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As the Arctic coast erodes, it drains thermokarst lakes, transforming them into lagoons, and, eventually,
integrates them into subsea permafrost. Lagoons represent the first stage of a thermokarst lake transition to a
marine setting and possibly more saline and colder upper boundary conditions. In this research,
borehole data, electrical resistivity surveying, and modeling of heat and salt diffusion were carried out at
Polar Fox Lagoon on the Bykovsky Peninsula, Siberia. Polar Fox Lagoon is a seasonally isolated water
body connected to Tiksi Bay through a channel, leading to hypersaline waters under the ice cover.
The boreholes in the center of the lagoon revealed floating ice and a saline cryotic bed underlain by a
saline cryotic talik, a thin ice‐bearing permafrost layer, and unfrozen ground. The bathymetry showed
that most of the lagoon had bedfast ice in spring. In bedfast ice areas, the electrical resistivity profiles
suggested that an unfrozen saline layer was underlain by a thick layer of refrozen talik. The modeling
showed that thermokarst lake taliks can refreeze when submerged in saltwater with mean annual bottom
water temperatures below or slightly above 0°C. This occurs, because the top‐down chemical degradation
of newly formed ice‐bearing permafrost is slower than the refreezing of the talik. Hence, lagoons may
precondition taliks with a layer of ice‐bearing permafrost before encroachment by the sea, and this frozen
layer may act as a cap on gas migration out of the underlying talik.

1. Introduction

Borehole observations over 10 years (2007–2016) showed that subaerial permafrost is warming rapidly at a
global scale even at depths greater than 10m (Biskaborn et al., 2019). Taliks (unfrozen ground within perma-
frost) that develop on landmay play a critical role in determining the response of permafrost after inundation
from the sea (Shakhova et al., 2017). Subsea permafrost underlies almost 2.5 × 106 km2 of the Arctic shelves
(Overduin et al., 2019) and contains old frozen organic carbon stocks (Strauss et al., 2013; Vonk et al., 2012),
which have been thawing since the last deglaciation. Recent research estimates that approximately
1.6 kg/m2/year of subsea permafrost organic carbon thaws out on the East Siberian Arctic Shelf close to
Muostakh Island (Wild et al., 2018). Throughmicrobial degradation, the organicmatter can transform to car-
bon dioxide ormethane and be released to thewater column. Greenhouse gas that is ultimately emitted to the
atmosphere may act as a positive feedback to climate warming (Schuur et al., 2015; Shakhova et al., 2010).
Methane gas hydrates are also present in subsea permafrost and exist at shallower depths compared to typical
marine environments (Riedel et al., 2017). The methane hydrates are embedded within the ice‐bearing sedi-
ment or below the bottom of the permafrost. Methane may also exist in a dissolved phase in the porewater or
as free gas within or below the ice‐bearing sediment. Thus, thawing subsea permafrost fromwarming and salt
transport may degrade gas hydrates (Chuvilin et al., 2019) and increase the gas permeability of ice‐bearing
sediment (Chuvilin et al., 2016) to trigger gasmigration toward the seabed. Gasmigrationwould be facilitated
by the presence of open taliks. These pathways could exist where deep taliks below thermokarst lakes or
paleo‐river valleys are inundated with seawater (Frederick & Buffett, 2014; Nicolsky & Shakhova, 2010;
Shakhova et al., 2017). However, the fate of submerged taliks after a freshwater to saltwater transition is
uncertain. It has been suggested seawater with negative mean annual bottom water temperatures refreezes
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taliks (Romanovskii et al., 2000, 2004), but not if salt is transported into the sediment fast enough to lower the
freezing point of the sediment porewater. With numerical modeling, Malakhova (2016) showed the effects of
thermokarst lake taliks on the gas hydrate stability zone's evolution after transgression and that seawater can
partially refreeze taliks from the top. However, the coupled effects of heat and salt flow were not included in
the simulations.While heat diffusion is typically faster than salt diffusion, the convective transport of salt can
be rapid in coarse‐grained sediments (Harrison & Osterkamp, 1978, 1982). In the Dmitry Laptev Strait,
Shakhova et al. (2017) observed submerged thaw‐lake basins with high‐resolution seismic imagery. These
basins were associated with pockmarks on the seabed and increased concentrations of dissolved methane
in the water column, suggesting that the submerged talik did not refreeze and was a flowpath for ascending
gas. Marine seismic surveys have also identified former thermokarst lake basins infilled with lagoonal and
marine sediment (Rekant et al., 2015), and lagoons can salinize subaquatic thermokarst lake taliks
(Romanovskii et al., 2004). Thus, the refreezing of taliks after inundation may depend on local subaquatic
conditions.

More generally, subaquatic permafrost includes permafrost below seas, lakes, and lagoons. Subaquatic per-
mafrost thawing and freezing depend on the duration of inundation, warming or cooling rate, the coupling
of the bed to the atmosphere through bedfast ice, and salt transport into the sediments (Overduin et al., 2012).
The impact of salt transport depends on the salinity of the water, which can vary seasonally.

In the Arctic, lagoons support diverse food webs and provide habitat and feeding grounds for many species
(Harris et al., 2018). In addition, they sequester large amounts of organic carbon released to the nearshore
zone from eroding permafrost coasts (Grotheer et al., 2020). Lagoons are widespread features along Arctic
coasts and characterize more than 70% of the eastern Beaufort Sea, for example (Harris et al., 2017). In shal-
lowwater, bedfast ice can isolate lagoons from the sea and create pockets of hypersaline water under floating
ice (Harris et al., 2017; Schell, 1974). Even in the case of a 60m‐deep lake in the Canadian High Arctic with a
seasonal connection to the sea, the isolation of the lake in winter and spring results in hypersaline conditions
due to brine rejection from lake ice formation after multiple years (Dugan & Lamoureux, 2011). Hypersaline
conditions in winter and spring also develop in offshore subsea permafrost areas where the water circulation
is restricted below the ice (Grigoriev, 2008; Osterkamp, 2001). For example, Sellmann (1989) reported bot-
tom water temperatures lower than −3°C in Harrison Bay, Alaska. Despite the potential for hypersaline
cryotic conditions below the ice cover, lagoons are susceptible to the rapid flushing of saltwater in spring
after ice breakup and fluvial freshwater inflows (Matthews & Stringer, 1984). Furthermore, Harris et al.
(2017) showed that lagoons can have dramatic annual variations in temperature and salinity. The tempera-
ture can range from −2°C to 14°C and the salinity from 0 practical salinity units (psu) to over 45 psu. These
variations are affected by the lagoon's connectivity to the sea. Connectivity to the sea, evaporation, and fresh-
water inputs are all important controls on the development of hypersalinity for lagoons in both Arctic and
non‐Arctic regions (Tweedley et al., 2019).

A thermokarst lagoon is an intermediate stage between a thermokarst lake and the sea. We investigated the
transition from a freshwater to a saltwater system at Polar Fox Lagoon on the southern Bykovsky Peninsula,
northeastern Siberia. Polar Fox Lagoon was chosen because it represents a partially drained thermokarst
lake affected by seawater influx through a channel but is not yet bisected by the coastline. That is to say,
the lake's transition had begun, but it is not yet part of the marine setting. Along Arctic coasts with brackish
seawater, we hypothesize that lagoons can generate seasonally cryotic and hypersaline conditions and
refreeze thermokarst lake taliks. The objective of this paper is to combine observational data on a thermo-
karst lagoon's permafrost distribution and composition with the results of numerical modeling in order to
determine if submerged thermokarst lake taliks can refreeze. Since the Polar Fox basin is partially drained,
investigating the talik's response to seawater may offer insights regarding the evolution of submerged taliks
on the shelf from rising sea levels since the last deglaciation.

