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a b s t r a c t

The Smoking Hills area in the western Canadian Arctic was purported to contain a regionally rare
Quaternary stratigraphic section with multiple, local ice cap-derived tills and a long chronology con-
strained by palaeomagnetic markers. We present a fundamental revision of previous glacial and mag-
netostratigraphic interpretations based on detailed sedimentological and structural analyses of the main
stratigraphic section and many new exposures, cosmogenic nuclide isochron burial dating, and a sys-
tematic reconstruction of the geomorphology and landscape evolution using a glacial landsystem
approach. We demonstrate that the Smoking Hills area was fully glaciated during the last (Wisconsinan)
glaciation. Previously reported tills ascribed to multiple glaciations represent instead a complex facies
sequence of glacitectonic thrust stacking of Laurentide Ice Sheet (LIS) sourced diamictons, glacilacustrine
and glacifluvial deposits, together with previously unidentified, poorly-consolidated Cretaceous bedrock
rafts and deformed intraclasts. Much of this sedimentation and glacitectonic activity dates to the last
(Wisconsinan) glaciation and can be reconciled with a polythermal ice sheet marginal landsystem
signature, wherein ice-cored moraine belts are developed over subglacial bedforms (flutings) arranged in
discrete flowsets. The flowsets record the complex interaction of ice streams nourished by ice flowing
from three main sources: Great Bear Lake to the south, Amundsen Gulf (Franklin Bay) to the east and
Liverpool Bay (Mackenzie Valley) to the southwest. Decoupling of the ice margins of these three ice
sources gave rise to interlobate ice-dammed lake development over the lower Horton River area during
final deglaciation. A cosmogenic 26Al/10Be isochron burial age of 2.9 ± 0.3 Ma (1s, n ¼ 4) from the
lowermost glacial diamicton and glacitectonite sequence provides evidence of perhaps the earliest
continental glaciation of this region. This deposit postdates, or is perhaps a later re-advance of the same
initial glaciation that produced widespread glacitectonic disturbance of bedrock in preglacial valley
networks and early glacifluvial and glacilacustrine deposits containing an ice wedge pseudomorph.
Subsequent glaciations have largely removed or cannibalised pre-existing records to construct complex
till and glacitectonite stacks that contain reworked organics with non-finite radiocarbon ages. One site
preserves buried “old” glacier ice in which prominent ice wedges had formed during an interglacial
permafrost phase and were then deformed down-flow by the LIS during the Wisconsinan glaciation.
Crown Copyright © 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction and rationale

It has long been held that the Smoking Hills were only partially
glaciated during the Late Wisconsinan (Mackay, 1958; Klassen,
vans).
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1971; Dyke and Prest, 1987; Rampton, 1988; Mathews et al., 1989;
Barendregt and Duk-Rodkin, 2004; Duk-Rodkin et al., 2004; Duk-
Rodkin and Barendregt, 2011). Existence of more pervasive ice
cover, and a regionally unique record of repeated glaciations
(arising from a purported local Horton Ice Cap), dating back
possibly as old as early Matuyama Chron (2.58 Ma), was described
from a regionally unique Quaternary stratigraphic section reported
to preserve 3e5 tills and various inter-till/interglacial deposits
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(Fulton and Klassen, 1969; Yorath et al., 1975; Barendregt and Duk-
Rodkin, 2004; Duk-Rodkin et al., 2004; Duk-Rodkin and Barendregt,
2011). Correlations were made between these deposits and those
on Banks Island, where similar arguments for restricted Late Wis-
consinan Laurentide (continental) ice cover and the existence of
multiple old glaciations had been made (cf. Vincent, 1983, 1990;
Vincent et al., 1983; Barendregt and Vincent, 1990; Duk-Rodkin
et al., 2004).

Fundamental revisions to the understanding of the Quaternary
glacial history on Banks Island now refute the previously proposed
chronostratigraphy and demonstrate that all of Banks Island was
inundated by the Laurentide Ice Sheet (LIS) during the Late Wis-
consinan (England et al., 2009; Lakeman and England, 2012, 2013,
2014; Evans et al., 2014; Vaughan et al., 2014). Carrying this into the
broader regional context, evidence for pervasive glaciation and dy-
namic ice streaming in the western Canadian Arctic (Clark, 1997;
Stokes et al., 2006, 2009, 2012) and from marine seismic and strat-
igraphic records (Batchelor et al., 2013a, b; 2014; MacLean et al.,
2015; Lakeman et al., 2018), demonstrates that Late Wisconsinan
LIS extended through Amundsen Gulf onto the Banks e Beaufort
Shelf and shelf margin. This has progressively led to glaciological
models and reconstructions that now imply by proxy the complete
inundation of the Smoking Hills area by the LateWisconsinan LIS (cf.
Tarasov et al., 2012; Dalton et al., 2020 and references therein). The
goal of this study was thus to return to the Smoking Hills in order to
conduct a rigorous re-examination of the regional glacial land-
systems and the chronostratigraphic record of Quaternary glacia-
tions of the western Canadian Arctic. Regional geomorphological
features were resolved using previously unavailable high resolution
DEM imagery and cosmogenic nuclide burial dating was used to
constrain proposed old glacial chronologies.

The Smoking Hills area was also reported to contain the
southern-most occurrence of the Neogene fluvial Beaufort Forma-
tion (Yorath et al., 1975), although this was questioned by Mathews
et al. (1989). Further, contradictory chronostratigraphic linkages
between these “probable” Beaufort Formation plateau-cap deposits
and a basal gravel sequence underlying the main Quaternary sec-
tion (our section HR 1, discussed below) also needed to be
addressed as it is critically linked to understanding the historic
fluvial and glacial landscape evolution (cf. Mathews et al., 1989;
Matthews and Ovenden, 1990; Duk-Rodkin and Hughes, 1994; Duk-
Rodkin et al., 2004; Smith and Evans, 2018).

2. Study area and previous research

The Smoking Hills (69�150N; 127�000W) are a bedrock upland
composed of poorly-consolidated Cretaceous strata that rise to
~380 m above sea level (asl; Fig. 1a, b, c). Upland areas of the
Smoking Hills are deeply dissected by the Horton River and are
bounded to the west by the Anderson River and to the east by
Franklin Bay and Amundsen Gulf (Fig. 1a and b). River drainages
illustrate strong rectilinear channel diversions that are not related
to bedrock structure, but instead demonstrate the significant role
glaciation(s) have played in altering their course (Mackay, 1958;
Klassen, 1971; Rampton, 1988). The Horton River floodplain is
renowned for its spectacular meander loops, one of which has
broken through the coastal bluffs along Franklin Bay to form a large
marine delta, cutting off the northern 100 km course of the river
into Harrowby Bay (Fig. 1b; Mackay, 1958; 1981). The region is
underlain by continuous permafrost, and treeline extends locally to
approximately 69�N (further north along the lower slopes of the
Horton River and its tributaries); terrain is otherwise blanketed by
mixed shrub tundra and sedge meadow.

The area is most renowned as the site of spontaneously com-
busting mudrock (bocannes) of the Smoking Hills Formation,
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characterised by emissions of water vapour and sulphuric acid
gases (Selwyn, 1877; Dawson, 1881; Crickmay, 1967; Mathews and
Bustin, 1984; Grasby et al., 2019). Long known to Indigenous peo-
ples, the first written record was by Sir John Richardson of the
second Franklin overland expedition (Richardson, 1828), who
accurately identified the cause as oxidation of abundant, finely
disseminated pyrite, and the combustion of organic-rich shales
(mudstones); analagous to the historical alum shale works along
his native Yorkshire coast. Bocannes form only in the slumped
material in landslides, suggesting that there is a critical mechanism
of degrees of oxidation and/or the intermixing of strata required.
Former and active bocanne sites are recognised by brightly-
coloured brick red to orange clinker and paralava deposits, and
are found throughout the extents of the Smoking Hills Formation
bituminous member (Yorath et al., 1975; Yorath and Cook, 1981),
extending from Franklin Bay west past the Anderson River (Fig. 1b).
The landslide material is critical to the provision of matrix, as well
as bedrock rafts, for the local clay-rich and very fine silt-rich tills.

Mackay (1958) made the first investigations of the regional
Quaternary glacial history, examining aerial photographs over a
large area, and focussing field investigations in areas south of
Paulatuk. Reconnaissance Quaternary investigations in the Smok-
ing Hills themselves were first conducted by Klassen (Fulton and
Klassen, 1969; Yorath et al., 1969, 1975), who discovered and log-
ged a unique Quaternary section (our HR 1) along a tributary of the
Horton River. This section was reported to be 45 m thick, and was
floored by fluvial sands and gravels, which were overlain by at least
3 tills. Klassen suggested that this site lay beyond the limits of the
Late Wisconsinan glaciation, but made no chronostratigraphic di-
vision of the units he identified, reporting only that peat beds (later
dated at >41 000 14C yr BP; GSC-1100; Lowdon et al., 1971) found
below his uppermost till appeared to be at the same stratigraphic
elevation (~205 m asl) as those recovered from a different section
1.6 km up a tributary valley that containedwood dating>38 100 14C
yr BP (GSC-576; Lowdon et al., 1971). Klassen's section (HR 1) was
then revisited by Vincent (1988, 1991; unpublished Geological
Survey of Canada (GSC) field notebooks), where wood and other
organic samples for palynological analyses were collected from the
basal sand and gravel unit, 900 m up-stream of the main section.
Results reported by Matthews and Ovenden (1990) suggest a Ter-
tiary age for this basal sand and gravel unit (note that at that time
the Pliocene Epoch ended at 1.8 Ma). Vincent (1988) conducted
palaeomagnetic measurements on the stratigraphy, indicating a
basal, magnetically normal till overlain by a magnetically reversed
lacustrine deposit and till, and then amagnetically normal till at the
top (in Duk-Rodkin et al., 2004; their Fig. 18). In 2004, this site was
revisited by Duk-Rodkin and Barendregt (2011) where they con-
ducted extensive palaeomagnetic sampling, indicating that the
basal sand and gravel was reversely magnetized (interpreted to
represent the Matuyama Chron; 0.78e2.58 Ma). They went on to
state that these basal “pre-glacial” gravels were overlain by 3
magnetically reversed tills, separated by 2 silty-clay “lacustrine/
interglacial” deposits (also reversely magnetized), which were then
capped by a normally magnetized collection of lacustrine-
palaeosol-mudflow deposits, in turn capped by a normally
magnetized till (Brunhes Chron?; 0e0.78 Ma; Duk-Rodkin and
Barendregt, 2011). They maintained that Canadian Shield erratics
(i.e. granitic or gneissic material), indicative of a continental-style
Laurentide glaciation, were only found scattered on the upper-
most surface of the section (HR 1). In their absence, they argued
that all underlying diamictons originated from a local “Horton Ice
Cap” source (Melville Hills; Fig. 1a; Barendregt and Duk-Rodkin,
2004; Duk-Rodkin et al., 2004; Duk-Rodkin and Barendregt, 2011)
and that Laurentide ice was responsible for depositing only the
uppermost surface lag.
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3. Methods

Geomorphological mapping was undertaken on ArcticDEM
hillshade imagery (Porter et al., 2018), viewed under oblique and
vertical perspectives using various illumination aspects and ele-
vations, in combination with stereo aerial photographs and Google
Earth imagery. This facilitated the identification of discrete debris
assemblages and kettled terrain likely to be of glacial origin,
streamlined landforms (flutings) of subglacial origin, major eskers
of subglacial/englacial origin, and underfit or dry valleys considered
to be of glacial meltwater or glacial lake spillway origins.

In order to verify the genetic origins of the Quaternary deposits,
the stratigraphy and sedimentology of natural exposures were
evaluated over a two week, helicopter-supported field program
using standard procedures outlined in Evans and Benn (2004). In-
dividual lithofacies are described in detail in vertical sediment logs
and/or annotated photomosaics, which were compiled based on
the identification of separate lithofacies according to bedding,
texture, lithology and sedimentary structures. The lithofacies are
described and classified according to a modified scheme of Eyles
et al. (1983), incorporating additions proposed by Evans and Benn
(2004), and Evans (2018).

Clast macrofabrics were measured in diamictons using 50 clasts
Fig. 1. a) Location map of the Smoking Hills study area, northwestern Arctic Canada. Regio
figures outlined by boxes. Basemap image from IBCAO topographic and bathymetric model (J
Canadian Shield terrain indicated in pink in upper left index map. Historical ice margin reco
across the field area. This view shows the incised nature of the Horton River as it crosses the
“Horton Gap” by Mathews et al. (1989), and their “swale” valley that we instead correlate wi
Bay) ice mass, and a second meltwater channel (MWC) trending northward. Inset maps sho
figure legend, the reader is referred to the Web version of this article.)
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per sample for the analysis of strain history and till genesis; each
sample was confined to small areas within each lithofacies in order
to accurately reflect local variability in sediment properties (cf.
Benn, 2004a; Evans, 2018). Fabric data were plotted on spherical
Gaussian weighted, contoured lower hemisphere stereonets, using
Rockware™ software. Statistical analysis was undertaken using
eigenvalues (S1eS3), based on the degree of clustering around
three orthogonal vectors (V1eV3), presented in fabric shape
ternary diagrams (Benn, 1994).

Debris modification and hence former geomorphic processes
were evaluated using clast form analyses (shape and roundness),
conducted on 50 clasts at field sections concurrent with clast
macrofabric measurements and undertaken on granitic, gneissic
and other igneous/metamorphic lithologies. Surface features such
as striae and faceting were also noted for each sample because they
are diagnostic indicators of glacial abrasion (cf. Sharp, 1982; Krüger,
1984; Benn, 2004b). Clast form analyses were also conducted on 50
of the largest clasts (>16 mm diameter) recovered from ~28 kg
(5 gallon pail) bulk samples of diamict and “Beaufort Formation”
plateau gravel deposits, collected for heavy indicator mineral
studies (Smith and Evans, 2018).

Analysis of the clast form data followed the procedures outlined
in Benn (2004b) and involved: a) calculation of the C40 index (the
nal ice stream flow-sets and labels reproduced from Stokes et al. (2006). Location of
akobsson et al., 2012); b) location map with regional bedrock geology; extent of granitic
nstructions illustrated by coloured lines; c) oblique ArcticDEM image looking southeast
Smoking Hills upland surface in the middle distance, a stretch of the river labelled the
th a prominent meltwater channel flowing westward from an Amundsen Gulf (Franklin
w study area location in Canada. (For interpretation of the references to colour in this

mailto:Image of Fig. 1|tif
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percentage of clasts with a C:A axis ratio of <0.4; Benn and
Ballantyne, 1993); b) clast roundness (Powers, 1953), used to
calculate the RA summary index (percentage of angular and very
angular clasts within a sample; Benn and Ballantyne, 1993), and the
RWR summary index (percentage of rounded and well-rounded
clasts; Benn et al., 2004; Lukas et al., 2013); and c) mean round-
ness (AvR), based upon a numerical classification of Powers
roundness as VA ¼ 0 to WR ¼ 5 (cf. Spedding and Evans, 2002;
Evans, 2010). Co-variance plots (Benn and Ballantyne, 1994) were
used to compare clast form results with different glacial sediment
types from the Canadian High Arctic, all based on similar lithologies
(Supplementary data S1).

Clast lithologies were documented in the field or were observed
under a microscope using oxalic acid-washed clast samples
recovered from bulk samples. While rare far-travelled erratics were
recognised (e.g. Canadian Shield-derived granitic material), most
lithologies reflected regional bedrock compositions which are
summarized based on Yorath et al. (1969, 1975), Yorath and Cook
(1981), Okulitch and Irwin (2017), and Rainbird (2019a, b). Creta-
ceous bedrock in the Smoking Hills area is composed generally of
poorly consolidated shale, siltstone, mudstone and sandstone, and
would have contributed little clast material within diamicts other
than minor sandstone and concretionary ironstone and limestone,
but likely make up a significant component of diamict matrices.
Regional Devonian strata would have provided variably coloured
siltstones, sandstones, shale and limestone. The Ordovician strata
exposed on Parry Peninsula and southeast of Smoking Hills (Fig. 1b)
would have sourced black, grey and red chert, dark grey-green
argillite, shale, sandstone, quartzite, quartz, limestone and dolo-
mite. A host of other lithologies, including diabase dykes and sills
occur in areas of the Coppermine Arch, situated immediately east of
Fig.1b (Rainbird, 2019a, b), and granitic, gneissic and other igneous/
metamorphic lithologies originating from areas of the exposed
Canadian Shield (see index map on Fig. 1b). While lithology counts
are based on 50 clast sample sizes, scans were made of the entire
>2 mm bulk sample clasts in order to identify the presence of rare
Canadian Shield erratic lithologies, important in consideration of
regional ice-flow reconstructions.

Samples of diamicton matrix were also collected from exposed
sections for physical sedimentological characterization and chem-
ical analysis. Samples were processed at the GSC Sedimentology
Laboratory (Ottawa, ON) according to standard GSC procedures
(McClenaghan et al., 2013; Supplementary data S2).

Samples of interpreted bedrock rafts collected from section HR 1
were analyzed for palynology at the GSC Palynological Laboratory
(Calgary, AB) in order to help resolve their nature and age. Paly-
nological samples were prepared using standard procedures,
including acid maceration with HCl and HF, and oxidative treat-
ment with Schulze's solution (Traverse, 2007). Resulting slurries
were permanently mounted on glass microscope slides using liquid
bioplastic. Pollen and spores were counted and identified to the
lowest possible taxonomic level in un-sieved preparations using a
transmitted light Olympus BX61 microscope at 400x and 1000�
magnification under oil immersion. The �20 mm fraction was also
scanned for age-diagnostic angiosperm taxa.

Small shell fragments of unknown marine bivalve mollusc
species (n ¼ 1e9; 3e14 mm long; �0.21 g in mass) were identified
in all but one of the diamicton samples (18SUV502) from section HR
1, but in none of the plateau gravel samples. A juvenile gastropod
was also recovered from the uppermost diamicton sample
(18SUV512). Vincent (1988) also noted shell fragments in till from
this section. Five mollusc shell fragments from 3 of the diamicton
samples (5, 7 and 36 m depth) and the gastropod were submitted
for radiocarbon dating in order to potentially provide finite limiting
ages for the various diamictons (Supplementary data S3). Samples
5

had been oxalic acid-washed during processing of the bulk sample
gravel fractions in order to remove iron staining. Additional acid
leach and physical scraping of discoloured outer material was un-
dertaken by the A. E. Lalonde AMS Laboratory (Ottawa, ON). A
sample of the inner core of a rooted tree stump from a glacially
rafted deposit in our section HR 4 (discussed below) was also
submitted for radiocarbon dating.

