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This work was part of the 2012–2014 Hall Peninsula Integrated Geoscience Program (HPIGP), led by the Canada-Nunavut Geoscience
Office (CNGO) in collaboration with the Government of Nunavut, Aboriginal Affairs and Northern Development Canada, and the Geolog-
ical Survey of Canada. It involved strong contributions from the Universities of Alberta, Dalhousie, Laval, Manitoba, Ottawa, Saskatche-
wan and New Brunswick, and the Nunavut Arctic College. It has benefitted from support by local and Inuit-owned businesses and the Polar
Continental Shelf Program. The focus is on bedrock and surficial geology mapping (1:100 000 scale). In addition, a range of thematic stud-
ies is being conducted, including Archean and Paleoproterozoic tectonics, geochronology, landscape uplift and exhumation,
microdiamonds, sedimentary-rock xenoliths and permafrost. The goal is to increase the level of geological knowledge and better evaluate
the natural-resource potential in this frontier area.
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Abstract

This paper presents the results of laboratory analyses performed on a regolith that is presumed to be of Neogene or intergla-
cial origin. The presence of a regolith area, as well as felsenmeers and weakly eroded bedrock outcrops, suggest that a cold-
based glacier covered the central Hall Peninsula, protecting it from glacial erosion during the last glacial maximum. Field
observations and laboratory analyses, such as geochemical extractions (iron, aluminum, silicon), silt-clay mineralogy and
electronic scanning microscope imaging, on surficial deposit samples and on the regolith indicate that the regolith is a re-
gional residue that could have effectively been protected from erosion. The regolith would be preglacial or interglacial in
situ material originating from the weathering of the bedrock in a warm climate. The presence of illite as well as crystalline
kaolinite, shown by X-ray analyses on the silt-clay fraction of regolith samples, supports this hypothesis. This glacial geol-
ogy study supports the search for economic minerals in the region. The characterization of the permafrost in the area will be
useful for land management related to future infrastructure development by mining companies.

Résumé

Le présent article fait état des résultats d’analyses en laboratoire effectuées sur du régolite que l’on présume d’origine
néogène ou interglaciaire. La présence d’une région formée de régolite, et comportant également des champs de pierres et
des affleurements rocheux peu érodés, semble indiquer qu’un glacier à base froide aurait recouvert la partie centrale de la
péninsule Hall, la protégeant ainsi des effets de l’érosion glaciaire au cours du dernier maximum glaciaire. Les observations
de terrain et les analyses en laboratoire, notamment les extractions géochimiques (fer, aluminium, silicium), la minéralogie
des fractions limoneuse et argileuse, et l’imagerie réalisée à l’aide d’un microscope à balayage électronique, portant aussi
bien sur des échantillons de dépôts de surface que sur le régolite, démontrent qu’il s’agit, dans le cas de ce dernier, d’un ves-
tige régional qui aurait pu effectivement être protégé des effets de l’érosion. Il s’agirait donc de matériel en place d’origine
préglaciaire ou interglaciaire provenant de l’altération météorique du substratum rocheux dans des conditions de climat
chaud. La présence d’illite et de kaolinite cristalline, que révèlent les analyses aux rayons X des fractions limoneuse et
argileuse des échantillons de régolite, est un autre point venant à l’appui de cette hypothèse. Cette étude de la géologie
glaciaire de la région contribue aux travaux de recherche de minéraux économiques dans la péninsule Hall. La
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caractérisation du pergélisol dans cette région s’avérera
également utile aux activités de gestion des terres liées à la
mise en place éventuelle d’infrastructures par les sociétés
minières.

