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Ice-rich permafrost landscapes are sensitive to climate and environmental change due to the melt-out of
ground ice during thermokarst development. Thermokarst processes in the northern Yukon Territory are cur-
rently not well-documented. Lake sediments from Herschel Island (69°36’N; 139°04'W) in the western
Canadian Arctic provide a record of thermokarst lake development since the early Holocene. A 727 cm
long lake sediment core was analyzed for radiographic images, magnetic susceptibility, granulometry, and
biogeochemical parameters (organic carbon, nitrogen, and stable carbon isotopes). Based on eight calibrated
AMS radiocarbon dates, the sediment record covers the last ~11,500 years and was divided into four
lithostratigraphic units (A to D) reflecting different thermokarst stages. Thermokarst initiation at the study
area began ~11.5 cal ka BP. From ~11.5 to 10.0 cal ka BP, lake sediments of unit A started to accumulate in
an initial lake basin created by melt-out of massive ground ice and thaw subsidence. Between 10.0 and
7.0 cal ka BP (unit B) the lake basin expanded in size and depth, attributed to talik formation during the Ho-
locene thermal maximum. Higher-than-modern summer air temperatures led to increased lake productivity
and widespread terrain disturbances in the lake's catchment. Thermokarst lake development between 7.0
and 1.8 cal ka BP (unit C) was characterized by a dynamic equilibrium, where lake basin and talik steadily
expanded into ambient ice-rich terrain through shoreline erosion. Once lakes become deeper than the max-
imum winter lake ice thickness, thermokarst lake sediments show a great preservation potential. However,
site-specific geomorphic factors such as episodic bank-shore erosion or sudden drainage through
thermo-erosional valleys or coastal erosion breaching lake basins can disrupt continuous deposition. A hiatus
in the record from 1.8 to 0.9 cal ka BP in Lake Herschel likely resulted from lake drainage or allochthonous
slumping due to collapsing shore lines before continuous sedimentation of unit D recommenced during the
last 900 years.
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1. Introduction

Beginning with the Pleistocene-Holocene transition, the waning of
the Laurentide Ice Sheet (LIS) led to a complete reorganization of land-
scapes that were formerly ice-covered or situated in proximity to the ice
margin (Kaufman and Manley, 2004). Ice-rich permafrost landscapes
like moraine belts quickly changed their morphology, hydrology, and
depositional dynamics due to thermokarst processes related to the
melt-out of ground ice and thaw settlement (e.g. Czudek and Demek,
1970; Rampton, 1974, 1982, 1988; Murton et al., 1998). Periglacial land-
scapes are sensitive to climate and environmental changes (e.g. Burn
and Zhang, 2009) and these changes can be recorded in thermokarst
lake sediments (Murton, 1996). So far, there exist only a few
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palaeoenvironmental datasets from push moraines in the western
Canadian Arctic that aim at reconstructing the variety of environmental
responses from a periglacial perspective taking into account
thermokarst onset, lake basin development, and limnogeological suc-
cession (Rampton, 1988; Spear, 1993; Murton, 1996, 2001).

Rapidly ameliorating temperatures during the Belling/Allered inter-
stadial (~14.7 to 13 cal ka BP) are documented in the northern Yukon,
inferred from pollen spectra and chironomid assemblages (Viau et al.,
2008; Kurek et al., 2009; Fritz et al., 2012a; Irvine et al., 2012). However,
regional lake development was probably still suppressed due to
sustained dry conditions caused by continentality effects (Burn, 1997)
of a lower glacio-eustatic sea level (Hill et al., 1985; Keigwin et al,
2006) and an almost permanent sea-ice cover (Bradley and England,
2008; Scott et al., 2009). Between 13 and 8 cal ka BP thermokarst activ-
ity occurred widely on the arctic coastal plains of Canada (Rampton,
1974, 1982, 1988) and Alaska (Williams and Yeend, 1979; Carter,
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1988; Hopkins and Kidd, 1988) and on the plains of northeast Siberia
(Tomirdiaro, 1982; Romanovskii et al., 2000) during the Holocene ther-
mal maximum (HTM, Kaufman et al., 2004). Thermokarst activity was
extremely intense at 10-9 cal ka BP, causing widespread terrain distur-
bance, regional active layer deepening (Mackay, 1978; Burn, 1997,
Murton et al., 1997), numerous retrogressive thaw slumps, and the de-
velopment of thermokarst basins in ice-rich terrain (Rampton, 1974).
Ponds formed at locations with high relief, incomplete deglaciation, or
postglacial ground ice aggradation, and developed into thermokarst
lakes as the basins expanded. As climate warming ceased during the
middle Holocene (e.g. Ritchie, 1984), thermokarst activity diminished
(Rampton, 1974). Today, thermokarst lakes in continuous permafrost
regions are actively and rather constantly expanding as a result of sur-
face permafrost degradation (Smith et al,, 2005; Jones et al.,, 2011). In
coastal areas, thermal degradation of permafrost occurs locally and
episodically, for example in areas of coastal erosion (Lantuit et al.,
2012). Records documenting postglacial landscape evolution and
palaeoenvironmental change at the northwestern LIS margin in a coast-
al setting are rare and often focus on vegetation changes (e.g. Ritchie
and Hare, 1971; Ritchie et al,, 1983; Spear, 1993; Vardy et al., 1997).
Thermokarst lakes and their sedimentary records often go
unrecognized (Hopkins and Kidd, 1988; Murton, 1996) though they
have a high preservation potential (Murton, 2001).

