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Abstract. Permafrost carbon, stored in frozen organic matter across vast Arctic and sub-Arctic regions, represents a substan-
tial and increasingly vulnerable carbon reservoir. As global temperatures rise, the accelerated thawing of permafrost releases
greenhouse gases, exacerbating climate change. However, freshly thawed permafrost carbon may also experience lateral trans-
port by groundwater flow to surface water recipients such as rivers and lakes, increasing the terrestrial-to-aquatic transfer of
permafrost carbon. The mobilization and subsurface transport mechanisms are poorly understood and not accounted for in
global climate models, leading to high uncertainties in the predictions of the permafrost carbon feedback. Here, we focus on
a hillslope in Endalen valley, Svalbard, as a representative example of a high-Arctic hillslope underlain by continuous per-
mafrost. We analyze solute transport in the form of a non-reactive tracer representing dissolved organic carbon (DOC) using
a physics-based numerical model with the objective to study governing cryotic and hydrodynamic transport mechanisms rel-
evant for warming permafrost regions. We first analyze transport times for DOC pools at different locations within the active
layer under present-day climatic conditions and proceed to study susceptibility for deeper ancient carbon release in the upper
permafrost due to thaw under different warming scenarios. Results suggest that DOC in the active layer near the permafrost
table experiences rapid lateral transport upon thaw due to saturated conditions and lateral flow, while DOC close to the ground
surface experiences slower transport due flow in unsaturated soil. Deeper permafrost carbon release exhibits vastly different
transport behaviors depending on warming and thaw rate. Gradual warming leads to small fractions of DOC being mobilized
every year, while the majority moves vertically through percolation and cryosuction. Abrupt thaw resulting from a single very
warm year leads to faster lateral transport times, similar to active layer DOC released in saturated conditions. Lastly, we analyze
the potential susceptibility of DOC to mineralization to CO; prior to export due to soil moisture and temperature conditions.

We find that high liquid saturation during transport coincides with very low mineralization rates and potentially inhibits miner-
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alization into CO; before export. Overall, the results highlight the importance of subsurface hydrologic and thermal conditions

on the retention and lateral export of permafrost carbon by subsurface flow.
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1 Introduction

Permafrost stores vast amounts of soil organic carbon (SOC) currently immobilized in frozen ground (Zimov et al., 2006).
This carbon stock has been built up over millennia and is not currently part of the active carbon cycle, but is subject to
remobilization under climate change (Tarnocai et al., 2009). Due to climate warming and permafrost loss, this carbon gets
mobilized when thawed out (Miner et al., 2022), which may lead to the possible release of large amounts of terrestrial carbon
into the atmosphere in the form of greenhouse gases (GHGs). However, the fate of the mobilized carbon is fraught with
uncertainty around the questions of how much of this carbon will ultimately be released to the atmosphere and how much of it
experiences lateral waterborne transport. Given that permafrost soils currently contain twice the amount of carbon compared to
the present atmospheric CO;, the potential release of this vast carbon stock into the atmosphere would exert a profound impact
on global climate dynamics (e.g., Schuur et al., 2015).

Apart from vertical release as GHGs through microbial mineralization, newly thawed carbon can also be dissolved in ground-
water and then be transported as dissolved organic carbon (DOC, Connolly et al., 2020) and lead to a lateral export of permafrost
carbon. This lateral transport increases the terrestrial-to-aquatic transfer of SOC, which affects rivers and oceans. Depending
on its biogdegradability, a large part of riverine DOC will be mineralized in the river or delivered to oceans, a small part can be
buried within the river sediments (Cole et al., 2007; O’Donnell et al., 2012; Abbott et al., 2014). The fate of permafrost carbon
is an essential piece of the global carbon cycle and requires a better understanding of DOC transport mechanics in groundwater
(Plaza et al., 2019).

Thawing of permafrost not only releases organic carbon but also has implications for the mobilization of other chemical
species, including contaminants such as mercury or trace metals. As permafrost thaws, the previously sequestered contaminants
in frozen soil can be released into the environment, potentially increasing pollutant levels in aquatic systems, threatening human
health (O’Donnell et al., 2012; Smith et al., 2024). Additionally, the increased input of DOC from thawed permafrost can
influence surface water chemistry. The lateral transport of DOC into oceans may interact with ocean acidification processes, as
increased CO; absorption by oceans decreases pH (Semiletov et al., 2016). This interaction could affect marine biogeochemical

