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19 Abstract: Global warming poses a growing threat to permafrost stability worldwide. Coastal
20  permafrost is especially vulnerable because it is exposed to both rising ocean temperatures and
21 seawater intrusion. However, the dynamic thermo-hydro-saline coupling mechanisms governing
22 seawater intrusion-driven permafrost thaw remain poorly understood. This study employs a fully
23 coupled groundwater (ice)-salt-heat numerical model to investigate these dynamics in a high-
24 latitude coastal aquifer, with sensitivity analyses on seawater temperature, aquifer permeability, and
25  porosity. Results identify seawater temperature (7y) as the primary driver, with permafrost thaw
26  volume increasing by ~105% as 7y rises from 0.5 to 3.5 °C. The system evolves from an initial
27  density-driven, clockwise saline circulation to a mature double-circulation pattern, including a
28  thermally-driven counterclockwise cell. The onset of this double circulation occurs earlier at higher
29 T, fundamentally reshaping long-term heat transfer. The salt contribution degree (CDs < 0.5)
30  confirms thermal forcing dominates thaw, while salinity modulates early-phase thawing. Aquifer
31  properties strongly modulate thaw sensitivity: higher permeability accelerates heat and solute
32 transport but promotes earlier counterclockwise circulation development, which can limit inland
33 advance. These findings quantify the nonlinear response of coastal permafrost to ocean warming
34 and provide a predictive framework for assessing carbon mobilization and geotechnical risks in
35  vulnerable Arctic regions.

36 Keywords: Seawater intrusion; Coastal aquifer; Numerical simulation; Coastal permafrost;
37 Seawater temperature

38



https://doi.org/10.5194/egusphere-2026-5331
Preprint. Discussion started: 19 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

39 1. Introduction

40 Permafrost is ground that remains at or below 0°C for at least two consecutive years and may
41 contain variable amounts of ground ice. Its formation and spatial distribution are jointly controlled
42 by regional climate and topographic conditions. Permafrost occupies a substantial fraction of
43 Northern Hemisphere land, primarily at high latitudes and in high-altitude environments (Steinert
44 et al., 2023; Devoie et al., 2024). These regions store vast amounts of organic carbon, and their
45 stability plays a crucial role in regulating the global climate system and ensuring regional ecological
46 security (Jones et al., 2023; Hjort et al., 2022).

47 Global temperatures have risen rapidly in recent decades, driven by anthropogenic greenhouse
48  gas emissions that have altered Earth’s energy balance (Lindsey & Dahlman, 2020). A substantial
49  portion of the excess heat has been absorbed by the ocean, leading to continuous increases in oceanic
50 heat content that extend to depths of nearly 3,000 m (Johnson & Lyman, 2020; Pachauri & Reisinger,
51 2007). Warming is particularly pronounced at high latitudes due to “polar amplification”, with
52 Arctic temperatures projected to rise by up to 8.3°C by 2100, potentially inducing widespread
53 permafrost thaw (Lindsey & Dahlman, 2020; England et al., 2021; Zhou et al., 2024; Larsen et al.,
54 2021; Lamontagne-Hallé et al., 2020). As permafrost thaws from the surface downward, subsurface
55 hydraulic connectivity increases, activating groundwater flow systems (Walvoord & Kurylyk, 2016;
56  Frampton & Destouni, 2015). Recent field and modeling evidence from the Alaskan Beaufort Sea
57  coast demonstrates that this thaw-activated groundwater flow can mobilize substantial dissolved
58  organic carbon, nitrogen, and CO, from coastal permafrost to adjacent lagoons and shelf waters
59  (Demir et al., 2024).

60 Among the multiple drivers of coastal permafrost degradation, seawater intrusion is a critical
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61 yet poorly understood physical process. Traditional studies of seawater intrusion have focused on
62  temperate and tropical aquifers (e.g., Kuan et al., 2019; Lu et al., 2016), where density-driven flow
63 under isothermal conditions dominates saltwater wedge formation and circulation (e.g., Robinson
64 et al, 2007). More recent work has shown that non-isothermal conditions can substantially alter
65  these classical patterns (Nguyen et al., 2020). For example, Pu et al. (2020) demonstrated that a
66  lower saltwater circulation cell may form only when seawater is warmer than freshwater, whereas
67  such a circulation does not form under isothermal conditions or when seawater is colder than
68  freshwater. This asymmetry arises because thermal diffusivity exceeds solute diffusivity, causing
69  temperature-driven buoyancy effects to evolve differently from salinity-driven density contrasts.
70  The manifestation of these differential transport processes is fundamentally controlled by the water
71  retention properties and microstructure of the porous medium, which govern how heat and solutes
72 move and interact. For instance, Xu et al. (2024) provide foundational insights into how sediment
73 depth influences the hysteresis of water retention, elucidating how wetting paths and pore structure
74 characteristics control moisture states across scales. This highlights that intrinsic material properties,
75 such as permeability and porosity, are critical when modeling the coupled thermo-hydro-saline
76  dynamics in frozen systems. Despite these advances, existing theoretical frameworks remain
77  difficult to extrapolate to cold coastal environments, where strong temperature gradients, ice-water
78  phase change, and salinity-dependent freezing-point depression introduce tightly coupled water-
79  heat-salt processes.

80 High-latitude coastal permafrost situated at the land-sea interface is therefore subjected to both
81 atmospheric warming and marine forcing. Rising sea levels displace the freshwater-saltwater

82  interface landward, facilitating seawater intrusion into coastal aquifers (Werner et al., 2013). Where
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83  pore ice saturation is incomplete, saltwater can infiltrate unfrozen pore spaces, lower freezing
84  temperatures, and initiate thaw (Harrison & Osterkamp, 1978). Thawing can increase hydraulic
85  conductivity by several orders of magnitude, accelerating saltwater flow and creating a positive
86  feedback that enhances further permafrost degradation (Watanabe & Osada, 2016). Although basal
87  seawater intrusion, defined as the upward migration of warm, saline water from beneath the
88  permafrost base into the frozen sediment, can drive sustained permafrost thaw (Frederick & Buffett,
89  2015; Angelopoulos et al., 2019), limited subsurface observations hinder direct quantification of its
90  spatial extent and impact.
91 To overcome observational constraints, recent studies have employed numerical modeling,
92  remote sensing, and geophysical methods. Guimond et al. (2021) developed a coupled groundwater
93 (ice) - salt - heat numerical model and demonstrated that seawater intrusion drives lateral
94  permafrost retreat, with the thaw front extending farther inland under saline conditions than under
95  freshwater-only conditions. Geophysical surveys from Svalbard coastal sites indicate that seawater
96  can modify the base of coastal permafrost, supporting the concept of a "bottom active layer" where
97  basal warming promotes thaw from below (Kasprzak et al., 2017). Despite these advances,
98 systematic understanding of the underlying thermo-hydro-saline coupling mechanisms remains
99  limited (Fig. 1). Key uncertainties include the evolution of subsurface flow fields under combined
100  thermal and salinity forcing, the potential formation of double circulation structures under phase-
101 change conditions (which have been previously identified in non-frozen aquifers by Pu et al., 2020),
102 and the sensitivity of thaw dynamics to ocean temperature and aquifer properties. Moreover,
103 although fully coupled frameworks exist (e.g., Guimond et al., 2021), the relative contributions of

104  thermal and salinity effects have not been systematically quantified across a range of ocean
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105  temperatures and aquifer properties, constraining predictive capability over decadal to centennial
106 timescales.

