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Abstract

Global warming and permafrost thaw increasingly threaten contaminated sites across
Alaska, altering contaminant mobilisation risks in sensitive ecosystems and communities.
To assess this threat, we used the SIRIUS database to identify 1261 active contaminated
sites within Alaska’s permafrost region, noting that many sit near lakes, rivers, and
coastlines. We evaluated current and future hydrological mobilisation potential at these
sites using the CryoGridLite model under SSP1-2.6 and SSP5-8.5 climate scenarios,
accounting for how permafrost thaw and shifting precipitation alter groundwater levels.
We then determined overall aquatic hazard potential by integrating site-specific
characteristics, including contaminant toxicity, solubility, and proximity to water bodies.
Our results show that across Alaska 428 contaminated sites already carry a ’high’ to
'very high’ mobilisation risk. In the Alaska Tundra ecoregion, about 48% (238) of
contaminated sites fall into these categories, while the Alaska Boreal Interior (110 sites,
9.6%) and Boreal Cordillera ecoregions (36 sites, 29.3%) contain fewer high-risk sites
and show limited future change. These regional differences reflect distinct
environmental controls: in tundra regions, proximity to water bodies and extensive
wetland networks heighten mobilisation potential despite generally lower contaminant
toxicity, whereas higher contaminant toxicity dominates the drier Boreal Interior where
hydrological pathways are limited. While northern coastal regions show the largest
relative increases in hydrological mobilisation potential, absolute values remain low,
causing minor changes in risk classification. Conversely, drying in central Alaska, likely
driven by increased evapotranspiration, could reduce future contaminant mobilisation
potential despite enhanced permafrost thaw. Ultimately, these findings highlight the
complex and regionally distinct controls on contaminant mobilisation under climate
change, offering crucial guidance for targeted northern environmental management.
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Author summary

Permanently frozen ground has historically limited soil water movement in the vicinity
of contaminated sites across Alaska. Rising temperatures in the Arctic cause permafrost
thaw and contaminants stored at these sites could become more mobile, potentially
polluting nearby lakes, rivers, coastal waters, ecosystems and communities. In this
study, we assessed the risk of contaminant mobilisation for over 1200 active
contaminated sites across Alaska’s permafrost regions. We combined information on
contaminant characteristics, such as toxicity and solubility, with distance to the nearest
WBs and hydrological simulations under future climate scenarios. Our results show that
many sites in the Alaska tundra region already have a high potential for contaminant
mobilisation, which would further increase under strong warming scenarios. However,
boreal regions show lower increases because their drier conditions could reduce
water-driven mobilisation despite ongoing thaw. Our findings show that climate change
could influence contaminant mobilisation risk in different ways across Alaska and
highlight the importance of considering local environmental conditions when prioritising
monitoring and remediation efforts.
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Introduction

Global warming is leading to substantial changes in the hydrological connectivity of Arctic permafrost
landscapes |1H4], with implications for a range of processes, including the potential spread and mobilisation
of contaminants [5]. Historically, the presence of permafrost has limited both vertical and lateral movement
of contaminants through groundwater [648]. Climate warming, however, is altering the thermohydrological
conditions of the ground, reducing the integrity of permafrost as a hydrological barrier and potentially
increasing the risk of contaminant mobilisation.

Key processes driving changes in hydrological connectivity associated with permafrost degradation
include active-layer deepening, the formation of taliks and thermokarst development in ice-rich
permafrost [9-13]. In ice-rich polygonal tundra, melting of ice wedges can rapidly create new hydrological
pathways as polygonal troughs become interconnected [4]. These changes can occur over relatively short
timescales of only a few decades [3]. Lake drainage is another process indicative of an increasing
connectivity [14]. For example, the Seward Peninsula and Baldwin Peninsula experienced substantial lake
area losses in 2018 [15]. In addition, thinning lake ice can promote talik formation beneath lakes, increasing
lateral seepage |15] which can lead to a decline in discontinuous and sporadic permafrost regions [2,|10}/12].
Hydrological connectivity is further influenced by changes in precipitation and runoff regimes. Precipitation
is projected to increase across much of the Arctic, accompanied by a transition from snowmelt-dominated to
increasingly rainfall-driven runoff in Arctic rivers [16}/17].

