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Abstract Glacial isostatic adjustment (GIA) has the potential to reactivate faults in the crust due to the
generation of stresses caused by changes in the ice load. Research on the release of stress along pre-existing
faults, known as glacially induced faults, in Antarctica is limited due to the lack of detailed information about
the region's ice sheet history, Earth's rheology, and fault parameters. Here, we analyse the reactivation potential
of 62 faults since the Last Glacial Maximum (LGM) by calculating Coulomb failure stress changes (ACFS) for a
thrust faulting and a strike-slip faulting stress regime in combination with various GIA models and stress
parameters. In general, a higher fault instability was observed in a strike-slip faulting stress regime compared to
a thrust faulting stress regime. Furthermore, the ice sheet history models had a higher effect on fault instability
than the Earth models. Faults located in the Ross Sea area show the highest potential of fault reactivation, while
those in the Antarctic Peninsula show the lowest. Our results suggest that the potential for glacially triggered
faulting has increased since the LGM in many inherited rift systems, and some faults remain unstable until
today.

1. Introduction

Glacial isostatic adjustment (GIA) is the response of the Earth to the redistribution of masses following the
advance or retreat of glaciers and ice sheets (Wu & Peltier, 1982). Although this process affects the entire globe, it
has a prominent effect in North America, northern Europe and in the still glaciated regions of Greenland and
Antarctica. Changes in the redistribution of masses on the Earth's surface affect the gravitational potential,
displacement field and rotational state of the Earth (Milne et al., 1998; Peltier, 1974; Whitehouse et al., 2019). In
addition, ice load variations also cause stress changes due to the vertical load itself and flexural stresses due to the
bending of the lithosphere (R. Steffen, Wu, & Lund, 2021). Following commonly used GIA terminology, the
lithosphere comprises the crust and upper solid mantle, while the mantle encompasses the asthenosphere down to
the lower mantle. The lithosphere in GIA is defined to react elastically on time scales of a few 100,000 years,
while the mantle behaves viscoelastically. This rheological behavior leads to a third stress component, which
comes from the migration of stresses from the mantle to the lithosphere. These stresses were generated in the
mantle during the early phases of glacial loading when the mantle reacted elastically (R. Steffen, Wu, &
Lund, 2021). The sum of these glacially induced stress changes might cause previously existing faults to become
unstable and be reactivated. This process, called glacially triggered faulting, can happen thousands of years after a
deglaciation period (Brandes et al., 2015; R. Steffen, Wu, & Lund, 2021) and may occur up to a few hundred
kilometers away from glaciated areas (Wu et al., 2021).

Glacially triggered faulting is well recorded in northern Europe and concerns an area larger than the previously
glaciated region, for example, also the surrounding area of the Fennoscandian Ice Sheet in Germany, Poland and
the Czech Republic (Brandes et al., 2018; Lagerbick & Sundh, 2008; Miiller et al., 2021; Pisarska-Jamrozy
et al., 2022; gtépanéikové et al., 2022). There are dozens of so-called glacially induced faults (GIFs) that were
reactivated mainly at the end or soon after the deglaciation (H. Steffen, Olesen, & Sutinen, 2021). Outside of
Europe the record of GIFs is sparse (Munier et al., 2020; R. Steffen et al., 2020). In Antarctica, there are a few
suggestions of GIFs that were never fully investigated (H. Steffen & Steffen, 2021a).

In general, the lack of consistent long-term observation in Antarctica presents difficulties in the analysis of its
glacial history and in the prediction of how the current world climate trends might affect the continent (Casado
et al., 2023; Nicolas & Bromwich, 2014; Schroeder et al., 2019). Although research about GIA in Antarctica can
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still be considered scarce, there is a rising number of recent studies aimed at improving model quality (e.g., Bagge
etal., 2021; Li et al., 2020; Nield et al., 2018; Powell et al., 2022; van der Wal et al., 2023). Such advanced GIA
models include sophisticated ice sheet history models and a 3D subsurface structure that can help understand the
glacial influence on the regional stress field and thus potential fault reactivation in the past.

Antarctica has a long faulting history as it suffered multiple rifting episodes since its generation in the aftermath of
the Gondwana break-up (Jordan et al., 2020; Storey & Granot, 2021). Faulting is reported both onshore and
offshore (Carson, 2012; Sauli et al., 2021); the later mainly by the interpretation of marine seismic profiles. Most
of the continent is covered by the Antarctic Ice Sheet (AIS), which reached its Last Glacial Maximum (LGM)
between 26.0 and 18.0 ka before present (BP) (Golledge et al., 2012; Larter et al., 2014; Rhee et al., 2022). The
weight of the ice alters the pre-existing stress fields, favoring a suppression of seismicity (Johnston, 1987).
Changes in the ice sheet affect the stress conditions, which might lead to an increase in seismic activity.

Identifying potential sources of tectonic changes resulting from GIA could aid in a deeper understanding of how
past glacial events have impacted seismotectonics in Antarctica and how current climatic trends may further
influence it. We evaluate the potential for glacially triggered faulting in Antarctica by analysing glacially induced
stresses at faults identified in marine seismic profiles and in the literature. The glacially induced stresses are
obtained using different GIA models and various potential stress field settings to determine the impact of GIA on
each identified fault in terms of stress changes for the last 21,000 years. In the following, we first illuminate the
geological and glacial history of Antarctica. Then we introduce our GIA modeling and stress analysis. In Sec-
tion 4, we present the potential for glacially induced reactivation of the identified faults. We discuss our results in
Section 5 and conclude in Section 6.

2. Geological and Glacial History

The Antarctic continent is located centrally in the Antarctic tectonic plate, which is surrounded mostly by
spreading ridges and passive margins. The continent is commonly subdivided into two regions (Figure 1): the
older and mostly cratonic East Antarctica (Harley et al., 2013), and the younger and more tectonically active West
Antarctica (Jordan et al., 2020). The few focal mechanism available seem to indicate an intraplate predominance
of normal faulting events in continental East Antarctica (Lough et al., 2018), but thrust (Ekstrom et al., 2012) and
strike-slip faulting (Reading, 2007) in coastal and marine Antarctica. Since the LGM, ice sheet retreat has
occurred discontinuously episodically across Antarctica (Bentley et al., 2014; R. S. Jones et al., 2022; Tigchelaar
etal., 2019). In the following subsections we will discuss five regions of Antarctica, separated due to their distinct
geological and glacial history. Supporting Information S1 includes detailed maps of each research area and
references related to the tectonic background reported in Figure 1.

2.1. Antarctic Peninsula

The Antarctic Peninsula is the most tectonically active region of Antarctica. Its northern part is located in a
tectonic margin that underwent episodes of magmatism from early Ordovician until the Neogene (Burton-Johnson
& Riley, 2015; Jordan et al., 2020). In the southwest, a predominance of a strike-slip faulting stress regime was
suggested by Maestro and Lépez-Martinez (2011).