Cosmogenic nuclide burial dating was undertaken on collec-
tions of quartz sandstone/quartzite/crystalline cobbles and density
separates of quartz-rich sand from several diamictons and the basal
gravel unit in section HR 1, and the basal gravel in our section HR 2
(discussed below). The units sampled are currently buried under a
cover of at least 20 m (bulk density ~2.1 g cm�3) and receive less
than 1% of the surface production (even less when ice covered) and
therefore are effectively shielded. We analyzed ten samples from
deeper than 35.5m below the 229m asl upper surface in section HR
1, and one sample from 20 m depth in HR 2 with surface elevation
230 m asl (Supplementary data S4). The deepest samples in both
sections are from a lithostratigraphically-correlated gravel, so their
burial ages are assumed to be equivalent. Although the sampled
units are deeply buried, the region has undergone multiple glaci-
ations including the last, and therefore it is possible that the dia-
micts accumulated over many glacial-interglacial periods with
unknown amounts of erosion and re-deposition of the samples that
we collected. Recognizing that the depositional history of the
samples was not ideal for either simple burial or isochron burial
dating (cf. Gosse and Philips, 2001; Balco and Rovey, 2008), we
sampled cobbles and sand samples to attempt both burial dating
methods. Larger quartz sandstone/quartzite cobbles were dug from
sites in and around (40 cm vertical) the location of each bulk dia-
mict sample and the basal sand and gravel units. Quartz sand
separates were produced by Overburden Drilling Management
(ODM; Ottawa, ON) during processing of samples for recovery of
heavy indicator minerals (Supplementary data S4). Samples were
submitted to CRISDal Lab (Dalhousie University) for processing of
accelerator mass spectrometer (AMS) targets. Quartz purification
included crushing, grinding, and sieving of cobbles and pebbles
with masses of multiple cobbles to ensure sufficient quartz for
digestion (some cobbles had less than 20% quartz; Supplementary
data S4, Table S4.1). Analytical procedures are outlined in Supple-
mentary data S4.

Two cosmogenic isotope burial dating approaches were used to
determine the duration of time since the buried units were
deposited: (i) simple burial dating, and (ii) isochron burial dating.
Both approaches use measurements of 10Be and 26Al in buried
quartz sediment. Simple burial dating is used when it can be
assumed that burial was relatively rapid (i.e. shielding from cosmic
rays took less than 10% of the total burial duration) and when there
is only one burial duration. If the quartz sample experienced mul-
tiple discrete burial and exposure events, the grains would not have
the assumed surface production ratio of 26Al/10Be prior to the ul-
timate burial, and the apparent burial age would over-estimate the
last burial duration of interest. The 26Al and 10Be measured in the
shielded quartz grains is assumed to have been produced prior to
deposition, and because shielding is assumed instantaneous, there
is no post-depositional production, and the 26Al/10Be rate decreases
at a rate controlled by their decay rates (Supplementary data S4).
Quartz from individual cobbles or amalgamated quartz sand can be
used. Their concentrations are typically plotted on a 26Al/10Be vs log
normalized 10Be concentration plot and a most probable age is
determined by convolving the probability distribution function for
all samples. Isochron burial dating is based on defining a best fit
curve through all samples on a 26Al vs 10Be plot (e.g. Erlanger et al.,
2012). The difference between its slope and 6.75 production ratio is
proportional to burial duration. This method is useful in the
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instance where shielding was neither instantaneous nor complete,
in which case there will be a positive y-intercept (26Al). We use a
program provided by D. Granger (cf. Erlanger et al., 2012) which
provides a recursive correction for post-depositional production
based on the 26Al intercept value. Both methods require a sufficient
buildup of 10Be and 26Al to survive decay during burial, otherwise
the large uncertainty controlled by counting statistics during their
AMS measurement would prohibit an age calculation. In instances
where clast ratios vary significantly (owing to measurement error
or geological process), where burial histories may involve thick
erosion events, or where the source regions are eroding quickly and
therefore pre-depositional concentrations of one or both of the
isotopes are low, it may not be correct to assume that post-
depositional production explains the computed y-intercept. As
this may be the case here, the approach benefitted from deeply
shielded samples.

4. Results

4.1. Geomorphology

4.1.1. Modern processes and forms
The modern and historical geomorphology of the study area

(Fig. 2) is important to review at this juncture because it has sig-
nificant implications for later interpretations of the Quaternary
glacial geology. Deeply incised river valleys and dense networks of
steep-walled tributary valleys and locally developed badlands
(Fig. 2a and b) are the products of intensive fluvial and glacifluvial
erosion of poorly-lithified Cretaceous bedrock.

The depth and continued rapid rate of fluvial incision of this
landscape gives rise to widespread large landslides, which are
rotational and translational in character (Fig. 2c and d) and, due to
the nature of the bedrock, often quickly disaggregate, developing
into debris flows downslope (Fig. 2f and g). This process is critical to
the initiation of bocannes (Fig. 2c, f, g). As debris flows progress
downslope, new bocannes form as the bedrock material is pro-
gressively churned and exposed (Fig. 2g).

Field observations of active layer detachment slides and retro-
gressive thaw flow slides triggered by melting of buried ground ice
and glacier ice are widespread and are also responsible for the
movement of large volumes of Quaternary deposits into valley
floors (Fig. 2e, h). In combination, the various landslides of the
Smoking Hills area result in the amalgamation of bedrock masses
and Quaternary deposits forming partial valley fills. This process
was likely also prevalent in preglacial and interglacial valleys, and
as will be discussed, is important in comprehending various gla-
cigenic depositional and tectonic features seen in this study.

4.1.2. “Beaufort Formation” plateau gravels
4.1.2.1. Description and previous interpretations. Gravelly sediments
that form flat-lying to gently inclined summits on higher terrain
between the main river channels (Fig. 1b (unit Nb), 3) were
considered by Yorath et al. (1969, 1975) to be probable Beaufort
Formation deposits. The Beaufort Formation (Miocene to Pliocene-
Pleistocene) forms a prominent accretionary wedge of unconsoli-
dated sediment fringing the western islands of the Canadian Arctic
Archipelago. It thickens westwards into the Beaufort Sea and was
considered to have formed by rivers flowing generally northwest-
ward across what was then a contiguous arctic coastal plain (Tozer,
1956, 1960, 1960; Craig and Fyles, 1960, 1965, 1965; Thorsteinsson,
1961; Thorsteinsson and Tozer, 1962; Hills, 1969; Kuc and Hills,
1971; Miall, 1979; Vincent, 1983, 1990, 1990; Fyles, 1990;
Devaney, 1991; Fyles et al., 1994; Williams et al., 2008). The type
locality occurs on Prince Patrick Island, and was described by Tozer
(1956) as comprising cross-bedded quartz sand and well-rounded
6

fine to medium gravel, containing much unlithified and uncar-
bonized fossil wood. Several other terrace gravels, interbedded silt,
and organic detritus-rich and peat bed sites on Melville, Axel Hei-
berg and Ellesmere islands, and on the mainland northeast of
Inuvik, bordering the Mackenzie River, are now considered
contemporaneous deposits, or Beaufort-equivalents sensu lato
(Thorsteinsson, 1961; Tozer, 1970; Balkwill and Bustin, 1975;
Wilson, 1976; Norris, 1981; Yorath and Cook, 1981; Bustin, 1982;
Hodgson et al., 1984; Fyles, 1989, 1990, 1990; Fyles et al., 1994;
Davies et al., 2014).

In the Horton River area, Yorath et al. (1969, 1975) reported a
uniform 2.5e3 m thick unconsolidated gravel and sand deposit, on
plateau surfaces between the Anderson and Horton rivers and be-
tween the Horton River and Franklin Bay. They characterized these
as being composed of low-angle sandy foreset beds with a wide
range of palaeocurrents, but predominantly a northwesterly
transport direction, with clast lithologies of mainly quartzite,
dolomite, and black chert pebbles and cobbles, and small wood
fragments and humic materials. These deposits were reported to
form a flat, featureless plain (Fig. 3a), with exposures along a north
to south transect at elevations between 183 and 335 m asl (Yorath
et al., 1975). Based largely on lithological and sedimentological
comparisons with descriptions of the Beaufort Formation on Banks
Island (Thorsteinsson and Tozer, 1962), Yorath et al. (1969, 1975)
suggested that these Smoking Hills plateau-cap deposits were
probably correlative.

Our clast lithological data from six sites of gravelly sediments on
the uplands (Fig. 4a) reveal a dominance of chert, sandstone,
quartzite, quartz, and dolomite with rare clasts of ironstone and
Canadian Shield-derived granitic clasts, similar to those reported by
Mathews et al. (1989). Additionally, our clast form data (Fig. 4a)
reveal that the gravel is similar in geomorphic provenance to that of
High Arctic glacifluvial and till control samples, especially with
respect to RA, RWR and AvR values (Fig. 4b; Supplementary data
S1). Additionally, numerous boulder and cobble-sized clasts
display surface striations and bullet-shaped/faceted forms indica-
tive of subglacial wear patterns (Fig. 3e).

Evidence of other ancient channel forms in the area include that
reported by Mathews et al. (1989), who describe a 145 m thick
buried channel fill of “sandy and locally pebbly sediment with rare
plant fragments” overlying Cretaceous bedrock at the Arco Smok-
ing Hills A-23 well site (Figs. 1b; 69.36833�N; 126.34167�W). Our
re-examination of both the petroleum well log and the archival
washed cuttings questions aspects of their interpretation. From
surface down to 330’ (100 m) the cuttings are mostly subangular to
angular lithic sand and gravel-sized (�1.2 cm diameter) sandstone
(multiple colours and grain sizes) and black and red chert. Lithol-
ogies such as dolomite, limestone and ironstone are unrecognized,
but may be present in small amounts. Part of the angularity of the
larger fragments likely reflects the drilling process. However, the
overall nature of the material is characteristic of well cuttings of
glacial diamict washed over a shaker table, i.e., there is not the
degree of rounding expected in a far-travelled fluvial deposit, as
might be suspected for an ancient buried channel crossing the
upper plateau surface. Between 100 and 145 m depth, the chip
records reveal more fine grained quartz sand, coal/bitumen, rare
plant and shell fragments, shale and siltstone material character-
istic of a mix of Mason River and other local Cretaceous bedrock
material (Yorath et al., 1975). So, rather than a buried channel, the
A-23 well site, which is situated about 200 m away from the
confluence of 2 streams, appears to coincide with a 145 m com-
bined colluvial and glacial valley fill, possibly a hummocky ridge.

Mathews et al. (1989) also identified what they called the
“swale” as a broad erosional valley (~275-200 m asl; Fig. 1c), sug-
gesting it was likely a major tributary, if not the original head of the



Fig. 2. Examples of the modern and historical geomorphology of the study area: a) braided river floodplain and adjacent badlands (West River); b) steep-walled tributary valleys
and gullied bedrock with localised badlands (west of Horton River); c) translational to rotational landslide in Cretaceous bedrock overlain by Quaternary deposits on the Franklin
Bay coast; bocannes in the lower slopes; d) small translational landslide that has delivered fragmented bedrock blocks and Quaternary deposits to the floor of a small Horton River
tributary valley; e) active layer detachments slides west of Franklin Bay; f) large translational landslide developed below a Smoking Hills Formation headwall exposure (lower
Horton River); g) landslide in f (above) that has disaggregated downslope and developed into a debris flow. Note the development of active and former bocanne sites marked by
colourful clinker deposits; h) extensive retrogressive thaw flow slides triggered by active layer detachments and exposure of buried glacier ice, visible in the headwalls of failure
scarps, west of Franklin Bay.
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lower Horton Valley. Based on review of ArcticDEM imagery (Porter
et al., 2018) and field investigations we question this interpretation.
Instead we argue that the larger valley formwas created by glaciers
funnelling westward from Franklin Bay, and that the most promi-
nent feature of “the swale” is an ice-contact glacial spillway which
has deeply incised the bedrock landscape 40e100 m below the
200 m asl level. A second ice-contact spillway in the same general
area, flows northward, sub-parallel to the Franklin Bay coast
(Fig. 1c; MWC).

4.1.2.2. Interpretation. The Tertiary (Neogene) fluvial (probable
Beaufort Formation) origin of Yorath et al.’s (1969, 1975) “plateau-
cap fluvial sediments” is questionable for several reasons. First,
Mathews et al. (1989), in a palynological study of gravel deposits at
two sites along the plateau rim, recognised a Pleistocene intergla-
cial flora, placing them much younger than the age range previ-
ously proposed for Beaufort Formation deposits. They also note the
absence of pollen of hardwoods, typically associated with Beaufort
Formation sediments in the Arctic Islands (Hills, 1969). Second,
clast form data and the presence of faceted and striated clasts
strongly suggest a glacifluvial input, whereby local tills have been
transported short distances (Figs. 3e and 4b). Third, Mathews et al.
(1989) indicated that the lateral extent of the plateau-cap sedi-
ments was difficult to ascertain, and that precise delimitation
beyond that originally proposed by Yorath et al. (1975) would
7

require much more detailed mapping. Indeed, Klassen (1971) did
not identify these upland gravel deposits on his surficial geology
map of the area, characterizing the cover instead as bedrock and
hummocky terrain (till and in parts gravel). Our comprehensive
fieldwork demonstrates that the aerial extent of these plateau
gravel deposits, particularly along the broad western arc extending
from Horton River to Anderson River, and also the arc extending
eastward of the Horton River, is considerably less than was illus-
trated by Yorath et al. (1975; Figs. 1b (unit Nb), 5). Where pervasive
cover was depicted in the western arc, we found instead wide-
spread weathered residuum of Mason River bedrock and a
discontinuous veneer, locally up to blanket cover (>2 m thick), of
thermokarsted glacial sediments, both of which have been in places
glacially streamlined. Within the western arc, actual glacifluvial
sand and gravel deposits are isolated (2e5 m thick), and include
terraces prograding not only northwestward, but also southwest-
ward as a series of descending kame terraces fed by ice-contact
streams cutting laterally across slope (Fig. 5, white arrow). In the
eastern arc (east of Horton River; Fig. 1b), similar features trend
southeast into the West River and Coal Creek basins. The aerial
extents mapped by Yorath et al. (1975) largely mimic the bounds of
more indurated ferruginous shale beds of the middle member and
siliceous and ferruginous shale beds of the lower member of the
Mason River Formation (Yorath et al., 1975), particularly along the
more dissected north margin of the western arc (Fig. 5). It appears
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Fig. 3. Plateau gravel deposits (“Beaufort Formation”) and landforms: a) typical orange-stained gravel cover (5e10 m thick) overlying pale Mason River Formation grey shale and
mudstone; view looking north, Horton River at right; b) ground view of gravel surface; sample site 18SUV018; c) and d) typical exposures and clast sizes; note, d) shows collection of
pebbles, cobbles, and small boulders (beside pail) from a sieved (<2 mm) sample collection e 18SUV522; e) glacially faceted quartzite clast with surface striae. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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that the “softer” texture of this weathered bedrock residuum on
aerial photographs and the ArcticDEM imagery (Fig. 5) largely
conforms to the bounds delineated by these resistant beds. Along
the southern margin of the western arc, the bounds of the lower
8

member resistant beds also broadly parallel the geological contact
between the Mason River and Smoking Hills formations, support-
ing a topographic (resistant bed) association.

The extents of thick (5 to �20 m), orange-stained gravel and
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Fig. 4. Plateau gravel deposit (“Beaufort Formation”) clast form and lithology data: a) roundness data histograms, clast shape ternary plots and clast lithology pie charts; b) co-
variance graphs for the clast form data.
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Fig. 5. Extents of the western arc of probable “Beaufort Formation” plateau gravel delineated by Yorath et al. (1975) and those of the Mason River (Km) e Smoking Hills (Ks)
formations geological contact (Okulitch and Irwin, 2017). Many of the crenulated northern margins are defined by more indurated Mason River beds. Sites 518 (see Figs. 3b) and 520
mark sample sites from isolated glacifluvial terraces accordant with a southward retreating ice margin. Site 519 marks a kame terrace, one of several preserved at different ele-
vations along these south-facing slopes. These, and lateral meltwater channels (e.g. white arrow) that cut laterally across interfluves, record a southward and descending glacier
profile. Base image is an ArcticDEM hillshade model (Porter et al., 2018).
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sand paralleling the west side of the Horton River valley, north of
the western arc (Figs. 3 and 5), are closer to those demarcated by
Yorath et al. (1975), but even here deposits are more discontinuous
and laterally less extensive (again apparently including the resis-
tant Mason River Formation beds). Similar gravel deposits are also
found along the eastern edge of the Horton River valley in the area
opposite the western arc (Mathews et al., 1989). It is readily
apparent to us that the gravel deposits bordering the lower Horton
River valley geomorphologically correspond to ice-contact kame
and outwash terrace deposits, prograding northwestward (Figs. 1b
and 3).

Yorath et al.’s (1969, 1975) plateau cap gravels have also, we
argue (Smith and Evans, 2018), been incorrectly contextually linked
with gravel deposits at the base of section HR 1 that lies at much
lower altitudes in the landscape (172e178 m asl) compared to
280e340 m asl for “Beaufort Formation” extents 15e20 km
northwest of this site (Fig. 5; Fulton and Klassen, 1969; Vincent,
1988, 1991; Matthews and Ovenden, 1990; Duk-Rodkin and
Hughes, 1994; Barendregt and Duk-Rodkin, 2004; Duk-Rodkin
et al., 2004; Duk-Rodkin and Barendregt, 2011). Faceted and rare
striated clasts were found by us in the basal gravels at the HR 1 and
HR 2 sections (and others in this drainage basin). Also, while it may
not require direct glacifluvial deposition, the lithological makeup of
these basal gravels requires glacial transport of erratic bedrock
materials from the east and, at a minimum, local fluvial reworking
of glacial materials. We will argue below that the basal gravels at
sections HR 1 and 2 must have infilled pre-existing valleys that
drained eastward into a proto Horton River, and that the plateau
(“Beaufort Formation”) gravels are instead a much later (and un-
related) glacial deposit.

