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Abstract Strong compressive and shear stresses generated by glacial loading and unloading have a

direct impact on near-surface geological processes. Glacial stresses are constantly evolving, creating stress
perturbations in the lithosphere that extend significant distances away from the ice. In the Arctic, periodic
methane seepage and faulting have been recurrently associated with glacial cycles. However, the evolution

of the Arctic glacial stress field and its impact on the upper lithosphere have not been investigated. Here, we
compute the evolution in space and time of the glacial stresses induced in the Arctic lithosphere by the North
American, Eurasian and Greenland ice sheets during the latest glaciation. We use glacial isostatic adjustment
(GIA) methodology to investigate the response of spherical, viscoelastic Earth models with varying lithospheric
thickness to the ice loads. We find that the GIA-induced maximum horizontal stress (G,;) is compressive in
regions characterized by thick ice cover, with magnitudes of 20-25 MPa in Fennoscandia and 35-40 MPa in
Greenland at the last glacial maximum. Simultaneously, a tensile regime with 6,; magnitude down to —16 MPa
dominates across the forebulges with a mean of —4 MPa in the Fram Strait. At present time, 6,; in the Fram
Strait remains tensile with an East-West orientation. The evolution of GIA-induced stresses from the last
glaciation to present could destabilize faults along tensile forebulges, for example, the west-coast of Svalbard. A
more tensile stress regime as during the Last Glacial Maximum would have more impact on pre-existing faults
that favor gas seepage from gas reservoirs.

Plain Language Summary The Earth's surface is constantly moving, slowly changing in response
to external forces such as the weight of ice sheets that grow and decay during glacial cycles. Although most

of the ice from the latest ice age melted long ago, the Earth's surface in and around the previously glaciated
region is still responding—rising and falling—which affects the stress regime in the crust. The aim of this
study is to quantify the evolution in space and time of the stress perturbation caused by fluctuations in the main
ice sheets of the northern hemisphere since the last interglacial—123 ka BP. To achieve our goal, we build a
numerical model of the Earth and apply the varying weight of the ice sheets at its surface. Our results show that
the perturbation of stress caused by the deformation of the Earth during the last glacial cycle and its aftermath
could be sufficient to disturb natural gas reservoirs within oceanic sediments,—such as along Svalbard's
western coastline. Understanding the relationship between glacial forcing and methane seepage at Arctic
margins is important to advance in the quantification of the effect of such natural phenomena on global climate.

1. Introduction

Glacial isostatic adjustment (GIA) describes the mechanical response of the Earth to glacial loading and unload-
ing. This effect is well known in formerly glaciated areas (e.g., Scandinavia, Svalbard and the Barents Sea), and
in regions where glaciers are actively retreating (e.g., Greenland, North America, and Antarctica). Depression of
the Earth's surface during glacial loading causes flexure of the lithosphere, forming a subsidence bowl under the
glaciated area and a peripheral bulge off the ice sheet boundary. This flexural response is important because it
generates horizontal stresses of the same magnitude as the vertical stress induced by the weight of the ice cover
(Johnston et al., 1998; Kendall et al., 2005; Lund et al., 2009). After the retreat of the ice sheet, the Earth's surface
rebounds to gradually reach its equilibrium state, reducing the changes in the local stress field. Whilst the vertical
stress closely follows the temporal evolution of the ice-load, the horizontal stresses build up and decay away over
significantly longer time spans, depending on the viscosity of the underlying mantle. Hence, over the course of
a glaciation and in the aftermaths, the GIA process will contribute deviatoric stresses in the lithosphere. The
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magnitude of the Earth's response to the glacial build up and deglaciation depends on several parameters, such as
the elastic and rheological composition of the mantle and lithosphere, and the geometry and evolution of the ice
sheet (in terms of areal extent and thickness).

GIA modeling is often used to infer sea-level changes caused by glacial loading and unloading (Mitrovica &
Milne, 2003), to reconstruct the time and space evolution of ice sheets and to estimate rheological properties of
the Earth (e.g., Argus et al., 2014; Cathles, 1972; Lambeck et al., 2010; Lecavalier et al., 2014; Patton et al., 2016;
Siegert & Dowdeswell, 2004). Improvements in computational power has led to the development of widely
used general-purposed finite element (FE) software that can be adapted to GIA analysis (e.g., Bingtsson &
Lund, 2008; Hooper et al., 2011; Schmidt et al., 2012; Spada et al., 2011; Wu, 1992a, 1992b, 2004). Although
numerical modeling has been extensively used for GIA problems, only a limited number of publications calcu-
late and discuss the state of stress induced by glacial cycles in de-glaciated or glaciated areas (Ivins, 2003; Jull
& McKenzie, 1996; Klemann & Wolf, 1998; Lambeck & Purcell, 2003; Lund et al., 2009; Lgtveit et al., 2019;
Schmidt et al., 2013; Steffen et al., 2020; Wu et al., 1999). These studies have a particular focus on glacially
induced earthquakes associated with major faults on land and the implications for society of the present-day
occurrence of glacially induced seismicity in glaciated (e.g., Greenland and Antarctica) or formerly glaciated
regions (e.g., Fennoscandia and North America).

GIA modeling allows calculation of paleo-stresses associated with glacial-interglacial transitions. The implica-
tions of reconstructing the evolution of glacial stresses extend to offshore Arctic regions where the release of
copious amounts of greenhouse gases to the ocean have been associated to glacial dynamics (e.g., Andreassen
et al., 2017; Crémiere et al., 2016; Himmler et al., 2019; Plaza-Faverola et al., 2011; Portilho-Ramos et al., 2018;
Portnov et al., 2016; Wallmann et al., 2006). Although these studies have suggested a close link between
glacial-interglacial transitions and seafloor methane emissions, such a link remains poorly understood. Large
amounts of methane (i.e., and higher order hydrocarbons) are present at continental margins either as gas hydrates
or in the gas phase within the sedimentary cover. Methane is particularly abundant in the Earth's lithosphere
because it is generated by both organic (i.e., decomposition of organic matter either by microbes or by high
temperatures in buried formations) and inorganic processes related to chemical transformations at ultra-high
temperatures within the lithosphere (e.g., Etiope & Sherwood Lollar, 2013). The release of these greenhouse
gases into the ocean and the atmosphere is part of the Earth carbon budget (e.g., Etiope et al., 2008; Ruppel &
Kessler, 2017). Sedimentary faults and fractures are major pathways for fluids in the shallow strata provided
favorable pore fluid pressure conditions (e.g., Hornbach et al., 2004). Transient dynamic stresses associated with
faulting may lead to pore pressure increases that lower the effective stress and that in turns promotes more faulting
and shearing (e.g., Dugan & Sheahan, 2012). Any external mechanism that alters the local stress regime (e.g.,
glacial isostacy) will have an effect in the pressure field that controls the timing and magnitude of the gas release
(e.g., Ramachandran et al., 2022).

Here, we model for the first time the spatial and temporal evolution of glacial stress in the Barents Sea, Sval-
bard, the Fram Strait and Greenland through the last 122,800 years, to get a sense of stress field variations
through glacial, deglacial and interglacial periods. We pay particular attention to the evolution of glacial stress
since the Last Glacial Maximum (LGM) until present day. Our results can allow constraining simulations of
fault-controlled methane fluxes at glaciated margins and contributes therefore to the ongoing debate about the
relationship between glacial-interglacial transitions and the release of methane at Arctic continental margins.

2. Modeling Approach

In this study, we use a finite element approach to model the response of the solid Earth to glacial loading and
unloading. This method allows us to include complex 3D structures in our models, such as lateral variations of
the elastic thickness of the Earth's lithosphere (Te). Three features are essential when trying to tackle the GIA
problem: (a) The implementation of the momentum equation in the modeling code or software, (b) the recon-
structions of the ice sheets chosen for the loading conditions of the models, and (c) the geometry and rheology
of the Earth model.
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2.1. Modeling Glacial Isostatic Adjustment With General-Purposed FE Software

Throughout this study, we use the FE approach based on Wu (2004), which allows for the computation of GIA
stresses with general-purpose FE packages. The GIA problem is here modeled using the momentum equation
for a quasi-static and compressible spherical Earth that is in hydrostatic equilibrium. However, solving the full
momentum equation often yields numerical complications. For example, instability of the numerical solution
can occur because of the internal buoyancy and pre-stress advection being of the same magnitude but with
different signs. Another important challenge arises when including self-gravitation into the model, because this
requires solving either the Poisson's (for a compressible material) or the Laplace's equations (for an incompress-
ible material), significantly increasing the computation time. Here we take a first order approach and do not
include self-gravitation nor the change in density due to material compression, that is, internal buoyancy, but we
do allow for material compressibility (Klemann et al., 2003). It was previously shown that the internal buoyancy
and self-gravitation terms yield variations in the vertical displacement solution induced by GIA of less than 5%
under the center of the ice load (Schotman et al., 2008). Note that we also do not consider minor processes like
gravitational attraction of the evolving ice mass. After simplification, the momentum equation becomes:

Vo=V (u-pog#) =0 (1)

where ¢ is the stress tensor, u is the displacement vector, 7 is a unit vector in the radial direction, p the density
and g the gravitational acceleration. The first term describes the divergence of stress while the second defines the
advection of the pre-stress field by the material in motion.

