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Abstract Permafrost warming and degradation is well documented across the Arctic. However,
observation- and model-based studies typically consider thaw to occur at 0°C, neglecting the widespread
occurrence of saline permafrost in coastal plain regions. In this study, we document rapid saline permafrost
thaw below a shallow arctic lake. Over the 15-year period, the lakebed subsided by 0.6 m as ice-rich, saline
permafrost thawed. Repeat transient electromagnetic measurements show that near-surface bulk sediment
electrical conductivity increased by 198% between 2016 and 2022. Analysis of wintertime Synthetic Aperture
Radar satellite imagery indicates a transition from a bedfast to a floating ice lake with brackish water due to
saline permafrost thaw. The regime shift likely contributed to the 65% increase in thermokarst lake lateral
expansion rates. Our results indicate that thawing saline permafrost may be contributing to an increase in
landscape change rates in the Arctic faster than anticipated.

Plain Language Summary In this study, we combine direct field measurements, near-surface
geophysical studies, and remote sensing change detection to document the rapid thaw of saline permafrost
below a shallow thermokarst lake on the Arctic Coastal Plain of northern Alaska. Thaw of ice-rich saline
permafrost resulted in an increase in the lake depth by 0.6 m over a 15-year period. The transition from a
bedfast ice lake to a floating ice lake with brackish water is responsible for the increase near-surface bulk
sediment electrical conductivity and likely contributed to an increase in the lateral expansion rate of the lake.
Our findings indicate that active permafrost thaw is likely occurring below shallow arctic lakes at temperatures
below 0°C.

1. Introduction

The formation and drainage of lakes have shaped lake and drained lake basin (L-DLB) landscapes in lowland
permafrost regions (Grosse et al., 2013; Jones et al., 2022). The long-term evolution of L-DLB landscapes is
well documented (Jorgenson & Shur, 2007; Wolfe et al., 2020); however, few studies have directly observed
L-DLB surface dynamics in the field using observational data sets (e.g., Arp et al., 2023; Jones & Arp, 2015;
Jones et al., 2023b; Lantz et al., 2022). Even fewer studies have observed sub-surface dynamics associated with
sub-lake permafrost thaw and talik formation (e.g., Creighton et al., 2018; Roy-Leveillee & Burn, 2017). Further
to our knowledge, no studies have considered the impact of warming saline permafrost on rapid thaw below
shallow thermokarst lakes.

Warming of permafrost is well documented on the Arctic Coastal Plain (ACP) of northern Alaska (Biskaborn
etal., 2019). Nevertheless, the ACP region is typically considered to be relatively safe from thaw since permafrost
temperature remains below 0°C. However, in saline permafrost, the thawing point of the pore ice is depressed
such that permafrost can thaw at sub-zero temperatures (Nersesova & Poire, 1952; Wan et al., 2015). Considering
high ground-ice content in saline soils of the upper permafrost on the ACP (Kanevskiy et al., 2013), we may
expect significant thaw settlement as a result of permafrost warming at temperatures below 0°C. Further, this
thaw settlement may occur earlier below shallow thermokarst lakes, given the elevated mean annual permafrost
temperature below lakes compared to terrestrial environments (Arp et al., 2016).

Saline permafrost is widely distributed in the continuous permafrost zone in the Northern Hemisphere
(Brouchkov, 2002, 2003). Saline permafrost is estimated to underly ~35% of the continuous permafrost region
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(Figure 1a; Brouchkov, 2003). The origin of the salinity in this region is primarily thought to result from accu-
mulation of marine sediment during periods in the Late Quaternary when sea level was higher than today
(Brigham-Grette & Hopkins, 1995; Brouchkov, 2003). Near-surface saline permafrost may be encountered at
depths up to 50 m below the ground surface (bgs) (Gilichinsky et al., 2003; Hivon & Sego, 1993) and in some
areas it occurs in the upper several meters (Bristol et al., 2021; Brown, 1969; Dafflon et al., 2016; Iwahana
et al., 2021).

