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1 INTRODUCTION

SUMMARY

Knowing the directions of rupture propagation of palaeco-earthquakes is a challenging, yet
important task for our understanding of earthquake physics and seismic hazard, as the rupture
direction significantly influences the distribution of strong ground motion. Recent studies
proposed a relationship between the direction of rupture propagation and curvature of slick-
enlines formed during seismic slip. The relationship was established using a global catalogue
of historic surface-rupturing earthquakes and dynamic models of idealized, planar faults. At
the same time, some slickenlines previously documented on geometrically complex fault seg-
ments show their convexity opposite from the simple model prediction, which we refer to as
‘abnormal convexity’. To explain such observations, we perform simulations of spontaneous
earthquake ruptures on non-planar and rough faults. We find that in the case of strike-slip
faults, a non-planar fault model can lead to abnormal convexity of slickenlines in places where
the fault dip angle changes abruptly from the average dip of the fault. Abnormal convexity of
slickenlines is produced when the initial along-dip stresses are larger than, and are opposite
in direction to, the dynamic stresses imparted by the mixed-mode rupture. Such results are
also confirmed in our rupture simulations with a rough fault. Our results also show that the
parameter space for which abnormal convexity of slickenlines occurs near Earth’s surface
is narrow, especially when the fault strength and initial shear stresses increase with depth.
Nevertheless, slickenlines on geometrically complex faults need to be carefully interpreted
and investigation of rupture direction using curved slickenlines should focus on structurally
simple parts of faults.

Key words: Numerical modelling; Earthquake dynamics; Dynamics and mechanics of fault-
ing; Palacoseismology.

has been challenging. Previous studies utilize structural and ge-
ometrical data, such as off-fault damage patterns (Klinger et al.

Large earthquake ruptures often propagate unilaterally (McGuire
et al. 2002), and in doing so influence the spatial distribution of
strong ground motion (Somerville et al. 1997; Gomberg et al. 2001).
This phenomenon is referred to as the directivity effect and has been
observed in many large, strike-slip earthquakes, such as the 1992
M,, 7.3 Landers (California) earthquake (Ammon ez al. 1993), the
1995 M, 6.9 Kobe (Japan) earthquake (Yoshida et al. 1996), and
the 2016 M,, 7.0 Kumamoto (Japan) earthquake (Kobayashi et al.
2017). Determining if there is systematic behaviour in the direc-
tions of rupture propagation on a given fault remains difficult due
to short instrumental records (Andrews & Ben-Zion 1997; Harris
& Day 2005), yet such knowledge may provide a useful constraint
in seismic hazard analysis. While the rupture directions of modern
earthquakes can be estimated from seismological observations, in-
ferring the rupture direction of historic and prehistoric earthquakes

2018) and branching fault intersection (Fliss et al. 2005). However,
these methods have not been validated against the known rupture
directions of large earthquakes.

Recent studies (Kearse ef al. 2019; Kearse & Kaneko 2020) sug-
gest a relationship between the direction of rupture propagation and
the convexity of curved slickenlines engraved on fault surfaces. A
slickenline, or a striation on a fault surface, records the history and
slip direction at a point on the fault during seismic slip. Slickenlines
are often found after large, surface-breaking earthquakes (Otsuki
et al. 1997; Otsubo et al. 2013; Kearse et al. 2019). It has been
shown that most slickenlines attributed to historical earthquakes
are curved (Kearse & Kaneko 2020), suggesting that the slip direc-
tion temporally changes during a coseismic slip episode. Based on
fault mechanics and numerical simulations, Spudich et al. (1998)
and Guatteri & Spudich (1998) proposed that temporal changes in

1124 © The Author(s) 2022. Published by Oxford University Press on behalf of The Royal Astronomical Society.

©£20z Aenuer g1 uo Jasn oyso | ejnijuaynyeboyor nyebieq 0104y Ag £9%9€69/1ZL L/Z/SEz/a10me/[6/woo dno-oiwapeoe//:sdiy wouy papeojumoq


http://orcid.org/0000-0002-0070-2972
http://orcid.org/0000-0003-2342-0131
http://orcid.org/0000-0003-1223-2549
mailto:aoki.takumi.28e@kyoto-u.jp

slip directions are caused by dynamic stresses on the slipping fault
surface. In their model, the transient stress changes occur along
the mixed-mode rupture directions within a so-called process zone
where the fault strength changes from the static to dynamic value.
Kearse et al. (2019) and Kearse & Kaneko (2020) extended this
concept and proposed that the sense of convexity of curved slick-
enlines depends on the rupture propagation direction. In particular,
Kearse & Kaneko (2020) showed that the convexity of curved slick-
enlines in each of the eight historical earthquakes that have known
rupture directions are consistent with those predicted by relatively
simple dynamic rupture models. By modelling the well-documented
curved slickenlines in the M,, 6.6 Fukushima earthquake in detail,
Macklin et al. (2021) further showed that curved slickenlines may
be also formed by the propagation of multiple rupture fronts, al-
though the relationship between the sense of convexity and rupture
direction remains the same as that predicted by models in which
the main convexity is formed within the process zone of the prop-
agating rupture. If such a relationship holds for pre-historic earth-
quakes, one may be able to infer the rupture directions of palaeo-
earthquakes from fault trenching, as proposed by Kearse & Kaneko
(2020).

At the same time, some previously documented slickenlines show
a convexity that is opposite from the prediction of idealized models,
which we refer to as ‘abnormal convexity’. For example, following
the M, 7.8 Kaikoura (New Zealand) earthquake, slickenlines at
3 of 9 sites along the Kekerengu fault exhibit abnormal convexity
(Kearse et al. 2019; Fig. 1). Since the rupture propagates towards the
northeast direction, slickenlines on the Kekerengu fault predicted
by idealized models are convex up (Fig. 1c), consistent with most
observed slickenlines (Fig. 1a, Sites 2, 3, 4, 5, 6 and 8). As evident
from Fig. 1(a), the sites corresponding to abnormal convexity are
located at or in the vicinity of a fault bend or stepover (Fig. 1a, Sites
1, 7 and 9), and hence the local geometrical complexity may have
influenced the convexity of slickenlines formed on the Kekerengu
fault.

Geometrical complexity of faults manifested as fault non-
planarity and roughness have previously been shown to influence the
rupture dynamics and resulting ground motion (e.g. Harris & Day
1999; Dunham et al. 2011; Shi & Day 2013; Perrin et al. 2016; Ando
& Kaneko 2018). Unlike planar faults, a non-planar fault subject to
a uniform tectonic stress field induces a different direction of initial
shear stresses on the non-planar fault segments, which may result in
the convexity of slickenlines different from the prediction of planar
fault models. Non-planar faults also lead to transient changes in
normal stresses during the propagation of rupture. Since previous
modelling studies of curved slickenlines are based on planar faults,
it is important to understand potential complexity in the patterns of
slip-path convexity arising from non-planar faults.