2. Study Site

The Bykovsky Peninsula is located southeast of the Lena Delta in the Buor‐Khaya Gulf of the Laptev Sea in
northeastern Siberia, Russia. Like nearby Muostakh Island, the peninsula is an erosional remnant of an
accumulation plain that began to form in the late Pleistocene (Grosse et al., 2007). The mean annual tem-
perature at the depth of zero annual amplitude (approximately 20 m) in the hills not affected by
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thermokarst is−10°C (Schirrmeister et al., 2018). Therefore, the permafrost can be hundreds of meters thick
(Nicolsky et al., 2012). However, ground temperature near the depth of zero annual amplitude in the Arctic
continuous permafrost zone increased by 0.39 ± 0.15°C between 2007 and 2016 and the warming trend is
believed to continue (Biskaborn et al., 2019). An important feature of the permafrost is the Yedoma Ice
Complex, which ranges from 45m above sea level in the highlands to 15 m below sea level (Grigoriev,
1993; Grosse et al., 2007). The sediments within the Yedoma Ice Complex at or below sea level generally
range from silty fine‐grained sand to medium‐grained sand (Grosse et al., 2007; Schirrmeister et al., 2002).
The total ice content, including ice wedges and intrasedimentary ice, can reach 87% by volume (Günther
et al., 2015). As the climate warmed in the Late Glacial and early Holocene, widespread permafrost
thawing and thermokarst development occurred (Biskaborn et al., 2013; Grosse et al., 2007; Kaplina,
2009). As sea levels rose from global deglaciation to inundate low‐lying basins, shelves, and thermokarst
lakes, the present‐day landscape of the peninsula emerged (Bauch et al., 2001; Romanovskii et al., 2000).
Coastal erosion has also shaped the coastline and continues to create new subsea permafrost. On the
Bykovsky Peninsula, the coastal erosion rate is related to the coastal geomorphology (e.g., Yedoma Ice
Complex cliff, Alas, thaw slump, sand bar, and lagoon barrier) and the orientation of the shoreline
(Lantuit et al., 2011).

On the Bykovsky Peninsula, subaquatic permafrost has been investigated in Ivashkina Lagoon by Ulyantsev,
Bratskaya, et al. (2016); Ulyantsev, Romankevich, et al. (2016); Cheverev et al. (2007); and Schirrmeister et al.
(2018). Ivashkina (egg‐shaped lagoon right of the red rectangle in Figure 1b) is the peninsula's largest lagoon,
extending 2.5 km inland and 2 km wide with the inlet only 1.6 km east of Polar Fox Lagoon's channel.
Ulyantsev, Bratskaya, et al. (2016) reported an ice‐bearing permafrost (IBP) depth of 12m below the sedi-
ment surface in the northwestern part of the lagoon in 2014. The drilled IBP table is probably characteristic
of a thawing refrozen talik, since there was a period of subaerial exposure in between the thermokarst lake
and lagoon stages (Schirrmeister et al., 2018).

Field measurements were mainly performed in Polar Fox Lagoon, which is situated within a large partially
drained thermokarst lake basin (Figure 1). The basin's smaller northern lake (Northern Polar Fox Lake) is

Figure 1. (a) The location of Polar Fox Lagoon on the Bykovsky Peninsula. (b) Polar Fox Lagoon bounded
by Uomullyakh Lagoon toward the west and Ivashkina Lagoon toward the east. (c) Polar Fox Lagoon and Northern
Polar Fox Lake. For panels b and c, the background is a high‐resolution satellite image (30 cm ground resolution
WorldView‐3 image from 2 September 2016, ©Digital Globe).
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currently filled with freshwater and that characterizes the sediment as corroborated by electrical conductiv-
ity measurements of the porewater from a 5m sediment core retrieved in April 2017. The first major drai-
nage event likely occurred in the northeastern paleo‐channel. The northeastern paleo‐channel has
refrozen sediments as evidenced by a dense network of ice wedge polygons on the valley floor. The denser
the ice wedge intersection points, then the older the ice wedge network should be assuming homogeneous
substrate and climatic conditions across space (Dutilleul et al., 2009). The more recent and dramatic drai-
nage event occurred in the southern channel, which connects the lagoon to Tiksi Bay. The channel's devel-
opment was possibly triggered by a thermo‐erosional gully that formed following the degradation of ice
wedges. These gullies can generate channel networks hundreds of meters long (D. Fortier et al., 2007).
The chemical composition of ice cores from Polar Fox Lagoon in April 2017 suggests that once the lagoon
ice reaches a thickness of 0.5 m, bedfast ice in the channel's shallowest areas inhibits water exchange with
Tiksi Bay (Spangenberg et al., 2020). Hence, the lagoon is a seasonally isolated water body as also described
by Dugan and Lamoureux (2011).

Polar Fox Lagoon was 67 ha in size and had a maximum water depth of 3.4 m in July 2017 (Figure 1c). In
April 2017, the ice thickness ranged from 1.6 to 1.8 m in floating ice zones and the snow thickness from 0
to 0.2 m. Assuming a minimum ice thickness of 1.6 m, an interpolated bathymetry map from July 2017 sug-
gests that at least 75% of the lagoon's surface area had bedfast ice in April 2017. Water temperature and sali-
nity beneath the floating ice are likely to vary strongly from year to year depending on ice thickness and the
salinity of the water prior to ice formation and isolation from Tiksi Bay. In the open water season, the warm
and fresh discharge from the Lena River flows along the peninsula's southern coastline and into the lagoon
and is a major contributor of organic matter to the Laptev Sea (Juhls et al., 2019).

3. Fieldwork

Two joint Russian‐German expeditions were carried out in April 2017 and July to August 2017 as part of the
Lena Delta 2017 research program. The 3‐week spring campaign completed boreholes, ice cores, and electri-
cal conductivity, temperature, and depth (CTD) casts in Uomullyakh Lagoon, Goltsovoye Lake, and Polar
Fox Lagoon. In the summer, geoelectric surveys with floating electrodes were carried out at the same sites,
as well as offshore areas (Angelopoulos et al., 2019). In April 2019, additional CTD casts were taken in Polar
Fox Lagoon and Tiksi Bay. All CTD casts were made in the water with a SontekTM CastAway instrument.

3.1. Boreholes, Sediment Coring, and Instrumentation

In April 2017, a borehole was drilled 27.5 m below the seafloor (bsf) using a Russian rotary drill (RD). In this
paper, seafloor and lagoon bed are used in an equivalent manner. Sediment cores were collected, logged,
photographed, and stored frozen in thermally insulated boxes for their travel to Germany for further labora-
tory work. After drilling, a 19 m GeoPrecision temperature cable with an accuracy of 0.1°C and a resolution
of 0.01°C was installed for 5 days. The cable had been calibrated by measuring sensor offsets in a 0°C water
ice bath. It contained 20 sensor nodes spaced by 1m, and the first node was located 0.1 m bsf. The tempera-
tures were corrected for drilling heat effects following Lachenbruch et al. (1982). Additionally, we used an
UWITEC piston corer operated from the ice cover to retrieve overlapping sediment cores with a composite
depth of 5.5 m in Polar Fox Lagoon and 5.0 m in Northern Polar Fox Lake. Compared to the RD system, the
sediment cores retrieved by piston coring technique were undisturbed. The cores were cut in 10 cm sections
directly after retrieval to avoid hydrochemical vertical mixing. Sediment core pieces were hermetically and
optically sealed and stored in thermally insulated boxes in a frozen state, which were returned to Germany
for laboratory analyses.

