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ABSTRACT: An analysis of sediment records from two lakes located along the southeastern shore of the Fury and
Hecla Strait (Nunavut, Canada) allowed us to reconstruct the regional environmental history since deglaciation.
Multiproxy profiles, namely particle-size distribution, elemental geochemistry (based on X-ray fluorescence) and
diatom assemblages, revealed a regional deglaciation and marine inundation around 8200 cal a sp. This suggests that
glacial retreat in this region likely occurred several hundred years earlier than previously extrapolated. At that time, the
connection between the Atlantic and Pacific Ocean currents must have been established and glacial isostatic adjustment
gradually isolated the lacustrine basins from marine influence. Diatom assemblages revealed an abrupt
marine-brackish—freshwater transition (ca. 6670-6130 cal a 8p) through a shift in dominance from initial polyhalobian
(e.g. Tabularia fasciculata, Navicula directa), intermediate mesohalobian (e.g. Cyclostephanos dubius, Thalassiosira
baltica) to oligohalobian (fragilarioid Staurosirella pinnata, Staurosira venter, Pseudostaurosira pseudoconstruens,
P. brevistriata) taxa. Multivariate analyses (redundancy analysis and multivariate regression tree) conducted on the
biological and lithogeochemical data also suggest that climatic conditions may have remained relatively warm throughout
the interval ~6000-3900 cal a Br, before significantly cooling over the past few millennia, as inferred from a decrease in

organic matter accumulation and shifts in diatom communities. Copyright © 2021 John Wiley & Sons, Ltd.
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Introduction

The scarcity of studies conducted in polar regions makes
palaeolimnology a valuable discipline that allows the
development and use of new physical, chemical, biologi-
cal and numerical tools, testing climate models and
unravelling important details of past environments. This is
especially true in the context of accelerated global change
driving abrupt environmental and ecological shifts at high
latitudes.

The Fury and Hecla Strait, for instance, has drawn little
scientific attention so far, despite its key importance stemming
from its strategic geographic location at the confluence of the
Atlantic Ocean currents coming from the Foxe Basin to
the south and those arriving from the Pacific Ocean through
the Gulf of Boothia in the north (Fig. 1). The region’s Holocene
environmental history has been shaped by extensive Wiscon-
sinan glacial activity, followed by the gradual withdrawal of
the Laurentide Ice Sheet and the onset of important palaeo-
geographical and geophysical changes, including marine
inundation and the beginning of glacial isostatic adjustment.
These dynamics are well documented, as several studies
(Sim, 1960; Ives and Andrews, 1963; Dyke and Prest, 1987)
have reconstructed ice flows originating from the Foxe Ice
Dome, following a dominant westward direction, in addi-
tion to a late southwestward flow from Baffin Island at
8500 '*C a sp (Dredge, 2001; Dyke, 2008). Deglaciation
subsequently led to the formation of several lakes occupying
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rock basins scooped out by glacial erosion (Dredge, 2001).
Prior studies (e.g. Dredge, 1990, 2001; Dyke, 2004, 2008)
have suggested a glacial chronology for the Fury and Hecla
Strait region based exclusively on extrapolation of radio-
carbon dates of raised beaches rather than in situ records.
Dyke et al. (1996) and Dyke (2004) placed this interval
between 7000 and 6000 '*C a sp (7800 and 6850 cal a 8p),
whereas Dredge (2001) proposed that areas more distant
from the Foxe Ice Dome centre, including the strait itself,
were deglaciated after 6900 '*C a sp (7750 cal a Bpr). Dyke
(2008), however, indicated that the Fury and Hecla flow was
operating by 8500 '*C a sp (9500 cal a 8p) and remained
active until after 6500 '*C a sp (7400 cal a sp). While such
results do not yield precise conclusions regarding the
postglacial evolution of the region, they nevertheless
provide valuable palaeogeographical context.

The main objectives of this study were to understand the
palaeogeographical history of the region since deglaciation,
including the timing of glacial retreat and lake formation, and
to examine the relationship between environmental fluctua-
tions and biological shifts throughout the Holocene.

To address these questions, we applied a multiproxy
approach based on changes in particle-size distribution,
elemental geochemistry and diatom microfossil assemblages
in sediment cores. The relevance of this study stems from the
aforementioned scarcity of palaeolimnological data in the
region as well as the strategic location of the Fury and
Hecla Strait as a ‘gateway’ between Atlantic and Pacific
waters, making it an ideal place to yield insights into
questions in various fields, such as palaeoceanography,
biogeography, palaeoanthropology and palaeogenetics.


http://orcid.org/0000-0001-9613-9397
https://orcid.org/0000-0002-3613-1673
http://orcid.org/0000-0002-3838-3305
http://orcid.org/0000-0001-6629-4839

PALAEOENVIRONMENTAL CHANGE IN THE FURY AND HECLA STRAIT REGION 945

95°0'0"W 90°0'0"W 85°0'0"W 80°0'0"W
1 1 1 1
73°0'0°N N
72°00°N
Gulf o
f of Cahags
Boothia
AoeH A Fury and .
Hecla Strait Usy
70°00°N A \\_, / -
Igloolik Baffin Island
69°0'0"N 1 o
Melville
68°0'0"N Peninsula |
Nettilling Lake
67°0'0"N 4 o
Foxe Basin
66°00'N -
0 125 250 500 Km
Esri, Gamin, GEBCO, NOAA NGDC, and other contributors

Figure 1. Location of the Fury and Hecla Strait at the confluence of the Atlantic (red arrow) and Pacific (blue arrow) ocean currents via Foxe Basin
and the Gulf of Boothia. [Color figure can be viewed at wileyonlinelibrary.com]

A precise postglacial chronology of events, such as regional
deglaciation and the opening of the strait, would serve as a
valuable reference point for studies dealing with Palaeo-
Eskimo migrations and faunal and floral exchanges between
two major ocean water masses (intermixing of ocean biota),
among many other questions (McGhee, 1976; Dyke et al., 2011;
Coad and Reist, 2018).