107 To address these gaps, this study develops a fully coupled groundwater (ice) - salt - heat
108  numerical model for cold coastal environments. The objectives are to: (1) elucidate the thermo-
109 hydro-saline coupling dynamics of permafrost thaw driven by seawater intrusion; (2) quantify the
110  relative contributions of thermal and salinity effects under different ocean temperature scenarios
111 and aquifer property ranges; and (3) reveal how permeability and porosity regulate thaw rates, thaw-
112 front advance, and the onset of double circulation. By advancing the mechanistic understanding of
113 these coupled processes, this work provides a robust scientific basis for predicting the evolution of

114  coastal permafrost under climate change.
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116  Fig. 1. Schematic diagram illustrating the coupled multiphysics processes within a coastal

117 permafrost system with seawater warming.

118 2. Materials and Methods

119  2.1. Conceptual Model

120 Seawater intrusion induces coastal permafrost thawing, a process that involves complex,

121 coupled interactions among thermal, phase change, fluid flow, and solute concentration fields. To
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122 make the problem tractable, we adopted the following simplifying assumptions: (1) the aquifer is
123 unconfined, homogeneous, and isotropic; (2) it is fully saturated; (3) the intrinsic permeability and
124 porosity remain constant, while thaw-induced changes in effective hydraulic conductivity are
125  represented solely by the saturation-dependent relative permeability; (4) the influence of seasonal
126 freeze-thaw cycles is not considered; (5) regarding salt transport, we assume that the solute
127  dispersion coefficient is constant within the simulation domain, and the effect of salt adsorption by
128  porous media particles is negligible (consistent with the common assumptions in coastal
129  cryohydrogeological simulations, Guimond et al., 2021).

130 The conceptual model represents a high-latitude coastal subsurface region measuring 500 m in
131 length and 50 m in depth (Fig. 2). The top boundary is impermeable and has a prescribed constant
132 temperature to simulate the insulating effect of snow cover. The bottom boundary is defined as a
133 geothermal heat flux boundary (0.05 W/m?), representing the regional geothermal background. The
134 left (inland) boundary is hydraulically impermeable. The right-side (ocean) boundary has a constant

135 salt concentration of 36 g/L, a prescribed hydraulic head (4, = 47 m), and a constant temperature.

q,=0 T=-4°C Ts

P=p,gh,
h=47 m
C..36 g/lL

Coastal permafrost system

Heat transfer Seawater intrusion

Specified T, boundary

136 f
137 Fig. 2. Cross-section domain and boundary conditions for the numerical model of a coastal
138 permafrost system.

139 2.2. Governing Equations

140 Based on the conceptual model and assumptions in Section 2.1, the seawater-intrusion-driven
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141 coastal permafrost thaw is governed by coupled variable-density fluid flow, multiphase heat and
142 mass transfer, and solute transport. This coupled system is described by the following three partial
143 differential equations.

144 The governing equation for variable-density groundwater flow in the unconfined aquifer is
145  given by:

pf _pw Z]

Oh,
v 2By 7,0y 1h, + N=p T Sbpl5m (M)

w

146 where pyis the fluid density [kg/m?]; g is the gravitational acceleration constant [m/s?]; kv is the
147  relative permeability [-]; k is the intrinsic permeability tensor of the aquifer [m?]; //is the equivalent
148  freshwater hydraulic head [m]; z is the elevation [m]; u is the fluid viscosity [kg/(ms)]; S is the
149  aquifer compressibility [m-s*kg]; ¢ is time [s]; 7 is porosity [-]; S is the water saturation [-]; and p.
150  is the freshwater density [kg/m?]. It should be clarified that p,, is a constant (1000 kg/m?) in this
151 study, while pyis a function of temperature and salinity, which is specifically described by Equation
152 7 (nonlinear equation of state). p,, is not dependent on other variables, and this distinction is intended
153 to avoid confusion in the expression of density dependencies. Regarding u: the seawater temperature
154  simulated in this study ranges from 0.5 to 3.5 °C, and the subsurface temperature difference is small
155  (within 5 °C). According to the physical properties of water and relevant literature (Guimond et al.,
156 2021; Bense et al., 2009), the viscosity of water changes minimally within such a narrow
157  temperature range. Therefore, u is assumed to be a constant in this study and is not formulated as a
158 function of temperature.

159 The relative permeability k- is defined as a function of water saturation S, (McKenzie et al.,

160 2007; Guimond et al., 2021):
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161 where Q is an impedance factor [-].
162 The governing equation for heat transfer (Bense et al., 2009), which incorporates latent heat

163 effects from pore ice thawing/freezing, is shown below :

VY T]=p,C.¥-0T) = C, "Lt S 3

164 where K, is the effective thermal conductivity of the sediment/fluid/ice mixture [W/(m-°C)]; Cy is
165  the volumetric water heat capacity [J/(kg-°C)]; T is subsurface temperature [°C]; v is the pore water
166  velocity vector [m/s]; L; is the volumetric latent heat of fusion [J/m?®]; and C, is the volumetric heat
167  capacity [J/(kg-°C)]. The expression for C, follows Guimond et al. (2021).The effective thermal
168  conductivity K, is determined by:
K, =nS K, +n(1-S )k, +(1-n)x, (4)

169  where K, is the thermal conductivity of water [W/(m-°C)]; k; is the thermal conductivity of ice
170 [W/(m-°C)]; and « is the thermal conductivity of solids [W/(m-°C)]. Under the assumption that
171 the pore space is occupied only by liquid water and ice, the phase saturations satisfy S, + S = 1.
172 Consequently, S; is determined by Equation 6 once 7 and c are specified and is not independently
173 calculated from p;. The phase-volume fractions entering Equation 4 are nSy for liquid water, nS; for
174 ice, and 1-n for the solid matrix. The ice density p; (listed in Table 1, 920 kg/m?) is used to convert
175  the bulk volumetric ice content into ice mass. Specifically, the ice volume per unit bulk volume is
176 6; = nS;, and the corresponding ice mass per unit bulk volume is M; =p; nSi. Therefore, p; does not
177 independently regulate Sior k, in Equation 4; instead, the different thermal conductivities of ice,
178  water, and solids affect x, through their respective phase-volume fractions.

