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Abstract The growing and melting of continental ice sheets during a glacial cycle is accompanied by
stress changes and reactivation of faults. To better understand the relationship between stress changes,
fault activation time, fault parameters, and fault slip magnitude, a new physics-based two-dimensional
numerical model is used. In this study, tectonic background stress magnitudes and fault parameters are
tested as well as the angle of the fault and the fault locations relative to the ice sheet. Our results show that
fault slip magnitude for all faults is mainly affected by the coefficient of friction within the crust and along
the fault and also by the depth of the fault tip and angle of the fault. Within a compressional stress regime,
we find that steeply dipping faults (~75°) can be activated after glacial unloading, and fault activity
continues thereafter. Furthermore, our results indicate that low-angle faults (dipping at 30°) may slip up
to 63 m, equivalent to an earthquake with a minimum moment magnitude of 7.0. Finally, our results imply
that the crust beneath formerly glaciated regions was close to a critically stressed state, in order to enable
activation of faults by small changes in stress during a glacial cycle.

1. Introduction

The stress state along a fault affects its stability, and if it is changed, faults that were formerly inactive can be
reactivated. Several factors, such as change in pore fluid pressure, may alter stress condition. Additionally,
changes in the stress field can be induced by the glacial isostatic adjustment (GIA) process. GIA includes all
processes related to uplift and subsidence of the crust induced by surface loading and unloading of an ice
sheet. Crust and mantle are affected by GIA, and the observations of GIA (e.g., relative sea level, land-uplift
rate by GPS, and gravity data) below formerly and currently glaciated regions are used to infer the viscosity
of the mantle and thickness of lithosphere, which is the outer layer of the Earth with an elastic rheology
(see Steffen and Wu [2011] for a summary).

During glaciation, the weight of the ice sheet generates a vertical stress in the lithosphere, but the flexure
of the lithosphere induces horizontal bending stresses as well, which change all components of the stress
tensor [e.g., Johnston, 1987]. Depending on the size of the ice sheet, the vertical stress can be either larger
or smaller than the horizontal stress [e.g., Johnston et al., 1998]. During deglaciation, the ice sheet melts
and the vertical stress decreases. However, the horizontal stress in the lithosphere decreases much more
slowly due to the viscoelastic properties of the lithosphere and the associated upward migration of stress as
the mantle relaxes. At the end of deglaciation, vertical stresses due to GIA and the ice sheet vanish, but the
horizontal stresses still exist, thus affecting fault stability in deglaciated regions such as Europe and North
America. In both regions, faults reactivated during and after the end of deglaciation at the last Ice Age have
been identified due to visible fault offsets of glacially abraded rocks [e.g., Kujansuu, 1964; Lagerbdick, 1978;
Olesen, 1988; Muir-Wood, 1993] or Pleistocene unconsolidated sediments [Brandes et al., 2012]. Moreover,
fault offsets and activation times were also inferred from relative sea level data and dating of mudslump-
ing events [e.g., Dyke et al., 1991; Shilts et al., 1992; Fenton, 1994]. These faults are called glacially induced
faults (GIFs).

In North America, estimated GIF offsets vary between a few decimeters and 100 m [e.g., Dyke et al., 1991;
Fenton, 1994], of which the latter is located in the Canadian Arctic and is the largest inferred GIF offset
[Dyke et al., 1991]. In Fennoscandia, fault offsets of up to 30 m are found and are mostly located in the
Lapland Province (northern Sweden/Finland/Norway [e.g., Kujansuu, 1964; Lagerbdick, 1978; Olesen, 1988;
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Figure 1. Sketch of fault stability (a) before, (b) during, and (c) after glaciation for a thrusting background stress regime. The top row refers to the stress field
condition at a point in the crust, and the bottom row indicates the maximum and minimum principal stresses ¢; and o5 in a Mohr diagram. The black half circle
presents the stress condition before glaciation, the blue half circle during glaciation, and the red half circle after glaciation. The dotted line is used to indicate the
stress condition at the time point before. The straight line in all Mohr diagrams represents the line of failure.

Muir-Wood, 1993; Munier and Fenton, 2004]). In addition to GIFs in northern Sweden, indications for these
faults are also found in northern Germany and southern and central Sweden [Brandes et al., 2012; Jakobsson
et al., 2014; Smith et al., 2014]. It is assumed that these faults are reactivated complex fault zones. The only
seismic profile crossing a GIF in northern Sweden indicated a steep dip angle of more than 50° [Juhlin et al.,
2009]. Although, in general, these faults have been reactivated with a reverse sense of movement consistent
with compressional stress conditions [e.g., Adams, 1989; Mazotti and Townend, 2010; Steffen and Wu, 2011;
Steffen et al., 2012], in some deglaciated areas normal or strike-slip regimes exist [e.g., Stein et al., 1979, 1989;
Quinlan, 1984; Slunga, 1991; Zoback, 1992; Muir-Wood, 1993; Arvidsson, 1996; Lund and Zoback, 1999].

Fennoscandia and North America are not only known for the existence of GIFs but also for stable cratonic
settings [e.g., Hoffman, 1989; Kinck et al., 1993]. Consequently, earthquakes with large magnitudes are
generally not expected in these areas. Furthermore, as the tectonic stress, resulting from constant plate
boundary forces (ridge push within both areas), is assumed to be effectively constant during a glacial
cycle of about 100 ka [Luttrell and Sandwell, 2010], the observed increase in seismicity close to the end of
deglaciation implies that these events are associated with GIA.

