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Winter in the coastal ocean: Seasonal freezing causes
seafloor expansion and contraction
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Seafloor mapping in polar regions has led to the recognition of landforms associated with subsea permafrost.
Despite recent studies indicating rapid subsea permafrost degradation, information on seasonal seafloor changes
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remains limited. Here, we use time-lapse multibeam bathymetry (2021-2024) and bottom-water temperature
data to reveal seasonal formation and degradation of small frost blisters (5 meters wide and 20 to 50 centimeters
high) as ice forms within surficial sediments. These frost blisters were degraded in October 2021 at depths of
<25 meters but were widespread in July 2023. They thawed between July and November 2023, reformed over the
following winter, and were present again in August 2024. Data from moored bottom-water sensors and sediment
cores indicate that the formation and degradation of frost blisters are driven by seasonal temperature changes at
depth and influenced by freshened porewater in surficial sediments. This study documents previously unrecog-
nized seasonal expansion and contraction of the seafloor driven by freeze-thaw cycles of freshened porewater.

INTRODUCTION
Permafrost is a large component of the Arctic’s cryosphere (1) and is
critical for global carbon dynamics (2), terrestrial hydrology includ-
ing groundwater-surface water interactions (3), ground mechanics
and associated terrestrial and marine infrastructure design (4), and
the functioning of marine ecosystems (5). Subsea permafrost has
received considerably less attention than its terrestrial counterpart,
in part due to the challenges of mapping and directly monitoring it.
Defined by perennially frozen sediments beneath the seabed, subsea
permafrost is often a remnant of past glaciations when continental
shelves were exposed to the atmosphere but have since become sub-
merged due to postglacial sea level rise (6). Ice-bonded subsea per-
mafrost is preserved because of bottom water temperatures below
the freezing point of freshened porewater (7-9) and likely exists
along many Arctic and subarctic coastlines (Fig. 1A) (8). Therefore,
the preservation of subsea permafrost is facilitated where cold bot-
tom waters exist and either (i) where a sea-level lowstand allowed
permafrost to form on continental shelves and be preserved during
the postglacial transgression (6) or (ii) where submarine groundwa-
ter flows toward the seabed in the coastal ocean, flushes out the salt,
and freezes at ambient temperatures close to 0°C (8).

Unlike terrestrial permafrost, the thermal regime of subsea per-
mafrost is influenced by the overlying seawater, which introduces
unique thermal dynamics due to the attenuated seasonal amplitude
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of bottom seawater temperature variations compared to land surface
temperatures and due to salt intrusion into surficial sediments (10).
Salt diffusion and brine flows can overcome the freshening influence
of groundwater discharge, depressing the freezing point and leading
to thawing of surficial permafrost without changes in the bottom
water thermal regime (10). Subsea permafrost has been studied us-
ing geophysical and hydroacoustic techniques (11-13), and recent
work in the Canadian Beaufort Sea has shown that subsea perma-
frost thaw can create craters up to 28 m deep in less than a decade,
in part due to saltwater intrusion (13). This pronounced seabed
change poses a major geohazard for oftshore infrastructure, such as
subsea telecommunication cables, subsea pipelines, and offshore re-
newable energy infrastructure (13).

A unique aspect of terrestrial permafrost is the seasonal freezing
and thawing of the active layer due to surface energy exchanges (14).
Active layer dynamics can be associated with important geohazards
in terrestrial environments (15, 16). The active layer, defined as the
uppermost section of ground that undergoes seasonal freeze-thaw
above permafrost (15), also serves as the primary zone for subsur-
face hydrologic routing of water in the summer (17). In nonperma-
frost regions, seasonal ground freezing is also well-documented (18)
and also leads to ground heaving and instabilities. Although sea-
sonal ground freezing and active layer processes have been exten-
sively studied in terrestrial environments, the dynamics of seasonal
freeze-thaw cycles and its influence in subsea geomorphology re-
main largely unexplored (19, 20). Subsea active layer dynamics are
likely critical for seafloor stability in these environments and for me-
diating summertime sediment porewater exchanges that are known
to affect biogeochemical processes and benthic ecosystems at lower
latitudes (21). In marine environments, active layer processes and
seasonal freezing remain poorly understood because of the absence
of fine-scale geomorphological mapping, insufficient in situ moni-
toring of subsea sediment thermal regimes, and the scarcity of re-
peated seafloor mapping of subsea permafrost processes (13).

This study provides evidence for seasonal freeze-thaw cycles in
surficial sediments of subsea thermokarst environments. Through a
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Fig. 1. Location of Webb'’s Bay, Nunatsiavut. (A) Average annual bottom water temperature distribution in the northern hemisphere [modified from (8)]. BS, Beaufort
Sea; Gr, Greenland; BB, Baffin Bay; LS, Labrador Sea. Hashed polygons represent the modeled distribution of subsea permafrost from (49). (B) Main surface ocean currents
along Nunatsiavut, Labrador, including the West Greenland Current (WGC), Baffin Island Current (BIC), Labrador Current (LC), and Labrador coastal current (LCC).
(C) Webb's Bay bathymetry with inset (D) illustrating the subsea thermokarst landforms. Ship-based conductivity-temperature-depth profiles (CTDp) are shown in Fig. 9B.

A moored CTD (CTDm) over an annual cycle at 18-m depth is shown in Fig. 9A.

combination of hydroacoustic surveys, sediment core analyses, and
in situ bottom water temperature measurements, we identified dis-
tinct seasonal patterns associated with freeze-thaw cycles. Our find-
ings indicate that seasonal ground freezing in the coastal ocean
exhibits dynamic thermal behavior akin to terrestrial environments,
albeit influenced by marine conditions and submarine groundwater
discharge (SGD). We examine the mechanisms driving active layer
dynamics and seasonal ground freezing and discuss the broader im-
plications for the stability of subsea environments.