After the samples were thawed, Rhizon samplers were used to extract the porewater of the RD cores. For the
UWITEC cores, porewater was extracted from the samples using a hydraulic press. The porewater was then
analyzed for pH and electrical conductivity. Fieldwork is reported in Strauss et al. (2018), and supplementary
borehole data are available from Jenrich (2020).

3.2. Electrical Resistivity Surveys

Electrical resistivity tomography (ERT) with floating electrodes has shown to be an effective technique to
detect the top of IBP in saline or brackish waters as demonstrated by Angelopoulos et al. (2019), Overduin
et al. (2012, 2016), and Sellmann et al. (1989). ERT has also been used to detect seasonal permafrost
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changes of coastal bluffs (Swarzenski et al., 2016), the impacts of deep lateral seawater intrusions on coastal
permafrost degradation (Kasprzak et al., 2017), and thermokarst lake taliks (You et al., 2017). In summer, six
surveys with floating electrodes were carried out using an IRISTM Syscal Pro Deep Marine system and a 48 V
transmitter. A 120m cable with floating electrodes (each separated by 10 m) was towed behind a small infla-
table boat, and soundings were taken at 1 to 5 m intervals along selected profiles (Figure 1). The ERT system
was equipped with a GPS and an echo sounder to record the position and water depth. Two current electro-
des and 11 potential electrodes were used in a reciprocal Wenner‐Schlumberger array. The array was quasi‐
symmetrical, and each vertical sounding had alternate electrode pairs that were slightly off center. The offset
between the boat and the first potential electrode was approximately 10 m.

4. Heat and Salt Diffusion Modeling
4.1. General Framework

In this study, 1‐D heat and salt flow was modeled using the version of CryoGrid2 from Angelopoulos et al.
(2019) with the MATLAB ode45 solver (Shampine & Reichelt, 1997). This model version couples a heat dif-
fusion model for permafrost soils by Westermann et al. (2013) with salt diffusion for saturated sediment. The
model does not simulate water movement or nondiffusive mechanisms of salt transport. The porewater salt
concentration is expressed as the molar concentration of all ions, c [mol/m3], in the unfrozen liquid water,
θw(T,c), where T is temperature. The porewater salt concentration, c, is related to the bulk sediment salt con-
centration per unit volume, C, as C= cθw. Following Dmitrenko et al. (2011), the effective salt diffusivity (ds)
is a function of the salt diffusion coefficient in seawater do, the volumetric unfrozen water content θw, and
the sediment tortuosity τ as shown in Equation 1:

ds ¼ do
θw
τ
: (1)

For simplicity, we employ the freezing characteristic of Dall'Amico et al. (2011) for nonsaline ground mate-
rial and shift the onset of freezing Tf according to Equation 2:

Tf ¼
−R Tm;fw

� �2

Lf
c: (2)

This describes the depression of the freezing point of free water with unfrozen porewater salt concentration,
c [mol/m3] for low salt concentrations. Here, R is the universal gas constant, Tm,fw = 273.15 K is the freezing
point of free water, and Lf is the volumetric latent heat of fusion of water. While the freezing point depres-
sion is typically calculated using the molality of dissolved ions (Atkins et al., 2018), we use the molarity and
treat Lf and the density of the solvent (water) as constants. In addition to salt diffusion, freezing would
lead to salt enrichment in the remaining unfrozen water (i.e., increasing c), consecutively lowering Tf and
thus shifting the assumed freezing characteristic further to negative values.

4.2. Thermokarst Lake to Lagoon Scenarios

The fate of a thermokarst lake under floating ice conditions was modeled for a range of lake to lagoon sce-
narios. The base case model was constrained by field data, including CTD profiles, as well as ice and snow
thickness. The stratigraphy was based upon the RD borehole. Sediment deposition and erosion were
ignored, so the stratigraphy was the same every year. The base case model assumed a surface porosity of
0.5 that decreased with depth to reflect the increasing compaction of sediments (Lee, 2005) but did not con-
sider a sharp change in porosity at the silt/sand interface. The porosity was nearly constant in the upper 50m
of sediment (less than 2% change with depth) but decreased to 0.33 at a depth of 814m (initial modeled per-
mafrost base prior to the thermokarst lake spin‐up phase). The different scenarios are presented in Table 1.
We varied the maximum porosity of the sand, the salt diffusion coefficient, the snow thickness, the initial
lagoon water salinity prior to lagoon ice formation, the mean annual air temperature, the maximum sea-
water temperature in summer, and the thermokarst lake spin‐up time.
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4.3. Material Properties

For each scenario, 5 m of silt was underlain by sand, and the appropriate freezing characteristic curves for
nonsaline sediment were assigned to each unit (Dall'Amico et al., 2011). The freezing curves were shifted
based on the salt content in the unfrozen liquid water (Equation 2). The mineral thermal conductivity of silt
was set to 3.0 W/(mK), and sand was set to 5.0 W/(mK) to reflect the higher quartz content of coarse‐grained
sediment (Williams & Smith, 1991), and the volumetric heat capacity was set to 2.0 MJ/(m3K) for both sedi-
ment types. Standard thermal properties for ice and water were used (Westermann et al., 2013), and the bulk
thermal conductivity for a grid cell was calculated following Cosenza et al. (2003).

4.4. Model Spin‐up

Polar Fox Lagoon originated as a freshwater thermokarst lake that had developed on terrestrial permafrost
with a ground surface temperature of −10°C (Schirrmeister et al., 2018) and that persisted for 1,000 to
5,000 years prior to lagoon formation. The maximum spin‐up time of 5,000 years is in line with the intense
thermokarst development of the mid‐Holocene (Grosse et al., 2007). We modeled varying lengths of time for
the thermokarst lake period (before lagoon formation) to evaluate the effects of varying talik thickness and
temperature. The spin‐up model used a mean lakebed temperature of 3.0°C (Boike et al., 2015), and the
initial salinity was set to zero everywhere in the model domain.

4.5. Boundary Conditions

For each simulation, the geothermal heat flux was set to 0.05 W/m2. The upper boundary conditions were
calculated independently and then used as an upper boundary forcing on the lagoon bed. Each model began
in late September, the beginning of the lagoon ice season. The boundary conditions for the base case scenario
are presented in Figure 2. The initial salinity of the water determines its freezing point and ice formation
starts when the air temperature dips below this value. After the first day of ice formation, the snow thickness
increased at a rate of 0.01 m/day until the maximum value shown in Table 1. We calculated the ice thickness
based on a two‐layer snow‐ice system presented by Leppäranta (1993) using a thermal conductivity of
0.3 W/(mK) for snow. As ice builds, it is assumed that all salts are rejected into the water and that the
temperature of the water is equal to the freezing point. For the first 0.5 m of ice formation, the salt content
increases slowly as the lagoon is not yet isolated from Tiksi Bay (Spangenberg et al., 2020). After 0.5 m of ice
formation, the lagoon is cut off from Tiksi Bay, and salt content increases rapidly. First, the bathymetry from
July 2017 was interpolated in ESRI ArcGISTM using the natural neighbor method. Subsequently, we fit a
polynomial function to liquid water volume versus ice thickness. At each time step, the change in ice thick-
ness rejects salt into a smaller liquid water volume. However, the salt originally contained in newly formed
bedfast ice zones is not added to the remaining liquid water. As a result, we fit a polynomial function to float-
ing ice area versus ice thickness as well. The equation for the lagoon water salinity (cw) is shown in

Table 1
Parameterization for Polar Fox Lake to Lagoon Model Runs

Scenario
MAAT
(°C)

Max sea
Tb (°C)

Salinity
(psu)

Snow
(m)

Max sand
ϕ

Spin‐up
(years)

do
(m2/s)