In order to analyze the behavior of GIFs, a thrusting background stress state is assumed in correspon-
dence to the observed stress settings in formerly glaciated regions. A thrusting regime is characterized by
maximum and intermediate principal stresses that lie close to the horizontal direction and a near-vertical
minimum principal stress. By applying the general Anderson-Coulomb theory, the effects of a thrusting
stress regime in combination with GIA stresses can be explained using a Mohr diagram (see Figure 1).

It was shown by Célérier [1988, 1995] that the Anderson-Coulomb theory works well for the analysis of
reactivated faults. During glacial loading, the additional vertical and horizontal stresses increase all three
principal stresses, and the Mohr circle moves in the positive direction along the normal stress (s,,). This
moves the Mohr circle away from the line of failure, as the change in the radius of the circle is less than the
net displacement of the Mohr circle (Figure 1b); hence, fault movement is suppressed. As soon as the ice
melts, the vertical load decreases, but the flexure in the lithosphere responds more slowly. The radius of
the Mohr circle thus increases, and the midpoint of the circle moves back toward the shear stress (z) axis
(Figure 1¢). If the Mohr circle touches or crosses the line of failure, the fault will slip, releasing stress in the
form of earthquakes.

Thus, GIA-induced stress can trigger fault slips for optimally orientated faults. However, the observed GIFs
are steeply dipping and not optimally orientated, whereas thrust faults are normally associated with gently
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C, black line). that are undergoing rapid ice melting,

e.g., Greenland and Alaska [e.g., Sauber
and Molnia, 2004; Larsen et al., 2006; Voss et al., 2007; Dahl-Jensen et al., 2010]. Stress changes induced in
these regions can generate earthquakes if the background regime favors the additional stresses [e.g., Wu
and Hasegawa, 1996a]. Therefore, it is important to understand more about stress conditions and fault
parameters in these regions.

In this study, we present the results of a new physics-based numerical 2-D model, which is loaded with an
ice sheet. Several parameters are tested to evaluate parameter sensitivity with respect to activation time,
magnitude of fault slip, and number of events. The aim of this paper is to answer the following questions:

1. How does the magnitude of background stress affect activation time of GIFs?

2. Is the crust before glaciation critically stressed?

3. Can steeply dipping faults be activated in a thrusting background regime with stress changes
induced by GIA?

4. What fault parameters are required to cause thrusting along steeply dipping faults?

The stability of the fault and the state of stress are required to carry out this analysis and will be explained
in the following section. Afterward, the model setup is summarized, which is followed by a detailed list of
results and the respective discussions. The key results are summarized within the conclusion, where the
questions raised above are answered.

2, Fault Stability and State of Stress

The analysis of the stability of a fault during a glacial cycle must take into account the background stresses,
which can be assumed to be constant during the cycle, and the changes in the GIA stress. The commonly
used Coulomb failure stress (CFS) is used to evaluate fault stability in an isotropic crust [see lvins et al., 1990,
Figure 1], and it is defined as follows [Harris, 1998; Steffen et al., 2014a]:

CFs = % [(67 = o3) Isin 20]] - g [(61 + 03) + (o) — 03) cos 20). (M

CFS depends on the magnitudes of maximum ¢, and minimum ¢; principal stresses, the coefficient of fric-
tion y, and the angle ® between the maximum principal stress direction and the normal of the fault plane.
For simplicity, isotropic material is considered in this study. Pore fluid pressure is neglected as it is insuffi-
ciently studied within glacial cycles and is therefore an unknown component. Since the GIA-induced stress is
generally not large enough to cause fracture, we consider only the reactivation of preexisting faults by GIA.
Now the cohesion of preexisting faults is generally small, so it is assumed to be negligible; moreover, the
cohesion parameter is currently not included as a fault property in the ABAQUS software used for the mod-
eling. Positive CFS values indicate instability along the fault, whereas negative values (CFS < 0 MPa) refer to
stable conditions (Figure 2).

The background stresses are an important component in the analysis of fault stability and have to be deter-
mined separately. The vertical background stress is equal to the overburden pressure and depends on the
gravity g, density p, and depth z [e.g., Twiss and Moores, 2007]:

SV = / player glayer dz. (2)

STEFFEN ET AL.

©2014. American Geophysical Union. All Rights Reserved. 1463



@ AG U Tectonics 10.1002/2013TC003450

The overburden pressure is also included in the horizontal background stress, but an additional tectonic
component has to be taken into account. As preexisting faults are not assumed to be optimally orientated
but were close to neutral stability before the onset of glaciation, the horizontal background stress has to
depend on the fault angle [Steffen et al., 2014al. In this preliminary study, we consider only one fault, or
equivalently, we assume that other faults that are more optimally oriented are nonexistent or have a very
large cohesion. Furthermore, as no other constraints are given for the crust outside of the fault, the same
stress conditions have to be assumed. Taking all these assumptions into account, but allowing us to study
whether the isotropic crust was critically stressed before deglaciation, a more general expression for the
horizontal background stress is used [Steffen et al., 2014al:

B ([ — ucos 20 + |sin 201 S, + 2CFS*®)

Sy = -
—[u + p cos 20 — |sin 26|]

+ 0 -=pS,. (3)

The additional parameters § and CFSBC are defined to allow greater variation in the magnitude of the back-

ground stress in order to investigate whether the crust was critically stressed initially. The f is a scaling factor
defining the magnitude of tectonic background stress in the horizontal stress component. If g takes a value
of 1, the horizontal stress component consists of maximum tectonic background stress and the crust is crit-
ically stressed. However, the tectonic background stress still depends on the vertical stress S,,. In general, a
decrease in # promotes greater stability along the fault. The minimum g value is 0, in which case horizontal
stress becomes equal to the vertical stress and tectonic stresses are not included. A variation of this parame-
ter enables exploration of the stress conditions before glaciation. As part of our parameter selection process,
several values were tested between 0 and 1. However, if a preexisting fault with a certain a and u is not acti-
vated for one g value, lower values were not tested for this fault as a decrease in g relates to a decrease in the
magnitude of tectonic background stress and more stable conditions before glaciation. Therefore, g gives
the possibility to decrease tectonic background stresses and test if fault reactivation occurs.