In this study, we examine if dynamic rupture models with non-
planar and rough faults can produce abnormal convexity of slicken-
lines. We then assess under what conditions such abnormal convex-
ity is generated in these models. In Section 2, we describe dynamic
rupture model setups common to all the rupture scenarios shown
in the subsequent sections. In Section 3, we analyse the slicken-
lines of simplified non-planar fault models with a uniform regional
pre-stress. In Section 4, we show the results of simplified non-
planar fault models with a more realistic, depth-dependent regional
pre-stress. In Section 5, we consider models that incorporate fault
roughness. Finally, we discuss the implications of our results for
interpreting slickenlines observed in the field (Section 6).
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2 MODEL SET-UP

We aim to construct and analyse a set of relatively simple models.
To simulate spontaneous dynamic rupture on non-planar and rough
faults, we consider a right-lateral, strike-slip fault in a homogeneous
elastic half-space (Fig. 2a). The fault is governed by a linear slip-
weakening friction law (Ida 1972; Palmer & Rice 1973), where the
friction coefficient decreases from its static value u, to a dynamic
value . over characteristic slip d.. We assume a uniform or depth-
dependent tectonic stress field, which induces non-uniform initial
stresses on non-planar fault segments (Fig. 2b). To initiate earth-
quake rupture on the fault, we impose an additional shear stress
in a circular zone around the hypocentre. Once the rupture nucle-
ates, it spontaneously propagates over the fault outside the circular
nucleation zone. We use a spectral-element code (Ampuero 2002;
Kaneko et al. 2008), which has been verified through a series of
community benchmark exercises (Harris et al. 2018). The details
of the friction law implementation and numerical resolution are
described in Appendix A.

3 NON-PLANAR FAULT MODEL WITH
UNIFORM REGIONAL PRE-STRESS

3.1 Model set-up

We first consider an idealized model of a 36-km-long and 15-km-
deep, non-planar, right-lateral strike-slip fault subject to a uniform
regional pre-stress. We closely follow the problem formulation of
TPV28 in the SCEC/USGS benchmark (Harris et al. 2018), but
modify the fault geometry and the location of the hypocentre. The
strike-slip fault extends horizontally from x = —28 km to x =
8 km, as we consider the left-hand side of the fault with respect to
the hypocentre located at x = 0. The uniform regional pre-stress,
expressed as a stress tensor o, is given by

011 012 013 —60.00 29.38 0
o[MPa] = [ 013 02 023 | = | 29.38 —60.000 | , (1)
013 023 033 0 0 0

where a negative sign denotes compression, and 1, 2 and 3 direc-
tions are x, y and z directions shown in Fig. 2(a), respectively. This
regional stress field is optimal for a vertical, right-lateral, strike-slip
fault in a sense that the dip-slip shear stress on the planar part of the
fault is zero. The non-planar fault consists of a 10-km-long shallow
(<1.5 km depth) protruded segment and otherwise a planar, 36-km-
long and 15-km-deep vertical segment (Fig. 3a). Initial shear and
normal stresses on the fault are calculated by resolving the stress
tensor onto the fault surface (Appendix B). The protruded fault
segment subject to the uniform stress field leads to non-zero com-
ponents of the shear tractions resolved on the fault plane (Fig. 3b).
We set the hypocentre at the right-hand side of the fault (Fig. 3a) and
analyse synthetic slickenlines at the left-hand side of the hypocen-
tre, motivated by the northeastward rupture propagation direction
on the Kekerengu fault (Fig. 1a). Parameters assumed in this model
are listed in Table 1.

3.2 Slickenlines in simple non-planar fault model with
uniform regional pre-stress

We find that non-planar fault models can result in abnormal convex-
ity of slickenlines on the non-planar fault segment. Fig. 4(a) shows a
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Figure 1. Curved slickenlines observed on the Kekerengu fault following the My, 7.8 Kaikoura earthquake. (a) The map of the Kekerengu fault and slickenlines
documented in Kearse et al. (2019). Each box shows the observation site and grey arrows are slickenlines documented at each site. Slickenlines are observed
on the southeastern side of the Kekerengu fault. A black arrow shows the direction of rupture propagation (Holden ez al. 2017). Numbers in orange with S
or N represent local dip angles, and S or N corresponds to southeast or northwest dip direction, respectively (Kearse et al. 2018). Most slickenlines observed
along the Kekerengu fault have convex-up curvature, consistent with the planar fault model of Kearse et al. (2019). Some slickenlines show convex-down
curvature (Sites 1, 7 and 9). This ‘abnormal convexity’ of slickenlines is found at or in the vicinity of a fault bend or stepover. (b) The map of New Zealand.
The rectangular box shows the region in Fig. 1(a). (¢) The schematic diagram of curvature of slickenlines on a planar, right-lateral strike-slip fault (Kearse &
Kaneko 2020). Yellow and black arrows are slickenlines on the far and near sides of the fault, respectively.

dynamic rupture scenario with the amplitude of the protruded fault
A = 300 m (in other words, the width of the protruded fault step is
300 m at the surface). When the rupture nucleates and propagates on
the planar fault region, the slip direction of the mixed-mode rupture
changes temporally (Fig. 4a). In this case, vertical shear stresses
generated by the slip in the process zone of the rupture front cause
the temporal change of the slip direction (Spudich ef al. 1998).
However, as the rupture front reaches the non-planar fault segment,
the instantaneous slip direction becomes different from that of the
planar-fault model (Compare Figs 2¢ and 4a). The resulting curved
slickenlines on the non-planar fault segment are convex down, op-
posite from the planar-fault counterpart (Fig. 4b). The initial verti-
cal shear stress acting on the non-planar fault segment produces a
large vertical slip rate during the earlier part of the slip-path while
the horizontal slip rate decelerates more slowly (Fig. 4c), leading to
convex-down slickenlines. This abnormal convexity occurs because
the non-zero vertical pre-stress induced by the protruded fault seg-
ment is of larger magnitude, and acting in the opposite sense than
the transient vertical stresses imparted by the mixed mode rupture.

To eliminate the effect of complexity arising from the non-planar
geometry, we consider a planar fault model and assume the same
initial shear and normal stress distributions on a planar fault as in the
non-planar fault model (Figs 5a and b). In this case, the resulting
slickenlines are nearly identical to those in the non-planar fault
model (compare Figs 4b and S5c). This means that the change of
slickenline curvature is caused not by the fault geometry directly,
but by the initial shear stresses on the fault induced by the non-

planar fault geometry. This result suggests that a distribution of
initial dip-slip shear stresses significantly influences the convexity
of slickenlines engraved on strike-slip faults. It also shows that
transient changes in normal stresses induced by non-planar fault
geometry do not affect the slickenline curvature. Note that this
inference holds when the amount of slip is very small compared to
the roughness wavelength (e.g. Dunham ef al. 2011).