Introduction

During the summer of 2011, exploratory fieldwork was con-
ducted by the Canada-Nunavut Geoscience Office
(CNGO) in an area 85 km northeast of Iqaluit (Figure 1).
The work verified a wide, red and highly weathered rego-
lith area, which could be related to a weakly eroding, possi-
bly cold-based glacier or no ice cover on that part of the
peninsula during the last glacial maximum. In July 2012
and 2013, a detailed study of a 60 by 35 km area within this
relatively highly weathered plateau was completed by a
Université Laval team in collaboration with the CNGO.
The aim of the work was to better understand the
glaciodynamic history of the region, determine the main
ice-flow directions and identify the regional limits between
cold- and warm-based regimes of the ice sheet to verify the
hypothesis. The main field observations and detailed map-
ping of the surficial geology of the region have been pre-
sented in previous papers (Leblanc-Dumas et al., 2012;
Tremblay et al., 2012, 2013). Laboratory analyses were
performed on samples of surficial deposits and permafrost
material to help determine the main climatic conditions that
formed the regolith and provide insight into the time it took
to form the regolith and how it was preserved. The analyti-
cal work included grain size, morphoscopy and exoscopy
of quartz grains, X-ray mineralogy, Fe, Al and Si extrac-
tions and geochemistry. This article presents the main ana-
lytical results of this study.

Geomorphological context

The central part of the study region is covered by >3 m of
regolith that forms a wide plateau with little vegetation and
no emergent outcrop (Figure 2). The red colour and the ab-
sence of signs of transport indicate that the material comes
from in situ geochemical alteration of the underlying bed-
rock, identified as a garnet granite and paragneiss (Trem-
blay et al., 2013). The lithological facies observed in per-
mafrost cores collected from the regolith reveal the original
mineralogy and structure of the bedrock. Below 1.5 m
depth, the red material becomes blue and white, locally
stratified with undisturbed orange and brown mineralogi-
cal facies (Figure 3), and the ice content is mainly pore ice
with few ice lenses. Rock fragments collected deep in the
cores have shown similar mineralogical assemblages to the
material described above. No signs of glacial erosion are
visible and only a few erratics indicate that the region was
previously covered by ice. In some areas, the material has
been eroded down to bedrock by glaciofluvial processes
and highly weathered bedrock can be observed in sections,
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Figure 1: Location of the study area, central Hall Peninsula, Baffin
Island, Nunavut.

Figure 2: Red regolith forms a wide plateau on central
Hall Peninsula, Nunavut. Note the absence of vegetation
and outcropping bedrock.



indicating that alteration of the material preceded the
Wisconsinan glaciation.

The central region of Hall Peninsula (Figure 4) is sur-
rounded by a mixture of glacially transported material and
regolith soils (intermediate/transition zone) extending to
the east of the study region where weakly glacially scoured
bedrock is found. At the western and southern margin of the
regolith, till is found in association with well-scoured bed-
rock showing south-southeast striations corresponding to
the glacier readvance associated with the Hall moraine
(Miller, 1980; Tremblay et al., 2013). On the west side of
the study area, there is a moraine ridge that averages
15 m high and 150 m wide. It represents a part of the Fro-
bisher Bay moraine, which extends 150 km from Frobisher
Bay to the head of Cumberland Sound (Blake, 1966). This
moraine was formed during a minor readvance of the
Laurentide Ice Sheet around 8000–9000 years BP (Blake,
1966; Miller, 1980; Hodgson, 2005; Tremblay et al., 2013).

The central part of the study region, which is an area of reg-
olith, has been mapped as a cold-based zone (covered by a
glacier with a frozen base) whereas the region to the west
and south, with the Frobisher moraine and till material, has
been mapped as a warm-based zone (covered by a glacier
with a melted base) and the eastern region was mapped as
an intermediate cold-based zone (indicative of both warm-
and cold-based conditions; Sugden, 1978; Tremblay et al.,
2013). Glaciolacustrine deposits and shorelines are found
next to the moraine and are associated with numerous
glaciolacustrine deltas, which reach heights of 25 m.

Material characteristics

In total, four types of surficial deposits were collected for
laboratory analyses and included 1) regolith (Figure 4),
2) intermediate material composed of a mixture of glacially

transported material and regolith, 3) till and 4) glaciolacus-
trine sediments. In addition, five permafrost cores were
collected: two in the regolith area (F1HP12 and F2HP12)
and three in glaciolacustrine deposits (F1HP13, F2HP13,
F3HP13; Figure 4). The samples were collected and ana-
l y z e d f o r g e o c h e m i c a l a n d s e d i m e n t o l o g i c a l
characteristics.