CFSEC represents the fault stability before glaciation (BG). A negative CFSE® increases the distance between
line of failure and Mohr circle and therefore leads to more stable conditions. The tectonic background stress
decreases in this case, as it can be lowered to reach the state given by the Mohr circle. However, a positive
CFSEC value assumes movement of the fault before glaciation and therefore increased magnitudes in the
tectonic background stress. In former studies, the factor CFSB® was set to 0 MPa [e.g., Wu, 1996, 1997; Wu
and Hasegawa, 1996a, 1996b; Lund, 2005; Lund et al., 2009].

A third parameter, which is allowed to change, is the coefficient of friction for the tectonic background stress
Hpack- The parameter varies between 0 and 1 but lies mostly in the range between 0.2 and 0.6. We remark
that the coefficient of friction can also be applied as a surface parameter of the fault [Niichter and Ellis, 2010],
and we use the symbol g, . here. Different values can be assumed for both coefficients of friction, and for-
mer studies suggest values between 0.4 and 0.6 [Byerlee, 1978; Rivera and Kanamori, 2002]. However, up ..«
also influences the angle of the fault that can be (re-)activated in a rock mass, and with a decrease in the fric-
tion the range of possible fault angles increases [Abers, 2009]. As the dip angle of GIFs is not known except
for one case (i.e., more than 50° in Juhlin et al. [2009]), the relationship between the coefficient of friction
and the dip angle of GIFs is not well known, so we can only make assumptions concerning the coefficient of
friction of the crust.

The above mentioned parameters show a wide range of expected values and affect the magnitude of the
horizontal stress and the fault itself but have no effect on the GIA model. The aim of this paper is to increase
our understanding about these parameters and how they affect fault slip magnitude and activation time
during a glacial cycle. An increased knowledge is important to the development of more advanced and real-
istic models for estimation of the hazard of glacially induced earthquakes. Note that parameters within the
GIA model are not changed in this paper, because a sensitivity of these values has already been studied in an
accompanying paper [Steffen et al., 2014b]. In that paper, it is demonstrated that the crustal and lithospheric
thickness do not affect the magnitude of fault slip whereas the thickness of the ice sheet has no effect on
the fault slip magnitude, while the timing of fault reactivation is controlled by the ice sheet width.

3. Model Setup

The GlIA-fault model used within this study contains a viscoelastic earth model with an ice load applied
on its surface. The earth model is represented by a six-layer finite element mesh (Figure 3). The upper two
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Figure 3. Structure of the model showing location of faults. Springs rep-
resent Winkler foundations, and triangles represent the fixed degree of
freedom. The ice sheet follows a parabolic shape without any change in
the horizontal dimension during a glacial period (grey body on top of the ~ reach 160 km or more below old cra-
model). Locations of the faults in the crustal layer are presented in red. tons based on seismological data,

e.g., eastern Fennoscandia and below

Hudson Bay [e.g., Kukkonen et al., 2003;
Eaton et al., 2009; Eaton and Darbyshire, 2010; Darbyshire et al., 2013]. However, the thickness of the seis-
mic lithosphere is generally different from that of the mechanical lithosphere, which also depends on the
timescale of the loading process [e.g., Watts and Burov, 2003]. The results of GIA studies show that the litho-
sphere below the old craton can be as thick as 160 km [e.g., Ivins et al., 2003; Steffen and Kaufmann, 2005;
Steffen et al., 2009, 2014c].

Lithospheric thickness varies later-
ally, especially from below the ocean
to below the continents, where it can

The crust, which lies in the upper 40 km of the lithosphere, has a prescribed fault, which is cut into the
model and outcrops at the surface, dipping at a prescribed angle. In each model, one fault can be activated
during a glacial cycle. The mantle is subdivided into an upper mantle (UM) consisting of two layers and a
lower mantle (LM) with two layers as well. The viscosities differ between UM and LM but are constant within
each part (Table 1). The model reaches a depth of 2891 km, which is approximately the core-mantle bound-
ary. Material parameters are obtained using the preliminary reference Earth model (PREM) [Dziewonski and
Anderson, 1981].

The elements in the model are quadrilateral plane strain elements, which have a length of about 700 m in
the uppermost 20 km of the model, and reach about 200 km side length at the bottom of the model. There-
fore, at least two element layers represent one material layer within the model. These elements assume that
no strain occurs in the direction normal to the plane of the model, and stress and strain can vary throughout
the element [Hibbitt et al., 2012].

The ice model, which is applied on top of the earth model (Figure 3), represents the first-order changes in
ice thickness during the last Ice Age of North America. Based on the finding of Steffen et al. [2014b], the size
of the ice sheet does not affect the fault slip and throw, only the onset timing. Thus, in this study, the size is
chosen to be similar to the Laurentide Ice Sheet. The simplified ice sheet in this study has a width of 3000 km

Table 1. Rheological Parameters and Thickness Given for Each Layer?