Regional setting
The coastline of Labrador mostly consists of igneous and metamor-
phic bedrock. The bedrock is overlain by extensive blankets of till
that were deposited under the Laurentide Ice Sheet during its retreat
during the late Pleistocene or early Holocene (22). Layers of medi-
um- to fine-grained marine and glaciomarine sediments were also
deposited below the late Pleistocene marine limit, which attained 40
to 100 m along the Labrador Coast (22, 23).

Webb's Bay is located near the community of Nain, Nunatsiavut,
in northern Labrador, Canada (Fig. 1). Webb’s Bay is in the Nain
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coast ecodistrict in the coastal barrens ecozone and is characterized
by a series of west-to-east fjords and sheltered bays, with dozens of
small islands. The rugged topography creates a dissected coastline
with many “narrows,” confined channels through which strong tidal
currents flow. The strong tidal currents in those narrows allow the
movement of water from the Labrador Shelf to the coastal environ-
ment of Nain. Cold waters in the region form during winter due to
energy loss to the atmosphere. This layer remains below the season-
ally warmed surface waters after the onset of spring, forming the
cold intermediate layer (CIL). The CIL on the Labrador Shelf lies
between 25 and 200 m deep and generally remains below 0°C for
most of the year (24). In addition to being formed locally during the
winter, it is continuously combined with Arctic-origin waters car-
ried southward by the Labrador coastal current (LCC), so that the
coldest temperatures in the core of the CIL are often found in July
or August. The LCC is a branch of the Labrador Current system and
is formed by a mixture of the Baffin Island Current and outflow
from the Hudson Strait (25). Between the end of the summer
and the beginning of the winter, the CIL is gradually eroded and
mixed with the warmer surface layer by the strong winds generally
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prevailing in the fall. The consequence of this mixing is a gradual in-
crease in temperature at the depth range generally occupied by the CIL.

High-resolution multibeam bathymetry and subbottom profiles
collected in Webb’s Bay revealed the presence of a subsea ther-
mokarst environment (Fig. 1) (8). Collapsed mounds with 1- to
2-m-high rims and chaotic seabed expression of mounds and de-
pression with 2 m of seabed relief were mapped in 2021. These thermo-
karst landforms are in 20- to 40-m water depth and are associated
with SGD and cold bottom waters.

RESULTS

Seafloor landforms

Seafloor landforms of Webb’s Bay were identified through a combi-
nation of high-resolution (30-cm horizontal resolution) multibeam
bathymetry imagery and seafloor photographs. The landforms are
described in Fig. 2 and below, and their distribution is illustrated
in Fig. 3.

Pockmarks
Three different sizes of circular seafloor depressions (pockmarks)
were identified from multibeam bathymetry and seafloor photos

(Fig. 2). The smallest pockmarks, identified as micropockmarks on
seafloor imagery, are about 10 cm wide and 1 to 2 cm deep (Fig. 4A).
They are observed in seafloor imagery by their darker color com-
pared to the surrounding sediment. The brown coloration of the
depressions can be attributed to microalgal growth. Microalgal
growth could be present because of the influx of nutrients from the
seepage at each depression. Alternatively, these depressions could be
due to bioturbation. These pockmarks are assumed to be present in
all water depths of Webb’s Bay.

The intermediate size pockmarks, referred to as small pock-
marks in Fig. 4B, are 1 to 2 m wide and 5 to 10 cm deep. These
pockmarks are widespread in water depths of 0 to 20 m (Fig. 3A).
The larger-sized pockmarks, which are referred to as regular
“pockmarks” in Fig. 4C, are 5 to 10 m wide and 20 to 30 cm deep.
These pockmarks are observed overprinting the small ones. In
backscatter, they are characterized by higher intensities (Fig. 4D),
reflecting coarser sediment at the seabed. Seafloor imagery shows
that higher intensity is characterized by cobbles at the seafloor,
surrounded by mud. These pockmarks are located where the sub-
bottom stratigraphy shows a thinning of Holocene sediment and
where underlying glacial material nearly outcrops near the surface
(Fig. 4E).
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Fig. 2. Summary of SGD to permafrost landforms observed in Webb’s Bay [diameter (D) and height (H)] and their interpreted origin. NA, not applicable.

Normandeau et al., Sci. Adv. 11, eadw7439 (2025) 29 October 2025

30f14

GZ0Z ‘0€ $2go100 uo A1sBAIUN 3snoyeq e Hios0us oS MMM/ Sd1y WoJ) pepeoumod



SCIENCE ADVANCES | RESEARCH ARTICLE

Webb’s Brook

0 0.5 1 2

Kilometers

[ Small pockmarks [ Frost blisters
[ Pockmarks

i3 A

I Frost mound
E= Thermokarst

Frost Heave

Fig. 3. Surficial geology of Webb'’s Bay. Surficial geomorphology interpretation of the head of Webb's Bay illustrating the variety of seeping and cryospheric structures
on the seabed. Light gray is normal background seafloor without evidence of seepage or cryospheric landforms. Box and transect numbers refer to the figures further in
the manuscript. (B) Backscatter imagery of a deeper area of Webb's Bay [inset in (A)], illustrating higher reflectivity polygons on the seafloor.

Mounds and heaved terrain

The July 2023 bathymetric survey revealed the widespread presence
of hundreds of small mounds (termed blisters, ~5 m wide by 20 to
50 cm high) on the seafloor of Webb’s Bay (Figs. 2, 3A, 5, and 6). The
average volume of individual blisters is ~1 m”. They were present at
depths ranging from 15 to 30 m in areas of pockmarks and within
and near the thermokarst area. Blisters exhibit a lower backscatter
intensity compared to the surrounding sediment (fig. S1), which is
interpreted as consisting of higher mud and/or water content in the
surficial sediment.