1. Base case −12.8 9.2 8.0 0.1 0.5 5,000 0.8 × 10−9

2. Coarse sand −12.8 9.2 8.0 0.1 0.3 5,000 0.8 × 10−9

3. Windswept −12.8 9.2 8.0 0.0 0.5 5,000 0.8 × 10−9

4. Snowpack −12.8 9.2 8.0 0.2 0.5 5,000 0.8 × 10−9

5. Low salinity −12.8 9.2 6.0 0.1 0.5 5,000 0.8 × 10−9

6. High salinity −12.8 9.2 12.0 0.1 0.5 5,000 0.8 × 10−9

7. Cool winter −13.8 9.2 8.0 0.1 0.5 5,000 0.8 × 10−9

8. Warm winter −11.8 9.2 8.0 0.1 0.5 5,000 0.8 × 10−9

9. Cool sea −12.8 8.2 8.0 0.1 0.5 5,000 0.8 × 10−9

10. Warm sea −12.8 10.2 8.0 0.1 0.5 5,000 0.8 × 10−9

11. Cool talik −12.8 9.2 8.0 0.1 0.5 1,000 0.8 × 10−9

12. Rapid salt flow −12.8 9.2 8.0 0.1 0.5 5,000 0.8 × 10−8

Note. MAAT=mean annual air temperature; Max =maximum; Tb= bottomwater temperature; Salinity = the lagoon salinity just prior to ice formation; Snow=
maximum snow thickness; ϕ = porosity; and do = the salt diffusion coefficient.
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Equation 3, where Vw is the liquid water volume, Afice is the surface area of floating ice, dice is the change in
ice thickness, and t is time in days.

cwðtÞ ¼ cwðt − 1Þ½VwðtÞ þ Af iceðtÞdice�
VwðtÞ (3)

When air temperatures increase to more than 0°C, spring breakup occurs. We assumed a 15‐day breakup
period, which is consistent with ice melt periods for thermokarst lakes in the Lena Delta (Boike et al.,
2015). Therefore, the minimum bottom water temperature increased linearly for 15 days until 0°C, and
the maximum bottom water salinity decreased linearly for 15 days until a minimum of 1 psu. For simplifica-
tion, we assumed no lag between the increase in temperature and the decrease in salinity. The minimum
salinity recorded with the CTD in July 2017 was 0.6 psu. After the breakup period, the bottom water tem-
peratures varied as a sine function for the open water season with a maximum value of 9.2°C for the base
case scenario. The mean water temperature recorded with the CTD in July 2017 was 9.2°C. After spring
breakup, the bottom water salinity increased linearly from 0.6 to 8.0 psu (base case scenario) toward the
onset of lagoon ice formation in late September.

5. Results
5.1. Stratigraphy, Temperature, and Porewater Chemistry

The RD borehole log showed silt in the upper 5.1 m of sediment overlying sands until 27.5 m (Figure 3). In
the upper 0.7 m, the silt was clayey and exhibited plastic behavior. From 0.7 to 5.1 m, the silt was nonplastic,
gray, and contained traces of fine sand. Ice was observed in the sediment between 4.8 and 8.3 m and as a thin
lens at 15 m. The ground ice consisted of large transparent ice inclusions as large as 5.5 cm by 3.5 cm
(Figure 3). The ice was bonded to the silt and visually represented 30% to 50% of the core by volume. The
sands were fine‐grained and gray, but a transition to coarse‐grained sand with fine gravel occurred at a depth
of 19.2 m.

The temperature cable data and freezing point temperatures (Tf) of the porewater from both the RD and
UWITEC sediment cores are also shown in Figure 3. The freezing points were calculated from Equation 2
after converting electrical conductivity to molality using the TEOS‐10 Thermodynamic Dynamic Equation
of Seawater package in MATLAB (McDougall & Barker, 2011). The observed temperatures and

Figure 2. The upper boundary conditions for the base case scenario, using the relationship between bottom water
temperature and salinity for the lagoon ice season. The model forcing is plotted together with available field
observations. The Soil Moisture and Ocean Salinity (SMOS) data are described in Angelopoulos et al. (2019).
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stratigraphic descriptions are both from the RD location. For the UWITEC core, the minimum Tf was −2.1°
C at 0.5 m bsf, and for the RD, the minimum Tf was −1.6°C at the lagoon bed. In both cases, the Tf was well
below the minimum observed temperature of −0.6°C at 1.1 m bsf. For the RD, there was a sharp increase in
the Tf 4.8 m below the lagoon bed, which corresponded to the top of IBP. At a depth of 5.1 m, most Tf values
were above the observed temperature. However, at the bottom of the IBP, the Tf was 0.1°C below the
observed temperature. The UWITEC Tf increased from −2.1°C at 0.5 m below the surface to −0.1°C at
2.8 m. Below 2.1 m, the UWITEC Tf values were above the observed temperatures from the RD location.
Since the UWITEC cannot penetrate bonded IBP, the sediment was likely deformable permafrost from 2.1
to 5.5 m. Most of the observed temperatures below the IBP were slightly cryotic and as low as −0.2°C. In
all cases, the observed temperatures were equal to or above Tf except at 16 m. This occurred close to the
thin ground ice lens observed at 15 m.

5.2. Seasonal Changes in Water Chemistry

The CTD casts showed seasonal and interannual variation in temperature and salinity. In April 2017, the
minimum water temperature below the ice was −0.8°C compared to −2.4°C in April 2019 (Figure 2). The
salinity in April 2017 was 13 psu compared to 44 psu in April 2019. The lagoon was significantly more saline
than Tiksi Bay. At 200–400 m offshore of the Polar Fox channel, the salinity below the ice was approximately
4 psu in April 2019. During the summer of 2017, however, Polar Fox and Tiksi Bay showed very similar sali-
nities. In Tiksi Bay, the salinity ranged from 0.6 to 0.8 psu, and in Polar Fox Lagoon, the salinity was fairly
constant at 0.7 psu. The temperature of Tiksi Bay ranged from 6°C to 7°C and in Polar Fox Lagoon from 8.5°
C to 9.5°C.We also investigated Northern Polar Fox Lake in April 2017. The lake was fresh (0.1 psu), suggest-
ing no present connection with Polar Fox Lagoon.

Figure 3. Borehole stratigraphy, observed temperatures, and the freezing points of thawed sediment porewater from
Polar Fox Lagoon in April 2017. Gaps in the sediment log indicate core loss. An example of the ground ice structure
observed in the ice‐bearing permafrost is shown in the bottom right of the figure. The water depths for the RD and
UWITEC boreholes were 3.3 and 3.1 m.
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5.3. Electrical Resistivity Surveys

To account for borehole stratigraphy, layered laterally constrained 1‐D inversions (LCI) (Auken et al., 2005)
were performed using Aarhus WorkbenchTM software. Four layers were selected to represent the stratigra-
phy observed in the borehole. The starting model resistivities for each unit were 10.4, 2.7, 1,000, and 50 Ωm
with standard deviation factors of 1.01, 2.0, 4.0, and 2.0, respectively. While the water layer thickness was set
by the echo soundings, the thicknesses of the remaining layers were left unconstrained. The resistivity of the
saline layer was calculated using Archie's law (Loke, 2004), while adjusting the measured porewater resistiv-
ity for observed field temperatures following Hayashi (2004). We did not account for temperature changes
from April (drilling campaign) to July (geoelectric surveys) in the near‐surface sediment. A resistivity of
1,000 Ωm is typical for ice‐bearing sand just below 0°C (R. Fortier et al., 1994), and 50 Ωm is reasonable
for unfrozen saturated sand with brackish porewater. The Tf profiles shown in Figure 3 are indicative of
an unfrozen saline layer above the IBP. Moderate standard deviation factors of 1.3 were used for the

Figure 4. Laterally constrained layered inversions for profiles A‐A′, B‐B′, and C‐C′. Refer to Figure 1c for start/end
positions of the survey lines. Profile intersections are indicated by the black vertical lines.