To our knowledge, our study is the first to use the modeling software COMSOL Multiphysics® v6.0 to tackle the
GIA problem (COMSOL, 2022). To implement pre-stress advection into COMSOL Multiphysics®, we follow
the implementation scheme of Schmidt et al. (2012) for which the authors advocates the use of elastic springs at
all density contrasts. We thus set elastic spring foundations at the surface of the model and at each density contrast
within the Earth model. The spring constant acts only in the direction of gravity (radial direction).

Our implementation method has been tested against pre-existing GIA solutions and benchmarks (Béngtsson &
Lund, 2008; Lund et al., 2009; Spada et al., 2011; Wu, 1992a). Our computation of the vertical displacement
and velocity fields yield small differences (less than 5%) compared with the mentioned studies, especially with
solutions computed by other commercial FE packages such as Abaqus. The horizontal displacement calculated
from our model are generally overestimating solutions from spectral method by 10%—15%.

2.2. Model of the Eurasian, Greenland and North American Ice Sheets

One of the two major components in GIA computation is the loading of the ice sheet model. Having a detailed,
well-resolved ice reconstruction is a pre-requisite when computing displacements and associated stresses induced
by glacial loading. For this study, we include in our GIA model all major ice bodies from the Northern hemi-
sphere (i.e., the Eurasian, Greenland, and North American ice sheets) that could affect the stress regime in the
Fram Strait region. To do so, we combine two regional ice reconstructions, namely the UiT_2021 model, an
extended model reconstruction of the Late Weichselian Eurasian ice sheet developed by Patton et al. (2016, 2017)
and the Huy3 model from Lecavalier et al. (2014). We chose the UiT_2021 and Huy3 models for this study
because they are respectively the state of the art in the regional reconstruction of the Eurasian and Greenland
ice sheets. Parametric studies and comparison with relative sea level (RSL) constraints have shown that each
model overall performs well against empirical constraints and other regional or global ice reconstructions, which
adds confidence in our usage of the ice models. For example, RSL misfits associated with the last deglaciation
(Patton et al., 2017), which remains unmodified in the more recent UiT_2021 reconstruction, have been directly
compared to the recent benchmark study of Auriac et al. (2016), that compared various ice sheet and GIA models
against RSL and geodetic constraints around the Barents Sea. Results indicate that the UiT_2017 improved on
previous regional ice-sheet reconstructions, such as Siegert and Dowdeswell (2004) and Nislund (2010). For the
Greenland ice sheet, the Huy3 model explains the majority of RSL data around the island, except in Nanortalik
where an important misfit exists (Lecavalier et al., 2014). However, recent studies have shown that the misfit
between predicted GIA solution and observation in that region was potentially due to tectonic activities (glacially
induced faulting and earthquake) during the early Holocene (Steffen et al., 2020). These local reconstructions
of the Greenland and Eurasian ice sheets are coupled with the North American part of the global ICE-6G model
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from Peltier et al. (2015). We chose the ICE-6G model because of its time range being similar than the Huy3
and UiT_2021 models. In addition, the ICE-6G model is considered reliable by the GIA community thanks to
its global performance against RSL and geodetic constraints (Auriac et al., 2016; Peltier et al., 2015). As our
study does not focus on glacial stresses in North America, but rather need to include the ice sheet to simulate
far-field conditions, the coarser spatial resolution of the ICE-6G model in comparison to regional reconstructions
was considered sufficient for our study. We do not include the Icelandic ice sheet in this study, whose far field
effects are not considered significant enough to affect the Fram Strait regions. Note that the three selected ice
sheet reconstructions follow the evolution in time of the ice thickness from 122.8 kyrs BP to present but exclude
Anthropocene changes. The characteristics of the UiT_2021, Huy3 and ICE-6G models are described below.

For Northern Europe, we use the ice reconstruction by Patton et al. (2017) (model UiT_2021) which follows the
evolution of the Eurasian ice sheet (Figure 1a) for the last 122.8 kyrs starting from the Eemian interglacial period
to the present day. The model is sampled on a 50 X 50 km grid with a temporal resolution of 100 years. The
UiT_2021 reconstruction includes three periods of glaciation with the ice cover reaching a maximum extent at
88.2 kyrs BP, 59.8 kyrs BP and 23 kyrs BP (Figure A1). Figure 1a shows the geometry of the ice model at 23 kyrs
BP, with ice covering Northern Europe from the British Isles to the Severnaya Zemlya archipelago. The ice cover
reaches a maximum thickness exceeding 2.25 km at two locations: (a) on the northern coast of the Gulf of Both-
nia and (b) at the center of the Barents Sea. Each glacial maximum is followed by an almost entire collapse of
the ice sheet system. Final deglaciation over Fennoscandia, the Barents Sea and the British Isles occurs 9.7 kyrs
BP. Only small patches of ice remain over the northeast of Svalbard during the Holocene.

For the Greenland region, we use the recent ice reconstruction (model Huy3) by Lecavalier et al. (2014) which
covers the evolution of the Greenland ice sheet from 122 kyrs BP to present (Figure 1b). The model is sampled
on a 20 X 20 km grid with a temporal resolution of 6,000 years between 122 and 32 kyrs BP, 1,000 years between
32 kyrs BP and 17 kyrs BP and 500 years at more recent times. The Huy3 reconstruction is built using a 3D
thermomechanical ice sheet model, coupled with a GIA model of sea-level changes, and constrained by past
ice extents, past changes in relative sea-level, ice-core derived thinning and the present-day configuration of the
Greenland ice sheet. It includes the last three periods of glaciation with glacial maximum at 80, 62, and 16.5 kyrs
BP (Figure Al). At 16.5 kyrs BP, the ice sheet is entirely covering Greenland and has a maximum thickness that
exceeds 3 km at the center of the island (Figure 1b). At present time, about 55%-60% of the ice volume observed
at the 16.5 kyrs BP glacial maximum, remains.

For the North American ice sheet, we crop the global ICE-6G model from Peltier et al. (2015) to only keep the
ice bodies that cover north America (Figure 1c). We selected the extended version of the ICE-6G model that is
sampled on a 1° X 1° grid with a temporal resolution of 2 kyrs between 122 and 32 kyrs, and a resolution of
250 years between 32 kyrs and present. The model is built upon successive reconstructions of the last Pleistocene
deglaciation, constrained by geological data (i.e., observations of ice sheet margins, relative sea-level curves and
global mean sea level curve). It includes the last three glacial-interglacial cycles with glacial maximum at 86, 64,
and 26 kyrs BP. At 26 kyrs BP, the maximum ice thickness exceeds 4 km.The last remnants of the ice sheet over
North America vanishes 6 kyrs BP. Only small patches of ice remain in Alaska and Canada, which reflects the
presence of local glaciers.

Each of the ice sheet models have an individual timing for the LGM. For the rest of the study and specifically
in the results section, we refer to the LGM that is based on the Eurasian ice reconstruction, which occurs c.
23 kyrs BP.

We convert the ice thickness data from the three ice reconstructions into a two-dimensional temporally evolving
surface load that we apply on top of the viscoelastic Earth. The ice load is calculated as follows:

Oice = ’Ticepiceg (2)

with T

ice

the ice thickness and pi.. the density of the ice (917 kg.m™).

2.3. The Solid FE Earth Models

The second major component in the computation of GIA stresses is the Earth model. For this study, we model the
solid Earth using a layered three-dimensional spherical FE model, defined by a Maxwell viscoelastic rheology
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Figure 1. Map of the ice thickness for the reconstruction of (a) the North European ice sheet (Patton et al., 2016, 2017), (b) the Greenland ice sheet (Lecavalier
et al., 2014) and (c) the North American ice sheet (Peltier et al., 2015), plotted at 23 kyrs BP, 16.5 and 28 kyrs, respectively.

with elastic parameters based on the Preliminary Earth Model (Dziewonski & Anderson, 1981; see Table 1). The
choice for the viscosity values of the upper mantle (1.5 x 10?! Pa.s) and lower mantle (1.5 X 102! Pa.s) was based
on a local GIA model of Fennoscandia that performs overall well against observational constraints (Schmidt
et al., 2014). The model has a radius R of 6,371 km, but we only model the outer 2,800 km of the Earth, from
the surface to the core-mantle boundary (CMB) that is fixed in every direction (Figure 2a). The choice of a fixed
boundary condition at the CMB may be questioned. We therefore also tested a model with free-slip boundary
conditions at the CMB which yielded less than 0.7% difference in the stress results under the center of the ICE
at LGM.
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Table 1
Material Parameters for the GIA Model
Density p Viscosity
Layer # Depth [km] [kg.m™3] Poisson ratiov  Young modulus E [GPa]  p [pa.s]
1. Upper Crust 15 2,750 0.28 64 -
2. Lower Crust 50 3,251 0.28 156 -
3. Lower Lithosphere 60; 120; 20-175 3,378 0.28 170 -
4. Upper Mantle 1 410 3,433 0.30 182 1.5x 10%
5. Upper Mantle 2 670 3,837 0.30 263 1.5 x 107!
6. Lower Mantle 2,800 4,853 0.30 552 1.5 x 102!