Between 15- and 40-m water depth, 2- to 7-m wide high-
reflectivity backscatter polygons are observed (Figs. 2, 3B, and 4D).
These polygons do not correspond to any morphological changes in
the 30-cm bathymetry grid (Fig. 4, C and D). While less densely
distributed than the blisters, these polygons are dispersed through-
out the area. Their higher backscatter intensity suggests that they
consist of gravel and cobble in a predominantly muddy environment.
The seafloor surrounding the blisters is slightly chaotic, with elon-
gated mounds and linear depressions (Figs. 2 and 5C). These fea-
tures have less than 1-m relief and can be found in water depths of
15 to 30 m (frost heave in Fig. 3A). These features have no clear
backscatter response.

Seasonal seafloor changes
Repeat bathymetric surveys (2021-2024) of Webb’s Bay reveal that
the first-order landforms, i.e., the larger ones (Fig. 2) described as
subsea thermokarst (8), remained stable between 2021 and 2024
(Fig. 5). In contrast, smaller features such as blisters (5 m wide
and 20 to 50 cm high) and heaving landforms exhibited seasonal
variability.

The November 2021 survey showed fewer blisters compared to
the next July 2023 survey. Blisters were absent in areas shallower
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than 25 m in 2021, whereas they are abundant in July 2023 (Figs. 5
and 6). In the 25- to 30-m-depth range, blisters are present in
November 2021, although they appear attenuated compared to July 2023
(Fig. 5, A and B). By July 2023, blisters are abundant throughout
the head of Webb’s Bay, occurring in waters as shallow as 15 m
(Fig. 3A and 6B). By November 2023, blisters were greatly dimin-
ished (Figs. 5C and 6C). Instead, the seafloor was cratered with
small depressions, elongated cracks, and heaved terrain (Figs. 5C
and 6C). Ten months later, in August 2024, blisters reappeared
across all depth ranges (Figs. 5D and 6D). Although some new blis-
ters were created, most emerged at locations nearby and at previous
occurrences, as evidenced by the backscatter data (fig. S1). The
backscatter data also show that, despite the seasonal appearance and
disappearance of blisters, their low-intensity signature persisted
throughout all seasons (fig. S1).

Frozen sediment in the subsurface

In July 2023, sediment cores were collected over the area of these
small blisters. Some cores contained ice lenses, some of which were
clear of sediment (Fig. 7, C and D) (8). A piston core collected from
the thermokarst area (Core 97PC, 130.5 cm long; Fig. 7, B to D)
penetrated one of these lenses, and holes were drilled in the core
upon recovery to assess the presence of ice. The upper section (45.5 cm
long), believed to contain ice, was kept frozen, while the lower
section (85 cm long) was kept at 4°C. Potential ice layers in the lower
section may have thawed during storage at 4°C. Nevertheless, the
core shows that the upper ice lens contains irregular reticulate
cryostructures, resembling those described in (8) from a core col-
lected in 2022. The lenticular cryostructures observed at the top and
bottom of the upper core section are attributed to freezing during
storage, whereas reticulate cryostructures represent undisturbed
subseafloor conditions. The core shows that ice lenses are present
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Fig. 4. Pockmark observed in Webb’s Bay. (A) Micropockmarks identified in seafloor imagery. Orange weight in imagery is 10 cm across and its impact on the seabed
produced the sediment cloud. Location in Fig. 3A. (B) Small pockmarks distributed throughout Webb's Bay (see Fig. 3A for distribution). (C) Pockmarks on Webb's Brook
delta. Location in Fig. 3A. (D) Backscatter imagery of the same pockmarks as in (C) illustrating the higher intensity of the center of the pockmarks presumably reflecting
coarser sediment at the seabed. (E) Subbottom profile illustrating the near outcropping of glacial diamict (Gd) where the pockmarks form. Gm, glaciomarine mud;

Hm, Holocene mud. Location of profile in Fig. 3A.

within the first 50 cm of the subseafloor. However, high-amplitude
reflections in subbottom profiles suggest that the permafrost table in
Webb’s Bay may occur deeper, at 1 to 2 m below the surface (Fig. 7,
A and B). Therefore, the cored ice lenses are unlikely to represent perma-
frost conditions associated with the high reflectivity in the subseabed
(8). Instead, these ice lenses are more likely associated with seasonal
dynamics and the formation of the small blisters described above.

Porewater of sediment cores

Porewater analyses were completed on thirteen sediment cores from
Webb's Bay (Fig. 8). The cores were retrieved from various seafloor
conditions, including thermokarst landforms, pockmarks, and un-
disturbed areas. Despite the diverse sampling locations, porewater
salinity trends, estimated from the chloride content, were similar
across cores. In each core, the highest salinity, around 30 to 32 parts
per thousand (ppt), was measured at the surface. These values are
similar to bottom water salinities of Webb’s Bay. Salinity then rap-
idly decreases downcore (Fig. 8B). In one core, salinity decreases to

Normandeau et al., Sci. Adv. 11, eadw7439 (2025) 29 October 2025

7 ppt at 166-cm depth. Most of the cores exhibit salinity values be-
low 20 ppt at depths exceeding 1 m.