Thickness  Density (pjayer) ~ Young's Modulus  Poisson’s  Viscosity

Layer Name (km) (kg/m3) (GPa) Ratio (Pa's)
Crust 40 3256 157 0.276 -
Lithospheric mantle 120 3370 166 0.286 =
Upper mantle 1 (UM1) 250 3505 197 0.299 7-10%0
Upper mantle 2 (UM2) 250 3908 285 0.296 7-10%0
Lower mantle 1 (LM1) 1140 4798 536 0.285 20102
Lower mantle 2 (LM2) 1091 5341 696 0.301 20102

2Density, Young's modulus, and Poisson’s ratio are based on preliminary reference Earth model
(PREM) [Dziewonski and Anderson, 1981]. The viscosity values are obtained from a GIA study in
North America using a lithospheric thickness of 160 km [Steffen et al., 2009].
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and a thickness of 3500 m and follows a parabolic shape. For simplicity, the ice margin is not allowed to
migrate outward during glaciation nor inward during deglaciation. The glacial cycle has a duration of 130 ka
consisting of a 100 ka glaciation phase, 10 ka deglaciation phase, and a 20 ka postglacial phase. During the
postglacial phase no ice load is applied to the model. A single time step has a duration of 1 ka. Therefore,
the accuracy of the activation times is £500 a. The simplicity of our ice models implies that conclusions
drawn from this study might change if multiple ice domes exist, the geometry of the ice follows the coast-
line, or timing of ice collapsing is complex. Nevertheless, general insights concerning the behavior of fault
properties and magnitudes of tectonic background stress can be taken from this pilot study.

The GIA-fault model is similar to other models used in GIA studies but has fault surfaces included, which are
allowed to release stresses induced by GIA. As commercial finite element software (e.g., ABAQUS [Hibbitt et
al., 2012]) only allow the solution of simple equations of motion and do not include the advection of pre-
stress term, which represents a buoyancy return force and is of primary importance in geoscientific studies,
the method has been modified to include a stress transformation [Wu, 2004]. This modification implies that
the stress output from the finite element model has to be adjusted to give a true estimate of GIA stress. To
overcome this and other problems, a new approach has been developed [Steffen et al., 2014al. This consists
of a three-step cascaded model that uses the GIA model as the first model, which computes displacement
and stress distributions during a glacial cycle. The results are used in the second and third models, which
are created if fault instability exists (CFS > 0). Each finite element in the second and third models contains
a stress magnitude determined from the first model including the GIA stress component, and each node is
displaced based on the displacement obtained from the first model. Fault slip and the release of GIA stresses
in the third model is enabled using an open fault contact and the application of a friction value between
opposing fault surfaces. The slip of the fault creates an offset between hanging wall and footwall. A detailed
description of this approach can be found in Steffen et al. [2014a]. The advantage of this new model [Steffen
et al., 2014a] is that the role of GIA-induced stress is explicitly included and not mixed in with the effect of
plate motion.

A similar approach was developed by Hampel and Hetzel [2006] and numerous thrust-fault results were pre-
sented in Turpeinen et al. [2008], but their models simplify the effects of GIA stress and neglect the effect
of the viscoelastic mantle. However, the mantle is the driving force of the viscoelastic behavior of GIA, and
without the mantle, only an elastic GIA effect is taken into account. Furthermore, fault slips in their mod-
els are a result of the combined effects of a stress related to GIA and a converging horizontal displacement
boundary condition.

4, Results and Discussion

The earth and ice model are not changed within this study, and therefore, the GIA signal is the same for all

variations. The magnitude in tectonic background stress depends on the fault angle (see equation (3)) and

also on the parameters p,,, (coefficient of friction in the crust), CFSBS (fault stability before glaciation), and
B (ratio of tectonic background stress in horizontal stress). The angle is varied within all tests as well as the

location of the fault.

Four different fault dip angles are tested: 30°, 45°, 60°, and 75°. In addition, the fault location is varied
between —1000 km, —500 km, 0 km, 500 km, and 1000 km (Figure 3). All faults are incorporated into the
model for all tests; however, only the contact of the specific fault investigated in a test is open, while all
other fault contacts are tied and no motion is possible. The variation of the other tectonic background stress
parameters is listed in Table 2, with the reference model having a coefficient of friction for the crust (u,) of
0.4, a fault stability before glaciation (CFS8®) of 0 MPa, which indicates a critically stressed crust, and 100 %
tectonic stress in the horizontal stress component (8 = 1). Positive values of CFSEC and values of above 1 for
B are not considered as observations indicate that GIFs were probably not active for several million of years
and were not active before glaciation started [Lagerbdick and Sundh, 2008].

Furthermore, the depth of the fault tip and the coefficient of friction between opposing fault surfaces
(Meaur) are varied (Table 2). The fault tip is defined mathematically as the point where both fault surfaces
end in the crust and fault movement terminates. The fault tip remains fixed during each test; hence, fault
surface growth is not considered. The reference model consists of a fault that extends from the surface to
a depth of 8km and a p, . of 0.4. Further parameters (cohesion C and pore fluid factor 1) are neglected
and set to 0 to decrease the number of potential factors of fault slip and activation time in this study
[see Steffen et al., 2014al].
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Table 2. Model Parameters and Variations Used in This Study?®

Model Parameter Values

Width of ice sheet 3000 km
Thickness of ice sheet 3500 m

Dipping angle of fault « 30°, 45°, 60°, 75°
Location of fault (to ice sheet center) —1000 km, —500 km, 0 km, 500 km, 1000 km
Coefficient of friction for background stress iy, 0.2,0.4,0.6

Fault stability before glaciation CFSBG 0 MPa, —2 MPa, —4 MPa
Tectonic background stress factor f 1,0.95,0.9
Cohesion C 0 MPa

Pore pressure 0 MPa
Coefficient of friction along fault i, ¢ 0.4

Depth of fault tip 4km, 8 km, 12km, 16 km

2Values of the reference model in bold.