4.1.3. Glacial geomorphology

4.1.3.1. Description and previous interpretations. The glacial land-
forms identified at a regional scale (Fig. 6a and b) comprise two
major components; hummocky ice-cored terrain, and fluted or
streamlined terrain. The hummocky ice-cored terrain comprises
10
broadly arcuate assemblages of discontinuous hummocky ridge
chains and intervening, mostly water-filled, depressions (Fig. 7).
The outermost (distal) edge of each arcuate hummock assemblage
is demarcated by distinctly more continuous, sharp-crested and
narrower ridges (Fig. 7d). Outwash fans emanate from the outer-
most hummocky moraine arcs and coalesce to form linear, terraced
sandar in adjacent valleys; a prominent example of such terraced
outwash occurs at the re-entrant between the Franklin Bay and
Horton River hummocky moraine arcs (Fig. 8). Within the hum-
mocks, more continuous and locally sinuous ridges are conspicuous
where their crests are orientated obliquely to those of hummocky
ridge chains. These features are interpreted as eskers, especially
where they converge on, or coincide with, large meltwater
channels.

A retrogressive thaw flow slide in the lower Anderson River area
exposes a ~250 mwide, 8 m high headwall of debris-rich, stratified
ice facies and provides important information on the role and
persistence of buried glacier ice in the study region (section AR 2;
Fig. 9; 69.02901�N; �128.23679�W). This ice is entirely character-
istic of buried glacier ice (cf. Kaplyanskaya and Tarnogradskiy,1986;
Astakhov and Isayeva, 1988; Astakhov et al., 1996; Ing�olfsson and
Lokrantz, 2003; Murton et al., 2004, 2005; Lacelle et al., 2007)
and the stratification is cross-cut by numerous vertical ice wedges
that have been deformed towards the northwest (obliquely down
valley; see discussion below).

A large number of valleys with underfit streams, and some un-
usual regional drainage patterns, have been interpreted as the
products of glacial meltwater, or the diversion of fluvial drainage by
glacier ice margins. The lower Horton River and the Horton Gap,
because of their unusual pathway, incised perpendicularly through
the Smoking Hills uplands and lying sub-parallel to the Franklin Bay
coast (Figs. 1c, 6b and 10), has traditionally been regarded as a
glacially diverted course, formed at least partially between
uncoupling Great Bear Lake/Liverpool Bay and Amundsen Gulf ice
lobes (Mackay, 1958; Mathews et al., 1989; Brown et al., 2011).

A prominent assemblage of inset sinuous meltwater channels
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(that incise east to west; ~217 m asl at the western side of the main
channel) coincides with a hummocky moraine arc in the lower
Horton River, immediately downstream from the confluence with
the West River (Fig. 11). Mackay (1958) and Mathews et al. (1989)
associated this system of channels with a large single, sinuous
abandoned channel that cuts across a relatively low part of the
upland between the Horton Gap and the West River valley to the
southwest (hereby named the “West River interfluve channel”,
WRIC; Figs. 6b and 7c), constituting what they regarded as a former
ice limit in an unglaciated enclave/re-entrant between the Great
Bear Lake/Liverpool Bay and Amundsen Gulf ice margins. Flow
through the WRIC was southward as the channel descends from
~212 m asl at its north end to 180 m asl at its south. Detailed
topographic and geomorphic analysis using the ArcticDEM imagery
(Porter et al., 2018) reveals that the sinuous channels on the east
side of Horton River formed south to north along an impounding
ice margin, indicating that these features mark the local uncoupling
of southeastward retreating Great Bear Lake ice (forming the
prominent inset hummocky moraine arcs), and northward
retreating cold-based or possibly stagnating Amundsen Gulf ice
that formed extensive uplands cored by buried glacial ice (Figs. 2h,
6b and 10).

Prominent depositional terraces occur on the valley sides of the
Horton River immediately south of the Horton Gap at altitudes of
ca. 200 and 160 m (Figs. 6b and 11a, c). Several exposures through
deposits at these elevations reveal thick sequences (�20 m) of
rhythmically bedded sands, silts and clays, containing zones of
climbing ripple drift, convolute lamination, and localised dropstone
clusters, indicative of glacilacustrine sedimentation.
4.1.3.2. Interpretation. The hummocky ice-cored and streamlined
terrain assemblages observed in the study region have been
Fig. 6. Geomorphology maps annotated atop hillshaded ArcticDEM maps: a) the broader
Anderson river drainage basins to Franklin and Liverpool bays. Black lines represent mor
flowsets) and blue dashed lines represent selected major meltwater channels. Stratigraphic s
triangle symbols. Green shaded areas in south of image are unresolved data patches in
interpretation of the references to colour in this figure legend, the reader is referred to the
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previously interpreted as moraine belts and employed to demar-
cate regional ice sheet marginal positions (Fig. 1b; Mackay, 1958;
Klassen, 1971; Rampton, 1981; Vincent, 1984; Hughes, 1987;
Rampton, 1988; Mathews et al., 1989), representative of either
glacial stages and/or readvances. The moraine patterns we observe
are interpreted to display ice recession and uncoupling of two
major ice margins (see inferred ice margins on Fig. 6b), one
receding northeastwards into Franklin Bay and the other receding
south and eastwards towards Great Bear Lake. A third recessional
sequence forms inset moraine arcs in the Mason River drainage
basin and relates to the receding margin of the Liverpool Bay
(Mackenzie lobe) ice.

Areas of fluted or streamlined terrain occur between the hum-
mocky moraine arcs (Fig. 12) and have been previously interpreted
as subglacial bedforms (Mackay, 1958; Hughes, 1987; Rampton,
1988; Stokes et al., 2006, 2009; Brown et al., 2011). Orientation
patterns represent ice flowsets (sensu Clark, 1997) that occupy and
emanate from the 3 different basins discussed above (Fig. 6a and b).

An important characteristic of the streamlined landforms is the
occurrence of kettle holes in many examples (e.g. Fig. 7a), where it
is clear that underlying ice has melted out. These hummocky as-
semblages often contain exposures of buried glacier ice in the
headwalls of widespread retrogressive thaw flow slides, activated
by modern climate warming (Fig. 2h; cf. Segal et al., 2016; Rudy
et al., 2017; Kokelj et al., 2020). Buried ice underlying surficial
materials is documented more regionally in seismic shothole
drillers’ log records (Smith and Lesk-Winfield, 2012). The wide-
spread occurrence of retrogressive thaw flow slides, has been used
to propose ice-cored moraine development at a regional scale for
arcuate assemblages of discontinuous ridge chains and intervening
depressions (cf. St-Onge and McMartin, 1995, 1999; Dyke and
Savelle, 2000; Dyke and Evans, 2003; Evans, 2009). Where such
study region extending from the Melville Hills uplands west through the Horton and
aine ridges, green lines portray subglacially streamlined terrain (fluting and drumlin
ections are located by numbered circle symbols. Plateau gravel samples are shownwith
ArcticDEM; b) detailed map of the lower Horton River and Smoking Hills area. (For
Web version of this article.)
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Fig. 6. (continued).
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features develop at modern glacier margins they are termed
“moraine mound complexes” (cf. Glasser and Hambrey, 2003) and
they can be seen to relate directly to the formation of controlled
moraine on debris-charged, polythermal and polar ice margins
(Evans, 2009). Hence the moraine arcs that record the last phase of
ice recession from the region represent polythermal or possibly
cold/polar glacier margins. The occurrence of more continuous,
sharp crested ridges at the outer margins of individual hummocky
controlled moraine arcs appear to represent the limit of readvances
by debris-charged snouts, because they resemble push moraines
rather than supraglacial deposits (cf. Dyke and Evans, 2003). The
outwash fans emanating from the outermost hummocks within the
ice-cored moraine clearly have been fed by meltwater produced by
themelting of ice cores and are hence supraglacial in origin. As such
these glacifluvial outwash landforms constitute hochsandur fans
(sensu Heim, 1983, 1992; Krüger, 1997; Kjaer et al., 2004), which
have previously been associated with debris-covered temperate
12
glaciers in Iceland but as they are proglacial depo-centres fed
directly by supraglacial streams, it should not be surprising to
observe them in large numbers around controlledmoraine margins
in cold polythermal settings.

In contrast to the ice-cored moraines, the areas of glacially
streamlined terrain attest to subglacial sliding/deformation or
temperate basal ice conditions (cf. Dyke and Evans, 2003) and
regionally record multiple ice flow directions (cf. Mackay, 1958;
Hughes, 1987; Rampton, 1988; Stokes et al., 2006, 2009; Brown
et al., 2011). Together, the two landform components represent a
landsystem imprint of sequentially less extensive and increasingly
polythermal, lobate ice sheet margin retreat (cf. Dyke and Evans,
2003). The regional pattern of subglacial flowsets record ice
stream operation over the region when ice flow units from the
different source areas were coalescent but alternately dominant;
this interpretation incorporates shear directional indicators in
multiple tills as presented below. These overprinted flow events
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Fig. 7. Hummocky ice-cored terrain and associated features. See Fig. 1a for figure locations: a) ArcticDEM hillshade image of inset sequence of broadly arcuate assemblages of
discontinuous hummocky ridge chains and intervening, mostly water-filled depressions related to the recession of an ice margin northwards into southern Franklin Bay; b)
ArcticDEM hillshade image of a prominent, heavily-kettled margin and an assemblage of discontinuous hummocky ridge chains with kettled outwash fans emanating from re-
entrants in the former ice margin. Ice recession was towards the south and southeast; c) ArcticDEM hillshade image of heavily kettled assemblage of discontinuous hummocky
ridge chains trending across the upland (interfluve) between the West River and the Horton River at Horton Gap (ice recession towards southeast). The large, sinuous and
abandoned channel (“West River interfluve channel”, WRIC) runs along and partially through the hummock belt, descending north to south; d) aerial photograph stereo-triplicate of
an example of a relatively continuous, sharp-crested and narrower ridge lying at the distal edge of an arcuate hummock assemblage south of Franklin Bay (A13784 147e149).
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Fig. 7. (continued).
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Fig. 8. Annotated Google Earth image of outwash fans emerging from kettled hummocky moraine and coalescing to form linear, terraced sandar (see also Figs. 1a and 6b for
location).
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include a phase of coalescence and vigorous flow northwestward
toward the mouth of Amundsen Gulf (cf. Stokes et al., 2006; Brown
et al., 2011), as well as west-southwesterly flow during Amundsen
Gulf ice dominance and northeasterly flow during Liverpool Bay ice
dominance (see Discussion for a regional reconstruction using all
data sources). Kettled/pitted flutings (Fig. 9a) are similar to the ice-
cored drumlins reported from recently deglaciated forelands in
Iceland (cf. Schomacker et al., 2006; Evans et al., 2007), where such
features are related to repeated glacier surges over buried snout
remnants in regions of sporadic permafrost. In areas of continuous
permafrost, such as the Smoking Hills region, the occurrence of
melting ice beneath subglacial bedforms argues for the preserva-
tion of large areas of former LIS margins, entombed within
permafrost (Rampton, 1988; St-Onge and McMartin, 1995; Dyke
and Evans, 2003; Lacelle et al., 2018; Coulombe et al., 2019) and
then overrun by the continued glacier advance. This is consistent
with the Anderson River site (AR 2; Figs. 6a and 9), where defor-
mation of formerly vertical ice wedges in an oblique down-valley
direction, is aligned with streamlined landforms and other ice
flow directional indicators in the immediate vicinity. Subglacial
deformation and shear, usually associated with underlying till de-
posits (Evans, 2018), was in this case carried into the underlying
relict glacial ice to form permafrost glacitectonite (Astakhov et al.,
1996; Waller et al., 2009).

This buried old glacier ice site may well be unique in the record
it preserves. In Arctic Canada, only sites in Yukon have demon-
strated preservation of “old” (pre-Late Wisconsinan) ice wedges
and massive segregated ice (cf. Lacelle et al., 2007; Froese et al.,
15
2008). Pending future detailed field investigation, the following is
proposed as a reconstruction of the Anderson River site. At some
point prior to the last (Wisconsinan) glaciation, a large mass of
clast-rich, foliated glacier ice stagnated, becoming buried below an
insulating carapace of glacial sediment. Local permafrost conditions
led to the formation of vertical icewedges (present forms estimated
�6 m deep, and 1.5 m in maximum width). The site then experi-
enced a warming, leading to a thickening of the active layer,
resulting in a prominent thermal unconformity with an undulatory
basal contact that truncated the upper parts of ice wedges across
the entire slump exposure (Fig. 9). We have insufficient information
to assess whether the thermal unconformity formed in a subaerial
environment, or whether it actually records subglacial thermal
erosion from a “warm-based” ice sheet. However, subsequent to (or
coeval with) the thermal unconformity, all of the ice wedges were
deformed obliquely down-valley, in parallel with the adjacent
pitted flutings that are accordant with reconstructed Late Wis-
consinan ice flow (Figs. 6a and 9). One larger ice wedge is partic-
ularly intriguing, as it appears to show evidence of an initial
thermal unconformity, then larger-scale simple drag folding,
together with the surrounding buried glacial ice, followed by
continued thermal erosion of the upper parts of the now horizon-
tally deformed wedge structure (Fig. 9c and d). Although the
overriding glacier ice deformed the icewedges and created flutings,
its thermal characteristics were not conducive to complete melting
of the underlying “old” glacier ice. Instead, it became coupled with
the near-surface ice to form a shearing interface (glacitectonite;
Astakhov et al., 1996;Waller et al., 2009; Evans, 2018), withinwhich
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Fig. 9. Buried, pre-Late Wisconsinan glacier ice exposure in the lower Anderson River area (site AR 2 in Fig. 6a). Lower panoramic photo and sketch shows the broader architecture
(~8 m high, 250 m across), with yellow broken line highlighting a thermal unconformity. Upper detailed photographs are from the boxed areas illustrated on the sketch. a) an-
notated ArcticDEM hillshade image showing oblique, southward looking view of two adjacent pitted flutings (3 km long) just north of the buried ice exposure; b) exposure of 6 m
long, thermally truncated ice wedge deformed down-flow; base of thermal unconformity coincides with aggradational ice lens formed later as permafrost aggraded upwards into
overlying debris (NRCan photo #2020-947); c) exposure of 5 thermally truncated and deformed ice wedges (including that in Fig. 9b e outlined by box); d) detail of widest (~1.5 m)
ice wedge seen, and the anti-clockwise deformation of the ice wedge and thermal unconformity, up and over the thermal unconformity boundary and 2 ice wedges to the left
(northwest; NRCan photo #2020-948). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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streamlining (flute construction) was undertaken, thereby
explaining ice-core melt-out in the adjacent pitted flutings. Post-
deformation, horizontal aggradational ice lenses (cf. Mackay,
1972; Burn, 1988, Fig. 9b) mark both sediment accumulation over
the upper surface and a vertical migration of the base of the active
layer upwards. No syngenetic upward ice wedge or ice veinlet
growth was observed above any of the deformed ice wedges (cf.
Mackay, 1990).

Meltwater channels in the region document ice-marginal
drainage as a consequence of the development of cold-based
glacier sub-marginal conditions (cf. Dyke, 1993) and associated
with widespread controlled moraine construction during
16
deglaciation. Thewesterly ice-marginal drainage from themultiple,
inset sinuous meltwater channels and hummocky moraine in the
lower Horton River (Fig. 11a and b) across to the West River inter-
fluve channel (WRIC; Figs. 6b and 7c), as proposed by Mathews
et al. (1989), would imply that the Horton River valley either did
not exist or had been filled with sediment; otherwise drainage
would have been northwards and not through the WRIC. However,
the presence of fluvial gravel sequences at the base of sections HR 1
and 2 (~170 m asl) clearly indicate that streams in this side valley
were draining eastward into a northward flowing proto-Horton
River channel below the level of the sinuous meltwater channels
and theWRIC. Hence, it seems most likely that theWRIC is a glacial
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Fig. 10. ArcticDEM hillshade image showing the meanders of the lower Horton River
and its unusual incised pathway along the uplands lying sub-parallel to the Franklin
Bay coast, through which the river has created a breach to form the Horton delta
(Google Earth image inset). Also demarcated is an area of ice-cored hummocky
moraine that gives rise to the extensive retrogressive thaw flow slides and buried
glacier ice exposures above Franklin Bay (see Fig. 2h).
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lake spillway, albeit between two prominent ice margins, the
southernmost of which is defined by a hummocky moraine belt, an
interpretation that would explain a single drainage pathway and its
altitude in relation to glacilacustrine deposits in terraces up to
200 m asl south of Horton Gap (Figs. 6b and 11c). To the north, the
lower Horton River valley had to have been blocked by either
Amundsen Gulf (Franklin Bay) or a confluence of Amundsen Gulf
and Liverpool Bay ice margins (see Discussion for a regional
reconstruction).

4.2. Sediments and stratigraphy

4.2.1. Section HR 1 (69.199407�N; �127.021966�W)

4.2.1.1. Description. First reported by Klassen (Fulton and Klassen,
1969), this exposure occurs along a river cut bank stretching
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>1 km along an unnamed western tributary to the lower Horton
River (Figs. 5 and 6a) and reveals a thickness of up to 58 m of un-
consolidated deposits and bedrock intraclasts (rafts). Our vertical
profile log is a composite of a new lithostratigraphic analysis of the
previously reported main section as well as a more accessible and
better preserved part of the upper stratigraphy located 100 m up-
stream (Figs. 6 and 13).