The ice sheet extended to the continental shelf-edge during the LGM and started retreating at c. 20.0 ka BP
(Glasser et al., 2014). Radiocarbon data support that in the South Shetland Islands, north of the Antarctic
Peninsula, deglaciation started at 11.0 ka BP and continued until 4.7 ka BP (Watcham et al., 2011). In the south-
west, thinning of the ice coverage lasted from 22.0 ka BP until at least 7.4 ka BP in the surrounding areas of
George VI Sound (Bentley et al., 2006).

2.2. Amundsen and Bellingshausen Seas

Recurring Cenozoic rifting within the West Antarctic Rift System has led to branches in parts of the Amundsen
Sea and Bellingshausen Sea sectors. This activity, as derived from geophysical data and inferred faulting, resulted
in a regionally thinned crust accompanied by magnetic anomalies (Dziadek et al., 2021; Gohl et al., 2013).

During the LGM the grounded ice reached or approximated the continental shelf edge of the Amundsen and
Bellingshausen seas (Larter et al., 2014). Carbon dating indicates that deglaciation of the ice shelf started before
22.3 ka BP and reached the Amundsen Sea mid-shelf by c. 13.8 ka BP (Smith et al., 2011). Deglaciation of the
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Figure 1. Tectonic overview of Antarctica and the research areas of this study. (1) Antarctic Peninsula; (2) Amundsen and
Bellingshausen seas; (3) Ross Sea; (4) Lazarev and Weddell seas; (5) Prydz Bay.

inner continental shelf started before 13.0 ka BP (Klages et al., 2014; Lamping et al., 2020) and lasted until c.
6.3 ka BP (Hillenbrand et al., 2010).

2.3. Ross Sea

The Ross Sea is dominated by the West Antarctic Rift System with extended and thinned continental crust that
underwent multiple rifting events since the Gondwana breakup (Divenere et al., 1996; Storey et al., 1999). This
resulted in complex internal crustal structures with numerous normal and strike-slip faulting in the region (Rocchi
et al., 2003; Salvini et al., 1997; Wilson & Paulsen, 2001). In the southwestern Ross Sea, the Terror Rift is
dominated by normal faults (Blocher, 2017; Sauli et al., 2021).

At the LGM the grounded ice shelf reached the outer shelf and most of the deglaciation occurred after 13.0 ka BP
(Anderson et al., 2014; Heath et al., 2022). There was a slow retreat of the ice to the center-west Ross Sea by c.
11.0 ka BP and a fast one to the south between 11.0 and 10.0 ka BP. The grounded ice continued retreating in the
south until c. 3.0-2.0 ka BP. In the north, the ice reached the vicinity of its present extent c. 7.5 ka BP.

2.4. Lazarev and Weddell Seas

The Gondwana break-up in the Early Jurassic most likely caused the extension that generated the Weddell Sea
Rift System (Dalziel et al., 2000; Elliot et al., 1999). Using paleo-magnetic data and tectonic reconstructions,
Jordan et al. (2013) theorized there is a predominance of a strike-slip faulting stress regime in the area. The
Lazarev Sea to the east of the Weddell Sea has been associated with intense phases of volcanism and multiple
rifting episodes (Hinz et al., 2004).

The behavior of the ice sheets in the Weddell Sea is not well constrained for the Late Quaternary (Arndt
et al., 2020; Nichols et al., 2019). It has been suggested that the grounding line might have fluctuated after the
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LGM (Hillenbrand et al., 2014; Larter et al., 2012) due to GIA and ice shelf re-settling (Hodgson et al., 2019;
Siegert et al., 2019).

In the Lazarev Sea, it is assumed that the ice had its largest extent between 30.0 and 25.0 ka BP (Anderson
et al., 2002; Ing6lfsson, 2004). Deglaciation from the continental shelf started between 11.9 and 10.8 ka BP
(Gingele et al., 1997) and continued until it reached onshore regions c. 3.0 ka BP (Phartiyal et al., 2011).

2.5. Prydz Bay

Prydz Bay is located offshore of the large Lambert Graben in East Antarctica. The area has undergone rifting as
part of the East Antarctic Rift System (Lisker et al., 2003; Tochilin et al., 2012) and despite no information on its
current stress regime, it is reported to have mostly normal faults (Stagg, 1985).

Geological records from Prydz Bay suggest a maximum extent of grounded ice toward the shelf edge during the
LGM (Domack et al., 1998; O’Brien et al., 1999). White et al. (2022) stated that the eastern Prydz Bay was free of
grounded ice by c. 14.0 ka BP. Deglaciation at central Prydz Bay started at c. 13.0 ka BP and in Prydz Channel
between 18.0 and 12.0 ka BP (Mackintosh et al., 2014).

3. Methods
3.1. Fault Identification

The analysis of the potential fault reactivation requires knowledge about the location (geographical coordinates),
as well as strike (¢) and dip (8) angles of a fault. For our analysis, we focused on identifying faults in offshore
regions, where seismic profiles provided more accurate data for evaluating the necessary parameters. Faults were
selected based on a literature review of interpreted faults from seismic profile analyses. The seismic profiles used
are available through the Antarctic Seismic Data Library System (2024) and fault interpretation was carried out in
the Software Kingdom (S&P Global, 2024). Seismic profiles with the identified fault are called profile 1, and
supporting profiles parallel or adjacent to profile 1 are called profile 2 (Figure 2). The latter were used to identify
the strike of the fault.

Faults in profile 1 were picked manually following the identification in the original literature (Figure 2a). If the
same fault was identified in profile 2, a fault map with a grid of locations corresponding to longitude, latitude and
depth in two-way-travel-time of the fault plane was produced (Figure 2b). This information was used to obtain
fault strike and dip angles. Each fault was given a fault identification number (FID).

The dip was estimated by the angle of the fault in the seismic section () of profile 1 (Equation 1) and its
relationship to the angle between the seismic section and the fault plane (y, Equation 2):

a= arctan(yl gyO *Vinean * \/(—xl - xO)2 + (yl - y0)2 >’ (1)
dip = aIctan(ZEEji). 2)

x; and y, correspond to the location of the fault at the deepest point and x, and y, to the location at the shallowest
point. A mean seismic wave velocity v,,.., of 2,000 m/s is assumed, which is reasonable for our study area (An
et al., 2015a, 2015b; Geletti & Busetti, 2011; Mooney et al., 2002; Wonik et al., 2008). For seismic profiles with
no supporting profiles, the strike angle was obtained through the direction given in the literature and the dip angle
from profile 1. For well recorded faults with no seismic profiles available, the strike angle was obtained from the
trend of the fault trace from published maps (Table S2) and dip angles of 45°, 60°, and 75° were used in the
calculations. Strike and dip angles were grouped in intervals of 15° between 0—180° (strike) and 0-90° (dip), with
a fault geometry characterized by its strike/dip. Faults in the seismic profile were located between 0 and 5 km
depth.
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Figure 2. Example of fault identification. (a) Original seismic profile (profile 1) and faults identified by Sauli et al. (2021).
Identified faults are marked with a black box and fault identification number (FID). (b) Location of faults indicated by a black
dot on the map. Strike angle indicated in the map. Fault map produced by the identification of the faults in profile 1 (P1) and
profile 2 (P2) based on Sauli et al. (2021). In purple: FID 31; in green: FID 42. Proportions exaggerated for clarity.