Here, we present a multi-proxy palaeoenvironmental reconstruc-
tion using sediments from a thermokarst lake located on a push mo-
raine that makes up Herschel Island. This study highlights the
limnogeological succession of a thermokarst lake in an ice-rich arctic
periglacial environment since the beginning of the Holocene. Our
dataset represents the northernmost postglacial paleoenvironmental
archive of the Yukon Territory and one of the northernmost in the
western Canadian Arctic, where multi-proxy analyses on lacustrine
sequences are rare. We put this dataset into context with existing
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regional records covering the last glacial-interglacial transition and
the Holocene to assess the palaeoenvironmental significance of
thermokarst lake sediment records for portraying regional climate
evolution and to distinguish this from effects of local permafrost con-
ditions leaving their imprint in the sedimentary record.

2. Study area

The Coastal Plain of the Yukon Territory in Canada (Fig. 1) extends
north-south over approximately 24 km and spans 200 km from west
to east, from the Alaska-Yukon border to the Mackenzie River delta
(Bouchard, 1974). Signs of glacigenic deformation and glacial de-
posits, such as morainic ridges and erratic boulders, attest to the pres-
ence of a major glacial advance in the area extending from Shingle
Point westward beyond Herschel Island (Rampton, 1982). Herschel
Island (69°36’N; 139°04'W), the northernmost part of the Yukon Ter-
ritory, is located 250 km northwest of Inuvik (Northwest Territories),
60 km east of the Alaska-Yukon border, and 3 km off the mainland
coast (Fig. 1). This rhombic-shaped island has an area of 108 km?
and a maximum elevation of 183 m above sea level (m a.s.l.) (de
Krom, 1990).

The push moraine of Herschel Island ridge is of Pleistocene origin
and was formed by LIS glacier ice-thrusting of material from the sub-
aerially exposed continental shelf that later became Herschel Island
and the offshore Herschel Basin after Holocene sea level rise
(Mackay, 1959; Burn, 2009). The island is primarily composed of up-
thrust beds of shell-bearing and salty marine sands, silts, and silty
clays containing different forms of ground ice. Ground ice on Herschel
Island constitutes up to 70% of the upper 10 to 15 m of permafrost
and occurs as segregated ice lenses, ice wedges, pore ice, and massive
tabular ice bodies in the form of buried glacier ice, snow bank ice, and
massive segregated ice (Pollard, 1990). Ice-wedge polygons have
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Fig 1. Study area map. Coring location on Herschel Island (Lake Herschel) is marked with an asterisk. Glacial limit along the Yukon coast according to Smith et al. (1989), adapted

from Rampton (1982) and Dyke and Prest (1987).
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formed since deglaciation in flat areas of the island; some have
evolved into thermokarst ponds.

Lake Herschel (informal name) is about 0.126 km? in area and is
located in the center of Herschel Island at an elevation of about
75 m a.s.l. (Fig. 2). The lake is subcircular and 400 m in diameter,
with a maximum water depth of about 6 m (Fig. 2). The main part
of the relatively small catchment area (~0.5 km?) is situated west of
the lake where the hinterland elevation is as high as 100 m a.s.L
and where influent water is supplied. Groundwater flow to the lake
is controlled by a shallow permafrost table; an active-layer depth of
about 25 cm was measured adjacent to the lake. Spatial variations
in active layer thickness and near-surface ground ice conditions are
described in detail by Burn and Zhang (2009). Lake water tempera-
tures ranged from about 8 °C in summers 2006, 2008, 2009, and
2010 to about 1 °C below the ice cover in spring 2009 (Table 1). Uni-
form values of temperature, electrical conductivity (EC) and pH mea-
sured in summer 2008 at depths of 150, 350, and 500 cm indicate
a mixed water body in summer and confirm a cold-monomictic
lake circulation. The relatively high modern lake water EC of about
1000 pS/cm is typical for an athalassic brackish environment. The
major lake water ion source is likely the salty upthrust marine sedi-
ments (Kokelj et al., 2002; Fritz et al., 2012b). The increased EC in
winter is explained by a ~2 m thick ice cover (April 2009) that con-
centrates ions in the liquid phase.

3. Material and methods

The bathymetry of Lake Herschel was measured with echo sound-
ing through drill holes in the lake ice in 2009. Pre-site surveys in 2008
yielded global positioning data (Garmin GPS 12) from the shoreline
and echo-sounding data (hand-held depth sounder) from the lake
basin as well as water samples from different depths. Surface water
samples were taken during the summers of 2006, 2008, 2009, and
2010. EC and pH values were determined using a pH-conductivity
meter (MultiLab 540, WTW).

Table 1
Hydrochemical characteristics of water samples taken from Lake Herschel at different
depths and from different seasons.

Date of sampling Water depth pH EC T
(cm) (uS/cm) 0
August 2008 0 - 1095 -
April 2009 0 7.50 2303 1.2
July 2010 0 7.22 1119 -
July 2006 40 8.31 1096 83
August 2008 150 8.34 1095 8.5
August 2008 350 8.27 1093 8.4
August 2008 500 8.32 1098 8.4

A 727 cm long sediment core (core code: PG1967) was retrieved
from Lake Herschel in April 2009 with a piston corer (UWITEC) in a
water depth of 527 cm. The piston corer was operated with a tripod
on the ~2 m thick lake ice. The PVC liner filled with sediments was
cut into pieces of up to 100 cm and stored cold, but unfrozen, until lab-
oratory analysis. The working half was used for destructive analyses
(e.g. granulometry and biogeochemical analyses), whereas non-
destructive analyses (e.g. radiographic images and mass-specific mag-
netic susceptibility [MS]) were conducted using the archive half of the
core.