Note. Elastic parameters are based on the Preliminary Earth Model (Dziewonski & Anderson, 1981).

In this study, we use two types of lithospheric models: (a) Models with constant layer thicknesses and (b) a model
that includes lateral variations. For the first type, we build two end members: one model where the base of the
lithosphere is located at 60 km depth and a second model where the base is located at 120 km depth. These two
end members values are based on a compromise between the best-fitting rheology of the optimum Eurasian and
Greenland ice sheet reconstructions presented in Patton et al. (2017) and Lecavalier et al. (2014), respectively.
For simplicity, we will refer to these models as TE60 and TE120, respectively. The second type of Earth model
includes a lithosphere with a laterally varying thickness (Figure 2c). This model is based on the global litho-
spheric reconstruction of Tesauro et al. (2013; personal communication). The elastic thickness of the lithosphere
(Te) varies from 10 km along the North Atlantic ridge and exceeds 175 km in the cratonic regions of Northern
Europe and North America. To avoid geometrical complications in the Earth model, we decided to cut the mini-
mum elastic thickness to 20 km instead of 10 km as such a thin layer would require the addition of finer elements
in the model, causing the run time to increase. At present, we do not include a plate boundary in the model. For
the rest of the manuscript, we will refer to this model as VL20-175. In every Earth model, the elastic lithosphere
and viscoelastic mantle are subdivided into three layers each described by different elastic modulus and thickness
(see Table 1).

The Earth model is discretized by a complex mesh network with a resolution that varies as a function of depth,
longitude, and latitude. For latitudes north of 45° and longitudes in between —90° and +90°, the finite elements
in the elastic lithosphere have a mean node separation of 70 km, against 300 km in the rest of the model (see
Figure 2b). In the entire Earth model, the elastic lithosphere is vertically discretized by seven elements, three for
the first elastic layer and two each for the second and third elastic layers. For latitudes north of 45° we set the
elements to be approximately 150 km thick in the upper mantle and 250 km thick in the lower mantle. In the
rest of the model, elements are approximately 300 km thick in the upper mantle and 700 km thick in the lower
mantle. In total, the mesh consists of 650,000 quadratic tetrahedral elements, which corresponds to 4,800,000
degrees of freedom. The model runs from 122.8 kyrs BP to present, with a maximum time stepping of 100 years
which results in an overall computation time of about 50 hr on a workstation that include an eight cores 3.70 GHz
processor.

2.4. Observational Constraints

The lithosphere is affected by many different ongoing processes (e.g., tectonics and mantle dynamics) of which
the GIA contribution may not always be a major player and individual components are hard to entangle. Further,
stress measurements are sparse and generally from shallow depths. A direct comparison of model predictions of
stress to available observations is thus challenging. Therefore, model verification will focus on surface velocities.
In this study, we compare our model with GPS data at three key locations: Greenland, Svalbard and Fennoscan-
dia. In Fennoscandia, GIA will be the major contributor to surface deformation, whereas in Greenland and Sval-
bard, other processes may dominate the signal (e.g., present-day ice mass loss, tectonic forces, mantle upwelling,
among others).

For Fennoscandia and its close surroundings, we use the BIFROST2015 data, presented in Kierulf et al. (2021)
and processed using the ITRF2008 reference frame (see Figure 3a). Measurements over Fennoscandia reflect
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Figure 2. (a) Model set-up and (b) mesh structure for the viscoelastic spherical Earth model used in this study. (c) Map of the elastic thickness of the Earth's
lithosphere, based on Tesauro et al (2013; personal communication), used in model VL20-175.

rebound of the lithosphere over an area that laterally extends to about 1,800 km in the N-S dimension and
1,200 km in the E-W dimension. The center of the rebound is in the western part of the Bay of Bothnia where the
maximum uplift rate reaches 9.6 mm/yr. From that point, the vertical velocity decreases radially. In the peripheral
bulge, the crust is currently actively subsiding at a rate of 1.40 mm/yr over the north of the Netherlands. The
average of the uncertainties over the processed vertical velocities is about 0.23 mm/yr.

Comparing model prediction with observational data in Svalbard is more difficult because of the limited number
of GPS stations over the archipelago. In Auriac et al. (2016) the authors show the present uplift over Svalbard
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Figure 3. Map of present-day vertical velocity measured by GPS within the ITRF2008 reference frame and from: (a), BIFROST2015 (Auriac et al., 2016; Kierulf
et al., 2021) (b), Svalbard (Auriac et al., 2016, Kierulf personal communication) and (c) the Greenland network—GNET (Khan et al., 2016).
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(see Figure 3b). We observe that the minimum uplift is in the Hopen Island (station HOPS) and the maximum in
the northwest of Svalbard (station NYAL) with values equal to 1.0 and 4.9 mm/yr, respectively. Note that station
HOPS is largely unstable and thus data from this location are considered unreliable (Auriac et al., 2016). The
average uncertainty of the processed vertical velocities is about 0.02 mm/yr, which is clearly underestimated
(Auriac et al., 2016; King et al., 2010).

The Greenland GPS network (GNET) only covers the edge of the island, the only part of land that is not ice
covered (see Figure 3c). The data set that we use for this study is processed using the ITRF2008 reference frame
and shows that the edge of the island is currently rebounding at a rate that average 3.5 mm/yr (Khan et al., 2016).
The MIK2 and KUAQ stations next to the Gunnbjorn region show higher vertical velocities than in the rest of the
island where the uplift rate exceeds 10 mm/yr. The authors explain that this local variation is due to the presence
of a temperature anomaly in the mantle underlying this region, induced by the migration of the Icelandic hotspot
(Jakovlev et al., 2012; Rogozhina et al., 2016). The average of uncertainties of the processed vertical velocities
is about 0.43 mm/yr.

We estimate the performance of each of our Earth models by calculating the misfit 3 between the predicted
vertical velocities with the GPS data presented above:

2
Vobs ~Vmodel
12=Z< i) 3)
N

Where v, and vioqe are the vertical velocities obtained from GPS measurement and predicted by the model
respectively, N the number of GPS stations and o, the uncertainties of the observed vertical velocities. For
each model, the lowest 2 value indicates the best-fit model. Note that we exclude the HOPS, MIK2 and KUAQ
stations in the calculation of the % as they are either considered unreliable or describe an uplift signal that cannot
be explained by GIA. For the remaining four GPS stations in Svalbard, we use a constant ¢, of 0.3 mm/yr
(Kierulf, personal communication) instead of the underestimated uncertainties presented in Auriac et al. (2016).

3. Results

3.1. Present Day Vertical Velocities Predicted by the Numerical Models and Comparison With GPS
Constraints

In Figures 4 and 5, we show how our Earth models respond to deglaciation by presenting maps of vertical
displacement rates at present time over Northern Europe, Svalbard and Greenland. We first note that the overall
pattern of vertical velocities in the three GIA models is similar. It can be described by: (a) a positive verti-
cal velocity (i.e., uplift) in the subsidence bowls centered on formerly glaciated regions (e.g., Fennoscandia,
Barents Sea), (b) a negative vertical velocity (i.e., subsidence) in the forebulge surrounding the edge of the former
ice-sheets, and (c) a negative vertical velocity in subsiding ice-covered regions (e.g., center Greenland). However,
each GIA model exhibits significant variation in the magnitude and spatial extent of the glacial rebound.

Model TE60 has overall the fastest present uplift rate over Fennoscandia (see Figure 4) with a maximum uplift
velocity of 11 mm/yr along the northern shore boarding the Bay of Bothnia. In Svalbard, model TE60 and
VL20-175 exhibit uplift rates of a similar magnitude, exceeding 6 mm/yr in the east of the archipelago. In the
forebulge surrounding the former Eurasian ice sheet, the subsidence rate exceeds 3 mm/yr in the Atlantic Ocean,
around the 10°E meridian and 73°N parallel, in all three models. When comparing our predicted uplift rates with
GPS observations over Fennoscandia (Figures 6a—6c¢), we see that the misfit between the measured and predicted
uplift is equal to 163 for model TE60, 145 for model TE120 and 136 for model VL20-175. We find the largest
misfits in the south of Norway, around the Oslo rift, where the uplift difference exceeds 2.5 mm/yr for all three
Earth models. The best fit between observed and predicted solutions is given around the Bay of Bothnia, where
the present-day uplift rate is the fastest within the modeled region (Figures 6a—6¢). However, the location of the
uplift center observed from GPS data is located more to the south, by about 300 km, than solutions predicted by
our models. In Svalbard, we note that the misfit between the predicted and observed uplift along the four GPS
stations is 149 for model TE60, 165 for model TE120 and 138 for model VL20-175 (Figures 6g—6i). The vertical
velocities predicted by our model are overall too slow in comparison to GPS data.
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Figure 4. Present-day map of the vertical velocity magnitude computed for our three Earth models, TE60, TE120 and VL20-175 over Fennoscandia, Svalbard and the
Barents Sea, using our composite ice model.
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In Greenland the models predict a more complex pattern of the vertical velocity field than in Fennoscandia
and Svalbard (Figure 5). For our three GIA models, the center of Greenland is currently subsiding at a rate that
exceeds 4 mm/yr. The edge of the island, however, is currently rebounding due to the retreat of the Greenland ice
sheet. All three models show vertical velocities that exceed 6 mm/yr in the southeast and north coast of Green-
land. In the forebulge areas, the subsidence rate is higher than 4 mm/yr in the north and south of Baffin Bay.
When comparing our predicted vertical velocity field with GPS observations, we show that solutions predicted
by our three models are in good agreement (Figure 6). There is significant mismatch along the northwest coast
(Figures 6d—6f), where our model predicts subsidence (~1-2 mm/yr) at present time while GPS data indicates
an uplift (~3—4 mm/yr). The discrepancy is likely due to the Huy3 ice reconstruction not accounting for the
Innuitian ice sheet, which would produce a thicker ice cover in the north and northwest of Greenland (Lecavalier
et al., 2014). That additional weight of the ice would lead to additional subsidence at LGM, and thus greater
rebound during the Holocene deglaciation. The best-fit 2 in Greenland is given by model VL.20-175 with a value
equal to 113, compared to 128 and 114 for model TE60 and TE120, respectively (Figures 6d—6f).

