).

Frobisher Bay is located on the eastern margin of the south-

east Arctic Platform (Figure 1). During the middle to late

Paleozoic, marine sediment deposition on the platform was

structurally controlled by several arches that run perpen-

dicular to each other (Sanford and Grant, 2000). Arch ori-

entation appears closely linked to the closely spaced

(1 km), pre-existing fault system. These faults were inter-

preted to predate the late Proterozoic since the basin north

of Baffin Island is bounded by northwest-trending faults

bordering the late Proterozoic Bylot Supergroup (Sanford

and Grant, 1990, 1998). These pre-existing, northwest-

trending faults were reactivated many times during the

Paleozoic, mainly during the late Silurian as well as during

the Cretaceous. Fault reactivation seems to have been the

result of basement uplift, which was the cause of late Silu-

rian epeirogenesis, followed by a final episode of major up-

lift that led to the formation of the

Eastern Arctic half-grabens during

the Cretaceous (Sanford and Grant,

2000).

From the late Mesozoic to the late Ce-

nozoic, extension movement led to the

formation of the Labrador Sea, Davis

Strait and Baffin Bay. Larsen et al.

(2009) stated that the ages yielded by

West Greenland dyke samples indi-

cate that extension of the proto-Baffin

Bay and Labrador Sea started some-

time between 223 and 150 Ma. Dyke

composition became poorer in silica

and richer in alkaline and volatile ele-

ments 150 Ma ago, during the Late Ju-

rassic, which would indicate that the

rate of extension had increased, lead-

ing to the start of rifting in the Labra-

dor Sea at the end of the Cretaceous

(Watt, 1969). During the Paleocene,

the stress caused by Labrador Sea ex-

tension was weakly redirected and ex-

tended toward the north, leading to the

formation of Baffin Bay. The opening

of the Labrador Sea and Baffin Bay,

separated by the Hudson Strait, cre-

ated a transtensional extension coeval

with the appearance of the proto-

Iceland mantle plume at ca. 62 Ma

(Gerlings et al., 2009). The extension

of the Labrador Sea and Baffin Bay
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Figure 1: Location of Iqaluit relative to the arches formed during Phanerozoic tectonic
events on the southeast Arctic Platform and Hudson Platform (Sanford and Grant, 2000):
the red lines represent normal faults that formed the Frobisher Bay half-graben (Sanford
and Grant, 1998); the thick black lines indicate the approximate location of earlier openings
of the Labrador Sea and Baffin Bay (Chalmers and Pulvertaft, 2001); the dashed line indi-
cates the area of transtensional deformation (Chalmers and Pulvertaft, 2001); and the dot-
ted line indicates the Ungava fault zone (UFZ; Chalmers and Pulvertaft, 2001). The location
of Figure 2 is also shown. Background created in ArcGIS Pro. Portions of this figure include
intellectual property of Esri

®
and its licensors and are used under license. Copyright 2021

Esri and its licensors. All rights reserved.



would have ended during the mid-Eocene, based on volca-

nic event ages obtained by Chalmers and Pulvertaft (2001).

Given the proximity of Baffin Island to this extension zone,

the normal faults found there, including those of the

Frobisher Bay half-graben, are considered to have been po-

tentially reactivated during that extension period. How-

ever, sedimentation and exhumation rate studies have

shown that the Labrador Sea rift had no effect on the south-

eastern part of Baffin Island. In fact, Creason (2015) sug-

gested that there was no reactivation of the faults bounding

the half-grabens from the late Mesozoic to the late Ceno-

zoic since the U-Th-Sm/He apatite and zircon ages, which

range from 843 to 75 Ma and from 1067 to 326 Ma, respec-

tively, indicate that cooling occurred slowly due to a slow

and constant rate of exhumation.

Sampling strategies and mapping

Site location and sampling were determined based on fu-

ture work involving K-Ar dating of fault gouge from the

Frobisher Bay half-graben as well as obtaining structural

and other geochronological data using several different

methods (e.g., fission-track analysis). These age data will

help characterize the still largely unknown extensional geo-

dynamics of the Iqaluit area.