Radiography profiles based on X-ray were used to display density
differences and to describe bedding, bioturbation, and deformation
structures. The ITRAX core scanner at the University of Cologne (Ger-
many) operates at 55 kV and 50 mA and creates 2D positive radio-
graphic images with a resolution of 200 um without automatic gray
level adjustments as well as high-definition photographs with an op-
tical camera system (Croudace et al., 2006).

The mass-specific MS was measured with a Multi-Sensor Core Log-
ger (GEOTEK, MSCL) and is expressed in SI units (10~> m? kg™ '). The
water content was calculated using the weight difference between
fresh and freeze-dried bulk sediment samples and is expressed as
weight percentage (wt.%). The grain size distribution was measured

Fig. 2. Bathymetry and catchment area of Lake Herschel. Coring location is marked by a red dot. Bathymetry was created by interpolation of individual soundings using ArcGIS and

displayed in an IKONOS (2000) satellite image.
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(according to EN ISO 14688) using a laser particle size analyser (Coulter
LS 200) from which the organic matter had been previously removed
with hydrogen peroxide (H,0,, 30%).

Total nitrogen (TN), total carbon (TC), and total organic carbon
(TOC) were measured with an elemental analyzer (Elementar Vario
EL III, with an analytical accuracy of +0.1 wt.%). The total inorganic
carbon (TIC) content was calculated using the TC and TOC data
(TIC = TC — TOC). The calcium carbonate content was calculated
from the TIC using the molar mass ratio of calcium carbonate and car-
bon (CaCO3 = 8.33 - TIC). The C/N-ratio (TOC/TN) was calculated as
an indicator for organic matter origin and 6'3C values of TOC were
measured using an elemental analyzer (Carlo-Erba CN2500) attached
to a stable isotope ratio mass spectrometer (DELTAplusXL, Finnigan)
at the German Research Centre of Geosciences (GFZ) in Potsdam,
Germany. 8'3Croc values are expressed relative to the Vienna Pee
Dee Belemnite (VPDB) standard in per mill (%.) and the analytical
precision was <+ 0.02% (10).

Accelerator Mass Spectrometry (AMS) radiocarbon age determi-
nation of macroscopic plant remains and mollusk shells was carried
out on wet-sieved and hand-picked samples (>250 pm). Nine sam-
ples of plant detritus including moss, leaves, and wood remains, and
one sample of two connected mollusk valves (Pisidium sp.) were
dated at the Poznan Radiocarbon Laboratory (Poland). The AMS
dates were calibrated using CALIB 6.0 and INTCALO9 (Reimer et al.,
2009). All geochronological dates in this study are reported in cali-
brated years before 1950 AD, referred as before present (cal ka BP).

4. Results
4.1. Core lithology

The sediment from Lake Herschel core PG1967 is characterized by
gray, consolidated, fine-grained deposits with irregularly interbedded
strata. Based on lithological descriptions, radiographic images, photo-
graphs, and the analyzed sedimentary parameters, the core is divided
into four lithostratigraphic units:

e Unit A: 727-700 cm
* Unit B: 700-600 cm
* Unit C: 600-200 cm
e Unit D: 200-0 cm.

The boundaries at 700 cm (between units A and B) and 200 cm (be-
tween units C and D) are evident from changes in sediment texture and
structure, and are confirmed by variations in grain size parameters,
density, water content, MS, and biogeochemical parameters, whereas
the boundary at 600 cm (between units B and C) is primarily based
on changes of biogeochemical parameters.

Unit A is composed of light-gray, compact, fine-grained clayey
sediment that does not contain any visible biogenic fossil matter.
The material is compact and weakly bedded (Fig. 3). The transition
to unit B is marked by minerogenic material with embedded wood re-
mains at 697, 703, and 705 cm depth. Alternations of organic-rich
dark-gray and minerogenic light-gray beds occur in unit B every 6
to 17 cm. A peaty layer at 683 to 684 cm depth was sampled for ra-
diocarbon dating. Plant and mollusk remains are present at 646 to
647 cm core depth. Unit C sediment is gray and is less moist and
less consolidated than unit B sediment, with frequent recurring
layers. Mollusk remains are present at 572 to 574 cm, wood remains
at 498 cm, and plant fragments at 528 and 366 to 367 cm. Material
extrusion upon core recovery due to degassing of methane after de-
compression likely caused gaps of 2 to 15 cm between 515 and
610 cm core depth. Small-scale crevices (<1 mm) with brown discol-
oration due to iron oxidation are located at organic-rich layers be-
tween 468 and 527 cm. A distinct light-gray sandy bed of coarser
grain size from 197 to 204 cm is followed by an organic-rich and
more fine-grained dark-gray layer at 194 to 197 cm. This marks the
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Fig. 3. Down-core high-resolution photographs (left), radiographic images (right) and
lithostratigraphic units (far right) of Lake Herschel sediment core PG1967.


image of Fig.�3

J. Lenz et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 381-382 (2013) 15-25

boundary between unit C and unit D. A pebble of 1 cm in diameter is
present at 198 cm. Within unit D, minerogenic light-gray layers
(about 4 mm thick) alternate with dark-gray organic-rich sandy
layers (about 2 mm thick). Unit D sediment is less compact than the
sediments of the units below. Dark organic-rich material is visible at
126 cm and between 145 and 148 cm depth; mollusk shells occur
at 57 to 61 cm.