To assess the effect of non-planar fault geometry on the resulting
slickenline curvature, we consider non-planar models with differ-
ent amplitude 4 of the protruded fault segment (Fig. 6). As the
initial vertical shear stress is an important parameter, we also re-
port the ratio of the initial vertical shear stress to initial horizontal
shear stress 7. /2 on the non-planar fault segment in each scenario
(Fig. 6). When the non-planar fault segment protrudes towards the
far side of the model, 4 is positive. In those cases, the curvature
of convex-up slickenline is enhanced compared to the planar fault
counterpart due to the vertical pre-stress and transient stresses in the
rupture process zone acting in the same direction (which produces
a large negative 7). /72, Fig. 6). In contrast, a non-planar fault seg-
ment protruded towards the near side of the model (i.e. negative A)
leads to a more straight slickenline for moderately negative values
of 4, or convex-down slickenline for a large negative value of 4. In
those cases, a downward initial vertical shear stress, or large rfs / rs‘z,
promotes the convex-down curvature (Fig. 6). Hence, the degree
of slickenline curvature and the occurrence of abnormal convexity
depend on 7/t2 controlled by the degree of fault non-planarity on
the strike-slip fault.
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Figure 2. Curved slickenlines predicted by a simple, planar fault model. (a) The set-up of a planar, right-lateral, strike-slip fault model. A dark grey area shows
the rupture region and a light grey area corresponds to the region of an unbreakable rupture barrier. (b) Initial stress distributions resolved onto the planar fault.
Blue and red lines correspond to values assumed for non-planar fault models with uniform (Section 3) and depth-dependent (Section 4) tectonic stress fields,
respectively. Green lines correspond to values assumed for rough fault models (Section 5). Solid lines are effective normal stresses, dashed lines are horizontal
shear stresses, and dotted lines are vertical shear stresses on the fault. (c) Snapshots of slip rate (left-hand panels) and instantaneous slip direction (right-hand
panels). (d) Simulated slickenlines on the planar fault. Each blue line is a slickenline engraved on the far side of the fault, which is calculated at each blue
dot on the fault plane, and a red star shows the hypocentre. Location (i) is the slickenline at (x, z) = (—10km, 0 km), and Location (ii) is the slickenline at
(x, z) = (5§ km, 0 km). Slickenlines on the left-hand side of the hypocentre [e.g. location (i)] show convex-up and the right-hand side [e.g. (i)] is convex-down.
Location (iii) is the slickenline at (x, z) = (—24.5 km, 0 km), which has a complex shape due to the development of free-surface-induced supershear rupture

(Macklin et al. 2021).

4 NON-PLANAR FAULT MODEL WITH
DEPTH-DEPENDENT REGIONAL
PRE-STRESS

4.1 Model set-up

Next, we consider models with more realistic, depth-dependent re-
gional pre-stress, where the initial stress tensor o is defined by

011 012 013 —60.00 29.38 0
o[MPa] = |62 0 03 | = [ 2938 —60.000 | x £ . (2)
013 023 033 0 0 0

We consider a non-planar fault geometry (Fig. 7a) similar to those
shown in Section 3. The depth-dependent stress tensor induces

depth-dependent, initial shear and normal stresses on the fault
(Figs 2b and 7b). As in the uniform regional stress scenario, the
initial vertical shear stresses are non-zero on the non-planar fault
segment (Fig. 7b).

4.2 Slickenlines in simple non-planar fault model with
depth-dependent regional pre-stress

In the case of depth-dependent regional pre-stress, the initial stresses
on the fault are close to zero near the Earth’s surface, and the
effect of fault non-planarity on slickenline curvature diminishes
at shallow depths. Fig. 8 shows a representative case with depth-
dependent regional pre-stress in which abnormal convexity forms.
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Figure 3. Model setup and the distribution of initial stresses on a non-planar fault model with uniform regional pre-stress. (a) Fault geometry. The non-planar
fault segment is characterized by a 10-km-long and 1.5-km-deep protruded region. In this figure, the amplitude 4 of the protruded region at the Earth’s surface
is =300 m, which is horizontally exaggerated for the illustration purpose. (b) Along-strike component of initial shear stress, along-dip component of initial
shear stress, and initial effective normal stress on the fault. A yellow circle corresponds to the circular nucleation patch. On the non-planar fault segment, the

initial stresses are different from those on the planar fault segment.

Table 1. Model parameters assumed in this study.

Parameter Non-planar fault with Non-planar fault with depth- Rough fault with depth-
uniform regional pre-stress  dependent regional pre-stress  dependent regional pre-stress

) Density 2670 kgm 2670 kgm™ 2670 kgm

o P-wave velocity 6000 ms~! 6000 ms~! 6000 ms~!

B S-wave velocity 3464 ms! 3464 ms! 3464 ms!

ns  Static friction 0.677 0.677 0.677

g  Dynamic friction 0.373 0.25-0.373 0.373-0.52

d. Slip-weakening distance 0.30-0.40 m 0.30-0.60 m 0.40 m

Cp  Frictional cohesion in the top 0-1 MPa 0-5 MPa 0-1 MPa

5km

In this case, the degree of fault non-planarity (4 = —1.4 km and the
depth extent of 3.0 km) is set to be larger than those considered in
Section 3 (Fig. 7a). To prevent rupture nucleation at the start of the
simulation within the protruded fault segment resulting from large
initial shear stresses there, we impose frictional cohesion Cy = 3
MPa over |z| < 5 km on the fault. Note that the assumed value of
C, may be larger than typical frictional cohesion (C, ~0.1 MPa;
Harris et al. 2018), and hence Cj is varied in models discussed in
the subsequent section. As in the case with uniform regional pre-
stress, the local slip direction changes when the rupture reaches
the non-planar segments (Fig. 8a), resulting in abnormal convexity
of slickenlines (Fig. 8b). The maximum convex-down curvature
occurs at a depth of 1.5 km, where the ratio 7j. /70 is the largest,
consistent with the result shown in Section 3. Slickenlines in the
planar fault segment deeper than 3 km are convex up, as expected
from the planar-fault model.