The model estimates fault slip numerically by releasing stresses. The fault slip magnitude is shown over time
between 90 ka and 130 ka, as activations before glacial maximum (100 ka) are not predicted by any model
for reasons illustrated in Figure 1. The results for different angles and at different locations are plotted; how-
ever, the results at locations —500 km and —1000 km are not presented in the figures but can be found in
the tables that are part of the supporting information. In general, these results are similar to those found at
locations 500 km and 1000 km, respectively.

In the first part of this section, the results of the reference model are discussed to present the main ideas
of fault slip magnitudes and activation times and their specific reasons. This is followed by a detailed
description of the results and discussion of the sensitivity of each parameter variation.

4.1. Reference Model

Faults in the reference model are activated near the end of deglaciation at 110ka, and fault slips of more
than 10 m are predicted numerically (see Figure 4 and Table S1 in the supporting information). The 30° and
45° faults slip only once, whereas a steeper dipping fault slips for a second time 1-2 ka later. The fault slip
during the first event is larger than the second event. In general, the magnitude of fault slip of the first event
decreases with an increase in the fault angle (Figure 4).

g100 v " "

2 Or \ . I
o

4 x "

Fault location [km]
0 500 1000
20 al 30 =— = — -
820 45 — —
© 60
16 -
_ I
Igl I L] : .. .-.-. : .- .-.l. : .- .l...
2 12}
n -
£ |1
&
8 L
1 |
090 100 110 120 130

Time [ka]

Figure 4. Fault slip for the reference model at different locations (0 km, 500 km, and 1000 km) and fault angles (30°, 45°,
and 60°). The time on the x axis refers to the model time running from 0 ka to 130 ka. No fault slip is obtained through
the first 100 ka. The purple line in the upper diagram shows the distribution of the ice load during the model time. The
following additional parameters were used: y i Of 0.4, figu OF 0.4, CFSBG of 0 MPa, g of 1, and fault tip depth of 8km.
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Table 3. Stress Magnitudes Depending on Fault Angle and Coefficient The amount of fault slip is affected
of Friction? by the normal and shear stresses

along the fault, which depend on

Fault Angle Sy (MPa Sy (MPa MPa MPa
glea  Mhack Sy MPa) Sy (MPa) < (MPa) o, (MPa) the fault angle and the relationship

30° 02 244 160 36 181 between maximum and minimum
45° 0.2 240 160 40 200 .

60° 0.2 273 160 49 245 principal stresses ¢; and o3, respec-
75° 0.2 666 160 127 632 tively. The shear stress acts parallel
30° 0.4 353 160 84 208 to the fault and causes the sliding of
w v 374 160 107 267 the fault, whereas the normal stress
50° 04 642 160 209 522 acts perpendicular to the fault sur-
30° 06 500 160 147 245 perpen

45° 06 641 160 241 401 faces, pressing the surfaces together

- - and preventing fault movement. As
@Horizontal (Sy) and vertical (S,) background stresses as well as . . .

. o5 is the vertical stress in a thrust-
normal (6,,) and shear (z) stresses for different fault angles a and . ) o ) -
coefficient of internal frictions of the crust up, at a depth of 5km. ing regime, it is mainly determined

by the overburden pressure and the

weight of the ice sheet. Commencing

at the start of deglaciation, o3 begins
to decrease. After the load is completely gone (at 110 ka), the vertical stress is the same as before glaciation,
and only overburden pressure is present. The o, is the horizontal stress and is affected by the background
stress and the flexure of the lithosphere induced by GIA. The latter starts to decrease at the start of deglacia-
tion, but the rate of decrease is much slower than that of o;. Therefore, after the end of deglaciation, only
horizontal rebound stress remains in addition to the tectonic background stress. The rebound stresses
depend only on the ice and earth model [Steffen et al., 2014b], are independent of the fault angle, and are
not changed within this study.

However, the horizontal background stresses required to keep the fault at frictional equilibrium depends
on the angles of the fault (see equation (3)). This is shown in Table 3. A 60°-dipping fault implies higher hor-
izontal background stresses in order to be close to initial frictional equilibrium (about 4 times the vertical
stress for a coefficient of friction of 0.4; see equation (3)) than 30° and 45° faults with only about 2.2 times
and 2.3 times the vertical stress, respectively. However, the fault slip magnitude decreases with an increase
in fault angle and an accompanying increase in tectonic background stress (Table 3).

The change in the magnitudes of normal and shear stresses on the fault as a consequence of the stress state
in the crust is related to the principal stresses and the fault angle (@ = 90° — ©) by

T =05 (61 - 0'3) | sin 20/, (4a)
6, =0.5 (6, + 03) + 0.5 (0, — 03) cos 20. (4b)

This leads to the following equations for each fault angle used in this study:

a=30": 7 =0433 (0, - 03),

o, = 0250, + 0.7503,,
a=145°: 7=05(0; —03),

o, = 050, + 0503,
a=160": 7 =0433 (0, - 03),

o, = 0750, + 0.2503,
a=75: 7=025(0, —03),

o, = 0.9336, + 0.067 o;.

The equations above show that with an increase in the fault angle, the normal stress, which opposes fault
movement, has an increasing contribution from the horizontal stress. For the shear stress, which drives the
fault slip, the coefficient in front of the stress difference (6, — o3) reaches maximum at 45°, but because the
stress difference increases with a (see Table 3), the value of shear also increases with steeper dipping fault
angle, but its value is always less than that of the normal stress. As a consequence, a steeper dipping fault
angle means a smaller fault slip in one event. The length of the fault also increases with a decrease in the
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angle as the modeled faults are constrained to extend between depth of fault tip and the Earth’s surface. A
30° dipping fault is 16 km long, whereas a 60° fault has a length of only 9.24 km. A longer fault slips more
and produces larger fault throws [e.g., Kim and Sanderson, 2005].