4.2. Radiography

The positive radiographic images show a distinct change in sedi-
ment structure along the core (Fig. 3). Except for the weakly bedded
and rather dense material composing unit A, the sediments are lami-
nated, as indicated by areas of lower and higher density. Between 700
and 350 cm (unit B and the lower half of unit C) the sediment core
shows stronger contrast between thin layers less than 1 mm thick.
The upper half of the core (350 cm to the top) is also layered but
with less contrast between individual layers. The boundary between
units C and D is marked by a distinct high density area below
200 cm and a very low density area from above 200 cm to the top.
Besides this boundary, and apart from the described gaps in unit C,
low density areas are visible at 10, 70, 120, and 360 cm. Distinct
low density layers are present at 530 and 690 cm within the layered
units C and B.

4.3. Magnetic susceptibility and water content
The MS data vary between 6.4 and 19.7 SI (Fig. 4). The unit A MS is
nearly constant, ranging between 14.0 and 15.0 SI, whereas the unit B

MS ranges from 7.3 to 13.2 SI and exhibits the highest variability of all
the core units. A step towards lower values at 480 to 500 cm and a

Mean grain size

19

general trend of declining values, from about 15.0 to 10.0 SI, with
depth are notable in unit C. At the boundary between units C and D,
a significant change in MS is evident where values decrease from
14.2 to 6.4 SI; they remain at a low level (7.2 to 9.0 SI) in unit D.
The water content of the sediment core ranges from 5.2 to
32.3 wt.% (Fig. 4). A low average water content of 11.2 wt.% was mea-
sured in unit A. In unit B, values vary between 12.6 wt.% and
23.7 wt.% with higher water content in organic-rich layers. The aver-
age water content in unit C is about 14.1 wt.% with values ranging
from 10.7 to 16.9 wt.%, except for a significant minimum of 5.2 wt.%
at 570 cm. At the transition from unit C to D a significant increase in
water content was measured. With the exception of the relatively
high value (32.3 wt.%) at 190 cm, the unit D water content is uniform,
but at 21.9 wt.% on average it is almost twice as high as in unit C.

4.4. Grain size distribution

The observed 2 to 5 mm thick laminations are not resolved by our
sampling interval of 10 cm. Therefore, the granulometrical results in-
tegrate the laminations and general trends in sedimentological varia-
tions. According to the nomenclature used by Shephard (1954), the
sediment core is dominated by clayey to sandy silt (Fig. 5). The
mean grain size ranges from 5.7 um (fine silt) to 17.8 um (coarse
silt) with a sandy outlier at 200 cm (Fig. 4). The pattern of
grain-size distribution usually shows bimodal to trimodal curves
with a major peak in the fine-silt fraction and a minor peak in the
fine-sand fraction reflecting the observed fine lamination. There is a
distinct peak of very-poorly-sorted fine sand from 200 to 201 cm.
The sediment of the whole core is poorly to very-poorly sorted (3.5
to 6.4, 4.8 on average, after Folk and Ward, 1957).
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Fig. 4. Results of grain size analyses, water content, magnetic susceptibility, CaCOs, TOC, TN, C/N ratio, values of 8'*Croc, and AMS radiocarbon ages of the Lake Herschel sediment
core. AMS dates marked with open rhombs were excluded from the age-depth relationship because the material is likely reworked. A summary table of sedimentological param-
eters from lake sediment core # PG1967 (Herschel Island, Yukon Territory) can be found in the supplementary online material to this article.
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Fig. 5. Grain size characteristics from Lake Herschel sediment core displayed in a sed-
iment triangle according to Shephard (1954).

4.5. Biogeochemical characteristics

In unit A, the TN is 0.2%, the TOC is 1.9%, and the mean C/N ratio is
9.2. The calculated CaCO5 content is relatively high (median = 7.2%)
in unit A. Unit B exhibits the highest content and largest variance of
TN and CaCOs3 values (TNpax of 0.4%, CaCO3pin of 1.8%). TOC content
in unit B is between 2.1 and 8.2%. C/N ratios range between 20.5 at
660 cm and 9.6 at 620 cm depth. Less variation in the biogeochemical
parameters is found in unit C. TN values are low (TN,x of 0.2%) and
slightly decrease upwards to the device-specific accuracy of 0.1%. TOC
values show minimal changes (median = 1.8%). The C/N ratio (medi-
an = 10.5) is moderate without major variations. The CaCO5 content
ranges from 5.3 to 9.1% (median = 7.5%). Except for increases in TN
and TOC at 430 cm and at 470 to 480 cm, respectively, the values
are almost constant. At the boundary between units C and D (at
200 cm) all biogeochemical parameters indicate a distinct change.
After a decrease in TN and TOC at 200 cm (TN < 0.1%; TOC 0.8%) an
increase follows (TN 0.3%; TOC 8.9%). At this transition the CaCO3
content decreases by 9.2% (from 10.1 to 0.9%). Unit D shows minor
variations. TN varies from 0.2 to 0.3% from 140 to 170 cm and TOC
values are between 2.4 and 3.8%.