3.2. Modeling of Glacially Induced Stresses

Calculation of glacially induced stresses requires a 3D GIA model that consists of a subsurface structure (Earth
model) loaded by an ice sheet history model (ice model). This study employs 21 GIA models to evaluate the
potential for glacially triggered faulting in Antarctica. It does not aim to provide a best-fitting GIA model of
Antarctica, and therefore Earth and ice models will be discussed rather generally only. An overview of the major
differences and example figures for the ice and Earth models are included in Supporting Information S1.

The GIA modeling is based on a non-self-gravitating, Cartesian type Earth model using the commercial finite
element (FE) Software Abaqus (Dassault Systemes, 2024). The model space under investigation is limited to a
diameter of 6,000 km, but the FE analysis is extended to 56,000 km laterally to avoid boundary effects. The
elements have a horizontal dimension of 50 km or 75 km (depending on the applied ice model) in the upper
420 km and a side length of 150 km at larger depths. The Earth models extend from the Earth's surface to the core-
mantle boundary to account for stress migration and viscoelastic movement of the mantle. The models consist of
20 depth layers whose vertical side lengths range between 5 km in the upper crust and about 40 km in the lower
mantle. This modeling approach has been used in several GIA stress studies (Brandes et al., 2012, 2018; Lund
et al., 2009; Pisarska-Jamrozy et al., 2019). For more details about the FE modeling the reader is referred to H.
Steffen et al. (2019), R. Steffen and Steffen (2021b), and Wu et al. (2021).
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The set of Earth models consists of one 1D model (lithosphere and mantle vary vertically) and 10 3D-3D models
(lithosphere and mantle vary vertically and horizontally). The 1D model consists of a 120 km thick elastic
lithosphere, no asthenosphere, a viscosity of 6 X 10'° Pa s in the upper mantle and 3 X 10%' Pa s in the lower
mantle. The 3D mantle structure was constructed using the global seismic tomography model SMEAN?2 (Becker
& Boschi, 2002; Jackson et al., 2017; Ritsema et al., 2011; Simmons et al., 2010) and five different 1D back-
ground viscosity structures: K05 (Kaufmann et al., 2005), OM13 (Okuno & Miura, 2013), VM2 (Peltier, 2004),
VMS5a (Argus et al., 2014) and W12back (Whitehouse et al., 2012). The 3D seismic structure is converted to
viscosity following Wu et al. (2013) using the 1D background viscosity structure and other parameters that vary
with depth (activation energy, activation volume, pressure, background temperature profile and relation of the
fractional perturbation of shear waves to temperature including effects of both anharmonicity and anelasticity).
All models are further multiplied with two different § factor profiles which represents scaling factors regarding
the contribution of thermal effects on seismic shear velocities in the mantle and lithosphere (Li et al., 2018). The
full 3D viscosity models and more information regarding their generation can be found in R. Steffen and Stef-
fen (2024). 3D mantle models were combined with the 3D lithosphere of model ANT-20 from Lloyd et al. (2020).
The elastic parameters Young's modulus, Poisson ratio and density are taken from the Preliminary Reference
Earth Model (PREM, Dzieworiski & Anderson, 1981).

The two ice models used for the modeling of the AIS history were W12 from Whitehouse et al. (2012) and
1JO5_R2 from Ivins et al. (2013). Both models use nearly the same data as input; however, the way they approach
the data and construct the model impacts the ice sheet thickness. In order to properly define the time-dependent
GIA response, both ice models assume that the loading phase of the Antarctica ice sheet occurred for a period of
100,000 years. Ice model 1J05_R2 has a higher upper bounding limit to the ice volume than W12, and a larger ice
extent at the LGM. The stress analysis was done for the time span from 21 ka BP until present (1950) with in-
tervals of 1 ka. This is because both models are, due to the lack of constraining data, very uncertain before that
time and contain only a few time steps. The horizontal resolution of the ice model controlled the horizontal
resolution of the finite elements in the Earth models with 50 km for IJ05_R2 and 75 km for W12.

Since most identified faults are offshore, changes in the ocean load (due to mass exchange and gravitational
effects) must also be considered when analysing glacially induced stresses. Ocean load changes were computed
externally using a so-called 1D spherical, compressible GIA model that solves the sea-level equation (Kauf-
mann, 2004) with a horizontal resolution of approximately 100 km, accounting for ocean changes due to the
waxing and waning of ice sheets. The ocean load is calculated for each corresponding time step of the ice load,
rescaled to the high resolution grid of the 3D FE model and implemented as load together with the ice model.

3.3. Stress and Coulomb Failure Stress Changes

Stress in the crust can be described by three principal stresses: minimum (S5), intermediate (S,), and maximum
(S)) stresses. At the Earth's surface, the principal stresses can be aligned with the vertical and horizontal directions
due to the requirement that there are no shear stresses at the free surface. This results in one of the principal
stresses being the vertical stress (Sy), and the other two being the maximum horizontal (Sg,,,,) and minimum
horizontal stress (S;)). The anisotropy between these establishes three stress regimes: normal faulting (Sy > Sgmax
> S, strike-slip faulting (Sya.x > Sy > Sy) and thrust faulting (Sy,.c > Si > Sy) stress regime.

Considering a critically stressed crust, the three principal stresses are related via S;, S,, and S; in Supporting
Information S1 and the stress ratio R (Etchecopar et al., 1981):

51 =5

R= )
S =S,

3)

Using the stress ratio R, determining the overburden pressure, the gravity, and the depth at a point, the magnitudes
of the three principal stresses can be estimated for each stress regime, assuming the principal stresses align with
the x-, y-, and z-direction.