Sanford and Grant (2000) suggested that the major faults

responsible for the geometry of the Frobisher Bay half-

graben were northwest-trending normal faults associated

with a subordinate population of southeast-trending faults.

Fieldwork in the Iqaluit area was mainly done during sum-

mer 2021, although preliminary sampling had been under-

taken during summer 2020, when a total of 17 sites were

visited (Figure 2). During summer 2021, structural mea-

surements of fault planes and joints were documented at

13 sites on the northern shore of the Frobisher Bay half-

graben. Compilation of the structural data revealed a sys-

tem of conjugate normal faults at the local scale, which is

consistent with two fault populations observed at the re-

gional scale by Sanford and Grant (2000) and consisting of
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Figure 2: Stations studied and faults recorded in the Iqaluit area during the summers of 2020 and 2021. Background digital ele-
vation model at 1 m resolution from 2010 WorldView images ©DigitalGlobe, Inc. all rights reserved.



a first group of southeast-striking, moderately dipping

(70°) faults and a second group of northwest-striking, mod-

erately dipping (50°) faults (Figure 3). Fault striae ob-

served on southeast-striking fault planes at outcrops

21FB01D01 and 21FB09C02 show normal motion with a

strike-slip component varying from dextral to sinistral on

various fault planes (Figure 4a). The fault striae observed on

the northwest-striking fault plane of outcrop 21FB02A01

also show normal motion.

Sampling in this study focused on fault gouge from the

Frobisher Bay half-graben resulting from authigenic hy-

drothermal alteration. Avariety of authigenic clay minerals

can form in fault gouge (e.g., smectite group, illite, kaoli-

nite group, pyrophyllite, biotite), depending in particular

on the composition of the hostrock as well as on tempera-

ture conditions at the time the breccia was formed

(Fulignati, 2020). The occurrence of authigenic illite, a po-

tassium-rich clay, is important as it is essential to K-Ar dat-

ing (Clauer and Chadhuri, 1995), which yields ages cor-

responding to temperature intervals that can generally

reach above 200 to 220°C, and up to 350°C if the illite is a

product of K-feldspar or plagioclase alteration (Fulignati,

2020). Preference was thus given to fault gouge that cross-

cuts syenogranitic rocks during sampling. This sampling

method was applied and confirmed for use in K-Ar dating

by Sasseville (2009), as part of a study based on the dating

of supracrustal faults of the allochthonous Appalachian do-

main. Sasseville (2009) pointed out that dissolution and

precipitation processes in a porous environment, such as

cataclastic rocks, favours an open-system and allows input

of the chemical elements needed to form authigenic miner-

als. In far less porous environments, such as shale, the sys-

tem will be considered closed, which means that the chemi-

cal elements, including their inherited radiogenic isotopes,

will be partially or completely recycled. Thus, the porosity

and permeability factor of rocks determines access and cir-

culation of the authigenic mineral-forming fluids.

Sampling for this study was done exclusively in fault gouge

associated with the conjugate fault system related to the

Frobisher Bay half-graben; care was taken to recover chip

samples that could be analyzed using scanning electron mi-

croscopy. Fault gouge sampling, which focused on rela-

tively fresh outcrops in quarries or in areas located near re-

cently constructed buildings, was carried out on secondary

faults spatially associated with major faults, whose expo-

sure has been obliterated by recent glacial and fluvial ero-

sion. Of the 13 stations visited in the Iqaluit area in 2021,

only four showed fault gouges that could potentially be

promising for K-Ar dating: 1) station 21FB01 in a quarry

northwest of Iqaluit (Figure 4a, b); 2) station 21FB08 near

the ‘Road to Nowhere’ (Figure 4c); 3) station 21FB09 be-

hind the Aqsarniit Hotel (Figure 5a–c); and 4) station

21FB10 in an active quarry operated by Nunavut Ex-

cavating west of Iqaluit (Figure 4d, e). All the faults were in

syenogranitic hostrock, except station 21FB10, where the

syenogranite was in contact with metagabbro (Figure 4d).