179 The governing equation for solute transport is given by:
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180  where D is the hydrodynamic dispersion coefficient tensor [m?s] and c is the solute concentration,
181 which in this study refers specifically to the salt concentration [kg/m?]. Fluid density is not included
182 as an independent transported variable in Equation 5. Instead, changes in pscaused by temperature
183 and salt concentration affect salt transport through the groundwater-flow field calculated from
184  Equation 1, thereby influencing the advective and dispersive salt fluxes.

185 To account for the freezing point depression caused by increased osmotic potential, a salinity-
186  and temperature-dependent soil freezing characteristic (SFC) curve is introduced. The relationship

187  between liquid water and ice based on temperature and salinity is described by:

T

—(
S, =(1-5,)e " +§ (6)

w wres

188  where S is the residual water content [-], and W(c) is a fitting parameter for the SFC curve. A
189  linear interpolation method is employed to determine the influence of salinity on the freezing point
190  depression (Mohammed et al., 2021). This equation ensures the existence of residual pore water
191 even when the soil is completely frozen and accounts for the effect of different salinities on water
192 saturation. Based on the principle of mass conservation, the sum of water saturation and ice
193 saturation is unity; therefore, the pore ice content is determined once the saturations are known.

194 The density variation induced by temperature and salinity is described by a nonlinear equation

195  of state (Nguyen et al., 2020):

P (T,¢)=(999.9+2.034x107T - 6.162x107°T* +2.261x10°T*
—4.657x107°T*) + (0.802¢ —2.001x10cT +1.677x107°cT? 7
-3.06x107cT? ~1.613x107c°T?)

196 2.3. Numerical Simulations

197 The governing partial differential equations for variable-density flow, heat transfer, and solute

10
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198  transport (Section 2.2) were solved numerically using the finite element method within the
199  COMSOL Multiphysics® (v6.1) software environment. This platform facilitates a fully coupled,
200  monolithic approach for addressing the multiphysics nature of the problem. The numerical
201 implementation in COMSOL was designed to robustly handle the strong nonlinearities and tight
202  coupling between the governing processes, ensuring a consistent and accurate representation of the
203  underlying physics. This established numerical framework provided a reliable basis for the
204  subsequent sensitivity and scenario analyses conducted in this study.

205 The simulation comprised two sequential stress periods to represent distinct phases of
206  permafrost evolution: (1) permafrost formation and (2) seawater-intrusion-driven thaw. In the first
207 stress period (permafrost formation), the domain was initialized with a uniform freshwater hydraulic
208  head of 48.5 m, a salt concentration of 0 g/L, and a deliberately high uniform temperature of 20°C
209  toaccelerate convergence toward steady state. A constant temperature of -4 °C was prescribed at the
210  top boundary to represent the insulating effect of snow cover, and a constant geothermal heat flux
211 of 0.05 W/m? was applied at the bottom boundary. During this 100,000-day spin-up, the initially
212 warm domain gradually cooled under these boundary conditions until a stable permafrost
213 configuration was achieved. No salt was introduced during this stage, so the salt concentration
214 remained uniformly zero at the end of the first period. The final steady-state distributions of
215  hydraulic head, temperature, and ice saturation served as the initial conditions for the second stress
216  period. In the second stress period (seawater intrusion and thaw), the simulation continued for an
217  additional 60,000 days. For consistency across scenarios, the spatial fields and time-series plots are
218 shown through 50,000 days, whereas double saltwater circulation onset time (#.) values were

219  diagnosed from the full 60,000-day simulations. Thaw was initiated by abruptly imposing a constant

11
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220  seawater salinity of 36 g/L and a prescribed seawater temperature at the right-side (ocean) boundary,
221 while maintaining the top and bottom thermal boundaries unchanged. The sudden exposure to warm,
222 saline water drove both thermal and haline perturbations into the permafrost system, triggering basal
223 thaw and the subsequent coupled thermo-hydro-saline dynamics analyzed in this study. The model
224  parameters were assigned based on literature values for typical Arctic coastal sediments and are
225 summarized in Table 1.

226 Four sets of numerical simulations were performed to examine how seawater intrusion affects
227  permafrost under varying conditions (Table 2). For the base case (Case 1), permeability and porosity
228  were set to 10! m? and 0.4, respectively, to represent dense sandstone. Seawater temperature was
229  fixed at 1.5 °C, the mean ocean temperature in high-latitude coastal areas, to analyze the
230  spatiotemporal patterns of seawater-induced permafrost thaw. Set 2 (Cases 2-5) evaluated the impact
231 of ocean temperature on both seawater intrusion and permafrost thaw. Four seawater temperatures
232 (T5=0.5,1.5,2.5,and 3.5 °C) were tested. Set 3 (Cases 6-10) investigated how aquifer permeability
233 influences permafrost thaw by simulating five values (k=1x1012, 5x10°12, 1x10!!, 5x10°!!, and
234 1x10'm?), covering low-, medium-, and high-permeability regimes. Set 4 (Cases 11-14) assessed
235  permafrost-thaw variations across four aquifer-porosity values (n =0.25, 0.30, 0.35, 0.40). To isolate
236  the role of salinity, a salt-free counterpart was included in every simulation set.

237 2.4. Evaluation Metrics

238 Temporal and spatial changes in permafrost thaw volume and solute concentration fields are
239  analyzed to assess the impact of seawater intrusion on coastal permafrost dynamics. The actual thaw
240  volume of permafrost (PV) serves as the primary indicator of degradation, with permafrost defined

241 as regions where ice saturation exceeds 30% of the pore space. To isolate the influence of salinity,

12
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242 the salt contribution degree (CD;) is introduced as a dimensionless constant:

PV -P V/
CD, =— 1 ®)
) PV
243 where PV and PVyare the thaw volumes under seawater and freshwater conditions, respectively.

244 CDs> 0 indicates that salinity promotes permafrost thaw, while CD; = 0 suggests no salinity effect.

245 Spatial changes are evaluated using three distance-based metrics measured from the seaward

246  boundary. The saltwater wedge length (SWL) is defined as the point where the 0.1 isochlor (i.e., 10%

247  seawater salinity) intersects the impermeable aquifer base. The thawing front distance (7FD)

248  characterizes the extent of basal thaw, defined as the point where the thaw front (the interface

249  between thawed and frozen ground) intersects the aquifer base. The 0 °C isotherm distance (71D)

250  tracks the evolution of the thermal field, defined as the point where the 0 °C isotherm intersects the

251 aquifer base.