Regional setting
Local geology and geomorphology

The Fury and Hecla Strait geological group consists of siliciclastic
and volcanic rocks overlying Archean and Palaeoproterozoic
crystalline bedrock (Patzke et al., 2018). This formation is
composed mainly of granitoid gneiss, mafic intrusions and minor
metasedimentary rocks, also described by Dredge (2001) as
Proterozoic sandstone/quartzite rocks near the northernmost end
of the Melville Peninsula. Late Wisconsinan glacial dynamics
have triggered profound changes in various regional geomor-
phological features recorded by the presence of glacially polished
and striated rocks, extensive till plains occupying a large
proportion of the region and several shallow lakes of glacial
origin (Dredge, 2001). Among these, our two study lakes were
located in a zone of continuous permafrost. Both lakes were
ultra-oligotrophic, as is typical of Arctic waterbodies (Table 1).
Lake Fury 1 (unofficial name; 69°41'11” N, 83°09'24” W) is
located 204 m above sea level (asl) and 1.15 km south of the Fury
and Hecla Strait, whereas Lake Fury 2 (unofficial name; 69°39’
42" N, 82°33’12” W) is located 65 m asl, 2.70 km south of the
strait (Fig. 2). The lakes have maximum depths of 32.5 and
20.9 m, respectively.

Copyright © 2021 John Wiley & Sons, Ltd.

Catchment vegetation

Terrestrial vegetation in the lake watersheds was scarce.
Although vegetation was slightly denser around Lake Fury 1,
specific diversity was low. While surveys have indicated the
presence of a prostrate/hemiprostrate dwarf-shrub tundra in
the region, marked by species such as Cassiope tetragona,
Rhododendron lapponicum and Salix arctica (Walker
et al., 2005), our observations noted the dominance of only
a few low-growing shrubs, such as Salix arctica and Salix
polaris, sparsely populating an exposed lichen-covered
bedrock.

Table 1. Results of limnological measurements and water chemistry
analyses from lakes Fury 1 and Fury 2, sampled on 31 August and 1
September 2017, respectively

Variable Fury 1 Fury 2
pH 7.56 7.70
Calcium (mg/L) 6.34 8.62
Chloride (mg/L) 2.5 4.7
Silica (mg/L) 0.36 0.19
Total phosphorus (pg/L) 2.5 4.0
Total dissolved phosphorus (pg/L) 0.8 1.6
Dissolved inorganic carbon (mg/L) 6.0 8.1
Dissolved organic carbon (mg/L) 0.9 1.6
Specific conductivity (uS/cm) 58.2 88.4
Surface temperature (°C) 6.71 6.87
Temperature near bottom (°C) 6.72 6.86
Secchi disc depth (m) 12 1
Maximum depth (m) 32.5 20.9
Threshold elevation (m asl) 204 65
Surface area (km?) 0.09 0.11
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Regional climate

The climate in Igloolik (Nunavut), 40-50 km from our study
site, is characterised by an average annual temperature of
-12.9°C (uly=7.6°C) and mean annual precipitation of
275 mm (Environment Canada, 2019).

Methods
Field sampling

Sediment cores were collected during summer 2017 (31 August
and 1 September), based on the hypothesis that postglacial
changes would be recorded in lake sediments through
biological, physical and geochemical proxies. Bathymetric
surveys were conducted in both lakes using a portable sonar
(Humminbird 859 CI HD) equipped with an internal GPS, and
cores were taken from the lakes’ deepest parts, using a 7 cm
diameter percussion corer (Aquatic Research Instruments). Core
Fury-1 (70 cm) was extracted from Lake Fury 1 and comprised
marine and freshwater sediments. It was mainly used to confirm
the regional postglacial chronology. Fury-2F (59 cm) was
extracted from Lake Fury 2 and consisted only of lacustrine
sediments. It was complementary to the longer core Fury-2C
(82 cm) extracted from the same lake. The latter served as the
main study archive to reconstruct postglacial palaeoenviron-
mental conditions in the region.

Geochronology

Seven accelerator mass spectrometry (AMS) '*C dates were
obtained from cores Fury-1 (one date) and Fury-2C (six dates)
(Table 2), all of which were measured on bulk organic
sediments, with the exception of two samples of bryophyte
remains extracted from the basal, inorganic glacio-marine
sections of cores Fury-1 and Fury-2C. Samples were prepared
at the Centre for Northern Studies Radiochronology Laboratory
and measured at the Keck Carbon Cycle AMS Facility.

An age-depth model for Fury-2C based on Bayesian
inference was generated using the rbacon package in R

Figure 2. Lakes Fury 1 (left) and Fury 2 (right),
located 1.15 and 2.70km from the Fury and
Hecla Strait, respectively (photo credit: Reinhard
Pienitz). [Color figure can be viewed at
wileyonlinelibrary.com]

(Blaauw and Christen, 2019). The core was divided into
several equally spaced sections and sediment accumulation
rates (a cm™') were estimated for each section through millions
of Markov Chain Monte Carlo iterations (Blaauw and
Christen, 2011).