Lithofacies (LF) 1e3 comprise a sequence of flat-lying gravel
units containing organic lenses (Figs. 13 and 14a-c), overlying
Smoking Hills Formation bedrock (containing conspicuous yellow
jarosite beds (KFe3(OH)6(SO4)2); Yorath et al., 1975). The�3m thick
planar and horizontally bedded gravels and cobble lags of LF1
display strong northeastward imbrication (~26�) and an overall
eastward-draining thalweg, and coarsen upwards to an erosional
contact with the overlying, �1 m thick, matrix-supported gravels
and boulder gravels of LF2. These are in turn conformably overlain
by LF3, which comprises a �4 m thick, fining upwards sequence of
massive and horizontally bedded gravels to planar bedded sands
with gravel lags. Clast form data from LF1 and 2 reveal low angu-
larity (RA ¼ 0; AvR ¼ 2.76) and low to medium C40 values (26 and
44%, respectively), as well as important numbers of striated clasts
(8e16%) and some large faceted boulders.

Overlying LF1-3 is up to 50 m of diamicton with bedrock
intraclasts (rafts), classified as LF4 but sub-divided according to
internal structure and texture as well as relationships with the
thickest and most laterally extensive rafts (Fig. 13). The lowest part
of LF4 comprises 0.4e1.2 m thick beds of dark grey (5Y 4/1) massive
or pseudo-laminated, matrix-supported diamicton (highly fissile in
its upper 0.20 m), separated by� 0.75 m thick intraclasts of poorly-
consolidated Cretaceous mudstone, siltstone, or sandstone that
pinch and swell laterally and in places pinch out completely
(Fig. 14d). This sequence is classified LF4a and is separated from
underlying LF3 by a 1.25 m thick m�elange zone. This m�elange
comprises two sub-zones: i) a lower 1.1m zone of deformed planar-
bedded sands and silts that display cross-cutting reverse and
normal faults (reidel shears) and attenuated or pinched beds; and
ii) an upper zone (0.15 m thick) of highly deformed sands and silts
displaying no recognizable internal bedding or bedforms and cross-
cut by densely-spaced, anastomosing partings/fractures. The two
sub-zones respectively resemble the m�elange types Mt I and Mt IV
of Cowan (1985; cf. Evans, 2018, Fig. 14e). The top of LF4a is sepa-
rated from overlying LF4b by a �3 m thick and laterally continuous
intraclast of laminated mudstone. This mudstone is friable and
displays prominent rhythmic laminations of alternating clay and
fine silt lamina (Fig. 14f). The clay lamina display weak lithification,
while the silt lamina display generally none. Numerous spheroidal
selenite (gypsum) concretions (�25 cm diameter) occur within this
mudstone and it is also characterised by densely spaced anasto-
mosing partings/fractures, giving it a prominent fissility. Selenite
was identified by Yorath et al. (1975) to occur in the upper beds of
the Horton River Formation and in the lower Smoking Hills For-
mation. Palynological analyses of this rafted bedrock identify it as
Albian in age, confirming a Horton River Formation classification
(Supplementary data S5). The Horton River Formation outcrops
extensively immediately east and south of this site (Fig. 1b). Clast
macrofabrics from lower and upper LF4a reveal mean lineation
azimuths of 064� (S1 ¼ 0.72) and 111� (S1 ¼ 0.58), respectively
(Fig. 13). Clast form data indicate a vertical contrast in roundness
between lower and upper LF4a, with the RA increasing from 4 to
26% and AvR decreasing from 2.50-1.94. Striated clasts in LF4a
range from 4 to 14%.

The mudstone raft is overlain by the thickest diamicton within
LF4, which is � 28.3 m thick, greyish brown to dark greyish brown
(2.5Y 5/2; 10 YR 4/2) and classified as LF4b. It is composed of
pseudo-laminated to massive and in places highly fissile, matrix-
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Fig. 11. Meltwater and glacial lake features of the lower Horton River: a) oblique northward view ArcticDEM hillshade image, and b) helicopter view from the west of the prominent
inset sinuous meltwater channels; c) evidence of glacial lake sedimentation in the lower Horton River valley: main image shows prominent depositional terrace at 160 m asl located
immediately south of the Horton Gap; inset images show details of exposures through rhythmically bedded sands, silts and clays, climbing ripple drift and dropstones (see Fig. 6b,
site L, for location).
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Fig. 12. ArcticDEM hillshade images showing typical fluted terrain of the study region. See Fig. 1a for locations: a) streamlined bed of the former Liverpool Bay ice stream between
Husky Lakes and the lower Anderson River; b) subtle streamlining of the former bed of the Amundsen Gulf ice lobe produced during its incursion into the Bekere Lake area,
southwest of the Horton River.
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supported diamicton, with pseudo-lamination occurring in the
basal 8 m and upper 6 m (Fig. 13). The basal contact with the un-
derlying mudstone raft is erosional and cross-cuts the rhythmic
laminations, which themselves are attenuated and pinched to form
boudinage typical of a Type I m�elange (sensu Cowan, 1985; cf.
Evans, 2018, Fig. 14g). The basal 8 m of LF4b is clast poor (<5% by
weight) and appears pseudo-laminated or banded because of in-
ternal sub-horizontal structures, which comprise partings,
stringers and wisps of black and light grey coloured mudstone, and
dense fissility (Fig. 15). Above this pseudo-laminated zone is a 13 m
thick zone of massive, matrix-supported diamicton (Dmm), within
which clasts are predominantly small pebble-sized (4e65 mm) and
sparsely distributed. The matrix is largely a dark grey to black
sandy-silt, with high (~40%) very-fine silt and clay (<8 mm) contents
(Fig.13b, Supplementary data S2). A clast macrofabric from the base
of this Dmm zone reveals a mean lineation azimuth of 070�

(S1 ¼ 0.50) and with clast form characteristics (RA ¼ 30%;
C40 ¼ 38%; AvR ¼ 2.06; 6% striated clasts) similar to those of the
upper part of underlying LF4a. The uppermost 6 m of LF4b appears
pseudo-laminated but, unlike the basal 8 m, it is less fissile and
contains downward-tapering, sand-filled clastic dykes up to 1.7 m
long. A clast macrofabric from this area of LF4b displays a mean
lineation azimuth of 266� (S1 ¼ 0.58) and contains an unusually
high number (28%) of striated clasts (Fig. 13).

The uppermost boundary of LF4b is characterised by a 1.2 m
thick zone of interbedding with an overlying large intraclast/
bedrock raft. This zone comprises Dmmwith truncated sand dykes
lying either side of brecciated sandstone with a mudstone matrix.
Combinations of poorly-consolidated sandstone and mudstone
rafts are then repeated in an overlying 6 m of stacked units dis-
playing various styles of mixing and deformation and separated by
erosional, and in places faulted, contacts (Fig. 16). The mudstone
and sandstone rafts appear interbedded in at least two, less
deformed units, indicating that this is their primary stratigraphic
relationship. A further 1 m thick unit of grey-coloured, cross-
bedded sand displays numerous low angled reverse (thrust) faults,
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indicative of westerly-directed stress. This sand appears to be
entirely unlithified and could be derived from local bedrock or
simply be unconsolidated sediments of unknown derivation.
Where deformed, the mudstone and sandstone interbedding dis-
plays a range of m�elange patterns from Types I through to IV (sensu
Cowan, 1985; cf. Evans, 2018). Within the main exposure, this
bedrock raft unit is thickest (6 m) at the eastern edge, and thins to
~2 m at the western side.

The 6 m thick sandstone and mudstone raft is extensively
truncated by a �30 cm thick poorly-lithified shale/mudstone that
has a broad Late Jurassic to late Albian palynological age (Horton
River or Langton Bay formations; see Supplementary data S5), and
the overlying LF4c, which comprises a pseudo-laminated (banded)
to massive, matrix-supported diamicton (Dml/Dmm) with few,
small clasts (4e7% byweight) andwood fragments (Figs.16 and 17).
Pseudo-lamination is imparted by colour banding, especially
prominent due to the contrasts between discontinuous bands,
stringers andwisps of dark grey to blackmudstone-rich and light to
dark brown sand-rich material; this is effectively an almost
homogenised Type IVm�elange (sensu Cowan,1985; cf. Evans, 2018).
Clast macrofabrics taken from the lower, middle and upper parts of
LF4c indicate a consistent east-northeasterly dipping signature
(053e086�; S1 ¼ 0.58e0.66) with sub-angular clast form charac-
teristics (RA¼ 40e50%; C40¼ 34e36%; AvR¼ 1.68e1.76) and small
numbers (2e6%) of striated clasts (Fig. 13).

The uppermost 2 m of section HR 1 is characterised by a
convolute bedded m�elange composed of highly contorted lenses
and pods of diamicton and poorly-sorted gravel. These deposits are
manifest on the land surface as patterned ground features such as
non-sorted hummocks and sorted to non-sorted polygons.

Clast lithological samples (Fig. 13b) reveal a dominance of chert
in all diamictons (samples CL1-CL5) and in the gravels of LF1
(sample CL6). Note, clasts classified as chert contain a small per-
centage of grey-green argillites which are not easily distinguished
and share similar colour and fracture patterns to regional chert
bedrock. Also prominent are sandstone and quartzite and a vertical
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Fig. 13. Vertical (composite) profile log of section HR 1 with relevant data: a) lithofacies types and classifications, clast macrofabric and form data; b) basic log with clast lithological, geochemical and grain size data (see also Sup-
plementary data 2) for the diamictons and basal sandy-gravel. For data plotting conventions see methods section. Labels CL1-CL6 and G1-G6 are locations of clast lithological and geochemical samples, respectively (see Supplementary
data S2).
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Fig. 14. Characteristics of lithofacies types LF1-4b: a) LF1, showing large, faceted outsized boulder; b) LF2 matrix-supported cobble to boulder gravel, with imbrication indicative of a
palaeocurrent flowing towards the northwest; c) upper LF3, showing nature of upward fining and gravel lag horizons; d) contact between the base of LF4a and underlying m�elange
types IV and I; e) LF4a, showing attenuated bedrock rafts within pseudo-laminated diamicton (Dml); f) laminations in poorly-consolidated mudrock (bedrock) raft lying between
LF4a and 4b, showing spheroidal selenite (gypsum) concretion and densely fissile structure; g) contact between mudrock raft and overlying LF4b, showing attenuation and
boudinage of mudrock laminations to form zone of Type I m�elange.
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increase in dolomite. Lithologies noticeably absent from the LF1
gravels but apparent in small quantities (�1 and up to 2%) in all the
overlying diamictons are granitic material and limestone. Duk-
Rodkin et al. (2004) and Duk-Rodkin and Barendregt (2011)
maintain that granites are only found in the very uppermost till
veneer (overlying what we have described as a cryoturbated
m�elange) and as surface boulders. Vincent (1988), however, also
noted the presence of granitic (and gabbroic) erratic material in
both the lowermost 10m of diamicton (our LF4aþ lower LF4b), and
through the upper diamictons (LF4c). As discussed, clast content of
the diamictons, particularly larger pebble and cobble-sized mate-
rial are sparse through much of this thick stratigraphic section. Our
clast lithology compilations have benefitted from those conducted
previously by the bulk sediment sieving and oxalic acid pre-
treatments, which has enabled the inspection of larger populations
of finer pebble and even granule-sized (2e4mm)material. Without
question though, Canadian Shield-derived granitic clasts occur
22
sparsely in all diamicton samples overlying the basal sands and
gravels (grouped into lithofacies association LFA1; Fig. 13b).

The geochemical signatures of the diamictons (G1-G6, Fig. 13b,
Supplementary data S2) indicatemostly subtle differences between
lithofacies, but of note is the relatively higher concentration of most
trace metals in lower LF4a compared to the overlying diamictons
(e.g. Mo, Cu, Zn, As, U, Cd, Sb, V, Ba). This constitutes an abrupt
vertical change in geochemical signature, with samples at various
heights in lithofacies LF4b being virtually indistinguishable. High
metal concentrations are characteristic of the local Smoking Hills
Formation bedrock (Grasby et al., 2019) which immediately floors
this stratigraphic section. The uppermost diamicton (LF4c) is
distinguishable by its relatively higher calcite and dolomite content
(and accordingly, higher Ca and Mg contents), grain sizes charac-
terised by relatively higher sand and lower very fine silt/clay (<8
mm), and a conspicuously lighter colour (2.5Y 4/2) compared to the
underlying darker grey-black diamictons (Supplementary data S2).
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Fig. 15. Characteristics of LF4b: a) uppermost part (40e41 m) of lower zone of pseudo-lamination; b) typical complex, multi-layered wisps/stringers of light coloured mudstone
(bedrock) at the base of the middle Dmm (38e40 m); c) light brown coloured, fine sandy (sandstone?) stringer within densely fissile Dmm (42e43 m). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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4.2.1.2. Interpretation. Section HR 1 is the thickest and most com-
plex stratigraphic exposure in the study area. Strikingly, our iden-
tification of extensive unconsolidated Cretaceous bedrock
intraclasts (rafts), boudinage, and numerous thin, often attenuated
layers of poorly consolidated bedrock throughout this section has
not been identified previously (Fig. 18). Klassen (1968, unpublished
GSC field notebook e reported in Duk-Rodkin et al., 2004) identi-
fied a ~1.5 m thick bed of laminated clay interbedded with light
grey silt, which likely correlates with a prominent bedrock raft
(44e47m depth; Figs.13a,14f and 18), and also a ~2m thick layer of
brown, fissile silt, overlain by dark grey clay with thin interbeds of
peat that correlates to parts of our uppermost bedrock raft
(10e16 m depth; Figs. 13a and 18). Klassen, however, did not affix
relative chronostratigraphic interpretations to these deposits. In all
subsequent studies, the unconsolidated bedrock components that
we identify have either been overlooked, or have been incorrectly
classified as various inter-till/interglacial, lacustrine, palaeosol,
mudflow, and fluvial overbank deposits (Fig. 18; Vincent, 1988,
1991; Barendregt and Duk-Rodkin, 2004; Duk-Rodkin et al., 2004;
Duk-Rodkin and Barendregt, 2011). Similarly, large rafts of poorly
consolidated bedrock were not identified in historical accounts of
stratigraphic sections on Banks Island either (cf. Evans et al., 2014;
Vaughan et al., 2014).

Based upon the new observations presented, the various lith-
ofacies reported here are grouped into two lithofacies associations,
LFAs 1 and 2. LFA1 comprises LF 1e3 in which gravel-bed river
deposits are manifest as cross-bedded gravels and sands, gravel
lags andmatrix-supported gravels and boulder gravels (Figs. 13 and
14a, b). The grain size variability in these deposits, especially the
coarsening-upward sequence of LF1, capped by the poorly sorted
boulder gravels of LF2 and then followed by the fining upwards
sequence in LF3, is typical of rapidly changing discharge. The pre-
dominantly planar to horizontal nature of the cross-bedding is
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indicative of superimposed bars, which were occasionally trun-
cated by the sediment gravity flow deposits (Gms/Bms) of hyper-
concentrated flows. Rare outsized boulders are likely to have been
emplaced by fragmented river icings (aufeis), onto which bank
collapses can introduce anomalously large clasts (Mathews et al.,
1989; Fyles et al., 1994). Organic lenses within LFA1 were likely
introduced in a similar allochthonous way, either by bank collapse
and/or fluvial erosion through pre-existing deposits. The clast
forms of LF 1 and 2 are slightlymore rounded andmore blocky than
those of our High Arctic glacifluvial reference sediments (Fig. 19,
Supplementary data S1) but the occurrence of 8e16% striated clasts
as well as significant numbers of faceted forms and more blocky
shapes indicate that glacigenic deposits were being reworked and
transported short distances to the site. For reasons discussed (li-
thology, imbrication, elevation, continuity with other basal gravel
units), we reject the notion that LFA1 is Beaufort Formation gravels
(sensu stricto), and instead argue that these are either glacifluvial
deposits, or are “local” fluvial deposits that reworked proximal
glacial deposits. The depth of landscape incision, northeastwards
imbrication of clasts, and occurrences at several sites up and down-
valley of HR 1 within the present drainage basin suggests a
meandering thalweg that carried eastward down-valley towards a
proto-lower Horton River drainage. There is no geomorphic or
sedimentological evidence to suggest a buried channel draining
north or west across the bedrock divide into a proto-Anderson
River from this site. Fundamentally, the Cretaceous strata that en-
circles and underlies this drainage basin (Figs. 1b and 5) cannot be
considered the source of the majority of clast lithologies in LFA1.
Instead, the LFA1 deposits conform best to glacifluvial outwash
from an ice margin advancing from the south-southeast.

Also important in reconstructing the palaeoenvironmental his-
tory of this site is an ice wedge pseudomorph in LF3, reported by
Duk-Rodkin and Barendregt (2011) but covered by colluvium
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Fig. 16. Details of the upper raft in section HR 1: left) vertical profile log showing lithofacies characteristics; right) vertical photo log (not to scale) of the main lithofacies
characteristics.
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during this investigation. This feature indicates a period of
permafrost conditions after the deposition of LFA1. This feature was
truncated by the development of the m�elange zone at the top of
LF3, and was indicated by Duk-Rodkin to be infilled by diamictic
material (pers. comm., 2020).

LFA2 comprises LF4 and all its enclosed bedrock intraclasts as
well as the m�elange zone (Mt I and IV) that has been created by the
deformation of the top of LF3. The two sub-zones of the m�elange
are interpreted as glacitectonites (Mgt; sensu Evans et al., 2006;
Evans, 2018), with Mt I and Mt IV representing the Type B (Mgt (b))
and Type A (Mgt (a)) glacitectonite classifications of Benn and
Evans (1996), based on the intensity of deformation and preser-
vation of parent sedimentary structures. Glacitectonite production
occurred during the emplacement of overlying LF4a, which is
interpreted as a subglacial traction till (sensu Evans et al., 2006;
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Evans, 2018) within which rafts of mudstone, shale, siltstone, and
sandstone bedrock have been attenuated after their incorporation
into the subglacial deforming layer (i.e. glacitectonic slices of
Boulton et al., 2001) and subject to prolonged and/or intensive
shear to produce pseudo-lamination (Dml). Less deformed bedrock
rafts separating LF4a-b diamictons, which in themselves range
frommassive to pseudo-laminated and fissile, indicate that a range
of strain signatures are recorded in LFA2. The range of raft atten-
uation, from the internally stacked 6 m thick upper raft (Fig. 16) to
the stringers and wisps of the pseudo-laminated diamictons
(Fig. 17), is indicative of a deformation continuum from bedrock
cannibalisation to homogenization (Hicock and Dreimanis, 1992a,
b; Kozarski and Kasprzak, 1994; Evans, 2000a, b, 2018).

