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Abstract

Submarine permafrost is perennially cryotic earth material that lies offshore. Most

submarine permafrost is relict terrestrial permafrost beneath the Arctic shelf seas,

was inundated after the last glaciation, and has been warming and thawing ever

since. As a reservoir and confining layer for gas hydrates, it has the potential to

release greenhouse gasses and impact coastal infrastructure, but its distribution

and rate of thaw are poorly constrained by observational data. Lengthening

summers, reduced sea ice extent and increased solar heating will increase water

temperatures and thaw rates. Observations of gas release from the East

Siberian shelf and high methane concentrations in the water column and air

above it have been attributed to flowpaths created in thawing permafrost. In this

context, it is important to understand the distribution and state of submarine

permafrost and how they are changing. We assemble recent and historical drilling

data on regional submarine permafrost degradation rates and review recent

studies that use modelling, geophysical mapping and geomorphology to character-

ize submarine permafrost. Implications for submarine permafrost thawing are dis-

cussed within the context of methane cycling in the Arctic Ocean and global

climate change.
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1 | INTRODUCTION

Submarine permafrost has naturally received much less study

than its terrestrial counterpart and remains largely unexplored

under much of the Arctic shelf. We provide a review of recent

contributions to the peer-reviewed literature that present new

observational records, indirect evidence and advances in modelling

of submarine permafrost. Our goal is to assess how these

contributions are changing our understanding of the distribution of

permafrost beneath the ocean and how permafrost changes

over time.

Submarine permafrost is cryotic (<0�C) sediment and rock over-

lain by a marine water column. The terms offshore,1 subsea,2 and sub-

marine3 seem to be used in an equivalent manner in the literature, to

describe sub-aquatic permafrost, beneath shelf seas and the ocean in

general. In this paper, we err on the inclusive side by using the term

'submarine'. Submarine permafrost may or may not contain ice,

depending on its temperature, salt content, sediment grain size and

composition. This has led to the distinction between ice-bonded,4 ice-

bearing5 and ice-free permafrost. Other terms used to describe perma-

frost in the Western literature include ice-rich,6 dry,6 thaw-stable and

thaw-unstable7 thaw-sensitive and partially frozen.8 Most of these

Received: 24 September 2019 Revised: 21 March 2020 Accepted: 25 March 2020

DOI: 10.1002/ppp.2061

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2020 The Authors. Permafrost and Periglacial Processes published by John Wiley & Sons Ltd

442 Permafrost and Periglac Process. 2020;31:442–453.wileyonlinelibrary.com/journal/ppp

https://orcid.org/0000-0003-2574-5108
https://orcid.org/0000-0001-9849-4712
https://orcid.org/0000-0002-2849-0406
https://orcid.org/0000-0001-5483-8456
mailto:michael.angelopoulos@awi.de
https://doi.org/10.1002/ppp.2061
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/ppp


terms are not quantitative, but refer, as in the case of ice-bonded, to a

mechanical property of the earth material, or, as in the case of ice-

bearing, to the presence of some ice. In the Russian literature, a dis-

tinction is made between plastic (deformable but containing crystalline

ice) and ice-bonded sediment.

Most submarine permafrost occurs in the Arctic and is relict ter-

restrial permafrost9 that was inundated when sea levels rose after the

Last Glacial Maximum. Submarine permafrost is relevant to the global

climate system by the stabilization of gas hydrates through cold tem-

peratures,10 the entrapment of gas by frozen sediment11 and the stor-

age of organic carbon.12,13 There may be positive feedback between

submarine permafrost thawing and climate warming by greenhouse

gas release from or through the permafrost to the atmosphere.14

Organic carbon thaw-out rates have been estimated near the Lena

Delta on the East Siberian shelf,15 for example. Submarine permafrost

characterization is also critical to the design of offshore infrastructure,

such as pipelines,16,17 and for safe drilling practices for oil and gas

exploration.18

It is estimated that 20 Gt C (2.7 × 1013 kg CH4) may be seques-

tered in permafrost-associated gas hydrates, either as intra-

permafrost and/or as sub-permafrost hydrates.19 Free gas also exists

and is released from permafrost sediments.20,21 Permafrost thaw can

destabilize gas hydrates3 and may generate gas-migration path-

ways.22,23 These findings are supported by recent lab experiments,24

which demonstrate that salt migration can destabilize frozen hydrate-

containing sediments. Observations of gas emission craters forming

on land suggest that gas release can occur catastrophically.25 Since

the release of gas in these events seems to have been triggered by

permafrost warming,26 it is reasonable that the more advanced

warming of permafrost below the seabed can cause similar events.