Bottom water temperatures

A moored conductivity-temperature-depth (CTD) sensor de-
ployed at 18-m water depth (CTDm in Fig. 1C) shows the varia-
tions in bottom water temperatures from September 2022 to
November 2023 (Fig. 9A). From late July to mid-September, water
at 18 m was at its warmest, with a mean of 7.3°C. In late September,
temperatures gently decreased until they reached <0°C on 1 December.
CTD profiles collected in early November 2023 showed a generally
consistent water temperature from the surface to the bottom, aver-
aging around 4°C (Fig. 9B). Temperatures continued slowly de-
creasing during the winter until they reached their minimum
temperature of —1.69°C in March 2023. By the end of March, tem-
peratures slowly started increasing again until they reached >0°C
on 1 June. In July 2023, during core collection and bathymetric
surveys, bottom waters were around 5.3°C at 18-m water depth.
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Fig. 5. Seasonal formation and degradation of blisters. Multibeam bathymetry in November 2021 (A), July 2023 (B), November 2023 (C), and August 2024 (D). Bottom
waters in (A) and (C) were around 4°C, whereas they were near or below 0°C in (B) and (D). Red colors represent warm bottom waters, whereas blue colors represent cold
bottom waters. Graphs have distance (meters) in the x axis and depth (meters) in the y axis. Circle with bathymetric profile represents the same zone from (A) to (D). Loca-

tion in Fig. 3A.

We use a temperature-depth (TD) sensor moored at 60 m water
depth in Nain Bay to estimate the bottom water temperature at 30-m
depth in Webb’s Bay. At 60-m water depth, temperatures remained
<1°C for most of the year (median, —1.65°C). Temperatures in-
creased above —1°C by late August and above 0°C by early October.
They then decreased below 0° and —1°C in December and January,
respectively. Temperatures stayed below —1°C for at least 6 to 7 months
afterward. On the basis of CTD casts, we infer that the temperatures
at 30-m depth remained below 0°C at least between December and
July and increased to 4°C in September and October (Fig. 9A).

DISCUSSION

Evidence for SGD

The three types of pockmarks identified in Webb’s Bay are attributed
to SGD from meteoric recharge. SGD is supported by the presence
of low salinity porewater near the seabed surface, attaining values as
low as 7 ppt at 166-cm depth (Fig. 8). The absence of acoustic blank-
ing in the zone of the pockmarks or thermokarst areas provides ad-
ditional evidence that gas escape is not responsible for the presence
of pockmarks (Fig. 4E). Acoustic blanking typically occurs where
gas in sediment scatters and absorbs acoustic energy, leading to a
loss of signal and creating a “blanked” area on the profile (26). In the
pockmark area, acoustic penetration is continuous although slightly
incoherent. SGD does not cause blanking because the acoustic

Normandeau et al., Sci. Adv. 11, eadw7439 (2025) 29 October 2025

signal is not severely affected by brackish water, except if seepage
disturbs the sediment column.

Small pockmarks are predominantly found on bathymetric highs,
notably on the Webb’s Brook delta (Fig. 1C), and the ridges attrib-
uted to moraines (Fig. 3A). The regular pockmarks occur in similar
locations but are less widespread. In these locations, submarine ground-
water is discharging through the seafloor, with some focusing where
the larger pockmarks are located. SGD occurs preferentially at these
locations due to coarser sediment (till) being closer to the sediment-
water interface and the thinning of glaciomarine mud that acts as an
aquitard (Fig. 4E) (8). Thick glaciomarine mud increases hydraulic
resistance to groundwater seepage, whereas thin layers allow ground-
water to seep and fill the Holocene mud pore space. In deeper waters,
fewer SGD-related pockmarks are visible (Fig. 3A), potentially due
to shallow subsea freezing from contact with cold bottom waters,
preventing active discharge, or the lower resolution of the seafloor
bathymetry at depth, which precludes the mapping of the small
pockmarks. Regardless, porewater salinity in the sediment cores in-
dicates the presence of freshened groundwater throughout the head
of Webb’s Bay.

Stability of perennial subsea permafrost landforms between
2021 and 2024

Repeat seafloor mapping at the head of Webb’s Bay revealed both
perennial and seasonal features on the seafloor. No large-scale changes
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Fig. 6. Seasonal formation and degradation of blisters. Multibeam bathymetry in November 2021 (A), July 2023 (B), November 2023 (C), and August 2024 (D). Bottom
waters in (A) and (C) were around 4°C, whereas they were near or slightly above 0°Cin (B) and (D). Red colors represent warm bottom waters, whereas blue colors represent

cold bottom waters. Location in Fig. 3A.

(>1-m vertical difference) were detected on the thermokarst or large
frost mound areas during the 2021-2024 period. The absence of
large-scale changes contrasts with similar thermokarst features in
the Beaufort Sea that have changed by tens of meters over a 9-year
period (13). The absence of substantial geomorphic change may be
attributed to the current degraded state of subsea permafrost in
Webb’s Bay being closer to equilibrium with bottom water tempera-
tures. If the permanently ice-bounded sediment maintains an aver-
age temperature below 0°C, then it may remain frozen.

The high-amplitude reflection linked to the permafrost table
is buried under ~1 to 2 m of sediment. This sediment cover pro-
tects the ground ice from rapid changes in bottom-water tem-
peratures during summer, preventing rapid ice melting. The
insulation provided by sediment reduces heat transfer to the
ice-bounded sediment, thereby protecting it from thawing and
potentially attenuating any seasonal bottom-water temperature sig-
nals. Therefore, the larger landforms that appear somewhat buried
are better protected from seasonal changes in water tempera-
ture. The insulating effect of sediment (and vegetation) on top of
ground ice is well-known in terrestrial permafrost environments
(27, 28) and on debris-covered glaciers (29-31). Alternatively, large
seabed changes might occur only in years with more marked
changes in bottom water temperatures or over longer periods,
neither of which were captured during the 3-year interval cov-
ered by our surveys.