Overall, model VL20-175 gives the best fit compared to the geodetic constraints. We thus decided to present the
glacial stresses from this specific Earth model in the following sections and discuss how the results of TE60 and
TE120 differ from that.

3.2. Evolution of the Glacially Induced Stress and Vertical Surface Displacements From 122.8 kyrs BP to
Present—Model VL20-175

In this section, we present the stress and displacement fields induced by the advance and retreat of continental
ice sheets on our earth model VL20-175. We first present the stress and displacement fields as maps and verti-
cal cross sections of the maximum horizontal stress ¢, and maximum shear stress T, , plotted at two separate
times: (a) 23 kyrs BP when the Eurasian ice sheet is at its most recent maximum extent (LGM), and (b) at present
when the ice sheet has vanished in Northern Europe. The maximum horizontal stress, 6,,, describes the most
compressive stress in the horizontal plane. It is generally an interesting component to analyze in the context of
geological system interactions because it shows stress in the same plane than major geological structures (e.g.,
plate boundary, faults, mountain belt etc.) and makes it easier to compare with tectonic stresses also often plotted
in the horizontal plane. The maximum shear stress 7, describes half the difference between the maximum and
the minimum principal stresses and is closely related to the ability of the material to slip along a preferential
plane. In addition, we show the temporal evolution of the maximum horizontal and shear stresses, together with
the vertical stress, at key locations, from 122.8 kyrs BP to present.

3.2.1. Glacial Stresses and Vertical Surface Displacement at LGM (T = 23 kyrs BP)

In Figure 7a, we present the glacially induced vertical surface displacement (U,) over Northern Europe for model
VL20-175 at the LGM. Two subsidence bowls form under the weight of the ice. The northernmost, centered on
the northern Barents Sea, reaches a maximum subsidence of 400 m, with horizontal dimensions of 1,900 km
in the E-W direction and 1,600 km in the N-S direction (Figure 7a). The southern bowl, centered on Northern
Scandinavia, reaches a maximum subsidence of 450 m, with horizontal dimensions of 2,300 km in the E-W
direction and 2,200 km in the N-S direction (Figure 7a). Looking at the glacially induced stress field, we note that
o, is compressive in glaciated regions, and oriented approximately perpendicular to the long axis of the ice sheet
(Figure 7d). We find the ¢,, maxima (with magnitudes as high as 24-28 MPa) located 130 km West and 120 km
north of the Barents Sea and Fennoscandian bowl centers, respectively. Along the peripheral bulge (10-20 m
high on average) and upper flank of the bowl, ¢, is tensile, with magnitude as low as —6 to —8 MPa, and gener-
ally oriented parallel to the edge of the ice sheet (Figure 7d). The maximum shear stress (t,,,, in Figure 7g) is
= 6-7 MPa) collocated with the tensile bands that forms along the ice
= 4-6 MPa). In northernmost Sweden and east of Svalbard t_, exceeds 4 MPa (Figure 7g).

localized in the southern Barents Sea (z,,,,

sheet borders (z,,,,

Over Greenland, the pattern of ¢, and vertical surface displacement is essentially similar to that in Northern
Europe (Figures 7b and 7¢). We find that the wavelength of the Greenland depression bowl is about 2,200 km
long in the E-W direction and 3,100 km long in the N-S direction. The magnitude of the subsidence at the bowl's
center reaches a maximum of 650 m (Figure 7b). The thicker Greenland ice cover leads to ¢, being overall higher
than in Northern Europe, with values exceeding 40 MPa at the center of the island. Along the upper flank of the
bowl and forebulge (about maximum 30-60 m in height), tensile 6, can locally be lower than —10 MPa, as in the
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Figure 7. Maps of (a—c) the vertical displacement at surface level, (d—f) the maximum horizontal stress and (g—i) the maximum shear stress computed for model
VL20-175 at 2.5 km depth and at the LGM (23 kyrs BP), over (a, d, g) Fennoscandia, (b, e, h) Greenland and (c, f, i) the Fram Strait. The dashed lines and black crosses
define the 0 m contour and center of the subsidence bowls, respectively.

Greenland Sea and in the north of Baffin Bay and is overall oriented parallel to the ice sheet boundary. Maximum
shear stresses can be as high as 12-13 MPa in the north of Baffin Bay (Figure 7h). Between thick ice regions
along the east coast of Greenland, depression zones are characterized by T, as high as 8-9 MPa (Figure 7h). In
the subsidence bowl formed in Greenland, we note that the maximum shear stress exceeds 8 MPa in the south and
at the center of the island (Figure 7h).
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The Fram Strait region sits at the junction of the forebulges formed at the periphery of the Greenland and Eura-
sian ice sheets (Figure 7c). The magnitude of 6, reaches a minimum of —8 MPa close to the east coast of Green-
land, and range between 4 and —2 MPa off the west Svalbard coast (Figure 7f). In between the two regions, o,
is overall oriented E-W and thus perpendicular to the edge of the Greenland and Eurasian ice sheets. We note a
N-S oriented, ca.150 km wide band of compressive o, in the middle of the Fram-Strait, at a latitude of 80°, where
oy, varies between 0 and 4 MPa (Figure 7f). The areas of high shear stress follow that of the tensile stresses (i.e.,
maximum t_are found along the flanks of the forebulge between Greenland and Svalbard) where stresses are

associated with the forebulge. The maximum shear stress increases westwards across the Fram Strait from 2 MPa
close to Svalbard, to 4—8 MPa close to Greenland (Figure 71).

When comparing our earth models at the LGM over Fennoscandia (Figure B1), Greenland (Figure B2) and the
Fram Strait (Figure B3), we found that TE120 predicts GIA stress magnitude that are 10%—20% higher than
for TE60. Generally, we find that VL20-175 features similar 6, and <, field as for TE120 over Fennoscandia
(Figures B1d, B1f, Blg, and B1i), where the elastic thickness of the Earth's lithosphere is about 100-120 km
thick in VL20-175. Whereas over Svalbard, the Barents Sea and Greenland, 6, and 7, fields predicted by model
VL20-175 are closer to solutions from model TE60 (Figures Ble, B1f, B1h, and B11, and B3e, B3f, B3h, and B3i).
Looking at the general orientation of ¢, between each Earth model (Figures B1d, Ble and B1f, B2d, B2e, and B2f,
and B3d, B3e and B3f), we first note that the global pattern follows the same behavior irrespective of the Earth
model used, with o, oriented parallel to the edge of the ice sheet and perpendicular to the long axis of the ice
sheet in the interior of glaciated areas. However, the direction of 6, in the Fram Strait does not follow that trend

in model VL20-175 (see Figure 7f) where o, is oriented E-W (i.e., perpendicular to the ice-sheet margins).

Looking at Figure B3a, which displays the vertical surface displacement U, for our TE120 model, we can see
that the subsidence bowls around the Barents Sea and Greenland connects at the LGM in the Fram Strait. As the
Fram Strait is located along the edge of the subsidence bowls, which are oriented N-S, the direction of o, also
follows a N-S orientation (Figure B3d). In the TE60 model the Greenland and Barents Sea bowls barely touch
(Figure B3b) while in VL20-175 the same subsidence bowls are separated by about 150-200 km at the closest
distance (Figure B3c). As the Fram Strait is located outside the Greenland and Barents Sea bowls in model
VL20-175, the orientation of the o, stress is roughly perpendicular to their edges, thus E-W (Figure B3f). Our
model TE60 is a boundary case where Fram Strait is located more or less along the edges of the Greenland and
Barents Sea bowls which in combination results in the N-S orientation of o, (Figure B3e).

Overall, T__ localize at similar location in all three models (Figures Blg, B1h, and B1i, B2g, B2h, and B2i,

max
and B3g, B3h, and B3i), that is, along the tensile region that surrounds the glaciated lands and where the ice sheet
forms a depression (steep gradient of the ice thickness). Like the o, field, we note larger spatial variation in the
T distribution for model TE60 and VL20-175, where the elastic thickness of the Earth's lithosphere is in part

thinner than in model TE120.