Fault reactivation is dependent on the stress accumulation, fault orientation, background stress regime, and
friction. A force acting on the area of a fault generates both shear () and normal stress (), which are dependent
on n, a normal vector to the fault plane. If the shear stress reaches the minimum value required to induce fault slip
(known as the Critical Resolved Shear Stress) the fault may be reactivated. With regard to reactivation, a fault can
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be optimally oriented, meaning its geometry is closer to failure than any other one for that particular stress regime,
or non-optimally oriented, which comprises all other orientations (Sibson, 1985). In an intraplate setting, the crust
is often considered to be in a state of frictional faulting equilibrium, making it reasonable to assume that it is
critically stressed and thus close to a state of failure (G. C. P. King et al., 1994; R. Steffen et al., 2014; M. D.
Zoback & Townend, 2001; M. L. Zoback & Zoback, 2007). The assumption of a critically stressed crust is valid
for optimally oriented faults. Thus, faults with orientations that deviate from optimal are not critically stressed.
We consider this as a valid assumption, even for Antarctica, as otherwise earthquakes are in general not likely. We
assume a critically stressed crust before the onset of glaciation in our modeling.

Changes in the stress field can be correlated to the glacial history through changes in the Coulomb failure stresses
(CFS, R. Steffen & Steffen, 2021b). The CFS can be used to evaluate the potential of a reactivation of a fault and
is estimated by (Harris, 1998; Reches, 1987):

CFS=t—pu-o,, 4)

in which g is the coefficient of friction.

Decomposing fault strike and dip angles in x-, y- and z-directions of an orthogonal projection, we can estimate the
normal vector n of the specific fault (Fossen, 2016; Twiss & Moores, 2007):

n, = cos ¢ - sin J,

n, = —sin ¢ - sin , (5)

n, = cos 6.

With this, the CFS can be defined as a function of dip and strike of the fault, the stress ratio and the stress regime.
Here we use ACFS to describe changes in the stress of a fault in different time periods. Positive ACFS are
associated with a decrease in the stability of the fault and therefore a higher likelihood of fault reactivation.
Negative ACFS are associated with an increase of stability and a lower chance of fault reactivation (Het-
tema, 2020; Qin et al., 2018; Stein, 1999). Fault-geometry-depending changes in normal and shear stress can be
estimated allowing the possibility to analyse ACFS for both optimally and non-optimally oriented faults (R.
Steffen & Steffen, 2021b). However, only optimally oriented faults are considered to be critically stressed and all
other faults are stable with a ACFS below 0 MPa before the onset of glaciation. Hence, larger glacially induced
stresses would be needed to reactivate non-optimally oriented faults than for the reactivation of critically stressed
optimally oriented faults.

Strike-slip and thrust faulting stress regimes were applied as background stress regimes when calculating ACFS.
A normal faulting stress regime was not investigated, as it is typically associated with promoting stability in
regions beneath current or former ice sheets (R. Steffen, Wu, & Lund, 2021). Direct observations of background
stress information are, strictly speaking, non-existent for Antarctica (Heidbach et al., 2018; Kaufmann
et al., 2005; Maestro et al., 2008). The few focal mechanisms available for offshore Antarctica indicate a pre-
vailing thrust or strike-slip stress regime in our research areas (see Section 2). To represent possible background
stress realities in the model, each fault was modeled for four maximum horizontal stress (Symay) directions of 0°,
45°,90°, and 135° and stress ratios (R) of 0.05, 0.5, and 0.95 (R. Steffen & Steffen, 2021b). Stresses were
calculated at a depth of 2.5 km. Glacially induced stresses reach their maximum at the Earth's surface, and
decrease with depth up to a neutral plane where stress directions are inverted and increase again toward the
lithosphere-mantle boundary. The existence of surface rupturing in Fennoscandia (Ahmadi et al., 2015; Olesen
et al., 1992) and the occurrence of the Ungava earthquake (Canada) at a maximum depth of 3 km (Bent, 1994)
support the choice of using 2.5 km to evaluate the glacially induced stress changes. The ACFS behavior is similar
at larger depths (e.g., 7.5 or 12.5 km) but ACFS values are a bit smaller (Pisarska-Jamrozy et al., 2022). For
consistency, we use a depth of 2.5 km. The coefficient of friction is set to 4 = 0.6, which is a reasonable value for
most rock types (Scholz, 2019; Sibson, 1990).

Allin all, the modeling consists of several steps. After calculating the GIA response for each GIA model, glacially
induced stress changes are computed at each time step. Then, background stresses are generated for each GIA
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model by combining various Sy, directions, stress ratios, and stress regimes. Lastly, the strike and dip angles of
each fault, along with the stress field, are used to calculate the ACFS.

In total, 504 different stress-model combinations are used (252 each for the strike-slip and thrust faulting stress
regimes). Together with the range of strike and dip values, a total of 30,240 combinations is used to analyse the
potential of a reactivation at each time step. For each fault identification number (FID), the number of combi-
nations indicating fault reactivation (NCFR) were obtained by the estimation of the ACFS assuming an initially
critically stressed crust (CFSpefore glaciation = 0)- At every time step, the ACFS of each FID was calculated for all
504 stress-model combinations. If a fault was found to have a positive ACFS at least once during the last
21,000 years, the NCFR was increased by one. If ACFS was positive several times for one stress-model com-
bination, this combination was only accounted for once in the total NCFR. This means a fault with a potential of
reactivation has a minimum NCFR of one, and a maximum of 252 for each stress regime.

4. Results

A total of 38 faults were identified in seismic profiles. Additional nine faults were identified in the literature with
no available seismic sections and therefore tested for different dip ranges. Table 1 describes the faults tested in the
model and the NCFR of each fault for each stress regime in the last 21,000 years. For more details about the faults,
consult Supporting Information S1.

In both ice models the total NCFR is similar for most FIDs, however, the results vary by time step (Figure 3). The
1D Earth model presents lower NCFR than the 3D cases. The f factor does not alter the results in a discernible
way, with 99% of the results presenting the same NCFR. The ice models have a larger impact on the potential of
fault reactivation than the Earth models. The steepest increase in ACFS values was observed when there was a
quick decrease in the ice load above the faults, or in the close vicinities to it.

Forty eight out of 62 FIDs present a higher potential of reactivation within a strike-slip faulting stress regime
(Figure 3, top). In such a stress regime 54% of the NCFR is for a stress ratio of R = 0.05, 28% for R = 0.5 and 18%
for R = 0.95. The Antarctic Peninsula has the lowest NCFR from the investigated research areas.

In a thrust faulting stress regime, 57% of the NCFR is for a stress ratio of R = 0.95, 16% for R = 0.5 and 27% for
R = 0.05. Most of the tendency for glacially triggered faulting for this stress regime is in the Amundsen and
Bellingshausen seas region, whilst the Antarctic Peninsula, Lazarev Sea and the Weddell Sea regions have zero
NCEFR for the parameters given (Figure 3, bottom). We present the results of the different areas in more detail
next.