In the context of rapid warming and increasing human activity

in the Arctic, we require a better understanding of submarine

permafrost. In most settings, it has undergone rapid warming of

about 10–15 �C due to marine transgression.27 This is substantially

more than the warming of about 2–4 �C currently observed in

terrestrial permafrost.28 Thus we expect permafrost warming and

thaw to be further advanced in the submarine realm than in

terrestrial environments.

The research considered in this paper was carried out in the past

decade but builds on a substantial body of work that includes

pioneering studies, many of which are not published in peer-reviewed

journals. Research on subsea permafrost began in the 19th century,

was taken up early in the 20th in the Soviet Union and flourished with

the search for hydrocarbons on the Beaufort shelf beginning in the

1960s. Many valuable resources are contained in reports of the Outer

Continental shelf Environmental Assessment Program (OSCEAP) of

the Alaskan Bureau of Land Management and the U. S. National

Ocean and Atmospheric Administration, the many Open File Reports

of the Geological Survey of Canada29 and monographs of the Russian

Academy of Sciences. There are valuable resources, citing relevant

research on the Arctic shelves in the eastern and western hemi-

spheres.30,31 Research activity has increased during the 2010s, per-

haps partly as a result of the surprising rate of sea ice retreat, which

promises to change conditions for submarine permafrost and to

improve access to shelf regions.

2 | RECENT WORK ON SUBMARINE
PERMAFROST

2.1 | Observations on presence or absence of
permafrost

2.1.1 | Geomorphology

Seabed features that may be associated with permafrost include

pockmarks, pingo-like features10,32 and what may be thermokarst

basins infilled with marine sediment.33,34 Morphological similarity

suggests that the latter are submarine expressions of the same

processes that have led to cryovolcanism, a term used to describe

the appearance of craters due to the expulsion of gas from

warming permafrost.35 These features lie partially in the gas

hydrate stability zone and were capped by Quaternary marine

sediments at differing times depending on bathymetry and

neotectonics.34 Sub-aquatic pingo-like features have also been

observed by ground-penetrating radar surveys along deformed bed-

ice contacts in Lake Vida, Antarctica.36 Polygonal features on the

sea floor23 may reflect ongoing thaw of deep ice wedges

(i.e. down to 15 m below sea level) after submergence. In bedfast

ice zones, talik initiation may be delayed due to atmosphere-

seabed coupling in winter.37 In addition, submerged sand bars

may lead to localized and temporary submarine permafrost

formation (Figure 1b), as well as cold hypersaline waters towards

the coast. Even if submarine permafrost is degrading, this process

may create a sub-aquatic layer of seasonally frozen ground beneath

floating ice.38

Concentrated brines at low temperatures that form in shallow

water zones during sea ice freezing or in transgressive sediment strata

beneath the shelf may prevent ice formation by lowering the freezing

point of the porewater, resulting in a cryopeg (Figure 1g). The exclu-

sion of dissolved solids during freezing creates hypersaline cyropegs,

which may be widespread along Arctic coasts containing refrozen

marine sediments.39 The brines created by freezing may lead to ther-

modynamic disequilibrium and the precipitation of minerals,40 which

is also characteristic of hypersaline springs in the Canadian High

Arctic.41 Cryopegs, with low ice content, may be sites of free gas

accumulation and speed the rate of thaw relative to ice-saturated

permafrost.