Lithology

Cores were taken to the Institut national de la recherche
scientifique (INRS-ETE, Québec, Canada) for non-destructive
measurements of density variations using a computed tomo-
graphy scanner (Siemens SOMATOM Definition AS). The
cores were then split lengthwise and analysed with an Itrax
X-ray fluorescence (XRF) core scanner at 500 pm intervals with
an exposure time of 10s per point. Profiles of elements with
low signal-to-noise ratios were removed, resulting in the
inclusion of those seen in Figs. 4 ,5 and 6. The values,
originally expressed in peak area integrals, were then normal-
ised to kilocounts per second (kcps) in order to account for the
irregular nature of the sediment matrix (Cuven et al., 2011).
The results were then averaged at 1 cm resolution for statistical
comparability, and elements displaying relatively high signal-
to-noise ratios (i.e. Si, K, Ca, Ti, Mn and Fe) were selected for
further analyses. Elemental ratios (i.e. Ca/Ti and Mn/Ti) were
calculated and used as supplementary (passive) palaeoenvir-
onmental proxies for potential variations in biogenic carbonate
and bottom-water oxygenation, respectively. Ca/Ti is used as a
palaeoproductivity proxy and was shown to be correlated with
other biomass indicators such as total organic carbon and, to
some extent, temperature (Kylander et al., 2013). Mn/Ti, on the
other hand, has been used for tracing past redox conditions
(Croudace et al., 2006; Kanamaru et al., 2013; Kylander
et al., 2013; Davies et al., 2015), with low values (associated
with anaerobic conditions) pointing to either lower oxygena-
tion at the water-sediment interface following lake stratifica-
tion, or water deoxygenation induced by organic decay during
periods of high biological productivity (Davies et al., 2015).
Significant stratigraphic zones were determined according to
the broken stick model and the constrained incremental sum of

Table 2. AMS '“C dates of samples extracted from cores Fury-1 and Fury-2C. Most dates were obtained on bulk organic sediment (gyttja), with the
exception of samples Fury 1-57 and Fury 2-76, dated on bryophyte remains found in glacio-marine sediments. '*C dates used in the rbacon package

are shown by a dagger

Sample Core Calibrated a sp (median
Laboratory number number depth (cm) Material C date (a 8p) 20 age range (cal a Br) probability)
ULA-8292 Fury 1-57 56.5-57 Bryophytes 7275 +20 8020-8160 8100
ULA-7769 Fury 2-17 17-17.5 Bulk sediment 2980 + 157 3070-3280 3180
ULA-7770 Fury 2-31 31-31.5 Bulk sediment 3610 + 157 3800-4060 3960
ULA-7771 Fury 2-43 43-43.5 Bulk sediment 4700 + 157 5240-5600 5390
ULA-7766 Fury 2-56 56-56.5 Bulk sediment 5455 + 207 6110-6930 6510
ULA-7767 Fury 2-57 57-57.5 Bulk sediment 6025 + 157 6340-6980 6670
ULA-8175 Fury 2-76 76-77 Bryophytes 7375 + 257 8160-8310 8190

Copyright © 2021 John Wiley & Sons, Ltd.
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squares algorithm, implemented in the package rioja in R
(Juggins, 2019).

Magnetic susceptibility (MS), used to assess potential
changes in minerogenic input (Lie et al., 2004), was also
measured throughout core Fury-2C at 0.5 cm intervals using
the sensor incorporated into the ltrax core scanner system and
averaged at 1 cm resolution.

Organic matter and water content

Core Fury-2C was subsampled at 0.5cm intervals and
samples were placed in individual Whirl-Pak bags. All 164
samples were weighed, then freeze-dried for a minimum of
48h, and weighed again to calculate water content
throughout the core.

The samples were then analysed by loss-on-ignition to
estimate organic matter content. Freeze-dried samples of
approximately 0.30g were transferred into pre-weighed
crucibles and heated to 550°C for 4h according to the
method of Heiri et al. (2001).

Grain-size analysis

The sedimentological properties of core Fury-2C were
analysed with an LA-960 Horiba Laser Particle Size Analyzer
to reconstruct changes in particle input to the lake. Samples
were prepared by adding a solution of 10% (NaPOs)e (as a
dispersing agent) to the LOls59 samples at 1 cm intervals and
the solution was kept at room temperature for 24 h. Particle-
size distribution, based on multiple measurements, was
determined for every sample. The average size, as well as
the spread (sorting) values of the sediments, were then
calculated based on the arithmetic method of moments using
the GRADISTAT program (Blott and Pye, 2001).

Diatom analyses

A 0.05 mg subsample of freeze-dried sediment was extracted
from 66 samples at 1 cm intervals (core Fury-2C) for diatom
analysis that followed standard procedures as outlined in
Pienitz et al. (1995). Samples were treated with strong acids
(H2SO4 and HNO3 1:1 (v/v)) to digest the organic sediment
matrix. Permanent microscope slide mounts were then
prepared using the synthetic resin Naphrax. Diatom species
were identified along random transects on the slides using a
Zeiss Axio Imager 2 microscope at a magnification of
1000-1500%. At least 300 diatom valves were counted for
each depth, with the exception of eight samples with low valve
densities. Damaged valves were only included in the
enumeration process when distinctive parts of the species
were present. Diatoms were identified to the lowest taxonomic
level possible based on published floras (Krammer and Lange-
Bertalot, 1991a, 1991b; Campeau et al., 1999; Fallu
etal., 2000; Antoniades et al., 2008, Zimmermann et al., 2010).
Species relative abundances were calculated, and taxa were
included in a percentage diagram and organised according to
their salinity preferences as indicated by Campeau
et al. (1999).

Alpha diversity, used to assess diversity of species composi-
tion at individual sites (Legendre and Legendre, 2012), was
estimated using the exponential of Shannon entropy H
(uncertainty associated with a frequency distribution p), given

by:

s
D = exp —Zpilnpi = exp(H) (1)

i=1

Copyright © 2021 John Wiley & Sons, Ltd.

Evenness was also calculated to assess the degree of
homogeneity in the distribution of species using the index
proposed by Smith and Wilson (1996). Based on the variance
in abundances over the species, it was computed as follows:

E.o=1— 2 an Zf=1[|n(P,-) - Zj=1/n (pl_)/s]z
§ S

(2)

where S is the taxa richness and p; the relative abundance of
taxon i. E,. varies from 0, when the sample is dominated by a
single taxon, to 1, when all taxa are equally abundant.