3.2.2. Glacial Stresses and Vertical Surface Displacement at Present Time

In Figure 8d, we show the present-day maximum horizontal stress component at 2.5 km depth induced by glacial
rebound over Northern Europe for model VL20-175. We find that the present day ¢, has decreased by a factor of
3—4 since the LGM but the peaks of maximum horizontal stress are observed at the same locations (89 MPa in
the Barents Sea and 4 MPa in the Bay of Bothnia) as during the LGM. Moreover, we observe significant changes
in the orientation of ¢, between the LGM and present, especially in Fennoscandia where the ice completely
vanished at 9.7 kyrs BP (Figure 8d). The maximum horizontal stress direction generally follows a circular pattern
centered on the rebounding depression bowls that are in the Barents Sea and Fennoscandia (Figure 8a). Along the
edge of the former ice sheet, o, stresses stay negative but are tending to 0 MPa (Figure 8d) because of the collapse
of the peripheral forebulge. The high t___zone that was concentrated in the southern Barents Sea at the LGM has

max

now almost vanished (Figure 8g). Over Northern Europe, t___has overall decreased since the end of glaciation of

max

the Eurasian ice sheet. However, patches of high t,, remain in northern Sweden and over Svalbard and its west

margin, where t___exceeds 2-3 MPa (Figures 8g and 8i).

max

At present, the Greenland ice sheet has partially melted since the 16.5 kyrs BP glacial maximum, but about
55%—-60% of the ice volume remains. First, we note that the retreat of the ice body toward the inland induces
rebound of the coastal area (Figures 5b and 5c). Meanwhile, an overall thickening of the ice sheet at the center
of the island, between 23 and 16.5 kyrs, has induced further subsidence by about 40 m. The combined effect of
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Figure 8. Present-day maps of (a—c) the vertical surface displacement, (d—f) the maximum horizontal stress and (g—i) the maximum shear stress computed for model
VL20-175 at 2.5 km depth, over (a, d, g) Fennoscandia, (b, e, h) Greenland and (c, f, i) the Fram Strait. The dashed lines and black crosses define the 0 m contour and

center of the subsidence bowls, respectively.

the rebounding coast around Greenland together with the further subsidence of the center produces a smaller but
deeper bowl than at the LGM (Figures 7 and 8b). This results in a steeper bowl flank close to its center and thus
larger maximum horizontal stress (i.e., 47 MPa at that location; Figure 8e). We do not find any major changes
in the orientation pattern of ¢,, between 23 kyrs BP and present time, except in the east of Greenland where the
azimuth of ¢y, is rotated by about 90° (Figure 8e). Around the periphery of Greenland, we observe a 10%—30%
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reduction of the T, magnitude since LGM (Figure 8h), mostly induced by the retreat and melting of the Green-
land and North American ice sheets. Patches of high 7, remains in the Baffin Bay (z_,, = 8 MPa) and in remain-
ing glaciated areas like central and south Greenland (z,_ = 8-11 MPa).

max

The Fram Strait region is still affected by tensile horizontal stresses at 2.5 km depth at present time (Figure 8f).
The magnitude of o, is however closer to 0 MPa (less tensile) than at LGM, with a local minimum off the east
coast of Greenland that changes between the LGM and present day from —10 MPa to —8 MPa (Figure 8f). In
this region, we note that the direction of o, stays overall perpendicular to the former Eurasian ice sheet off the
west coast of Svalbard. In the eastern Fram Strait, we observe a migration of the 0 MPa isoline toward Svalbard
because of the melting of the Eurasian ice sheet. The maximum shear stress in the west Svalbard margin has
decreased by 10%—20% since the LGM (Figure 8i).

When comparing stresses from the three Earth models over formerly glaciated regions, we notice that GIA
induced stresses in model TE120 (Figures C1d and C1g) are about 30%—50% lower than in model TE60 at present
day (Figures Cle and C1h). This implies a faster decay of the GIA induced stresses since the beginning of degla-
ciation for model TE120 (Figures B1d, Blg, C1d, and C1g). Overall, the differences between each Earth models
that we noted for the LGM still hold at present time.

3.2.3. Stress Depths Sections at LGM (T = 23 kyrs BP) and Present Time

In Figure 9, we present depth profiles down to 140 km along the northern 80th parallel, which crosses the
Arctic region from Northern Canada to the Severnaya Zemlya archipelago. As for the maps of Sections 3.2.1
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and 3.2.2, we present the maximum horizontal stress and maximum shear stress magnitude at the LGM and
present time.

As inferred from the stress maps, o,, at LGM (see Figure 9a) is in compression below the ice sheet and in tension
max_focus (Figure 9b) under the center of the Greenland ice sheet
> 5 MPa). Across the 15 km border, we note an increase of the t
that correspond to the stepwise increase of Young's modulus set up in the model, which of course is a model

under the forebulge. At near surface level, T
(z_.. > 6 MPa) and in the Fram Strait (z,

max max max

simplification. Overall, T, peaks at the contact between the elastic lithosphere and viscoelastic mantle, where
the magnitude exceeds 16 MPa (Figures 9b and 9c).

At present day (see Figure 9c), o,, follows the general distribution described at the LGM over Northern Europe,
but its magnitude has decreased by a factor 3—4, as shown on the stress maps (Section 3.2.2). Because of the
ice-sheet disappearance, the peripheral bulge collapses and spreads laterally, so that the bend where o, is tensile
is less steep but spreads laterally as well. We note a similar distribution of 7, in Greenland at present time as
during the LGM (see Figure 9d). Whereas in North America, Svalbard and the Barents Sea, the retreat and melt-
ing of the ice sheets leads to a reduction of 7, by a factor 2—4. This observation applies at near surface level
and at depth.

3.2.4. Temporal Evolution of the Glacial Stress Field

Figure 10 shows the evolution in time of the magnitude and direction of the maximum horizontal stress (o), the
) and vertical stress (c,). Each of
the stress components are calculated at 2.5 km depth in model VL20-175, at locations along the north coast of the

magnitude of the minimum horizontal stress (¢,), maximum shear stress (t,,,,
Bay of Bothnia, the Barents Sea, the west-Svalbard margin, and central Greenland. In Figure 10, o, is reflecting
the ice load and can be used as a proxy for the thickness of the ice through time.

Three major glacial advances are recorded over Northern Europe during the last glacial cycle, separated by
approximately 12 and 20 kyrs of ice-free conditions (Figures 10a and 10b). 6, and o, first follows the build-up of
the ice and then o, continues to grow to surpass o, as the lithosphere flexes and the mantle is slowly displaced.
During the last glacial phase, we note that 6, peaks at 24 MPa in the Barents Sea and 29 MPa over Northern
Sweden (see Figures 10a and 10b). At times of ice-free conditions, the horizontal stresses slowly decrease due to
post-glacial rebound, at a rate that depends on the mantle viscosity. We do not notice any major change through
time in the azimuth of o,, over the Barents Sea, which overall stays oriented N-S (direction of 0°). In Northern
Sweden, the direction of ¢, fluctuates between 20° during the first glacial buildup, and —45° at present time.
Focusing on the maximum shear stress in the Barents Sea and Northern Sweden, we find that T, peaks during
the 82, 56 and 15-10 kyrs BP deglaciations of the Eurasian ice sheet, with magnitudes as high as 4-8 MPa.

In the west-Svalbard margin (Figure 10c), o, changes between a compressive (o, is equal to 0.5 MPa at r = 100
kyrs BP) and tensile regime over time (o, is equal to —1.5 MPa at r = 65 kyrs BP and 0 MPa at ¢ = 30 kyrs). At
present, o, remains tensile (6, = —2.2 MPa) in the area and is oriented E-W (direction of about —85°). Between
122.8 kyrs BP and present, o, stays tensile and reaches a minimum of about —10 MPa during the deglaciation
of the Barents Sea ice sheet at 82, 56 and 15 kyrs BP. Looking at the evolution of T, in the Fram Strait, we
note that t___follows the same behavior than in the neighboring regions of the Barents Sea and Fennoscandia

max

(Figures 10a—10c) and reaches a maximum magnitude of 4-5 MPa at 82, 56, and 15 kyrs BP.

In central Greenland, the thickness of the ice sheet does not evolve much in time (see Figure 10d). We note a grad-
ual buildup of ¢,, and ¢, during the initial glaciation phase. From 80 to 12 kyrs BP, 6;, is more or less constant, at
about 43 MPa, which indicates that flexure of the lithosphere changes little at this site after the first 40 kyrs. At
later times, there is an increase in 6, to 47 MPa that correlates with the retreat of the ice toward the inland and an
overall thickening of the Greenland ice sheet between 23 kyrs and present (see Section 3.2.2). In central Green-
land, the evolution in time of T, is similar to o, and peaks at present time with a maximum value of 8.5 MPa.