4.1. Antarctic Peninsula

The Antarctic Peninsula region has nine identified faults (Figure 4; FIDs 12-20). Of these, FIDs 12-16, north of
the Antarctic Peninsula, were initially covered by c. 400 m of ice in the W12 model, which rapidly retreated
entirely between 20 and 19 ka BP. According to IJ05_R2, the area was covered by a few meters of ice until 10 ka
BP, followed by a complete retreat until present. In a thrust faulting stress regime none of these faults had a
potential of reactivation, whilst in a strike-slip faulting regime all of them but for FID 14 presented low positive
ACFS values for at least 1 time step. In a strike-slip faulting stress regime FIDs 12 (NCFR = 10) and 13
(NCFR = 16) showed the steepest increase in ACFS with the decrease of ice (c. 20—18 ka BP) for model W12, but
with no potential of reactivation in the present time. Using ice model 1J05_R?2, the ACFS increased slightly for
FIDs 12, 13, 15 (NCFR =5) and 16 (NCFR = 2) during deglaciation in the surrounding areas until instability was
reached for all faults at c. 5 ka BP and continued until present.

4.2. Amundsen and Bellingshausen Seas

In the Amundsen and Bellingshausen seas 11 faults were identified (Figure 5; FIDs 1-11). FIDs 1,4, 5,6, 7, and 8
are located outside of the continental shelf and have no grounded ice at any point in time according to both ice
models. FID 1 (NCFR = 71) and 4 (NCFR = 72) have a geometry which is optimally oriented for Sy;,,,, =90°ina
thrust faulting stress regime. For a stress ratio of R = 0.05, both also had a potential of reactivation for a
Stimax = 135° and Sy« = 45° from 21 to 18 ka BP, which was a period of intensified deglaciation in the area.
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Table 1 In this region, FID 5 (75/30) had the highest potential of reactivation for a

Identified Faults, Along With Their Strike and Dip Angles and Potential for
Reactivation

FID Region Longitude Latitude Strike Dip TF SSF
1 Amundsen Sea —104.621 —68.728 91 25 171 0
2 Amundsen Sea —112.061 -72975 145 35 0 0
3 Amundsen Sea —111.617 -73.311 155 61 10 105
4 Amundsen Sea —104.480 —68.724 89 30 72 0
5 Bellingshausen Sea  —91.641 —66.852 74 23 92 0
6 Bellingshausen Sea  —91.588 —66.860 74 63 0 24
7 Bellingshausen Sea  —90.814 —66.987 77 38

8 Bellingshausen Sea  —90.685 —67.007 77 13

9*  Amundsen Sea —103.280 —=72.606 166 80 11 85
10" Amundsen Sea —103.289 -72.606 166 65 8 75
11" Amundsen Sea —103.289 -72.606 166 50 0 12
12 Antarctic Peninsula  —57.329 —61.406 22 67 0 10
13 Antarctic Peninsula ~ —57.451 —61.215 44 61 0 16
14  Antarctic Peninsula ~ —57.267 —61.203 113 59 0 0
15  Antarctic Peninsula ~ —57.247 —61.201 97 60 O 5
16  Antarctic Peninsula ~ —57.222 —61.198 98 66 0 2
17*  Antarctic Peninsula  —69.300 -70.042 115 55 0 0
18°  Antarctic Peninsula  —69.300 —70.042 115 40 0 0
19"  Antarctic Peninsula ~ —67.502 —-71.158 114 55 0 0
20° Antarctic Peninsula  —67.502 —71.158 114 40 0 0
21 Prydz Bay 75.031 —68.995 130 72 0 71
22 Prydz Bay 75447 —66.417 134 72 0 68
23 Prydz Bay 74956 —68.929 109 79 13 105
24 Prydz Bay 75424 —66.401 137 20 O 0
25 Prydz Bay 68.599 —71.323 158 80 0 39
26" Prydz Bay 68.599 —71323 158 65 0 26
27*  Prydz Bay 68.599 —-71.323 158 50 O 0
28" Prydz Bay 67977 —-73.102 157 80 0 39
29"  Prydz Bay 67977 —=73.102 157 65 0 41
30" Prydz Bay 67977 -=73.102 157 50 0 12
31  Ross Sea 167.337 —=75.720 158 53 3 105
32 Ross Sea 166.748 —75.241 169 68 11 112
33 Ross Sea 166.503 —75.228 144 79 21 95
34  Ross Sea 165513 —75.149 167 64 0 101
35 Ross Sea 165268 —76.055 167 70 1 105
36  Ross Sea 165353 —76.056 179 51 0 21
37  Ross Sea 164252 —76.040 166 53 0 65
38  Ross Sea 165942 —75942 168 56 0 102
39  Ross Sea 165456 —76.055 169 64 0 94
40  Ross Sea 166.368 —75.849 8 61 0 85
41  Ross Sea 164.640 —76.047 16 75 1 105
42 Ross Sea 167.204 —75.720 165 80 11 115

thrust faulting stress regime (NCFR = 92), despite always being located a few
hundred kilometers from the grounding line. In the Amundsen Sea, 91% of the
115 NCFR of FID 3 (150/60) are in a strike-slip faulting stress regime with
Stimax = 45° or Syymax = 90°. According to model IJ05_R2, instability peaked
between 15 and 14 ka BP. Using model W12, instability started after 17 ka
BP. Under a strike-slip faulting stress regime, FID 6 (75/60) shows instability
for 88% of the 24 NCFR with Sy, = 0°/R = 0.05.

FIDs 9, 10, and 11 are the same fault with a strike direction of 165°, but dip
angles of 75°, 60°, and 45°, respectively. From the three tested dip angles,
fault geometry of FID 9 is the closest to the optimal orientation in a strike-slip
faulting regime for Sy,.x = 45°. This FID had the highest NCFR (85) of the
three tested orientations, while FID 11 had the lowest NCFR (12). All ice
retreat periods were accompanied or followed by an increase in ACFES values
for these FIDs (Figure 6).

4.3. Ross Sea

In the Ross Sea all 25 faults (FIDs 31-55) have non-zero NCFR in a strike-
slip faulting stress regime (Figure 7, top). FIDs 31, 32, 33, 35, 41, and 42
also show NCFR within a thrust faulting stress regime (Figure 7, bottom). The
NCEFR under the former is significantly higher than the one in the latter: the
highest NCFR for a thrust faulting stress regime is 21 (for FID 33), whilst in a
strike-slip faulting stress regime it is 115 (for FID 42).

FIDs 43-54 are located south of the Ross Sea, in Victoria Land. The faults
were obtained from the International Database of Glacially Induced Faults
(Munier et al., 2020) and tested with dips of 45°, 60°, and 75°. For these
faults, a larger potential of reactivation is observed for steeper dips and during
periods of higher deglaciation rates in both stress regimes. The highest NCFR
was for a strike-slip faulting stress regime: 84 for FIDs 46, 49, 52, and 53. In a
thrust faulting stress regime the highest NCFR was 20 for FID 52. FIDs with
the same geometry had similar results.