Differences in the fault slip between different locations are related to their specific position of the fault
with respect to the ice sheet center. All faults dip in the same direction (see Figure 3), which results in a dip
toward the ice sheet center for faults at +500 km and +1000 km (on the positive/right side of the model), and
a dip away from the center at —500 km and —1000 km (on the negative/left side of the model). As rebound
stresses increase toward the ice sheet center, faults closer to the center slip more. Furthermore, faults on the
positive side of the model have more ice applied on the hanging wall, and if the fault is activated during the
deglaciation phase, the fault slips less than faults on the negative side of the model. These faults have less
ice applied on the hanging wall. However, as soon as deglaciation ends and no ice load is applied on the
hanging wall or footwall, the rebound stress plays a more important role, and faults with their tips closer to
the center slip more than faults farther away.

In summary, the differences in fault throw for different fault angles and locations can be explained by nor-
mal and shear stress directions and magnitudes. The location of a fault with respect to the ice center results
in different amounts of ice loading between the hanging wall and the footwall, which determine whether
the fault slips more during or after deglaciation.

4.2. Influence of Friction of the Crust py,,

In this subsection, the coefficient of friction (ug,,,) at the fault surface remains constant at 0.4, but three val-
ues of y,. (0.2,0.4, and 0.6) are considered. An increase in the coefficient of friction for the crust (yp,) is
accompanied by an increase in the horizontal background stress magnitude for the same angles (Table 3)
but a decrease in the ratio between normal and shear stress from 5 to 2.5 and 1.7 for an angle of 45°.
Therefore, increasing py,, correlates with an increase in fault slip (Figures 5a and 5b; see Table S2 in the
supporting information). Steeply dipping faults (60° and 75°) are not activated for a p,,, of 0.6. However,
reduced p,, of 0.2 allows the activation of 75° faults for the first time and can be compared to results

of lower fault angles (Figure 5b). Figures 5a and 5b also show that for y, of 0.2, an earlier activation is
predicted; this also results from lower background stresses and a smaller normal stress.

The GIA stress is not changed; only tectonic background stress changes affect activation time and magni-
tude of fault slip, and a low value of . of 0.2 increases the ratio of GIA stresses to tectonic background
stresses since the tectonic background stresses are smaller but GIA stresses are constant. Therefore, a small
change in GIA stress has a larger effect in lower background stress magnitudes, and the faults are activated
earlier. For larger values of y ., the vertical loading stress has to be reduced further in order to promote
fault instability.

The location of the fault relative to the ice sheet center shows the same behavior as for a fault at the center
(Figure 5a). The increase in offset is smaller due to smaller rebound stresses as the location moves farther
from the ice center.

The 60° dipping fault (Figure 5b) shows different behaviors for different background stress frictions. For

a coefficient of friction of 0.2, the fault slips three times, and slip totals 5.48 m. On the other hand, a fault
within a crust with a friction of 0.6 is not activated, while a fault in the reference model with a friction of 0.4
slips two times.

A 75° fault is only activated for a friction () of 0.2 and slips more often than the 60° fault with at least
22 events (see Figure 5b). The fault shows larger offsets at the beginning, and after 12 events, it moves only
17 cm at each of the following events. The tectonic background stress is larger for a 75° fault (4.2 times the
vertical stress S, Table 3) compared to a 60° fault (1.7 times S, Table 3). Therefore, larger fault offsets are
related to the higher background stress and increased shear stresses.

For a coefficient of friction (u,,) of 0.6, the 60° and 75° faults are not activated in our numerical simulations.
The tectonic background stresses alone cannot reactivate these faults, and even the additional horizontal
stresses due to GIA do not move these faults into an instability regime. The same is true for low-angle faults
in a normal background regime, which are the opposite of steep-dipping faults in a thrusting regime as used
in this study [e.g., Abers, 2009; Bonini et al., 2012].
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Figure 5. The effect of the following parameters on the activation time and magnitude of fault slip: (a and b) the coefficient of friction in the crust (ypaci),

(c and d) CFSBS, and (e and f) 4 in addition to fault location (Figures 5a, 5¢, and 5e) and fault angle (Figures 5b, 5d, and 5f). The time on the x axis refers to the
model time running from 0 ka to 130 ka. No fault slip is obtained through the first 100 ka. The purple line in the upper diagram shows the distribution of the ice
load during the model time. The following additional parameters were used: yg,; of 0.4 and fault tip depth of 8km.

In summary, fault throw and activation time are sensitive to the friction in the crust (u,.), and large offsets
of up to ~30 m can be produced by a coefficient of friction of 0.6. However, not all faults in a crust with this

friction value are activated. On the other hand, steeply dipping faults with lower friction values do not reach
a state of stability as evidenced by Figure 5b.
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4.3. Influence of Change in Tectonic Background Stress (CFSB¢ and )

When the tectonic background stress falls below critical stress conditions, the activation of most faults is
affected, and only faults below or close to the ice sheet center and with dips of 30° and 45° are activated
(Figures 5¢ and 5d; see Table S2 in the supporting information).