2.1.2 | Geophysical methods and remote sensing

Various techniques have been used to observe the distribution of sub-

marine permafrost, and recent innovations are leading to improved

spatial coverage of mapping efforts. The combination of seismic

methods with borehole geophysical records has led to the only maps
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of permafrost extent and depth beneath the Arctic Ocean that are

based on direct observations. Core material was not recovered from

most boreholes and, of those which were cored, few underwent sci-

entific analysis. A few deeper cores were analysed and showed alter-

nating regressive and transgressive sediment cycles (Figure 1h) of

thick clastics and thin marine muds, respectively.42 Multi-reflection

seismic data have been used to map the minimum extent of subma-

rine permafrost on the Alaskan Beaufort shelf,43 which has been com-

pared to borehole records44 and refraction seismic data collected in

earlier studies.45 Borehole records were also interpreted for the

Canadian Beaufort shelf.46 Furthermore, the extent of submarine

permafrost has been reported for the Kara Sea based on seismic

observations.47,48 Multichannel reflection seismic techniques have

also been applied to map the base of the gas hydrate stability zone

beneath submarine permafrost in the Canadian Beaufort Sea.18

Although reflection and refraction seismology have been the most

common tool to map subsea permafrost, passive approaches are

promising new techniques that use ambient noise to identify sharp

wave velocity contrasts, which may be interpreted as boundaries

between unfrozen sediment and ice-bearing permafrost (IBP).49

Electrical resistivity surveying is also effective at mapping the top

of shallow ice-bearing submarine permafrost, because the resistivity

of frozen material is higher than that of unfrozen material for a spe-

cific sediment type and salinity. In electrical resistivity surveying, the

top of IBP is inferred from bulk sediment resistivity values inverted

from observed apparent resistivities. Recent studies have applied this

strategy offshore of the Bykovsky Peninsula50 and Muostakh Island in

Siberia,51 as well as off the coast of Barrow, Alaska.52 The electrical

resistivity of ice-bearing sediment is very sensitive to salinity,

approaching values lower than 10 Ωm.52 The technique is also effec-

tive at delineating seasonal coastal permafrost changes as a means to

explain coastal erosion rates,53 as well as detecting deep coastal

permafrost degradation from seawater intrusion.54 Electrical resistiv-

ity surveying is not limited to saline waters and can be used to map

talik geometry beneath thermokarst lakes55 and in fresh or brackish

water offshore. Ground-penetrating radar has been shown to be

effective at mapping sub-aquatic frozen sediment beneath non-saline

bedfast ice zones in the Mackenzie Delta, Canada.56 Transient elec-

tromagnetics (TEM) have been used to map a deep talik beneath a

thermokarst lake on the Alaskan coastal plain57 and can be used off-

shore. For example, TEM was used to map the vertical extent of per-

mafrost in the central Laptev Sea.58

The methods mentioned earlier provide a means of measuring the

top of the IBP (Figure 1d) in areas of thick permafrost. Geophysical

methods capable of detecting both the upper and lower (Figure 1i)

phase change boundaries of thick permafrost permit detection of total

thaw rates and of ice-free pathways perforating the permafrost. Con-

trolled source electromagnetics (CSEM) have been used in deeper

marine environments for delineation of hydrates. Recent application

of a shallow water version of the method on the Alaskan Beaufort

shelf has resulted in inversion of resistivity for the sediment column

containing permafrost.59,60

Advances in satellite remote sensing have changed our under-

standing of the effect of permafrost on landscape and vegetation over

the past decades and at larger spatial scale than possible with land-

based studies, but submarine permafrost is largely invisible to satellite

remote sensing methods. The application of radar backscatter and

coherence time series is useful for bedfast ice detection in

thermokarst lakes61 and the marine environment.62 Satellite remote

sensing is not currently used to observe warming or thawing of sub-

marine permafrost, but it can be useful to detect methane emissions

from the Arctic seas.63 In addition to filling in an otherwise-blank map

of permafrost distribution, these recent results provide validation data

for models of submarine permafrost.