Numerical analyses

Multivariate analyses were conducted on the lacustrine section
of core Fury-2C to explore environmental change over time. A
principal component analysis (PCA) was performed on all
measured palaeoenvironmental variables (standardised at the
beginning of the calculation) using the function PCA of the
package FactoMineR in R (Husson et al., 2019). This increased
the dataset interpretability and helped us examine possible
correlations among explanatory variables (potentially driving
changes in diatom communities) comprising the geochemical
and lithological data. Elemental ratios (Ca/Ti and Mn/Ti) were
included in the analysis as supplementary proxies. Variables
were plotted on the PCA ordination (axes 1 and 2) within a
circle of radius 1, and the cumulative R® (goodness-of-fit
statistics) of each variable’s representation on the first two
components was computed using the goodness function of the
package vegan (Table 3) (Oksanen et al., 2019). A PCA was
also used in combination with hierarchical clustering to assign
PCA scores to all observations and group them into meaningful
clusters using the HCPC function of FactoMineR.

A redundancy analysis (RDA) (the canonical form of PCA) was
conducted to explore potential species—environment relation-
ships along the lacustrine section of core Fury-2C. The
explanatory matrix included both the lithological and geochem-
ical variables integrated in the PCA, as well as two linearly
interpolated Holocene mean July temperature records inferred
from pollen assemblages collected near our study site (Gajewski,
2015). The response matrix consisted of diatom relative
abundance data, which were Hellinger-transformed prior to the
analysis to render them suitable for linear ordination methods
based on Euclidean distances (Legendre and Gallagher, 2001).
The 13 environmental variables were forward-selected through
9999 permutations, and Bonferroni corrections were applied to

Table 3. Cumulative R? of the variables’ representations on the first
two principal components (i.e. axes 1 and 2) in the principal
component analysis of zone 3 (lacustrine section) in core Fury-2C

Variable Cumulative R?
Fe 0.83
Mn 0.94
Ti 0.98
K 0.98
Ca 0.83
Si 0.84
Mean size 0.59
Sorting 0.70
LOls550 0.90
Water content 0.80
Magnetic susceptibility 0.47
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probability values for a more rigorous selection. Only statistically
significant variables (P<0.01) were included in the RDA,
generated using the rda function of vegan. The overall
significance of the canonical relationship (R?) was tested with
the anova.cca function of the same package. The RDA triplot was
produced using a scaling type 2 to emphasise the covariances
among the species (Legendre and Legendre, 2012).

A multivariate regression tree (MRT) was also generated using
the package mvpart in R, to model and predict
species—environment relationships based on the sums of squared
deviations from the group means of the response data as
proposed by De’ath (2002). The MRT represents a powerful,
complementary tool to canonical analyses such as the RDA and
forms clusters based on repeated splitting of the data
(De’ath, 2002; Larsen and Speckman, 2004; Legendre and
Legendre, 2012). The model selects explanatory variables that
most strongly influence the response matrix (biological commu-
nities) and each of these variables x;; controls a binary split N of
the response data (defined by a threshold t) of the form:

N1:{i€NZX,'j<t},N2:{i€NIX,'th} (3)

The earlier the variable controls the split, the more prominent
and predictive it is. The final result is a series of binary decisions
leading to different leaves, each characterised by a bar plot
reflecting species assemblages, its number of samples and relative
error (Borcard et al., 2011). The optimal tree size was selected
according to the lowest cross-validation relative error (CVRE),
corresponding to the ratio of the dispersion unexplained by the
tree to the total dispersion of Y, hence indicating the model’s
predictive power, and computed as follows:

27:125):1(%‘;‘(@ - y/(k))z
- 2
Zi:127:1(yij - y/’)

where y. ) is one observation of the test set k, y,, is the
predicted value of one observation in one leaf (centroid of
the observations of that leaf), and the denominator represents
the overall dispersion (sum of squares) of the response data
(De’ath, 2002; Borcard et al., 2011).

CVRE =

(4)

Results
Chronology

The Bayesian age—depth model, spanning a time interval of
8700 cal a s (Fig. 3), was generated with the six '*C samples
from core Fury-2C. The model showed a relatively stable
accumulation rate at the base of the core, but this rate
decreased from 94 acm™, between 82 and 30cm, to 131 a
cm™' from 30 cm upwards.

Stratigraphy

e Core Fury 1
Core Fury 1 was characterised by a bottom section (at least
8100 cal a 8p) consisting of yellow-brown sandy silt, rich in
macrofloral remains. The section was overlain by a thick
organic-rich unit, also marked by a sharp transition from 33 cm
upwards towards slightly less organic conditions (Fig. 4).

Core Fury-2F

Core Fury-2F consisted only of organic-rich sediments. How-
ever, a change in its composition (characterised by a thin sandy
silt layer) punctuated its 31 cm horizon, followed by an upward
transition towards slightly lighter-coloured sediments (Fig. 5).

Core Fury-2C

Like core Fury 1, Fury-2C contained very fine, light-coloured
sandy silt at its base (at least 8200 cal a Br). This section was
overlain by a transitional unit beginning with a dark brown
layer, followed by an upper section of laminated organic-
rich sediments 4 cm thick. The latter section also reflected
lithological changes at 30 cm, marking a clear transition
towards lighter-coloured sediments upcore (Fig. 6).

Elemental geochemistry

e Core Fury-1
There were three statistically significant geochemical zones
in core Fury-1 (Fig. 4): (1) a bottom mineral section
(70-55cm); (2) a thick intermediate organic-rich section
(55-33 cm); followed by (3) an upper section of markedly
less organic sediments (33-0 cm).