A decrease in the tectonic background stress before glaciation leads to no fault activation for fault dips

of 60° or more or if the faults are located at —1000 km or +1000 km away from the center of the model. If
unstable conditions are obtained along the fault, a reduction in tectonic background stress causes the acti-
vation time to move from before to after the end of deglaciation. The later activation time correlates with an
increase in fault slip as vertical stresses due to the load are smaller or no longer existent (see equations (4a)
and (4b)). A CFSBG of —2 MPa generates stress conditions such that a fault at +£500 km can be activated

by GIA, but a further decrease to —4 MPa shows stable conditions for the whole glacial cycle. Thus, the
crust along the weak zone in Laurentia and Fennoscandia cannot have initial fault stability much less than
—2 MPa. In other words, to explain the localization of paleo and current intraplate earthquakes in Laurentia,
we only need to assume that the initial fault stability is —4 MPa or more outside the earthquake zones.

A change in the parameter g from 1 to 0.95 shows that fault instability is not obtained for all faults tested
in the model, and only 30° and 45° faults at the center or at +£500 km can be activated by GIA (Figure 5f).
The activation time moves from before the end of deglaciation to a time point at or after it, which results in
higher fault throws. For an even lower g of 0.9, no fault is activated. Therefore, lower values of g were not
tested as stable conditions are predicted to prevail during the entire glacial cycle and afterward.

Assuming lower tectonic stress conditions at the beginning of the glacial cycle, some faults are not acti-
vated (e.g., 60°-dipping faults). Only below the ice sheet center, faults can be activated when the fault
stability before glaciation was —4 MPa, which is accompanied by a decrease of horizontal stress of 4 MPa.
Thus, the stress conditions before glaciation have to be close to the state of a critically stressed crust. Lower
background stress conditions than for critical stress conditions show that most faults are not activated due
to GIA. However, fault reactivation is observed in North America and Europe, implying that critical stress
conditions are valid along the observed earthquake zones. Additionally, near-surface stress relief phenom-
ena have been documented in formerly glaciated regions [Pascal et al., 2010] indicating that the crust is
critically stressed.

In summary, steeply dipping faults and faults located away from the ice sheet center are not activated if the

crust is not critically stressed. Our models suggest that the horizontal background stresses were sufficiently

low that without GIA no major earthquakes would have occurred along these faults. Earthquakes occur only
when the crust is sufficiently close to a critical state that GIA can trigger fault reactivation, producing several
meters of fault slip.

4.4. Influence of Friction of the Fault pq,

Fault slip magnitude increases with a decrease in coefficient of friction for the fault yuq,. However, as tec-
tonic background and GIA stresses are constant, the activation time is not changed (Figures 6a and 6b; see
Table S3 in the supporting information).

The friction between opposing fault surfaces (uq,,) gives an estimate of the resistance to displacement.
Higher frictions lead to smaller movement, and therefore, smaller fault throws are obtained. This applies to
all fault angles and locations. However, the difference in the slip between minimum and maximum friction
decreases with a decreasing fault angle.

4.5. Influence of Depth of Fault Tip

The increase in the depth of the fault tip is accompanied by an increase in fault slip; however, the activa-
tion time of the fault remains constant, as tectonic background and GIA stresses are not changed by this
parameter (Figures 6¢ and 6d; see Table S3 in the supporting information).

The fault slip magnitude is affected by the fault angle and depth of fault tip as the length of the fault is deter-
mined by these two parameters. A low-dipping fault is longer than a more steeply dipping fault with the tips
at the same depths. The increase in fault slip due to deeper fault tips is induced by the length of the fault
and also due to larger tectonic background stresses at deeper depths, since the stress increases with depth
according to equation (3).
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Figure 6. Similar to Figure 5, except for the coefficient of friction at the (a and b) fault (u,;) and (c and d) fault tip depth. The following additional parameters
were used: pip,ck of 0.4, CFSBS of 0MPa, and g of 1.

Faults at a location of +500 km show a lower fault throw for all depths of the fault tip than faults at =500 km.
The difference between offsets on both sides of the center increases with an increase in fault tip depth.
Faults at +1000 km and tips at 4 km and 8 km slip less than faults with the same tips at —1000 km. For larger
depths of the fault tip, the behavior changes and faults at +1000 km slip up to 25 cm more than faults at
—1000 km, but the activation time is constant. Faults on the positive side dip toward the ice sheet center,
which induces higher stresses in the deeper parts of the faults. These stresses are higher compared to a fault
at the same location on the other side of the ice sheet center (the negative side), as the fault tip is farther
away from the ice sheet center due to the same dipping direction. The difference in the horizontal stress at
fault tips on both sides of the model increases with an increase in the depth of the fault tip, and therefore,
an increase in the difference of the fault throws is obtained or even a change in the maximum offset from
the negative side to the positive side.

The activation time is the same for each fault and not sensitive to the depth of the fault tip. This is caused
by a constant tectonic background stress and rebound stress applied to the model. However, the tectonic
background stress increases with depth, and faults activated from deeper tips produce larger offsets as more
stress is released, which controls the fault movement.

4.6. Relationship of Modeled Fault Slips to Earthquake Moment Magnitudes

In order to better appreciate the effects of GIA-induced fault slips along the GIF, we compute their earth-
quake moment magnitudes and compare them with some well-known large events triggered not by

GIA. Moment magnitude (M,,) of earthquakes can be expressed in terms of displacement (D) along faults:
M, = 2/31log(G - D - A) — 10.7, where A is the surface area of the fault and G is the shear modulus of the
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Figure 7. Moment magnitude of earthquakes due to the release of GIA induced by GIA. However, there is

jstresses obtained within this study. The upper I.im'it refers to val.ues negl'ect— another equation for the moment
ing the surface rupture length, and the lower limit (end of vertical bar) is . .
obtained using the length of the fault of 150 km, which is equivalent to magnitude that depends on the dis-
the length of the Parvie fault Luhlin et al,, 2009]. The horizontal lines refer ~ placement along the fault only and
to major earthquakes during the last 100 years, which were not induced is independent of the fault length
by GIA and without taking the displacement observed along these faults (M, = 6.853 + 1.306log D [Hanks

into account. and Kanamori, 1979; Slemmons, 1982;