F IGURE 1 Schematic of offshore permafrost. Shown are a) ice grounding at the coast and in shallows, b) aggrading and c) degrading
permafrost zones, d) ice bearing permafrost (IBP), e) an open talik, f) a talik, g) a cryopeg, h) onlapping transgressive sediment strata, and i) the
lower permafrost boundary
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2.2 | Glaciation

In general, deep permafrost develops in regions that were exposed

during the persistently cold climate of glacial periods, although perma-

frost may form below ice caps with cryotic basal ice temperature

regimes. Modern submarine permafrost distribution was affected by

glaciation on the current shelf,27 with thick permafrost below

unglaciated shelves (Figure 2). Recent publications are challenging our

understanding of past Arctic ice extents, however, with implications

for permafrost distribution.64-66 There is bathymetric and seismic evi-

dence of repeated grounding of ice sheets and shelves on the East

Siberian shelf in previous glacial cycles,67 presumably centred around

the New Siberian Islands.68 Furthermore, our understanding of the

probable timing of ice sheet advances on the Canadian Beaufort shelf

is developing.69,70 Ice sheet development may have been initiated in

Alaska during interglacials and have covered the North Slope and

shelf.71 Some of these studies provide evidence for large glacial ice

masses during the penultimate glacial period, which may have had lit-

tle direct effect on current subsurface temperature distribution, but

an indirect effect through glacial isostatic adjustment72 and sediment

dynamics on the shelf.

2.3 | Coastal processes

Coastal erosion leads to retreat of the shoreline and the creation of

submarine permafrost below the region of land loss. For example,

about 10 km2 of land per year is inundated along the East Siberian

coast,76 a process that has increased in rate by a factor of 1.5–2 since

about 2004.77 At Drew Point, Alaska, the mean erosion rate from

2007 to 2016 was 2.5 times greater than the historical average.78

Along the Yukon Coastal Plain, coastal erosion rates have been

F IGURE 2 The distribution of cryotic (<0 �C) sediment below the Arctic shelf based on numerical modelling27 is shown here together
with terrestrial permafrost probability.73 The area of subsea permafrost shown is 2.5 × 106 km2 of the Artic shelf. The data sets are available
online,74,75 and the map is available from GRID-Arendal (https://www.grida.no/resources/13519)
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increasing since the 1990s.79 Once inundated, seawater may intrude

and salt diffuse into the sediment, affecting permafrost below the sea-

bed or laterally close to the coast. Seawater can intrude into coastal

permafrost54 and may facilitate thermokarst development in retro-

gressive thaw slumps. In the case of lagoons, the degradation of a

refrozen thermokarst lake talik may occur following seawater intru-

sion.80 Thus, lagoons may pre-condition the sediment with saline

porewater during the transition of permafrost from terrestrial to sub-

marine. The seasonal isolation of shallows through sea ice grounding

can lead to brine entrapment.81 Lagoons and other shallow depres-

sions near the coast76 may be more saline than the nearshore zone. In

the eastern Alaskan Beaufort Sea, lagoons form more than 70% of the

coastline and experience large annual changes in temperature

and salinity, including the development of hypersalinity.82 Thus,

temperature and salt concentrations at the seabed may vary consider-

ably spatially and temporally, affecting the submarine permafrost

degradation rate.