4.4. Lazarev and Weddell Seas

In the Lazarev and Weddell seas, none of the seven identified faults (FIDs 56—
62) have a potential of reactivation within a thrust faulting stress regime,
while six faults have a non-zero NCFR within a strike-slip faulting stress
regime (Figure 8). In the Lazarev Sea, FIDs 56 (90/90, NCFR = 57), 57 (90/
60, NCFR = 21) and 58 (90/60, NCFR = 21) had similar ice coverage since
the LGM. FID 56 shows periods of potential reactivation during this time,
while FIDs 57 and 58 have stress-model combinations showing instability
since the LGM.

In the Weddell Sea, for FID 61 (0/60) all 33 NCFR show instability for
Stmax = 90°/R = 0.05, while for FID 62 (45/60) all 34 NCFR are for
Stmax = 135°/R = 0.05. FID 60 (120/75) has a NCFR of 83, showing
instability for all stress ratios for Syn.x = 45° and Sy = 0°.

4.5. Prydz Bay

In the Prydz Bay area 10 faults were evaluated (Figure 9; FIDs 21-30). From
these, FID 23 (105/75) has the highest total NCFR (118) and is the only one
which presented instability in a thrust faulting stress regime for 13 stress-
model combinations. FIDs 25, 26, and 27 correspond to dip angles of 75°,
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Table 1 60°, and 45°, respectively, for the same fault with a strike of 165°. In a strike-
Continued slip faulting stress regime FID 25 has the highest NCFR (39) of the three

M M 3 o o o 1
- Region Longitude Latitude Stike Dip TF SSF FIDs. S%mﬂarly, FIDs 28, 29, and 30 have dips of 75°, 69 , and 45° with a
fault strike of 150°. Of these three FIDs, FID 29 has the highest NCFR (41)
43" Ross Sea 163.779 —78.156 43 80 0 54 and FID 30 the lowest (12).
44*  Ross Sea 163.779 —78.156 43 65 0 35
45"  Ross Sea 163.779 —78.156 43 50 1 13 5. Discussion
46" Ross Sea 163.589 —78.133 30 80 13 84
47" Ross Sea 163.580 —78.133 0 65 2 8l GIFs are m.ostly‘ reported in northern Europe, and desplte{ (?egl'flaaFlo‘n in
Fennoscandia being well researched (Stroeven et al., 2016), it is still difficult
48" Ross Sea 163.589 —78.133 30 50 0 12 . . . .

' to constrain the mechanisms related to fault reactivation due to the complexity
49" Ross Sea 163.640 —78.123 30 80 13 84 ,nq Jack of certainty of the background stress regime (R. Steffen & Stef-
50" Ross Sea 163.640 -78.123 30 65 2 83 fen, 2021b; R. Steffen et al., 2014). In Antarctica, the available data regarding
51* Ross Sea 163.640 —78.123 30 50 0 12 both deglaciation since the LGM and background stress regimes is un-
522 Ross Sea 163.958 —78.027 23 80 20 84 doubtedly scarcer. The sparse information about the ice sheet history and
53 Ross Sea 163958 —78.027 23 65 2 84 Earth's rheology increases the uncertainties in GI{% modehn{c?r (Martm-ESpa-
IP Tem EOS — B ok fiol et al., 2016). To accommodate these potential uncertainties, we have

088 Sed ’ ’ tested a set of 10 different 3D Earth models and two ice models. H. Steffen
55  Ross Sea —-169.083 —77.999 178 61 0 21 and Steffen (2024a) showed that the choice of the ice model affects the stress
56  Lazarev Sea 10338 —68.884 84 8 0 57  behavior more than the choice of the Earth model. Our findings support this as
57  Lazarev Sea 10.309 —-68.896 89 59 0 21 differences in the total NCFR between the 3D Earth models were negligible
58  Lazarev Sea 5865 —68857 94 62 0 21 when compared to the ice models. Hence, future investigations on glacially
59 Weddell Sea 27829 —73.067 92 33 0 0 ?nduce.d st.resses should be.m'ade with ice models of the next generation

. including ice model uncertainties.
60° Weddell Sea —-59.495 -75.057 120 81 0 83
61  Weddell Sea —28655 —-73720 177 63 0O 33 A major component of the 3D Earth models is the difference in lithospheric
62 Weddell Sea 28518 —73772 41 60 O 34 thickness and mantle viscosities between East and West Antarctica. West

Note. FID: Fault identification number.
cating fault reactivation (NCFR) in a thrust faulting stress regime. SSF:
NCEFR in a strike-slip faulting stress regime. No symbol: strike from at least

Antarctica is dominated by a thin crust on top of a warm and weak mantle,
while East Antarctica has a thick crust and stiff mantle (Martin et al., 2023;
Nield et al., 2023; van Calcar et al., 2023). Despite this, noticeable differences

TF: number of combinations indi-

two seismic profiles. *Strike from trend in maps and different ranges of dips. between the number of combinations indicating reactivation of faults located
*Strike from trend in maps and dip from Bell and King (1998). “Strike from  in East and West Antarctica are not detected in our study. It is important to

trend in maps and dip from seismic profile.

highlight, however, that 46 of the 62 identified faults are located in West
Antarctica. Although this study covers a large portion of marine Antarctica,
and a few continental areas, most of the continental shelf of East Antarctica
and regions of West Antarctica are not investigated due to the lack of seismic data or faulting information in these
areas. We may forecast more areas with potential GIFs once data coverage allows an extended investigation.

In regard to the ice models, W12 can be considered to be more finely tuned than 1J05_R2 (Shepherd et al., 2012),
with a lower overall excess in the AIS volume (relative to present) compared to IJ05_R2. Excess in AIS volume in
East Antarctica could suggest model 1J05_R?2 has a better fit of its ice content for Prydz Bay, although M. A. King
et al. (2022) noted that both models perform similarly in this region. Since the NCFR for most faults is similar for
both ice models, a robust evaluation of the potential for glacially triggered faulting in Antarctica can likely be
made using either model. However, the two models are not interchangeable. Some faults show significantly
different results for each and should be evaluated with caution. FID 60, for example, has a NCFR of 18 in ice
model 1JO5_R2, while in ice model W12, the NCFR is 65.