The results of preliminary X-ray diffraction (XRD)

analysis presented below relate to fault gouge samples re-

covered in summer 2020 from site 1 in a quarry north-

northwest of Iqaluit (sample 20LXAL004A01) from a fault

oriented 285°/48°. In addition to this gouge sample, three

other samples were also collected from fault breccia

(20LXAL001A01, 20LXAL002A01, 20LXAL002A02) to

study the mineralogy of the hostrock using thin-section

analysis. Samples bearing the prefix 21FB were collected

in 2021 and will be used for K-Ar dating in a subsequent

study.
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Figure 3: Stereographic projection (lower hemisphere) of the

southeast- and northwest-dipping faults, where 1� represents

maximum stress, 2� intermediate stress and 3� minimal stress
calculated from the data.

Figure 4: Field photographs of fault gouges sampled at stations
visited in the Iqaluit area and potentially useful for K-Ar dating
(summer fieldwork in 2020 and 2021): a) outcrop of samples
21FB01C1g1 and g2 collected from a fault oriented 283°/65° (note-
book used for scale measures 19 cm); b) outcrop of sample
21FB01D1g collected from a fault oriented 145°/74° (red dotted
lines represent two generations of fault striae; pencil used for scale
measures 13 cm); c) outcrop of sample 21FB08A1b collected from
a fault oriented 303°/38° (person used as scale measures 1.83 m);
d) outcrop of samples 21FB10A1g1 and g2 collected from a fault
oriented 325°/55° and showing the contact between a syeno-
granite (salmon pink) and a metagabbro (grey black; person used
for scale measures 1.83 m); e) outcrop of sample 21FB10B1g col-
lected from a fault oriented 335°/50° (person used for scale mea-
sures 1.83 m).
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X-ray diffraction analysis

Methods

Sample preparation

Analysis using XRD of the coarse-grained (<2 ìm) fraction

of sample 20LXAL004A01 provided preliminary details

on the mineralogy of the Frobisher Bay fault gouge.

However, authigenic minerals are usually concentrated in

the clay-sized fraction (<0.2 ìm) of the fault gouge since

the coarse-grained fraction is more easily contaminated by

detrital minerals and, hence, yields less reliable ages

(Clauer and Chadhuri, 1995). Robinson et al. (1993) sug-

gested the clay-sized fraction can be interpreted as the last

mineral growth associated with the tectonic process being

studied. Consequently, future investigation of the clay-

sized fraction will be of particular importance in deter-

mining the timing of movement in the Frobisher Bay half-

graben.

Clay-particle separation is a preparatory step to X-ray dif-

fraction analysis and K-Ar dating. Firstly, the fault gouge

needs to be crushed while avoiding overgrinding of the

coarser mineral fractions that would cause faulty measure-

ment of the potassium relative to argon content in the

authigenic mineral fractions, which would yield biased K-

Ar ages (Clauer and Chaudhuri, 1995). Grinding the sam-

ple with a small amount of water for two minutes, at most,

using an electric agate mortar is the conventional method

relied upon for geochronological studies involving K-Ar

dating, as this method allows minerals to be separated in-

stead of fractured (Sasseville, 2009; Daver, 2017). Wash-

ing the samples after grinding them is an essential step since

the flocculating effect of the salts prevents total clay sus-

pension. Washing by centrifugal process can be repeated

several times before the clays reach a steady state of sus-

pension in the water (Larqué and Weber, 1975). Once the

samples have been washed, an initial sieving with ultrapure

water is done to recover the <63 ìm fraction. Asieve is sim-

ply positioned on a beaker of similar circumference and the

ground sample is gradually poured through it, then rinsed

with ultrapure water to avoid alteration of the clay particles

and to recover the <63 ìm fraction from the beaker. The

<63 ìm fraction suspended in the water is then poured

through a 20 ìm sieve. This requires positioning an agita-

tor-equipped sieve above a cup placed on a magnetic plate.