processes and ecosystem health.
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Groundwater ow in permafrost regions is for the most part restricted to sub- and supra-permafrost groundwater ow
(Walvoord and Kurylyk, 2016). With permafrost acting as a largely impermeable layer between the two, shallow and deep
aquifers are mostly disconnected systems in continuous permafrost regions (e.g., Kane et al., 2013). Most of permafrost carbor
in the circumpolar permafrost region (46% of SOC in the upper three meters) is stored in the uppermost meter of permafrost
soils with deeper layers (1-2 m and 2—3 m depth) containing increasingly less carbon (34% and 20% of total SOC in the upper
three meters, respectively Hugelius et al., 2014). Within the active layer, a higher density of carbon abundance can be observec
close to the surface in the top organic layer (TOL) as well as cryoturbated material close to the active layer-permafrost boundary
(Siewert et al., 2015).

Lateral transport of compounds in permafrost regions is not only important for the fate of organic carbon, but also for
the transport of anthropogenic contaminants (Miner et al., 2021), mercury bound to organic material (Schuster et al., 2018),
and other chemical species (Wu et al., 2022). Observing transport and groundwater ow in general is inherently dif cult;
eld experiments in which tracers are used in permafrost landscapes (e.g., Wales et al., 2020) give an idea of the velocity of
ow as well as the dispersion of solutes but lack the possibility to obtain observations continuous in time. Numerical models
allow both simulating current groundwater ow as well as associated heat and solute transport (e.g., McKenzie et al., 2007;
Frampton et al., 2011; Harp et al., 2016; Lamontagne-Hallé et al., 2018; Dagenais et al., 2020; Sjoberg et al., 2021), and alsc
enable future predictions and changes in the cryotic-hydrological system (e.g., Bense et al., 2009; Ge et al., 2011; Bense et al.
2012; Frampton et al., 2013; Frampton and Destouni, 2015; Kurylyk et al., 2016; Shojae Ghias et al., 2019; Painter et al.,
2023). Therefore, modeling constitutes an important tool for investigating the ultimate fate of permafrost carbon.

Numerical modeling of solute transport under freeze-thaw conditions is computationally challenging and requires well-
optimized computer code that can solve the complex interplay between thawing, freezing, groundwater ow, and solute trans-
port (Lapalme et al., 2023; Lemieux et al., 2024). Recent modeling results have highlighted the importance of including
freeze-thaw processes when modeling solute transport in permafrost regions (Frampton et al., 2011; Mohammed et al., 2021
Guimond et al., 2021; Huang and Rudolph, 2023; Zastruzny et al., 2024). Jafarov et al. (2022) used the Advanced Terres-
trial Simulator (ATS, Coon et al., 2019) to show the difference between including and excluding freeze-thaw dynamics in
simulations representing low centered polygons in a polygonal tundra landscape. They use a non-reactive tracer to represer
dissolved constituents in the groundwater and found that in the simulations including freeze-thaw, most of the modeled tracer
gets mobilized within the freeze-up period and vertical tracer movement is greatly enhanced as compared to the simulations
that do not account for freeze-thaw dynamics, where lateral transport is signi cantly lower. They suggest that capillary forces
(cryosuction) might play a substantial role in the movement of solutes during freeze-up.

In this study, we quantify the transport of waterborne solutes in a model representation of a hillslope with a seasonally thawed
active layer underlain by permafrost. The model is based on a hillslope in Endalen, Svalbard, which is used as a representative
site for the high Arctic region of Svalbard and other similar conditions. We analyze advective transport of a tracer as a proxy
for DOC (Fig. 1a), without accounting for carbon-speci ¢ reactions, but with a representation of potential mineralization rates.
We de ne multiple tracers to represent carbon pools at different depths in the active layer and within the permafrost (Fig. 1b).

Carbon pools in the contemporary active layer are represented by a top organic layer (TOL) close to the surface as seasong
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Figure 1. Conceptual representation of permafrost carbon transport in the form of dissolved organic carbon in a High Arctic hillslope setting
underlain by continuous permafrosa) Qifferent carbon pools in the active layer (Top organic layer, TOL) carbon, blue sphere, and buried
carbon, green sphere) represent present-day active layer carbon release with hypothesized differences in transport velocities indicated by th
length of the arrow (short: slow, long: fasth)(Ancient carbon (red and yellow spheres) represent carbon sources within the permafrost,
currently immobilized, and their mobilization upon permafrost thaw through increasing air temperatures in the course of climate change and

associated active layer deepening.