Grain-size analyses

The grain-size composition of the regolith at the surface is
dominated by sand (2–0.063 mm diameter) with 43.97 to
67.82% of the total sample. The remnant composition is
10.31 to 39.05% gravel (>2 mm) and 12.07 to 26.76%
pelite (>0.063 mm; Table 1). The dominant grain size in the
matrix of the regolith surface samples corresponds to a fine
to very fine sand and is very poorly sorted. With depth, the
grain size of the regolith increases slightly, as it transitions
to undisturbed saprolite but stays mainly composed of sand
(70.93–83.51%) between a depth of 96 to 155 cm (Fig-
ure 5). Above 155 cm, the red material was affected by
cryoturbation due to freeze-thaw processes in the perma-
frost, but below that level, the material is undisturbed and
the original grey colour of the bedrock is preserved, indi-
cating that it was probably preserved under permafrost con-
ditions since the formation of the regolith (Figure 6).
Therefore, the material found below 155 cm depth repre-
sents in situ weathered bedrock not affected by cryoturba-
tion and is very friable. Grain-size analysis of this material
was not completed as it would not be informative.

Regolith samples are characterized by colours ranging
from dark brown to brown-yellow, pale brown–yellow and
yellow-olive, according to the Munsell Soil Color Charts
(Munsell Color–X-Rite, Incorporated, 2000).

Morphoscopy and exoscopy of quartz grains

Morphoscopy is used to observe transportation marks left
on the surface of quartz grains in order to identify its envi-
ronment of sedimentation. Approximately 100 to 120
grains of quartz were picked from regolith samples from
surficial deposits and permafrost cores. They were ob-
served with a scanning electron microscope (SEM) to iden-
tify those transportation marks and a proportion of each
surface appearance was assessed using four characteristics
(angular, subangular, blunt-shiny and round-mat) for each
sample. The result shows that 60 to 94% of the grains have
angular edges characteristic of a material that was not af-
fected by any transport agent (Chamley, 1987). The crystal-
line structure of quartz (hexagonal) is perceptible on a few
grains (Figure 7a) indicating that it comes from in situ alter-
ation of the bedrock (Pomerol et al., 2005). For the remnant
grains, 6 to 38% have subangular edges, 0 to 2% have a blunt-
shiny appearance and 0 to 5% have a round-mat appear-
ance.
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Figure 3: Regolith collected below 1.5 m shows the original bed-
rock structure and variable lithological mineralogy, Hall Peninsula,
Nunavut. Scale in centimetres.
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Figure 4: Surficial geology of the study area, central Hall Peninsula, Nunavut. Location of regolith sample sites and drilling sites indicated.



Exoscopy performed on quartz grains shows important ex-
foliation on the surface of the quartz grains and geometric
dissolution (Figure 7b, c). For all of the regolith samples
observed, the surfaces of the grains were clean, showing no
silica deposits. Iron and aluminum oxides were observed in
the cavities of all grains (Figure 7a–d) and could be depos-
its from weathering products. Impact marks, such as v-

shaped and crescent marks, were found on some of the

quartz grains (Figure 7d) but no signs of glacial transport,

such as striations or scour marks, were observed. The same

observations were made on quartz grains collected from

regolith from the F1HP12 and F2HP12 permafrost core

samples.
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Figure 5: Percentage of grains passing through sieve stack as a function of grain size for regolith samples collected from permafrost
corehole F2HP12, Hall Peninsula, Nunavut. Sample depth in centimetres.

Table 1: Results of laboratory analyses of regolith obtained from surficial deposits, Hall Peninsula, Nunavut.



X-ray mineralogy

Analyses by X-ray diffractometry were per-
formed on rock fragments and saprolite ma-
terial collected from permafrost core sam-
ples and regolith from surficial deposits.
The results show a uniform mineral compo-
sition for the rock fragments, the saprolite
material and the regolith. The primary min-
erals found in the rock fragment samples are
quartz, anorthite, microcline and phlogopite
(mica; e.g., Figure 8) and those found in the
corresponding saprolite material are quartz,
anorthite, orthoclase, as well as illite and
kaolinite (e.g., Figure 9). The illite and
kaolinite are clay minerals resulting from
the chemical alteration of bedrock and com-
monly found in temperate and tropical re-
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Figure 7: Quartz grains collected from regolith samples (Hall Peninsula, Nunavut) and observed with a scanning electron microscope
(SEM). a) Grain presenting a hexagonal crystalline structure, found in sample 12TIA-T122. b) Grain showing peeling figures, found in
sample 12TIA-T123. c) Grain with geometric dissolution figures, found in sample 12TIA-T125. d) Grains showing v-shaped and crescent
marks, found in sample 12TIA-T131.