Figure 3. Bayesian age-depth model of core
Fury-2C, generated using the Baconfunction in
R. The blue symbols represent the six AMS'*C
dates, bounded by the grey dots showing the
model’s 95% confidence intervals. The red
central  line represents a  second-order
polynomial regression fit, indicating the best
model (the most likely date) based on the
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Si, K, Ca, Ti, Mn, Fe contents and Mn/Ti were relatively high e Core Fury-2F

at the beginning of zone 1 but decreased abruptly at the end While Fury-2F (Fig. 5) was relatively homogeneous, Si, K,
of the section. This decreasing trend continued, and values Ca, Ti, Mn, Fe and Mn/Ti values increased continuously
reached their minima by the end of zone 2. They then above 31 cm. Ca/Ti followed an opposite trend.

increased above the 33 cm horizon, marking the onset of
zone 3. Ca/Ti values were relatively high during zone 1 and
similarly decreased above this unit. However, they de-
creased substantially above 33 cm, reaching their minimum
after this transition.

® Core Fury-2C
Core Fury-2C (Fig. 6) consisted of three significant stratigraphic
zones: (1) a bottom organic-poor section (82-57 cm); (2) a
transitional mid-section (57-52 cm); and (3) a top organic-rich
lacustrine section (52-0 cm).Ca content remained relatively
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Figure 5. Averaged (i.e. 1 cm averages) geochemical profiles throughout core Fury-2F, only comprising lacustrine organic sediments. [Color figure
can be viewed at wileyonlinelibrary.com]
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high during zone 1 but experienced a continuous decrease
near the top of this unit, reaching significantly lower values
during zone 2. This trend continued and values reached their
minimum within zone 3, following the transitional phase. Si,
K, Ti, Mn, Fe relative concentrations and Mn/Ti generally
reached their highest values during zone 1 and gradually
decreased during zone 2. While their minima were reached
during the early stages of zone 3, they peaked abruptly at
30 c¢m, and gradually increased above this layer. Ca/Ti initially
followed a similar trajectory, reaching its maximum value in
zone 1 and gradually decreasing during zone 2. The ratio then
increased at the onset of zone 3. However, contrary to the
previous profiles, it reached a local minimum at 30 cm and
then gradually decreased upwards.

Grain-size analysis

The sediments of core Fury-2C mainly displayed a bimodal
distribution and remained poorly sorted overall, with spread
values fluctuating between 2 and 4 pm (Fig. 6). Zone 1 was
characterised by relatively high sorting, particularly during its
final stages. While the 82-67 cm interval was marked by
relatively high sorting (ranging from 2.87 to 3.15 pm, indicat-
ing poorly sorted sediments), an important shift towards higher
values ranging from 3.25 to 3.55 pm, indicating poorer sorting
conditions, occurred between 67 and 63 cm (7690-7370 cal a
Bp). Values decreased drastically following this interval and
reached their minimum (2.26 pm) at 58 cm (6880 cal a sp),
marking the beginning of zone 2. Low sorting values remained
relatively stable throughout this phase and no significant
changes were recorded along zone 1.

Lithology

Organic matter content (LOlssp) varied from 2%, in the
downcore glacio-marine section of Fury-2C, to almost 50%
in the upper lacustrine section (Fig. 6). Values remained very
low in zone 1 (maximum = 3%) and abruptly increased to 30%
in zone 2. This increase continued during the early stages of
zone 3, and maximum LOlss5q values (40% to 50%) were
recorded within the 50-30 cm interval (5980-3930 cal a 8p) of
the unit. However, the ongoing increase ceased above 30 cm,

Copyright © 2021 John Wiley & Sons, Ltd.

with LOlsso content abruptly dropping to 19%. LOlssq values
then remained relatively low and did not reach their initial
levels in the following interval (29-0 cm), ranging from 26%
to 37%.

The same general pattern was observed in water content,
which gradually increased (from 25% to 94%) towards the top
section, with a slight decrease to 84% at 30 cm depth.

A sustained decrease in MS from 12 to 20 Sl (during zone 1)
to 0 SI (zones 2 and 3) was also recorded throughout the core
(Fig. 6). Low MS values were maintained during zone 3,
converging with the previous results. This trend was not
affected at 30 cm depth, but prominent peaks were recorded at
39 and 9 cm (ca. 5000 and 1900 cal a gp), respectively.

Principal component analysis

Zone 3 of core Fury-2C (interpreted as the lacustrine phase) was
analysed using a PCA (Fig. 7) to better visualise and investigate
environmental shifts experienced during the basin’s final stage (last
~6100 years). The first two axes explained 80.71% of the total
variance in the standardised dataset; the first and second axes,
respectively, accounted for 67.26 and 13.45%. All variables were
well represented on the principal components (Table 3) and
grouped into two main categories, namely (1) a cluster associated
with detrital inputs (Si, Ca, K, Ti, Mn, Fe), and (2) a cluster
associated with water content and LOls5o. The first cluster was
positively correlated with axis 1 while the second, biomass-related
cluster was negatively correlated with it. It is noteworthy that Ca/Ti
and Mn/Ti (supplementary variables) were strongly positively and
negatively correlated with LOlssg, respectively. Axis 2 was
positively correlated with mean grain-size, sorting and MS values.
Furthermore, the PCA (Fig. 8) separated the samples into two
groups along axis 1.