Through heat advection, groundwater flow can act to speed per-

mafrost thaw and shrink the hydrate stability zone3 and facilitate

methane gas diffusion to the surface.23 However, over multiple glacial

cycles, submarine groundwater discharge may freshen marine sedi-

ment porewater and increase the freezing point to preserve subma-

rine permafrost and increase gas hydrate stability.3 Methane in Arctic

waters may also originate from the land and be transported through

submarine groundwater discharge conduits.83 Recent observations

also suggest that sub-permafrost groundwater flow leads to freshen-

ing of the Arctic seas off the Siberian shelf.84 In the Canadian Beau-

fort Sea, freshwater seepage into shelf, shelf-edge and slope

sediments was observed and attributed to top-down infiltration of

mixed sea and river water, subsea permafrost degradation and subma-

rine groundwater discharge.85 The freshening of coastal bottom

waters is affected by riverine runoff. In northeastern Siberia, discharge

from the Lena River has increased over the last several decades,

mostly during the winter.86 Factors affecting discharge and sediment

load include neotectonic processes, thermokarst, as well as hydraulic

connections between the river and the underlying talik.87 Offshore,

water flow within the thawed layer may also be due to convective

processes: recent fieldwork in the Kara Sea revealed upward water

advection in subsurface sediments with convection from thawing sub-

marine permafrost as a possible explanation.88 Such processes act to

accelerate submarine permafrost thawing and could contribute to the

destabilization of gas hydrates.

2.4 | Global climate forcing and permafrost thaw

Inundation of the East Siberian shelf invokes a change from ground

surface temperatures of -15 to -10 �C to sea bottom temperatures,

which are typically between -2 to -0.5 �C in areas unaffected by

freshwater from rivers.89 The seabed is separated from atmospheric

forcing by sea ice and the water column. The large thermal inertia

associated with the latent heat of phase change of water, and the

nearness of seabed temperatures to the phase change temperature,

ensure that submarine permafrost reacts slowly to imposed changes.

The hydrodynamic shallow Arctic coast and the presence of moving

ice for much of the year have made it difficult to collect time series of

sediment temperature.

The release of greenhouse gas is potentially more important to

the global climate than the heat energy component associated with

permafrost thaw. An abrupt and large release of greenhouse gases

may significantly affect global climate, especially if released as meth-

ane rather than CO2, but the origin, stocks, spatial distribution and

stability of methane beneath the Arctic shelf remain controversial.

Estimates for the amount of gas hydrate associated with permafrost

in the Arctic are around 1 % of global gas hydrates or 20 Gt.19 This

does not include offshore organic carbon tied up in permafrost that

could be metabolized to methane or carbon dioxide after thawing.

Within submarine organic carbon pools, methane probably occupies a

higher proportion of carbon products.14 The challenge from a perma-

frost perspective is one of attribution: are observations of gas emis-

sion on the Arctic shelf related to permafrost thaw, given that they

are also common in many non-permafrost regions? The most signifi-

cant physical barrier is IBP with low gas diffusivity,11 which entraps

gas beneath and within IBP. This gas may be released through perma-

frost thaw, for example through the formation of open taliks23 or the

destabilization of gas hydrates within IBP.

The stability of hydrates depends on coupled temperature-

pressure conditions and can be as shallow as 20 m below the seabed.

A summary of the history of Arctic gas hydrates, as well as the mecha-

nisms for their formation, has been provided.22 Although important

methane fluxes attributed to submarine permafrost thaw have been

reported in the East Siberian shelf, any released gas must migrate past

numerous physical and chemical sinks before it can reach the atmo-

sphere.10 For example, methane may be microbially oxidized in the

unfrozen sediment column above ice-rich permafrost, as observed in

the Laptev Sea.51 The proliferation of bacteria in warmed submarine

permafrost and the microbial communities responsible for anaerobic

oxidation of methane have been described,90,91 and similar processes

have been investigated for thermokarst lakes.92 In the Beaufort Sea,

most methane in surface waters is not from ancient sources,93

suggesting that the release of ancient carbon methane into bottom

waters is mitigated by effective oxidation and dispersion in the water

column. Methane that reaches the water column may be absorbed

into sea ice and transported into the deep ocean through ice drift.94

Given sea ice's role as a methane sink, decreasing sea ice coverage in

the Arctic could also increase methane fluxes to the atmosphere.

Clearly, further research regarding methane pathways from shelf sedi-

ments into sea ice is needed, as well as how methane stocks in the

sea ice and water column change seasonally.

