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Key points:

1. A numerical model is developed to simulate the coupled thermal, hydrological, microbial
and chemical processes in the subsea permafrost.

2. Biodegradation of the ancient organic carbon in the thawing permafrost results in seabed
microbial methane emission.

3. Seabed methane emission is less likely caused by methane hydrate dissociation at the

Arctic continental shelves.
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Abstract: This study explores the carbon stability in the Arctic permafrost following the sea
level transgression since the Last Glacial Maximum (LGM). Arctic permafrost is a significant
natural reservoir of greenhouse gas which is stored in frozen organic carbon, methane hydrates
and natural gas reservoirs. Post-LGM sea level transgression resulted in ocean water, which is up
to 20 °C warmer compared to the average annual air mass, inundating, and thawing the
permafrost. This study develops a one-dimensional multiphase flow, multicomponent transport
numerical model and apply it to investigate the coupled thermal, hydrological, microbial, and
chemical processes occurring in the thawing permafrost. Results show that microbial methane is
produced and vented to the seawater immediately upon the flooding of the Arctic continental
shelves. This microbial methane is generated by biodegradation of the previously frozen organic
carbon in the thawing permafrost. The maximum seabed methane flux is predicted in the shallow
water where the sediment has been warmed up, but the remaining amount of organic carbon is
still high. It is less likely to induce seabed methane emission from methane hydrate dissociation.
Such situation only happens when there is very shallow (~200 m depth), intra-permafrost
methane hydrate, the occurrence of which is limited. This study provides insights into the limits
of methane release from the ongoing flooding of the Arctic permafrost, which is critical to
understand the role of the Arctic permafrost in the carbon cycle, ocean chemistry and climate

change.

Keywords: Permafrost degradation, Sea level rise, Carbon cycle, Methane emission,

Biodegradation of organic carbon, Methane hydrate dissociation
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Plain Language Summary: Arctic permafrost stores ~1,700 billion tons of organic carbon. If
just a fraction of that melts, the escaping methane would become one of the world’s largest
sources of greenhouse gas and would severely impact the environment and climate. Over the last
~18,000 years, a quarter of the stored organic carbon in Arctic permafrost has been flooded by
the rising, warm seas. This has melted the ice and degraded the permafrost. But what happens to
the carbon pools? This study investigates the stability of the carbon in Arctic permafrost
following the flooding from 18,000 years before present using a newly developed numerical
model. Results show that microbial methane is generated and emitted to the seawater
immediately following the flooding. This methane is produced by biodegradation of the
previously frozen organic carbon near the seafloor. The maximum methane emission is predicted
in the shallow water near the coast where the sediment has been warmed up, but the remaining
amount of organic carbon is high. This study provides insights into the limits of methane release
from the ongoing flooding of the Arctic permafrost, which is critical to understand the role of the

Arctic permafrost in the carbon cycle, ocean chemistry and climate change.



65

66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94

1. Introduction

Arctic permafrost is a significant natural reservoir of methane, a greenhouse gas 84 times
more potent than carbon dioxide (CO2) over a 20-year timeframe (Ruppel & Kessler, 2017). The
total organic carbon in the Arctic permafrost is ~1700 billion tons, twice the global atmospheric
pool (Miner et al., 2022; Schuur et al., 2008). When the eustatic sea level began rising sharply
after the Last Glacial Maximum (LGM, ~18,000 years ago), the much warmer seawater (as much
as 20 °C) flooded the Arctic permafrost and began increasing its temperature (Ruppel et al.,
2010; Ruppel & Kessler, 2017). About 1/5 of the Arctic permafrost was under the warm
seawater nowadays which amounts to a warming carbon stock ~1/4 of the total carbon stock in
the Arctic permafrost (Sayedi et al., 2020; Schuur et al., 2015). Such warming significantly
degraded the permafrost and narrowed the offshore continuous permafrost extent from far shore
locations in ~120 m water depth to near shore in as shallow as ~25 m isobath (Hu et al., 2013;
Nicolsky et al., 2012; Portnov et al., 2013; Ruppel et al., 2016). Permafrost degradation resulted
in the widespread methane release at the shelves of the East Siberian Arctic Sea, the Laptev Sea,
the Kara Sea, the Beaufort Sea, the Chuckchi Sea and the Western Svalbard margin (Cramer &
Franke, 2005; Lorenson et al., 2016; Pohlman et al., 2017; Portnov et al., 2013; Shakhova et al.,
2019; Shakhova, Semiletov, Salyuk, et al., 2010; Shakhova et al., 2015). Oxidation of most, if
not all, of the dissolved methane within near-seafloor sediments, leads to a potentially large flux
of dissolved carbon into the ocean contributing to ocean acidification (Biastoch et al., 2011,
Boudreau et al., 2015; Hong et al., 2016). In addition, methane concentration can also become
high enough to exceed saturation and microbial methane consumption, releasing free methane
bubbles directly to the atmosphere (McGinnis et al., 2006; Ruppel & Kessler, 2017). Such
methane emission may contribute to the particularly high methane concentration in the
atmosphere above the Laptev Sea (2.97 ppm) and East Siberian Sea (2.66 ppm, latitudinal mean
= 1.85 ppm) and amplify climate warming (Berchet et al., 2016; Lorenson et al., 2016; Shakhova
et al., 2019; Shakhova, Semiletov, Salyuk, et al., 2010; Thornton et al., 2016).

The warming and thawing of the permafrost and the carbon emission is continuing now
and potentially accelerates with an enhanced Arctic warming during the past ~40 years
(Johannessen et al., 2004; Serreze & Francis, 2006; Smith et al., 2022). However, we still do not
understand the subsea sources of methane, which determine the timing and magnitude of the
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seabed methane emission and its environmental impact (Sayedi et al., 2020). The purpose of this
study is to explore the stabilities of the carbon pools in the thawing subsea permafrost.