Figure 6: Permafrost core sample from F2HP12, collected from saprolite, Hall Pen-
insula, Nunavut. Note the blue colour of the undisturbed material. Scale in centi-
metres.
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Figure 8: Results of X-ray diffractometry performed on a rock fragment collected from the regolith in perma-
frost corehole F1HP12, at a depth of 218 to 230 cm, Hall Peninsula, Nunavut.

Figure 9: Results of X-ray diffractometry performed on saprolite material collected from permafrost
corehole F2HP12, at a depth of 155 to 165 cm, Hall Peninsula, Nunavut.



gions (Miskovsky, 1987). It is interpreted that the presence
of the clay minerals in an arctic environment implies that
the material was inherited from a warmer period of geologi-
cal history, which corresponded to tropical conditions. The
same clay minerals are found in samples of regolith from
the regolith areas (Table 1). However, some samples of
regolith also contain minerals such as amphibole,
pyroxene, vermiculite, chlorite, talc, goethite and/or heavy
minerals. This can be explained by variations in bedrock
geology across the study area.

Extractions of Fe, Al and Si

Higher concentrations of amorphous iron instead of crys-
talline forms of iron should occur in regolith and thus
higher chemical index of alteration (CIA-1) values should
occur in the regolith area compared to surrounding areas of
till. Crystalline forms are found in fresh rock and are more
common in grains that were not exposed to chemical alter-
ation, such as recent till. Surficial deposits of regolith and
till were submitted for Fe, Al and Si extractions. The
extractable crystalline and amorphous forms of iron, as
well as aluminum and silica, were extracted using dithion-
ite-citrate-bicarbonate, ammonium oxalate acid and pyro-
phosphate to determine the CIA-1 (McKeague, 1978):

1) Feo–Fep = amorphous form of Fe (Fea)
2) Fed–Feo = crystalline form of Fe (Fec)
3) CIA-1 = Fea/Fec

where Feo is iron extracted with ammonium oxalate acid,
Fep is iron extracted with pyrophosphate and Fed is iron ex-
tracted with dithionite-citrate-bicarbonate.

For all surficial regolith, intermediate and till samples, the
content of iron extracted with oxalate surpasses iron ex-
tracted with dithionite (Table 1, Figure 10) resulting in a
negative crystalline form content leading to a negative
CIA-1. This kind of result has been observed in other stud-

ies where the samples contained magnetite (e.g., Baril and
Bitton, 1969). In Baril and Bitton (1969), the magnetite was
extracted by oxalate and the results were abnormally high
for oxalate extractions. High Feo values were found both in
the regolith, intermediate and till samples and in the perma-
frost core samples from this study and can’t be explained by
the occurrence of magnetite, due to the absence of this min-
eral in most of the collected samples. The Fe extraction
method is therefore questionable without a better of under-
standing of the behaviour of extracting solutions. This is
also the case for the Al and Si extractions; results cannot be
interpreted with certainty.

Geochemistry and second chemical index of
alteration

The second chemical index of alteration (CIA-2) used for
this study is a weathering index that yields crucial insights
into the contribution of chemical and physical weathering
to the production of rock detritus. Considering that chemi-
cal and physical weathering is a function of climate, the
CIA-2 can provide important information about the envi-
ronmental conditions that existed for a weathered surface

(Nesbitt and Yong, 1982; Bahlburg and Dobrinski, 2011;
Refsnider and Miller, 2013). Progressive chemical weath-
ering of feldspar leads to the loss of cations and the trans-
formation to more stable minerals, while aluminum oxides
remain stable. This chemical index of alteration represents
the ratio of aluminum oxides to the mobile cations as shown
by the equation (Ebert et al., 2012):

The highest degree of weathering is represented by kaolin-
ite, which has a CIA-2 value of 100%. Kaolinite is the ulti-
mate result of chemical weathering of aluminum silicates,
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Figure 10: Mean concentrations of Fe extracted with dithionite-ci-
trate-bicarbonate (Fed), ammonium oxalate acid (Feo) and
pyrophosphate (Fep) from regolith, intermediate material (regolith
mixed with till) and till, central Hall Peninsula, Nunavut.