The agitator facilitates passage of the clay particles through

the sieve into the cup. The 20 ìm suspended fraction can

then be recovered and poured into small glass jars, which

are three-quarters filled (Steinhauer, 2012). Based on

Stokes' law, after one hour and fifty minutes, the first two

centimetres will constitute the <2 ìm fraction that can then

be recovered. The coarse-grained fraction will be used for

X-ray diffraction analysis.
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Figure 5: Field photographs of fault gouges sampled behind the
Aqsarniit Hotel in Iqaluit and potentially useful for K-Ar dating
(summer fieldwork in 2020 and 2021): a) outcrop of sample
21FB09C1g collected from a fault oriented 344°/46° (hammer
used for scale measures 33 cm); b) outcrop of sample
21FB009C2g collected from a fault oriented 160°/70° (hammer
used for scale measures 33 cm); c) outcrop of sample 21FB09D1g
collected from a fault oriented 171°/54° (pencil used for scale mea-
sures 13 cm).



The coarse-grained fraction is placed on a thin section in

preparation for the diffractometer to provide data. This is

achieved by suspending the <2 ìm fraction from the fault-

gouge sample in a small amount of water and pipetting it

delicately onto the thin section, which is then placed in a

fume hood until the coarse-grained fraction is completely

dry, at which point the thin section is ready for XRD analy-

sis (Steinhauer, 2012).

In addition to the coarse-grained fraction, the mineralogy

of the hostrock sample (20LXAL001A01) was also ana-

lyzed using whole-rock X-ray powder diffraction. The

sample was prepared by grinding it using a cone crusher,

and the resulting powder placed compactly on a thin section

(Clauer and Chaudhuri, 1995).

X-ray diffraction analysis

The mineralogy of the hostrock as well as the <2 ìm frac-

tion from the fault gouge was characterized at the

Université du Québec à Montréal using the Siemens D5000

diffractometer with a cobalt X-ray tube.

The spectra produced can be analyzed using standards pro-

vided through an internal database (M. Preda, pers. comm.,

2021). Sample glycosylation, followed by heating at 300°C

for four hours, is required. This step involves placing the

sample in a vacuum chamber for 24 hours in a container

holding equal proportions of ethylene and glycol. This pro-

cedure causes the smectites and certain varieties of vermic-

ulite to swell (Larqué and Weber, 1975). The sample can

then be analyzed by XRD to observe the swelling-clay

peaks migrate toward greater interreticular distances. Heat-

ing at 300°C for four hours allows the smectite and certain

varieties of vermiculite to become dehydrated, which as-

sists in the identification of interstratified kaolinite clay

minerals. In the section dealing with future work, the heat-

ing method is re-evaluated to better meet the criteria of the

study.

Results

The XRD data on the mineralogy of hostrock sample

20LXAL001A01 shows 44.6% quartz, 23.5% microcline,

15.2% sanidine, 7.7% clinochlore (chlorite), 7.2% anor-

thite and 1.4% montmorillonite (diosmectite; Figure 6a).

As shown by mineral proportions (Figures 6a, 7), hostrock

composition shows less than 10% of mafic minerals but is

rich in potassium. Consequently, the hostrock can be inter-

preted as falling between an alkaline granite and a syeno-

granite, based on the Streckeisen classification for plutonic

igneous rocks. Given the proportions of alkaline feldspar in

the hostrocks, it is reasonable to expect that sufficient po-

tassium is present to react to the pressure-solution process

and to interact with hydrothermal fluids in areas of high,

tectonically induced structural porosity, which occur

mainly in brittle fault zones. Therefore, the basic conditions

exist to test the proposed hypothesis, which supposes that

the potassium-rich composition of the highly porous host-

rock lends itself favourably to K-Ar dating, making it

possible to determine more precisely the age of the brittle

deformation. The fact that the studied hostrock thin sec-

tions share a similar mineralogy, which is characterized by

the occurrence of chloritization in veinlets and of sericiti-

zation within the potassium feldspar (Figure 7a, b), is also

relevant.

In the case of fault-gouge sample 20LXAL004A01, only

the <2 ìm fraction was analyzed using XRD. The peaks of

the coarse-grained fraction show 60.2% clinochlore

(chlorite), 11.2% montmorillonite (diosmectite), 8.7%

sanidine, 7.5% anorthite, 8.8% microcline and 3.7% quartz

(Figure 6b). These results reflect rather effective separation

of the clay particles since the detrital minerals (potassium

feldspar, plagioclase, quartz) represent less than 29% of the

coarse-grained fraction of the fault-gouge sample. As illus-

trated by the high peak at 7.15 nm (Figure 6b), the dominant

authigenic mineral is chlorite. Despite the high chlorite

concentration of the sample, a much smaller peak at 10 nm

shows the presence of a minor quantity of illite (Figure 6b).