Normandeau et al., Sci. Adv. 11, eadw7439 (2025) 29 October 2025

Seasonality of subsea frost blisters

The small blisters on the seafloor of Webb’s Bay are similar to frost
blisters, icing blisters, or icing mounds observed in terrestrial envi-
ronments (32). A frost blister is a cryogenic landform characterized
by alocalized mound or dome that forms in cold climates where the
ground contains water (32-34). Frost blisters originate from the ac-
cumulation of groundwater in localized areas within a shallow sub-
surface layer. As temperatures drop, the water in the ground freezes
and expands, creating upward pressure. The growth of a frost blister
requires a continuous influx of water to the freezing area, supplied
by surrounding unfrozen ground or through capillary action, where
water ascends through the soil and freezes as the frost front de-
scends (32). As more water freezes and expands, the blisters grow.
The ice core at the center of the blister pushes the overlying soil and
sediment upward, creating the dome shape. The height and size of
the frost blister are determined by the amount of available water and
the duration of freezing conditions. Frost blisters can develop quick-
ly within a single cold season, as observed in Webb’s Bay, but may
also persist and grow over multiple seasons under favorable condi-
tions. Unlike frost blisters, icing mounds and icing blisters are com-
posed entirely of ice.

The small subsea frost blisters in Webbs Bay have dimensions
comparable to those observed in terrestrial active layers and are in-
terpreted as such. On the Mackenzie Delta, frost blisters identified
by (34) are less than 1 m high and 3.7 to 8.5 m in diameter. These
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Fig. 7. Representative subbottom profiles and core imagery from the thermokarst area of Webb’s Bay. (A and B) Subbottom profiles illustrating chaotic high-
amplitude reflections attributed to discontinuous subsea permafrost. Frost mounds shown in Figs. 5 and 6 are widespread throughout these profiles, even if not visible at
subbottom scale. (C) Ice recovered from a sediment core laying on the palm of a hand. (D) Ice lens in sediment core 97PC collected in Webb's Bay, including a computed
tomography (CT) scan image of the upper section of core 97PC. Location of profiles in Fig. 3A. Location of core 97PC in Fig. 8. Irregular reticulate cryostructures (Ri) and
lenticular cryostructures (Le), the latter being artifacts formed by the rapid freezing of sediment following core collection.
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Fig. 8. Freshened porewater in marine sediment. (A) Distribution of sediment cores from which porewater chloride data were collected. Length of bars indicates the
length of the cores, and the colors represent the lowest salinity value recorded at the base of the cores. Location is the same as Fig. 1D. (B) Salinity profiles of all thirteen

cores collected. Colors represent individual cores.
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Fig. 9. Bottom water temperature of Webb’s Bay. (A) Evolution of bottom water temperatures in Nain from July 2022 to November 2023 for water depths of 18 m (red)
and 60 m (black). Blue dots are bottom water temperatures measured from CTD profiles (CTDp) at 30 m. Stars indicate the timing and bottom water temperatures from
the CTD profiles shown in (B). Dashed line in (A) is —1°C isotherm at which porewater at a salinity of 20 ppt freezes (50). Horizontal gray and red bars indicate the time in-
terval when bottom waters are below —1° and 0°C for water depths of 18 m (red) and 60 m (gray). (B) CTD profiles in July 2023 and November 2023 showing the warming
of bottom waters and the cooling of surface waters throughout the autumn. (C) Multibeam bathymetry at 20-m water depth in July 2023, illustrating the presence of small
frost blisters, which have thawed entirely by November 2023. (D) The graph illustrates the presence and absence of frost blisters for both months. The x axis is distance
(meters), and the y axis is depth (meters). Location of (A) and (B) in Fig. 1C (CTDp and CTDm) and location of (C) and (D) in Fig. 3A.

frost blisters contain a core of ice that is 15 to 58 cm thick. Similarly,
the subsea frost blisters in Webb’s Bay measure about 5 m wide and
30 to 50 cm high. On the Mackenzie Delta, they form on saturated
floodplains, which provide conditions favorable for frost blister
growth during winter. They grow because of hydrostatic pressure,
usually during a single winter (34). In Webb’s Bay, most of the frost
blisters observed in July 2023 formed during the winter of 2022—
2023. Similarly, those observed in August 2024 were formed during
the single winter of 2023-2024 (Figs. 5 and 6).

In terrestrial environments, seasonal frost blisters are often
found in areas with thin, discontinuous permafrost. The permafrost
table restricts super-permafrost groundwater flow to the shallow
subsurface (3). Hydraulic transmissivity is reduced as the freezing
front advances downward and thins the saturated, unfrozen zone,
resulting in buildup of water and pressure (32). In Webb’s Bay, this
mechanism can potentially be involved in the formation of frost
blisters over the apparent permafrost table (Fig. 7). There, the per-
mafrost appears discontinuous, allowing upward movement of
groundwater flow. The presence of the permafrost table or pereletok
(frozen ground in areas free of permafrost) would prevent the fresh-
ened groundwater from flowing downward and cause saturation of
freshened groundwater in the near-surface sediment. However,
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frost blisters are also observed where no apparent permafrost table
is observed (Fig. 7). There, we assume that the freshened groundwa-
ter saturates the near surface through upward flow from buoyancy
and/or the hydraulic head gradient.