4.3 Parameter sensitivity of abnormal convexity

To assess a range of model parameters over which abnormal con-
vexity is produced, we consider a total of 37 cases with a different
combination of 4 and frictional cohesion Cy. To quantify the cur-
vature of synthetic slickenlines, we fit two straight lines to each
curved slickenline as follows. Given that the initiation and termi-
nation points of a slickenline are known, we define another point
along the curved slickenline and connect these three points, which
form two straight lines (e.g. red and orange lines in Fig. 9a). We
then vary the location of the middle point along the curved slick-
enline, calculate the residual between the two straight lines and
curved slickenline using the method of least squares, and find the
best-fitting straight lines and corresponding angle 6 between them
(Fig. 9a). When a slickenline has convex-up curvature, 6 is greater
than 180°, whereas for a convex-down slickenline, 6 is smaller than
180°.
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Figure 4. Curved slickenlines in the non-planar fault model with uniform regional pre-stress shown in Fig. 3 and with d. = 0.40 m and Cy = 0 MPa. (a)
Snapshots of slip rates and instantaneous slip direction at each time step. When the rupture reaches the non-planar fault segment, the local slip direction becomes
different from those in the planar fault model shown in Fig. 2. (b) Synthetic slickenlines engraved on the far side of the fault in the non-planar fault model. A
grey area corresponds to the non-planar fault segment. The inset panel shows a zoom-in of the convex down slickenline at location (i) (x, z) = (—10km, 0 km)
(i.e. abnormal convexity). (c) Plots of slip (m), slip rates (ms), and shear traction changes (MPa) at location (i). Vs and ¥ys correspond to strike-sip and
dip-slip slip rates, respectively, and 7 and 745 are along-strike and along-dip components of shear stress changes, respectively. The rake angle in this plot is

smoothed by a moving average with the window size of 0.2 s.

We find that the parameter space for which abnormal convexity
of slickenlines occurs near the Earth’s surface is narrow. A majority
of cases shown in Fig. 9(b) show 0 greater than 180° at the Earth’s
surface. In several instances where A is large negative and Cj is
small, the rupture spontaneously nucleates from the protruded fault
segment where the initial shear stress magnitude exceeds the shear
strength. These cases are deemed unrealistic, as large earthquakes
rarely nucleate at shallow depths. Abnormal convexity occurs when
A is large and C is unrealistically large, as in Fig. 8. At slightly
deeper regions (>0.5 km depth), abnormal convexity forms over a
wide range of parameters (Figs 9c and d). These results suggest that

it may be uncommon to see abnormal convexity of slickenlines near
the Earth’s surface by geologists.

To analyse the dependence of slickenline curvature on other
friction parameters, we vary slip-weakening distance d. and dy-
namic friction coefficient u,. Fig. A2 shows synthetic slicken-
lines at (x, y,z) =(—10km, 4,0km) and (—10km, 4, —1km)
with 4 = —400m and C, = 1 MPa in the non-planar fault model
with depth-dependent regional pre-stress. We find that varying d,.
by up to a factor of 2 does not significantly change the slickenline
curvature (Fig. A2). Cases with d. = 60 cm and greater lead to
rupture arrest soon after it nucleates. Varying u, results in different
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Figure 5. Model setup and slickenlines in a planar fault model with the initial stress distribution derived from the non-planar fault with uniform regional
pre-stress shown in Fig. 3. (a) Fault geometry, which is the same as in Fig. 2(a). The hypocentre (red star) is located at z = —7.5 km. (b) Initial stresses on the
fault that are identical to Fig. 3(b). (c) Synthetic slickenlines engraved on the far side of the fault in this planar fault model. A patch of the non-uniform initial
stresses indicated by a light grey area shows abnormal slickenlines, nearly identical to those shown in Fig. 4(b). A red dashed line represents the synthetic

slickenline from Fig. 4(b, 1).

amount of total slip and the degree of slickenline curvature while
the convexity remains unchanged (Fig. A2). These results are quali-
tatively consistent with the results of previous studies (Kearse et al.
2019; Macklin et al. 2021).

5 ROUGH FAULT MODEL WITH
DEPTH-DEPENDENT REGIONAL
PRE-STRESS

5.1 Model set-up

We further consider models with more realistic fault geometry by
assuming a rough fault with depth-dependent regional pre-stress.
We assume a 20 km by 40 km fault with the roughness considered
in benchmark problem TPV29 of Harris et al. (2018; Fig. 10a). In

this fault geometry, self-similar roughness is generated by a lin-
ear superposition of randomly selected sine waves, with each sine
wave having a 1-40 km wavelength, and an amplitude equal to
the square of the wavelength. The surface is then smoothed by a
moving-average filter with a radius of 1 km, to eliminate wave-
lengths too short to be numerically resolved. We set the hypocentre
at 10 km depth and consider a depth-dependent regional stress field
given by

011 012 013 —60.00 29.38 0
o [MPa] = |01, 020 003 | = [ 2938 —60.000 | x ;EL . (3)
013 023 033 0 0 0

Note that the initial stresses acting on the planar part of the fault at
10 km depth are the same as those at 7.5 km depth in Section 4.
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Figure 6. The dependence of slickenline curvature on the amplitude of non-planar fault geometry. The model parameters are d. = 0.40 m and Cyp = 0 MPa.
Parameter A4 is defined as the amplitude of the displaced fault at the Earth’s surface along the y-axis. Top three panels show how the fault geometry is modified
with respect to 4. The middle and bottom panels are synthetic slickenlines engraved on the far side of the fault at (x, y, z) = (—10km, 4, 0 km) in the models
with different 4, with 4 = 0 m corresponds to the planar fault. Cases with increasing 4 towards the far side of the fault lead to more pronounced, convex-up
slip-path curvature. In contrast, cases with decreasing 4 (i.e. towards near side of the fault) show how the slip-path convexity changes from convex-up curvature
to convex-down curvature. rgs /72 is the ratio of initial vertical along-dip stress T(?s to initial horizontal along-strike stress Tsos at (x, y,z) = (—10km, 4, 0km).

5.2 Slickenlines in rough fault model with
depth-dependent regional pre-stress

We find that the rough fault models complicate the spatial pattern
of slickenline convexity while the main features are consistent with
those of simpler models shown in previous sections. Fig. 10 shows
the fault geometry, rupture arrival time and synthetic slickenlines
in a representative rough fault model. Grey and white regions in
Fig. 10(c) correspond to convex-up and convex-down slickenline
curvature expected from a planar fault model, respectively. Along
the boundaries of these regions corresponding to Mode II and III
rupture directions, the slickenlines are curved unlike in the planar
fault model (Fig. 2d), due to the complex rupture propagation path
in the rough fault scenario (Fig. 10c). In the grey and large positive
9 /72 (red colour contour) area [(iv) in Fig. 10c], slickenlines at
depths tend to be convex down (i.e. abnormal convexity). Similarly,
slickenlines in the white and large negative 70/t (blue colour
contour) area [(v) and (vi) in Fig. 10c] are convex up (i.e. abnormal
convexity). However, at shallow depths (<2.5 km), the slickenline
convexity is the same as in the planar fault model due to relatively
small absolute stresses there, consistent with the result of Section 4.

We further consider three additional rough fault models with a
different degree of fault roughness: 0.5 x Aouen, 1.5 X Arouen and
—1.5 X Arouen (Fig. 11), where Ao, is defined as the y-axis positions

of the rough fault shown in Fig. 10. Even in these cases, the results
are similar to the case shown in Fig. 10. Near the Earth’s surface, the
convexity of slickenline curvature is the same as in the planar fault
model. Abnormal convexity may form at depths where the local
value of 7. /70 is positively or negatively large depending on the
locations of the slickenlines relative to the hypocentre (Fig. 11). The
effect of fault roughness on the pattern of slickenline convexity is
strong when the fault is rougher, and the ratio of initial shear stresses
induced by local change of fault geometry controls the convexity of
slickenline curvature at depths (Fig. 11).