The influence of saline permafrost on infrastructure stability in the Arctic has been considered (e.g., Biggar &
Sego, 1993; Miller & Johnson, 1990), and the freeze/thaw behavior of saline permafrost has been studied in the
laboratory (e.g., Wan et al., 2015). However, only limited attention has been given to the way in which natural
processes in the Arctic are influenced by the occurrence and thaw of saline permafrost. Saline permafrost thaw is
thought to be a factor in increasing erosion rates along Arctic coastlines (Bristol et al., 2021; Jones et al., 2018;
Lorenson et al., 2018). In addition, near-surface geophysical studies on the ACP focused on quantifying perma-
frost degradation below lakes (Creighton et al., 2018; Parsekian et al., 2019) as well as permafrost aggradation in
drained lake basins (Rangel et al., 2021) has revealed the likely influence of salinity on the presence of unfrozen
liquid pore water in the permafrost.

In this study, we document the rapid thaw of saline permafrost below a shallow thermokarst lake on the ACP of
northern Alaska. We conducted repeat drilling-based surveys at East Twin Lake near Utgiagvik, Alaska between
2008 and 2023 (Figures 1b and Ic). These field data were integrated with transient electromagnetic (TEM)
near-surface geophysics soundings in 2016 and 2022 and analysis of a time-series of wintertime Synthetic Aper-
ture Radar (SAR) satellite imagery from 2015 to 2022 to assess changes in lake and sub-lake properties. Finally,
we assessed the impact of thawing saline permafrost on shore erosion of East Twin Lake with remotely sensed
imagery available between 1948 and 2022. Our findings indicate that active permafrost thaw is occurring below
shallow thermokarst lakes underlain by saline permafrost and that thawing saline permafrost may be contributing
to an increase in landscape change rates in the Arctic.

2. Study Area

The ACP of northern Alaska is located in the continuous permafrost zone with mean annual ground temperatures
at the depth of zero annual amplitude averaging —4 to —8°C (Biskaborn et al., 2019). The presence of saline
permafrost on the Younger Outer Coastal Plain (YOCP) and Outer Coastal Plain (OCP) of the ACP was first
described in the 1960s (Brown, 1969; O’Sullivan, 1966). This region is also known to contain numerous lakes of
various origin (i.e., thermokarst vs. non-thermokarst) (Jones et al., 2022; Jorgenson & Shur, 2007). Lake depth
relative to maximum wintertime ice thickness is a key characteristic that controls thermokarst lake expansion and
talik development (Arp et al., 2011, 2012). Based on Grunblatt and Atwood (2014), >80% of the lakes on the
YOCP and OCP regions are thought to typically freeze to their bed each winter (Figure 1b). One such historically
bedfast ice lake is the 130 ha East Twin Lake located near Utqiagvik, AK (Figure 1c). It is situated near the coast
of Elson Lagoon, but it is not subject to storm surges given its height (2.8 m) above sea level.

3. Methods

During April 2008, we drilled four holes through the ice on East Twin Lake, a bedfast ice lake at the time, along
an east to west transect across the middle of the lake to measure ice thickness and lake depth (Figure 1c). We
also drilled three holes in West Twin Lake, an adjacent floating ice lake (Figure 1c). During May 2023, we
redrilled at the same seven locations and added an additional eight locations in East Twin Lake. In addition to
measuring ice thickness and lake depth in 2023, we measured lake water specific electrical conductivity (EC)
below the ice, the thickness of sub-lake thawed sediment, and thawed sediment temperatures. In April 2022, we
collected a tundra permafrost core in the center of an ice-wedge polygon adjacent to the lake to take measure-
ments on ground-ice content and specific EC. In May 2023, we collected a near-shore, sub-lake permafrost core.
The ice content of the soil was determined in the laboratory from an initial weight of soil in a frozen state and
after oven-drying (90°C, 72 hr). Gravimetric (GMC) and volumetric moisture contents (VMC), and excess-ice
contents (EIC) were determined according to Shur et al. (2021). Specific EC of the pore fluids was measured in
thawed samples with a handheld sonde before drying.

In May 2016 and April 2022, we conducted transient electromagnetic (TEM) geophysical soundings using an
ABEM WalkTEM instrument (GuidelineGeo, Stockholm, SE) at East Twin Lake (Parsekian et al., 2018). The
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Figure 1. The study site location in the context of saline permafrost distribution in the Arctic. (a) Estimated occurrence of saline permafrost in the northern
circumpolar permafrost region (from Brouchkov, 2003). (b) Shallow thermokarst lakes that typically freeze to their bed are prevalent on the Younger Outer Coastal
Plain (YOCP) and OCP regions on the ACP of northern Alaska (Grunblatt & Atwood, 2014). In the area shown in (b), 86% of the lakes and 49% of the lake area is
classified as bedfast. (c) The location of drill holes in 2008 and 2023 in East and West Twin Lakes (imagery copyright MAXAR). (d) The mean lake depth measured at
East Twin (n = 4) and West Twin (n = 3) Lakes in 2008 and 2023.