Figure 5. Laterally constrained layered inversions for profiles D‐D′, E‐E′, and F‐F′. Refer to Figure 1c for start/end
positions of the survey lines. Profile intersections are indicated by the black vertical lines. For the borehole, the black
region is the water layer, the gray regions indicate unfrozen sediment, and the white regions indicate ice‐bearing
sediment.
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resistivity and thickness lateral constraints. Prior to running the inversion, we smoothed the apparent resis-
tivity data with a 20 m mean filtering window. Upon data import, an assumed standard deviation of 5% was
set for the apparent resistivity in the model residual calculations.

The inverted ERT profiles are shown in Figures 4 and 5. For each profile, the total data residual was less than
1.0. Generally, the thicknesses of the highly resistive IBP layer and the overlying conductive saline layer
increased and decreased toward the shoreline, respectively. For profile A‐A′, which was parallel to and no
further than 100 m from the shoreline, all water depths were less than 1.3 m. The average unfrozen conduc-
tive layer thickness was 1.2 m, and the mean resistivity was 2.7 Ωm (i.e., close to the starting model).
However, the mean resistivity of the IBP was 4,200Ωm, a fourfold increase from the starting model. In some
cases, the IBP's resistivity exceeded 10,000 Ωm. For every sounding, the modeled thickness of the IBP
exceeded the maximum focus depth (22.4 m) for the largest electrode separation (120 m). In profile B‐B′,
all water depths were less than 1.3 m. The mean thickness of the conductive saline unit was 1.4 m with a
mean resistivity of 2.7 Ωm, and the mean resistivity of the IBP was 990 Ωm.

Profiles C‐C′, D‐D′, and E‐E′ traversed both shallow and deep water depths that were characterized by bed-
fast ice and floating ice conditions in spring. In each profile, very sharp lateral transitions in IBP thickness
were observed. In all cases, the thickness of IBP decreased from tens of meters to less than 5m over 20 to 30
m distances toward the center of the lagoon. The thin IBP (≤5 m) was mostly observed below water depths
greater than 1.6 m. Drawing from Profiles A‐A′ and B‐B′, it is reasonable to assume deep thermokarst lake
talik refreezing from bedfast ice in areas where the water depth was less than 1.6 m (i.e., 75% of the lagoon).
Since the 1.6 m water depth contour represents a minimum bedfast ice extent estimate, thick IBP was also
observed at some water depths between 1.6 and 2.1 m toward the center of the lagoon.

Profile F‐F′ crossed the RD borehole at 430m, which showed 4.8 m of saline unfrozen ground overlying a 3.5
m thick layer of IBP. The inverted thickness of the conductive saline layer at the borehole intersection was
3.3 m. However, the bottom of the IBP layer exceeded 20 m. Paradoxically, this occurred in a 3.1 m water
depth where there was floating ice in spring. Approximately 30 m to the right of the borehole intersection,
the inverted thicknesses of the conductive saline layer and IBP were 4.8 and 5.1 m, and thus comparable
to the core results. Generally, the data set is robust, given that the inversion results were similar at the profile
intersections. For example, at the F‐F′/E‐E′ intersection, the thicknesses and resistivities of the conductive
saline layer were 2.5 m and 2.8 Ωm for F‐F′ and 2.7 m and 2.9 Ωm for E‐E′. The thicknesses and resistivities
of the IBP were 2.1 m and 1,049 Ωm for F‐F′ and 1.4 m and 896 Ωm for E‐E′. At the F‐F′/D‐D′ intersection,
the thicknesses and resistivities of the conductive saline layer were 5.6 m and 2.5 Ωm for F‐F′ and 5.5 m and
2.4 Ωm for D‐D′. For both profiles, the bottom of the IBP exceeded 20 m. The one major exception to

Table 2
Resulting Boundary Condition Statistics for Polar Fox Lake to Lagoon Model Runs

Scenario MABT (°C) MABS (mol/m3) Max S (mol/m3) Max IT (m) Min Tf (°C)

1. Base case 0.15 616 1,555 1.78 −2.89
2. Coarse sand 0.15 616 1,555 1.78 −2.89
3. Windswept −1.26 1,377 3,920 2.28 −7.28
4. Snowpack 0.55 403 865 1.40 −1.61
5. Low salinity 0.41 469 1,197 1.80 −2.22
6. High salinity −0.33 894 2,205 1.74 −4.09
7. Cool winter 0.00 660 1,686 1.83 −3.13
8. Warm winter 0.35 561 1,425 1.73 −2.65
9. Cool sea 0.02 616 1,555 1.78 −2.89
10. Warm sea 0.29 616 1,555 1.78 −2.89
11. Cool talik 0.15 616 1,555 1.78 −2.89
12. Rapid salt flow 0.15 616 1,555 1.78 −2.89
Field observations — 850, 1,200 1,473 1.55 –2.10 −2.73

(RD, UWITEC) (2019) (2017) (2019)

Note. MABT=mean annual bottomwater temperature; MABS =mean annual bottomwater salinity; S = salinity; IT =
lagoon ice thickness; Min =minimum; Tf= freezing point; and RD= rotary drill. TheMABS is assumed to be similar to
the near‐surface porewater salinities from the sediment cores.
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robustness was the C‐C′ and F‐F′ intersection close to the RD borehole. Here, the IBP thickness was 0.2 m for
C‐C′ and greater than 14m for F‐F′. Therefore, 3‐D geology effects on apparent resistivity are suspected.
Further evidence for 3‐D effects is that Profile F‐F′ shows thick IBP beneath water depths greater than
3 m, which contradicts the other profiles, as well as the borehole and thermal modeling results.

5.4. Heat and Salt Flow Modeling

The modeled talik depth after a thermokarst lake phase of 5,000 years was 107 m. After the lake to lagoon
transition, the talik's response was highly sensitive to subtle changes in mean annual bottomwater tempera-
ture and salinity. For the base case (Scenario 1), the mean annual bottomwater temperature was 0.15°C. The
resulting boundary condition statistics for all scenarios are presented in Table 2. Despite a positive mean
bottom water temperature, a thin layer of IBP still developed (Figure 6). In this paper, IBP is defined as
any sediment containing greater or equal to 10% ice saturation. For the first 200 years after lagoon formation,
the thickness of the IBP gradually increased, but its average ice saturation decreased. Once the freezing front
penetrated through the top of the sand unit at 5.1 m, the ice saturation increased to 50% to 60% because of the
sand's steeper freezing characteristic curve. Compared to the RD borehole, which showed an IBP thickness
of 3.5 m starting 4.8 m below the bed, the thickness of themodeled IBP was only 1.0 mwhen the depth to IBP
was 4.8 m (170 years since lagoon formation). On the other hand, when the modeled thickness of IBP was
3.5 m, the top of IBP lay 10.5 m below the lagoon bed after 770 years. The maximum modeled IBP thickness
after 1,000 years was 4.0 m. Nevertheless, the modeled stratigraphic sequence of saline unfrozen cryotic
ground, a thin IBP layer, and unfrozen ground was comparable to the borehole. As the IBP thickened, the
top of the newly formed IBP was degraded by salt diffusion (Figure 6). The sediment temperatures below
the IBP were positive for the first 100 years of the lagoon. After this point, the 0°C isotherm deepened faster
than the bottom of the IBP. When this occurred, the zone separating the bottom of the IBP from the 0°C iso-
therm was essentially isothermal and very close to 0°C. The bottom of the IBP did not follow the 0°C iso-
therm, because the freezing characteristic curve of the sediment allowed unfrozen water at temperatures
slightly below 0°C.