In combination with permafrost thaw, these shifts enhance hydrological connectivity and increase the
potential for dissolved or particulate substances to be transported across landscapes [18]. Pringle [19] noted
that the Arctic food chain and water supply contain substantial amounts of Polychlorinated Bisphenyls
(PCBs) due to increases in hydrological connectivity. This was also found by Adams et al., [20] who detected
increased PCBs levels in mussels and salmon close to former military bases in the Aleutian arc.

At the same time, the Arctic contains a large number of contaminated sites, resulting from decades of
human activity, including industrial operations, oil and gas exploration, military installations and waste
disposal practices [5,[21H26]. These activities have introduced a wide range of contaminants into permafrost
soils. Langer et al., [5] estimate that between 10,000 and 20,000 contaminated sites related to industrial
activities are located within the Arctic permafrost region. Due to the remote locations for a lot of these sites,
cleaning them up is costly and difficult. Remains of human and industrial activities in the Arctic are
therefore typically not cleaned out or removed to the extent that is the case for mid-latitude regions [5}/7].

While site-specific studies have investigated contaminant behaviour and mobilisation at individual
locations in the Arctic permafrost-affected environments - including reactive solute transport modelling in
groundwater systems and contaminant measurements in thawing catchments and river systems [27-29| - the
implications of permafrost thaw for contaminant mobilisation remain poorly constrained at larger regional
scales. Existing studies primarily assess environmental and economic risks associated with permafrost-related
infrastructure failure (e.g. [30H35]) and are not necessarily related to contamination. These studies
demonstrate the value of large-scale risk assessments under different climate change scenarios, but typically
focus on infrastructure stability (e.g. housing, pipelines, waste disposal sites) rather than the mobilisation
potential of contaminants stored at contaminated sites.

Aquatic contaminant release as a human health hazard is understudied in the Arctic, which could be
problematic due to the proximity of many contaminated sites to settlements. Approximately 5 million people
live in Arctic permafrost regions across 1000 settlements [36]. Since 2000, human-impacted areas along
Arctic coastlines have expanded by 15%, largely due to oil and gas exploration and processing [25]. In some
regions, contamination has already led communities to restrict access to traditionally used lands [37,[38] and
to restrictions and/or cautions to use traditional drinking water sources such as rivers and lakes
(e.g. |39H41]). Regional-scale risk assessments are therefore needed to identify potentially vulnerable sites and
to support prioritisation for monitoring and remediation efforts at these sites.

To address this gap, we combine a database of contaminated sites with information on contaminant
toxicity and solubility with numerical modeling of the hydrological mobilization potential under current and
future climate conditions. We assess the aquatic hazard potential of contaminated sites across Alaska’s
permafrost regions and evaluate how permafrost thaw and changing hydrological connectivity could alter
contaminant mobilisation risk under SSP1-2.6 and SSP5-8.5 climate scenarios. Specifically, we identify where
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contaminated sites are most vulnerable to hydrological mobilisation and examine how these risks vary across
Alaska’s ecoregions. By providing a first-order assessment of contaminant mobilisation potential, this study
supports the prioritisation of sites for monitoring, remediation, and detailed local risk assessments by
agencies and communities facing increasing environmental change.

Study region

Alaska is a geographically and environmentally diverse region, characterised by strong variations in
topography, climate, hydrology and permafrost conditions. This diversity plays a fundamental role in the
distribution of contaminated sites and their potential for contaminant mobilisation.

Alaska contains several large mountain ranges, including the Brooks Range in the north and the Aleutian
range in the south-west. The Brooks Range forms an east-west barrier separating the Arctic coastal plain
from the interior.

With over 3 million lakes and over 12,000 rivers, streams and creeks, Alaska has an extensive freshwater
network. The Yukon river is the largest river and drains about two-thirds of the state into the Bering
Sea [42]. Glaciation is most extensive in the southern mountain ranges, with smaller glacier coverage in the
Brooks Range [43].

Alaska is underlain by extensive permafrost, ranging from continuous permafrost in the north, to
discontinuous, sporadic and isolated patches toward the south [44]. The continuous permafrost zone extends
south of the Brooks Range, before transitioning into discontinuous permafrost across most of the interior and
western coastline. Sporadic permafrost occurs along the margins of the discontinuous zone, while isolated
patches are mainly found along the southern edges of the boreal interior and coastal regions near the Yukon
Delta [44].