instrument configuration consisted of a 1,600 m? transmitter loop and 200 and 5 m? receiver loops, with all loops
centered around a common point on the ice near the center of the lake. Measurement frequencies of 240 Hz
(28-time gates) and 30 Hz (38-time gates) were used and both were recorded on each receiver loop. The data were
processed using AarhusInv SPIA (Aarhus GeoSoftware, Aarhus, DE). First, data were inspected for noise in early
and late times, and consistency between receiver coils; points that could not be visually distinguished from the
noise floor were manually rejected. Finally, a smooth 1D inversion with 20 model layers was performed. We then
followed an adaptation of Archie's (1942) equation (Daniels et al., 1976; Hauck, 2002; Hauck & Miihll, 2003)
to calculate the change in pore ice based on the measured average bulk EC values from TEM, local estimates of
porosity (0.45 m3 m~3; Hinkel et al., 2001), and the measured pore water specific EC.

We utilized SAR satellite imagery from Sentinel-1 to create a time-series of backscatter values for three
thermokarst lakes on the ACP of northern Alaska. Analysis of SAR satellite imagery is commonly used to distin-
guish between bedfast and floating ice lakes due to the ability of the sensor to detect differences in the dielec-
tric properties associated with lake ice in contact with frozen sediments versus lake ice in contact with liquid
water (Engram et al., 2018; Murfitt & Duguay, 2021; Weeks et al., 1978). The three lakes were selected based
on their lake ice regime behavior over the period of record from 2015 to 2022. Sentinel-1 data was processed
using the Alaska Satellite Facility (ASF) on demand capabilities for radiometric terrain correction. A time series
for the center of the selected lakes were extracted and an incidence angle correction to 40° was applied following
the approach by Widhalm et al. (2018) and Pointner et al. (2019). More than 250 Sentinel-1 acquisitions were
selected, spanning the years 2015-2022, focusing on the period of maximum winter ice growth on the ACP
(March to April).
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Figure 2. The evolution of East Twin Lake between 2008 and 2023. (a) In 2008, East Twin Lake was frozen to its bed with a mean depth of 0.9 m. In early May 2023,
the same four locations were ~0.6 m deeper. In May 2023, we also measured additional lake depths, temperature and specific EC of water below the lake ice, and
thawed lake sediments at sub-zero temperatures. (b) Specific EC and EIC values obtained from the two frozen cores (a). Saline permafrost sediments were encountered
~1 m below the lake surface, and their specific EC increased from 5,500 pS/cm to >18,000 puS/cm at a depth of 1.8 m below the lake surface. Excess ice content of
saline permafrost was as high as 20%-50%.

We reconstructed the lateral expansion rate of East Twin Lake using historical aerial photography, commercial
high-resolution satellite imagery, and the USGS Digital Shoreline Analysis System (DSAS) tool (Himmelstoss
et al., 2021). Imagery was available for 1948, 1979, 2002, and 2022. Thermokarst lake expansion rates were
measured every 3 m around the lake perimeter and the results were reported as the net expansion per unit time in
each of the three time periods.

4. Results

Between 2008 and 2023, the measured depth of East Twin Lake increased from 0.89 to 1.44 m, or a 62% increase,
based on late-winter point measurements from the frozen lake surface (Figure 1d). Whereas, at West Twin Lake,
the depth remained approximately the same (1.66 m in 2008 and 1.68 m in 2023) indicating that lake levels were
similar in the two years. Further, in East Twin Lake we measured a lowering of the frozen ground table relative
to the lake surface by 1.61 m, 1.85 m, and more than 2.11 m over the 15-year period (Figure 2a). The additional
eight measurement locations in 2023 allowed us to better resolve the bathymetry of the lake, late winter ice thick-
ness, lake water specific EC, thickness of unfrozen sediments, and lakebed sediment temperatures (Figure 2a).
Thawed lakebed sediment temperatures above the frozen ground table ranged from —0.4 to —0.6°C, which we
relate to high salinity of thawing sediments.