plant litter, and buried carbon as cryoturbated carbon at the bottom of the active layer. The aim is to understand the relative
importance of these sources in terms of their potential for GHG release. This is achieved by comparing transport velocities and
residence times in the unfrozen soil, and evaluating their respective availability for microbial mineralization. Furthermore, we
explore the effect of a warming climate on the mobilization of ancient, currently frozen, carbon in the upper permafrost zone.
Two additional tracers in the model represent carbon sources that are currently immobilized in permafrost but susceptible
to release by active layer expansion due to warming. We hypothesize that for a high-Arctic hillslope as represented by our
study site in Endalen, Svalbard (i) buried carbon within the active layer will be transported faster than TOL carbon due to
higher saturated soil conditions at the bottom of the active layer; and (ii) ancient permafrost carbon will be exposed to similar
highly saturated late season conditions leading to rapid transport upon thaw. This insight into transport mechanisms active
in permafrost landscapes contributes to understanding the impacts of hydrological ows on permafrost carbon feedback in a

changing climate.
2 Methods

2.1 Study site

The eld site considered is located within the Endalen valley on Svalbardl@ &, 15 44' E), about 5 km east of the main
settlement of Longyearbyen, along the North-West facing slope and extending from the water divide at the top of the adjacent

plateau down to a groundwater spring located on the foothill adjacent to Endalen river (Fig. 2). The area has been surveyed



105

110

115

120

125

130

by a drone yover in summer 2022 to produce a high resolution digital elevation model5bm; Schytt Mannerfelt, 2023,
Appendix F). We delineate the photogrammetry-derived DEM using QGIS (version 3.22.4). The landscape in the area is
characterized by high-arctic mountain tundra with gentle slopes towards the valley bottbi) (with gravely soils covered

by a shallow organic layer, and a steep slope ascending towards the plat&a) ¢haracterized by a mostly gravely and rocky
subsurface. Soil pro les in surrounding areas have shown that a large part of the SOC is stored within the near-surface layers
of the TOL but that soli uction and cryoturbation have also led to an increase in SOC in the deeper layers of the sites where
cryoturbation processes are active (Weiss et al., 2017). However, this is only true for soil pro les close to the lower, gentle part
of the slopes where there is at least a thin organic layer (Appendix B). The total area considered is approximatef; Gt km

the elevation difference between the groundwater spring and the uppermost edge on the plateau is 376 m. Additional qualitative
eld observations are described in Appendix B.

2.2 Model

We adopt a semi-generic modeling approach, where the model represents the main topographical features of a hillslope site
and makes use of weather station data, but where soil properties are based on general observations and literature values (Tak
1). The model design aims to capture key physiographic characteristics of the site and is intended to be a synthetic domain
that is broadly representative of hillslopes in a high-arctic mountain tundra environment underlain by continuous permafrost.
Thereby, we represent a realistic setup in terms of topography and weather conditions in a continuous permafrost landscape
where observations are sparse, especially observations of groundwater ow. Semi-generic numerical modeling is a commonly
used approach for investigating groundwater systems in remote cold regions where data availability is limited (Lemieux et al.,
2024; Lamontagne-Hallé et al., 2020; Walvoord and Kurylyk, 2016).

We use a physics-based numerical model which couples cryotic and hydrological processes (the Advanced Terrestrial Sim-
ulator; ATS v1.4.1, Coon et al., 2019). In its con guration for modeling cold regions, ATS couples the intricate interplay of
freeze-thaw dynamics and both surface and subsurface energy, and surface and subsurface hydrology (Painter et al., 2016) at
has been successfully evaluated against multiple types of eld observations (Jan et al., 2020; Painter et al., 2023). ATS employs
an adaptive time-stepping scheme with user-de ned minimum and maximum time steps. In this study, we set the minimum time
step to10 0 days and the maximum to 1 day, allowing for ef cient and accurate simulations across different seasons, which
require higher or lower resolution time stepping. Solute transport is represented through the advection-dispersion equation
(Molins et al., 2022), which in simpli ed form can be written as

@sC) _
@t

where is soil porosity (-),s is liquid saturation (-)C is solute concentration in liquid water (mol solute mblwater),t

r (qC)+r (s Dir C)+ Qs 1)

is time (s),q is speci ¢ discharge of water (m $), D, is the hydrodynamic dispersion coef cient frm 1), andQs is a solute
source/sink term (mol ). Solute is excluded from the ice phase by the formulation, which represents solute as moles of solute
per moles of liquid water and by a nonlinear solver that enforces solute mass conservation (for details see Molins et al. (2022)).