Due to the topographical, climatological and biological diversity, Alaska is divided into several ecoregions.

In this study, we use the Level II ecoregions defined by the CEC [45] to place contaminant release in a
regional context and distinguish differences in vulnerability of contaminated sites.

The Alaska Tundra, the northernmost ecoregion, consists of lowland plains and mountainous terrain with
long, dark and cold winters (-31 to -17°C) and short, cool summers (1.5 to 6°C) with extensive daylight.
Mean annual temperatures range from -17°C in the north, to -7°C in the south. Despite low annual
precipitation (100-500 mm), the region contains abundant lakes, ponds and wetlands and has shallow Active
Layers [43L|45]).

The Brooks Range Tundra is more mountainous and slightly wetter (200-600 mm annually), with mean
annual temperatures between -6 to -12°C, depending strongly on elevation. Drainage mainly occurs through
deep, incised river valleys, with few large lakes [43].

The Alaska Boreal Interior covers much of interior Alaska and has a subarctic, continental climate, with
mean annual temperatures between -9.5 and -4°C and precipitation of 200 to 800 mm. Wetlands are less
common, but thaw ponds and oxbow lakes are widespread. Permafrost is predominantly discontinuous and
contributes to poor drainage and wet, organic-rich soils [43].

The Boreal Cordillera and Marine West Coast Forest are more mountainous and wetter, with stronger
marine influences in the south. These regions experience higher precipitation (up to ;3000 mm) and generally
warmer conditions, with discontinuous to completely absent permafrost along the southern coastline.

Alaska has experienced substantial warming in recent decades. Between 1950 and 2018, mean annual air
temperature increased by 2.1°C, with winter warming reaching 4.1°C [46]. Permafrost temperatures have
risen by up to 0.8°C per decade since the 1980s [4749], increasing Active Layer Thickness by more than 0.2
m in the interior and enhancing hydrological connectivity [11].

This study focuses on Alaska, because it is underlain by continuous and discontinuous permafrost and has
experienced continuous expansion of industrial activities (such as oil and gas exploration since the discovery
of the Prudhoe Bay oil field in 1967). Alaska and Canada contain about 23% of the total amount of
contaminated sites in permafrost dominated areas [5], more than 70% of the sites are located in Russia.
Alaska contains about 8620 contaminated sites of which about 3600 are located on permafrost (Fig. [I)) which
were listed by the ADEC [50].
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Fig 1. Number of contaminants per contaminated site and ecoregions (Level 2) for Alaska.
The majority of the sites has |8 contaminants (> 84%), with a small no. of contaminated sites containing
between 8 and 24 (approximately 14%). Note also the large cluster of contaminated sites around Fairbanks,
with sites up to 39 contaminants. The sites that have been cleaned up but are still under institutional
control have been denoted in yellow (21% of the sites). The sites that have been cleaned up and are no
longer monitored are not taken into consideration for this figure.

Materials and methods

Datasets
Sirius database

We use an earlier version of the SIRIUS database that covered only Alaska (nov. 2024) . This database
contains an expanded contaminated site database from the Alaska Department of Environmental
Conservation , and includes identified contaminants present at the contaminated sites.

The ADEC has listed 8620 contaminated sites across Alaska, of which 42% are located in permafrost
regions (occurrence probability > 0% [44]). Approximately 60% of these (2100 sites) have not been cleaned
up (as of 2024) (See Fig[1). Most sites are located in sporadic (52%, 1112 sites) and discontinuous (24%, 512
sites) permafrost zones, with fewer in continuous permafrost (14%, 296 sites).

The number of listed contaminants per site ranges between 1 and 39, with 70% of sites containing three
or fewer contaminants (Fig . Sites with a higher number of contaminants are mainly located in central
Alaska, particularly around Fairbanks. Contaminated sites are concentrated near industrial areas and
settlements (e.g. Fairbanks, Prudhoe Bay, and Utqiagvik (Barrow)), along main transport routes such as the
Dalton Highway and Trans-Alaska pipeline and near major rivers including the Yukon and the Susitna.
Additional clustering occurs along the northern and western coasts.