The 6'3Croc values from core PG1967 range between —27.5 and
— 25.7%., reflecting mostly a lacustrine organic carbon source deriving
from C3 photosynthesis (Meyers, 1994). In unit A, §'Croc values are be-
tween —26.7 and — 25.7%o. 8 3Croc values in unit B have a mean value
of —26.8%. with a maximum of —26.5%. at 600 to 610 cm depth (upper
boundary of unit B) and minima of —27.5%. and —27.4%. at 660 cm
and 680 cm (lower boundary of unit B). Almost no 6'3Croc variation
was found in unit C; values range between —26.6 and —26.1%.. The
boundary between units C and D coincides with a decrease in 6'>Croc
values from —26.7 to —27.3%. at 190 cm. In unit D the §'3Cyoc values
range between —27.3 and — 26.2%..

4.6. Geochronology

An age-depth relationship was established using eight out of ten AMS
radiocarbon dates from the sediment core (Fig. 4, Table 2). A squared re-
gression model (y = —5.1721 - 10~ %2 + 0.1205x + 12.1237; 1? =
0.99) was used for age interpolation between units A, B, and C. No inter-
polation was applied between individual unit D datings as they show con-
cordant ages of about 900 years BP within two standard deviations.
According to the dating results, the sediment record covers the last

~11,500 years. The basal part of the sediment sequence (unit A) was de-
posited between >11.5 and 10.0 cal ka BP (Fig. 4). Unit B covers the time
span from 10.0 to 7.0 cal ka BP. Unit C was dated at 7.0 to 1.8 cal ka BP.
Finally, unit D represents the most recent 900 years, indicating rapid sed-
imentation of the uppermost ~200 cm. Dating of organic macro remains
directly below and above the lithostratigraphic boundary between units
C and D revealed a hiatus between 1.8 and 0.9 cal ka BP, probably due
to lake drainage or slumping of bankside material. Both hypotheses are
addressed in the Discussion section. Two age determinations of
~13.2 cal ka BP and 7.2 cal ka BP at 525 cm and 367 cm, respectively,
yielded anomalously old dates compared to ambient ages. These dates
are considered to originate from material that has been reworked and
are not used for further interpretation. Redeposition of terrestrial organic
matter by slumping of bankside material could cause the deviation from
superposition, which is quite common in sediments of thermokarst
lakes (Murton, 1996) that formed by thaw subsidence and were
influenced by active shore erosion within older deposits (Wetterich et
al, 2009).

5. Discussion
5.1. Evolution of Lake Herschel

An extensive Late Wisconsin advance of the LIS towards the north-
ern Yukon Territory and Northwest Territories is documented by
Dyke et al. (2002) and Kennedy et al. (2010). Relatively young ages
are assumed for this last regional advance (Zazula et al., 2009:
20.0 cal ka BP; Mackay and Dallimore, 1992: 18.0 to 17.0 cal ka BP;
Murton et al., 2007: 17.0 to 15.0 cal ka BP; and Fritz et al., 2012a,b:
~16.0 cal ka BP). Glacial push-up of pre-existing ice-rich permafrost
formed the Herschel ridge and incomplete glaciation left behind a
landscape with high relief energy and abundant basal glacier ice
among other types of massive ground ice. This is illustrated in
Fig. 7a as the pre-lake stage.

5.1.1. Initial lake phase

Thermokarst in general and thermokarst lake development in par-
ticular commenced after deglaciation. Rapidly rising air temperatures
at the Pleistocene-Holocene transition led to the melt-out of massive
ground ice, accompanied by surface subsidence and water pooling in
depressions underlain by permafrost and a semi-permeable clayey
diamicton. We consider unit A to represent the initial phase of lake
genesis, and thus, the minimum age of thermokarst onset is at or
prior to 11.5 cal ka BP (Fig. 7b). This is in agreement with studies
from the northern Yukon and Northwest Territories where the fre-
quency distribution of basal dates from thaw lake sediments and
in-situ rootlets from the base of a regional palaeo-active layer indicate
a thermokarst onset at around 10 ka BP (i.e. ~11.7 to 11.2 cal ka BP)
(Rampton, 1974, 1982, 1988; Mackay, 1978; Burn, 1997; Murton et
al., 1997). Herschel Island is highly susceptible to thermokarst pro-
cesses and thermal erosion (Mackay, 1959; Lantuit and Pollard,
2008), as indicated by the occurrence of numerous retrogressive
thaw slumps at coastal sites. This fact is due to the widespread occur-
rence of ice-rich permafrost (Bouchard, 1974), near-surface ground
ice (Burn and Zhang, 2009), and large bodies of massive ice to depths
of more than 30 m below surface (Pollard, 1990; Fritz et al., 2011).

Since Lake Herschel is currently the largest lake on Herschel Is-
land, the site was particularly susceptible to ground ice melting. Sur-
face subsidence was likely followed by the accumulation of water in
an initial depression within a landscape of undulating morphology.
Massive ground ice bodies of nearly pure ice are known from perma-
frost outcrops along the coast (Pollard, 1990; Moorman et al., 1996;
Fritz et al., 2011). Herschel Island is mainly composed of a frozen ma-
rine and clayey diamicton (Mackay, 1959; Bouchard, 1974; Fritz et al.,
2012b). Therefore, suitable preconditions for pooling of water are
provided by this compact semi-permeable to impermeable basal
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Table 2

AMS-14C age determination and calibrated '“C ages using the CALIB 6.0 software with the terrestrial radiocarbon age calibration INTCALO9 (Reimer et al., 2009) of material from

Lake Herschel sediment core PG1967.