Permafrost carbon is frozen in ancient organic carbon, trapped in solid methane hydrate,
and accumulated in natural gas reservoirs (Sayedi et al., 2020; Schuur et al., 2008; Serov et al.,
2015). A substantial fraction of the frozen organic carbon is in yedoma deposits (Kanevskiy et
al., 2011; Strauss et al., 2021; Zimov et al., 2006). Yedoma was deposited during past glacial
periods (late Pleistocene) (Zimov et al., 2006). It covers more than 1 million km? of the north
plains of Siberia and Central Alaska to an average depth 25 m (Vonk et al., 2013; Zimov et al.,
2006). During the LGM when the global sea level was 120 m lower than today, similar deposits
covered substantial areas of the exposed continental shelves. Yedoma deposits comprise large
amounts of grass roots and animal bones, and have a carbon content from 2 wt.% to 5 wt.%,
much higher than the underlying mineral soil (Zimov et al., 2006; Schadel et al., 2014). This
exceptionally old organic carbon is among the most biolabile organic carbon and decomposes
quickly when thawed (Vonk et al., 2013; Zimov 2006). About half of the annual methanogenesis
in north Siberian lakes and most hotspot-seep methane ebullition in interior Alaska thermokarst
lakes are fueled by yedoma deposits (Zimov et al., 1997; Walter Anthony et al., 2021).

Methane hydrate is an ice-like substance that is composed of methane and water
molecules (Sloan & Koh, 2007). Methane hydrate is stable at high pressure and low temperature,
and is widely found in marine sediments (Sloan & Koh, 2007). In Arctic permafrost, methane
hydrate is stable from as shallow as 130 m and down to 2000 m (Collett et al., 2011). Methane
hydrate in Arctic fills discrete layers of coarse-grained sediments beneath the permafrost with
hydrate saturation between 20% and 100% (fraction of pores filled by methane hydrate) (Collett
etal., 2011). Warming may dissociate methane hydrate, release free methane gas, and emit
methane bubbles into the seawater (Baranov et al., 2020; Lorenson et al., 2016; Paull et al., 2011;
Shakhova et al., 2019; Shakhova, Semiletov, Leifer, et al., 2010).

The Arctic stores over 1,200 Pg (10% g) of thermogenic methane carbon in coal beds and
natural gas deposits (Ruppel, 2015; Walter Anthony et al., 2012). The continuous permafrost
forms a “cryosphere cap” which traps the gas leaking from these reservoirs. Degradation of
permafrost could destroy the integrity of this “cryosphere cap” and facilitate the expulsion of
methane (Walter Anthony et al., 2012).
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This study develops a one-dimensional (1D) multiphase flow multicomponent numerical
model to investigate the stabilities of the frozen organic carbon and methane hydrate at the
Arctic continental shelves since the LGM. Applying the model to typical environmental
conditions in the Arctic shows that biodegradation of the ancient organic carbon in the thawing
subsea permafrost is the major source of seabed methane emission. While previous studies
focused on investigating the permafrost degradation, this study takes a further step to explore the
carbon stability and the methane dynamics within the permafrost system (Gavrilov et al., 2020;
Malakhova & Eliseev, 2017; Nicolsky et al., 2012; Nicolsky & Shakhova, 2010; Overduin et al.,
2019; Wilkenskjeld et al., 2022). The results of this study provide insights on the limits of
methane release from the ongoing flooding of permafrost. Such knowledge is critical to
understand the role of the Arctic permafrost in the carbon cycle, ocean chemistry and the past

and future climate warming.
2. Mathematical model

A 1D multiphase flow, multicomponent reactive transport numerical model is developed
in this section to explore the methane dynamics within the thawing subsea permafrost. This
model simulates 1) the top-down heat transport from the seafloor and the bottom-up heat flow
from geothermal heat supply, 2) the temperature-salinity dependent ice melting, 3) the
temperature-dependent organic carbon biodegradation and methanogenesis, 4) the methane
transport by free gas flow and by diffusion and advection with liquid water flow, and 5) the

pressure-temperature-salinity dependent methane hydrate dissociation.
2.1 Mass and energy conservation equations

There are three components (x), methane (m), water (w) and salt (s), which can form four
phases (B), liquid water (1), solid ice (i), free methane gas (v), and solid methane hydrate (h)
(You & Flemings, 2018; You et al., 2019). The model assumes:

1) Thermodynamic equilibrium. This means only stable phases can be present in each
corresponding pressure and temperature regime (Figure 1).

2) Gas phase is composed of methane only.

3) Ice phase is composed of water only.

4) Salt is present only in the liquid water phase.
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Figure 1: Phase diagram in a system with water, methane, and salt. The solid lines are the phase
boundaries for methane hydrate and free methane gas at pore water salinity 0 wt.% (solid blue
line) and 6 wt.% (solid green line), respectively. They are calculated using the Equations in
Figure 2.1. of Moridis et al. (2008). The impact of salinity to the methane hydrate phase
boundary is calculated using Equation 3 in Sun and Mohanty (2006). The dashed lines are the
phase boundaries between ice and liquid water at pore water salinity 0 wt.% (dashed blue line)
and 6 wt.% (dashed green line), respectively. They are calculated using Equation 3b in Sun and
Mohanty (2006). i+h’ means ice coexists with methane hydrate; ‘i+g’ means ice coexists with
free methane gas, ‘I+h’ means liquid water coexists with methane hydrate; ‘[+g’ means liquid
water coexists with free methane gas.

With these assumptions, the mass conservation equations for water (w), methane (m) and
salt (s) are described by (You & Flemings, 2018; You et al., 2019):

2 B d 3(pix§)
[0 Zp=1ivn PpSpXE] + - [Zp=10 apPpXg] — 5, InSzDzK a—zl -q“=0, (1)

where t is time (s); z is depth and is positive downward (m); pg is the density (kg m?) of B
phase; X[')f is the mass fraction of component « in phase g (dimensionless); D is the molecular
diffusion coefficient (m? s) of component k in pore water, and D) = nS,D}5; D} is the
molecular diffusion coefficient (m? s1) in free water; g* is the source or sink of component x (kg
m3s1); gg (m* m?s?) is the volumetric flux of liquid water (8 = 1) or free gas (8 = v), and is

described by Darcy’s law



175

176

177
178
179
180
181
182
183

184

185
186
187

188

189

190
191

192

193

194

195
196

197

198
199
200

_ kg (0P
q = P (62 Plg), (2a)

av=—=22(52 = p,g),  (2b)

where g is the acceleration due to gravity (m s); up and Py are the dynamic viscosity (Pa s) and
pressure (Pa) of B phase, respectively; P, = P, + P.,,;, and P, is the gas-liquid water capillary
pressure (Pa); k is the sediment effective permeability (m?), permeability of the sediment to
single-phase liquid water or free gas flow in presence of ice and/or methane hydrate.