Approximately 35% of the sites are military installations, followed by airfields (9%) and residential areas
(5%). Other site types include landfills, wastewater facilities, mining operations, hospitals and oil production
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sites. 120

A total of 137 contaminants have been identified at sites located in permafrost regions (Fif]1). 121
Hydrocarbons (diesel-range (DRO and gasoline-range organics (GRO)) are the most common contaminants;z»
along with compounds such as benzene, toluene and xylene. Other frequent contaminants include light 123
hydrocarbons (e.g. methane, ethane, propane) and metals, including both heavy metals (e.g. lead, zinc, 124
cadmium, mercury) and toxic elements such as arsenic. A full list of all the contaminants listed can be found 125
in the dataset available on Zenodo (see section Data-availability). 126
Waterbodies 127
To gain insight into the nearest water bodies we used multiple datasets to include the different types of water 12
bodies in Alaska. The HydroLAKES dataset provided spatial information on lakes with a surface area 129
greater than ten hectares|[52]. The Global River Widths from Landsat (GRWL) database with a spatial 130
resolution of 30 m covered the spatial information for rivers [53]. The Global Surface Water data set by the 1a
European Commission's Joint Research Centre covered all coastal and inland surface water with a 30 m 122

spatial resolution [54]. Finally, we used the water polygons data set from OpenStreetMap to cover oceans 133
and seas. Through the availability of this data and the determination of the drainage pathways at each of the s
CS, we could infer the water body (WB) type (lake, river, and ocean) into which the contaminants would 135

enter first in the event of mobilisation. See section Data-availability for the data repository. 136

General framework to quantify the contaminant mobilisation risk 157

To quantify the present and future contamination mobilisation risk of permafrost-affected land areas in 138

Alaska, we assumed that contaminants are mobilized within the thawed and water-saturated part of the 139
ground. Here, toxic substances can be dissolved into water and distributed to the environment through 140

lateral flow through porous soil. To assess the risk posed by the potential mobilisation of contaminants into 1a:
aquatic systems we quantify a mobilisation risk for each contaminated site (CS) which is factoring in (i) the 12
properties of the contaminants present at the site, (ii) the distance between the CS and the closest WB, and 1
(i) the annual groundwater discharge. Specifically, we define the hydrological contaminant mobilisation risk 1
(R) for each CS as follows: 145

R= S wp Q 1)

where and S denote the toxicity and solubility of the contaminants present at the site (CS), wp is a factor 1
scaling the distance (D) between the CS and the closest WB (Fig[ ]2), and Q is the potential groundwater 1
discharge integrated over one year. We assume that the contaminant properties and distance are stationaryss
and site-specific, whereas the groundwater discharge is considered to change in dependence of the climate. T@
distinguish between stationary site-specific and climate-driven factors, we express the mobilisation risk as the 1s

product of the aquatic hazard potential (), and the hydrological mobilisation potential ( ): 151
RY)= () @)
wherey is the calendar year, denoting the climate-dependence. The following subsections detail how we haves:
guantified the aquatic hazard potential (Eqg. , and the hydrological mobilisation potential (EqQ. , 153
respectively. 154
Aquatic hazard potential of the contaminated sites 155

The aquatic hazard potential () was derived for each CS based on information on the hazard potential of s
the present contaminants, and on the topographic setting of the CS and the closest WB. Specifically, was s
calculated as 158

=max (i Si) wp m 3)
i2c
Here, ; and S; denote normalized toxicity and solubility indices of each of the contaminants present at the s

site (CS), wp is a factor scaling the distance (D) between the CS and the closest WBm denotes the mean e
terrain slope between CS and WB which is a site-specific factor scaling the groundwater discharge Q. 161
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Fig 2. Schematic overview of components of the Aquatic mobilisation potential. Where the

Aquatic mobilisation potential is the modelling outcome of the CryoGridLite model. Other variables are
site specific factors such as Toxicity and Solubility and Distance to WB. The slope was calculated as the
elevation difference between the CS and it's closest WB.