6 DISCUSSION

6.1 Interpreting abnormal slickenlines on the Kekerengu
fault

Our modelling results suggest that abnormal convexity of slicken-
lines may form along fault segments where the local fault geometry
changes abruptly. In particular, abnormal convexity of slickenlines
is produced in places along the fault where the initial along-dip
stresses are larger than, and are opposite in direction to, the dy-
namic stresses imparted by the mixed-mode rupture. In the case of
a strike-slip fault, the ratio of the initial vertical to the horizontal
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Figure 7. Set-up of a non-planar fault model with depth-dependent regional pre-stress. (a) The geometry of the non-planar fault, with 4 = —1.4 km and the
depth of the non-planar segment is 3 km. Note that the degree of non-planarity is larger than that shown in Fig. 3(a). (b) Depth-dependent initial stresses

resolved onto the fault.

shear stress 7). /72 depends significantly on the local dip angle and
dip direction of the fault.

On the Kekerengu fault after the Kaikoura earthquake, abnor-
mal slickenlines were observed at fault bends or stepovers (Fig. 1).
Field observations suggest that one of the fault segments where
abnormal convexity was observed dips towards the southeast while
the majority of the Kekerengu fault dips steeply towards the north-
west (Kearse ef al. 2019; Sites 7 and 9 in Figs la, and 12). This
local change of the dip angle indicates that 7. /72 on this fault seg-
ment would have been different from the majority of the Kekerengu
fault. Based on our modelling results, the sense of curvature change
needed to induce the observed abnormal convexity is consistent
with the dip direction changes documented by the field observa-
tions (Fig. 12). Although the exact dip angle and the depth extent
of this fault segment is unknown and more thorough investigation
may be warranted, our results suggest that an abrupt change in a
fault dip angle can lead to abnormal convexity of slickenlines.

In contrast, Site 1 (Fig. 1a) shares the same dip direction as the
average dip on the Kekerengu fault, yet is located within an exten-
sional stepover. At this location, subsidence of the northwest-side of
the fault (the hanging wall) produces the opposite sense of dip slip
to the main part of the Kekerengu fault, consistent with the kine-
matics of an extensional fault stepover. Given the local dip direction
at Site 1, our modelling results indicate that the dip-slip pre-stress
resolved onto this fault segment should have induced slight thrust
motion and would not give rise to the abnormal convexity observed
in the field (Fig. 6). We speculate that the rupture along this short
fault segment may have propagated towards the southwest direction
(opposite from the overall rupture direction), or that the extensional
fault stepover characterized by a dipping, connecting fault may have
induced a complex, dynamic stress field that was not accounted in
our present model. Regardless of the mechanism, the abnormal con-
vexity of slickenlines at Site 1 was likely caused by the structural
complexity of the fault.

6.2 Occurrence of abnormal slickenlines under a limited
range of conditions

We find that abnormal convexity rarely occurs near the Earth’s sur-
face in non-planar and rough-fault models with depth-dependent
regional pre-stress. Since the initial shear stresses at shallow depths
(<0.2 km) are much smaller than those at greater depths, the curva-
ture of slickenlines would not change with respect to the prediction
of the planar fault model. This inference is consistent with the
paucity of abnormal slickenlines found in a global study (Kearse
& Kaneko 2020). At the same time, our results also indicate that
abnormal slickenlines may form in places where the fault geometry
changes abruptly (Figs 8 and 9). In addition, Abnormal convex-
ity might be more common along geometrically complex faults at a
few kilometre depths where the initial shear stresses are much larger
than that near the Earth’s surface (Fig. 8c), although geologists do
not generally have access to fault surfaces at depths.

6.3 Effect of velocity-strengthening frictional behaviour at
shallow depths

Geophysical, geological and laboratory studies indicate that the
shallow (<2- km) portion of the fault is characterized by velocity-
strengthening frictional behaviour (Marone ef al. 1991; Marone
1998). To assess the influence of velocity-strengthening frictional
behaviour at shallow depths on the resulting slickenlines in the
framework of a slip-weakening friction law, we consider the model
with the negative stress drop patch located within the top 3 km of the
fault (e.g. Pitarka et al. 2009). With respect to the positive stress drop
slip-weakening only model, synthetic slickenlines in the model with
the shallow negative stress drop slip-weakening patch are smoother
while the overall shape and curvature of the slickenlines remain
unchanged (Fig. 13). This implies that the convexity of slickenlines
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Figure 8. Curved slickenlines in the non-planar fault model with depth-dependent regional pre-stress shown in Fig. 7. Model parameters assumed in this case
are jtg = 0.25, d. = 0.40m, and Cy = 3 MPa at |z| < 5km. (a) Snapshots of slip rate (ms') and instantaneous slip direction (°) on the fault. (b) Synthetic
slickenlines engraved on the far side of the fault in this non-planar fault model. A grey area corresponds to the non-planar fault segment. Some slickenlines in
the grey area have abnormal convexity. (c) A zoom-in plot focusing on the depth distribution of slickenlines, and the corresponding ratio of initial along-dip

shear stress rds to initial along-strike shear stress r

may be insensitive to whether the shallow portion of the fault is
slip-weakening or velocity-strengthening.

6.4 Occurrence of abnormal slickenlines on dip-slip or
oblique-slip faults

Our results suggest that the ratio of initial vertical to horizontal
shear stresses 70 /70 is an important parameter in controlling the
convexity of slickenlines on strike-slip faults (Figs 9-11). Since
faults in nature also include dip-slip and oblique-slip faults, we also
extend our analysis to those faults. Let us define , as the average

. The region of larger rds /72 shows enhanced convex-down curvature.

rake angle of pre-stress direction on the fault as follows:

=0

_ T

Ay = tan™! (_—ZO) ,
TX

where 70 and 7° are average initial vertical and horizontal shear

stresses, respectively. At a given point on the fault, the local values

of shear stresses, 70 and t°, may be different from the average

values. Then the deviation angle A6(x, z), which is the difference
between the local pre-stress direction and 6y, is given by

“4)

70 _
Aby(x,z) =tan"! <E> — 0, . (5)

x
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Figure 9. The dependence of slickenline curvature on model parameters in the cases with a non-planar fault and depth-dependent regional pre-stress. (a)
Examples of synthetic slickenlines and the quantification of the main curvature of a slickenline. Using the method of least-square, we fit two straight lines
(an orange line and a red line) to a curved slickenline and report the angle 6 between these two lines. Panels (i) and (ii) show examples of line fitting.
(b) Dependence of the curvature of slickenlines on the degree of non-planarity 4 and frictional cohesion Cy. A slickenline in each case is taken from
location (x, y,z) = (—10km, 4, 0km). Black crosses correspond to cases in which the rupture starts within the shallow, non-planar fault segment. Red
dots show the cases with convex-up curvature (i.e. the same as in the planar fault model) and blue dots represent convex-down curvature (i.e. abnormal
convexity). A black line shows an approximate contour for & = 180°. (c) The same as in Fig. 9(b) except that slickenline in each case is taken from location
(x,y,z) = (—10km, 4, —0.5km). (d) The same as in Fig. 9(b) except that slickenline in each case is taken from location (x, y, z) = (—10km, 4, —1.5km).
For a wide range of model parameters, the occurrence of abnormal convexity (blue dots) near the Earth’s surface is relatively rare, whereas, at depths, the

parameter range that leads to abnormal convexity is wider.