A link has been drawn by numerous authors between ebullition

and high methane concentrations in shallow submarine sediment, sea-

water and the atmosphere on the one hand and submarine permafrost

thaw on the other.21,23,32,95,96 This connection may exist where per-

mafrost is present and thawing in the presence of observed gas emis-

sions, but this simultaneity does not mandate a permafrost or gas

hydrate source. For example, at locations where permafrost has
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persisted for multiple glacial cycles, sub-permafrost gas may have

migrated upwards and become incorporated into the permafrost dur-

ing subsequent glacial periods (intra-permafrost).97 Gas within and

below the permafrost may have undergone numerous transitions

between the hydrate stability zone and instability. Isotopic signatures

of atmospheric methane do not indicate an Arctic seabed source for

observed increases,98 and there is now evidence that previous esti-

mates of methane release rates were probably too high.99 Modelling

efforts suggest that marine hydrates dissociate too slowly or in insuf-

ficient amounts to create a strong positive feedback effect.100 More

observational data from the large East Siberian shelf region, in particu-

lar, and from seasons other than late summer and early autumn, will

improve our estimates of greenhouse gas exchange between the sea-

bed, water column, sea ice and atmosphere.

2.5 | Rates of degradation

There are few observational data on the rate of submarine permafrost

thaw. The apparently slow rates of permafrost thaw beneath the sea-

bed mandate long time periods for repeat observations. Uncertainties

in the position of historical boreholes make it difficult to perform

repeat measurements. The lack of regional sea level curves for the

Arctic shelf and the dynamic sediment regime in shallow waters make

it difficult to estimate inundation periods for locations where the

depth to ice-bonded permafrost is known.

In Figure 3, estimates of the ice-bonded permafrost table depth

from borehole measurements are plotted against estimated inunda-

tion times. Borehole data are available in the cited studies. Permafrost

depths for a given inundation time vary considerably across the

circum-Arctic. For these shallow shelf sites, variability is driven mostly

by regional seawater and salinity regimes. For inundation times less

than 400 years, the deepest depths to ice-bonded permafrost were

observed offshore of Muostakh Island in the Laptev Sea. This area is

affected by the warm freshwater discharge of the Lena River and has

a mean annual bottom water temperature of 0.5 �C51 close to the

island's north tip. The ice-bonded permafrost depth increased from

16.8 to 19.3 m below sea level (BSL) from 1982 to 2014 at the bore-

hole farthest offshore of Muostakh Island.23 While the high degrada-

tion rate may be partially attributed to warming shelf waters, there is

a lag between ocean warming and accelerated deepening of the upper

boundary of frozen sediments.101,102 In any case, the ice-bonded per-

mafrost depths are similar to other data from the region103,104 when

considering the total time since inundation. Interestingly, the ice-

bonded permafrost depths offshore of Tiksi Bay are at least four times

greater than those in the western Laptev Sea, where the ice-bonded

permafrost depths were only 4 m bsl 400 years after submergence.105

We attribute the shallower depths to colder, negative mean annual

bottom water temperatures. Modelling shows that the degradation of

submarine permafrost from salt diffusion in an area with a mean

annual bottom water temperature of -0.7 �C can be less than half the

rate of degradation from an advancing thawing front in waters with a

mean annual bottom water temperature of 0.5 �C.50 The latter

assumes diffusion as the dominant mechanism for salt transport,

which is increasingly stable in fine sediment with low hydraulic

conductivity.

On the Alaskan Beaufort shelf, the sediment is typically more

coarse-grained than the silty sands at the sites described earlier. This

may facilitate interstitial water movement and salt transport in the

thawed layer, increasing the degradation rate.106 For example, off-

shore of Prudhoe Bay where the mean bottom water temperature is

negative, the ice-bonded permafrost depths2 are similar to those

observed offshore of Muostakh Island and inTiksi Bay for similar inun-

dation times.