Toxicity and solubility of the contaminants 162
By using LCgq fish, we capture the acute aquatic toxicity and provide a standardised measure that is widely 1es
applied in ecological risk assessment (e.g. [55]). Though acute toxicity does not account for chronic, 164
sub-lethal or mixture effects, it serves as a conservative indicator of ecological sensitivity. 165
Toxicity data were primarily obtained from IFA { Institut far Arbeitsschutz der DGUV (2026): 166
GESTIS-Stoffdatenbank, Deutsche Gesetzliche Unfallversicherung, available at: 167
https://gestis-database.dguv.de (accessed 10-2025) [56] and PubChem - National Library for Medicine [57] e
(see the data repository available under section Data-Availability for a complete list of all references per 169
contaminant). Each CS was assigned an aquatic toxicity index ( ) based on the contaminant of concern 170
listed in the database compiled from these sources. Toxicity was determined using the median lethal i
concentration in water over a 96-hour exposure period (LG, for fish, 96h), according to the Globally 172
Harmonized system [58]. The values were divided into four classes: low (Lgg for fish between 100 and 173
1000 mgL?! ), medium (LCsq for fish between 10 and 100 mgL} ), high (LC s for fish between 1 and 174
10 mgL? ), and very high (LC 5 for fish below 1 mgL?! ). In addition, substances with missing toxicity 175
data were classified as \Unknown" (approximately 7% of the contaminants). 176
The toxicity index for a given contaminant was calculated based on lethal concentration values as: 177

log (LCs0;max ) 10g (LC s50)

4
log (LCs0:max) 109 (LC s50;min ) 4)

where LCso.max and LCsomin are the maximum (lowest) toxicity contaminant and minimum (highest) 1
toxicity contaminant respectively over all the sites. LCsq is the LCso in mgL ' of the contaminant. That is, 17

)

8

= 0 for the least toxic contaminant (Ethylene Glycol, 54700 mgL ! ), and = 0:97 for the most toxic 180
(Benzo(a)anthracene, 0:000877 mg L ). Logarithmic scaling was applied to reduce the several 181
orders-of-magnitude variability in aquatic toxicity values and to avoid dominance by extreme values. 182

The solubility index assigned to the contaminants was mostly (>60%) extracted from the International 183
Labour Organization - International Chemical Safety Cards database (available at: 184
https://www.ilo.org/resource/other/ilo-who-international-chemical-safety-cards-icscs) [59], while the 185
remainder was either extracted from IFA { Institut far Arbeitsschutz der DGUV (2026): 186
GESTIS-Stoffdatenbank, Deutsche Gesetzliche Unfallversicherung, available at: 187
https://gestis-database.dguv.de (accessed 10-2025) [56] and PubChem - National Library for Medicine [57]  1ss
(see the data repository available under section Data-Availability for a complete list of all references per 189
contaminant). 19
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If an exact number for the solubility was not given, the ICSCs database denoted them with “very poor', 1
‘poor’, “‘moderate’, ‘good' or “very good' solubility. According to their database this classification coincides 1
with a solubility range of <1 gL * (very poor’), 1 10gL ! (poor), 10 100 gL ! (‘moderate’) and 193
100 1000 gL ! (‘good’). Solubilities 0:001 gL' are classified as ‘insoluble’, and “miscible' for 194
contaminants that are liquid and could mix with water. We used the ICSCs classification to assign a 195
numerical value based on these solubility ranges as follows:@01gL?* (linsoluble’), 0:5gL? (very poor'), 1
5gL! (poor),50gL? (‘moderate’) and 500gL* (‘good') for contaminants that did not already have a 1o
numerical value. Miscible contaminants were given a very high number to reflect their potential mobility 198

(1000 gL' ), while preserving the relative scaling. 199
Similar to the toxicity, the solubility index was scaled logarithmically and normalized to values between 20
zero and unity as 201
— |09 (Csol) IOg (C sol;min ) (5)
|09 (Csol;max ) |09 (C sol;min )
where C is the solubility of the contaminant in g=100mL and Cyax and Cpin are the maximum and 202

minimum solubilities in the contaminant database respectively. That is, S = 0:088 for the contaminant with 20
the lowest solubility (Aroclor 1248, 5:4 10 % g100mL?! ), and S = 0:966 for fully miscible contaminants 2o

(e.g. Ethylene glycol, 1000 g 100ml! ). 205
For sites containing multiple contaminants, the aquatic hazard potential was defined by the most 206
hazardous contaminant present, i.e. S = rgax( i Si). This conservative assumption focuses on the 207
12C
contaminant of greatest potential concern and ignores risks related to cumulative toxicity, mixture effects 208
and less toxic substances regardless of their solubility and concentration. 209
Topographic setting 210