For right-lateral strike-slip faults, the average angle @, is zero, and
hence the deviation angle is simply the local value of tJ,/7 . For
dip-slip or oblique-slip faults, the value of Af, may control the
spatial pattern of slickenline convexity.

To demonstrate this concept, we rotate the regional stress tensor

(eq. 3) by 45°:
29.38
—30.00 23 —30.00
o[MPa] = | 228 -60.00 23# |« _Ll (6)

V2 V2 10km °

—30.00 % —30.00

which becomes optimal for a right-lateral, oblique-slip fault. Con-
sidering this stress tensor with the average angle 6, = 45°, the local
deviation angle A6(x, z) can be calculated as

2(x, z)

Aby(x, z) = tan™! <07) —45°, 7)
)(x,z)

Fig. 14 shows the results of planar and rough fault models with the

45° rotated regional pre-stress. In the planar fault model, the spatial

pattern of slickenline convexity can be understood as rotating the

right-lateral strike-slip fault case by 45° (Fig. 14a), consistent with
the result of Kearse & Kaneko (2020). In the rough fault model,
the regions in the mixed-mode directions at greater depths (> 1 km)
where the deviation angle A6, is positively large result in abnor-
mal slickenlines (i.e. slickenlines located on the red contours in
Fig. 14b). Slickenlines at large negative A6, lead to the enhance-
ment of slickenline curvature, as expected (Fig. 14b). These results
suggest that slickenline convexity on all fault types may be con-
trolled by the direction of rupture propagation and the deviation of
local pre-stress direction from the average value over the fault as
defined by eq. (5).

6.5 Interpreting curved slickenlines from field
observations

Our modelling results further support the idea that observations of
coseismic slickenlines can be used to infer the rupture directions
of earthquakes (Kearse & Kaneko 2020), assuming that the field
data are collected from structurally simple parts of the fault with
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Figure 10. Model setup and the distribution of slickenlines on a rough fault with depth-dependent regional pre-stress. (a) The fault geometry. 4yougn is defined

as the position of the fault in the y-direction. (b) Rupture arrival time contour.

Each contour represents the time (s) when the rupture front first arrives. (c)

Synthetic slickenlines engraved on the far side of the fault in the rough fault model. Each black line is a slickenline calculated at each black dot on the fault
plane. A red star shows the hypocentre. The colour contours represent the values of ‘[(?S / rsos. Grey and white areas show the region of convex-up and convex-down

slickenline curvature expected in a planar fault model, respectively. Slickenlines

known dip directions. For example, if the rupture direction of the
Kaikoura earthquake was unknown, the slickenlines observations
(Fig. 1a) would have helped distinguish an earthquake scenario of
nucleation in the northeast with westward rupture propagation from
a nucleation in the southeast with eastward rupture propagation, as
proposed by Kearse et al. (2019).

in the black rectangular boxes are examples of abnormal convexity.

During surface-rupturing earthquakes, it is common for coseis-
mic fault displacement at Earth’s surface to produce a complex pat-
tern of ground deformation tens to hundreds of meters wide. Within
these swaths of broken ground, net displacement is commonly par-
titioned between discrete slip on multiple faults strands, distributed
shear, up-buckling, fissure opening, local block rotation, and
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Figure 11. Distribution of slickenlines engraved on the far side of the fault in rough fault models with different degrees of fault roughness. (a) Synthetic
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slickenlines at depths located in the area of large positive rgs / fsos show abnormal convexity. Slickenlines in the black rectangular boxes are examples of abnormal

convexity.

subsidence of near-surface materials (Little ef al. 2021; Kearse et al.
2018; Ponti et al. 2020). These processes can generate slickenlines
on fault surfaces that may not be directly related to the local net slip
vector, and instead record changes in coseismic slip direction that
relate to the deformation of near-surface geology within the fault
zone (Kearse et al. 2018). Accordingly, when using slickenlines to
infer the kinematics or dynamics of ground-rupturing earthquakes,

data should be collected from on-fault locations where coseismic
slip at the ground surface is focused across a single fault plane,
S0 as to obtain a record of slip that is uncomplicated by secondary
effects.

While our results demonstrate that abnormal convexity of slick-
enlines can be understood in the context of stress heterogeneities,
the parameter space for which they occur is narrow. Moreover, the
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down (D) are the relative vertical motion across the Kekerengu fault due to the Kaikoura earthquake (Fig. 1), and each box and arrow show the convexity of

observed slickenlines engraved on the southeastern side of the fault plane. Abnormal convexity drawn in this figure corresponds to the observations at Sites
7 and 9 in Fig. 1(a). Abnormal convexity of slickenlines was observed where the fault dip angle changes locally (Kearse et al. 2019), consistent with what is
expected from our numerical results. Note that the depth extent of the fault segment dipping southeast with abnormal convexity is unknown.
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Figure 13. Synthetic slickenlines in the model with a negative stress-drop patch at shallow depths. (a) Slickenlines engraved on the far side of the fault from
the rough fault model with 0.5 x Aougn and with and without a patch of negative stress drop at a shallow depth (in the top 3 km). Blue curves show the result
with a negative stress drop patch (s = 0.5 in the top 3 km). Orange curves show the result with positive stress drop, slip-weakening friction (s = 0.373 in
the top 3 km). (b) The same as in Fig. 13(a) except that the degree of fault roughness is given by 1.5 x Aougn Which is the same as in Fig. 11(b). The blue lines
are smoother than the orange lines, but the sense of convexity remains the same in these models.

structural conditions that favour the development of abnormal con-
vexity, such as fault bends and stepovers, also promote the develop-
ment of wider fault damage zones and structural complexity. These
conditions are not favourable for the generation of slickenlines likely
to record a simple and near complete history of single coseismic
slip episode. However, these regions surrounding fault bends and
stepovers are thought to host the nucleation and termination of earth-
quake ruptures (King & Nabelek 1985; Wesnousky 2006; Biasi &
Wesnousky 2017). For this reason, they represent strategic locations
to uncover palaeo rupture directions, and test earthquake gate mod-
els by sampling each side of a potential rupture barrier (Howarth
et al. 2021). With these considerations, field data collection should
focus on locations that straddle potential earthquake barriers, yet
on structurally simple parts of the fault with known dip directions.