On the comparatively steep Beaufort shelf, the ice-bonded per-

mafrost depths observed offshore of the Mackenzie Delta are at least

two times greater than those of the Alaskan Beaufort Sea107 for inun-

dation times greater than 4000 years. This is largely because of the

Mackenzie River discharge, which contributes to mean annual bottom

water temperatures above 0�C nearshore after inundation.1 The

effect may be enhanced by more thermally conductive and less ice-

rich sediment. In the Canadian Beaufort Sea, the ice-bonded perma-

frost depth is not always positively correlated with inundation time

estimated from geothermal modelling.1 For example, the depth to ice-

bonded permafrost is 91 m bsl (3 m water depth) at 3500 years of

inundation compared to 82 m bsl (32 m water depth) for 6000 years

of inundation. Both the borehole locations mentioned earlier are char-

acterized by similar post-transgressive sediment thicknesses. Holo-

cene thermokarst lakes with taliks may have existed prior to the

marine transgression and may be partly responsible for the deep thaw

and apparent high rates of coastal retreat close to Richards Island.1

Recent numerical modelling shows that the warm outflow plume of

the Mackenzie River results in an ice-bonded permafrost table depth

of 100 m below the sea floor (bsf) nearshore compared to 50 m bsf

beyond the 20 m isobath.108 The presence of bedfast ice and seasonal

F IGURE 3 Borehole determinations of submarine ice-bonded
permafrost depths plotted against estimated periods of inundation
from studies in the Laptev and Beaufort Seas
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freezing of the seabed in shallow floating ice zones also has a

major impact on submarine permafrost depths. The top of ice-

bonded permafrost may not decouple from the seasonally frozen

layer until 400m offshore as shown from boreholes near Prudhoe

Bay, Alaska.2 Assuming a coastal erosion rate of 1 m/a, this corre-

sponds to an inundation time of 400 years. Therefore, talik devel-

opment may be delayed or slowed down in areas where bedfast

ice and cold saline water below sea ice are a factor. This is further

demonstrated by modelling of submarine permafrost50 and shallow

thermokarst lakes.109 Although the sites compared here have

diverse geological histories and boundary conditions for submarine

permafrost, their IBP depths imply mean annual degradation rates

of metres to less than centimetres per year, slowing with increas-

ing duration of inundation.