Figure 11: East-west distribution of second chemical index of al-
teration (CIA-2) results obtained for rock pulp from regolith, inter-
mediate material (regolith mixed with till) and till samples, central
Hall Peninsula, Nunavut.



for example feldspar, and is formed in hot and humid re-
gions, such as tropical rainforests.

Three different types of samples were analyzed to obtain
their CIA-2 values: rock pulp or rock chips collected from
surficial deposit samples and rocks collected from bedrock
outcrops or felsenmeers. The results obtained from rock
pulp indicate an average CIA-2 of 79.44, 74.47 and 62.48%
for the regolith, the intermediate material and the till, re-
spectively (Figure 11). The east-west distribution of the
CIA-2 results on rock pulp clearly shows a greater CIA-2
for the central regolith area. For the rock chips, CIA-2 val-
ues obtained for the intermediate material and the till areas
are similar with a mean CIA-2 of 63.10 and 60.69% weath-
ering, respectively. No rock chips were found in the
regolith. Results obtained from rock samples collected
from felsenmeers in the regolith area indicate 71.83%
weathering. For the intermediate material and till areas, the
results obtained from rock samples are at least 10% less
than for samples from the regolith area.

Regolith origin and preservation

The higher CIA-2 results and the presence of secondary
clay minerals, such as illite and kaolinite (Table 1), indicate
that the regolith was formed during a warmer climatic pe-
riod, which possibly preceded glaciation or even occurred
during interglacial periods, when the climate was more
temperate or even tropical. The mineral composition of the
regolith and its rock fragments, shown by X-ray diffract-
ometry, indicates that the centre of the study region is domi-
nated by highly weathered granitic rocks. These rocks have
been locally eroded to tor formations and in some cases
original structural features have been preserved. The SEM
imagery of the quartz grains showed important alteration
features that are uncommon on glacially transported mate-
rial. The lack of transportation marks on the quartz grains
also suggests ice did not move the material.

Weathering and sedimentology results from permafrost
core samples indicate that the regolith was not eroded dur-
ing the last glaciation and was likely preserved in subglac-
ial permafrost conditions for an extended period of time.
For this material to have been preserved during the last gla-
ciation underneath the Laurentide Ice Sheet, the thermal re-
gime at the ice-bed interface had to be cold-based with a
connection to the underlying permafrost.

As shown by the occurrence of weathered material and weakly
scoured bedrock east and west of the regolith area, the cold-
based zone on Hall Peninsula was probably more wide-
spread than the former regolith area during the last glacial
maximum and was only recently affected by warm-based
ice. Most of the central plateau of Hall Peninsula was prob-
ably cold based for the first half of the Quaternary period.
Successions of ice readvances occurred in the study region
following the last glacial maximum, as shown by the pres-

ence of the Hall and Frobisher moraines. These glacial de-
posits indicate a primarily warm-based thermal regime of
the ice for the second half of the Quaternary period on the
central Hall Peninsula plateau. The occurrence of non-
transported regolith in the central part of the study region
indicates that local zones might have been protected from
glacial erosion following the last glacial maximum. Two
hypotheses could explain the conservation of this material:
1) conservation under local cold-based ice or 2) the absence
of an ice cover. The thermal regime at ice-bed interface and
the scouring rate of the ice varied through time and space
leading to deposition and conservation of three types of
surficial deposits material (regolith, intermediate material
and till).

Economic considerations

This glacial geology study supports the search for eco-
nomic minerals in the region. Drift prospecting in glaciated
terrain is complicated due to difficulties in predicting ero-
sion and transport distances of ore-bearing glacial drift. In
these cold-based ice regions, the minerals found in till come
from in situ alteration of the underlying bedrock rather than
from a source up-ice. Knowing the exact limits of cold-
based ice will facilitate drift prospecting. Furthermore,
knowledge of the permafrost characteristics, such as sedi-
ment types and grain size of the regolith, will be useful for
land management related to future infrastructure deve-
lopment by mining companies.
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