Frost blister density on the Mackenzie Delta was observed in a
slight topographic gradient, with increased soil moisture that con-
trols ground ice distribution (34). Assuming a similar process in
subsea environments, the denser distribution of frost blisters must
be associated with higher groundwater discharge into Webb’s Bay.
This is apparent in the shallower waters where the frost blisters form
close to the pockmark fields (Fig. 3A). In deeper water, the frost
blisters are mostly concentrated near the subsea thermokarst area,
suggesting either groundwater along the permafrost table or ground
ice melt within the permafrost favoring the presence of freshened
porewater near the surface. The latter process is similar to the pro-
cess described by (9) where ground-ice melt at depth moves upward
and refreezes near the surface, forming ice outcrops.

The backscatter results from November 2021 to August 2024
(fig. S1) show that low reflectivity associated with the frost blisters is
fairly constant through time, even when frost blisters are not pres-
ent. The persistence of low reflectivity spots suggests that these areas
are saturated with freshened groundwater, which refreezes every
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winter. High water content in surficial mud will produce low reflec-
tivity compared to sand and gravel. When frost blisters are present,
ice is covered by 20 cm of sediment, which is likely the reflecting
surface. Ice is unlikely to be the reflecting surface because it would
produce a high backscatter response.

Formation of subsea frost blisters

The seasonal formation and degradation of frost blisters is observed
through repeat bathymetric surveys and supported by bottom water
temperature monitoring (Figs. 9 and 10). The depth of seasonal
freeze-thaw in the shallow subsurface can be estimated using the
Stefan equation (35, 36), with equation parameters and forcing data
detailed in Supplementary Text. Although it is the most widely ap-
plied ground freeze-thaw equation (36), the Stefan equation has sev-
eral limitations, including not directly accounting for the influence
of subsidence or heave on the phase change front. Accordingly, the
calculated seasonal frost and thaw depths should be considered
first-order estimates. We used estimated values for thermal proper-
ties and the bottom water temperature time series in the deep and
shallow water to calculate the seasonal freezing and thawing index-
es. These indexes were calculated relative to the freezing tempera-
tures, which were determined for porewater salinities of 20 and
10 ppt. For the ranges of depths, properties, and salinities considered,
we found seasonal freezing depths in the bed of Webb’s Bay that
ranged from between 0.32 and 0.70 m. These values are in alignment
with the depth of the seasonal frost layer identified in core 97PC
where the base of the frost layer was at ~40 cm, within the range
expected for the area. These maximum freezing depths are less than
typical terrestrial active layer thicknesses in the subarctic or frost
depths in southern Canada (37), but that is expected given that the
freezing index for bottom seawater is much lower than that for air or
ground water.

The Stefan equation application illustrates the potential depths of
seasonal freeze-thaw and associated expansion and contraction.
However, the calculated frost depth cannot explain the formation of
the frost blisters themselves, which are 20 cm high. Water freezing
and expanding at 9% over a defined area with a thickness of 0.5 m
leads to an upward movement of only <0.05 m. Over the blisters,
which have a height above seabed of about 0.2 m, an initial thickness
of at least 2.2 m of porewater is required to freeze to create the
dome-shape of the blisters, assuming that they form in a single
freezing season, as seen between 2023 and 2024. This suggests that
the surface manifestations of the blisters may form in a single season
but that the underlying ground ice that forms the blisters may exist
over multiple years.

Assuming porewater salinity of 20 ppt, the porewater starts to
freeze at about —1.1°C. Bottom water temperatures were sustained
below —1.1°C starting on 1 January 2023 at 18-m depth and warmed
above that temperature on 8 May 2023. Therefore, in the shallower
waters of Webb’s Bay, porewater freezes at least during 4 months of
the year before starting to thaw in the spring. In the deeper waters of
Nain Bay (60 m deep), water temperatures dropped below —1.1°C
starting in December and remained below that temperature until
August 2023. At 30-m water depth, we estimated that temperatures
would likely increase above —1°C in June/July or later (Fig. 9A). In
July 2023 and August 2024, although bottom water temperatures
were at 5°C, frost blisters were still observed (Figs. 5 and 6). The
persistence of frost blisters over the summer indicates that the thaw-
ing front had not penetrated far into the sediment.
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Degradation of subsea frost blisters

In November 2021, when bottom waters were warm, frost blisters
were absent in water depth shallower than 25 m but were present,
although attenuated, in the deeper parts of Webb’s Bay (25 to 30 m).
This suggests that deeper frost blisters located in the depth range of

A Sea ice Winter

Bedrock
(AqT)

Spring/summer

Shallow water frost blisters thaw
due to warming surface waters

Bedrock
(AqT)

Autumn

All frost blisters thaw
4« along dilation cracks

Bedrock
(AqT)

Fig. 10. Seasonal ground freezing in subsea thermokarst environment. (A)
Formation of frost blisters during the winter season due to cold bottom water tem-
perature and freshened groundwater discharge. (B) Thawing of frost blisters in
shallow water due to warming of surface waters. (C) Thawing of all frost blisters due
to warming of water column during autumn. Gm, glaciomarine mud; AqT, aquitard;
AqgF, aquifer; FG, freshened groundwater; FP, fresh porewater; SP, saline porewater;
HFT, high freezing temperature; LFT, low freezing temperature; pf, permafrost.
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the CIL may persist over multiple years and thaw during warmer
years, whereas shallow blisters are seasonal. For example, although
characterized by a normal CIL earlier during the year, 2023 was a
warm year where multiple high-intensity marine heat waves affected
surface waters of Labrador (38). The accumulated heat in the surface
likely mixed with the deeper waters of Webb’s Bay during the late
summer and fall, leading to the degradation of all frost blisters by
November 2023 (Figs. 5, 6, and 10).