6.6 Model limitations

Several important assumptions are made in our model. First, the
model assumes that the Earth’s surface is flat and ignores the ef-
fect of topography. Since topography, such as the presence of a
mountain range on one side of a dipping fault, may induce spatially
non-uniform shear stresses on the fault, the resulting slickenline
convexity may be influenced by the local topography. The shape
of a free surface is also known to influence dynamic stresses at
the propagating rupture front (e.g. Zhang et al. 2016) and may
influence the curvature of slickenlines. Secondly, depth-dependent
elastic properties of the wall rocks could complicate the rupture
dynamics and resulting slickenline curvature (Macklin ef al. 2021).
Third, we assume slip-weakening fault friction for simplicity, and
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Figure 14. Slickenlines on the planar and rough fault models with 45° rotated, depth-dependent regional pre-stress. (a) Slickenlines engraved on the far side
of the fault in the planar fault model with 45° rotated regional pre-stress. Each black line shows a slickenline. A red star shows the hypocentre. Grey and
white areas show the region of convex-up and convex-down slickenline curvature expected in a planar fault model, respectively. The colour contour depicts the
deviation angle A6 (°) of local fault non-planarity, with A6y = 0 for the planar fault. The convexity of slickenlines follows the spatial pattern of white and
grey areas. (b) Slickenlines on the rough fault model with 45° rotated regional pre-stress and Aough shown in Fig. 10(a). Slickenlines in the black rectangular

boxes are examples of abnormal convexity.

do not consider other types of friction laws, such as rate-and-state
friction (Dieterich 1979; Ruina 1983) with enhanced weakening at
coseismic slip rates (e.g. Rice 2006). How and to what extent differ-
ent friction laws influence the curvature and/or convexity of slick-
enlines remains unclear. Fourth, we ignore the effect of inelastic,
distributed deformation, which may be modelled in the framework
of off-fault plasticity (e.g. Andrews 2005; Ma 2008; Kaneko & Fi-
alko 2011; Roten ez al. 2017). As mentioned above, interpretations
of observed slickenlines should focus on structurally simple parts
of a fault where a majority of deformation is localized on main fault
strands. Investigating the effects of topography, different friction
laws and inelastic deformation on the characteristics of slickenlines
remains a subject of future work.

6.7 Difficulty in the estimation of absolute stress level
from curved slip path

Spudich et al. (1998) and Guatteri & Spudich (1998) found that
the degree of temporal rake rotation on a planar fault, which is
induced by dynamic stress changes in the cohesive zone, is sensitive
to the absolute stress level. Their result indicates that observational
methods (e.g. kinematic slip inversion) that can retrieve the temporal
evolution of slip path at depth may be used to infer the absolute stress
level. At the same time, retrieving temporal changes in the rake
angle at depth during a large earthquake is generally considered

difficult due to large uncertainty and non-uniqueness associated
with source inversion (e.g. Konca et al. 2013; Mai et al. 2016).
In our models with non-planar and rough faults, we show that the
degree of slickenline curvature also depends significantly on the
change in local fault geometry. Hence without prior knowledge of
the fault geometry at depth, it would be more difficult to infer the
absolute level of stress at depth from the inferences of curved slip
path.

7 CONCLUSIONS

Using simulations of dynamic ruptures, we have investigated the ef-
fect of non-planar fault geometry on the characteristics and spatial
patterns of coseismic slickenlines. We have found that a non-planar
fault model can lead to the convexity of slickenlines opposite from
that of the planar fault model. Non-planar strike-slip faults com-
bined with a homogeneous tectonic stress field induce local pre-
stress heterogeneities, causing the slickenlines to have abnormal
convexity under certain conditions. This effect is notable where
the fault dip angle changes locally along the strike. We have also
explored a wide range of stress conditions and friction parameters
and showed that the parameter space for which abnormal convexity
of slickenlines occurs near the Earth’s surface is narrow. Nonethe-
less, slickenlines on geometrically complex faults need to be care-
fully interpreted and investigation of rupture direction using curved
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slickenlines should focus on structurally simple parts of faults with
known dip directions.
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APPENDIX A: LINEAR SLIP-WEAKENING FRICTION LAW AND NUMERICAL
RESOLUTION

We assume that the constitutive response of a fault is governed by a linear slip-weakening friction law (Ida 1972; Palmer & Rice 1973).
We follow the implementation procedure of a linear slip-weakening friction law as described in benchmark problem TPV28 of Harris ef al.
(2018). The shear strength on the fault T yenen is given by

Tstrength = C() + poy (Al)

where Cy and o, are the frictional cohesion and the effective normal stress, respectively. In the slip-weakening friction law, the friction
coefficient u decreases from its static value u, to a dynamic value p, over a characteristic distance d.. When the local fault slip is D, the
time-varying friction coefficient u is given by

w =y + (g — p)min(D/d,, 1) . (A2)

An important characteristic of numerical solutions to dynamic rupture problems is the resolution of a cohesive zone. To resolve the cohesive
zone, the ratio A/Ax of the cohesive zone size A to the average node spacing Ax needs to be at least 3—5 (Day et al. 2005; Kaneko & Lapusta
2010). In this study, we set Ax = 100 m, and the corresponding value of A is ~500 m, leading to A/Ax > 3 in our simulations. In addition,
we consider a model with the average node spacing of Ax = 50 m, which gives the result nearly identical to the case with Ax = 100 m
(Fig. Al). Hence we conclude that Ax = 100 m is sufficient in this study. For Ax = 100 m, each simulation takes 1.0 - 3.5 hours on 180
cores on the FUJITSU Supercomputer (Wisteria/BDECO01, Odyssey) in the Information Technology Center, the University of Tokyo.
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Figure Al. Synthetic slickenlines in models with the average node spacing of 100 m (red lines) and 50 m (blue dashed lines). These results correspond to
planar faults with depth-dependent regional pre-stress. The initial stress tensor is the same as the models in Section 5. Red lines (Ax = 100 m) and blue dashed
lines (Ax = 50 m) are virtually identical.