The fine-grained fraction of such a sample should therefore

have a high concentration of illite and, consequently, could

be used for K-Ar dating.

At a temperature of approximately 350°C, illite is the prod-

uct of potassium feldspar and plagioclase alteration

(Fulignati, 2020). Chlorite, on the other hand, is the product

of the alteration of accessory minerals, such as biotite and

hornblende, found in the hostrocks. The occurrence of illite

and chlorite indicates that the propylitic-facies hydrother-

mal alteration process was characterized by temperatures

>220°C and <350°C (Fulignati, 2020).

Future work

Where structural data is concerned, a detailed map of the

brittle deformation in the Iqaluit area will be produced,

highlighting the southeast- and northwest-striking conju-

gate normal fault system. Many improvements will also be

made where future XRD analyses are concerned. Firstly,

using an ultracentrifuge, the <0.2 ìm fraction will be sepa-

rated to obtain only authigenic clays and an illite concen-

trate (Larqué and Weber, 1975). Secondly, the method

using oriented paste mounts described in Larqué and Weber

(1975) will be applied; this involves suspending the

<0.2 ìm fraction in water before it is centrifuged and recov-

ered. The fine-grained saturated clay paste recovered is

then smeared with a glass knife on the thin section and, en-

suring the clays are properly oriented, analyzed using XRD

(Larqué and Weber, 1975). Lastly, the heating method will

be modified; instead of heating the samples at 300°C for

four hours, they will be heated at 500°C for four hours, re-

sulting in the collapse of the peak corresponding to iron-

rich chlorite, which is often found interstratified with smec-
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tites. Removal of the iron-rich chlorite from the smectites

will result in a better resolution, thus allowing more precise

semi-quantitative analysis of the crystal structure of the

smectites and interstratified illite-smectite–type clays

(Clauer and Chaudhuri, 1995).

In addition, the scanning electron microscopy of fault-rock

fragments will help determine the mineral phase associated

with the potassium as well as the authigenic origin of the

minerals <0.2 ìm in diameter, which is the fraction re-

quired for dating samples using the K-Ar method. This is

the preferred method since it provides an accurate geo-

chronometer of supracrustal sequences (Clauer and

Chaudhuri, 1995). Furthermore, the loss of approximately

1 ìm of argon during irradiation precludes the use of Ar/Ar

dating on <0.2 ìm fractions (Reuter and Dallmeyer, 1989).

Therefore, the sample preparation method for grain-size

fractions <0.2 ìm is critical to the precision, reproducibil-
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Figure 6: Diagrams of X-ray diffraction analysis results from Iqaluit area samples generated by the Siemens D5000 X-ray diffractometer of
the Université du Québec à Montréal: a) bulk mineralogical composition of hostrock sample 20XLAL001A01; b) coarse-grained fraction (0–

2 �m) of fault gouge sample 20XLAL004A01.



ity, and representativeness of analytical results, as well as to

their interpretation and significance. Potassium-argon

dating of clays by the lead author will be done at the

Universidad Nacional Autonóma de México based on

methods outlined in Bonhomme et al. (1975).

Economic considerations

In light of the recent discovery of underground sources of

drinking water by Exp Services Inc. during the geotech-

nical study that preceded the construction of the Aqsarniit

Hotel (Exp Services Inc., pers. comm., 2016), a better un-

derstanding of the fault system would help constrain the or-

igin and evolution of the local groundwater system. In addi-

tion, better understanding of this system is essential to the

undertaking of new construction and urban infrastructure.

Where natural resources are concerned, if it can be estab-

lished that the age of fault activity corresponds to that of the

Paleozoic Labrador Sea–Baffin Bay extension event, such

a result could lead to a more precise determination of re-

gional exhumation rates and, hence, provide information

leading to improved targeting of diamond exploration in

the area.
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