3.3. Implication of GIA Stresses for Arctic Faulting and Associated Methane Seepage

We have seen in the preceding sections that an ice sheet induces significant time-varying vertical and horizontal
stresses in the Earth's crust. The glacial stresses interact with the pre-existing in-situ stress field and potentially
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Figure 10. Temporal evolution of o, the vertical stress magnitude (green curve), T, . maximum shear stress (blue curve), 6, the minimum horizontal stress magnitude
(yellow curve), o,, the maximum horizontal stress magnitude (black curve) and direction (red curve). Four sites are selected: (a) The North of the Barents Sea, (b)
Northern Sweden, (c) The passive margin of West Svalbard and (d) the center of Greenland. The locations of each site are projected on a map of Greenland and
Fennoscandia (e).

has important implications for the evolution of neo-tectonic phenomena and associated processes along conti-
nental margins (e.g., Lund et al., 2009; Wu et al., 1999). Moreover, various studies indicate that glacially induced
stresses can trigger large magnitude earthquakes, as indicated by fault scarps in Northern Europe (Lagerback
et al., 2008 and reference therein; Steffen et al., 2021). For example, the Pérvie fault in the Lapland province has
a ~15 m high fault scarp (Lagerbick, 1992), inferred to have formed about 9,000 years ago during a ~M,, = 8.0
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earthquake (Lindblom et al., 2015). Further GIA modeling investigations of glacial stresses and their effect on
fault stability have shown that earthquake frequency in glaciated regions is influenced by the evolution in time
of the ice sheets (e.g., Hampel & Hetzel, 2006; Olivieri & Spada, 2015; Steffen et al., 2014). These studies
overall agree on that glacial loading is generally associated with a seismically quiet period in the ice-covered
region, whereas seismicity could be promoted by glacial unloading and lithospheric rebound. Calculating glacial
stresses is therefore critical for understanding fault behavior in formerly glaciated areas like Fennoscandia (Lund
et al., 2009; Steffen et al., 2014; Wu et al., 1999) or in Greenland where the ice sheet is rapidly melting (Olivieri
& Spada, 2015; Steffen et al., 2020).

The glacial stress models suggest that there are regions where glacial stresses have been persistently tensile
throughout most of the simulation with stresses in the magnitude of —10 MPa (Figures 7e, 8e and 9¢). In addition,
some of these areas are characterized by the highest predicted shear stresses, in the order of 10 MPa (Figures 7h
and 8h). A combination of tensile stresses and relatively high shear stresses could promote fault dilation at shal-
low level, that is, in the sediment cover where the gas is stored, and thus provide favorable conditions for fluid
migration and seepage.

Difficult access to Greenland margins makes challenging the investigation of seafloor methane emissions around
Greenland compared to emissions from the formerly glaciated Barents Sea (e.g., Andreassen et al., 2017).
However, there are a few studies that document gas seepage and near-surface gas hydrates from the Baffin Bay
(e.g., Cramm et al., 2021; MacLean et al., 1981; Punshon et al., 2014) and from other fjord areas along the west-
ern coast of Greenland (e.g., Nielsen et al., 2014). The presence of tensile faults and fractures at shallow level,
that is, in the sediment cover, in these areas would be favorably dilated for fluid migration and sustained methane
release under the predicted glacial stress regime.

The Fram Strait and the Barents Sea Shelf are regions of special interest from both hydro-carbon and climate
points of view as faulting is highly associated with the release of methane to the ocean (e.g., Mau et al., 2017;
Ostanin et al., 2012; Plaza-Faverola et al., 2015; Waage et al., 2018; Winsborrow et al., 2016). In the Fram Strait
area, the release of methane occurs through vertical conduits in hemipelagic sediment known as gas pipes or
chimneys (e.g., Biinz et al., 2012; Plaza-Faverola et al., 2015). Buried authigenic carbonate concretions and
their response in seismic data reveal episodic release of methane during the Quaternary glaciations (Himmler
et al., 2019; Plaza-Faverola et al., 2015). Various sediment proxies indicate that intensified periods of methane
release often correlate with the time shortly after the glacial maximum (e.g., Dessandier et al., 2021; Himmler
et al., 2019; Schneider et al., 2018). This apparent correlation between methane release and glacial transitions has
also been documented from the mid-Norwegian margin where a major event is inferred from ca. 130,000 years
(Plaza-Faverola et al., 2011). However, the integration of geophysical observations and sedimentary proxies
(dating of events) hints that seepage events are not always correlated with glacial cycles. For instance, along
the Vestnesa Ridge, offshore west-Svalbard, there are regions with sedimentary faults that have been releasing
methane to the ocean at least for the last 30 years (e.g., Hustoft et al., 2009; Plaza-Faverola et al., 2017; Smith
et al., 2014) while adjacent structures closer to the Molloy mid-ocean ridge stopped leaking some 8,000 years
ago (e.g., Consolaro et al., 2015).

Analytical tectonic stress modeling suggested that oblique spreading at the Molloy and Knipovich mid-ocean
ridges may be generating an abrupt shift in the stress regime from strike-slip dominated closer to the Molloy
Deep to a more tensile stress regime toward the northern termination of the Knipovich ridge (Plaza-Faverola
& Keiding, 2019). This shift in tectonic stress interestingly correlates spatially with the current distribution of
methane seepage (seepage is comprised within the tensile stress field). However, it does not explain why seepage
occurred more extensively in the past and suddenly stopped a few thousands of years ago. Plaza-Faverola and
Keiding (2019) suggested that a larger impact from glacial stresses following a glacial maximum could have
resulted in a more widespread tensile regime in the past (i.e., favoring methane seepage also in the now extinct
regions).

Our GIA modeling allows testing this hypothesis. Overall, our models suggest that glacial stresses may have
promoted fault dilation and associated gas release in the past (i.e., in the sediments), in the entire Fram Strait.
Moreover, it is likely that glacial stresses are contributing to promoting the seepage at present day. The ongoing
isostatic rebound forms a complex zone of glacial stresses associated with the Greenland and Barents Sea fore-
bulges that merged in the Fram Strait. The flexure of the Earth's surface along the merged forebulges leads to an
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overall N-S stretching. Induced horizontal stresses are dominantly tensile, with the minimum horizontal stress
magnitude between —4 MPa and —10 MPa, oriented N-S, parallel to the stretching direction. The combination of
relatively high maximum shear stress (~3 MPa) and tensile minimum horizontal stresses (~—6 MPa) off the west
coast of Svalbard could be enough to promote fault dilation (i.e., in the sediments) and gas leakage from known
reservoirs in this region (Daszinnies et al., 2021).

A similar analysis could be done for the western Barents Sea region where extensive areas are covered by seafloor
pockmarks and craters, active and extinct, depending on the geological setting and relationship with ice-sheet
dynamics (e.g., Andreassen et al., 2017; Chand et al., 2016; Crémiere et al., 2016; Winsborrow et al., 2016).
Unlike the Fram Strait, the Barents Sea was covered by ice, hence it is likely that average stress increase caused
by the weight of the ice demoted fracturing or faulting processes in this region during glacial periods. However,
in the course that follows the deglaciation of the European ice sheet (from about 15 kyrs BP to present), the drop
in confining pressure combined with maximum shear stress that lies between 3 and 6 MPa, could destabilize
pre-existing fractures and thus enhance gas seepage activities.

It is important to note that both the Fram Strait and the western Barents Sea regions are in a complex geological
setting where several sources of stress (ridge push, transform faults, gravitational potential energy) interact and
impact the near surface. Major players to the regional stress field such as ridge push in an extensional geodynamic
setting like in the North Atlantic and the Arctic oceans, are known to produce horizontal deviatoric stress at
crustal level that lie in the range of 2040 MPa (Bott, 1991). Further quantification of the effect of glacial stress
on near-surface dynamics and Arctic methane release thus requires the analyses of those additional stress sources
(Gac et al., 2016; Ghosh et al., 2009; Schiffer et al., 2018). To assess the effect of the regional stress field on
faulting, we can assume that the background tectonic stress field does not change during the time of glaciation and
deglaciation. This is a reasonable assumption considering that tectonic plates operate on a time scales of millions
of years, thus much longer than the time scale of glaciation and deglaciation cycles (~10-~100 kyrs). In future
studies, we will establish a background tectonic stress based on geodynamics models of the Fram Strait, onto
which the GIA-induced stress field is superposed (e.g., Ivins, 2003; Lund et al., 2009; Steffen et al., 2014; Steffen
et al., 2020; Wu et al., 1999; Wu & Hasegawa, 1996).