The specific EC values of the permafrost obtained from two permafrost cores—adjacent to and below East Twin
Lake—increase with depth (Figure 2b). Samples from 0.5 m above and 1 m below the surface of the lake, as
measured adjacent to the lake, averaged 401 uS/cm. However, from 1.0 to 1.7 m below the surface of the lake
the specific EC of the permafrost increases to an average of 6,980 puS/cm. Below 1.7 m the specific EC of the
saline permafrost increases further to 17,100 uS/cm at 2.1 m below the lake surface. EIC in the upper permafrost
varied from 20% to 55% from ~0.3 m above and 1.7 m below the lake surface; it significantly decreased below
1.7 m and varied from 0.5% to 15% at 1.8-2.2 m below the lake surface (Figure 2b). The elevated values of EIC
correspond approximately to the measured increase in the lake depth due to subsidence that has been caused by
thaw of ice-rich saline permafrost.

The TEM geophysical soundings at East Twin Lake (Figure 3) revealed a general trend of increasing bulk
EC from the surface to a depth of 10 m, then decreasing bulk EC below that depth. We interpret the high
bulk EC around 10 m depth to be associated with high salinity in sediments or a brine layer. There is one
ground-truth probe point at ~320 m (Figure 2) indicating that the frozen boundary is deeper than 3.25 m which
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by 198% between 2016 and 2022. Following the petrophysical calculation
of pore ice reduction presented in Hilbich et al. (2008) and Hauck (2002),
= 2022 we estimate that the fraction of the pore space occupied by ice (Figure 2b),
AS, (i.e., interpreted as ice loss), is —0.2 for the lower pore water specific EC
range (S;,,016 = 0.4 ;5500 = 0.2) and —0.1 for the higher pore water specific

EC range (S;,59;6 = 0.6; S;,502, = 0.5). These results provide an additional line
of evidence highlighting that change between 2016 and 2022 is not solely

limited to an increase in lake depth, but rather the effects extend to ~8 m
? below the surface.

We measured a decrease in the SAR backscatter for East Twin Lake between
2018 and 2019 (Figure 4). The backscatter values decreased from a typi-
cal bedfast ice lake to one that is known to have floating ice with brackish
water underlying the ice (Lake 113). In contrast, West Twin Lake consistently
. displayed the highest backscatter values associated with floating ice overly-
ing relatively fresh water compared to the other study sites (Figure 4).

East Twin Lake expanded laterally at a mean annual rate of 0.26 m/yr between
=] 1948 and 1979. The mean lake expansion rate of the entire lake perimeter
remained consistent (0.26 m/yr) between 1979 and 2002. However, between
d 2002 and 2022 it increased to 0.43 m/yr (Figure 5), with more than 70% of
the measurement sites around the perimeter of the lake exceeding the histor-
ical average. Maximum lake expansion rates also increased from a historical

value of 0.9-1.3 m/yr (Figure 5).

5. Discussion

Our results from East Twin Lake indicate that thaw susceptible saline perma-

1aal 1 I s SO R O e

frost is located below shallow thermokarst lakes. East Twin Lake transitioned
from a bedfast to floating ice lake despite its depth being much shallower

10°

than the maximum annual winter time lake ice thicknesses in the Utqiagvik

1 03 1 04 region that averaged 140 cm from 2008 to 2019 (Arp & Cherry, 2020). This

should have retained sub-zero permafrost temperatures below the 0.9 m lake

E|eCtI‘ iCal Cond UCtiVity ( ,US/ Cm) depth that was initially measured in 2008 (Arp et al., 2012). However, thaw-

ing of ice-rich saline permafrost has occurred due to increase in soil tempera-

Figure 3. TEM measurements from the middle of East Twin Lake in 2016 tures (which were likely still negative) and resulted in thaw subsidence and an
and 2022. The increase in bulk EC between 0 and 8 m is likely in response to increase in lake depth. The depth of East Twin Lake is approaching that of the

saline permafrost thaw.

adjacent West Twin Lake that had already transitioned to a floating ice lake

at some point in the past. The transition of East Twin Lake from a bedfast

ice lake to a floating ice lake has likely contributed to the 65% increase in
lake expansion rates. The rapid acceleration in lake expansion rates observed at East Twin Lake likely makes it
more vulnerable to drainage in the future (Jones et al., 2020).