252 In this study, the relative positions of 7FD and TID with respect to SWL are critical for

253 understanding the coupling between solute transport and heat transfer. When TFD > SWL, it

254  indicates that the thaw front has advanced beyond the saline plume, suggesting that thermal

255  conduction dominates the thaw process in that region.

256  Table 1 Numerical parameters adapted from Guimond et al., 2021 (a); Gao et al., 2025 (b); Bense

257 etal., 2009, 2012 (c).

Parameters Values Unit
Model domain length, L 500 [m]
Model domain height, H 50 [m]
Aquifer compressibility”, 1.0x10® [m-s¥kg]

13
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Freshwater density, p.

Ice density, p;

Solid grain density, ps

Thermal conductivity of water, «,

Thermal conductivity of ice, «;

Thermal conductivity of solids,

Impedance factor, Q

Longitudinal dispersivity, a.

Transverse dispersivity, ar

Volumetric latent heat of fusion, L;

Specific heat of ice, ¢;

Specific heat of water, ¢,

Specific heat of solid grains, cs

Residual saturation, Syyes

Ocean temperature, T

Intrinsic permeability, &

Porosity, n

1000 [kg/m’]
920 [kg/m’]
2650 [kg/m’]
0.6* [W/(m-°C)]
2,14 [W/(m-°C)]
3.5 [W/(m-°C)]
50° [-]
1° [m]
0.1%ar® [m]
3.03X 108 [J/m?]
2060 [J/(kg-°C)]
41820 [J/(kg°C)]
8350 [J/(kg-°C)]
0.05° [-]
0.5,1.5,2.5,3.5 [°C]

1x10712, 5x10712, 1x10-1"*,
[m?]

5x10°11, 1x10710

0.25,0.3,0.35, 0.4™ [-]

258 "B incorporates the compressibility of both water and the matrix.

259  *Boldfaced numbers with an underline are the reference values of T, k and n.

260

14
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261

262

263

264

EGUsphere\

Table 2 Sensitivity analysis parameters and double saltwater circulation onset time (4).

Set Case T; (°C) k (m?) n(-) tae (103 d)
1 1 1.5 1101 0.40 37
2 0.5 110! 0.40 55
3 1.5 1101 0.40 37
2
4 2.5 1x10" 0.40 30
5 3.5 1x10°1 0.40 25
6 1.5 1x10712 0.40 -
7 1.5 5x10712 0.40 58
3 8 1.5 1x101 0.40 37
9 1.5 5x101 0.40 14
10 1.5 1x10°10 0.40 12
11 1.5 1x10°" 0.25 21
12 1.5 1101 0.30 26
4
13 1.5 1101 0.35 31
14 1.5 1x10! 0.40 37

Note: Cases 1, 3, 8, and 14 represent the identical base case and are repeated here for clarity under

each sensitivity analysis set.

15
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265 3. Results

266 3.1. Spatiotemporal evolution of permafrost thaw under seawater intrusion

267 Fig. 3 depicts the coupled evolution of salinity, flow, phase-change, and temperature fields in
268  acoastal permafrost system under baseline conditions. At the initial intrusion stage (t = 1000 d), the
269  salinity field shows a vertically upward, clockwise circulation of saline water, which forms a high-
270  salinity accumulation zone at the aquifer base (Fig. 3ai). This flow pattern is primarily driven by
271  the density contrast between seawater and resident pore water. Concurrently, the intrusion of
272 relatively warm seawater induces thermal thawing of the permafrost. The phase-change field (Fig.
273 3ap) indicates that the thaw zone advances in a near-planar manner, with its spatial extent closely
274 matching the region above the 0°C isotherm in the temperature field (Fig. 3a3). This suggests that
275  the initial permafrost thaw is predominantly controlled by the thermal gradient between the marine
276 environment and the aquifer.

277 As the system evolves to t = 10,000 d, the formation of a coastal thaw zone increases the
278  effective hydraulic conductivity through the saturation-dependent relative-permeability term Anu(Sw),
279  thereby facilitating saline-water flow, while the intrinsic permeability & remains constant. The flow
280  path shifts to near-horizontal migration followed by upward discharge (Fig. 3bi). Because discharge
281 occurs along the saline water front—which coincides with the thaw front—the upward saline
282  circulation further enhances thermal thawing. The saltwater wedge at this stage exhibits a distinct
283 “bulging” morphology, resulting from the flow-blocking effect of the permafrost, which forces
284  saline water to continuously thaw the surrounding ice through internal circulation. Consequently,
285  the freshwater-saltwater interface markedly differs from the classic saltwater wedge morphology

286  observed in temperate regions (e.g., Lu et al., 2016; Kuan et al., 2019). The phase-change field (Fig.

16
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287  3by) shows that the thaw zone aligns closely with the saltwater wedge, which is consistent with
288 strengthened thermal-solute coupling under the present boundary conditions. In the temperature
289  field (Fig. 3bs), the 0°C isotherm diverges between the upper and lower aquifer. In the upper section,
290  enhanced permeability and faster flow in the thawed zone intensify thermal convection, creating a
291 relatively high-temperature region. In contrast, the lower section remains dominated by thermal
292 conduction.

293 During the long-term evolution stage (t = 50,000 d), the saltwater wedge continues to lengthen.
294  Notably, the flow pattern at the aquifer base undergoes a significant transformation: a reversed,
295  counterclockwise secondary circulation develops beneath the primary density-driven circulation
296  (Fig. 3c1). Throughout this period, the transition zone between saline water and freshwater or ice
297  remains narrow (Figs. 3bi, c1). This narrowness stems from two mechanisms: (1) the permafrost
298  acts as a physical barrier, impeding solute dispersion and restricting lateral groundwater flow,
299  thereby limiting saline water spreading; and (2) continuous seawater replenishment maintains a
300  high-salinity core within the aquifer. The phase-change field (Fig. 3¢2) indicates that under sustained
301 marine heat input, permafrost thaw continues, and the thaw zone morphology remains highly
302  synchronized with the saltwater wedge. In the temperature field (Fig. 3cs), the position of the 0°C
303  isotherm changes little (77D increases from 14.28 m to 15.72 m), and the spatial distribution of the
304  high-temperature region shows no significant alteration. This is attributed to the reversal of the basal
305 saline flow direction, which attenuates inland-directed thermal convection and thus diminishes heat
306  transfer. Furthermore, the continuous water-saturation distribution in the phase-change field reveals
307  anarrow active layer between the thawed and frozen zones, whose morphology essentially coincides

308 with the freshwater-saltwater/ice transition zone.
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309

310  Fig. 3. Temporal evolution of coupled flow-salinity fields, water saturation, and temperature

311 distributions under baseline conditions (Case 1). Panels (ai-a3) correspond to t = 1000 d, (bi-b3) to

312t = 10000 d, and (ci-c3) to t = 50000 d, showing the flow-salinity field, water saturation, and

313 temperature field, respectively. White streamlines in (a1, b1 and ci) denote saltwater flow paths.