Core depth Dated material Mass 813C Uncalibrated 'C age Calibrated 20-age range Mean 20-age Lab. no.?
(cm) (mg C) (%) (yrs BP) (cal yrs BP) (cal yrs BP)

57-61 Mollusc shell (Pisidium sp.) 0.2 —84 920 + 40 759-923 840 Poz-36423
126 Undefined moss and wood fragments >1 —27.9 985 + 30 895-959 930 Poz-36425
197-199 Drapanocladus sp. 0.5 —32.0 950 + 35 788-930 860 Poz-49515
206-208 Vascular plant fragments 0.7 —257 179 + 30 1687-1818 1750 Poz-49516
366-367 Undefined moss fragments >1 —27.8 623 + 40° 7144-7255 7200 Poz-36426
528 Vascular plant fragments >1 —274 11,370 + 70° 13,111-13,363 13,240 Poz-36427
604-606 Homalothecium nitens 0.6 —299 6160 + 50 6906-7175 7040 P0z-49517
683 Undefined wood fragments >1 —304 8290 + 50 9127-9438 9280 Poz-36428
703-705 Homalothecium nitens, Carex sp. 0.5 —34.1 9990 + 60 11,252-11,717 11,490 Poz-49519
723-725 Undefined wood fragments >1 -31.9 9980 + 50 11,253-11,633 11,440 Poz-49520

2 Poz = Poznan Radiocarbon Laboratory.
b Not used for reasons seen in the text.

material. Thermokarst lakes will not develop if the warmed water
percolates through the ground and only deepens the active layer
(Harris, 2002). But if the water from melting ground ice or snow
pools in basins and remains on the surface, absorption of incoming ra-
diation is increased compared to the surrounding surface. Increased
thawing of ice-rich permafrost and thaw subsidence form a positive
feedback mechanism (Harris, 2002).

5.1.2. Early Holocene lake phase

The Pleistocene-Holocene transition was a period of rapid envi-
ronmental change. In this context, the evolution of Lake Herschel
started as a thermokarst basin. Thermokarst development likely
peaked during the HTM, which is a post-glacial warm period with
warmer-than-modern summer air temperatures lasting from about
10.6 to 6 cal ka BP in northwestern Canada (Kaufman et al., 2004).
Maximum Holocene summer air temperatures caused maximum
active-layer deepening accompanied by intense ground ice melt-out
and thaw subsidence (e.g. Burn, 1997). Lateral lake basin expansion
caused shore-line erosion which in turn led to higher lake productiv-
ity due to increased nutrient input (Kokelj et al., 2005).

The growing Lake Herschel basin was possibly characterized by a
fluctuating lake level (Fig. 7c) and alternation in the relative inputs
of lacustrine vs. terrestrial organic matter, as evident from the vari-
able C/N-ratios and 6'3Cyoc values (Fig. 6). High bioproductivity in-
ferred by up to 0.4% TN and 8.2% TOC content could be explained by
a shorter duration of lake-ice coverage and a longer growing season
during the early Holocene warming. Similar characteristics (MS,
water content, C/N) of lake sediments deposited during the HTM
are described for Lake CF3 (Briner et al., 2006) and for Brother Lake
and Fog Lake (Francis et al., 2006) on Baffin Island (Canadian Arctic
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monds), B (yellow crosses), C (blue triangles) and D (green stars) presented relative
to the ranges for organic matter produced by C; land plants, marine algae, and lacus-
trine algae (according to Meyers, 1994 and Meyers and Lallier-Verges, 1999).

Archipelago). We suggest that the Lake Herschel became deep
enough (>~2 m depth) to avoid freezing to the bottom in winter.
The heat storage effect of an unfrozen water body leads to continuous
thawing of underlying permafrost and creates a talik (Fig. 7c), which
is a layer or body of unfrozen ground within permafrost that forms
due to a local anomaly in thermal, hydrological, hydrogeological, or
hydrochemical conditions (Van Everdingen, 2005). Any disturbance
of the heat balance results in further permafrost thawing and deepen-
ing of the thermokarst lake basin. Additionally, the movement of
water by wind and wave action can further contribute to thawing
and shoreline erosion.

5.1.3. The mid Holocene thermokarst lake phase

We consider a dynamic equilibrium of thermokarst lake develop-
ment between 7.0 and 1.8 cal ka BP. The lake and the talik steadily ex-
panded into ambient ice-rich terrain through shoreline erosion and
an increase of aquatic accommodation space (Fig. 7d). The sedimen-
tological parameters of unit C do not indicate distinct events in
terms of sediment supply or lake level fluctuations. The invariability
of measured parameters (Fig. 4) reflects stable accumulation condi-
tions with a uniform and likely lacustrine source of organic carbon
(Fig. 6). A growing distance between the shoreline and our coring lo-
cation might have occurred over time with lake expansion. Therefore,
a directed or abrupt sediment input close to shore changed into a
more continuous and diffuse input of particles as the coring location
became more distal to the sediment source with lake expansion
(Murton, 1996).