Melting of ice and dissociation of methane hydrate increases the sediment effective
permeability, which is described following the pore-filling model (Kleinberg et al., 2003;
Kleinberg & Griffin, 2005):

_ (e 2 2(1-Sp-5;)2
k= ko|1— (S +Sn) I | @

where k, is the sediment intrinsic permeability (m?), permeability of the sediment to single-
phase liquid water or free gas flow in absence of ice and methane hydrate; k,; and k,, are the

relative water and gas permeability, respectively, which are calculated using the effective water

Sy
1-Sp—S;

Sy .
(1_Sh_5i) and gas saturation (:

model (Bear, 1972).
The energy conservation of the system is described by (You & Flemings, 2018; You et
al., 2019)

) (You & Flemings, 2018; You et al., 2019) and the Corey’s

d d 3 [,
5|1 = )prCrT + Tp=riwnnSpppugl| + - [Zp=10appphs] — 5 [/15] —q°=0.(4)

Equation 4 includes heat transport by advection (the second term) and conduction (the third
term). Cy is the heat capacity of the solid grain (J kg™t K™); T is temperature (°C); ug and hg are
the specific internal energy (J kg?) and specific enthalpy (J kgl) of B phase, respectively; g° is
the energy sink or source (J m3s™), and is described by (You & Flemings, 2018)

e _ 9mpiLiS;) | 0(mppLnSh)
o at at ' ()

to simulate the latent heat of ice melting (L;, J kg™) and methane hydrate dissociation (L, J kg?).
A is the bulk thermal conductivity (W m™ °C?), and is calculated using the parallel model
(Muraoka et al., 2019; Waite et al., 2009)
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A= (1—-n)Ag +nSA; + nS;A; + nS,A, + nSpA,. (6)
In Equation 6, A, A, 4;, 4, and A, are the heat conductivity (W m™* K2 of solid grains, liquid

water, ice, free methane gas, and methane hydrate, respectively.
2.2 Subseafloor methane sources

This model simulates two potential methane sources. The first is the dissociation of
methane hydrate. The rate of methane hydrate dissociation is thermodynamic-equilibrium
constrained.

The second methane source is the temperature-dependent organic carbon biodegradation.
It is described by the Introductory Carbon Balance Model (ICBM) (Andrén & Katterer, 1997). In
this model, the total organic carbon falls into two pools, the labile pool with a relatively high
reactivity k,; and a stable pool with a relatively low reactivity k,. A fraction h of the degrading
material from the labile pool flows into the stable pool representing humification. The remaining
part (1 — h) leaves the system as CH4 and CO>. The mass conservation equations for the labile

and stable organic carbon are (Andrén & Katterer, 1997).

dCl;fue' = —kyv(T)Ciapite: (7a)

dCS apte
C;tbl = hklr(T)Clabile - kZT(T)Cstablm (7b)

where Cjapite and Cgiapie are the carbon content (wt.%) of the labile and stable pools,
respectively; r(T) is the temperature response factor, the ratio of the organic carbon reactivity at
temperature T to that at a reference temperature T..r (4 °C in this study). r(T) is calculated by
(Katterer et al., 1998)

r(T) = _(T=Tmin)* (8)

(Tref=Tmin)"

With T,,;,, = —17 °, the predictions from Equation 8 match well with the compiled data from
more than 20 laboratory incubation experiments (Figure 2a) (Kétterer et al., 1998; Rivkina et al.,
2002). Ty is the minimum temperature for biodegradation (°C). Biodegradation only occurs
when temperature is above T,,;;,.

The microbial methane generation rate (g™, kg m2s?) is calculated by (You & Flemings,
2021)

q™ = A[kyT(T)aCorg + kor(T)(L — @)Corg].  (9)
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where C,,, is the total organic carbon content (Wt.%); a is the fraction of the labile organic

carbon (dimensionless) with Cgpie = @Corg and Copapre =

(1 = a)Corg. A is a conversion factor

and A = 0.5 x ng(l —n) (You & Flemings, 2021). Reactivities of the organic carbon (k4, k)

at 4 °C are obtained by fitting the model (Equations 7 and 9) to the measurements from a 7 year-

long laboratory incubation experiment on permafrost soils under anoxic condition with a =

0.5% and h = 0.7 (Figure 2b-2c) (Knoblauch et al., 2018; Knoblauch et al., 2013).
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Figure 2: (a) Change of the temperature response factor (r(T)) from -20 °C to 20 °C with a
reference temperature T, = 4 °C. Temperature response factor describes the ratio of the
organic carbon reactivity to the reactivity at a reference temperature. The black dots are
measurements compiled by Katterer et al. (1998) and Rivkina et al. (2002). The blue line is the
prediction by Equation 8. The predicted (b) microbial methane generation rate, (c) cumulative
methane generation, and (d) percentage of organic carbon remained at 4 °C using the
methanogenesis model described in Equation 9 and parameters @ = 0.5%, h = 0.7, k; =

10
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0.3x 107 7s71 and k, = 0.6 x 107115~ (Knoblauch et al., 2018; Knoblauch et al., 2013). In
Figure 2c, the inset shows a zoom-in view of the first 5 years, and the red dots show the
measurements by Knoblauch et al. (2018). In Figure 2d, the red line shows the stable or less
reactive pool of the organic carbon, and the green line shows the labile or more reactive pool of
the organic carbon. The predicted methane production rate is high at the onset of
biodegradation. However, as the labile organic carbon is consumed up within 8 years, the
methane production rate quickly declines. Later methane production is fueled by the stable
component of the organic carbon, which requires ~30 kyrs to be consumed up.