314  Black lines in (a3, bz and c3) mark the 0 °C isotherm.

315 The actual permafrost thaw volume (PV) exhibits a characteristic two-stage evolution of

316  “rapid-quasi-steady” phases over time (Fig. 4a). During the initial 5,000 days, driven by the

317  pronounced temperature gradient between the ocean and the aquifer, thermal convection dominates

318  the thawing process, with a thaw rate as high as 103.87 m? per thousand days, marking the rapid

319  thawing phase. This phase corresponds to the system's adjustment from an initial steady state to a

320  new stressed condition, as depicted in the early evolution of flow and temperature fields in Fig. 3.

321 Subsequently, the PV increment stabilizes, entering a stable thawing phase, indicating continued

322 thawing at a controlled rate and reflecting a dynamic equilibrium between driving forces and

323 feedback mechanisms. The salt contribution degree (CD;s) shows a unimodal trend, first increasing

18



https://doi.org/10.5194/egusphere-2026-5331
Preprint. Discussion started: 19 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

324 and then decreasing. This is attributed to the early evolution stage, where saline water forms a
325  clockwise single circulation cell within the newly developed thaw zone (consistent with the flow
326  pattern shown in Fig. 3a), continuously transporting salt to the permafrost-thaw zone interface. The
327  depression of the porewater freezing point by salt promotes thawing, leading to a continuous rise in
328 CD;. As the system evolves further, the flow field gradually adjusts to a dual-circulation pattern that
329  includes a counterclockwise cell. The onset time of this double saltwater circulation (z:.) under
330  baseline conditions is 37,000 days. This transition marks a key shift in solute transport dynamics:
331 the counterclockwise cell (as seen in the long-term evolution in Fig. 3¢1) causes some saline water
332 toreturn seaward before reaching the permafrost zone, thereby reducing the direct salt contribution
333 to thawing. The variation in CD; highlights the critical role of “solute exclusion” and the evolution
334 of flow patterns: salt promotes initial thawing by lowering the freezing point, while flow
335  reorganization regulates solute transport pathways and efficiency. Overall, thermal forcing is the
336 primary control on permafrost thawing, while salinity effects modulate the process by altering
337  phase-change conditions.

338 The dynamic curves of the thawing front distance (7FD), saltwater wedge length (SWL), and
339 0 °C isotherm distance (77D) elucidate the multi-physical field coupling process (Fig. 4b). TFD and
340  SWL show synchronous and continuous growth, consistent with the PV variation, confirming the
341 direct control of saltwater intrusion on thaw front advance—a relationship visually supported by the
342 corresponding alignment between the saltwater wedge in Figs. 3b; and 3c; and the thaw zone in
343 Figs. 3bs and 3co. In the initial stage, driven by the temperature difference, continuous saltwater
344  intrusion and phase change cause SWL to increase rapidly; as the flow pattern transitions (from the

345  early clockwise cell to the later complex patterns in Fig. 3), its growth rate gradually decays to a
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stable state. The significant positive correlation between 7FD and SWL indicates that SWL can serve

as an effective proxy for assessing lateral thawing extent; therefore, only the 7FD curve is presented

in subsequent sensitivity analyses. The change in 77D is divided into two stages: a rapid advance

phase and a slight retreat phase. In the initial stage, intense thermal convection—driven by the

accumulation of high-density saline water at the aquifer base and enhanced permeability—promotes

rapid inland migration of the 0 °C isotherm. In the later stage, the reversal of the basal saline flow

direction to seaward (as shown in Fig. 3c1) weakens thermal convection, causing 77D movement to

slow or even exhibit slight retreat. The differential evolution of 7FD, SWL, and TID further indicates

that the thawing process is jointly dominated by thermal conduction and convection, and that a lag

and feedback exist between the geometric expansion of the saltwater wedge and the advance of the

thermal front.
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Fig. 4. Temporal variations of (a) the actual permafrost thaw volume (PV) and salt contribution
degree (CD;), as well as (b) the thawing front distance (7FD), saltwater wedge length (SWL), and
0°C isotherm distance (7ID). The ochre-shaded area represents the period when only a single
(clockwise) saline circulation pattern occurs, while the sky-blue-shaded area corresponds to the

period when a dual (clockwise and counterclockwise) saline circulation pattern develops.
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363 3.2. Permafrost thaw dynamics driven by seawater temperature variations

364 This section extends the analysis of the baseline scenario (7y = 1.5°C) from Section 3 to
365  investigate how seawater intrusion influences permafrost thaw under varying 7. Fig. 5 presents the
366 salinity, flow, phase-change, and temperature fields at 50,000 days for 75, = 0.5°C, 1.5°C, 2.5°C, and
367  3.5°C. At Ty = 0.5°C (Fig. 5a)), the saltwater wedge lacks the pronounced convex shape seen in the
368  baseline (Fig. 5bi), indicating weaker saline recirculation during thaw. In this cold scenario,
369  seawater flow is dominated solely by density-driven, unidirectional (clockwise) recirculation,
370  matching the early-stage pattern of baseline evolution (Fig. 3ai). This implies that the development
371 of a mature double-circulation cell—a key long-term feature resulting from coupled density- and
372 thermally-driven convection—is inhibited under cold conditions. Correspondingly, the saltwater
373 wedge shape closely resembles the thaw zone geometry (Fig. 5az), reflecting a simpler thermal-
374  solute coupling where the thaw front is primarily shaped by density-driven flow. The 0°C isotherm
375  approximates an inclined straight line (Fig. 5a3), showing minimal vertical disparity in thaw extent.
376  This is due to limited thermal input, which restricts thaw front advance and reduces saline
377  accumulation in the lower aquifer—a process that enhances thermal convection in the baseline.
378  Consequently, heat transfer efficiency is reduced, yielding a relatively uniform thermal field across
379  the aquifer depth, unlike the vertically differentiated structure seen in the baseline (Fig. 5by).