4. Discussions Model Sensitivity and Performance
4.1. Sensitivity of the GIA-Induced Stress Field to the Ice Loading Scenario

The ice reconstruction to first order determines both the spatial and temporal evolution of displacements and
stress in the model. The present-day solutions of uplift that result from the deglaciation of the Eurasian, North
American and Greenland ice sheets were compared with GPS data. We showed that in some areas, our reference
model (VL20-175) yields significant differences with these geodetic constraints. In Fennoscandia, for example,
the center of the predicted present-day uplift rate is localized 300 km farther north in model VL20-175 than in
the GPS observations. If the computed uplift rate field is translated to the southwest (by —1.3° in latitude and
—2.5° in longitude) the ¥2 misfit to the GPS observations reduces to 20, compared to 136 before the shift. This
suggests that the magnitude of the present-day rebound is well predicted by our model and that the spatial distri-
bution of uplift is strongly dependent on the modeled ice-sheet architecture. The UiT_2021 ice sheet used in our
simulations has the maximum Holocene ice thickness localized over the southern border of the northern Bay of
Bothnia, 300 km northward from the maximum uplift observed from GPS data (Figure 4). Other reconstructions
of the Fennoscandian ice sheet usually locate the center of the ice cover further south of the Bay of Bothnia or
in the Bothnian Sea (e.g., Néslund, 2010; Siegert & Dowdeswell, 2004). The predicted uplift pattern from these
models usually agrees well with local field constraints. However, the 300 km shift to the northwest of the uplift
in Scandinavia has a little influence on Svalbard and around the Barents Sea, the main targets of this study. More
importantly, we chose the UiT_2021 ice sheet model because it is well-resolved over its Arctic segment and has
a better fit with relative sea level data around the Barents Sea and Svalbard (Auriac et al., 2016) than other local
ice reconstructions (e.g., Néslund, 2010; Siegert & Dowdeswell, 2004).

While the extent and chronology of ice-sheet retreat are typically well constrained, the greatest uncertainties
in ice sheet reconstructions lie in the thickness of the ice sheet through time (Ely et al., 2021). Recent insights
derived through cosmogenic exposure age dating indicate a potential shift in our understanding of the timing
and style of the Eurasian ice sheet deglaciation, with indications that ice-sheet thinning was underway soon after
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the LGM across southern Fennoscandia (Lane et al., 2020) and the High Arctic (Gjermundsen et al., 2013). Yet,
while stress magnitudes might change in future models as ice thicknesses through time become better resolved,
the spatial stress patterns and stress orientations induced by GIA are less likely to diverge significantly.

To illustrate this point we compared our UiT_2021 ice model with the Néslund (2010) reconstruction, in which
the Fennoscandian ice sheet is significantly thicker (by about 1,000 m in the Bay of Bothnia at the LGM). Lund
and Schmidt (2011) plot the stress magnitude at 18.4 kyrs for Scandinavia, using a flat-earth model (P24) with
rheological parameters similar to our TE120 model and the ice reconstruction of (Ndslund, 2010). This model
predicts glacially induced horizontal stresses at 18.4 kyrs as large as 32 MPa under the center of the ice load
(located in the Bay of Bothnia), which is similar to our model VL20-175 at the same time. However, we would
expect a more significant difference in the stress magnitude than what we observe considering the 1,000 m
discrepancy in the ice thickness between both models. The convergence of both solutions is due to our spherical
Earth model that produces horizontal stresses under the center of the ice load that are 10% higher than solutions
obtained from a flat Earth model, as in the P24 simulation.

For areas peripheral to the ice sheet and affected by the forebulge, the predicted stress field becomes predomi-
nantly sensitive to the timing and duration of maximum loading, rather than its magnitude or precise location.
However, for our region of specific interest in the Fram Strait, these potential uncertainties are well mitigated,
with maximum ice thickness in the UiT_2021 reconstruction and over the Svalbard and western Barents Sea
reconciling well with cosmogenic exposure ages data (Figure 11 in Patton et al., 2016) and relative sea-level data
during deglaciation (Patton et al., 2017). In addition, while the geometry of the ice sheet along the NE Greenland
margin is uncertain at the LGM, it has not experienced dramatic changes since then. Therefore, the glacial stress
field along the Fram Strait since the LGM is unlikely to diverge significantly under alternative, well-constrained
ice-sheet reconstructions for Greenland and Eurasia.

4.2. Sensitivity of the GIA-Induced Stress Field to the Earth Model

Each of the Eurasian, Greenland and North American ice sheet models used in this study were built upon different
regional best-fitting Earth models. For example, Patton et al. (2017) shows that the best-fitting earth model for
the optimal ice reconstructions over Svalbard, Franz Josef Land, Novaya Zemlya, and Northern Fennoscandia
has mantle viscosity and elastic thickness of the Earth lithosphere that are significantly different, illustrating
the known rheological heterogeneities across such large domain (see Table 1 in Patton et al., 2017). To avoid
including a complex 3D mantle rheology, we settled on a simple viscosity structure (viscosity in the upper and
lower mantle is equal to 1.5 X 102! Pa.s) that was used in regional GIA modeling of Fennoscandia (Lund &
Schmidt, 2011; Schmidt et al., 2014) and yield good performance against observational constraints. Lateral vari-
ation in the Earth rheology is instead included through the 3D lithosphere structure (e.g., Klemann et al., 2008)
that we derive from the elastic thickness of the Earth's Lithosphere model from Tesauro et al. (2013; personal
communication). The sensitivity of the GIA simulations and induced stress field to the lithosphere and mantle
structure are discussed below.

For simplicity, we did not model the sediment layer at the top of the upper crust whereas it is the location where
the methane is stored and escape toward the surface. If we assume that the sediment and methane gas reservoir
were already in place prior to 122.8 kyrs, the beginning of our calculation, this sediment layer will be affected by
GIA. However, sediments are generally less rigid than crustal rocks underneath and are thus described by lower
elastic moduli than for the lithosphere (Guéguen & Palciauskas, 1994; Mavko et al., 2009). Horizontal stresses
induced by GIA in the sediment layer will overall be lower (less compressive) in glaciated or formerly glaciated
area and higher (less tensile) along the forebulge that forms at the periphery of the ice sheet, in comparison to
horizontal stresses found in the Lithosphere underneath.

When analyzing the sensitivity to the Earth model, we have shown that the three tested lithospheric structures
(TE60, T120 and VL20-175) essentially yield a similar time and space pattern of the GIA induced stress field.
However, we note significant variation in the magnitude of the crustal response to glacial cycles between each
model. Overall, we show that the thickness of the elastic lithosphere influences the wavelength of deformation,
which agrees with earlier findings (Nield et al., 2018). For example, models that include a thin lithosphere (i.e.,
TE60 and thin lithospheric region in model VL20-175) produce a deeper subsidence bowl but with horizon-
tal dimensions that are slightly smaller than when including a thicker elastic lithosphere (i.e., TE120). At the
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subsurface level, the magnitude of the horizontal stresses at the LGM are 10%—20% higher in models where the
lithosphere is 120-km thick (model TE120), whereas a thinner elastic lithosphere leads to more spatial variation
of the stress field under and around the changing ice sheet. We found that the velocity field obtained from our
three GIA models are similar, however the best fit to the geodetic observation was obtained when including a
laterally varying elastic thickness of the Earth's lithosphere. This agrees with previous studies that showed that
lateral variations in the lithospheric thickness is important to provide a better fit to GNSS observations, but also
because it allows the capture of short-wavelength deformation and a better correction for gravity recovery data
(Nield et al., 2018 and references therein).

We did a sensitivity analysis for mantle viscosity while keeping the other rheological parameters (e.g., elastic
modulus, elastic thickness of the Earth's lithosphere, density) the same than in model TE120. The first alternative
model includes an upper mantle viscosity of 1.5 X 102! Pa.s and a lower mantle viscosity of 1.5 X 10?2 Pa.s (see
Figures D1 and D2). As expected, we note that the viscosity of the mantle controls the rate of deformation so that
GIA induced stresses, in this example, build up or decay slower during glacial advances and retreat, respectively,
when the viscosity is higher. An increase in the viscosity of the lower mantle by one order of magnitude leads
to glacial stresses that are 20%-25% lower under the center of the ice sheet at the LGM than for models TE120
(Figures D1a, D1d, and D1g). At present, residual glacial stresses are higher in formerly glaciated regions than
in our model TE120 by about 30%—40% (Figure D2a, D2d, and D2g). Note that the spatial distribution of both
deformation and stresses induced by glacial cycles are similar to the models presented in this study. In a second
example, we test the viscosity structure presented in Lambeck et al. (2017) where the upper and lower mantle
viscosity equal 5.1 X 10%° and 1.3 x 10?2 Pa.s respectively, while keeping the elastic thickness of the Earth's lith-
osphere constant and equal to 120 km (as in model TE120). We show in Figure D3 that our model that includes
the Lambeck viscosity structure produce glacial stresses that are overall 10%—15% larger than for model TE120 at
the LGM and in glaciated regions. We note that the lower upper mantle viscosity has induced a faster rebound of
Northern Europe (Figures D4a, D4d, and D4g) since the beginning of the Holocene deglaciation, in comparison
to model TE120 (Figures Cla, C1d, and C1g). Hence, the maximum shear stress and the horizontal stresses today
have almost fully vanished in this region. In comparison, model TE120 have residual 6, and 7, in Northern
Europe of about 5-8 and 0-3 MPa respectively at present time (Figures C2 and C3).