The raft attenuation through to pseudo-lamination within the
diamictons of LFA2, together with zones of dense fissility and
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Fig. 17. Details of the upper stratigraphy at section HR 1 based upon a more accessible outcrop located c.100 m west of the main section face. Inset photographs show the pseudo-
laminated (banded) and clast-poor nature of LF4c.
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consistently well-orientated clast macrofabrics, are all indicative of
subglacial traction till origins (Evans, 2018 and references therein).
With the exception of the fabric from the middle of LF4b, all mac-
rofabric strengths plot within the envelopes of known subglacial
traction tills (upper and lower till envelopes on Fig. 20), with lower
LF4a displaying a strength similar to fissile B horizons. Orientations
display consistently shallow ENE or ESE dips, with the exception of
upper LF4b, which gently dips westerly. These trends demonstrate
that glacial shear stress was predominantly directed from east to
west throughout the emplacement of the sedimentary sequence.
The shallow westerly dip in upper LF4b could represent a pro-
gressive shift in ice flow direction from an Amundsen Gulf lobe to a
Great Bear/Liverpool Bay lobe. It could also reflect localised modi-
fication of an easterly oriented clast fabric brought on by the
emplacement/ploughing of the large bedrock raft above.

Clast form data from LFA2 show similar shapes but higher an-
gularity to those of High Arctic tills (Fig. 19; Supplementary data
S1), although this may simply be reflective of relative lithic
comminution characteristics. A clear vertical trend exists in clast
form co-variance in LFA2 (Fig. 19), with an increase in RA values (i.e.
decreasing roundness). This increasing angularity indicates that the
influence of the immediate substrate (basal gravels of LF1) was
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sequentially diluted after the emplacement of LF4a (till), which had
clearly cannibalised LF1 clasts during glacier overriding. Such
increasing or anomalously elevated angularity trends in tills have
been equated to quarrying in areas of hard bedrock (Evans et al.,
2016; Evans, 2018), and conforms to glacial erosion of harder
regional Ordovician and Devonian strata (Fig. 1b). This is reflected
also in the appearance of granitic material and limestone and an
increase in dolomite in the tills. Limestone clasts, present in the
LF4a and 4b diamicts, are absent in the LF4c units where dolomite
percentages in the diamicton fines (<0.63 mm) are at their highest
(Supplementary data S2). Both the upper two diamicton samples
(G5, G6, Fig. 13; Supplementary data S2) contained only 15 clasts
each >1.6 cm diameter; all the rest used in the clast lithology
compilations were >0.8 cm diameter, and all such sized clasts
recovered were included in the lithic analyses. Scans of the gravel
<0.8 cm revealed no recognizable limestone fragments. The relative
abundance of ironstone, and to a lesser degree, sandstone, in LFA1
are perhaps the strongest indicator of the incorporation of local
bedrock clasts. However, that the clast compositions are otherwise
so broadly similar between the lower gravels and all the overlying
diamictons, further argues for glacifluvial deposition of the basal
gravel, arising from glaciers traversing the same bedrock terrain,
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Fig. 18. Historical lithostratigraphic logs of section HR 1. Klassen's original 1968 field log was reconstructed and presented by Duk-Rodkin et al. (2004), while Vincent's 1988 log is
our reconstruction from his field notebook account and his reported palaeomagnetic measurements. Stratigraphic correlations between logs are made in accordance with our
revised sedimentological interpretations, and units are linked based on specific correlative sedimentological descriptions (e.g. rhythmites of silt and clay) and photographs, dis-
counting previous genetic descriptions. Below, the stacked marine d18O isotopic record of Lisiecki and Raymo (2005) for the last 3.6 Ma is plotted alongside the palaeomagnetic
chart of normal and reversed polarity chrons and subchrons. Our cosmogenic nuclide isochron burial age for LF4a (47.5 m depth; discussed below) is plotted at 2.9 ± 0.3 Ma.
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east and south of this basin as all subsequent glaciations.
The change in geochemical signature between LF4a and both

overlying diamictons (LF4b and LF4c; Supplementary data S2) is
likely an indication of a higher concentration of Smoking Hills
Formation bedrock in the till matrix of LF4a. Once the Smoking Hills
Formation was covered or sealed off by a developing till sheet, it
would have been increasingly difficult for ice to cannibalise the
bedrock substrate. This is reflected also in the higher clay (<4 mm)
contents of the lower diamicts (Supplementary data S2), which is
further diluted in the matrix of the upper diamict (LF4c) likely due
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to its amalgamation with the sandy materials of the underlying
upper bedrock raft (Fig. 16). Additionally, a higher bedrock content
within the matrix of LF4a is reflected in its dark grey colour and
multiple attenuated mudstone rafts overlying and partially derived
from an underlying bedrock glacitectonite.

The convolute-bedded m�elange that caps the HR 1 section is of
postglacial periglacial origin. This is demonstrated by its surface
representation as patterned ground features especially, but also by
the enclosed convolution structures, which are indicative of
cryoturbation.
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Fig. 19. Clast form C40/RA co-variance graphs for section HR 1 and LF1 gravels from
section HR 2. Arrows in each plot show vertical trend in RA, RWR and AvR for lith-
ofacies 1 and 4 in section HR 1.

Fig. 20. Clast fabric shape ternary plot (after Benn, 1994) containing envelopes of
fabric shapes for lodged clasts, subglacial traction tills (Icelandic upper/A and lower/B
horizons) and glacitectonites, as well as the influence trends for consolidation (black
arrow) and shear strain (grey arrow) proposed by Iverson et al. (2008). Sample labels
identify lithofacies (e.g. LF4b) and location (upper - U, middle - M, lower - L).
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Lithologically, clasts from the HR 1 section diamictons are
broadly similar to those of the plateau (“Beaufort Formation”)
gravels, and inspections of the finer clast material reveal that the
same range of lithologies are found in each deposit type. There is a
difference, however, when comparing the LF4c diamictons with the
plateau gravels, which display increased chert and quartz abun-
dances and an accompanying decrease in dolomite and sandstone
clasts (Figs. 4a and 13). The plateau gravels also possess a slightly
higher average roundness (Figs. 4a and 13). This slight increase in
clast rounding, and decrease in less resistant lithologies, supports
the interpretation that the plateau gravels are derived from
reworked glacial deposits. The plateau gravels were sampled from
sites generally north of HR 1 (Fig. 6a), so different ice flow trajec-
tories could account for some differences in clast lithology
composition.

4.2.2. Section HR 2 (69.232213�N; �126.994842�W)
4.2.2.1. Description. The base of section HR 2 is composed of 3e6m
of Smoking Hills Formation mudstone. Importantly, this bedrock
shows evidence of low strain deformation in the form of locally
contorted and asymmetrical open folded bedding, recording a
general stress direction from the southeast (140�; Fig. 21). This is
unconformably overlain by LF1, which is a 3.2 m thick sequence of
horizontally bedded gravels, comprising alternating beds of poorly
sorted to sandy matrix-supported pebble to cobble gravels and
occasional well sorted granule to pebble gravels (Fig. 21). Clast
forms are sub-angular to sub-rounded (AvR¼ 2.52; RA¼ 2%) with a
C40 of 34% and a total of 4% with striated surfaces. Clast lithologies
in LF1 (sample CL1 in Fig. 21) are dominated by chert and quartzite,
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Fig. 21. Vertical profile log of section HR 2 with relevant data and photographs of some typical lithofacies, and a cross-section showing upward deformation of the bedrock through
to LF5a.
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with lesser amounts of sandstone and quartz. It was also noted that
in the fine gravel fraction there was abundant fragmented shale/
mudstone clasts. Like the HR 1 section, no granitic material was
found in these basal gravels.

The upper 1 m of LF1 coarsens upwards towards the base of LF2,
which displays a conformable contact with LF1 and comprises
0.60 m of similar horizontally bedded gravels but also contains
lenses of planar cross-bedded sands and fine gravels. Conformably
overlying LF2 is a 9 m thick fining upwards sequence, classified as
LF3 and sub-divided into two sub-lithofacies (LF3a and 3b) which
are separated by a 1.5 m thick gradational contact zone (Fig. 21).
LF3a is characterised by cross-bedded and scour fill sequences of
horizontally and planar bedded sand with massive, fine to coarse
gravel lenses which grade upwards to horizontally bedded granule
gravels and massive sand lenses. Included within the base of scour
fills in LF3a are significant concentrations of reworked organics,
mostly woody detritus, including intact spruce cones. Separating
LF3a and 3b is the gradational contact zone, which comprises
interbedded units of massive fine gravel and cross-bedded sands,
fining upwards to massive fine sands and silts. This fining upward
trend then continues with 4.5 m of interbedded units of massive
and laminated silts and clays (LF3b), which formweakly developed
rhythmites in their upper 3 m (Fig. 21). Importantly, all the strata in
LF 1e3 dip consistently at 22� towards the north (360�).

Truncating LF3b is a 0.60 m unit of matrix-supported gravels
28
(LF4) which is in turn truncated by the base of a 7.5m thickmassive,
matrix-supported diamicton (Dmm). The diamicton is further sub-
divided into LF5a and 5b, due to the occurrence of an intervening,
1.8 m thick unit of sand and gravel. The characteristics of LF5a are a
predominantly massive but locally fissile appearance, with some
faint pseudo-lamination being imparted by wisps of fine silt.
Fissility is more prominent and densely developed in LF5b. The
sand and gravel unit that separates LF5a and 5b appears initially to
be an in situ sequence of planar cross-bedded sands and fine gravels
with areas of matrix-supported gravel and gravel lags, and impor-
tantly containing mudstone fragments derived from the local
Smoking Hills Formation bedrock as well as a substantial bed of
woody detritus. These characteristics are identical to those of LF3a.
Although these deposits do not appear to have been deformed or
displaced, they are separated from underlying LF5a by a significant
0.20 m thick boundary comprising a deformed and attenuated
mixture of diamicton and sand typical of a Type IV m�elange (sensu
Cowan, 1985; cf. Evans, 2018).

The uppermost 1.1 m of section HR 2 is characterised by a
convolute-bedded m�elange composed of highly contorted lamina-
tions of fine sands, silts and silty clays. On the land surface above
the section these deposits form patterned ground features such as
non-sorted hummocks, frost boils and ice wedge polygons.
4.2.2.2. Interpretation. Section HR 2 lies within a valley in which
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Fig. 22. Annotated photographs of section HR 3.
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substantial bedrock contortions are evident in exposed river-side
cliffs and hence some interpretations presented here are consis-
tent with the observations made at other locations (see section HR
3). The deformed mudstone at the base of section HR 2 is inter-
preted as glacitectonically disturbed Smoking Hills Formation
bedrock, because there are no known tectonic events that could
otherwise account for the folding of horizontally bedded strata in
the region (Yorath et al., 1975; Yorath and Cook, 1981). A SE-NW
imposed stress direction indicates that the glacier ice responsible
for the deformation advanced from the southeast.

The various lithofacies in section HR 2 are grouped into two
lithofacies associations. LFA1 comprises LF1-4, which largely con-
stitutes an overall fining-upward sequence, from horizontally
bedded fluvial sheet flow gravels (LF1), through cross-bedded and
scour fill sequences typical of migrating channels and bars of gravel
bed river deposits (LF2-3a), to partly rhythmically bedded massive
and laminated silts and clays typical of deeper water sedimentation
(LF3b); an abrupt return to higher discharge stream activity is then
recorded by the matrix-supported gravels of LF4, which we inter-
pret as a glacifluvial outwash deposit. Organic detritus in scour fills
in LF3a indicate that pre-existing, non-glacial peat and woody
debris, typical of an arctic boreal forest environment, were
reworked by stream erosion (cf. Davies et al., 2014). The predomi-
nantly sub-rounded clast forms of LF1 are slightly more rounded
and more blocky than those of High Arctic glacifluvial sediments
but are identical to those of LF1 and 2 in section HR 1 (Fig. 19) and
include small numbers of clasts with striated and faceted surfaces.
While there is no evidence for till deposition over the folded
bedrock, a proximal glacial advance (like at section HR 1) is still
required to supply the erratic clast complement along with the
striated and faceted clasts in LF1.We suggest that the fining upward
sequence in LFA1 records glacifluvial followed by deeper water
sedimentation indicative of impeded drainage and ice-dammed
lake formation. The consistent 22� dip of all the LFA1 strata
29
towards the north, especially the rhythmites, indicates that the
whole 6 m association has been tilted, likely by glacitectonic
disturbance, but shearing direction is difficult to assess. This
deformation event could have been responsible for the deeper
seated disruption of the mudstone bedrock, whereby a thrust mass
comprising LFA1 was displaced over the bedrock whilst being tilted
northwards. Like the LFA1 sands and gravels at section HR 1, the
palaeo-thalweg of the river depositing these fluvial/glacifluvial
sediments appears to broadly conform to the existing drainage
pattern eastward towards a proto-lower Horton River.

LFA2 comprises LF5a and 5b together with a separating raft of
LF3. The LF5a diamicton represents direct glacigenic deposition in
the form of a subglacial traction till, as indicated by its matrix-
supported and fissile to pseudo-laminated appearance. Addition-
ally, the 1.8 m thick unit of sand and gravel that resembles LF3 has
been emplaced over a Type IV m�elange, which is interpreted as a
Type A glacitectonite (sensu Benn and Evans, 1996; Evans et al.,
2006; Evans, 2018), developed as a shear zone between the sands
and the diamicton at the top of LF5a. Hence the LF3 sand and gravel
unit is not in situ but is instead a raft that forms part of a stacked
sequence in which the upper till (LF5a) has been glacitectonically
thickened.

There is a complex history of glacitectonic deformation pre-
served in this section that may include multiple events over suc-
cessive glaciations. A pronounced upward deflection of the
western, valley-ward edge of this section carries from the under-
lying bedrock through LF5a (Fig. 21), suggesting that the formation
of the glacitectonite capping LF5a, and the emplacement of the raft
of upper LF3 gravels was responsible for the deformation. This
deformation appears separate from that which independently in-
clined the lower LFA1 strata. The uppermost LF5b diamict capping
the LF3 gravels appears undeformed.

The uppermost cryoturbated m�elange that caps section HR 2 is
of periglacial origin. This is demonstrated by its surface represen-
tation as patterned ground features that have been constructed by
the cryoturbation of what appear to be aeolian deposits.

4.2.3. Section HR 3 (69.226998�N; �126.999056�W)
4.2.3.1. Description. Section HR 3 displays a large deformed
Smoking Hills Formation bedrock structure located directly
southwest and across the valley from section HR 2 (Figs. 6b and 22).
It has been deformed into a �20 m high crumpled fold structure
with overturned anticlinal crests indicative of stress imposed from
the southeast (140�). The structure has been truncated and capped
by gravelly and diamictic materials but widespread slumping and
vegetation cover restricted assessment of the overlying deposits.

4.2.3.2. Interpretation. As discussed, there is no evidence for
regional tectonic events that could account for the folding of the
horizontally bedded Smoking Hills Formation strata, thus the
deformed mudstone in section HR 3 is also interpreted as glaci-
tectonically disturbed. It is a compressed or polyclinal fold structure
that was created by glacier ice flowing into the area from the
southeast. The extensively slumped gravels and diamictons that
cap the structure likely correlate with those seen in section HR 2.
This section is important in that it verifies the significant glacitec-
tonic disruption of bedrock in the region, in this case down to at
least 20 m. Such vertical displacements have the potential to
construct significant glacitectonic landforms which may be mani-
fest as surface features even when overlain by tills and glaci-
tectonites (e.g. ice-thrust ridges).

4.2.4. Section HR 4 (69.411278�N; �126.601772�W)
4.2.4.1. Description. Section HR 4 is a 38 m thick complex sequence
of diamictons and stratified deposits comprising predominantly
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Fig. 24. Northeast field sections: a) locations of sections HR 4, 4a, 4b and 5 (ArcticDEM hillshade base map image); b) section 4a, convolute deformation of >8 m of laminated
glacilacustrine sands underlying massive to planar laminated gravels; c) section 4b photographic log; d) detail of lower wood-bearing Gm/Gs e Sl/Fl contact; e) detail of planar
laminated glacilacustrine Sl/Fl.
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fine grained rhythmites and poorly-sorted gravels (Fig. 23), situated
in the upper part of an unnamed eastern tributary to the lower
Horton River (Fig. 6). The diamictons are predominantly clast-poor
and range from 0.10 to 2.50 m thick, and in some cases pinch out
across section. At the base of the section, two massive, matrix-
supported to pseudo-laminated diamictons appear to be
composed of a clay-rich matrix that varies in colour so that it ap-
pears as a marble pattern. In the middle of the section (18.5e21.2 m
depth), an otherwise massive, matrix-supported diamicton con-
tains clast-rich diamictic lenses (Dcm) that display boudinage and
are inclined consistently towards the east. In the upper middle part
of the section (7.5e13.2 m depth), four diamictons and their asso-
ciated stratified sediments are stacked upon one another, as
31
indicated by erosional and/or sheared boundaries. The lowest,1.6 m
thick, diamicton is stratified but the sorted beds have been highly
attenuated and the surrounding matrix appears highly fissile. This
is overlain by a 0.80 m thick, massive, matrix-supported diamicton,
which is in turn overlain by an internally deformed, 2.2 m thick unit
comprising matrix- and clast-supported diamictons that are
interbedded with matrix-supported gravels and boulder gravels
and peat beds. Finally, the uppermost diamicton in the four-fold
stack is a discontinuous lens within a tectonically interbedded
1.5 m thick sequence of massive gravel and laminated sands with
peat lenses, all displaying attenuation and boudinage. The top of
the section is capped by a 2 m thick massive, matrix-supported
diamicton which has been modified by the development of

mailto:Image of Fig. 24|tif
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cryoturbation cells in the active layer.
The stratified deposits of section HR 4 have been largely modi-

fied by deformation. The coarsest of these deposits are massive
cobble and boulder gravels, which appear to fine abruptly upwards
into laminated sands in places. The finest stratified deposits consist
of laminated to massive sands, silts and clays, which locally contain
dropstones and clast lags; rhythmites with the appearance of var-
ves occur in the middle part of the section. Deformation is
apparent, especially in the finer-grained deposits, in the form of
polyclinal folds, thrusts and thrust overfolds, the attenuation
(boudinage) of bedding and smudged sand ripples (smudged
bedforms; Evans, 2018). Relatively large scale folds have been
truncated by shallow thrust faults in the stacked diamicton
sequence of the upper middle section. A three-fold stacked
sequence of 5e20 cm thick beds of marl, overlying lenses of muddy
gravels (overbank deposits), 5e15 cm thick undisturbed leaf litter
and peat mats atop a layer of vertically-rooted tree stumps (pre-
serving fine rootlets) and wood (�18 cm diameter trunks) occurs in
the upper part of the section and appears to have been sheared over
the underlying stacked diamictons, as evidenced by peat boudins in
a Type III m�elange at the top of the stacked diamictons (sensu
Cowan, 1985; cf. Evans, 2018). A radiocarbon date on a vertically
rooted stump yielded a non-finite age of >46,500 14C yr BP (UOC-
7312; Supplementary data S3).