Figure 6. The evolution of temperature, ice saturation, and salt dynamics for Scenario 1 (base case). The annual model outputs at the end of September are
shown. The bulk sediment salt concentration contours are superimposed on the ice saturation graph. The freezing point of liquid porewater contours are
superimposed on the salt concentration graphs. The freezing characteristic curve of the sediment shifts from silt to sand at a depth of 5.1 m.
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The sediment temperatures below the IBP in the borehole were also slightly cryotic. The greatest difference
between the borehole data and the modeled results was the porewater salinity. While the borehole showed
maximum porewater salinities (in an unfrozen state) of 850 to 1,200 mol/m3, the maximum modeled pore-
water salinity in the near‐surface sediment was approximately 350 mol/m3 for the base case (Scenario 1) in
an unfrozen state. This occurred, despite the mean annual bottom water salinity of 616 mol/m3 as a bound-
ary condition. However, over 1 year, the modeled porewater salinity increased as the temperature decreased
and ice formed in the sediment (Figure 7). In this illustration, the depth to newly formed IBP was 5m and

Figure 7. Annual dynamics 200 years after lagoon formation for Scenario 1 (base case).

Figure 8. Annual outputs of ice saturation (late September) for thermokarst lake to lagoon transition models. The base case scenario and the models that did not
produce IBP are not shown.
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did not change throughout the year. Seasonal ice formation in the near‐surface sediment started in
December once the temperature dipped below Tf. The thickness of the seasonally frozen layer reached
1m just before spring breakup and was completely thawed out by mid‐August. The maximum ice saturation
in the seasonally frozen layer was 80%. For the windswept (Scenario 3) and the high salinity (Scenario 6)
models, the maximum porewater salt concentrations in an unfrozen state were 495 and 741 mol/m3,
respectively.

Several other simulations reproduced an IBP thickness similar to the borehole results: Scenario 2 (coarse
sand), Scenario 7 (cool winter), Scenario 9 (cool sea), and Scenario 11 (cool talik). After 1,000 years, the
thicknesses of IBP were 5.6, 8.6, 7.4, and 4.0 m for the aforementioned scenarios, respectively (Figure 8).
For Scenario 11, the initial talik thickness after lagoon formation was thinner, because the thermokarst lake
phase was only 1,000 years. In this model, the depth to IBP at the base of the initial talik decreased from 40 to
35m after 1,000 years following lagoon formation. The best fit with the borehole data was Scenario 9 (cool-
sea). In this model, the peak summer water temperature was lowered by 1°C compared to the base case
model. Here, the IBP thickness was 3.1 m when the top of the IBP was 4.8 m bsf. Scenario 6 (high salinity)
and Scenario 3 (windswept) generated very thick IBP of 21 and 44m depths after 1,000 years. However, the
high‐salinity model continued to degrade the top of IBP, while the windswept model did not degrade the top
of IBP at all. For the high‐salinity model (Scenario 6), an initial salinity of 12 psu instead of 8 psu resulted in a
mean annual bottom water temperature of −0.33°C compared to 0.15°C. The maximum lagoon ice thick-
ness, however, was minimally affected. For the windswept model (Scenario 3), which started with an initial
salinity of 8 psu, the maximum lagoon ice thickness reached 2.3 m. Thus, the bottom water had a low mean
annual temperature of−1.26°C. Any sensitivity analysis that raised the mean annual bottomwater tempera-
ture above the base case value of 0.15°C resulted in no IBP formation. This included a 10 cm increase in max
snow thickness, a 1°C air temperature increase during the lagoon ice formation season, a 1°C increase in
maximum summer water temperature, and a 2 psu reduction in initial salinity prior to the onset of freezing.
Increasing the salt diffusion coefficient by 1 order of magnitude also resulted in no IBP formation. For a
numerical summary of IBP depths and thicknesses of the different model runs, refer to the supporting
information (Table S1).

6. Discussion
6.1. Thermokarst Lake to Lagoon Transition

The original thermokarst lake basin likely developed during the early to mid‐Holocene (Grosse et al., 2007).
The modeled talik thickness after 5,000 years was 107 m, which is comparable to other studies. On the
Alaskan coastal plain, thermokarst taliks over 90m deep have been interpreted from TEM data
(Creighton et al., 2018), and a talik 95 m deep was also interpreted from shallow seismics in the Lena
Delta in Siberia (Schwamborn et al., 2002). In the initial phase of thermokarst development, the lake was
completely isolated from Tiksi Bay (Figure 9a). Later, Polar Fox Lagoon experienced at least two drainage
events, as evidenced by the paleo‐channel in the northeast and the active southern channel. After the last
drainage event, most of the lagoon became very shallow and connected to Tiksi Bay (Figure 9b). At this
stage, the lagoon bottom was below sea level. Assuming today's bathymetry is similar to the water depths
after drainage, at least 75% of the lagoon (water depth ≤1.6 m) was subject to bedfast ice after lagoon initia-
tion. Where bedfast ice is present, IBP may form because of cold mean annual temperatures at the
water/sediment interface. This is inferred from subsea permafrost studies in nearshore zones where
ice‐bearing sediment develops (Solomon et al., 2008). Bedfast ice may also slow talik development if it is only
present for short durations (Roy‐Leveillee & Burn, 2017). Hence, the transition from floating ice to bedfast
ice can refreeze taliks. In saline waters, increased brine injection from bedfast ice might offset rapid cooling
by lowering the freezing point of the porewater ahead of the freezing front (Overduin et al., 2012). This pro-
cess has also been interpreted from a borehole transect in a hypersaline lagoon off the coast of Alaska for the
geotechnical investigation of a pipeline (Miller, 2001). At this site, the hypersalinity promotes the chemical
degradation of ice‐rich permafrost, despite bedfast ice conditions. At Polar Fox Lagoon, the ERT surveys sug-
gest deep talik refreezing in bedfast ice zones. Furthermore, the thickness of the saline sediments decreases
toward the shoreline in shallower water, suggesting that salt diffusion operates more effectively toward the
center of the lagoon where there is floating ice and warmer temperatures on the bed. For the lagoon center,
we demonstrate that there are resistivity models containing a thin IBP layer that fit the observed apparent
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resistivity data. The startingmodel was informed with a priori information from the borehole, which showed
a thin IBP layer below saline unfrozen cryotic sediment. Thermal modeling shows that this IBP can form
after lagoon formation.