Diatoms

Diatom frustules were generally well preserved and consisted
of 33 genera comprising 121 species, 20 of which were then
selected (>5% relative abundance in at least one sample) and
classified according to their salinity (halobian) tolerances
based on Campeau et al. (1999) (Fig. 9). Samples below
65cm depth were excluded from the analyses due to
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extremely low valve concentrations. Taxa were categorised
into four groups: polyhalobian (20 ppt-35 ppt), mesohalobian
(0.2 ppt-30 ppt), oligohalobian (indifferent taxa) and halopho-
bian (freshwater taxa) (Campeau et al., 1999; Narancic
et al., 2016). Although the subfossil floras were generally
dominated by fragilarioid taxa (e.g. Staurosirella pinnata and
Staurosira venter) common in small Arctic lakes (Pienitz
et al.,, 1995; Adams and Finkelstein, 2010), notable changes
were observed throughout the core and there were four
significant diatom zones (DZ). Three were similar to those in
the XRF dataset, namely the glacio-marine (DZ1), brackish
(DZ2) and lacustrine (DZ3) zones. The algorithm separated the
lacustrine phase into two distinct groups based on taxonomic
differences, and DZ3 was therefore subdivided into two
subzones: DZ3a and DZ3b.

e DZ1 (7600-6670 cal a Bp; 65-57 cm)
Characterised by the dominance of salinity-tolerant taxa
typical of marine/brackish environments, which mainly
consisted of Thalassiosira baltica (reaching a maximum
relative abundance of 32%), Diploneis smithii (20%),
Cocconeis costata (9%), Trachyneis aspera (8%), Bacillaria
socialis (7%), Pinnularia quadratarea (6%), Navicula directa

Copyright © 2021 John Wiley & Sons, Ltd.

(6%) and Tabularia fasciculata (5%). While oligohalobian
pioneer fragilarioid species dominated by Staurosirella
pinnata (24%), Pseudostaurosira pseudoconstruens (18%)
and Pseudostaurosira brevistriata (6%) were also present,
their minimum relative abundances were reached within this
phase. The exp(H) index indicated relatively rich and
diverse diatom communities, with values ranging from
8.83 to 17.57.

DZ2 (6670-6130 cal a Bp; 57-52 cm)

DZ2 was marked by an abrupt decline and disappearance of
polyhalobian species, with the exception of D. smithii
(commonly described as a brackish-marine taxon found in
shallow littoral zones; Lepland et al., 1995), accompanied
by an increase of S. pinnata, P. brevistriata and
P. pseudoconstruens, the latter two showing their highest
occurrences during this phase (23% and 52%, respectively).
This zone was also marked by the initial appearance of the
oligohalobian Staurosira venter, as well as the mesohalobian
Cyclostephanos dubius (reaching a relative abundance of
23%). These important compositional changes were also
accompanied by a gradual decrease in diversity, with values
dropping from 10.88 to 4.29.
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e DZ3 (6130 cal a Bp — present; 52-0 cm)

Salinity-tolerant taxa disappeared at the onset of DZ3 and

freshwater taxa became dominant, including oligohalobian

and halophobian species. Diatom assemblages changed

significantly at the 25 cm horizon, thus dividing DZ3 into

two distinct subzones (DZ3a and DZ3b).

a. DZ3a (ca. 6130-3630 cal a sp; 52-25 cm)

Diversity continued to decrease at the beginning of DZ3a,
eventually reaching its lowest value (3.51). Small tycho-
planktonic fragilarioids, including P. pseudoconstruens, P.
brevistriata, S. venter and S. pinnata (dominant taxon), most
of which reached their highest frequency at that time,
attained a combined maximum relative abundance of ~90%
during the subzone’s early stages. Subsequently, several
oligohalobian and halophobian species, dominated by
Karayevia suchlandtii, Amphora pediculus, Lindavia boda-
nica and Planothidium oestrupii, progressively appeared,
resulting in an important increase in diversity from 40 cm
(ca. 5000 cal a Bp) upward.

b. DZ3B (3630 cal a Bp — present; 25-0 cm)
This subzone was marked by a gradual decrease in the
dominant fragilarioid taxa, the establishment of halo-
phobian species, mostly dominated by Cocconeis
placentula and Karayevia laterostrata, as well as the
disappearance of Platessa conspicua. Diversity contin-
ued to increase during this stage but reached relatively
stable values fluctuating between 7.58 and 11.54 from
22 cm upward (3500 cal a sp — present).

Species—environment relationships

According to the global test, the RDA (Fig. 10) performed with
all explanatory variables (recorded during the lacustrine phase

Copyright © 2021 John Wiley & Sons, Ltd.

of core Fury-2C) was significant (P=0.001). A total of three
significant environmental variables were then selected based
on their Bonferroni-corrected P values obtained by forward
selection, namely LOlsso, K and mean July western Arctic
Holocene temperatures (P=0.0001, 0.0001 and 0.009 and
adjusted R? =0.47, 0.08 and 0.03, respectively). The two first
canonical axes explained 48.44% of the overall variance
observed in the response matrix (39.31% and 9.13%,
respectively). LOlss0 and western Arctic mean July tempera-
tures displayed a strong positive correlation with RDAT
(R=0.95 and 0.85, respectively), whereas K showed a
negative correlation with this axis (R=-0.77). Species such
as Staurosirella pinnata and Platessa conspicua appeared to be
influenced by mean July temperatures and LOlsso, while
Lindavia bodanica, Cocconeis placentula and Karayevia
laterostrata were negatively correlated with the latter two
variables.

The most informative predictors selected by the MRT
(Fig. 11) were LOlsso, western Arctic mean July temperatures
and Mn. The model divided the 50 samples into five distinct
groups, based on the lowest computed CVRE value (0.67), with
an R? of 0.67. Although these groups were similar in terms of
species composition (presence—absence), prominent changes
were obvious, and the five leaves were clustered into two
distinct categories: those with diatom assemblages associated
with potentially warm conditions versus those with colder
conditions. The main LOlsso-controlled data split was done
according to a threshold of 32.09%, and secondary splits were
controlled by western Arctic mean July temperatures and Mn
relative concentrations, with threshold values of 6.8 °C and
1.01 keps, respectively. The first group was characterised by
the dominance of a few pioneer species, including S. pinnata
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Figure 10. Redundancy analysis (RDA) triplot showing the statistically significant environmental variables (red arrows), the 11 major diatom taxa
(blue arrows) and the 50 observations in the lacustrine section (zone 3) of core Fury-2C, distributed along the first two canonical axes. Time-series
trajectory is represented by the arrow connecting all samples from 50 (bottom) to 1 (surface). [Color figure can be viewed at wileyonlinelibrary.com]

and S. venter and an overall low diversity, while the second
group was marked by a significant decrease in species such as
P. conspicua, the establishment of C. placentula and
K. laterostrata, as well as a net increase in diversity and
evenness.