Besides the properties of the contaminants present at the CS, the aquatic hazard potential (Eg. 3) is affected 2u
by the local topographic setting which is considering the presence of water bodies in the vicinity of the CS. a1
We assumed that the aquatic hazard potential is decreasing with an increasing distance between the CS ancds
the hydrologically closest WB. To reflect this decreasing hydrological connection as well as dilution effects 2.4
during mobilisation along the hydrological pathway we chose an exponential decay term w. 215

Wp = exp

Dref , (6)

where D = 500m is a reference distance which was set as a compromise between local-scale hydrological 2
relevance and DEM resolution. D (m) is the distance along the hydrological path along the steepest gradient, 2
which was derived in GIS, between the CS and the hydrologically closest WB. We used the ArcticDEM at a 2
32m spatial resolution [60] to retrieve the shortest path according to the method by Ocallaghan [61], which 219
assigns the path of water flow from one grid cell of the DEM to exactly one of the eight neighboring cells 220
which have the steepest down-slope gradient. To prevent depressions or pits and flat terrain with zero slopes;a

we preprocessed the ArcticDEM and applied the epsilon filling method from the RichDEM Python 22
library [62]. Then the distance D between the CS and WB was set to the total length of the determined 223
shortest path. 224
In addition, we extracted the difference in altitude h between the CS and the WB. With this, we 225
determined the mean slope along the hydrologically shortest pathway as 226
h
m= - (7

Due to inaccuracies and different spatial resolutions of the input datasets (see previous section), some CS 227
were located within their nearest water bodies. For these sites, the distance was fixed @ = 16m to retain a 2

finite and realistic estimate of . The slope was assigned a value of 0:051, corresponding to the 48 229
percentile of all calculated slopes. This value is relatively high without being extreme, ensuring a finite yet 23
conservative estimate . 231
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Hydrological mobilisation potential 2

To estimate the hydrological mobilisation potential (), we consider an idealised setting in which 233
permafrost-underlain terrain of a constant slope m connects the CS and the hydrologically closest WB (Fig. 2z
2). Assuming a constant gradient in the water table, the specific discharged) per unit width of an assumed s
infinitely wide slope (q in m?=s) can be written as 23

— W
g=Ky FH ®)
where Ky (m/s) is the mean saturated hydraulic conductivity within the aquifer thickness H (m), w (m)is 2
the difference in water table elevation between two locations in a distanc® (m). In this setting, the aquifer 2
thickness H at time t corresponds to the difference between the elevations of the water table (w in m) and 23
the frost table (a in m; or the elevation of the bedrock b (m) if the thaw depth exceeds the thickness of the 2o

soil above the bedrock): 2a1
H(t) = w(t) max[a(t); b(t)] 9)

Assuming that the CS and the WB are sufficiently distant, the difference in water table elevation is 202

approximated as the difference in the respective surface elevations so that w can be expressed as the 203

product of the slope (m) and distance (D) between the CS and WB. With w mD we can rewrite EQ.8 as: 2

q(t) = m Ky @(w(t) max[a(t); b(t))] (10)
To obtain the annual lateral discharge Q (m*/m) per unit width across the slope, we integrate Eq. 10 215
over one calendar year (y) and obtain: 26
Z
Qy)=m Ky ®)(w(t) max[a();b(t)]dt (11)
y
To separate the climate-dependent (time-varying) from the topographic (assumed to be stationary) 247
factors (the slope (m)), we define the hydrological mobilisation potential as: 248
_ Q)
w= = (12)
While was estimated for each CS, ( y) was quantified for the entire permafrost region of Alaska based on 24
model simulations. 250
Model simulations and forcing data 251
The climate forcing used to drive the CryoGridLite model consists of three parts, (i) the spin-up period 252

which allows the soil temperatures and other variables to adjust to prescribed initial climatic conditions, (ii) s
the historical period (1980-2020), and (iii) the future projections (2021-2100). The forcing for the spin-up 254
and historical periods are based on hourly ERAS5 reanalysis data with a spatial resolution of 3&m [63] . The s
forcing for the spin-up period was generated by repeating the meteorological data of the first decade of the 2
historical period (1980-1989) three times. For the future projections, we applied decadal monthly anomalies 2
from the MPI-ESM1.2-HR Coupled Model Intercomparison Project Phase 6 (CMIPG6) projections [?] for the 2ss
SSP1-2.6 and SSP5-8.5 emission scenarios to a baseline period (2011-2020) of the ERAS reanalysis