2.3 Numerical method

The numerical model is solved by a block-centered finite-volume method (Liu &
Flemings, 2007). Upstream weighting is used to calculate the phase mobility, and harmonic
weighting is used to calculate the sediment effective permeability. At each timestep, the
discretized mass and energy conservation equations are solved fully implicitly using the residual-
based Newton Raphson method. After convergence, the methane generation rate and the

remaining amount of labile and stable organic carbon are calculated for the next timestep.
3. Carbon stability in the thawing subsea permafrost
3.1 Numerical model setup

Eight different simulations are conducted to explore the evolution of the subsea
permafrost and the carbon stability from 18,000 years (kyr) before present (BP) using typical
parameters in the Arctic (Table 1). All simulations model a 1D domain from the ground
surface/seafloor to 1200 m depth, which is discretized into 120 blocks with a vertical size 10 m.
The system is at thermodynamic equilibrium before flooding. Case-1 models a system at the
current day water depth 120 m. Before flooding at 18 kyrs BP, temperature equals -20 °C at the
ground surface and increases linearly with depth with a geothermal heat flux 60 m\W m
(Frederick & Buffett, 2014; Graw et al., 2023; Nicolsky et al., 2012; Petit et al., 1999) (Figure 3).
This allows the formation of a 645 m-thick permafrost from the ground surface. Ice saturation
equals 80% throughout the permafrost (Figure 4a). Salinity decreases from 22.9 wt.% at the
ground surface to 3.7 wt.% at 645 m according to the temperature (Figures 1, 3c). Salinity equals
3.2 wt.% below the permafrost. Pressure equals the atmospheric pressure 0.1 MPa at the ground

surface and increases hydrostatically with depth.

11



Table 1: Input parameters for the simulations.

°C

Parameters and physical meanings Values | Reference

Sediment porosity (n), dimensionless 0.35 Collett et al. (2011)

Sediment intrinsic permeability (ky), m? 101 Frederick & Buffett (2014)

Residual water saturation (S,;), dimensionless 0.1 You & Flemings (2021)

Residual gas saturation (S,.,), dimensionless 0 You et al. (2021)

Gas-liquid water capillary pressure (P.,;), MPa 0.20 Liu & Flemings (2007)

Heat capacity of sediment grains (Cg), J K kg! 730 Waite et al. (2009)

Heat capacity of methane hydrate (C,,), J K kg* 2100 Liu & Flemings (2007)

Heat capacity of water (C;), J K kg? 4200 Waite et al. (2009)

Heat capacity of methane gas (C,), J K1 kg 3500 Liu & Flemings (2007)

Heat capacity of ice (C;), J K kg? 2108 Frederick & Buffett (2014)

Thermal conductivity of sediment grains (1), 2.3 Wright et al. (2005)

W mtK?!

Thermal conductivity of methane hydrate (1;,), 0.49 Liu & Flemings (2007)

W mtK?

Thermal conductivity of water (1,), W m?* K1 0.58 Waite et al. (2009)

Thlermal conductivity of methane gas (1,), Wm? | 0.033 Liu & Flemings (2007)

K-

Thermal conductivity of ice (1;), W m* K 2.2 Waite et al. (2009)

Density of methane hydrate (p;,), kg m? 912 Liu & Flemings (2007)

Density of ice (p;), kg m? 917 Waite et al. (2009)

Density of solid grains (pg), kg m™ 2750 Liu & Flemings (2007)

Thickness of yedoma soil, m 50 Strauss et al. (2021)

Organic carbon content in Yedoma soil (Cyg), 3.5 Zimov et al. (2006)

wt.%

Organic carbon content in mineral soil (Coyg), 1 Davie & Buffett (2001)

wt.%

Fraction of labile organic carbon pool (a), % 0.5 Knoblauch et al., 2013

Fraction of stable organic carbon pool (1-a), % 99.5 Knoblauch et al., 2013

Reactivity of the labile organic carbon for Yedoma | 0.3 Fit model to measurements in

soil at 4 °C (k,), s* x 107 | Knoblauch et al. (2018)

Reactivity of the stable organic carbon for Yedoma | 0.6 Fit model to measurements in

soil at 4 °C (k,), s x 1011 | Knoblauch et al. (2018)

Humidification coefficient (h), dimensionless 0.7 Fit model to measurements in
Knoblauch et al. (2018)

Reactivity of labile organic carbon for mineral soil | 0.3 Malinverno (2010)

at 4 °C (k,), s x 10711

Reactivity of stable organic carbon for Yedoma 0.6 -

soil at 4 °C (k,), s x 10715

Minimum temperature for methanogenesis (Tpnin), | -17 Fit model to measurements in

Katterer et al. (1998) and
Rivkina et al. (2002)

12
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Reference temperature for methanogenesis (Tr.f), | 4 Knoblauch et al. (2013),
e Knoblauch et al. (2018)
Initial permafrost layer thickness, m 650 Collett et al. (2011)

Initial ice saturation (S;), dimensionless 0.8 Collett et al. (2011)

Initial methane hydrate saturation (Sy), 0.5 Collett et al. (2011)
dimensionless

Geothermal heat flux, mW m 60 Nicolsky et al. (2012)
Bottom water temperature, °C -1.3 Nicolsky et al. (2012)
Bottom water salinity, wt.% 3.2 Frederick & Buffett (2014)
Latent heat of hydrate (L), kJ kg 418 Liu & Flemings (2007)
Latent heat of ice melting (L;), kJ kg 334 Frederick & Buffett (2014)

A 50 m-thick yedoma layer is buried below the ground surface with a constant total
organic carbon content 3.5 wt.% (Strauss et al., 2021; Zimov et al., 2006), of which 0.5% falls in
the labile pool and has a reactivity k; = 0.3 x 1077 s (Table 1) (Knoblauch et al., 2018;
Knoblauch et al., 2013). The rest belongs to the stale pool and has a reactivity k, = 0.6 x 10711
st (Table 1). The underlying mineral soil has a constant total organic carbon content 1 wt.%,
typical value for the world’s near seafloor sediment in deeper water (Davie & Buffett, 2001; You
et al., 2021). Reactivities of the organic carbon are set to 4 orders of magnitude lower in the
mineral soil than yedoma soil, which yields a reactivity value 0.3 x 10~ s for the labile
component, typical value for deeper water marine sediments (Table 1) (Malinverno, 2010; You
& Flemings, 2021).