5.1.4. The final late Holocene lake stage

Unit D represents accumulation during the last 900 years (Fig. 7f).
This uppermost unit is characterized by sediments with higher organ-
ic matter content as indicated by increased TOC and water contents,
and by decreased MS and bulk density (Fig. 4). Here, depositional
conditions differ significantly from those of the previous stage. We
consider two hypotheses to explain the facies change at the transition
between units C and D that left behind a hiatus between 1.8 and
0.9 cal ka BP (Fig. 7e):

(1) Hiatus hypothesis: the lake dried out or drained, causing a hia-
tus in sedimentation.

(2) Slumping hypothesis: allochthonous slumping disturbed the
continuous sedimentation.

5.1.4.1. Hiatus hypothesis. A hiatus between 1.8 and 0.9 cal ka BP
might be explained by subaerial sedimentation after the lake dried
out or rapidly drained. In this case, the last 900 years of lake develop-
ment might have happened as follows. Due to increased evaporation
or subsidence, reactivation, and modified inflow or drainage condi-
tions, the water level fell and caused a higher morphological gradient.
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Fig. 7. Schematic synthesis of the evolution of thermokarst lakes on Herschel Island under conditions of ice-rich permafrost as discussed in this paper.

This in turn led to increased transport energy allowing coarser sedi- that continued to rise until today, or the lake basin dried out or
ments to become deposited as recognized at 190 cm core depth. drained completely causing a hiatus (Fig. 7e). Thermokarst lakes can
The lake at 0.9 cal ka BP was either shallow with a rising lake level drain catastrophically within a few hours due to melt-out of ground
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ice (Mackay, 1990; Jones et al., 2011). For example, lakes on northern
Richards Island (Northwest Territories) drain because they are
breached shorelines that are retreating due to coastal erosion
(Dallimore et al., 2000). However, the mechanisms and interrelations
of thermokarst lake growth, expansion, and eventual drainage are
still not completely understood (French, 2007).

A distinct organic-rich layer directly above the minerogenic layer at
the transition from unit C to D supports the drainage hypothesis. A lake
level fall could have produced the higher energy required to transport
coarser sediment grains, followed by an increasing productivity of la-
custrine organisms in a shallow small lake; and finally, the re-start of la-
custrine deposition may have induced the accumulation of nutrient-
and organic-rich layers in unit D. The high water content of up to
32.3 wt.% coupled with the low density in unit D indicates a completely
different depositional environment and high accumulation rates com-
pared with units C and B.

5.1.4.2. Slumping hypothesis. A slumping hypothesis is supported by
differences in water content, MS, CaCOs, TOC, TN, C/N ratio, and
813Croc values between units C and D (Fig. 4). According to Kokelj
et al. (2002), the geomorphological activity of mass movements
could promote salt concentration due to evaporation from the surface
of exposed sediments. Slumping provides not only sediments but also
nutrients and soluble elements that could cause higher primary pro-
ductivity, as indicated in unit D by the relatively high TN (up to
0.3%) and TOC content (up to 3.9%). Organic-rich layers are also less
dense compared with minerogenic sediments, as visible in the radio-
graphic images (Fig. 3). This probably explains the higher water con-
tent measured in organic-rich layers, especially in the thick
organic-rich horizon at 190 cm covering the coarser sand layer at
the boundary between unit C and unit D.

Expanding thermokarst lakes are often characterized by frequently
collapsing shore lines (Burn and Smith, 1990). A corresponding inactive
landslide site, currently stabilized and vegetated, is located east of the
drilling location on the eastern shore (Fig. 2). Higher precipitation and
higher pore water pressures in surface sediments could have caused
mass wasting processes and thaw slumps along lake shore slopes
(Fig. 7e). Increasing effective moisture during the late Holocene is
reported from Marcella Lake in the southwest Yukon Territory
(Anderson et al., 2007). The abrupt occurrence of testate amoebae indi-
cating freshwater to slightly brackish conditions in thermokarst lakes
on Richards Island indicates eutrophic conditions within the last
3000 years (Dallimore et al, 2000). According to Dallimore et al.
(2000), higher productivity does not necessarily indicate a warming cli-
mate trend but could have been caused by changes in local limnological
conditions due to morphological instability of thermokarst lakes and
nutrient input (Kokelj et al,, 2005). The last 900 years of thermokarst
lake history demonstrate that local events such as slumping or drainage
are most likely responsible for facies changes during the late Holocene.

5.2. Palaeoenvironmental implications of the Lake Herschel record

The Herschel ridge was formed by glacier-ice thrust and the respon-
sible ice advance has recently been timed to as late as ~16 cal ka BP
(Fritz et al,, 2012b). Nevertheless, the Herschel area remained ice-free
during the late glacial period and was affected by periglacial processes
under harsh continental climate conditions in close vicinity to the LIS
(Rampton, 1982; Schweger, 1997; Fritz et al., 2012b).

Northwest Canada experienced the HTM between approximately
11.6 and 6.0 cal ka BP and the Yukon Territory and the westernmost
Mackenzie Delta area experienced warmer-than-present summer tem-
peratures by that time (Ritchie et al., 1983; Ritchie, 1984; Kaufman et
al., 2004). Palaeoenvironmental controls included orbital, climatic and
geographical effects: (1) high precessional forcing resulted in summer
insolation at 60°N of 10% above modern conditions; (2) atmospheric
water vapor content increased due to postglacial warming; (3) reduced

snow and ice cover caused positive albedo-ground temperature feed-
backs (Kaufman et al., 2004); and (4) a lower glacio-eustatic sea level
displaced the coastline northward leading to greater continentality
(Burn, 1997).