Ekstrom and Dziewonski, 1988]). The

moment magnitudes obtained from the latter equation without inclusion of the surface rupture length

is used as the maximum value, and the results estimated from the first equation using a surface rupture
length of 150 km provides a reference value for a known GIF assuming that the entire fault was activated at
the same time and there is no change in size during movement (Figure 7). To better appreciate their effect,
the moment magnitudes of major earthquakes during the last 100 years are also plotted in Figure 7. These
earthquakes are mostly related to subduction zones and are not induced by GIA. The physics between sub-
duction zone earthquakes and GIF earthquakes is also different, and their moment magnitudes are only
plotted for reference.

The moment magnitude obtained from a fault slip magnitude of 63 m and a fault length of 150 km falls
within the range of 7.0 to 9.2 (Figure 7). These moment magnitudes are equivalent to earthquakes along
subduction zones (e.g., Japan and Indonesia). As deglaciated regions are considered to be stable and typ-
ically consist of old cratons, earthquakes in this magnitude range are not generally expected. Observed
GIFs in Fennoscandia suggest that events with magnitudes above 8.0 may have occurred at the end of the
deglaciation [Arvidsson, 1996]. Observation and models thus indicate that GIA transformed a stable area
into a tectonically active zone; however, models show that main activity terminates after only one or two
earthquakes. Present-day observations show that seismicity still exists in formerly glaciated regions, but the
magnitudes are mostly below 4.0 [e.g., Lund et al., 2009; Bungum et al., 2010; Steffen and Wu, 2011; Steffen et
al., 2012]. Present-day activity may actually be long-lived aftershock sequences [e.g., Stein and Liu, 2009].

5. Conclusions

In this study, the new 2-D finite element model of Steffen et al. [2014a] is used, which is based on the clas-
sic Anderson-Coulomb theory of fault stability. The physics of the model is simple and does not include
dynamic processes such as Rice-Ruina stability, nucleation, or memory in slip. The advantage of this method
is that it explicitly accounts for the role of GIA-induced stress changes in activating faults. Here the sensitivity
of the magnitude of fault slip and activation time are tested with respect to the tectonic background stress
and fault parameters.

Fault slips and activation times obtained within this study should be considered as preliminary values, as
several simplifications have been made that impose limitations on their general applicability. For example, a
simplified parabolic ice sheet is considered; consequently, effects of separate ice domes are neglected in our
models. Furthermore, the lateral extent of the ice sheet is constant during loading and unloading phases.

A simple stratified earth model is used, so the effects of lateral heterogeneity of material properties are not
considered. The fault alone is also constrained in a number of respects: no cohesion is applied between
opposing fault surfaces, the coefficient of friction is constant during a rupture, the fault tip is fixed, and the
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effects of pore fluid pressure are neglected. Nevertheless, our approach provides important new insights
concerning GIF behavior in different stress settings and with respect to the dip angle of preexisting faults.

Faults are activated close to the end of deglaciation, and the slip magnitude depends mainly on the depth
of the fault tip and, therefore, on the length of the fault. For consistency with prevailing stress regimes in
Fennoscandia and Laurentia, the background stress regime is assumed to be of thrust/reverse type. The fault
slips obtained within this study imply large-magnitude earthquakes (>5.9), which are not expected in stable
and old cratonic areas like eastern Canada and in the absence of GlA-induced stress perturbations.

Our modeling indicates that a fault with low dip angle slips only once, but steeply dipping faults may slip
more. A limitation of our approach is that stress buildup at the fault tip is not accounted for. However, the
slip magnitudes of subsequent events have smaller magnitudes compared to the main event. Observations
and also results from our GIA-fault models show that transient stress perturbations due to GIA transformed a
stable cratonic area into a tectonically active zone with earthquake magnitudes comparable to those found
in subduction zones (e.g., Japan and Indonesia).

Below we summarize the answers to the questions raised in section 1:

1. The magnitude in tectonic background stress affects the activation time but only by a few thousand years
after deglaciation.

2. The stress conditions before glaciation must be very close to a critically stressed crust; otherwise GIA is
insufficient to trigger the observed intraplate earthquakes.

3. Steeply dipping faults can be activated if the coefficient of friction of the crust is assumed to be equal to
or lower than 0.4.

4. Depth of fault tip and coefficient of friction along the fault affect the fault slip magnitude but do not
influence the activation time as the GIA and tectonic background stress magnitudes are not changed.

The modeled fault slips fit well to observed data in North America and Europe. Major fault offsets observed
in formerly glaciated regions are obtained within this study. However, many smaller offsets in the centimeter
range exist [see Fenton, 1994] but are not produced by this model.

The answers of these questions have opened new problems, which need to be analyzed and tested to
obtain a better understanding of fault slip magnitude and activation time due to GIA. For example, the
effect of a changing pore fluid pressure was neglected within this study, but this factor has the potential to
trigger GIFs. However, this parameter is insufficiently studied and will be the topic of a forthcoming paper.
Moreover, cohesion along the fault plane was neglected, in part because preexisting faults generally have
low cohesion. Nevertheless, this study has helped to answer several questions, and changes in fault slip
magnitude and activation time could be related to these parameters: e.g., dip angle, coefficient of friction,
fault stability before glaciation, and tectonic background stress factor. Future investigations will include the
mentioned ideas above as well as the extension into a three-dimensional model.
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