Methane hydrate is stable from 145 m to 1045 m at 18 kyrs BP (Figure 3d). Three 30 m-
thick methane hydrate deposits are buried below the ground surface with a constant hydrate
saturation 50% (Figure 4b). The shallow hydrate deposit is at 195 m-225 m, near the top of the
methane hydrate stability zone (MHSZ); the middle hydrate deposit is at 645 m -675 m, right
below the base of the permafrost; the deep hydrate deposit is at 1015 m -1045 m, right above the
base of the MHSZ (Figure 4b).

Temperature at the top of the domain is immediately increased to the bottom water
temperature -1.3 °C upon flooding at 18 kyr BP (Nicolsky et al., 2012). After that temperature is
kept constant at the seafloor until present (0 kyr). All simulations are extended to 2 kyrs after
present to explore the future projections. Four scenarios of future warming are explored: SSP1-
2.6 (Case-2), SSP2-4.5 (Case-1), and SSP5-8.5 (Case-3) from the Max Planck Institute Earth

System Model runs (Kleinen et al., 2021) and no further warming in the future (Case-4). In
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SSP1-2.6 (Case-2), SSP2-4.5 (Case-1), and SSP5-8.5 (Case-3), seabed temperature is increased
linearly by 1 °C in the next 100 years, 2 °C in the next 100 years and 8 °C in the next 400 years,
respectively, and then kept constant. In Case-4 seabed temperature is constant (-1.3 °C) from 18
kyrs BP to 2 kyrs after present.

With the linear rising of water depth from O m at 18 kyr BP to 120 m at present, the
pressure at the seabed increases accordingly (Frederick & Buffett, 2014; Kendall et al., 2005).
The same sea level rising rate is maintained for the next 2 kyrs for simplification. There is
constant geothermal heat supply (60 mW m2) and no fluid flow and mass transport at the
bottom of the model (Graw et al., 2023; Nicolsky et al., 2012).
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Figure 3: Case-1: Evolution of (a) temperature, (b) pore water pressure, (c) pore water salinity
and (d) ice (blue) and methane hydrate stability zone (green) following the flooding at 18,000
vears (18 kyrs) before present. Negative values for horizontal axis mean time before present, ‘0’
means present, and positive values mean time into the future. ‘mbsf” means meter below
seafloor.

3.2 Modeling results

Following the flooding at 18 kyrs BP, temperature gradually increases in the sediment
(Figure 3a, Supporting Information). The top-down warming drives ice to melt and permafrost to
retreat from the seafloor (Figure 4a), which releases fresh water and decreases the local salinity
(Figure 3c). A decreasing salinity means a higher temperature is required to melt the remaining
ice (Figure 1). Heat conduction from the seabed reverses the temperature gradient in the shallow
sediment (Figure 3a). This causes the accumulation of the geothermal heat within the permafrost
and drives ice melting from the base of the permafrost from 4 kyrs following the flooding
(Figure 4a). The thickness of the permafrost shrinks to 290 m at present, extending from 245 m
to 535 m below the seafloor (Figure 4a). The average ice saturation declines from 80% before
inundation to 24% at present (Figure 4a).

In contrast, the MHSZ stays nearly constant throughout the simulation, with both its top
and bottom slightly moving up (Figure 3d: green color). Methane hydrate is quite stable in the
shallow and middle hydrate layers where the methane hydrate maintains the initial saturation
(50%) (Figure 4b). Methane hydrate does dissociate in the deep deposit, starting from 9 kyrs BP
(Figure 4b). However, the released methane gas does not reach the seafloor. Instead, it is trapped
at the new base of the MHSZ as newly formed methane hydrate (Figure 4b).

When temperature increases to above -17 °C, methanogenesis immediately starts in the
yedoma layer (Figure 5). It is fueled by biodegradation of the organic carbon near the seafloor
(Figure 5a). The labile component is consumed up in the entire yedoma layer after 300 years’
biodegradation (Figure 5a). After that methanogenesis is sustained by the stable component of
the organic carbon (Figure 5b). The rate of methane production increases initially following the
flooding with the rising temperature (Figure 5¢). The rate starts declining at ~4 kyrs following

the flooding as the remaining amount of organic carbon decreases (Figure 5c).
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338  Figure 4: Case-1: Evolution of (a) ice saturation, (b) methane hydrate saturation, and (c) gas
339  saturation following the flooding at 18,000 years (18 kyrs) before present. Horizontal axis has
340 the same meaning as Figure 3.
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Seabed methane emission starts immediately (25 years) following the flooding and lasts
for the rest of the simulation period (Figure 6a). The seabed methane emission is in the form of
free gas flow (Figure 4c). It is fueled by biodegradation of the organic carbon in the yedoma
layer. The methane flux increases initially as the methanogenesis rate increases throughout the
yedoma layer (Figure 6a). It reaches a peak value 288 mg m day* at 4 kyrs following the
inundation when the subseafloor methanogenesis rate is highest. The seabed methane flux drops
to 172 mg m2 day* at present (Figure 6a).

If there is no further warming in the future (Case-4), the seabed methane flux continues
decreasing in the next 2 kyrs (Figure 6a: green line). However, further warming in the future
further increases the sediment temperature near the seafloor (Figure 3a). This increases the
reactivity of the remaining organic carbon, enhances the methanogenesis and amplifies the
seabed methane emission (Figure 6a: blue, red and black lines). If the future warming magnitude
is less than 2 °C (Case-1, 2, 4), the maximum seabed methane emission is less than 250 mg m
day? and is solely fueled by biodegradation of the organic carbon in the yedoma layer. However,
a higher magnitude warming in scenario SSP5-8.5 (Case-3) elevates the seabed methane flux to
823 mg m2 day ! at 672 years after present (Figure 6a: black line). This is 4 times the current day
seabed microbial methane flux. In addition, such a high magnitude warming causes methane
hydrate to start dissociating in the shallow deposit from 1.4 kyrs after present, which
significantly increases the seabed methane flux when the released gas reaches the seafloor.