During the summer and fall of 2023, frost blisters degraded
along dilation cracks (Fig. 5C). In terrestrial environments, these
cracks are opened during the summer by hydrostatic uplift as the
frozen overburden rises during blister growth (39, 40). A similar
mechanism appears evident on the seabed of Webbs Bay as evi-
denced by many cracks where frost blisters have thawed (Fig. 5C).
As dilation cracks form during the freezing, they also create path-
ways for warmer summer and fall waters to interact with the ice core
through advection. As warm water melts the ice core, frost blisters
thaw and create a heaved topography with dilation cracks. This to-
pography is widespread at the head of Webb’s Bay, indicating that
this process was far more common before 2021 (Fig. 3A). Such
cracks or related “macropores” have been shown to provide prefer-
ential pathways for groundwater flow in terrestrial environments
with freeze-thaw (41) and may alter local submarine groundwater
flow paths.

Seasonal frost blisters, forming near the seabed surface, rapidly
respond to changes in bottom water temperatures. These blisters
have a thinner sediment cover (<30 cm according to frost depth in
core; Fig. 7D), providing minimal insulation against temperature
fluctuations. This lack of substantial insulation allows heat from
warming waters during the summer and fall to quickly reach the
underlying ice core of the frost mounds (Fig. 10). The maximum
summer thaw depth calculated using the Stefan equation in shallow
waters (Supplementary Text) exceeds the thickness of the sediment
cover overlying the massive ice. In addition, the near-surface forma-
tion of frost blisters increases the likelihood of direct exposure of
core ice to bottom waters. Direct exposure of ice to the seafloor was
observed in the Beaufort Sea (9). This proximity of ice to saline bot-
tom waters allows bottom water thermal regime shifts to affect the
ice core more quickly and intensely.

Smaller frost blisters have a higher surface area-to-volume ratio
compared to larger perennial landforms, meaning that a larger pro-
portion of the frost blister volume is exposed to the warmer bottom
temperatures. This higher ratio facilitates more efficient heat trans-
fer between the surrounding sediment and the ice core, resulting in
faster thermal responses. While only vertical heat transfer and phase
change were considered in our first-order Stefan analysis, it is likely
that horizontal heat transfer is an important thaw mechanism for
both seasonal and perennial ground ice features. This is similar to
how horizontal conduction has been shown to exert strong control
on the thaw rates for permafrost islands (peat plateaus) in terrestrial
settings (42, 43). It is also possible that tidal pumping of the unfro-
zen sediment during the fall causes high rates of vertical water ex-
change and concomitant heat advection that would accelerate thaw.

Sorted polygons formed from freeze-thaw cycles?

In addition to the frost blisters, the backscatter data of Webb’s Bay
revealed high-reflectivity polygons throughout the head of Webb’s
Bay (Fig. 2 and 3B) that are not observed outside of this region. As
such, their genesis is also assumed to be related to freeze-thaw
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cycles. These polygons appear to be composed of gravel and mud,
resembling sorted circles found on land that result from freeze-thaw
cycles (44). During freezing, water in the soil expands, causing the
ground to heave. In poorly sorted sediment, this expansion causes
differential movement, with larger particles like gravel rising more
easily than finer particles. Repeated freezing and thawing causes
larger particles to gradually migrate to the surface and edges of the
heaving area, while finer particles settle in the lower and central ar-
eas. Over time, this differential movement and sorting of particles
create distinct patterns with gravel and larger particles forming
small, typically circular or polygonal aggregations surrounded by
finer sediments. This process of sorted polygon formation provides
a plausible explanation for the presence of these high-reflectivity
polygons in Webb’s Bay.

Regional and global implications of seasonal expansion and
contraction of the seafloor

Seafloor mapping in Webb’s Bay has led to the discovery of land-
forms associated with subsea permafrost and seasonal ground freez-
ing. While (8) previously identified perennial landforms, this study
marks the first observation of landforms related to seasonal ground
freezing. These seasonal features, like their perennial counterparts
(thermokarst and frost mounds), are primarily influenced by bot-
tom water temperatures and SGD, which affects the equilibrium
freezing temperatures. These data show that the interaction between
freshened porewater and cold bottom waters leads to seasonal sea-
floor expansion and contraction through the formation and degra-
dation of frost blisters, a process previously undocumented through
geomorphic and oceanographic observations. This process may rep-
resent a potential hazard in many regions with cold bottom waters.
Seafloor expansion and contraction due to subsea ground freezing
and active layer processes likely represents a geohazard for offshore
infrastructure. Repeated strain from expansion and contraction
could accelerate damage to underwater cables. Minor vertical
movements can stress cable joints and connections, increasing the
likelihood of breaks at these points and can cause cable stretching
or sagging, raising the risk of physical damage. Consequently,
these previously unrecognized processes could threaten offshore in-
frastructure.

The detection of seasonal seafloor expansion and contraction in
Webb’s Bay was only possible because of the very high-resolution
mapping of the seabed. With a coarser resolution gridded surface,
these frost blisters would not have been recognized (8). Given that
most nearshore areas in the world are gridded at horizontal resolu-
tion greater than 2 m and that most publicly available datasets are
made available at resolution coarser than 10 m, there is a high likeli-
hood that similar seasonal features cannot be resolved in most avail-
able datasets. In addition, if seafloor mapping is done during the late
summer and fall, when navigation is facilitated by the absence of sea
ice, then frost blisters are less likely to be present due to ongoing
thaw. Therefore, the timing of surveys, combined with the seasonal-
ity and size of these features, makes their recognition challenging in
many regions using standard seafloor mapping techniques. These
processes and landforms may be ongoing but undetected in many
areas, warranting consideration in offshore infrastructure planning.
Although this study identified processes in a subsea thermokarst en-
vironment, subsea permafrost is not a prerequisite for seasonal sea-
floor expansion and contraction. Thus, these dynamics have the
potential to affect high to mid-latitude regions where seasonal cold
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bottom waters exist. This represents a large gap in assessing the dis-
tribution of ground freezing processes and landforms, leading to
seafloor expansion and contraction. It is worth noting that ice has
been observed in nearshore marine sediments in Hudson Bay (45)
and Cambridge Fjord, Nunavut (46), suggesting that similar sea-
sonal cryospheric processes could be widespread in areas where
bottom waters are seasonally <0°C. Furthermore, the temperature
threshold for seasonal freeze-thaw in subsea sediment can be in-
creased in locations where freshened SGD affects the freezing point.