The modeling of heat and salt diffusion suggests that the present‐day boundary conditions are near the limit
for what is needed to refreeze taliks in water with floating ice. Seasonal isolation from Tiksi Bay results in
colder and more saline bottom water conditions under the ice cover in winter. Over time, this partially
refreezes the underlying talik in floating ice zones (Figure 9c). Despite a positive mean bottom water tem-
perature of 0.15°C in the base case model, IBP could still develop because of the thermal offset and seasonal
variation in thermal properties of the seasonally frozen layer (Goodrich, 1982). However, the IBP was warm
with a maximum ice saturation of only 60%. Therefore, the modeled pore space contained a mixture of ice
and water, which is similar to the warm IBP conditions observed in the field. In this case, the frozen
permafrost is ice‐bearing and not ice‐bonded and thus may still provide pathways for gas migration toward
the surface. Considering the mean annual ground surface temperature warming observed in the region over
the past few decades (Kneier et al., 2018), Polar Fox Lagoon was probably exposed to colder conditions at the

Figure 9. (a) Thermokarst lake phase and complete isolation from Tiksi Bay, (b) early lagoon phase and seasonal
isolation from Tiksi Bay, and (c) late lagoon phase, seasonal isolation from Tiksi Bay, and partial talik refreezing.
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onset of the lake to lagoon transition. Not surprisingly, the cool winter (Scenario 7) and cool sea (Scenario 9)
scenarios predicted an IBP evolution pattern that fits better with the borehole results. When the modeled
depth to IBP was 4.8 m (like the borehole), the modeled IBP thicknesses were 4.6 and 3.4 m, compared to
1.0 m for the base case model. Recall that the IBP thickness observed from the borehole was 3.5 m. In both
the cool sea and cool winter models, the peak water andmean annual air temperatures were only reduced by
1°C compared to the base case. Hence, the IBP formation rate is sensitive to climate change. More specifi-
cally, the IBP formation rate is very sensitive to lagoon ice thickness, because this controls the salt concen-
tration in the water below the ice cover and thus the temperature. The 3‐D concentration of salts into a
shrinking liquid water volume as lagoon ice builds enhances the impact of a small change in ice thickness.
This process explains why Polar Fox Lagoon was 10 times more saline than Tiksi Bay in April 2019. In the
windswept model, the maximum lagoon ice thickness was 2.3 m. This resulted in a mean bottom water tem-
perature of −1.3°C. In the windswept model, the IBP base was at 45 m after 1,000 years, but more interest-
ingly, salt diffusion did not degrade the top of IBP at all. The colder the mean annual bottom water
temperature, the less effective salt diffusion is at degrading newly formed IBP. This occurs, despite the higher
salinity that accompanies colder water temperatures. For the high‐salinity model, the mean annual bottom
water temperature was−0.3°C, resulting in an IBP thickness of 21m after 1,000 years. However, in this case,
salt diffusion degraded the top of the IBP to 5 m. The low efficiency of salt diffusion for the windswept and
high salinity models is partially caused by the freshwater influence of the Lena River. During the open water
season when the seasonally frozen layer thaws, the salinity of the lagoon drops to 1 psu. During the lagoon
ice season when salinities are high, salt diffusion is partially controlled by the amount of unfrozen water in
the seasonally frozen layer. Once the porewater salinity of the seasonally frozen layer equals the bottom
water salinity after partial freezing, the porewater salt concentration gradient is zero at the
water/sediment interface, and any additional salt input from the water column stops.

Additional factors affecting the rate of IBP formation include the initial talik thickness and temperature, as
well as the sediment porosity. However, the effects are minor compared to the impacts of air temperature,
the lagoon's initial salinity, and snow.

Today, the Polar Fox Lagoon thermal regime is possibly in disequilibrium. The CTD data suggest that the
boundary conditions shifted from IBP‐thawing conditions in 2017 to IBP‐formation conditions in 2019,
because the water temperatures underneath the ice cover in April were −0.8°C and −2.4°C in both years,
respectively. However, the maximum porewater salinities measured in the borehole are reflective of the
long‐term mean annual bottom water salinities if we assume molecular diffusion as the dominant mechan-
ism for salt transport (Harrison & Osterkamp, 1982). In the UWITEC borehole, the maximum salinities
occurred 0.5 m below the bed, which may be due to (i) the redistribution of salts upon seasonal freezing
(Baker & Osterkamp, 1989), or (ii) the loss of salts to the water column through wave action, or (iii) upward
diffusion during the open water season.

6.2. Mechanisms for Subaquatic IBP Formation

While the modeling suggests the thermokarst lake to lagoon transition occurred a few hundred years ago,
the exact timings of the drainage events are unknown. More precise data on drained lake basin occurrence
may be taken from radiocarbon dating in the peat on the high grounds of the land bridge separating the
lagoon from Northern Polar Fox Lake. Even though the modeling shows how an unfrozen‐frozen‐unfrozen
sediment sequence could develop, the formation of IBP may have occurred long after the formation of the
lagoon. Although the RD borehole revealed a very sharp decrease in porewater salinity at the top of the
IBP, the salinity gradually decreased from the bottom of the IBP to the base of the borehole. This gradual
reduction in salinity with depth hints that salt diffusion might have preceded sediment freezing. Since regio-
nal air and permafrost ground temperatures have warmed over the past decades to centuries (Kneier et al.,
2018), what could have caused the lagoon's upper boundary conditions to cool after its formation? One pos-
sible explanation is that the continued infilling of sediment resulted in a shallower lagoon. In floating ice
areas, this serves to concentrate salt from seasonal brine expulsion into a smaller liquid water volume, thus
creating colder conditions needed to refreeze taliks. Interstitial water motion may also contribute to IBP for-
mation by freshening saline sediments and increasing the freezing point of the porewater (Frederick &
Buffett, 2015). While IBP formation can be explained without water movement, porewater freshening might
be responsible for the thin ice lens and slight drop in temperature observed at a depth of 15 m in the
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borehole. Since the land bridge between Northern Polar Fox Lake and Polar Fox Lagoon has likely refrozen
tens of meters since the onset of subaerial exposure, we assume that there is no significant groundwater flow
and heat advection in this area.

Alternative theories of IBP formation include (i) seasonal freezing, (ii) changes in sea level and salinity, and
(iii) subaerial exposure in between the thermokarst lake and lagoon phases.

i. Seasonal freezing at a depth of 5 m is possible, provided that the negative temperature seawater is war-
mer than the freezing point of the near‐surface sediments (0–5m). In this situation, no energy is used for
the phase change of water, so seasonal freezing could occur at a depth of 5 m. However, the thickness of
ice‐bearing sediment in the borehole was 3.5 m, and this is too thick for seasonal freezing in this setting.
If seasonal freezing below the seabed occurs, the modeling suggests that 1 m is reasonable (Figure 7).
Bogorodskii et al. (2018) modeled a 0.5 m thick seasonally frozen layer for a 3 m water depth with float-
ing ice in Tiksi Bay, and field observations from Osterkamp et al. (1989) indicate that a seasonally frozen
layer can develop under floating ice in Prudhoe Bay, Alaska.

ii. Any sea level rise over the past few thousand years would have warmed the lagoon through deepening of
the water column (i.e., less concentrated salts after sea ice formation). In addition, the Lena River has
been increasing in discharge over the past several decades (Fedorova et al., 2015), and the modeling
shows that a lower salinity at the onset of lagoon ice formation increases the mean annual bottom water
temperature.

iii. Schirrmeister et al. (2018) show that drained thermokarst lake basins may undergo a period of subaerial
exposure before becoming a lagoon. This could certainly refreeze taliks very quickly, as much as 53 m in
157 years (Ling & Zhang, 2004). However, we suggest that the Polar Fox Lagoon did not experience a
subaerial phase. The first insight into this is that the seafloor in the center of the lagoon is below sea level
and that the most significant drainage channel connects to Tiksi Bay. The RD borehole did not reach the
ice‐bonded permafrost table, and since the base of the Yedoma Ice Complex is as low as 15m below sea
level (Grigoriev, 1993; Grosse et al., 2007; Shakhova et al., 2017), all the near‐surface massive ground ice
could have melted prior to lagoon formation. The second hint is that the IBP is very thin, thus implying
very slow refreezing. If the lagoon was subaerially exposed for even just a few decades to a century, the
newly formed IBP would be at least tens of meters thick. For example, even the windswept model (mean
annual bottom water temperature of only −1.3°C) resulted in 20 m of refrozen talik in just 200 years.
Lastly, the ice structure itself is not characteristic of subaerial exposure. After lake drainage, one could
expect irregular‐reticulate cryostructures to form in refreezing heterogeneous sediments (French &
Shur, 2010). Furthermore, although slow refreezing is prerequisite for thick ice lenses, temperatures just
below the freezing point may not produce enough cryosuction to migrate water up to the freezing front
(Williams & Smith, 1991).