() =-10km, z = Okm x =-10km, z = -1km
E 02 g 024 —— d. =30cm
% 0.0 //-,’_\' %‘ 0.0 —_/____-———"'—__-\. d- = 40cm
CE‘- 0.2 2 02 d. = 50cm
T T T T T T a - T T T T T —— d. = 60cm
25 -2.0 -15 -1.0 -05 0.0 25 -2.0 -15 -1.0 -0.5 0.0
Strike slip (m) Strike slip (m)

—
O
~

E os E o5/ —— g =0.250
=0 — 2 00 /—/a— —— g =0.300
a —

2 g —— g =0373

-6 -5 -4 -3 -2 -1 0 -6 -5 -4 3 2 a 0
Strike slip (m) Strike slip (m)

Figure A2. Dependence of slickenline curvature on parameters d. and 4 in the non-planar fault model with depth-dependent regional pre-stress. We assume
A =—-400m and Cyp = I MPa and slickenlines are taken from location (x, y,z) = (—10km, 4, 0km) and (—10km, 4, —1km). (a) The dependence of
slickenline curvature on d,.. Increasing d. leads to a slightly smaller total slip, but the shape of slickenlines does not change. (b) The dependence of slickenline
curvature on ji4. Larger 14 leads to larger total slip and different slickenline curvature, but the convexity of the slickenline remains unchanged.
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APPENDIX B: MODEL SET-UP OF NON-PLANAR FAULT WITH UNIFORM REGIONAL
PRE-STRESS

We assume a uniform, initial stress tensor given by

o11 012 013 —60.00 29.38 0
o[MPa] = | o1 02 03 | = 29.38 —60.000 | . (Bl)
013 023 033 0 0 0

To simulate a 3-D shape of the non-planar fault (e.g. Fig. 3), we define the following variables:

x; =x + 10km, Xy = x + 20km, zy=z;=z3=2z—1.5km (B2)
r=vx2+z2 ry = vVx2 + 252, r3 = |z3] (B3)
R =1.5km, R =2R =3km, (B4)

where R is the depth extent of non-planar fault segment. The non-planar fault geometry is characterized by

A(l +cos(mri/R)) (r1 < R)
A(1 +cos(wry/R) (r2 < R')

Y =T = 0 40 4 cos (e /R)) (—20km < x < —10km, —1.5km < z < 0km)’
0 (otherwise)

(BS)

where A4 is the amplitude of the displaced fault at the Earth’s surface along the y-direction. In this case, the partial derivatives of f{x, z) are

of(x.2) —nlij‘, sin(zwr;/R) (0 <ry < R)
fi = 8x’ = —nrszz, sin(wr,/R) (0 <ry < R) (B6)
0 (otherwise)
and
—71::;‘, sin(zwr;/R) (0 <ry < R)
f= af(x,z) —71:21;?, sin(zry/R) (0 <7y, < R)) B7)
: 0z —n%sin(nr;/R/) (—20km < x < —10km, —1.5km < z < Okm)
0 (otherwise)
We define /4, and 4, as
1 1
hy = ——— hy= ——— (BS)

l_/l_'_ﬁZ’ 2 /1+,f;c2+ﬁ2.

Then the initial along-strike shear stress 7, along-dip shear stress 745 and effective normal stress o, on the fault can be expressed as
T = hihy(— fron — feois + (1 = f7)on — fi foons + fro2) (B9)

Tds = —h1h22(fx2fz011 -1+ frz — fzz)fxals —2f foo1

5 5 5 (B10)
—(I+ i) fro + (1 + fi7 = f)ox + foon)
on = hX(— fPon — 21, fo013 + 2,010 — fP033 + 2 f.003 — 0) . (B11)
To initiate rupture, we apply an additional shear stress T, Within a circular zone of a 2.0-km radius around the hypocentre. T is given
11.60 (r < 1.4km)
Take[MPa] = § 5.80(1 + cos (w(r — 1.4km)/600m)) (1.4km <r <2km) . (B12)
0 (otherwise)

where r represents the distance from the hypocentre along the fault plane.

APPENDIX C: MODEL SET-UP OF NON-PLANAR FAULT WITH DEPTH-DEPENDENT
REGIONAL PRE-STRESS

In this scenario, we make the same assumptions as in the model of non-planar with a uniform regional pre-stress, except for the regional
pre-stress, the fault geometry and the location of the hypocentre. We consider depth-dependent regional pre-stress given by

011 012 013 —60.00 29.38 0
o [MPa] = |01y 023 03 | = [ 2938 —60.00 0 | x £ 1
013 023 033 0 0 0

The fault geometry is parametrized by the following variables.

x1=x+10km, x2=x+20km, Z)1 =2y =23 =2Z (C2)
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h=VEEREE ne=JiEimh n=lol )

R =3km. (€4
The non-planar geometry is characterized by
g(l + cos(mri/R)) (r < R)
= f(x,7) = g(l + cos(mry/R)) (r; < R)
Y= T g(l + cos(nr3/R)) (—20km < x < —10km, —3km < z < Okm)
0 (otherwise)

(C5)

with the partial derivatives

-7 ;jf;e sin(7r/R) (0 <ri < R)
filx,2)=1 —x ;g; sin(r,/R) (0 <, < R) (C6)
0 (otherwise)

-7 2’::}? sin(zwri/R) (0 <7 < R)

-7 2’:3? sin(zwry/R) (0 <7y < R)

—nﬁ sin(r3/R) (—20km < x < —10km, —3km < z < Okm)
0 (otherwise)

Je(x,2) = (€7

The corresponding initial shear stresses 7 and 74, and effective normal stress o, can be calculated by eqs (B9), (B10) and (B11), respectively.
In order to set the initial stress at the hypocentre the same as in the model with uniform regional pre-stress, we assume the hypocentre at the
depth of 7.5 km. We apply an additional shear stress 7 Within a circular zone of a 2.0-km radius around the hypocentre, using eq. (B12).

APPENDIX D: MODEL SET-UP OF ROUGH FAULT WITH DEPTH-DEPENDENT
REGIONAL PRE-STRESS

We consider a 40 km by 20 km, vertical strike-slip fault embedded in an elastic half-space. The fault roughness is characterized by a
self-similar fractal function. The Fourier spectrum of a 2-D self-affine function is a power law in wavenumber and is given by P(k)ock=?7+2),
where £ is the magnitude of the 2-D wavenumber vector and H is the Hurst exponent. For a self-similar distribution, the Hurst exponent A
= 1. The wavelength is A = 1/k, and the amplitude of self-similar fault roughness becomes AoxxA?* = k=2 (Andrews & Barall 2011; Shi &
Day 2013). We make the surface with randomly selected sine waves and put them together by a linear superposition. Each sine waves have
1000—40 000 m wavelengths and their amplitudes are the square of the wavelength. The surface is smoothed by a moving-average filter with
a radius of 1000 m.
Following Shi & Day (2013), the RMS roughness of the 2-D profiles 4, is given by

Nz—1 Ny—1 172

1 -
hens = 3 > D Ivnx,nz) — kP (D1)

nz=0 nx=0
Nz—1 Ny—1

Z Z y(nx,nz), (D2)

nz=0 nx=0

1
NN,

}-[z

where N, and N, are the grid number of the 2-D fault surface parallel and perpendicular to the along-strike direction, respectively. In our
rough fault model shown in Fig. 10, /s = 107! L, where L is the along-strike length of the fault.
We assume depth-dependent regional pre-stress given by

011 012 013 —60.00 29.38 0
o[MPa] = | 012 02 023 | = [ 29.38 —60.00 0 | x £L . (D3)
013 023 033 0 0 0

The corresponding initial shear stresses and effective normal stress on the rough fault are calculated using (B9), (B10) and (B11), respectively.
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