Seasonal changes in seabed composition driven by freeze-thaw
cycles are also likely to affect benthic ecosystems by altering bio-
physical conditions, oxygen levels through limiting porewater ex-
change and nutrient availability (47). In Webb’s Bay, while local
microbial communities remain unexplored, sparse macrofaunal
communities were reported (48), possibly reflecting the environ-
mental constraints imposed by these dynamic processes. This un-
derscores the need for further research to understand both the
short- and long-term effects of freeze-thaw cycles on seasonal and
perennial ground ice features in thermokarst environments, and
their influence on benthic ecosystem functioning. Such knowledge
is essential for scaling localized seabed processes to broader region-
al and global ecological frameworks.

MATERIALS AND METHODS

Hydroacoustic surveys

Four multibeam bathymetric surveys were conducted in Webb’s Bay
in October 2021, July 2023, November 2023, and August 2024. All
four surveys were conducted using different versions of the Kongsberg
EM-2040 on board the RV Ludy Pudluk (2021 and 2024), RV
William-Kennedy (July 2023), and RV Nuliajuk (November 2023).
The multibeam echo sounders operated at a variable frequency of
200 to 400 kHz. Data were corrected for tides measured by the
Canadian Hydrographic Service at the Nain station, 25 km from Webb’s
Bay. Raw soundings were corrected for sound velocity variations in
the water column. The multibeam bathymetric data were then pro-
cessed using Caris HIPS and SIPS 11.4 software to correct for tide
elevation and vessel movement (roll, pitch, heave, and yaw) during
acquisition and allowed the creation of a 25- to 50-cm gridded sur-
face of Webb’s Bay seabed.

Subbottom profiles were collected using a 3.5-kHz Knudsen
Pinger on board the RV Nuliajuk (2021 and 2023) and the RV
William-Kennedy (July 2022). The Pinger offers a vertical resolution
of about 10 cm and between 0- and 30-m penetration in fine-grained
sediment. A sound speed of 1500 m/s was used to determine ap-
proximate depth of seafloor and subbottom sediment.

In situ water column temperature

CTD profiles were collected during the four different cruises, except
for November 2021. CTD profiling of the water column in July 2022
and July 2023 was done using a stand-alone Seabird 19plusV2
SeaCAT profiler (CTDp in Fig. 1C). In September 2022, a RBR
Concerto was used over the same locations as the July 2022 CTD
profiles. In November 2023 and August 2024, an AML X2Xhange
CTD was used from the RV Nuliajuk and the RV Ludy-Pudluk.

In addition to water column profiling, CTDs were moored in
Webb’s and Nain Bay (Fig. 1). In September 2022, a RBR Duet TD
sensor was deployed in 17.5-m water depth near Webb’s brook
(56.8027°N, 61.9088°W). This TD sensor recorded the temperature
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and tidal variations of bottom waters for an entire year, until it was
recovered in November 2023. It covers the temperature variations
between the July 2023 and November 2023 multibeam surveys.

A RBR CTD was deployed at 30-m water depth in the subsea
permafrost area from March 2023 to November 2023. However,
this mooring was not recovered because of acoustic release issues.
Therefore, to understand the water temperature variations at depth,
we used the data from a RBR TD installed on a mooring line in
Nain Bay, at 60-m water depth. Although twice the depth of the
Webb’s Bay mooring, it allows us to compare bottom water ther-
mal regimes from the shallow water mooring described above.
This mooring recorded water temperature variations from July 2022
to July 2023, illustrating temperature evolution over the fall and
winter seasons.

Sedimentology and porewater analyses

Sediment gravity cores were collected from the RV William-
Kennedy in 2023 using a 2-m-long Mooring Systems Inc. gravity
corer. Core 2023002-97PC (130.5 cm long, 56.78°N, 61.89°W) was
collected in July 2023 over the thermokarst area, and a frozen sam-
ple was observed through the liner in the upper section. The top
section of the core was kept frozen in a —20°C freezer to preserve
cryostructures while the bottom section was kept at 4°C. The inter-
nal structures of the frozen sediment sample were then imaged at
the Bedford Institute of Oceanography using a Geotek X-ray Com-
puted Tomography system. Sixteen-bit tiff slices, ranging in gray-
scale depth from 0 to 65535, were imported into open-source
three-dimensional (3D) visualization software (Slicer3D) to recon-
struct a 3D volume.

Thirteen sediment gravity cores were collected in July 2023 near
pockmarks and permafrost mounds to assess the downcore evolu-
tion of porewater chloride content and estimate salinity. Upon core
recovery, porewater was extracted and filtered (0.15 pm) using
Rhizon samplers inserted through holes drilled down the side of the
core liner. Porewater was extracted at 2-cm resolution to a downcore
core depth of 20 cm and increasingly coarser resolution below. Sam-
ples were then frozen until analysis. Chloride content was deter-
mined by ion chromatography with a Dionex Aquion IC system
following a 1:1000 sample dilution. Reproducibility on replicate
samples was <1%.

Supplementary Materials
This PDF file includes:
Supplementary Text

Fig. 51
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