6.3. The Future of Polar Fox Lagoon

The current trends in lake ice thinning (Arp et al., 2012), warming Siberian shelf waters (Dmitrenko
et al., 2011), and a longer open water season (Günther et al., 2015) all suggest that Polar Fox Lagoon will
not be able to support its newly formed IBP over the next several decades. In fact, it may already be degrad-
ing. As the modeling shows, simply increasing the mean annual air temperature or peak summer water tem-
perature by 1°C would lead to thawing of the IBP that had formed in the talik. Increasing winter snowfall
could also thaw the IBP. Even if the IBP is preserved after the lagoon is encroached by the sea, the warm
coastal waters will thaw out the newly formed IBP. After thawing, the absence of the IBP layer might only
be temporary. As coastal erosion continues, the thawed out IBP layer will ultimately be exposed to seawater
with negative mean annual bottom water temperatures. At this point, the IBP may return. For lagoon to sea
simulations, refer to the supporting information (Figure S1). For the IBP to return, it is assumed that seafloor
erosion does not remove the fine‐grained sediment acting as a barrier to convective processes for the rapid
transport of salt. Even if diffusion is the sole mechanism for salt transport, the frozen cap could ultimately
disappear because the lower IBP boundary is limited by the geothermal heat flux. This may allow salt diffu-
sion to catch up and finally overtake the freezing front, particularly in the upper 30 m of the sediment col-
umn where empirical models have shown diffusion to be effective for salt transport (Golubeva et al., 2018).
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6.4. Implications for Effective Bulk Gas Diffusivity of Thawing Subaquatic Permafrost

Salt diffusion into the sediment brings sulfate to the freezing front, where anaerobic methane oxidation may
then occur (Overduin et al., 2015; Winkel et al., 2018) and thus limit its release to the water column. If no IBP
forms under floating ice conditions after lagoon formation, then the talik interior of the partially refrozen
thermokarst lake talik beneath the bedfast ice zone may serve as a gas migration pathway for methane from
deep subaquatic permafrost thawing or production within unfrozen sediment itself. However, if IBP forms
beneath floating ice conditions, then the lagoon could temporarily become an impermeable barrier to gas
flow below the IBP. The ice saturation within the IBP is critical, because poorly bonded IBP is permeable
to gas flow (Chuvilin et al., 2016). Since the IBP deepens and thickens as the lagoon ages, some methane
may get trapped in the newly formed frozen sediment. The release of methane from the newly formed
IBP's chemical degradation to an increasingly thick and saline unfrozen sediment column should be slow
over time. In the case that fresh porewater underlies the IBP, the anaerobic oxidation of methane in sedi-
ment can still occur for sediment temperatures close to 0°C (Winkel et al., 2019). Most of the gas that remains
entrapped below the IBP could be released once the lagoon is exposed to warmer water temperatures after
sufficient coastal erosion. Provided the right boundary conditions, lagoons may mitigate the release of
methane to the water column and atmosphere in between the thermokarst lake and offshore phases of sub-
aquatic talik and IBP development.

6.5. Limitations of Modeling Framework

Themodeling successfully showed how IBP could simultaneously form and degrade following a talik's submer-
gence in seawater. However, the modeled talik response is highly sensitive to bottom water temperature and
salinity regimes, which may significantly influence model output and interpretation. An additional drawback
of the modeling work was the inability to reproduce the porewater salinities measured from the borehole sam-
ples. The most likely explanation for the discrepancy is the simplistic ice growth and brine rejection calcula-
tions. The model ignores stratification in the water column and the possibility of Tf being lower than Tb. The
latter may also be affected by solar heating through the ice cover, especially in spring (Boike et al., 2015).
The higher the Tf /Tb ratio, the greater the salt diffusion (Harrison & Osterkamp, 1978). Since Tb is equal to
Tf, the diffusion of salt during the sea ice season is controlled by the freezing characteristic curve of the sediment
and the amount of unfrozen water in the seasonally frozen layer. More detailed models should consider an ice
growthmodel for brine rejection (Cox &Weeks, 1983) in combination with an energy balancemodel similar to
CryoGrid3 for thermokarst lakes (Langer et al., 2016; Westermann et al., 2016).

6.6. Electrical Resistivity Surveys

The inversions suggest that there are models containing a high‐resistivity layer (greater than 1,000 Ωm)
beneath the conductive saline layer that fit the observed apparent resistivity data within an acceptable misfit.
Since the water resistivity and the porewater resistivity of the unfrozen saline sediment were measured, a
reasonable starting model for the LCI was developed. The resistivity, thickness, and depth to IBP were then
inverted for all geoelectric profiles. In Figure 4, the resistivity of thick ice‐bearing material approaches
5,000 Ωm close to the shoreline and is closer to 1,000 Ωm toward the center of the lagoon where it is
thin. In frozen ground, subtle changes in unfrozen water content may affect the apparent resistivity
(Oldenborger & LeBlanc, 2018). In the center of the lagoon, the mapping of the thin IBP is facilitated by a
few layered inversion scheme with well‐constrained water and conductive saline units in the starting model.
If a 2‐Dminimum structure model or L1‐norm robust inversion scheme is used, then the thin IBP layer can
be smeared out in the inversion. Auken et al. (2005) show the challenges of recognizing layer boundaries for
2‐Dminimum structuremodels compared to LCI, while Auken and Christiansen (2004) show how LCImod-
els are improved with a priori depth information. As shown in Profile D‐D′ (Figure 5), the thickness of the
IBP was poorly resolved and only tens of centimeters thick in some areas. The profile intersection points
allow us to test the inversions, because single profiles represent independent data sets. The intersection
points show similar resistivities and layer thicknesses (Figures 4 and 5), except for the C‐C′ and F‐F′ crossing
close to the RD borehole. We speculate this is because the water depths measured with the echo sounder
were not representative of the mean water depth affecting the measured apparent resistivities. While a
3‐D inversion could help solve these issues, we opted for the LCI method to constrain the inversion with a
priori borehole data. The model layer thicknesses and resistivities for the profile intersections are shown
in the supporting information (Figures S2 and S3).
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7. Conclusions

Observational data from electrical resistivity surveys, water column temperature and salinity, and sediment
coring showed that a thermokarst lake talik, once inundated with seawater, may begin to freeze under bed-
fast and floating ice conditions. The inundation by seawater provides salt, which is concentrated during win-
ter ice formation. This leads to the development of a saline sediment layer, but also to cold (cryotic) bottom
water temperatures. While the salt diffuses into the sediment, potentially lowering the freezing point and
thawing permafrost, the colder bottom temperatures propagate into the talik and can refreeze the sediment
ahead of the salt front. Modeling shows that this system is close to equilibrium and that small changes in
system components that affect permafrost boundary conditions (e.g., snow and ice thickness and seawater
salinity) can switch IBP formation on or off. At the lagoon that forms the focus of this study, freezing below
bedfast ice creates an annulus of permafrost surrounding the deeper center of the lagoon, where brines cre-
ated by salt rejection allow for subzero water temperatures and salt diffusion into the sediment. We show
that, at this location, this has led to the creation of an ice‐bearing layer 4.8 to 8.3 m below the lagoon floor,
effectively capping the talik below. Our study provides evidence of the possibility that IBP may form under
subaquatic conditions and that not all subsea IBP in the Arctic is inundated terrestrial permafrost.

Data Availability Statement

Field and modeling data are available on PANGAEA (at https://doi.pangaea.de/10.1594/
PANGAEA.907479).
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