Our TEM geophysical soundings provide the first known measurement of changing bulk EC associated with
permafrost degradation below a thermokarst lake. Previous similar examples of ice content loss have been
observed on subaerial terrestrial permafrost (Hauck, 2002; Hauck & Miihll, 2003). The change in ice content
calculation based on time-lapse TEM measurements of sub-lake resistivity is enabled because we can assume the
sub-lake environment remains saturated with brine (Parsekian et al., 2019). Assuming that the water resistivity
and mineral phase remain constant, then reduction of ice in pore spaces would be the only property to explain the
difference in resistivity over time. Differences in in situ measured pore water electrical properties (Figure 2) and
bulk electrical conductivity measured by TEM (Figure 3) in this study are expected due to differences in sampling
volumes of the two measurements and the fact that the sonde measures fluid electrical conductivity while the
TEM measures bulk electrical properties (Rangel et al., 2021).
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Lake), a lake that transitioned from bedfast to floating with brackish water below the ice (East Twin Lake), and a floating ice
lake with brackish water below the ice over the entire study period (Lake 113). Under-ice lake water specific EC values are

shown in parentheses.
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Figure 5. Remote sensing change detection analysis for East Twin Lake between 1948 and 2022. The regime shift from a grounded-ice to a floating-ice lake likely
resulted in a 65% increase in lateral lake expansion rates.
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Our study also demonstrates the ability to detect sub-lake, saline permatrost degradation using SAR imagery
which could allow for identification of this process across L-DLB regions in the Arctic. Low backscatter values
for areas of ice overlaying brackish water is a well-known phenomenon in the field of sea ice studies (Dammann
et al., 2018). However, our results indicate there is a novel signature apparent in the VH polarization that can
distinguish between floating ice lakes with freshwater versus brackish water underlying the ice. Results from the
analysis suggest that SAR-based approaches may underestimate sub-lake permafrost thaw since floating ice lakes
with brackish water have previously been classified as being bedfast (Figure 1; Engram et al., 2018).

Permafrost-region landscape change rates are increasing around the circum-Arctic; however, the role of warming
saline permafrost on landscape change rates remains largely unstudied at this point. Overlaying a circumpolar
map of lakes from Bartsch et al. (2017) with the estimated occurrence of saline permafrost distribution from
Brouchkov (2003) shows the presence of more than 1 million lakes larger than 2.5 ha. Bartsch et al. (2017) indi-
cated that 12% of the lake area in the saline permafrost region was mapped as bedfast ice. Furthermore, their data
shows a tendency for smaller lakes to be almost entirely bedfast. Considering the prevalence of numerous smaller
lakes in the Arctic (Muster et al., 2019), the true bedfast lake ice area in saline permafrost regions is substantially
higher than these estimates. Bartsch et al. (2017) also found that the proportion of bedfast lake ice was higher
in permafrost regions with high soil organic carbon contents. The connection between shallow lakes, thawing
saline permafrost, and the potential to alter hydrologic processes and mobilize organic carbon previously stored
in permafrost is an important topic for future study.

6. Conclusion

In this study, we document the rapid thaw of saline permafrost below a large, shallow thermokarst lake near
Utqiagvik, Alaska. The thaw of warming, ice-rich saline permafrost has occurred while soil temperatures were
likely still below 0°C, resulting in thaw subsidence that increased the lake depth by 0.6 m over a 15-year period.
The transition from a bedfast ice lake to a floating ice lake with brackish water was detected in direct field meas-
urements, near-surface geophysical studies, and satellite-based SAR imagery. The lake ice regime shift likely
contributed to a 65% increase in thermokarst lake expansion rates since 2002. We found that rapid saline perma-
frost thaw is occurring below a shallow arctic lake that historically froze to its lakebed in the winter. We expect
that thawing saline permafrost will contribute to an increase in landscape change rates in the Arctic.

Data Availability Statement

The data that support the findings of this study are available at the NSF-funded Arctic Data Center. Measure-
ments on lake depth, ice thickness, specific electrical conductivity of unfrozen lake water and thawed permafrost
soils, thawed sediment temperature, depth to frozen ground, excess ice content, Sentinel-1 SAR backscatter time
series values from 2015 to 2022, lateral thermokarst lake expansion rates from 1948 to 2020, and the near-surface
geophysical TEM data from 2022 are available from Jones et al. (2023a). The near-surface geophysical TEM data
collected in 2016 are available from Parsekian et al. (2018).
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