Rapid climate warming in the western Canadian Arctic at about
11.0 cal ka BP is indicated by a northwards-moving tree line (e.g.
Ritchie and Hare, 1971; Spear, 1993; Szeicz and MacDonald, 2001;
Bigelow et al., 2003). Pollen records from South Lake (Northwest Terri-
tories; Riihland et al., 2009) and Hanging Lake (northern Yukon Territory;
Cwynar, 1982) provide evidence for a pronounced HTM. Cwynar (1982)
inferred wet heath communities in the period from 11.1 to 8.9 cal ka BP
as a response to a warmer and wetter climate. Between 11.0 and 8.5 cal
ka BP climate conditions progressively ameliorated and could have in-
duced a period of thermokarst development (French, 1974; Ritchie et
al., 1983; Ritchie, 1984; Rampton, 1988; Murton, 2001; Fritz et al,
2012b). Lake Herschel is probably one of the numerous lakes along the
western Arctic coast that initiated as a result of the HTM. According to
Rampton (1982, 1988), the formation of thermokarst lakes along the
Yukon Coastal Plain and the Tuktoyaktuk Coastlands peaked between
11.6 and 10.3 cal ka BP. Murton (1996, 2001) and Dallimore et al.
(2000) assigned the onset of thermokarst lake development on the
Tuktoyaktuk Coastlands to the HTM. At the same time, several lakes in
the Yukon Territory seem to have dried out (Pienitz et al, 1992).
According to Kaufman et al. (2004), local HTM summer temperatures in
the western Arctic regions were on average 1.6 °C (40.8) higher than
the 20th century mean annual air temperatures. The HTM was
time-transgressive because Alaska and the western Canadian Arctic
were most distant from the waning LIS and therefore warmed earlier
(11.3 £ 1.5 cal ka BP) than continental Canada and the Canadian Arctic
Archipelago (7.3 £ 1.6 cal ka BP), which were still under the cooling in-
fluence of the LIS (Kaufman et al., 2004).

Between 11.6 and 5.6 cal ka BP several plant taxa indicating wet-
ter and warmer climate conditions (Populus, Typha, Myrica) spread
north of their present ranges, and Picea forest advanced 75 km be-
yond the present tree line on the Tuktoyaktuk Peninsula (Ritchie
and Hare, 1971; Cwynar, 1982; Ritchie et al., 1983; Spear, 1993).
Near-modern temperatures were reached between 6.7 and 5.6 cal
ka BP (Cwynar and Spear, 1995; Kaufman et al., 2004). Cooler and
moister conditions have prevailed since the middle Holocene at
~6.0 cal ka BP, as indicated by increases of green alder (Alnus crispa)
and black spruce (Picea mariana) pollen percentages in the Yukon
(Cwynar and Spear, 1995; Fritz et al., 2012a).

The continuous Holocene sedimentation into Lake Herschel
progressed uninterrupted until about 1.8 cal ka BP. This may account
for the absence of strong changes in depositional conditions or the
low sensitivity of the lake to environmental change. Wetter condi-
tions at this time are evident from the southern Yukon Territory
(Pienitz et al., 2000; Anderson et al., 2007), but no significant changes
in climate conditions in the Mackenzie Delta and the northern Yukon
Territory have been identified from pollen records representing the
last 6.0 cal ka BP (Ritchie, 1984; Fritz et al., 2012a). The majority of
thermokarst lakes in the Mayo area (central Yukon) have been
expanding since their inception a few hundred years ago and warm
summers, as in 1989, could have reactivated slumping even along for-
merly stable shorelines (Burn and Smith, 1990). Comparing the late
Holocene lake evolution on Herschel Island with the early Holocene
development indicates that thermokarst lake development is not
solely controlled by global and regional climate dynamics, but is
also driven by site-specific factors like permafrost dynamics, geomor-
phology and local climate effects.

6. Conclusions
Lake sediments from Herschel Island represent the northernmost

palaeoenvironmental record of thermokarst activity from the Yukon
Territory. A multidisciplinary approach allowed us to reconstruct
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thermokarst lake evolution since the early Holocene on a late
Wisconsin push moraine. The following conclusions can be drawn
from this study:

1. Thermokarst lake development started around 11.5 cal ka BP on
Herschel Island and probably at the same time in other parts of
the northern Yukon Territory.

2. The onset of Lake Herschel correlates with the Holocene Thermal
Maximum and is therefore in good agreement with thermokarst
lake formation in other parts of the western Canadian Arctic.

3. Lake basin development on a push moraine is apparently the result
of ground subsidence due to thawing of ice-rich permafrost and
melt-out of massive ground ice, which is abundant in areas of in-
complete glaciation like the formerly glaciated parts of the Yukon
Coastal Plain.

4. Positive feedback mechanisms operating between the heat capac-
ity of the growing water body and the ice-rich permafrost catch-
ment likely led to thermokarst lake growth during the early and
middle Holocene.

Abrupt events like sudden lake drainage or collapsing lake shores
may leave their imprints in the sedimentary record. Though
thermokarst lake sediments have a high preservation potential and
may capture regional environmental change, this study also shows
that site-specific processes can disturb continuous sedimentation
under otherwise fairly constant climate conditions. This study pro-
vides a record of thermokarst lake dynamics on a heterogenic push
moraine where geomorphological processes are driven by relief ener-
gy and high ground ice content.
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