data [63,64]. Specifically, we adjusted the MPI-ESM1.2-HR data [65], which has a spatial resolution of:94 20
or 100km, using a nearest neighbour interpolation to fit the resolution of the ERA5 grid. Following Koven 2

et al. [66], we treated the meteorological variables air temperature at 2 m, specific humidity, surface air 262
pressure, and wind speed as additive { and the total precipitation, short-wave radiation and long-wave 263
radiation as multiplicative anomalies. We further imposed physical constraints to exclude unphysical values 2.

such as relative humidity > 100% or negative wind speeds after applying the anomalies. 25

For ground stratigraphies and other parameters we followed the model setup in Langer et al. [5], where 2
data was taken from the ECOCLIMAP global database of land surface parameters [67,68] and additional 267
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data on soil organic carbon contents from the Northern Circumpolar Soil Carbon Database version 2 [69] as zes
a basis for generating ground stratigraphies. The thickness of the soil layer above the bedrock was derived 2o
from the Gridded Global Data Set of Soil Thickness [70]. We based our default values for the parameters 270
related to the surface energy balance (albedo, emissivity, roughness length), as well as the parametrisation ot
snow albedo change, on those of Westermann et al. [71]. The values for hydraulic conductivity required to  2n

calculate Ky were obtained using parametrizations based on pedotransfer functions by Clapp & 273

Hornberger [72] developed for the SURFEX land surface model [73]. 274
We used the CryoGridLite permafrost model [74,75] to simulate the ground thermal and hydrological 215

regimes across Alaska under different climate scenarios. CryoGridLite solves the one-dimensional heat 276

diffusion equation taking into account the phase change of soil water, as well as the dynamic build-up and 2~
ablation of a seasonal snow pack. Similar to Chen et al. [76], we used a version of CryoGridLite that was 278

extended by a surface energy balance calculation and a simple subsurface hydrology scheme. 279
We conducted two sets of simulations (Table 1). First, we ran a parameter-ensemble of simulations with 2s

an ensemble size of N = 200 in which eight model parameters for six selected sites were randomly varied. 281

These simulations were run for the spin-up and historical periods and then used to assess the model 282

sensitivity and evaluate the model performance by comparing to observational data available for these sites 2

(see Supp. Material S3). The model evaluation revealed an overall satisfying capability of the parameter 284

ensemble to capture the active layer dynamics at the six selected sites (Fig. S3.1), and the water table depthzss
at the site Utgiagvik (Barrow) in northern Alaska (Fig. S3.2). For the same site, the model sensitivity was s
systematically explored. For this, we considered the difference between the ALT and WT (at the time of 287
maximum ALT) which corresponds to the thickness of the fully saturated part of the active layer. We found  2ss
by far the strongest correlation (R? = 0:88) with the volumetric organic content in the upper 0.3 m of the 2
ground (VSOC; see Fig. S3.3). Note that VSOC is directly related to VMC in Table 1, as the two 290
parameters were co-adjusted so that the soil porosity in the upper 8 m (' ) was held constant according to 20
the input data (i.e. VSOC =1 - VMC - ). A doubling of VSOC resulted in an about 30% reduction of 292
WT-ALT. For the remaining parameters the correlations were not significant. 293
Based on the insights from the model evaluation and sensitivity analysis, we then ran a second set of 294
simulations with a single parameter setting for each of the gridcells covering the permafrost-affected regionszes
of Alaska which included the spin-up, historical, and future projections periods. For these simulations we 296
chose default values for most of the varied parameters around the mean value of the ensemble range (Table 2o
1), while we set the maximum snow height to the maximum of the ensemble range and the residual water 208
factor to the minimum of the ensemble range, since this value corresponds more closely to the literature 299
values for residual water content [77,78]. Since the model evaluation based on ALTs did not suggest a cleakw
preference for simulations with higher or lower VSOC (Fig. ??), we decided to set VSOC halfway between  sn
the minimum and maximum values of the ranges explored in the ensemble simulations. For this choice of a0
default parameter values, the spatial simulations of contemporary ALTs in Alaska resemble the permafrost o
zonation according to the map by Obu et al. [44] fairly well (See Fig. 4). 304
From the second set of simulations, we diagnosed the hydrological mobilisation potential ( {/)) across the s
simulation domain in Alaska for each calendar year. For this we calculated the aquifer height (H(t)) using a0
Eg. 9 and used the daily frost table @(t)) and the water table (w(t)) as simulated by the model. K in Eq.10  sor
was calculated as follows 208