One kilometre southwest of section HR 4, stream cut exposures
of thick Quaternary deposits on opposite sides of a headland reveal
both highly deformed (HR 4a) and undeformed (HR 4b) strati-
graphic sequences containing lithofacies similar to those in the
intensively disturbed stratigraphy of section HR 4 (Fig. 24). In sec-
tion HR 4a, >8 m of fine to medium sand have been intensely
deformed into convolute bedding. These deposits are unconform-
ably overlain by 2 m of massive to planar stratified, matrix-
supported gravel and gravelly-sand. In section HR 4b, the base of
Fig. 25. Annotated photographs of section HR 5 with sketch of main glacitectoni
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the sequence (Fig. 24) comprises �2.5 m of massive to crudely
horizontally bedded, medium to coarse gravels that contain sig-
nificant quantities of wood detritus including small logs. This is
abruptly overlain by �15 m of fine sand and silt rhythmites that
display clear couplets of relatively fine and coarse laminae. In a
coulee to the immediate south, these sand and silt deposits pre-
serve a prominent ice wedge pseudomorph, suggesting periods of
both glacilacustrine and subaerial (permafrost) exposure. An
erosional contact separates the rhythmites in section HR 4b from an
overlying 5 m of massive to matrix-supported, coarse gravel, which
is in turn overlain by a 3 m thick massive, matrix-supported dia-
micton with a cryoturbated surface.
4.2.4.2. Interpretation. Overall the appearance of the stratigraphy
in section HR 4 is one of deformed sediment stacks. This is manifest
in the numerous apparent thrust fault boundaries, one of which
reveals displacement from the north-northeast (021�), as well as
the appearance of various m�elanges throughout the stratigraphy.
The two lowermost diamictons with their marble patterns are
defined as Type III m�elange, likely derived from underlying
mudstone bedrock. Lying above these diamictons, 6 m of deformed
laminated sediments reveal a vertical development from Type I to
Type IV m�elange, which is effectively a change from Type B to Type
A glacitectonites (sensu Benn and Evans, 1996; Evans et al., 2006;
Evans, 2018); the Type IV zone at the top of this unit is associated
with a 1 m thick deformed zone of gravels, sands and diamicton,
collectively interpreted as a shear zone (Fig. 23). A further shear
zone occurs 2 m above this, where a Type III m�elange represents a
Type A glacitectonite that has been constructed from underlying
laminated fines and overlying diamicton; the inclined attenuated
gravelly diamict lenses (boudins) in this diamicton have likely been
cannibalised from underlying gravel units and sheared from the
east. Above this, the 5.25 m thick laminated sediments can be sub-
c structures. Area outlined by short dashed line is modern mass movement.
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Fig. 26. Annotated photographs of the West River sections, showing main glacitectonic structures: a) blocks of Horton River Formation sandstone and siltstone thrust atop younger
Smoking Hills Formation black mudstone; b) isoclinal fold structure in Smoking Hills Formation bedrock.
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divided based on their tectonic signatures as well as a thrust fault
contact, with the lower 4 m resembling a Type II m�elange and the
upper 1.25 m containing a range of patterns from Type I-III
m�elange; these patterns suggest that the lower 4 m is a Type B
glacitectonite in which primary sediment structures can still be
recognised, whereas the upper 1.25 m displays characteristics of
both Type A and B glacitectonites.

The four-fold stacked diamictons and associated stratified sed-
iments of the upper middle section appear to have been largely
derived from the deformation of pre-existing stratified deposits.
The lowest stratified diamicton is a Type IV m�elange in which
stratified inclusions have been highly attenuated and shear fissility
has been imparted on the unit, and hence this constitutes a Type A
glacitectonite. The origin of the overlying thin Dmm is unclear but
the complex 2.2m thick unit of folded diamicton, matrix-supported
gravel, boulder gravels and peat interbeds displays the character-
istics of a Type I m�elange and is interpreted as a Type B glaci-
tectonite (truncated folds) derived from older gravels and
diamictons. Peat inclusions are instructive in terms of the wider
stratigraphic record in that they are similar to other organic in-
clusions in gravels and sands in sections HR 1 and HR 2, the im-
plications of which will be discussed below. The uppermost
diamicton and stratified sediments of the four-fold stack is a Type
III m�elange and interpreted as a Type A glacitectonite constructed
in a shear zone at the top of the underlying folded beds. The marl
overlying peat-litter layer, and rooted stumps and wood couplet
then appear to have been internally thrust stacked into three slices
together with overlying peat-rich rhythmites, likely during the
emplacement of the capping diamicton, which is hence most likely
a subglacial traction till. The actual marl-litter layer-rooted stump
deposits suggest entrainment and rafting of a former floodplain and
possible oxbow lake environment. Marl is unknown from the
33
Smoking Hills area, suggesting this originated from carbonate
terrain located a significant distance to the east.

Although section HR 4 comprises a complex stack of glacitec-
tonic rafts, the similarities between individual lithofacies in the
sequence and those in sections HR 1 and 2 indicate that this stack is
composed of LFA1 and 2 thrust slices. Deformation, at least in the
upper part of the sequence, was imparted from the north-northeast
by glacier ice advancing from Amundsen Gulf. The laminated fines
in section HR 4, 4a and 4b record glacial lake sedimentation and
therefore likely represent the presence of an ice-dammed lake that
was impounded in the lower Horton River catchment by the
advancing ice; inland ice flowing from the east and southeast (see
sections HR 1 and 2) as well as lower Great Bear Lake/Liverpool Bay
ice were likely also involved in this lake damming (see Discussion).
Verification of this sequence of depositional events is provided by
the sediments in section HR 4b, wherein the organic-rich gravels at
the base of the sequence likely equate to LF 1e3 and the overlying
rhythmites to LF3b in sections HR 1 and 2. The erosional upper
contacts between the sands in sections 4a and 4b, and the capping
Gm/Gms and Dmm, then record glacier advance likely correlative to
LFA2 in section HR 2. That the same sand deposits in sections 4a and
4b (~250 m apart; Fig. 24) can record such stark differences in
deformation, is an indication of the localised variability in glaci-
tectonic disruption of pre-existing deposits as dictated by site-
specific factors, especially location with respect to buried valley
margins (e.g. Tsui et al., 1989; Evans et al., 2012; Andriashek and
Atkinson, 2007; Atkinson et al., 2013), pre-existing slope failure
masses (e.g. Campbell and Evans, 1990; Evans et al., 2012) and
patchy development of near-surface taliks in the permafrost (e.g.
Mathews and Mackay, 1960; Mackay and Mathews, 1964; Waller
and Tuckwell, 2005).
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Fig. 27. Annotated photographs of section AR 1, showing main glacitectonic structures and overlying glacitectonite and till carapace.
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4.2.5. Section HR 5 (69.406088�N; �126.587893�W)

4.2.5.1. Description. Section HR 5 is located ~1.1 km east of section
HR 4 (Fig. 24), and comprises a >30 m high bluff containing highly
deformed Smoking Hills Formation bedrock overlain by �2.0 m of
very poorly-sorted, massive gravel and 1.80m of interbedded sandy
gravels, matrix-supported and clast-supported diamictons and
mudstone lenses (Fig. 25). The interbeds are mostly discontinuous
and most of them pinch and swell along the outcrop. They also
grade upwards from gravel-dominated interbeds in the basal
0.20 m to banded or alternating beds of matrix-rich and clast-rich
diamictons in the middle 1.10 m (Fig. 25a and b). This banding
gives way in the upper 0.5 m to a massive, matrix-supported dia-
micton (Dmm), which contains no lenses other than attenuated
light coloured shale bands (Dml) at its contact with the underlying
banded diamictons (Fig. 25a). The lower 0.20 m is classified as a
Type I m�elange and the middle 1.10 m as a Type IV m�elange (sensu
Cowan, 1985; cf. Evans, 2018).

The structural components of the underlying deformed bedrock
comprise a large, tightly compressed polyclinal fold that is trun-
cated by several sheets of parallel-bedded strata with no apparent
internal folding but dipping steeply (�55�) towards the southeast
(Fig. 25). The unconformable contact between the slabs and the
truncated fold is marked by strongly developed Type IV m�elange
that resembles a marble pattern of crushed and variably attenuated
fragments of mudstone.

4.2.5.2. Interpretation. Section HR 5 records glacitectonic
34
deformation of the Smoking Hills Formation down to at least 20 m
below the present land surface. A large truncated fold and overlying
bedrock sheets, separated by a Type IV m�elange, represent folding
and thrust slice development in the Smoking Hills Formation by ice
flowing into the area from the southeast. The exposures through
the poorly-sortedmassive gravels on the surface of the upper thrust
slice indicate that they were also glacitectonically emplaced along
with the bedrock. As these thrust slices lie below the present land
surface, they must have been derived from a pre-existing (pre-
glacial) valley lying approximately at the location of the contem-
porary valley. The glacitectonised materials are unconformably
capped by a 1.8 m thick, vertically grading sequence comprising a
lower Type I m�elange, a middle Type IVm�elange and an upper Dml/
Dmm. In combination these deposits are indicative of cannibal-
isation and homogenization of underlying bedrock and gravels, and
are therefore interpreted as a vertical continuum from a Type B to
Type A glacitectonite and then to a subglacial traction till. The
relative age relationships of the glacitectonized bedrock and over-
lying glacitectonite and till are unknown but given the
southwesterly-directed stress recorded in the uppermost glacitec-
tonic structures in this area (see Section HR 4), it is likely that the
subglacial sediment carapace was emplaced during later ice flow
phases.

4.2.6. West River Sections (69.021217�N; -126.692501�W)
Two large outcrops have been exposed by slumping and fluvial

erosion along theWest River and are significant in terms of bedrock
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disturbance due to glaciation (Fig. 26). Although there are no ex-
posures through the capping Quaternary deposits, it is clear that
both locations lie below at least 5 m of diamictic material. At both
sites, the undisturbed Smoking Hills Formation bedrock is visible as
horizontally bedded strata. At the western section (Fig. 26a), hori-
zontally bedded Smoking Hills Formation strata is cross-cut by a
�20 m block of Horton River Formation sandstone and siltstone
dipping 20e30� towards the east. This tilted block is then in turn
truncated by �5 m of largely horizontal lying Horton River For-
mation strata, while to the east and west of this exposure, Smoking
Hills Formation bedrock outcrops from river level to the top of slope
(Fig. 26b). Clearly the upper c. 25 m of bedrock at this location
(thrust blocks 1 and 2, Fig. 26a) has been glacitectonically dis-
located from outcrops of Horton River Formation immediately
south and east of here (Fig.1b) and displacedwestward and stacked
by westerly flowing ice. At the West River eastern section (Fig. 26b)
the Smoking Hills Formation mudstone strata have been crumpled
into a weakly isoclinal fold structure with an axial plane dipping
towards the southeast and therefore indicative of glacitectonic
deformation by northwesterly flowing ice.

4.2.7. Section AR 1 (69.221034�N; �128.244391�W)
Located in the lower Anderson River, section AR 1 is an exposure

through highly deformed Smoking Hills Formation bedrock on a
deeply incised valley wall in an eastern tributary (Figs. 6a and 27).
The deformation structure in the bedrock penetrates up to 15 m
downwards into the otherwise horizontally bedded strata and
comprises an asymmetric overfoldwith an axial plane dipping to the
southeast (140�), recording glacitectonic shear from that direction.
The top of the fold is truncated by a 1.70 m thick, matrix-supported
diamicton comprising lower laminated or Type IV m�elange (Dml;
sensu Cowan, 1985; cf. Evans, 2018) and upper massive (Dmm)
components (Fig. 27). The Dml lies abruptly but conformably over a
Type III/IV m�elange developed in the top �1 m of the underlying
bedrock. This intensely deformed carapace over the fold structure is
interpreted as a vertical continuum from a Type B (Mgt(b)) to Type A
(Mgt(a)) glacitectonite and then to a subglacial traction till (Dmm),
wherein the mixing of bedrock and further travelled erratic clasts
appears in the Type A zone. Consequently, this continuum is regar-
ded as a product of cannibalisation and homogenization of the fol-
ded bedrock by a subglacial deforming layer, generated by glacier ice
flowing into the area from the southeast.

4.3. Chronostratigraphy

4.3.1. Radiocarbon dating
The five bivalve mollusc shell fragments and gastropod recov-

ered from diamictons LF4b and 4c in section HR 1 all yielded non-
finite radiocarbon ages (Supplementary data S3). The absence of a
finite age cannot therefore be used to constrain the LF4c diamictons
atop section HR 1 asWisconsinan as we surmise them to be. It does
not, however, rule it out. Laurentide ice advancing westwards
through Amundsen Gulf and other inter-island marine channels
could as well entrain and redeposit non-finite shells as they could a
finite, pre-Late Wisconsinan age (cf. England et al., 2009; Lakeman
and England, 2012). Regional compilations of radiocarbon dated
shells and other organic materials point to an extensive area of
northern mainland Canada and the southern Canadian Arctic Ar-
chipelago devoid of such sub-fossil remains (McMartin et al., 2019).
Indeed some glaciological models (Stokes et al., 2012) have sug-
gested that the central Canadian Arctic, including the Smoking Hills
area, may have been subsumed by ice (through various waxing and
waning glacial cycles) since at least OIS 5d (~110 ka). It is also noted
that the local Cretaceous bedrock contains rare shell fragments
(Yorath et al., 1975; and seen in scans of the A-23well cuttings), and



Fig. 28. Cosmogenic dating analytical graphs: a) convolved probability function distributions for 26Al/10Be simple burial ages. Upper - convolution of PDFs for all samples in LF4a
(samples 502 and 507). Lower - convolution of all samples except sample 18SUV502-2 which yielded a significantly lower simple burial age beyond the 1s confidence of this
convolved age; b) 26Al vs 10Be isochron burial plots. Data is illustrated with different colour error ellipses (1s); pale blue line is line of best fit fromwhich burial age is inferred; black
line has a slope of 6.75, defined by the production ratio of 26Al/10Be at surface. Upper - isochron based on all samples in Table 1. Lower - same as upper except the sample with high
26Al and 10Be concentrations (18SUV502-2) was removed to show a close-up of the remaining samples; c) 26Al vs 10Be isochron burial plots for LF4a based on samples at sites
18SUV502 and -507. Upper - isochron based on all samples from LF4a. Lower - same as upper except the sample with the high 26Al/10Be ratio (18SUV502-2) was removed. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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so non-finite radiocarbon ages could be from reworking of these
shell remains too.

Klassen's non-finite peat date (>41 000 14C yr BP; GSC-1100;
Lowdon et al., 1971) was likely from re-deposited organics found
within the upper bedrock raft of HR 1, which appears to be the same
stratigraphic location where Duk-Rodkin and Barendregt (2011)
noted a 13 cm diameter log they identify as Larix sp. embedded
in the section. Larix trees today are found 200 km to the southwest
along the Mackenzie River, or almost 600 km southward, south of
Great Bear Lake, suggesting a significant period of climatic
amelioration, if the log was locally derived. Vincent (1988) also
recovered a log (unknown species) within the upper part of our
LF4c laminated diamict, just north of the main exposure and at the
same location that we logged the uppermost sediments and also
noted wood remains (Fig. 17). The stacked rafts of overbank de-
posits, rooted stumps, litter layers andmarl in section HR 4 (Fig. 23)
contain logs up to 18 cm diameter (species unknown), but similarly
suggest a locally warmer climate than present. While it is tempting
to suggest a Sangamonian (OIS 5e) interglacial age for these ma-
terials, additional methods, such as OSL dating, and rigorous paly-
nological and macrofossil analyses will be required to resolve this.
Regardless, intra- and sub-till wood and organic remains are un-
characteristically abundant within the Smoking Hills field area for
which there may well be multiple populations of ages. Just as we
see definitive evidence of bedrock rafts, it is likely that re-worked
wood debris and peat from the basal sands and gravels of sec-
tions HR 1 and HR 2 could be successively re-deposited through
time in later glacial deposits, as could interglacial forest remains. To
the east, in the Melville Hills (Fig. 1a), Veillette (2004) has sug-
gested large accumulations of woody debris could relate to
36
unidentified Beaufort Formation-aged deposits. While we argue
against the existence of Beaufort Formation deposits in the Smok-
ing Hills area, we share Veillette's (2004) observations of abundant,
old wood.
4.3.2. Cosmogenic burial dating

4.3.2.1. Simple burial ages. We first present simple burial ages for
each sample which consists of a single large cobble, multiple
smaller cobbles, or a bag of sand (Table 1; Supplementary data S4).
There is a wide range of burial ages, including stratigraphic in-
versions. At the base of section HR 1, simple burial ages from three
samples from LF2 range from 0.8 to 2Ma (Table 1). In the equivalent
stratigraphic position at section HR 2, a single sample (18SUV525 e

LF1) has a better precision than any of the HR 1 basal gravel sam-
ples, and its 1.94 (þ0.54/e0.29) Ma age overlaps samples from
section HR 1.