2.6 | Advances in modelling

Study of the seabed and deeper sediment is difficult in a shallow-

water environment that hinders access for larger ships and where sea

ice can threaten any seabed or floating infrastructure. As a result, a

number of studies use numerical modelling of submarine permafrost

to study its distribution and the processes that affect it. The timing of

exposure of the continental shelf (by marine regressions) and the

duration of inundation with seawater (by transgressions) determine

the thermal state of the sediment.27,110 In numerical simulations,

newly submerged permafrost reaches an almost isothermal tempera-

ture profile over a 1 km depth within a few millennia after inunda-

tion.27 New models that account for advection show that submarine

groundwater discharge may be an important factor determining sub-

marine IBP extent and gas hydrate stability in the Beaufort Sea over

multiple glacial cycles.3 In addition, gas hydrate stability models dem-

onstrate that methane gas venting to the water column may be facili-

tated by deep taliks below paleo-river channels.96 Advances in

modelling also include the coupling of diffusive heat and salt flow in

the sediment for the top-down degradation of IBP,50,101 as well as for

sea ice dynamics and the seasonal freezing of the seabed.111 Salt dif-

fusion minimizes seasonal freezing of the seabed in Tiksi Bay,111

which is characterized by positive mean annual bottom water temper-

atures.51 The mitigation of seasonal freezing from salt can lead to

faster submarine permafrost degradation rates in warm coastal waters

affected by terrestrial river runoff.50

In most of the Siberian Arctic shelf, however, cold and saline bot-

tom water with mean annual negative temperatures acts to preserve

submarine permafrost (Figure 1a). In bedfast ice zones, conditions

may be sufficiently cold to preserve ice in the permafrost. Despite

submarine permafrost preservation, a cryotic talik (Figure 1f) still

develops when the mean annual negative bottom water temperature

is higher than the mean annual freezing point of the water. Models

show that the development of open taliks (Figure 1e) occurs in areas

of high geothermal heat flow after long inundation periods,112 and

may be facilitated by inundated thermokarst lake taliks113 and sedi-

ments already saline when submerged.114,115

Sediment will also respond differently to heat flow depending

on its properties. For example, increased porosity and thus ice con-

tent in saturated sediment will reduce thaw rates, particularly for

ice-rich ground close to the surface. Deeper in the subsurface

where sediments are compacted, higher thermal conductivity results

in more rapid thawing of the submarine permafrost's lower bound-

ary. The sediment type not only controls the freezing characteristic

curve but also the interaction with salt. In coarse-grained sediments,

interstitial water movement can speed salt transport. First and fore-

most, this may result in more vertical salinity profiles in the talik,

thus enhancing salt diffusion at the phase-change boundary (IBP

table). Second, in the case of submerged thermokarst lake taliks, this

may prevent refreezing if the freezing point of the sediment

porewater is sufficiently depressed before arrival of the freezing

front. As thawing progresses, the salt concentration gradient over

depth flattens and diffusion slows down. In empirically based

models, it has been shown that thawing due to salt diffusion is neg-

ligible below about 30 m beneath the seabed.102,116

While warming ocean waters may increase the degradation

rate of newly submerged permafrost, coupled heat and salt simula-

tions suggest that recent warming of the Siberian Arctic shelf over

the past few decades,101 presumably as a result of changing

climate, sea ice cover and ocean circulation,117 is unlikely to

affect deep hydrate-bearing permafrost until the next millennium.

Recent modelling suggests that subtle changes in bottom water

temperature and geothermal heat flow since the onset of the

latest marine transgression on the West Yamal Shelf determine the

presence or absence of submarine permafrost118 over long

inundation periods. At a larger scale, submarine permafrost is

mapped consistently for the circumarctic region using numerical

modelling of the sediment temperature evolution over the last

50 ka forced by distributed geothermal heat flux, transient air tem-

perature, ice cap dynamics and sea level history.27 Through

regional validation from seismically delineated frozen sediment, the

modelled submarine permafrost underlies 2.5 × 106 km2 of the

Arctic shelf (Figure 2) and over 97 % of it is thawing at the perma-

frost's lower boundary.

3 | CONCLUSION

New observations are needed to improve our understanding of the

distribution and dynamics of submarine permafrost in the Arctic,

either via direct measurements through sediment coring or via indi-

rect assessments through geophysical methods or the collection of

permafrost-relevant data. Recent advances in shallow controlled-

source electromagnetics and passive seismic methods promise to

bring new insights into the distribution and degradation of subma-

rine permafrost. Despite limited field data, large-scale modelling

has helped drive our understanding of submarine permafrost's spa-

tial extent and thickness. The results are promising, given that

there is good agreement between modelled outputs and field

observations. Recent research on coupled heat and salt diffusion
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models that include seasonal sea ice and seabed freeze/thaw pro-

cesses demonstrates that coastal settings can be close to equilib-

rium, with either degrading or aggrading permafrost depending on

boundary conditions soon after inundation. This is particularly

important for coastal infrastructure design and the potential release

of greenhouse gas. Future research should aim to incorporate

interstitial water flows as part of heat and salt transport models in

areas where diffusive regimes are thought or observed to be

unstable. This would be valuable for areas affected by thermokarst

lake taliks prior to submergence, as the rapid transport of salt into

the sediment could prevent taliks from refreezing and favour devel-

opment of open taliks, which are potential conduits for gas trans-

port. Studies of the distribution of gas sources and provenance are

needed to provide a basis for an Arctic-wide assessment of fluxes

associated with the Arctic shelf and its permafrost. Methods to dis-

tinguish deep hydrate sources from shallower intra-permafrost and

marine sediment sources will be a necessary part of these studies.

Our evolving understanding of past Arctic glaciations in terms of

geographic extent, thickness and timing will change our under-

standing of the distribution and state of permafrost and the

hydrate stability zone over glacial-interglacial time scales. The Inter-

national Continental and Oceanic Drilling programmes' commitment

to joint missions creates an avenue for investigations of the transi-

tion from deep, cold terrestrial to warm, offshore permafrost, along

with the suite of paleo-environmental, deep microbiological and

geological questions that could be addressed on the understudied

Arctic shelf.
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