380 Figs. 5ci-d; depict the flow-concentration field in a coastal permafrost system under elevated
381 ocean temperatures of 2.5°C and 3.5°C. Compared to the baseline conditions (Fig. 5bi), as T
382  increases, the saltwater wedge morphology becomes increasingly convex and prominent, signifying
383 enhanced saline water recirculation intensity. Concurrently, the spatial extent of the double-

384  circulation cell expands markedly. This confirms that the lower, counterclockwise secondary
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385  circulation loop—initiated during the long-term baseline evolution stage (Fig. 3¢1)—is primarily
386  driven and intensified by thermal convection induced by warmer seawater, a pattern absent in the
387  low-temperature scenario (Fig. 5a;). Moreover, the geometry of the permafrost thaw zone undergoes
388 significant alteration (Figs. 5c2, d2), with a growing disparity between the upper and lower thaw
389  extents. The increased heat flux from warmer seawater generates more extensive thawed regions,
390  promoting greater saline water accumulation in the lower aquifer. This accumulation strengthens
391  the density contrast and thermal convection, creating a positive feedback loop between solute
392 transport and heat transfer—a mechanism active but less pronounced in the baseline. In contrast,
393 the upper aquifer experiences slower thawing due to the insulating effect of the overlying ice-rich
394  permafrost and comparatively less saline water accumulation, leading to more pronounced vertical
395  differentiation in thaw rates. From a thermal perspective, the 0°C isotherm exhibits pronounced
396  vertical asymmetry (Figs. 5c3, d3), which intensifies with rising Ts. This further confirms that ocean
397  warming intensifies the thermal-solute coupling processes, thereby accelerating the positive
398  feedback between thawing and solute transport.

399
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401  Fig. 5. Coupled flow-salinity fields, water saturation, and temperature distributions at 50,000 days
402  under varying seawater temperatures (7). Panels (ai-as) correspond to 75 = 0.5 °C, (bi-bs) to T =
403 1.5°C, (ci-¢3) to Ty = 2.5°C, and (di-d3) to 75 = 3.5°C, showing the flow-salinity field, water
404  saturation, and temperature field, respectively. White streamlines denote saltwater flow paths. Black
405 lines mark the 0 °C isotherm.

406 Fig. 6a shows that permafrost thaw under varying seawater temperatures (7) follows a two-
407  stage “rapid-quasi-steady” evolution, but with diverging dynamics from the outset. PV at 50,000
408 days increases with T; (636.11, 901.36, 1116.7, and 1304.04 m? for T; = 0.5, 1.5, 2.5, and 3.5°C),
409  yet the incremental gains diminish (265.25, 215.34, and 187.34 m?), indicating a weakening thaw
410  response to warming. This trend is mirrored by 7FD (Fig. 6b), which reaches 20.98, 28.88, 34.90,
411 and 39.91 m at 50,000 days, with similarly decreasing increments (7.9, 6.02, and 5.01 m).

412 TID takes longer to stabilize under higher 75 (e.g., ~15,000 d at 0.5°C vs. ~22,000 d at 3.5°C),
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reflecting intensified heat transfer (Fig. 6¢). Notably, T/D retreat occurs at 75 > 1.5°C and amplifies
with warming. This is linked to the earlier onset of the dual saltwater circulation pattern: the double
circulation onset time (4) decreases from 55,000 d at 75 = 0.5°C to 37,000, 30,000, and 25,000 d at
Ty=1.5,2.5, and 3.5°C, respectively (Table 2). The earlier and enhanced lower (counterclockwise)
saline circulation at higher 7 weakens inland-directed thermal convection more rapidly, leading to
the observed 71D retreat. CD; remains below 0.5 in all cases, confirming thermal dominance (Fig.
6d). At T, = 0.5°C, CDj rises continuously due to persistent single (clockwise) circulation along the
thaw front. Under 7> 1.5°C, the dual circulation pattern emerges, producing a unimodal CD; trend,
higher T strengthens the lower (counterclockwise) cell, diverting saline water seaward and thus

reducing the final salt contribution.
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Fig. 6. Temporal variations of (a) actual permafrost thaw volume (PV), (b) thawing front distance

(TFD), (c) 0°C isotherm distance (71D) and (d) salt contribution degree (CD;) under varying

seawater temperatures (7).

26



https://doi.org/10.5194/egusphere-2026-5331
Preprint. Discussion started: 19 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

427 3.3. Influence of aquifer hydraulic properties on thaw processes

428 This section examines how aquifer permeability modulates permafrost thaw driven by seawater
429  intrusion. To illustrate the response of thaw processes to varying hydraulic properties, three
430  representative permeability values (k= 10"2m?, 10-"' m?, and 10! m?) are selected. Fig. 7 presents
431 the coupled salinity-flow fields, water saturation, and temperature distributions under these
432 permeabilities.

433 As shown in Figs. 7ai, 7bi, and 7ci, SWL increases from 24.27 m to 38.10 m as k rises from
434 1072 m? to 107" m?, indicating that higher permeability promotes thaw advancement. The flow
435  fields reveal that under the lowest permeability (k = 1072 m?), only a density-driven upper
436 (clockwise) circulation cell is present. With increasing 4k, a thermally-driven lower
437  (counterclockwise) saline circulation cell emerges and expands, demonstrating that enhanced
438  permeability improves heat-and-solute transport efficiency and shifts the dominant driving
439  mechanism from density-driven to thermally-driven convection.

440 The water-saturation distributions (Figs. 7az, 7b2, 7¢2) show that the thaw zone generally aligns
441  with the saltwater wedge geometry. However, under the highest permeability (k= 1071 m?), a wider
442 region of incomplete thaw persists near the aquifer base. This is linked to the strengthened lower
443 circulation cell (Fig. 7c1), which diverts saline water seaward before it fully reaches the thaw front,
444 thereby limiting local thawing. In the temperature fields (Figs. 7as, 7bs, 7c3), the 0 °C isotherm
445  exhibits noticeable retreat as k increases from 10712 m? to 107'° m2 This retreat results from the
446 intensified lower saline circulation, which weakens inland-directed thermal convection and extends

447  the high-temperature region toward the sea.
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448

449  Fig. 7. Coupled flow-salinity fields, water saturation, and temperature distributions at 50,000 days
450  under varying aquifer permeabilities (k). Panels (ai-a3) correspond to k= 1012 m?, (bi-bs) to k= 10"
451  "'m? and (ci-c3) to k= 10"1% m?, showing the flow-salinity field, water saturation, and temperature
452 field, respectively. White streamlines denote saltwater flow paths. Black lines mark the 0°C
453 isotherm.