With respect to the tectonic setting, the dependence of the NCFR on specific stress regimes and ratios highlights
the importance of knowing the background stress parameters when analysing glacially induced stresses. Our
results rely on the presumption of an initially critically stressed crust, and therefore if the pre-glacial conditions of
Antarctica are proven to be of a non-critically stressed crust, they might be misleading. R. Steffen and Stef-
fen (2021b) and Walsh and Zoback (2015), however, argued that the presence of GIFs in Fennoscandia and
Oklahoma, respectively, defend the existence of a critically stressed crust. The Amundsen and Bellingshausen
seas are the only areas where a higher NCFR is observed in a thrust faulting stress regime. The faults identified in
these regions also have geometries that are closer to optimal for this stress regime, reflecting a predictable trend:
faults with an orientation closer to optimal tend to show higher instability. A similar pattern emerges when testing
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Figure 3. Number of combinations indicating fault reactivation (NCFR) for ice models IJ05_R2 and W12 in a strike-slip faulting and a thrust faulting stress regime (top
and bottom, respectively). NCFR according to the time step and ice model (left) and total NCFR according to the ice model (right). Faults indicated with a star have the
same value for both ice models. Location of faults indicated by name of the research area.

faults using various dip angles. A higher NCFR is observed in a strike-slip faulting regime for steeper angles,
which are closer to the optimal orientation in such a stress regime. Notwithstanding, many faults in this study
became unstable regardless of orientation, and research indicates glacially triggered faulting in North and Central
Europe can happen even for faults with a non-optimal orientation (Lagerbdck & Sundh, 2008; R. Steffen &
Steffen, 2021b).

Reactivation of non-optimal oriented faults could also be a result of stress regime changes due to the additional
glacially induced stresses. Except for FIDs 1, 4, and 5 (Amundsen Sea), all faults that show instability in a thrust
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George VI Sound

0 50 100 km
|

Figure 4. Number of combinations indicating fault reactivation (NCFR) in the Antarctic Peninsula region for a strike-slip
faulting stress regime. In a thrust faulting stress regime all faults have a NCFR of zero. South Shetland Islands and George VI
Sound indicated by red arrows. Black lines: fault trend. Railway lines: rifting (Kalberg et al., 2015). White lines: tectonic
plate boundaries (Bird, 2003). Arrows: dip direction. Green dots: earthquakes of known magnitude from 1904 to 2022
according to the International Seismological Center (ISC) Bulletin.

Strike-slip faulting stress regime Thrust faulting stress regime

< ~
b ]
@ 3

Bellingshausen Sea Marie Byrd Land Marie Byrd Land

&

Figure 5. Number of combinations indicating fault reactivation (NCFR) in the Amundsen and Bellingshausen seas region for
a strike-slip (left) and thrust faulting (right) stress regime. Black lines: fault trend. Arrows: dip direction. Green dots:
earthquakes of known magnitude from 1904 to 2022 according to the International Seismological Center (ISC) Bulletin.
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Figure 6. Change of Coulomb failure stress (ACFS) in the last 21,000 years for a fault with a strike of 165° tested for dips of
75° (FID 9), 60° (FID 10) and 45° (FID 11) in a strike-slip faulting stress regime. Each individual line represents the ACFS
for one stress-model combination at each timestep. Upper plots: ice thickness for ice model W12 (blue background) and
1J05_R2 (pink background). The same color coding is used for the lower panel of ACFS to separate the results for the two ice
models.

faulting stress regime only become unstable at high stress ratios. In contrast, higher fault instability is observed for
low stress ratios within a strike-slip faulting regime. R. Steffen and Steffen (2021b) found that it is possible for a
thrust fault to be reactivated in a strike-slip faulting stress regime and a strike-slip fault to be reactivated in a thrust
faulting stress regime due to the similarities of the intermediate and minimum principal stress magnitudes for
R =0.95. Similarly, normal faults could be reactivated in a strike-slip faulting stress regime with a stress ratio R of
0.05. Thus, a small change (e.g., due to GIA) can lead to a shift in the stress regime (e.g., from a thrust faulting to
strike-slip faulting stress regime). This theory could support glacially triggered faulting in a strike-slip faulting
stress regime for the faults north of the Antarctic Peninsula, as they are reported to be of thrust and normal
orientation by Loreto et al. (2011). These faults could have been reactivated as thrust or normal faults, despite
assuming a strike-slip stress regime here. The same can also be valid for faults 43—54, observed in Victoria Land.
These faults have been reported to be of strike-slip character by S. Jones (1997), and instability in a thrust faulting
stress regime was solely observed for R = 0.95. As the area is dominated by strike-slip to normal faulting (see
Section 2), it is consistent that the highest NCFR are seen in a strike-slip faulting stress regime. Our results imply
that while GIFs in Antarctica are more likely to exist under stress conditions favorable to fault failure, glacially
triggered faulting could also occur under non-optimal conditions.

Regional tectonics can also impact glacially triggered faulting; for example, Kreemer et al. (2018) suggested that
GIFs in Northern America might be linked to anomalous stress conditions. Results from Global Navigation
Satellite System (GNSS) data indicate a clockwise rotation of the Antarctic Plate, with higher horizontal ve-
locities (Savchyn et al., 2023) and uplift rates (Sunil et al., 2022) in West Antarctica compared to East Antarctica.
The overall plate motion in the Cenozoic, along with geological evidence and GNSS data, indicates a stress
regime dominated by strike-slip and normal faulting components (see Section 2, Maestro et al., 2008; Zanutta
etal., 2018). A strike-slip faulting stress regime is consistent with higher fault instabilities due to GIA for the Ross
and Weddell seas. However, Antarctica exhibits a heterogeneous horizontal strain velocity field (Savchyn
etal., 2023). West Antarctica, especially, is affected by the intricate interactions between neotectonics, volcanism
and GIA, all of which may contribute to a regionally complex stress field. Deformation rates in the lithosphere are
highest onshore of the Amundsen and Bellingshausen seas and in the Antarctic Peninsula, most likely due to the
viscoelastic response of the Earth to ice-mass changes (Barletta et al., 2018; Nield et al., 2014). Areas of high
strain rate, however, are not necessarily associated with higher seismicity in intraplate regions and might be even
anticorrelated (Kreemer et al., 2018). Indeed, our results suggest below average NCFR for the Antarctic
Peninsula. The Amundsen and Bellingshausen seas, however, presented high NCFR in both stress regimes, which
could be a response to the complex stress field, or simply a biased result due to optimal fault orientation.
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Figure 7. Number of combinations indicating fault reactivation (NCFR) in the Ross Sea region for a strike-slip (top) and
thrust faulting (bottom) stress regime. Black lines: fault trend. Arrows: dip direction. Green dots: earthquakes of known
magnitude from 1904 to 2022 according to the International Seismological Center (ISC) Bulletin.

The Antarctic Peninsula also differs from the other research areas: it exhibits flares of magmatism, its northern
region is located in an ancient subduction zone, and the Bransfield Strait is undergoing crustal extension (e.g.,
Cesca et al., 2022). Moment tensor data indicate the presence of normal, thrust, and strike-slip faulting events
(Ekstrom et al., 2012). Since the 1900s over 50 earthquakes have been reported at a radius of 100 km from the
identified faults in this region (International Seismological Centre, 2024). Most of these had a depth of over
10 km, whilst in the model we use a depth of 2.5 km, where ACEFES is calculated. However, if the area is dominated
by a strike-slip to normal faulting stress regime of Sy, = 135°, as reported by the World Stress Map (Heidbach
et al., 2016), our results show a possibility of glacially triggered faulting in the region. In addition, the measured
dip values and ACFS values obtained at the depth of 2.5 km might not correspond to the values obtained at greater
depths (e.g., 10 km), where earthquake nucleation typically occurs. Instability due to GIA might occur for deeper
parts of the faults when the dip angles become more optimally oriented in the prevailing stress regime and ACFS
values become higher. It is reasonable to assume that the present seismicity in the Antarctic Peninsula may be
driven by complex interactions between tectonic and glacial mechanisms.