Case-5 simulates a higher geothermal heat flux, 80 mW m2, compared with Case-1
(Figure 7, Supporting Information). The thickness of the permafrost reduces to 485 m at
thermodynamic equilibrium at 18 kyrs BP (Figure 7). The base of the MHSZ moves up to 715 m
(Figure 7a: green color). The middle and the deep methane hydrate deposits are moved up to
485-515 m and 695-715 m, respectively, to accommodate the new thermodynamic condition
(Figure 7c). A higher geothermal heat flux drives faster ice melting from the base of the
permafrost (Figure 7b). Permafrost disappears from the entire sediment at ~5 kyrs BP (13 kyr
following the flooding) (Figure 7b). In addition, the higher geothermal heat flux drives earlier
and faster methane hydrate dissociation from both the shallow and the deep hydrate deposits
(Figure 7c¢). Methane hydrate starts dissociating from the shallow hydrate deposit at 4 kyrs BP
(Figure 7c). The released free methane gas reaches the seafloor and starts venting methane into

the seawater from 2 kyrs BP (Figure 7d). Before that the seabed methane emission is solely
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fueled by microbial methanogenesis and has a same low flux as Case-1 (Figure 6b: blue line).
The addition of the methane from the dissociating methane hydrate dramatically increases the
seabed methane flux. The seabed methane flux jumps to 665 mg m day at 2.3 kyrs BP, 3.5
times of the flux fueled by microbial methanogenesis only (Figure 6b: compare the blue and the
red curves). A 2 °C rise of the seabed temperature in the next 100 years (SSP2-4.5) further
amplifies the seabed methane flux. The seabed methane flux further jumps to 1937 mg m day*
at 1.4 kyrs after present, more than 10 times the flux fueled by biodegradation only (Figure 6b:
blue line). This further rise of methane flux is caused by the accelerated dissociation of methane
hydrate in the shallow deposit. The shallow methane hydrate deposit is exhausted at 1.4 kyrs
after present, after which the seabed methane flux drops rapidly to the flux sourced from
biodegradation only (Figure 6b: blue line).

In Case-6 (Supporting Information), ice saturation is reduced to 60% throughout the 645
m-thick permafrost, compared with Case-1. A lower amount of ice means less heat is required to
melt the in-situ ice. As a result, temperature rises faster in the sediment. This results in a higher
microbial methanogenesis rate and a larger seabed microbial methane flux in Case-6 than Case-1
(Figure 6b: the black line is above the red line). In addition, methane hydrate starts dissociating
in the shallow deposit and feeding the seabed methane emission at 880 years BP. This rapidly
elevates the seabed methane flux to more than 2 times the flux fueled by biodegradation only
(Figure 6b: black line). A 2 °C warming in the next 100 years (SSP2-4.5) further enhances
methane hydrate dissociation and amplifies the seabed methane flux (Figure 6b: black line).

Case-7 simulates a discontinuous permafrost where a 10 m-thick ice-free interval is
interbedded with a 40 m-thick ice-bearing interval for every 50 m-thick permafrost (Supporting
Information). Such an ice distribution has been observed from well log data previously (Ruppel
et al., 2016). Case-7 predicts a similar seabed methane flux as Case-1 (Figure 6b: green line).
The seabed methane emission is fueled solely by biodegradation of the organic carbon in the
yedoma deposit. Different from Case-1, the permafrost retreats much faster and disappears at

300 years after present in Case-6.
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Case-8 simulates the permafrost evolution at the current day water depth 50 m (Figure 8,
Supporting Information). This water depth was flooded at ~7.5 kyrs BP (Figure 8) (Frederick &
Buffett, 2014; Kendall et al., 2005). Before flooding, temperature at the ground surface increases
linearly with time from -20 °C at 18 kyr BP to -13 °C at 10.5 kyrs BP (Frederick & Buffett, 2014;
Petit et al., 1999). During this period, the temperature in the shallow sediment is not high enough
to support a fast methanogenesis and allow seabed methane bubbling (Figure 8c). Thus, the
seabed methane flux is negligibly low during this period (Figure 6b: orange line). Upon flooding
at 7.5 kyrs BP, temperature at the top is immediately increased to -1.3 °C as Case-1. The system
starts evolving similarly as the 120 m water depth (Case-1) (Figure 6b: orange line). Methane is
emitted to the seawater through free gas flow. The seabed methane bubbling is fueled solely by
biodegradation of the organic carbon in the yedoma layer. A thick permafrost persists until
present, extending from 95 m to 635 m depth with an average ice saturation 42% (Case-8)
(Figure 8).

4. Discussion
4.1. Biodegradation of the ancient organic carbon as a source of seabed methane emission

Biodegradation of organic carbon produces a seabed methane flux on the order of tens of
g m* year (Figure 6). The predicted seabed methane flux is similar to the observed methane
ebullition rate onshore Alaska above thermokarst lakes (Walter Anthony et al., 2016). This
methane emission has a much lower magnitude but lasts much longer than fueled by methane
hydrate dissociation (Figure 6).

The predicted seabed methane emission is mainly fueled by biodegradation of the organic
carbon at the Arctic continental shelves. The recent sea level transgression warms and melts the
inundated permafrost, reactivates the methanogenesis and causes seabed methane emission
(Figure 6, Figure 9). The seabed methane emission starts immediately following the flooding and
persists since then (Figure 6). This increases the dissolved methane concentration and results in
methane supersaturation in the bottom water observed at the Arctic continental shelves (e.g., the
East Siberian Arctic Shelf, the Beaufort Sea shelf, the Kara Sea) (Kvenvolden et al., 1993;
Lorenson et al., 2016; Shakhova, Semiletov, Salyuk, et al., 2010; Shakhova et al., 2015). Other
sources of methane, such as coastal riverine input, coastal erosion and submarine groundwater

discharge, have also been suggested bringing methane from inland swamps and tundra
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environments into the shelf water (Cramer & Franke, 2005; Sapart et al., 2017; Shakhova et al.,
2015). However, the observed vigorous bubbling events at the seabed, the spatial overlap
between the seabed gas bubbling and the subsea permafrost degradation, and the Pleistocene-
aged or older microbial methane measured in the bottom water all suggest that a large fraction of
the methane in the bottom water originates from the thawing subsea permafrost (Cramer &
Franke, 2005; Lorenson et al., 2016; Pohlman et al., 2017; Sparrow et al., 2018; Steinbach et al.,
2021). This same methane source has been measured fueling the widespread methane bubbling
above the thermokarst lakes onshore Alaska and Siberia (Walter Anthony et al., 2016; Walter
Anthony et al., 2021; Zimov et al., 1997).