4.3. Effect of Tectonic Processes, Temperature Anomaly and Plate Boundary on the GIA Solution Over
the Fram Strait and Svalbard Regions

Interestingly, our models and previous GIA studies show that there is a general underestimation of the uplift
rate in the Svalbard region (Auriac et al., 2016 and references therein). We argue that the mismatch between the
computed present-day uplift and GPS measurement in that area is most likely due to a combination of mecha-
nisms that are generally not considered in GIA models:

e Temperature anomaly: Interpretation of seismic tomography models and magneto telluric investigations have
revealed a strong temperature anomaly in the upper mantle of the North Atlantic (Minakov, 2018 and refer-
ence within; Selway et al., 2020), probably linked with the Icelandic and Jan Mayen hotspots. Results indicate
an average excess mantle temperature under Svalbard (40°C-100°C) compared to the central Barents Sea.
That would correspond to a layer of viscosity ~10'® Pa.s in the uppermost mantle and a layer of viscosity
~10% Pa.s in the underlying lower mantle (Selway et al., 2020). These values are more than two orders of
magnitude lower than what is typically used in GIA studies (including ours) for the Svalbard area (Auriac
et al., 2016; Patton et al., 2017). Model predictions that include such a weak viscosity structure could yield a
faster response, hence higher uplift rate, to present-day ice mass loss (not included in our model) in Svalbard.

e Background tectonic stresses: Modeling of the gravitational potential energy in the Barents Sea region
suggests that the ridge push force from the ocean spreading of the North Atlantic ridges is large enough to
cause contraction in the Barents Sea shelf (Gac et al., 2016, 2020). The net horizontal forces that result from
this mechanism are most likely important enough to induce a general uplift of the area comprised between the
North Atlantic ridges and the East of the Barents Sea (including Svalbard). However, the present-day contri-
bution of this process to the measured uplift over Svalbard remains unconstrained.

e Plate boundary (Mid Atlantic ridge): One other mechanism that we did not consider in this modeling study
is the influence of the plate boundary (i.e., the North Atlantic ridge) on the GIA-induced motion. We showed
throughout this paper that the GIA of each glaciated (or formerly glaciated) area is primarily controlled by
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the regional Earth rheology and respective ice sheets. However, in a place such as the Fram Strait, the close
vicinity with the Greenland, North American and Eurasian ice sheets imply an influence of all three ice bodies
on the regional GIA. Considering that the mid-Atlantic ridge crosses the Fram Strait, we should consider how
the plate boundary may affect the GIA induced displacement. In Klemann et al. (2008), the authors tested the
effect of a plate boundary on GIA-induced motion by modeling it as a low viscosity zone. They showed that
the low viscosity zone behaves as a free-slip boundary, effectively decoupling horizontal motion at crustal
level from one side of the plate boundary to the other. However, vertical motion caused by the weight of the
ice sheet through the crust and mantle was relatively little influenced by the presence of the plate boundary.
The decoupling of horizontal displacement between one side of the ridge to the other could have an impor-
tant influence on stress perturbation i.e., caused by GIA through the lithosphere, especially in the horizontal
plane. It is also possible that the slipping boundary yields to relaxation of shear stresses across the Fram Strait,
potentially reliving shear on fault there. This will be the matter of further study.

5. Conclusions

We modeled the evolution in space and time of the GIA induced stress field caused by the weight of the North

American, Eurasian and Greenland ice sheets from the Eemian to present. We derived the stress field generated

by the ice sheets in the northern hemisphere from a GIA model that: (a) accounts for a 3D spherical Earth; and (b)

assumes a quasi-static and visco-elastic Earth i.e., in hydrostatic equilibrium. Our major findings are summarized

below:

1.

While the overall stress solution is strongly dependent on the ice load scenario and the rheological parameters
used, the general pattern of stress distribution is similar between Earth models. We show that models that
include a thick elastic lithosphere have glacial stresses of slightly higher magnitude, whereas models that
include a thin elastic lithosphere leads to more spatial variation of the stress field under and around the ice
sheets.

At the LGM (23 kyrs BP) the maximum horizontal stress ranges from 20 to 25 MPa in the glaciated regions
of Northern Europe to 35-40 MPa at the center of Greenland. Along the peripheral forebulges the horizontal
stresses are dominantly tensile and o, averages —4 to —8 MPa. At present time, formerly glaciated regions like
Northern Europe are actively rebounding and horizontal stresses have decreased by a factor 3 to 4 since the
LGM. In Northern Europe, the maximum shear stress reaches a peak during the deglaciation of the ice with
magnitude as high as 5-10 MPa.

In our reference model VL20-175, the merging of the Greenland and Barents Sea forebulges over the Fram
Strait forms a complex stress topography where the maximum horizontal stress at present is dominantly
tensile (~0 to —4 MPa) and oriented E-W. The association of relatively high shear stress (~3-5 MPa) and
tensile horizontal stresses along the well-known seepage sites off the west-Svalbard coast (i.e., Vestnesa
ridge) could be sufficient to promote fault reactivation and dilation that favor gas leakage from gas reservoirs.
A more tensile stress regime in the Fram Strait as during the LGM would have more impact on pre-existing
faults in methane seepage reservoirs.

The Barents Sea region was under a glacial stress field characterized by maximum horizontal stress and
maximum shear stresses as large as 20-25 and 5-8 MPa, respectively, during the last glaciation. It is likely
that faulting processes were hindered during glaciation period, however the drop in the confining stress that
follows the melting of the North European ice sheet could promote reactivation of pre-existing fault and thus
enhance gas seepage activities.
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Appendix A: Ice Model Characteristic (Greenland Huy3 and Northern Europe
UiT_2021)
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Figure Al. Ice model characteristics: Areal extent, volume and maximum ice thickness for model Huy3 (black—Greenland ice sheet) and model UiT2021 (red—

‘Weichselian ice sheet).
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Figure B1. Maps of (a—c) the vertical surface displacement (U,), (d—f) the maximum horizontal stress (c,;) and (g—i) the maximum shear stress (t,,,). Solutions are

computed at the LGM (23kyrs BP) over Northern Europe and at 2.5 km depth for model (a, d, g) TE120, (b, e, h) TE60 and (c, f, i) VL20-175.
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Appendix C: Vertical Surface Displacement and GIA Induced Stresses at Present
Time for All Earth Models
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Figure C1. Present-day maps of (a—c) the vertical displacement (U,), (d—f) the maximum horizontal stress (c};) and (g—i) the maximum shear stress (t,,,). Solutions
are computed over Northern Europe and at 2.5 km depth for model (a, d, g) TE120, (b, e, h) TE60 and (c, f, i) VL20-175.
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Figure C2. Present-day maps of (a—c) the vertical surface displacement (U,), (d—f) the maximum horizontal stress (c,;) and (g—i) the maximum shear stress (t,,,.).

Solutions are computed over Greenland and at 2.5 km depth for model (a, d, g) TE120, (b, e, h) TE60 and (c, f, i) VL20-175.
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Figure C3. Present-day maps of (a—c) the vertical surface displacement (U,), (d—f) the maximum horizontal stress (c;;) and (g—i) the maximum shear stress (t,
Solutions are computed over the Fram Strait and at 2.5 km depth for model (a, d, g) TE120, (b, e, h) TE60 and (c, f, i) VL20-175.
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Appendix D: Vertical Surface Displacement and Glacial Isostatic Adjustment
Induced Stresses at the Last Glacial Maximum and Present Time for Model TE120

With Alternative Viscosity Structures
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Figure D1. Maps of (a—c) the vertical displacement at surface level, (d—f) the maximum horizontal stress (at 2.5 km depth) and (g—i) the maximum shear stress (at
2.5 km depth) computed for model TE120 with the alternative viscosity structure (upper and lower mantle viscosity equal to 1.5 X 102! and 1.5 X 10?? Pa.s respectively)
at the Last Glacial Maximum (LGM) (23 kyrs BP), over (a, d, g) Fennoscandia, (b, e, h) Greenland and (c, f, i) the Fram Strait. The dashed lines define the 0 m contour

the subsidence bowls.
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Figure D2. Maps of (a—c) the vertical displacement at surface level, (d—f) the maximum horizontal stress (at 2.5 km depth) and (g—i) the maximum shear stress (at
2.5 km depth) computed for model TE120 with the alternative viscosity structure (upper and lower mantle viscosity equal to 1.5 X 102! and 1.5 X 10?? Pa.s respectively)
at present time over (a, d, g) Fennoscandia, (b, e, h) Greenland and (c, f, i) the Fram Strait. The dashed lines define the 0 m contour the subsidence bowls.
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Figure D3. Maps of (a—c) the vertical displacement at surface level, (d—f) the maximum horizontal stress (at 2.5 km depth) and (g—i) the maximum shear stress (at
2.5 km depth) computed for model TE120 with the Lambeck alternative viscosity structure (upper and lower mantle viscosity equal to 5.1 X 10?° and 1.3 X 10% Pa.s
respectively) at the Last Glacial Maximum (LGM) (23 kyrs BP), over (a, d, g) Fennoscandia, (b, e, h) Greenland and (c, f, i) the Fram Strait. The dashed lines define the

0 m contour the subsidence bowls.
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Figure D4. Maps of (a—c) the vertical displacement at surface level, (d—f) the maximum horizontal stress (at 2.5 km depth) and (g—i) the maximum shear stress (at
2.5 km depth) computed for model TE120 with the Lambeck alternative viscosity structure (upper and lower mantle viscosity equal to 5.1 x 10% and 1.3 X 10?? Pa.s
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