GIA-induced stresses and its connection to seismicity is complex even in areas with higher data quality (e.g.,
Seidel et al., 2025). Grosset et al. (2023) showed that present-day seismicity in the Western Alps cannot be
explained by glacially induced stresses, and they tend to either inhibit fault slip or promote deformation with the
wrong mechanism compared to the observed data. Here, we observe a correlation between the ACFES tendencies
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Figure 8. Number of combinations indicating fault reactivation (NCFR) in the Lazarev and Weddell seas region for a strike-
slip faulting stress regime. In a thrust faulting stress regime all faults have a NCFR of zero. Black lines: fault trend. Arrows:
dip direction. Green dots: earthquakes of known magnitude from 1904 to 2022 according to the International Seismological
Center (ISC) Bulletin.

and the glaciation period across almost all faults, with most showing increased instability as the ice shelf receded.
This was at 12 ka BP in the continental shelf of the Amundsen Sea and at Prydz Bay, between 17 and 12 ka BP in
the Ross Sea and at 10 ka BP in Victoria Land, the Lazarev and Weddell seas. Despite many of these faults
remaining unstable until today, the seismicity of Antarctica is still low when compared to other intraplate regions
(Antonovskaya et al., 2021; Martin-Gonzalez et al., 2023). One possible explanation to this could be that past
earthquakes released glacially induced stresses, decreasing instability afterward, as has been suggested to have
happened in Greenland during the Holocene (R. Steffen et al., 2020). Another possibility, is that earthquakes are
not recorded due to low coverage of seismic networks or they are overlooked by seismological centers
(Reading, 2007). Close to Balleny Islands, 330 km north of the Antarctic continental shelf, an earthquake of
magnitude My 8.1 in 1998, has been linked to GIA and post-seismic deformation in the Antarctic plate
(Kanao, 2018; Kaufmann et al., 2005; Tsuboi et al., 2000).

Lough et al. (2018) stated the seismicity rate of East Antarctica is comparable to other cratons and seismicity
might be contained within ancient rift systems. The same theory had been previously raised by Reading (2007),
who suggested that the Antarctic oceanic lithosphere could possibly support high stress rates due to the presence
of spreading ridges (Reading, 2006). Our results show the highest NCFR in areas that have experienced rifting,
noticeably the Ross, Amundsen and Bellingshausen seas. If our initial conditions are valid, these findings suggest
that these areas could undergo glacially triggered faulting under a wider range of stress conditions and may
potentially serve as sites for stress relief under varying stress states. With the increased deployment of seismic
stations in the Antarctic in the last two decades, the number of recorded earthquakes has almost doubled when
compared to the previous 100 years (International Seismological Centre, 2024). Most of these events are of low
magnitude and cannot be resolved for focal mechanisms. A continued and extended station coverage is needed to
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Figure 9. Number of combinations indicating fault reactivation (NCFR) in the Prydz Bay region for a strike-slip faulting
stress regime. In a thrust faulting stress regime fault number 23 has a NCFR of 13 and all other faults have a NCFR of zero.
Black lines: fault trend. Dashed lines: inferred faults. Arrows: dip direction. In this area there are no earthquakes of known
magnitude from 1904 to 2022 according to the International Seismological Center (ISC) Bulletin.

record seismic events with higher resolution, providing valuable data for evaluating stress fields and refining
rheological parameters.

To summarize, even though that the lack of high quality background stress field information combined with GIA
modeling uncertainties provide difficulties in assessing the potential for glacially triggered faulting, we could
show that most of the studied faults could have been reactivated by GIA since the LGM. The differences obtained
in the number of combinations indicating fault reactivation caused by the glacial coverage highlight the
importance of improved GIA models, in particular ice models, to investigate glacially triggered faulting in the
past and to robustly predict its potential occurrence in the near future. Our research could assist in pointing to
areas where GIFs are more likely to be found and areas where seismicity might be associated with other stress-
relieve events.

6. Conclusions

Glacially triggered faulting in Antarctica is a little-studied research topic. Despite the generally increasing quality
of GIA models, it is still difficult to assess the effects of GIA in this region due to many uncertainties regarding the
stress field and the ice sheet history models. In this study, we evaluated the potential for glacially triggered
faulting in Antarctica since the LGM for a strike-slip and thrust faulting stress regime presuming an initially
critically stressed crust. Using a Finite Element model to calculate the glaially induced stress changes, we
investigated the potential of 62 faults being reactivated through Coulomb failure stress changes.

Our modeling results show that the choice of the ice model has a greater influence on the potential for fault
reactivation than the Earth models. In Antarctica glacially triggered faulting is more likely to occur under a strike-
slip faulting stress regime. If it can be determined that the majority of our investigated faults was indeed reac-
tivated due to glacially induced stresses, this might indicate a predominance of this type of stress regime
throughout the region. Both optimally and non-optimally oriented faults can be reactivated by glacially induced
stresses.

Faults in the Amundsen and Bellingshausen seas are more likely to be reactivated in a thrust faulting stress
regime, which might be associated with a complex interaction between tectonics and GIA. In contrast, in a strike-
slip faulting stress regime the potential for glacially triggered faulting increased since the LGM in times of rapid
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ice retreat in the Prydz Bay, the Ross Sea, and the Lazarev Sea. In the Antarctic Peninsula, Weddell Sea and
Lazarev Sea, the tested faults have no potential of reactivation in a thrust faulting stress regime.

To our knowledge, this is the first study to investigate the Circum-Antarctic potential for glacially triggered
faulting. Regions of Antarctica that have experienced past rifting are potential sites of GIFs. We have shown that
since the LGM, fault instability has increased for the parameters studied, with many regions remaining unstable to
this day. Thus, continuous seismic station deployment is required to monitor the existence of glacially triggered
faulting events.
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The seismic profiles used for identifying the faults in the study are available at the Antarctic Seismic Data Library
System (2024). The International Database of Glacially Induced Faults can be obtained at Munier et al. (2020).
The lithosphere thickness model is taken from Lloyd et al. (2020). The 10 global 3D viscosity models used in this
research are available at R. Steffen and Steffen (2024b). The modeled Coulomb failure stress changes in the last
21,000 years for the 62 locations of the Circum-Antarctic faults can be found in H. Steffen and Steffen (2025).
The GIS project used to create the maps is available at Barbosa (2024).
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