Last Glacial Maximum

Permafrost

Sea level

Present day Methane bubble
from biodegradation Sea level

Figure 9: At Last Glacial Maximum when the sea level was ~120 m lower, large area of the
current day Arctic continental shelf was exposed to extremely cold atmospheric air. Thick layers
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of permafrost and methane hydrate stability zone developed below the ground surface. Post-Last
Glacial Maximum sea level rise gradually flooded the permafrost and melted the ice.
Biodegradation of ancient organic carbon in the thawing permafrost produces methane. The
methane could eventually be emitted to the seawater by free gas flow. The predicted highest
seabed microbial methane flux is in shallow water where the sediment has been warmed up, but
the remaining amount of organic carbon is still high. The melting of permafrost may allow deep
hydrocarbon leakage into the seawater due to the disintegration of the “cryosphere cap”.

More importantly, the seabed microbial methane flux is predicted reaching its peak value
shortly (~ 4 kyrs) after the flooding when water above the simulation location is still shallow
(~27 m) (Figure 6). After that the seabed methane flux declines with time with the decrease of
the organic carbon content in the yedoma layer. This indicates that the highest seabed microbial
methane flux should be in the near shore area where the sediment has been warmed up, but the
remaining amount of organic carbon is still high. Such prediction matches the observed hotspots
of bottom water dissolved methane, located near the coast of the Laptev Sea, East Siberian
Arctic Sea and Beaufort Sea (Chuvilin et al., 2022; Lorenson et al., 2016; Shakhova, Semiletov,
Salyuk, et al., 2010; Shakhova et al., 2015). This further indicates that the bottom water methane
comes from biodegradation of the previously frozen organic carbon in the thawing permafrost.
Similar observations have been made onshore Alaska: hotspot methane bubbling are mostly
found in the newly expanded regions of thermokarst lakes (Walter Anthony et al., 2021).

Biodegradation as the bottom water methane source indicates that not much of the
released methane will reach the surface water and the atmosphere. The low-magnitude
biodegradation (Figures 5c, 6) means that a large fraction of the generated methane could be
consumed by the sulfate-riven AOM below the seafloor and the aerobic methane oxidation in the
water column as the methane flows upward (Hong et al., 2016; Overduin et al., 2015; Ruppel &
Kessler, 2017; Sparrow et al., 2018; Stranne et al., 2019). In addition, along the flow path,
methane in bubbles gradually dissolves into the seawater (McGinnis et al., 2006; Ruppel &
Kessler, 2017; Wang et al., 2020). Atmospheric gases (dissolved nitrogen, oxygen, argon and
carbon dioxide) in the seawater gradually absorb to gas bubbles. Even in cases where gas
bubbles reach the surface water, they may only contain atmospheric gases and no methane
(McGinnis et al., 2006). For example, McGinnis et al. (2006) predicted that for 50% of methane
contained in bubbles at the seafloor to reach the atmosphere requires minimum 10 mm diameter

bubbles to be emitted at 30 m water depth. Bubble sizes measured to date are mostly less than 10
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mm diameter (Romer et al., 2012; Skarke et al., 2014; Wang et al., 2020; Wang et al., 2016).
Therefore, the thawing subsea permafrost may not contribute much methane into the surface
water and the atmosphere. Such an inference is also supported by field measurements. Analysis
of water samples collected at the U.S. Beaufort Sea shelf show that although ancient carbon is
being mobilized and emitted as methane into the bottom water, methane in surface water is

principally derived from modern-aged carbon (Sparrow et al., 2018).
4.2. Is methane hydrate dissociation a source of seabed methane emission?

In most simulated cases (Case-1, 2, 3, 4, 7, 8), the stability zone of methane hydrate stays
nearly unchanged throughout the entire simulation period. All three methane hydrate deposits are
predicted containing methane hydrate at the original saturation until present day. This is caused
by three factors. First, ice melting is an endothermal process. The melting of ice in the shallow
sediment buffers heat transport into the hydrate deposits. Second, ice melting releases fresh
water and decreases salinity. The fresher pore water shifts the methane hydrate phase boundary
toward higher temperature, making methane hydrate more stable. Freshwater seepage has been
detected at the continental shelves of the Laptev Sea (Kravchishina et al., 2021) and Canadian
Beaufort Sea (Gwiazda et al., 2018). Third, pore water pressure increases with the rising sea
level. A higher pressure moves the methane hydrate phase boundary toward higher temperature,
especially at low temperature where methane hydrate stability is more sensitive to pressure
(Figure 1).

In rare cases (Case-5 and 6), methane hydrate dissociates and vent free methane gas to
the seawater. When this happens, the seabed methane flux is much higher than from the
biodegradation alone (Figure 6b: the black and blue lines). However, the occurrence of seabed
methane emission from methane hydrate dissociation is problematic. Such situation requires the
presence of very shallow (~200 m depth), intra-permafrost methane hydrate deposits, the
occurrence of which is very limited. There is only one documented case of intra-permafrost
methane hydrate in literature now, at ~20 km west of the Mallik, Northwest of Canada
(Dallimore & Collett, 2005). Formation of concentrated methane hydrate deposit requires large
amount of methane. In deeper-water marine sediments, three-dimensional free gas flow is
inferenced to focus the basin-wide microbial methane into the hydrate reservoirs (You et al.,

2019; You et al., 2021). In permafrost region, nearly all methane hydrate deposits discovered
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nowadays is below the base of permafrost (Collett et al., 2011). Methane in those reservoirs is
thermogenic and transported from deep hydrocarbon reservoirs by free gas flow along faults
(Collett et al., 2011). Both cases require free gas flow, which is challenging through the ice-
bearing sediment.