454 The temporal evolution of key thaw metrics under varying k& permeability reveals distinct
455  dynamic responses (Fig. 8). As shown in Fig. 8a, PV maintains the characteristic two-stage “rapid-
456  quasi-steady” pattern across all permeability scenarios. High & (k= 10-1° m?) amplifies both salinity
457  and thermal effects, elevating the rapid-phase thawing rate to 168.8 m?*/10° d, but subsequently
458  intensifies the thermally-driven lower (counterclockwise) circulation cell. This enhanced lower
459  circulation diverts saline water seaward, reducing the stable-phase rate to 0.64 m?/10° d. In contrast,
460 low k (k = 107> m?), while reducing heat transfer efficiency, hinders the development of this lower
461 cell, allowing more saline water to flow along the thaw front and yielding a higher stable-phase rate

462  of 2.21 m%103d. TFD exhibits a trend consistent with PV (Fig. 8b). Notably, TFD change is
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463 relatively minor for the 10" m? and 5 X 10'2 m? scenarios, indicating that despite higher heat
464  transfer efficiency in the former, the stronger constraining effect of the upper (clockwise) circulation
465  cell limits lateral thaw front advance.

466 TID dynamics are closely linked to the development of the lower saline circulation cell (Fig.
467  8c). Under low &, where no lower circulation develops within 60,000 days, 7/D shows continuous
468  inland advance without retreat. Under high &, TID first advances inland and then retreats (primarily
469  between 10,000-15,000 days), with the retreat magnitude intensifying with increasing permeability.
470  The onset time of the lower circulation (Table 2) shows a positive correlation with the timing of 7/D
471 instability. Furthermore, 7/D is smaller under high & due to expanded thermally-driven lower
472 circulation, which weakens inland-directed thermal convection and causes greater high-temperature
473 zone fluctuations. CDy generally increases with & (Fig. 8d), approaching parity between salinity and
474  thermal effects at k = 10" m?. In low-k scenarios, CD; rises continuously due to the absence of
475  lower circulation. Under high k, CD; exhibits a unimodal trend, peaking at the onset of lower
476  circulation before declining—a mechanism analogous to that under elevated ocean temperatures,
477  where stronger lower circulation diverts saline water seaward, reducing its direct contribution to

478  thawing at the permafrost interface.
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Fig. 8. Temporal variations of (a) actual permafrost thaw volume (PV), (b) thawing front distance
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permeabilities (k).
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483 Fig. 9 presents the coupled flow-salinity fields, water saturation, and temperature distributions
484 at 50,000 days for porosities of n = 0.25, 0.30, 0.35, and 0.40. As shown in Figs. 9a;-di, the gross
485  morphology of the saltwater wedge exhibits limited sensitivity to porosity variations, maintaining
486 its characteristic convex shape across all scenarios, which suggests that the primary density-driven
487  flow pattern governing the wedge's geometry is not fundamentally reshaped by changes in pore
488 space volume. However, a clear inverse relationship emerges for SWL, which increases from 27.28
489  m to 32.72 m as porosity decreases from n = 0.40 to n = 0.25. The water-saturation distributions
490  (Figs. 9ar-d>) reveal that the spatial extent of the thaw zone remains largely unchanged with
491  increasing porosity, indicating limited control of porosity on the phase-change field's geometry,
492  while the position of the 0 °C isotherm in the temperature fields (Figs. 9a3-d3) shows minimal
493  variation, confirming a negligible effect of porosity on the thermal field's spatial distribution under
494  the simulated long-term conditions. These observed trends can be explained by two competing
495  mechanisms modulated by porosity. First, lower porosity is associated with an enhanced thermally
496  driven lower (counterclockwise) saline circulation cell—similar to the patterns observed under high
497  permeability (Fig. 7c1) and elevated ocean temperatures (Figs. Sci-di)—which diverts saline water
498 seaward and weakens inland-directed thermal convection. Second, because the bulk volumetric ice
499  content is proportional to nS;, lower porosity reduces the volume of ice per unit bulk volume when
500  ice saturation is comparable, thereby lowering the latent-heat demand per unit bulk volume for phase
501 change. These two opposing effects — enhanced thermal convection versus reduced latent-heat
502  demand—largely offset each other, resulting in limited net effects on both thaw-zone geometry and

503 the 0 °C isotherm position (Figs. 9a;-d> and 9a3-d;).
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505  Fig. 9. Coupled flow-salinity fields, water saturation, and temperature distributions at 50,000 days
506  under varying aquifer porosities (). Panels (ai-as) correspond to n = 0.25, (bi-b3) to n=0.30, (c1-c3)
507  ton=0.35, and (di-d3) to n = 0.40, showing the flow-salinity field, water saturation, and temperature
508  field, respectively. White streamlines denote saltwater flow paths. Black lines mark the 0°C
509  isotherm.

510 The temporal evolution of key thaw metrics under varying » reveals distinct patterns governed
511 by competing mechanisms (Fig. 10). During the rapid thawing phase, PV thawing rate increases
512 from 109.3 to 134.5 m*10° d as n decreases from 0.40 to 0.25, primarily due to reduced initial ice
513 content and lower latent heat demand. In the stable phase, thawing rates show a non-monotonic
514 trend (1.9, 1.74, 1.58, and 1.8 m%10° d for n = 0.25 to 0.40), indicating a competition between two
515  effects: within the medium # range (n = 0.40-0.35), the inhibitory effect of the enhanced lower

516  (counterclockwise) saline circulation cell—which diverts saline water seaward—outweighs the
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517  promoting effect of reduced ice content; as n further decreases (n = 0.35-0.25), reduced ice content
518  becomes dominant, leading to a renewed increase in thawing rate. 7F'D displays consistent dynamics
519  (Fig. 10b).

520 TID evolution comprises rapid inland advance followed by retreat, with retreat magnitude
521 intensifying as n decreases (Fig. 10c). This confirms that reduced » amplifies the thermal effect,
522 strengthening the lower saline circulation cell. The variation in #« provides direct evidence: ta
523 occurs earlier with decreasing » (21,000 d, 26,000 d, 31,000 d, and 37,000 d for » = 0.25, 0.30, 0.35,
524 and 0.40, respectively; Table 2). This earlier development under lower n is driven by reduced ice
525 content (lower latent heat demand) and enhanced thermal convection efficiency, accelerating the
526  transition to the mature double-circulation system. The enhanced lower circulation weakens inland-
527  directed thermal convection, causing pronounced seaward shift of the high-temperature region and
528 TID retreat. CDy exhibits a unimodal trend with decreasing », first declining then rising (Fig. 10d).
529  Initially, lower n enhances lower circulation, diverting saline water seaward and decreasing CDy. As
530 n further decreases, significantly reduced ice content lowers thawing enthalpy demand, increasing

531 the relative importance of salt in depressing the freezing point and leading to a rise in CD;.
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Fig. 10. Temporal variations of (a) actual permafrost thaw volume (PV), (b) thawing front distance

(TFD), (c) 0 °C isotherm distance (77D) and (d) salt contribution degree (CDy) under varying aquifer

porosities (n).