Discussion

Significant shifts in the geochemical, sedimentological and
diatom profiles from cores Fury-1 and Fury-2C suggest major
Holocene palaeogeographical and palaeohydrological
changes, namely the beginning of deglaciation and marine
inundation. In addition, core Fury-2C potentially records
climatic fluctuations (based on LOlssq and Ca/Ti profiles) from
the mid-Holocene onward (~6000 cal a Bpr — present).

Glacio-marine phase

The glacio-marine sediments identified in cores Fury-1 and
Fury-2C accumulated during a period of isostatic subsidence
(Narancic et al., 2016). Highly fluctuating Cl, Ti, Mn, Fe and
grain-size values in both cores (as well as MS values in core
Fury-2C; Figs. 4 and 6) likely originate from the gradual
breakup of the Foxe Ice Dome, which led to rapid glacial
outwash and marine inundation (Narancic et al., 2016). This is
confirmed by high Ca and K values, also characteristic of
marine conditions (Rolland et al., 2008). Nonetheless, while
the presence of polyhalobian taxa such as D. smithii,
C. costata, N. directa, T. fasciculata, T. aspera and
P. quadratarea points towards a saline environment (Fig. 9),
the predominance of the mesohalobian species T. baltica
suggests that glacial meltwaters prevented the establishment of
fully marine conditions, creating a highly variable brackish
environment through mixing and dilution processes
(Campeau et al., 1999). Moreover, the benthic and epiphytic
nature of C. costata indicates relatively shallow nearshore

Copyright © 2021 John Wiley & Sons, Ltd.

waters (Al-Handal and Wulff, 2008; Majewska et al., 2016).
Several diatom frustules were fragmented in this bottom
section, suggestive of highly dynamic conditions in the
context of deglaciation (Pienitz et al., 1991; Adams and
Finkelstein, 2010).

Similarly, increases in LOlss0 and Ca/Ti in Fury-1 and
Fury-2C (Figs. 4 and 6) possibly suggest higher biomass
production during this phase, likely due to rising summer
temperatures and longer open water seasons during the
Holocene thermal maximum (Narancic et al., 2016). This is
substantiated by the presence of glacial dropstones in Fury-2C,
in addition to an important number of bryophyte remains in
Fury-1, requiring increasingly ice-free conditions due to their
poikilohydric nature (Singh et al., 2018). This, however,
should be carefully interpreted, as higher organic matter
content can also be explained by periods of increased anoxia
that favour organic carbon burial (Sobek et al., 2009).

Our age—depth model yields a deglaciation age of ~8200 cal
a Bp at the latest, as inferred from the oldest dated bryophyte
fragments extracted from core Fury-2C. At that time, the
marine gateway and connection between the waters of
the Atlantic and Pacific oceans arriving from Foxe Basin and
the Gulf of Boothia must have been established. Dredge (2001)
suggested that the strait was deglaciated after 7750 cal a sp
(obtained by calibrating Dredge’s '*C age, i.e. 6900 '*C a sp),
when the ice broke up in Foxe Basin, while Dyke (2008)
suggested that the process was operating from 9500 cal a sp
(8500 '*C a p) until somewhat after 7400 cal a sr (6500 '*C a
BP). However, our results inferred from Fury-1 and Fury-2C
provide a more precise timing of local events and indicate that
regional deglaciation was likely complete at least ~800 years
earlier than previously suggested. These conclusions converge
with the model of Narancic et al. (2016) who argued that
marine inundation was initiated at least 8300 cal a sp in
southeastern Foxe Basin, as recorded from Nettilling Lake
sediments. It is noteworthy that the catchment bedrock and
surficial deposits of our study lakes were devoid of carbonates
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and glacial meltwater inputs which could have otherwise
affected the radiocarbon ages.

Marine regression and basin isolation

Glacial isostatic adjustment was well underway during the
glacio-marine phase and gradually isolated the regional basins
from marine influence. Lake Fury 1 may have been rapidly
isolated from the postglacial sea due to its higher threshold
elevation (204 m asl). This was reflected in the sharp nature of
its isolation contact, as indicated by a sudden drop in Ca, K
and Cl activities ca. 8100cal a sp, shortly after marine
transgression (Fig. 4). Moreover, this observation suggests that
the postglacial marine limit could possibly have been much
higher (> 85m asl) than previously reported by Dredge
(1991, 2001) for northeastern Melville Peninsula. However,
this site was located in a zone of important westward glacial
dispersal across Palaeozoic carbonate rocks, where ice
streams originating from Foxe Basin were transporting regional
marine sediments (Dredge, 2000). The latter could have
potentially redeposited at the bottom of Lake Fury 1, therefore
explaining the presence of a glacio-marine sequence well
above the marine limit elevation previously determined based
on raised beaches (Dredge, 1991).

Copyright © 2021 John Wiley & Sons, Ltd.

On the other hand, a gradual and sustained decrease in Cl, K,
Ca, LOIssp and MS values following the isolation contact
indicates a more gradual and stepwise isolation of Lake Fury 2
around 6670cal a sp (Fig. 6). These observations mark the
beginning of the brackish phase and are supported by the
disappearance of all polyhalobian taxa and the emergence of
mesohalobian taxa dominated by C. dubius, typical of brackish
environments and nutrient-rich conditions (Bradshaw and
Anderson, 2003; Houk et al., 2014) (Fig. 9). Furthermore, a
gradual and consistent increase in tychoplanktonic oligohalobian
fragilarioids suggests the establishment of a shallow and highly
dynamic environment (Pienitz et al., 1991; Campeau et al., 1999).
This basin remained under brackish influence for a relatively
short period (until ca. 6130 cal a sp), likely due to its smaller ratio
of lake surface to drainage basin area, in addition to its shallower
nature, thereby allowing increased freshwater runoff and
accelerated bottom-water renewal (Pienitz et al., 1991).