Besides, a high geothermal heat flux is required to dissociate methane hydrate and vent
the released methane gas to the seawater. Case-5 uses a very high geothermal heat flux, 80 mW
m-2. Such a high geothermal heat flux is not common at the Arctic continental shelves but may
occur at locations with high-rate upward fluid flow (Graw et al., 2023). Thermogenic gas seeps
are widely observed at the outer shelves of the Laptev Sea and the East Siberian Arctic Sea
(Baranov et al., 2020). Their formation has been attributed to the flooding-induced methane
hydrate dissociation (Baranov et al., 2020; Cramer & Franke, 2005; Dmitrenko et al., 2011,
Sapart et al., 2017; Sergienko et al., 2012; Steinbach et al., 2021). However, those gas seeps are
directly above junctions of faults that connect to deeper hydrocarbon reservoirs (Baranov et al.,
2020). They are more likely to represent the leakage of deep hydrocarbon reservoirs, like those
widely observed along boundaries of permafrost thaw and melting glaciers in the terrestrial
Arctic (Walter Anthony et al., 2012) and in ice-free deep-water environments (e.g., northern Gulf
of Mexico) (Boyd et al., 2011; Smith et al., 2014) (Figure 9).

Case-6 also predicts seabed methane emission fueled by methane hydrate dissociation.
However, besides the presence of very shallow hydrate deposit, Case-6 simulates a low initial ice
saturation, 60%. At the LGM when the atmospheric temperature is less than -20 °C in the Arctic,
the predicted ice saturation is nearly 100% throughout the permafrost (Frederick & Buffett,
2014).

5. Summary and conclusion

Arctic permafrost stores significant amount of carbon in frozen ancient organic carbon,
solid methane hydrates and natural gas reservoirs. When sea level starts rising sharply since the
LGM, a large fraction of this carbon is inundated under the much warmer seawater. This study
explores the stability of the carbon pools in the Arctic permafrost following the flooding since
the LGM. Eight different 1D simulations are conducted using a newly developed numerical

model that fully couples the thermal, hydrological, chemical, and microbial processes occurring
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within the thawing permafrost. All simulations start from 18 kyrs BP and end at 2 kyrs after
present. The following conclusions can be obtained from this study:

1. Microbial methane is produced and vented at the seabed immediately upon flooding of
the Arctic continental shelves. This microbial methane is generated by biodegradation of the
previously frozen organic carbon in the yedoma layer near the seafloor. Flooding causes heat to
be transported from the warm seawater to the cold sediment, elevates the temperature and melts
the ice, which dramatically increases the reactivity of the organic carbon and enhances microbial
methanogenesis.

2. The flux of seabed microbial methane emission reaches its peak value shortly
following the flooding and then declines with the consumption of the organic carbon. This
indicates that the highest seabed microbial methane flux is in the near shore area where the
sediment has been warmed up, but the remaining amount of organic carbon is still high.

3. Without further warming in the future, the seabed microbial methane flux at deeper
water depth (e.g., > 30 m) is decreasing today and in the future. However, further warming in the
future could further increase the seabed methane flux to a peak value that is several times the
current day flux.

4. Itis less likely for methane hydrate dissociation to fuel a seabed methane emission at
the Arctic continental shelves. That is because this requires the presence of very shallow, intra-
permafrost methane hydrate deposit and a high geothermal heat flux. Their widespread

occurrence is questionable.

Nomenclature

Superscript
e energy

m methane

S salt

w water

K components index
Subscript
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582 h hydrate phase
583 i ice phase

584 1 liquid phase
585 R solid grain

586 v gas phase

587 f8 phases index

588

589 A conversion factor in methanogenesis model (kg m)

590  Ciapie labile organic carbon content (wt.%)

591  C,rg total organic carbon content (wt.%)

592  Csapie Stable organic carbon content (wt.%)

593  Cp heat capacity of g phase (J kg K1)

594  Df molecular diffusion coefficient of component x in sediment (m? s%)
595 D)5 molecular diffusion coefficient of component k in free water (m? s?)
59 g acceleration due to gravity (m s?)

597 h humification factor (dimensionless)

598  hg specific enthalpy of phase £ (J kg?)

599 k sediment effective permeability (m?)

600 k,  sediment intrinsic permeability (m?)

601  ky reactivity of the labile organic carbon (s?)

602 k, reactivity of the stable organic carbon (s™)

603  k, relative permeability of liquid water phase (dimensionless)
604 k., relative permeability of free methane gas (dimensionless)
605 L latent heat of hydrate formation and dissociation (J kg™)
606 L; latent heat of ice formation and melting (J kg™)

607 n porosity (dimensionless)

608 P.,; gas-liquid water capillary pressure (Pa)

609 P, pressure at the quadruple point (Pa)

610 Pg pressure of B phase (kg m™ s?)

611 q°  energy generation rate (J m3s™)
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612
613
614
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621
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641

Xg
Pp
Hp
2

g

sources or sinks of component x (kg m?s™)

volumetric flux of 8 phase (m® m2s?)

temperature response factor for methanogenesis model (dimensionless)
residual liquid water saturation (dimensionless)

residual gas saturation (dimensionless)

saturation of 8 phase (dimensionless)

time (s)

temperature (°C)

minimum temperature below which methanogenesis stops (°C)
reference temperature for methanogenesis model (°C)

depth below the ground surface/seafloor (m)

fraction of the labile organic carbon in the total organic carbon pool (dimensionless)
specific internal energy of phase 8 (J kg™)

mass fraction of component k in phase £ (dimensionless)

density of 8 phase (kg m™)

dynamic viscosity of 8 phase (kg m?s?)

bulk thermal conductivity of the porous media (W m °C*?)

thermal conductivity of phase g (W m™ °C™)
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