34



https://doi.org/10.5194/egusphere-2026-5331
Preprint. Discussion started: 19 October 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

536 4. Discussion

537 Our results demonstrate that seawater temperature exerts a dominant control on thaw dynamics,
538  with PV increasing by ~105% as Ts rises from 0.5°C to 3.5°C, and the incremental thaw rate
539  diminishing at higher temperatures—indicating a nonlinear response. This thermal dominance is
540  confirmed by the consistently low contribution degree of salinity (CD; < 0.5) across all scenarios.
541  These findings build upon a growing body of work on thermo-haline processes in coastal aquifers
542 and subsea permafrost, and we clarify below what the present model adds beyond existing
543 frameworks.

544 A key outcome of our model is the emergence of a double circulation cell (clockwise and
545 counterclockwise) driven by thermal convection, which redirects saline water seaward and delays
546  inland thaw front advance. This mechanism differs from the purely diffusive framework of
547  Angelopoulos et al. (2019), whose field-validated heat-salt diffusion model for subsea permafrost
548  explicitly called for the inclusion of convective transport to explain observed thaw rates. Our results
549  answer that call: the modeled ice-bearing permafrost table depth after 1400 years of inundation (16.7
550  m with salt diffusion) matches their field data only when advection is included, whereas a purely
551 diffusive scenario underpredicts thaw by ~27%. Furthermore, the double circulation we observe is
552 not merely a consequence of double diffusion as reported by Pu et al. (2020) for non-freezing
553 confined aquifers; in our permafrost system, the transition from single to double circulation occurs
554 atalower temperature contrast (~3°C) than their ~5°C threshold, because phase change reduces the
555  effective thermal diffusivity and sharpens the density gradient. This phase-change modulation is
556  absentin Pu et al.'s framework. Similarly, while Guimond et al. (2021, 2022) incorporated salinity-

557  dependent freeze-thaw and solute exclusion, their simulations did not report the double circulation

35



https://doi.org/10.5194/egusphere-2026-5331
Preprint. Discussion started: 19 October 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

558  cell, likely due to differences in boundary conditions or parameter ranges, and they did not isolate
559  therelative contributions of thermal versus salinity effects—a gap our CD, metric directly addresses.
560  Finally, Frederick & Buffett (2015) developed a fully coupled water - heat - mass model for the
561 Beaufort Sea shelf, but their continental-scale approach with simplified seasonal forcing could not
562  capture the seasonal freeze-thaw cycle or double-diffusive convection resolved here. Together, these
563  comparisons highlight that our two-dimensional, advection-coupled framework with phase change
564  provides a mechanistic explanation for thaw patterns that previous models—whether diffusion-only
565 (Angelopoulos et al., 2019), non-freezing (Pu et al., 2020), or shelf-scale (Frederick & Buffett,
566  2015)—could not fully capture.

567 Comparisons with recent studies on cold-region dynamics further contextualize our findings.
568 Li et al. (2026) demonstrated that freeze-thaw in saline terrestrial soils can induce convective
569  fingering, enhancing downward salt transport. While their focus was on seasonal freeze-thaw in
570  unsaturated zones, the role of gravitational instabilities parallels our observation of double
571 circulation cells. However, in our coastal system, ocean warming provides a persistent thermal
572 forcing that overwhelms salinity effects over time (CD; < 0.5), whereas Li et al. (2026) emphasized
573 salt-driven convection in the absence of sustained thermal gradients. Yu et al. (2026) showed that
574  frozen ground in coastal aquifers confines flow paths and accelerates terrestrial groundwater
575  discharge, but their steady-state analysis omitted phase-change dynamics. Our model explicitly
576 couples thaw-induced changes in relative permeability and the resulting changes in effective
577  hydraulic conductivity with evolving flow patterns, suggesting that the dual circulation cell
578  generates a flow confinement effect similar to that observed by Yu et al. (2026), but is driven

579  primarily by thermal convection rather than by reduced permeability in frozen ground alone. This
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580  distinction is critical for predicting thaw rates under transient warming scenarios.

581 Quantification of CD; and f4 provides practical metrics for assessing infrastructure
582  vulnerability and carbon mobilization in Arctic aquifers. However, our model assumes
583  homogeneous aquifer properties and a closed inland hydraulic boundary; future work should
584  incorporate heterogeneity, seasonal variability, and erosion processes. Nonetheless, by bridging the
585  diffusion-based approach of Angelopoulos et al. (2019) and the non-freezing double-diffusion
586  theory of Pu et al. (2020), our study offers a unified framework for predicting multi-physical
587  interactions in coastal permafrost under climate change.

588 5. Conclusions

589 This numerical study elucidates the complex thermo-hydro-saline coupling processes
590  governing coastal permafrost thaw driven by seawater intrusion. The key findings and their
591 implications are summarized as follows:

592 (1) Seawater temperature (7)) is the primary driver of thaw acceleration. Warmer ocean water
593 intensifies thermal convection and solute transport, leading to a nonlinear increase in permafrost
594  thaw volume —approximately 105% growth as 7, rises from 0.5°C to 3.5°C. The earlier onset of a
595  thermally-driven, counterclockwise saline circulation cell under higher 7, (ti decreasing from
596 55,000 to 25,000 days) fundamentally reshapes long-term flow and heat transfer, establishing ocean
597  warming as a critical amplifier of coastal permafrost degradation.

598 (2) The evolution from single to double saline circulation governs the thermal-solute coupling.
599  The system transitions from an initial density-driven, clockwise cell to a mature double-circulation
600  pattern. This transition, quantified by the salt contribution degree (CD; < 0.5), reveals that thermal

601 forcing dominates thaw, while salinity primarily modulates early-phase thawing by depressing the
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602  freezing point. The later-stage counterclockwise cell diverts saline water seaward, attenuating
603 inland-directed thermal convection and causing retreat of the 0°C isotherm, a key feedback
604  mechanism not captured in prior models.

605 (3) Aquifer hydraulic properties strongly modulate thaw sensitivity and patterns. Higher
606  permeability accelerates thaw by enhancing heat and solute transport but also promotes the earlier
607  development of the counterclockwise circulation, which can limit further inland advance. Lower
608  porosity reduces latent heat demand, increasing initial thaw rates, but its net effect is balanced by
609  enhanced thermal convection.

610 These findings demonstrate that coastal permafrost vulnerability is highly sensitive to
611  projected ocean warming and subsurface properties. The quantified relationships among ocean
612  temperature, aquifer parameters, and thaw metrics provide a scientific basis for improving forecasts
613 of carbon mobilization from thawing permafrost and for assessing geotechnical risks to Arctic
614  coastal infrastructure. Future work should incorporate more complex boundary conditions, such as
615  tidal fluctuations, seasonal variability, and heterogeneous aquifer structures, to refine predictions
616  under realistic environmental scenarios.
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