Lithofacies 4a has the most samples per unit (n¼ 6). Convolving
the probability distribution functions for the four HR 1 18SUV502
(CL4) and two 18SUV507 (CL5) samples from LF4a (Fig.13) indicates
amost probable age of 2.7þ0.6/e0.5Ma (Fig. 28a upper graph). The
single burial age of 1.76þ0.40/e0.29Ma for stratigraphically higher
LF4b (18SUV503) is younger than the most probable age for LF4a
but they agree at 1s.

Overall, most of the samples had low concentrations of order 104

atom/g 10Be and 26Al, indicating not only a prolonged burial but
possibly a high erosion rate in the palaeo-catchment and little post-
depositional exposure (consistent with the lack of palaeosols), so
that the clasts began in situ burial with relatively low concentrations.
Large age uncertainties are attributed to measurement error in 26Al,
which may be related to a combination of the low 26Al/27Al, the
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difficulty of obtaining high purity quartz from the small samples, and
possibly incomplete calcination (Bunsen burner at >950 �C for 4min
has been a standard procedure but we have recently discovered that
longer time may remove H2O more completely). If the samples
experienced prolonged periods of post-depositional exposure, their
age is an underestimation of the actual burial duration. However,
considering the depth of samples, bulk density of the diamictons,
and the likelihood of the additional shielding by glacier ice during at
least one additional glaciation, muonic production and gradual sur-
face erosion at the section sites would not significantly affect their
age or explain the variability in ages within a single layer. On the
other hand, if the clasts were re-worked and had different previous
burial histories before their final deposition, which would explain
some or all of the variability among ages within a lithofacies, the
simple burial ages may be over-estimates. Based on the large un-
certainties in the 26Al measurement and simple burial ages, we
recommend ignoring all of the simple burial ages from 18SUV501
samples and sample 18SUV507-1.

4.3.2.2. Isochron burial ages. While this method usually uses
cobble samples to maximize the probability that the nuclide con-
centration among the samples will span a sufficient range to reli-
ably define a best-fit curve, we used one supplementary sand
sample from each lithofacies unit because many of the cobbles
collected had insufficient quartz. Using all samples (assuming that
all units were deposited synchronously) the isochron mean age is
3.6 ± 0.2 Ma (Fig. 28b upper graph). The isochron slope is signifi-
cantly controlled by one sample (18SUV502-3) with concentrations
of 10Be and 26Al that are about one order of magnitude higher than
the other samples. Such a significant difference in concentration
may indicate that the samples originated from sources with
different exposure histories. Removing that one sample increases
the isochron age to 4.1 ± 0.1 Ma (Fig. 28b lower graph). However,
we have no measurement or geological reason to discard that
sample. As discussed above, we have less confidence in the
18SUV501 series samples (HR 1, LF2) owing to their high mea-
surement uncertainty. We therefore computed an isochron age
based solely on the six samples from LF4a (Fig. 28c upper graph)
which yields a most probable burial age of 3.2 ± 0.3 Ma. When we
remove sample 18SUV502-2 which has relatively high 26Al/10Be,
the isochron burial age for LF4a lowers slightly to 2.9 ± 0.3 Ma. We
favour this age as it disregards the anomalous sample 18SUV502-2.

4.3.2.3. Interpretation. The variability of 26Al and 10Be concentra-
tions and isotopic ratio among samples within a lithofacies sug-
gests that at least some of the individual cobbles or amalgamated
sands may have had different or complex burial histories. Three
samples in the lower gravel unit (LF2 from HR 1; Fig. 13a) had high
uncertainty in the 26Al concentration, perhaps suggesting that this
unit was sourced differently from the other units and had the
lowest 10Be concentration, which suggests it may have been buried
for significantly longer than the stratigraphically younger units,
which is consistent with the geological interpretation. We only
have one dated sample from LF4b (an amalgamated sand), yielding
a simple burial age 1.76 þ 0.40e0.29 Ma. Our most robust chro-
nology derives from LF4a (section HR 1), which yields a simple
burial age of 3.0 þ 0.7e0.4 Ma and an isochron burial age of
2.9 ± 0.3 Ma. These ages are within the Gauss Chron normal but
given their uncertainty could fall within the earliest Matuyama
Chron reversal (2.58 Ma), or the Kaena (3.05e3.13 Ma) and possibly
Mammoth (3.22e3.33 Ma) subchron reversals.

4.3.3. Magnetostratigraphy
In light of revisions to the stratigraphic interpretations of section

HR 1, and the derivation of a cosmogenic isochron burial age of
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2.9 ± 0.3 Ma from the lower LF4a stratigraphy (Figs. 18 and 28),
aspects of the established magnetostratigraphies need to be criti-
cally reviewed. Note, palaeomagnetic records from the Smoking
Hills employed the natural remanent magnetism (NRM) method-
ology, wherein declination is measured relative to the magnetic
field (north/south) and inclination is measured relative to the
geocentric axial dipole (cf. Eyles et al., 1987; Easterbrook, 1988;
Jackson, 1991a; Barendregt et al., 1996). Vincent (1988) included
approximate stratigraphic location and declination measures of
samples (3 per location). Duk-Rodkin et al. (2004) and Duk-Rodkin
and Barendregt (2011) presented only normal/reverse (N)/(R) po-
larity assignations for units but provide no actual measurements.
Neither of the two magnetostratigraphic records include precision
parameter (K) and mean direction dispersion (circle of confidence;
a95) measures of magnetic strength and sample reliability. Sam-
pling locations are illustrated by Duk-Rodkin and Barendregt (2011)
in photographs (which allowed us in some cases to make com-
parisons to stratigraphy that we were able to inspect in the field),
but are lacking any sedimentological descriptions. In what Vincent
interpreted to be his lowermost till (our LF4a) his field data indicate
that three locations were normally magnetized (1 m above the
base, the center, and 1 m below the top; declinations of 43-47-51�,
63-56-62�, 78-88-77�, respectively). This was overlain by a nor-
mally magnetized “transition” deposit (what we confirmed
through palynology and the presence of selenite nodules as a
Horton River Formation bedrock raft e see Supplementary data S5,
Figure S5.2; Figs. 14f and 18) which had normally magnetized
declinations of 15-28-02� measured at the centre of the deposit. As
the till above this was indicated to be reversed, this would suggest a
possible Gauss Chron age (3.04e2.58 Ma) for Vincent's lowermost
till (our LF4a). In contrast, Duk-Rodkin and Barendregt (2011)
indicated that all of the lower stratigraphy, including the basal
sand and gravel (equivalent to our LF1 through LF4b), is reversely
magnetized, placing it within a probable Matuyama Chron
(0.78e2.58 Ma).

Given the complex mixture of bedrock rafts and diamict layers
we describe from LF4a (Figs. 13 and 14d-g), and the tendency for
palaeomagnetic samples to be collected from finer-grained and less
compacted materials, we suspect that many of the samples from
both authors were collected in bedrock rafts or stringers, as
opposed to glacigenic diamictons or sorted sediments. Duk-Rodkin
and Barendregt's (2011) five samples collected from the uppermost
part of our LF4a (their Unit 2; Fig. 18) appear to have been collected
in what we describe as a pseudo-laminated, fissile diamict, but we
cannot be certain that they did not target pockets or stringers of
unconsolidated Cretaceous bedrock (e.g. Fig. 14d, g). Above their
Unit 2, Duk-Rodkin and Barendregt (2011) predominantly sampled
the silt lamina in what we identify as a Horton River Formation
bedrock raft (Fig. 14f), and reported a reverse polarity. However, the
Albian-aged Horton River Formation would have been deposited
within the Cretaceous Normal Superchron (120-83 Ma), and
therefore should plot as normal.Whilewe recognize the prevalence
of bedrock slumping as a likely major contributor to glacial rafting
of intact bedrock, we do not see how this could result in a diametric
(180�) change in polarity. However, it may be possible that smaller
degrees of rotation (60�?) may be sufficient to change the inter-
pretation of declination, although this would also require an
accompanying tilting of the strata to account for changes in incli-
nation. In large, coherent blocks of rafted bedrock, perhaps this is
tenable; we find the notion less convincing for highly deformed and
attenuated bedrock stringers and wisps that may have been a focus
of sample collection. Note, aside from the large, coherent Horton
River Formation bedrock raft, the Smoking Hills and Mason River
formations potentially contain both magnetically normal and
reversed signatures, and these too could comprise various bedrock



Fig. 29. Compilation map of main glacial landforms for the Smoking Hills study area and the wider region. Flowsets are compiled from the flutings identified in Fig. 6 and major
moraine limits represent the outermost ridges of inset sequences of hummocky terrain belts.
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stringers and rafts.
It is clearly understood that magnetostratigraphy does not

provide an absolute age determination independent of other
geochronological controls (e.g. tephrochronology and isotopic age
determinations; Easterbrook, 1988; Barendregt et al., 2012). Our
cosmogenic burial age of 2.9 ± 0.3 Ma (Fig. 18) places the LF4a
diamicton most likely within the Gauss Chron normal. This cor-
roborates Vincent's (1988) measurements for this stratigraphic
unit, but contradicts that reported by Duk-Rodkin and Barendregt
(2011), although the Kaena subchron reversal (3.05e3.13 Ma)
does occur within the cosmogenic age error bounds. This prompts a
38
critical question about the process through which glacial dia-
mictons can actually preserve a palaeomagnetic signature, and
whether our sedimentological conclusions on their formation un-
der high shear strain in particular could alter the detrital remanent
magnetism (DRM) signature. First, shallowing of elongate grains
during compaction may cause magnetic inclination shallowing of
the DRM (e.g., Jackson et al., 1991). Second, it is well established
that anisotropy of magnetic susceptibility (AMS) can be used to
record shear strain patterns in tills, and from this deduce ice flow
directions (cf. Hrouda, 1982; Eyles et al., 1987; Easterbrook, 1988;
Tarling and Hrouda, 1993; Hooyer et al., 2008). However, it is
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considered that strain and viscous flow-related reorientation of the
larger silt-sized particles (17e180 mm) measured by AMS do not
affect the fine silt and clay-sized particles (<10 mm) which tend to
dominate the DRM signal, and thus AMS and DRM can have
Fig. 30. Regional palaeogeographic event reconstructions based on the glacial landforms de
area. Ice margins and flow patterns are approximate and inferred from the stratigraphic and
d) later flow Phases G and H. Note that ice flow direction H5a recorded by clast macrofab
deglacial and topographically confined ice flow directions and recessional ice margins. Lig
valley-confined flows. In the absence of evidence for additional glaciations, the intervenin
interpretation of the references to colour in this figure legend, the reader is referred to the
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distinctly different orientations (Gravenor and Stupavsky, 1974;
Easterbrook, 1983, 1988). Larger grains can also produce a random,
self-cancelling component of remanence that does not affect the
remanence of smaller particles (Easterbrook, 1983). Instead, these
picted in Figs. 6 and 29 and the stratigraphic details from the section logs in the study
landform evidence: a) early Phases A-C; b) early Phases D and E; c) early flow Phase F;
ric in lower LF4c at section HR 1 appears not to be represented in surface flutings; e)
ht red flowsets record earliest deglacial flow and light green flowsets represent later,
g period between phases A-E and F-deglacial could be up to 2.8 million years. (For
Web version of this article.)
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finest-sized magnetic particles are considered tomagnetically align
themselves within pore waters at the waning phases of sediment
dewatering (Denham and Chave, 1982; Easterbrook, 1983, 1988).
While pore fluids are not considered to transmit shear stress, and
therefore should not affect particle magnetic alignment
(Easterbrook, 1988), Eyles et al. (1987) demonstrated that DRM
fabrics in lodgement tills can display a girdle distortion (transverse
or parallel to ice flow direction) around the geomagnetic pole (in
contrast to “rain-out” diamictons) in tills that experienced
compaction but relatively low glacigenic strain. As summarized by
Eyles et al. (1987), the process of final particle alignment can be
complicated by a range of conditions, including intensity of the
Earth's magnetic field, magnetic moment of grains, grain size,
shape and roughness, size and geometry of voids, deposition rate,
moisture content, and disturbance by traction currents and re-
sedimentation, all of which can introduce “bedding” errors (Blow
and Hamilton, 1978). Chemical precipitation of magnetic minerals
through time can also occur, as can viscous remanent magnetism
(VRM), and Barendregt et al. (1991, 1998, 2012) have indicated that
generally 50% of samples (even up to 68% in one of their examples)
are rejected in palaeomagnetic analysis of tills because of weak or
unstable magnetizations or incoherent remanence directions held
by randomly oriented sand or pebbles within the sample. Where
samples haveweak overall DRM, characteristics like VRM (acquired
over long periods of time in response to changes in the direction or
intensity of the natural magnetic field) must also be addressed
through stepwise alternating field demagnetization. As discussed,
no information on sample magnetic properties is provided by Duk-
Rodkin and Barendregt (2011), but we note that in the bulk sample
processing from this study, separation of ferromagnetic sand grains
(0.25e2 mm) shows very low concentrations of 0.02 g/1 kg of
sample (<2 mm), which is generally 1e2 orders of magnitude less
than tills collected on Banks Island (Smith, 2020). While this does
not give a measure of the total magnetic susceptibility of the
samples (nor that which DRM is detecting), it does suggest that the
Smoking Hills diamictons have very low concentrations of mag-
netic material, which could impair their reliability in preserving a
palaeomagnetic signature. Given the disparity between the original
palaeomagnetic measurements of Vincent (1988) and those of Duk-
Rodkin and Barendregt (2011), the absence of detailed sample
measurements and sedimentology, the cosmogenic isochron burial
age, and a measure of reversed polarity in what should be a nor-
mally magnetized bedrock raft(s), we are uncertain as to the reli-
ability and accuracy of the palaeomagnetic record from the
Smoking Hills stratigraphy, and thus choose to disregard it until
such time or opportunity arises to critically analyse the data and
sedimentological records of the collected samples.

5. Discussion - implications for glacial landsystems of the NW
Laurentide Ice Sheet

The interpretations developed above are now used to recon-
struct the dynamics of glacier ice over the Smoking Hills and wider
regional study area. A compilation of glacial landform and strati-
graphic evidence is presented in Fig. 29 and then employed to
produce a sequential palaeoglaciological reconstruction, as por-
trayed in the various stages in Fig. 30a-e. Subglacial streamlined
bedforms (flutings), widespread till veneer and rare blanket (>2 m
thick), and substantial till units preserved in isolated valleys are
indicative of warm-based ice conditions, which appear to have
dominated over parts of the region during phases of vigorous ice
flow (ice streaming) and then given way to cold-based glacier sub-
marginal conditions, as indicated by controlled moraine construc-
tion during final deglaciation (Dyke and Savelle, 2000; Evans,
2009). This glacial geomorphological signature is collectively
44
regarded as diagnostic of a polythermal ice sheet marginal land-
system (Dyke and Evans, 2003).

A paucity of evidence for clear overprinting of subglacial
streamlined bedforms in the region makes it difficult to decipher
the sequence of flowset production, and indicates, in the context of
multiple glaciations (cf. Batchelor et al., 2019), that only the most
recent glaciation(s) may be widely preserved in the surface
geomorphological record. Evidence of older glaciations may be
preserved only within the marine stratigraphic record (cf. Stashin,
2021), but it is likely that successive glaciations have canni-
balised/removed much of the pre-existing record. Based upon
flowset locations relative to one another, their alignment with
likely ice sources, and their interpreted relationships with till
macrofabrics and glacitectonic deformation signatures, the flow-
sets depicted in Fig. 29 are assigned a relative chronology. This
chronology is likely short (i.e. related to the last (Wisconsinan)
glaciation) because of the low preservation potential of subglacial
bedforms dating to older glaciations. Three sources of ice dispersal
are recognised from the flowset imprints and the pattern of ice-
marginal recession demarcated by controlled moraine belts: a)
Amundsen Gulf ice flowing through Franklin Bay from the east; b)
Liverpool Bay ice flowing from the southwest; and c) Great Bear
Lake ice flowing from the south and southeast. The latter two ice
flows originated from a migrating ice divide in and around the
Great Bear Lake region, and the northwest-extension of the
Mackenzie lobe (cf. Dyke and Prest, 1987).

Following upon Mathews et al. (1989), we have demonstrated
that the purported oldest deposits in the Smoking Hills region, the
“plateau-cap fluvial sediments” of Yorath et al. (1969, 1975), are
clearly not Neogene Beaufort Formation equivalents, but instead
record Pleistocene glacial and glacifluvial processes. Further, we
have documented that they have a far less extensive coverage than
depicted or would be compatible with sedimentation in a regional
river network. Instead, isolated gravel deposits mostly reflect
deposition in glacifluvial depo-centres dictated by local in-
teractions of receding ice margins with topography (i.e. kame and
outwash terraces). Flutings imprinted on glacial drift that discon-
tinuously mantles the plateau surfaces indicate that in some areas
the isolated gravel deposits may pre-date at least the last glaciation.
The outwash and kame terrace deposits running parallel with the
lower Horton River valley are likely to have been deposited be-
tween the receding margins of Liverpool Bay and Amundsen Gulf
ice during deglaciation.