K== (13)
i=0

where n is the number of soil layers, d (m) is the thickness of a subsurface soil grid layer an&k (ms* )is =
the hydraulic conductivity of this soil layer. The values for hydraulic conductivity required to calculate K s
were obtained using parametrisations based on pedotransfer functions by Clapp & Hornberger [72] developed:
for the SURFEX land surface model [73]. 312
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Table 1. Parameter values used in the CryoGridLite simulations for model evaluation, sensitivity analysis,
and projections.

Parameter Model evaluation and sensitivity projections
Min. Max. Default

Volumetric mineral content

(upper 0.3 m; VMC) 0.05 ECOCLIMAP 0:05+ ECOCLIMAP -5

Field capacity factor (f ) 0.25 0.75 0.5

Residual water factor (f) 0.10 0.15 0.10

Evaporation depth (d¢) [m] 0.05 0.20 0.10

Maximum snow height [m] 0.2 20 20

Soil albedo ( ) 0.1150 0.3544 0.20

Roughness length soil

(Zo:soil ) [M] 0.0005 0.0015 0.001

Emissivity soil ( seil) 0.9428 0.9987 0.97
Use of artificial intelligence tools a1
We used Al tools (GPT-5.2, OpenAl) in a limited and supporting role during this study. It was used to 314
generate the background of Fig. 2, however, all the scientific annotations, arrows, labels and overlays were s
created manually by the authors. Al tools also provided support in Python coding for figure and map 316
creation and it was used to assist in spelling, grammar and language refinement of the manuscript. All a17
Al-generated outputs were critically evaluated, manually reviewed and revised by the authors. Scientific 318
interpretations, results, conclusions, and manuscript content represent the authors' own work and were not a9
generated by Al. 320
Results
Components of the Aquatic Hazard Potential 522
Approximately 40% of the contaminants exhibit a poor solubility (see for classification), while 25% are 323

considered insoluble. This includes PCBs, Metals and Pesticides and Herbicides. About 5 contaminants ares.
considered as “miscible' (e.g. some Organic compounds and Cyanide) and only a few contaminants have a s
moderate solubility at 20°C (PFAS) ( 5%). 3 metals react with water (e.g. Barium), instead of dissolving. s
Pesticides and Herbicides are highly toxic (ranging from “high toxicity: 1 10 mgL * , to “very high 327
toxicity: <1 mgL ! , according to the Code of Federal Regulations [58]. Other highly toxic contaminants sz

include Cyanide, metals and a group of PAHSs. a29
In addition, while there are relatively few CS with pesticides and herbicides (44 sites with very highly 3%
toxic components), their impact on the environment is large. Most of these contaminants are highly 331

persistent with long-lasting effects on the environment and have very high toxicities (See the data repository ss
available under section Data-Availability for a complete list of toxicity per contaminant). 34 sites contain 33
highly toxic metals, while another 31 sites contain very toxic PAHs. a3
Fig. 3 shows that there are no clear patterns between the variables, except for the hydrological ass
mobilisation potential, which shows some clustering between different ecoregions. This is caused by the factss
that is dependent on climatic factors, which vary between ecoregions (but not so much inside ecoregions). s

The mobilisation of contaminants is denoted by the distance that a contaminant has to travel to 338
contaminate a larger WB. The nearest WBs were classified as lakes, rivers, or the ocean. Smaller scale 339
streams were not included due to the resolution of the river database (30). The majority of sites (70%) were s
closest to a lake, followed by rivers (22%) and the ocean (8%). Most sites are located within 1 km of the 3a1

nearest WB (40% of lake sites, 35% of river sites, and 70% of ocean sites). Of sites which are located closest
to the ocean, 64% lie within 500. In comparison, only 30% of lake and river sites are located less than 500 s
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