Lacustrine phase
Lake Fury 1

The onset of the lacustrine phase was punctuated by a rapid
shift of lithological and geochemical properties in core Fury-1,
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and possibly lower biomass accumulation inferred from a
slight decrease in the Ca/Ti ratio (Fig. 4). This was further
substantiated by increasing Mn/Ti values, hinting at higher
oxygenation of the water column (Schilder et al., 2017).
Indeed, a decrease in primary productivity increases dissolved
oxygen availability which would otherwise be impeded by
bacterial respiration during warmer periods of high productiv-
ity (Loizeau et al., 2001; Wetzel, 2001; Davies et al., 2015).

Lake Fury 2

Diatom assemblages

The presence of benthic species such as K. suchlandlii,
K. laterostrata and C. placentula (in addition to the above-
mentioned fragilarioid taxa) punctuating DZ3 suggests a
shallow basin with high light penetration and relatively low
dissolved nutrient concentrations throughout this interval.
Furthermore, the establishment of P. conspicua and
K. laterostrata during DZ3a and DZ3b indicates circumneutral
pH during the entire lacustrine phase (Szab6 et al., 2017;
Brown et al., 2019).

Multivariate analyses

The PCA ordination (Fig. 7) shows that detrital inputs were
positively correlated with axis 1, while LOls5o was negatively
correlated with this axis. Given the high contribution of these
variables to axis 1 (and the strong positive correlation between
Ca/Ti and LOlssp), we conclude that this component likely
follows a temperature/biomass gradient from negative (warmer
and relatively productive conditions) to positive scores (colder
conditions). Fig. 8 therefore potentially reflects a shift from
warmer to colder conditions, indicating that the regional
climate remained relatively warm until ~3900 cal a Br, before
the onset of a prolonged cooling episode (Fig. 6). However, as
previously mentioned, this may also be related to enhanced
organic matter preservation (Sobek et al., 2009) and should
therefore be interpreted with caution. Nevertheless, this

Copyright © 2021 John Wiley & Sons, Ltd.

pattern is well documented and observed in several lake
sediment cores from Baffin Island, most of which record
significant glacial readvances and the onset of Neoglaciation
after ~3500cal a Bp (Briner et al., 2009). Several other
palaeolimnological studies conducted in the Canadian Arctic
Archipelago (e.g. Finkelstein and Gajewski, 2008) also confirm
this hypothesis by noting a significant cooling trend that
intensified following 4000 cal a sp.

Likewise, RDA (Fig. 10) indicated that the variance in the
diatom dataset was mainly driven by changes in LOlssg
(potentially mediated by temperature) and western Arctic mean
July temperature fluctuations during the Holocene (Gajewski,
2015). The MRT (Fig. 11) also suggested that this variation is best
explained by changes in organic matter content (in conjunction
with western Arctic temperatures and Mn), where splits
partitioned the response matrix into two major clusters possibly
associated with colder and warmer conditions.

Our results suggest that biological communities of Lake Fury
2 responded to the same palaeoclimatic trajectory, both
directly to variations in regional temperatures and indirectly
to changes in organic matter accumulation. General variations
in the lithogeochemical and biological datasets of zone 3 of
core Fury-2C reflect this trajectory, as changes in the PCA
scores of both proxy groups are consistent with palaeoclimatic
shifts (Fig. 12). Given that core Fury-1 shows the same pattern
(Fig. 4), and assuming similar sedimentation rates in both
lakes, we propose that this long-term cooling trend is of
regional nature.

Conclusions

We reconstructed the palaeoenvironmental and palaeocli-
matic evolution of the Fury and Hecla Strait region since
deglaciation, including ecological, hydrological and geomor-
phological changes. From this multiproxy approach, which
combined micropalaeontological, sedimentological and geo-
chemical tools, we draw the following conclusions:
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¢ Climate warming triggered the gradual breakup of the Foxe
Ice Dome, leading to a rapid regional marine inundation and
glacial meltwater input, 8200 cal a sp at the latest. This is
reflected through a glacio-marine phase, characterised by
the dominance of marine polyhalobian and mesohalobian
diatom taxa, as well as rapidly fluctuating detrital inputs,
grain-size and magnetic susceptibility values.

* The oldest '*C-dated bryophyte fragments from core Fury-
2C suggest a glacio-marine phase that started ~8200 cal a
Bp at the latest. This yields an age for regional deglacia-
tion at least ca. 800 vyears earlier than previously
calculated by extrapolation. By that time, the connection
between the Atlantic and Pacific waters must have been
established.

* Following the retreat of the Laurentide Ice Sheet, glacial
isostatic adjustment was well underway, leading to the
emergence and gradual isolation from marine influence of
regional basins. Lake Fury 1 (204m asl) was isolated
promptly after deglaciation (8100 cal a 8r) due to its high
threshold elevation, while Lake Fury 2 (65m asl) was
isolated about 6670 cal a sp.

e The regional climate may have remained relatively warm
until ~3900 cal a sp. This horizon is marked by important
lithological changes in cores Fury-2F and Fury-2C, followed
by a prolonged cooling interval possibly ascribed to the
Neoglacial, as inferred from an important decrease in
biomass accumulation. Multivariate analyses further support
this hypothesis by showing that changes in diatom assem-
blages were mainly driven by a similar shift. Moreover,
geochemical changes recorded in core Fury-1 confirm the
regional nature of this cooling episode. These findings
converge with the regional trend reported in previous
studies.
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