5.1. Palaeogeographic event phases A through C

Interpretations of the Pliocene-Quaternary stratigraphy of the
study area necessitate a palaeoglaciological reconstruction that
involves an interlobate zone of ice confluence centred over the
upland regions, created by ice flowing into the area from the west
(Liverpool Bay ice), east (Amundsen Gulf ice) and south (Great Bear
Lake ice moving through the upper Horton River and Anderson
River basins; Fig. 30a), with ice flow dominance varying spatially
over time. The eastward verging bedrock (glacitectonic) deforma-
tion noted by Yorath and Cook (1981) in the Mason River basin, and
both east and west verging glacitectonic bedrock deformation on
either side of the lower Horton River valley (our observations and
Mathews et al., 1989), confirms this confluence. Bedrock glacitec-
tonic deformation in the study area extends to depths generally
�25 m. In order to explain the glacitectonic disturbance of bedrock
at altitudes similar to those of the present-day valley floors, we
argue that the first glacial advance encountered a landscape with
existing fluvial dissection, but not necessarily one in which the
Horton Gap had formed (Phase A, Fig. 30a). Importantly, in the case
of sections HR 1, 2 and 3, it implies that a major side valley was
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already draining eastward into a northward-flowing proto lower
Horton River with a base level ±210 m asl (base of deformed
bedrock at section HR 2 þ 20 m; Fig. 30a). Bedrock deformation at
section HR 5 indicates that a further side valley drained westwards
into the proto lower Horton River. To the south of the uplands,
drainage including the upper Horton River flowed across a low
divide (~165 m asl; “topographic low” of Mathews et al., 1989) into
the Anderson River. As ice flowed into the region from the south-
east, over-topping the upland regions, bedrock on the incised valley
floors and margins was then glacitectonically disturbed. Ice mar-
gins attained a position located at least as far north as ice margin
Phase B on Fig. 30a. A subsequent recession to around or further
south of the location of icemargin Phase C is required to explain the
deposition of LFA1 valley infill as glacifluvial outwash draining
north-northwestwards down the proto-lower Horton River.
Southward retreat of ice and impoundment of regional drainage
against the uplands likely initiated the incision of the Horton Gap,
though by how much is uncertain. That the basal LFA1 gravels
contain facetted and striated clasts, but no Canadian Shield-derived
granitic material, perhaps supports Barendregt and Duk-Rodkin
(2004) and Duk-Rodkin and Barendregt's (2011) notion of a Hor-
ton (Melville Hills) ice cap source (i.e. north and west of Canadian
Shield outcrops; Fig. 1b). However, it may well be that the first
glaciation into this area encountered such a deeply weathered
bedrock regolith, that farther travelled Canadian Shield lithologies
were diluted evenmore than their rare (<1e2%) occurrence inwhat
are interpreted as Laurentide (continental) tills above, and that
these basal glacifluvial gravels are also a Laurentide deposit.

5.2. Palaeogeographic event phases D and E

Following on from the above depositional events, it is clear from
the glacilacustrine sediments of upper LFA1 at section HR 2 that a
substantial glacial lake occupied at least this side valley, if not much
of the lower Horton River valley (see also the undeformed and
heavily glacitectonised upper LFA1 in Sections HR 4, 4a and 4b).
This required coalescence of the Liverpool Bay and Amundsen Gulf
ice over what is now the northernmost reach of the lower Horton
River (Phase D, Fig. 30b). The development of ground ice during a
periglacial period, as recorded by the ice wedge pseudomorph in
LFA1 glacifluvial gravels in section HR 1, likely took place after the
lake emptied (Phase E, Fig. 30b), based on the fact that the
conformable and gradational contacts between LF1-LF3 and LF3a-
LF3b, respectively (sections HR 2, HR 4b), indicate no break be-
tween glacifluvial and glacilacustrine environments.

5.3. Palaeogeographic event Phase F; last glaciation early flows

Till sequences and clast macrofabrics together with glacitectonic
shearing directions then record the oscillatory dominance of the
three main LIS ice flow sources. The earliest of these switching ice
flow directions are classified as Phases F1-3 (Fig. 30c) based upon
the sequencing recorded in LF4a and middle LF4b in section HR 1.
Amundsen Gulf ice appears to have been dominant during Phases 1
and 3 (LFs 4a lower and 4b middle, respectively), based uponwest-
southwesterly directed flow indicators (Fig. 30c). Ice flowing north
from the Great Bear Lake ice divide area through the Horton River
basin appears to have been dominant during Phase 2 (LF4a upper),
based on west-northwesterly directed flow indicators, which pre-
sumably forced Amundsen Gulf ice to also flow north-
northwestwards after crossing the Parry Peninsula from east to
west (Fig. 30c). Tills and glacitectonites emplaced during these ice
flow phases were nourished by the cannibalisation of pre-existing
deposits and continued bedrock rafting from partially filled valley
margins.
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5.4. Palaeogeographic event Phases G and H; last glaciation late
flows

The dominance of fabrics indicative of Amundsen Gulf and Great
Bear Lake ice sources during Phases F1-3 was superimposed in the
construction of upper LF4b in section HR 1 by an easterly directed
stress signature. This represents dominance of ice flowing from the
Liverpool Bay area, nourished by vigorous flow from the Mackenzie
lobe to the southwest of the region and appears to be the first
stratigraphic ice flow indicator that is manifest also in surface
flutings; hence this is classified Phase G4 (Fig. 30d). These flutings
form the prominent and extensive flowsets that converge on the
Mason River and lower Horton River area. This prominent Phase G4
flow imprint is used by Margold et al. (2015) to identify the
Anderson River ice stream, although its origin is to the southwest of
the Anderson River drainage basin.

The final set of ice flow phases is recorded in the uppermost tills
and glacitectonites in the study area. At section HR 1 these are
reflected in clast macrofabrics from LF4c, which indicate a reversion
to Amundsen Gulf ice dominance. Bedrock and pre-existing glaci-
genic sediments were heavily glacitectonised and cannibalised
during this renewed westerly directed stress regime. Subtle
changes in ice flow trajectory are recorded in flow Phases H5a, b
and c, sequentially directed towards southwest, then west-
southwest, and finally towards the west, respectively (Fig. 13a).
These latter flow phases appear to be recorded in flowsets, spe-
cifically on the north Parry Peninsula (H5b) and most prominently
in a regional signature (H5c) that reflects the late stage arcuate
drawdown of coalesced Amundsen Gulf and Great Bear Lake ice
masses (Fig. 30d). Interestingly, it appears that Phase H5c was
responsible for the final deformation signature imparted on the
buried glacier ice in section AR 2 in the Anderson River area.
Changes in lithological, matrix geochemical, particle size and
colour characteristics of the section HR 1 upper LF4c diamicts
(Phase H5; Supplementary data S2), from earlier Amundsen Gulf-
centred ice flows (Phases F1 and 3) likely reflects progressive
shifts in ice divides over the southern Arctic Archipelago and
northern mainland during build-up and retreat of the LIS.

5.5. Deglacial ice flows

The final stages of deglaciation of the region are recorded by the
development of inset sequences of ice-cored (controlled) moraine,
whose arcuate assemblages demarcate the margins of ice lobes
receding westwards into Liverpool Bay, eastwards into Franklin Bay
(Amundsen Gulf) and southwards into the upper Horton/Anderson
rivers and Great Bear Lake basins (Fig. 30e). Flowsets formed at this
time were largely fragmentary and spatially restricted, recording
local topographic confinement. Ice-marginal thrusting of materials
was likely intensified during recession as glacier sub-marginal
thermal conditions turned strongly polythermal (cf. �O Cofaigh
et al., 1999, 2003; Dyke and Savelle, 2000; Dyke and Evans, 2003;
Evans, 2009) and this appears to be manifest in the late stage thrust
stacking at section HR 4 by ice flowing from the north-northeast
(Fig. 30e). An important feature that developed during the final
stages of deglaciation is the Horton Gap ice-dammed lake, as evi-
denced by the extensive lake sediment and shorelines in the area.
The existence of this lake indicates that the lower Horton River was
occupied by coalescent Liverpool Bay and Amundsen Gulf ice
margins (Fig. 30e), a palaeoglaciological reconstruction of some
significance because it implies that the region was completely
overrun by glacier ice during the last glaciation in contrast to the
more restricted ice marginal reconstructions depicting the Smok-
ing Hills as an unglaciated enclave (Rampton, 1981, 1988; Hughes,
1987; Vincent, 1984; Dyke and Prest, 1987; Mathews et al., 1989;
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Barendregt and Duk-Rodkin, 2004; Duk-Rodkin et al., 2004; Stokes
et al., 2006, 2009; Brown et al., 2011; Duk-Rodkin and Barendregt,
2011; Batchelor et al., 2013a, b, 2014; MacLean et al., 2015; Margold
et al., 2015).

With the exception of non-finite radiocarbon ages indicative of
non-glacial accumulation of organic materials at some stage, our
only absolute dating constraints for the glacial events depicted in
Fig. 30 derive from an isochron burial age of 2.9 ± 0.3 Ma for LF4a
(section HR 1). The chronology of emplacement of all subsequent
deposits is hence relative, but the ice flow events since and
including the deformation signature in upper LF4b are thought to
be related entirely to the last glacial cycle due to their compatibility
with surface flowsets, and the absence of inter-till units with a clear
interglacial record. Of relevance here in this context, there has been
a tendency for the most recent LGM ice sheet reconstructions for
the region to depict a vigorous Amundsen Gulf ice stream reaching
the continental shelf edge to the southwest of Banks Island but
failing to make incursions into the Smoking Hills area (cf. Stokes
et al., 2006, 2009; Brown et al., 2011; Batchelor et al., 2013a, b,
2014; MacLean et al., 2015; Margold et al., 2015), perhaps in
deference to the earlier reconstructions of Mackay (1958), Klassen
(1971), Rampton (1981, 1988), Vincent (1984), Dyke and Prest
(1987), Hughes (1987) and Mathews et al. (1989). However, flow-
sets mfs-9 and -11 of Stokes et al. (2006) clearly record vigorous
Amundsen Gulf ice flow across Franklin Bay and outer Liverpool
Bay, equated with our Phase H5 regional ice flow (Fig. 30d) and
thereby operating over the Smoking Hills. Moreover, the pattern of
inset, ice-cored recessional moraine sequences are indicative of
Late Wisconsinan deglaciation of the Smoking Hills, during which
ice would also have had to occupy the lower Horton River area in
order to create the Horton Gap ice-dammed lake (Fig. 30e). On the
question of multiple glaciations in the area, we acknowledge that
the Anderson River buried old glacier ice and deformed ice wedges
site (AR 2) likely record at least two glacial periods; moreover,
widespread glacitectonized bedrock at valley floor level as well as
reworked, striated and faceted clasts in the basal glacifluvial gravels
of LFA1 in section HR 1, which are also superimposed by an ice
wedge pseudomorph, record a glaciation that either pre-dates the
emplacement of LF4a (i.e. potentially�2.9 Ma), or is accordant with
oscillating ice margins during the same glacial cycle.

5.6. Glacial chronologies

Although multiple diamictons, when interpreted as tills, are
potential records of multiple glaciations, their designation as such
is inherently problematic and potentially erroneous in the Smoking
Hills area due to two critical factors: 1) the lack of a robust chro-
nostratigraphic framework; and 2) the extensive evidence of gla-
citectonic disturbance, raft emplacement and hence facies
repetition due to folding and thrust stacking. The latter factor is
particularly marked in poorly consolidated (soft) bedrock terrains
and can result in disproportionately thicker glacigenic sequences
for the most recent (i.e. Late Wisconsinan) glaciations relative to
older events, especially in ice sheet-marginal settings (cf. Evans
et al., 2012). However, notwithstanding our re-interpretation of
previously identified inter-till lacustrine and mass flow deposits
and palaeosols as bedrock rafts, a magnetostratigraphy has previ-
ously been constructed that suggests significant age differences
between glacigenic diamictons (Fig. 18). This is important, because
it has been confidently employed in regional reconstructions of
multiple ice sheet extents throughout the Quaternary (e.g. Duk-
Rodkin et al., 2004; Batchelor et al., 2019). The continued use of
magnetostratigraphy in this way (i.e. in glacitectonised and glaci-
genic deposits) requires critical evaluation and further study.

Although the majority of the glacigenic sediment in the study
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area may equate to the last (Wisconsinan) glaciation, we have re-
ported here a potentially pre-Quaternary glaciation(s). The ages
derived from LF4a lie within the Gauss Chron normal but could
relate also to the earliest Matuyama Chron reversal (<2.58 Ma) or
the Kaena (3.05e3.13 Ma), and possibly the Mammoth
(3.22e3.33 Ma) subchron reversals. Evidence for such Pliocene
(5.33e2.58 Ma) glaciations has largely been derived from marine
isotopic records that reflect changes in global ice volume (cf.
Lisiecki and Raymo, 2005), sea level records (e.g. Dwyer and
Chandler, 2009; Miller et al., 2011), and marine records of ice-
rafted detritus (IRD; e.g. Jansen et al., 2000; Bailey et al., 2013; De
Schepper et al., 2014; Knies et al., 2014). From such studies,
glacial modelling exercises have focussed on changes in global CO2
concentrations and sea level changes to reconstruct various glacial
configurations ranging from alpine glacial expansion to continental
ice sheets (De Schepper et al., 2014; Dolan et al., 2015; Berends
et al., 2019). The major cooling event during Marine Isotope Stage
(MIS) M2 (3.3 Ma; during the Mammoth reversed polarity sub-
chron; Lisiecki and Raymo, 2005) has been a focus for many of the
earliest Pliocene glaciations, while others have been linked to later
MIS excursions, including the establishment of prominent northern
hemispheric glaciation cycles accordant with the Pliocene e

Pleistocene cooling event (~2.75 Ma; Lisiecki and Raymo, 2005).
Terrestrial records of large scale Pliocene glaciations in northern
Canada include the buried till of Gao et al. (2012) from north-
western James Bay lowland (palaeomagnetic and proxy-dated
~3.5 Ma, although this age is not strongly constrained), and a late
Pliocene (~2.64 Ma) glaciation in the Yukon Cordillera that was
both the earliest and the historically most extensive Cordilleran Ice
Sheet (Duk-Rodkin et al., 2004; Barendregt et al., 2010; Hidy et al.,
2013). In acknowledging the uncertainties in our HR 1 section
burial ages, our evidence for an expansive continental glaciation in
the Smoking Hills area is broadly coeval with the latest Pliocene
(2.64 Ma) Yukon Cordillera Ice Sheet record (Hidy et al., 2013), but
would pre-date the 2.4 Ma age of the first extension of the Lau-
rentide Ice Sheet south of 39�N, close to its maximum all time limit
identified by Balco and Rovey (2010).

With respect to the construction of a fuller chronostratigraphy
that is independent of the problematic magnetostratigraphic
framework, it is clear that significant quantities of intra- and sub-
till wood and organic remains are available within the Smoking
Hills field area but the employment of only radiocarbon dating has
so far resulted in a failure to elucidate on the likelihood of multiple
populations of ages. Also critical in this respect is the widespread
evidence for glacitectonic displacement and intercalation of wood
debris and peat that has been cannibalised from older deposits,
potentially Neogene, as has been demonstrated by Evans et al.
(2014) and Vaughan et al. (2014) for sites on Banks Island.

6. Conclusions

Detailed sedimentological, stratigraphic and structural analysis
of the main Quaternary section (our HR 1) and several other newly
identified sections, along with cosmogenic burial dating, funda-
mentally revise the previous reconstructions of Pliocene e Pleis-
tocene glacial history for the Smoking Hills area. The basal sand and
gravel deposits, containing what are considered broadly Neogene-
aged reworked plant and organic remains, are made up of lithol-
ogies that could not be sourced from the local catchment, and
include glacially faceted and striated clasts. Previously mis-
construed as possible Beaufort Formation and plateau gravel
equivalents, we identify these instead as glacifluvial deposits
formed within a Pliocene landscape exhibiting modest fluvial
dissection. Glacitectonic deformation and displacement of
coherent, poorly-consolidated bedrock masses was found
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throughout the study area, particularly within the Smoking Hills
Formation mudrock. Depths of bedrock deformation are generally
�25 m, and examples of this deformation are found at altitudes
similar to present-day tributary valley floors, suggesting these lie
close to the preglacial landscape morphology. The exception to this
is the lower Horton River valley, and particularly the “gap” which
bisects the upland region (>200 m incision), and formed at the
interlobate confluence of westward flowing Amundsen Gulf and
north and eastward flowing Great Bear and Liverpool Bay ice, likely
over successive glaciations. A cosmogenic isochron burial date of
2.9 ± 0.3 Ma derived from quartzite clasts and a bulk quartz sand
separate from a lower diamicton/glacitectonite sequence (LF4a,
containing Canadian Shield-derived granites) provides evidence of
the earliest dated Laurentide (continental) glaciation of the region.
This age is broadly coeval with the documented earliest and most
extensive northern Cordilleran glaciation. An ice-wedge pseudo-
morph in the underlying glacifluvial gravels (Duk-Rodkin and
Barendregt, 2011; unobserved by us due to slumping) records a
period of periglacial conditions following on from glacifluvial and
glacilacustrine sedimentation after bedrock glacitectonism, thereby
representing a pre-2.9 Ma glaciation, or oscillating ice margins
within the same glacial period. The lower LF4a assemblage contains
both diamictons and formally unrecognized rafts and intraclasts of
poorly-consolidated Cretaceous bedrock. Indeed the ~3 m thick
unit overlying LF4a, which has been noted by all previous re-
searchers investigating this site and described as lacustrine or other
non-glacial fine-grained laminated rhythmites, is instead revealed
through sedimentology, palynology, and the presence of large
siderite concretions as a coherent raft of Horton River Formation
bedrock. The overlying LF4b and 4c assemblages of massive to
laminated diamictons (separated by a 2e6 m thick, highly glaci-
tectonised bedrock raft) is interpreted as a stacked facies of glaci-
tectonic thrust and folded Laurentide diamictons and Cretaceous
bedrock intraclasts. The sequence of deposits, clast macrofabrics,
and glacitectonic shearing directions in the various sections
inspected are used to decipher a relative chronology of ice flow
history, which for the most recent deposits and structures is
matched to surface geomorphological mapping of ice flowsets,
controlled moraines, and deglacial ice margins. With respect to
regional ice stream evolution, the changes in ice flow trajectory of
flow Phases H5a, b and c incorporate those of flowsets mfs-9 to
mfs-11 of Stokes et al. (2006), which record vigorous Amundsen
Gulf ice flow across Franklin Bay and outer Liverpool Bay and
appear to reconcile with flowsets in the Anderson River catchment,
thereby demonstrating LateWisconsinan ice flow over the Smoking
Hills and the final deformation signature imparted on the buried
glacier ice in section AR 2. That the overriding ice was able to
deform the underlying “old” ice and ice wedges, and produce the
adjacent ice-cored flutings, yet not melt more of this buried ice
beyond the shallow thermal unconformity, suggests transient shear
zone development, and possibly only a brief period of glacial
inundation. Further evidence of Late Wisconsinan glaciation of the
Smoking Hills is the former existence of the Horton Gap ice-
dammed lake, which required the occupation of the lower Horton
River by coalescent Liverpool Bay and Amundsen Gulf ice margins.
The uncoupling of these ice masses and the Great Bear Lake ice
margin to the south during the final stages of deglaciation is
recorded by inset sequences of ice-cored (controlled) moraine.
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