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S U M M A R Y 

We investigate the impact of sediment layers on ground motion characteristics during subshear 
and supershear rupture growth. Our findings suggest that sediment layers may lead to local 
supershear propagation, affecting ground motion, especially in the fault parallel (FP) direction. 
In contrast to homogeneous material models, we find that in the presence of sediment layers, 
a larger fault normal (FN) compared to FP particle velocity jump, reflects shear propagation 

at depth but does not rule out shallow supershear propagation. Conversely, a large FP com- 
pared to FN particle velocity jump indicates supershear propagation at depth. In the presence 
of a shallow la yer, w e also uncover a non-monotonic behaviour in the sediment’s influence 
on supershear transition and ground motion characteristics. During supershear propagation 

at depth we observe that sediment layers contribute to enhancing FP velocity pulses while 
minimall y af fecting the FN component. Fur ther more, in the limit of global supershear prop- 
agation we identify local supersonic propagation within the sediment layers that significantly 

alters the velocity field around the rupture tip as observed on the free surface, creating both 

dilatational and shear Mach cones. In all our models with sediments we also find a significant 
enhancement in the fault vertical component of ground velocity. This could have particular 
implications for hazard assessments, such as in applications related to linear infrastructure, 
or a higher propensity to tsunami wave generation. Our research unravels the importance of 
considering heterogeneous subsurface material distribution in our physical models as they can 

have drastic implications on earthquake source physics. 

Key words: Numerical modelling; Computational seismology; Earthquake dynamics; Earth- 
quake ground motions; Earthquake hazards. 
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 I N T RO D U C T I O N  

ar thquake r uptures generate g round motions that pose significant
azards to buildings and infrastructure. In recent years, improve-
ents in observational facilities have allowed researchers to iden-

ify several large strike-slip events. In these events, the near-source
round motion exhibits uncharacteristically large pulses. These ex-
mples include 1999 M w 7.6 Izmit (Turkey), 2002 M w 7.9 Denali
Alaska), 2016 M w 7.0 Kumamoto (Japan) and more recently the
ahramanmara s ¸ M w 7.8 earthquake (Dunham & Archuleta 2004b ;
alker & Shearer 2009 ; Aochi et al. 2011 ; Mello et al. 2014a ;
aneko & Goto 2022 ; Abdelmeguid et al. 2023 ; Rosakis et al.
023 ). Such velocity pulses are usually captured only by near-fault
tations. Examples include Pump station 10 for the 2002 Denali
arthquake (Dunham & Archuleta 2004a ; Ellsworth et al. 2004 ;
ello et al. 2014b ), and stations TK:NAR and KO:KHMN for the
agnitude 7.8 Kahramanmara s ¸/Pazarcik earthquake (Abdelmeguid
C © The Author(s) 2024. Published by Oxford University Press on behalf of The R
article distributed under the terms of the Creative Commons Attribution License (
permits unrestricted reuse, distribution, and reproduction in any medium, provided
t al. 2023 ; Rosakis et al. 2023 ). Several studies have attributed
hese velocity pulses to the passage of Mach fronts associated with
upershear ruptures. 

Supershear earthquakes are earthquakes in which the rupture
peed exceeds the shear wave speed of crustal rocks C s . Such be-
aviour has been observed both in the laboratory (Xia et al. 2004 ,
005 ; Lu et al. 2010 ; Mello et al. 2010 , 2014b , 2016 ; Rubino et al.
017b ) and the field (Bouchon et al. 2001 ; Ellsworth et al. 2004 ;
unham & Archuleta 2004a ; Mello et al. 2014b ; Zeng et al. 2022 ).

n a supershear rupture, the rupture propagation speed is faster than
he shear wave speed. This difference in speeds results in the for-

ation of a Mach front that moves faster than the seismic waves
t generates. As previous studies have shown, the wave field gener-
ted by a propagating rupture is based on the propagation speed of
he rupture front V r relative to the shear wave speed C s , favouring
igher fault-parallel (FP) than fault-normal (FN) velocities at higher
peed ratios V r /C s (Dunham & Archuleta 2004b , 2005 ; Mello et al.
oyal Astronomical Society. This is an Open Access 
 https://creati vecommons.org/licenses/b y/4.0/ ), which 
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2016 ; Rubino et al. 2020 ). Appendix A1 illustrates the geometrical 
basis for this mechanistic signature. 

Recent studies revealed that supershear ruptures may be more 
common than pre viousl y assumed (Dunham & Archuleta 2004b ; 
Song et al. 2008 ; Mello et al. 2014b ; Bao et al. 2019 , 2022 ; Ab- 
delmeguid et al. 2023 ). This has led to an influx of scientific inves- 
tigations on various aspects of supershear ruptures, such as the ef- 
fects of Earth’s free surface, stress state and material heterogeneity. 
The Earth’s free surface significantly affects earthquake rupture dy- 
namics. The presence of a free surface triggers free-surface-induced 
(FSI) supershear ruptures on strike-slip f aults, f acilitated by the gen- 
eralized Burridge-Andrews mechanism (Kaneko & Lapusta 2010a ; 
Hu et al. 2019 ; Xu et al. 2020 ; Hu et al. 2021 ). The role of material
heterogeneity on the dynamics of supershear rupture propagation 
and its ground shaking has been a subject of e xtensiv e studies (Ma 
& Elbanna 2015 ; Albertini & Kammer 2017 ; Shlomai et al. 2020 ). 
Low velocity fault zones that represent damaged regions surround- 
ing faults have been found to promote pulse-like characteristics, 
enhance the frequency content of the ground shaking and poten- 
tially lead to supershear transition (Duan 2008 ; Huang & Ampuero 
2011 ; Ma & Elbanna 2015 ; Huang et al. 2016 ). Other studies have 
explored the role of distributed material heterogeneity on Mach 
cone coherence for supershear earthquakes (Vyas et al. 2018 ). De- 
spite all the attention that supershear ruptures have garnered, one 
aspect that remains understudied is the interaction between super- 
shear rupture propagation and shallow sediment layers. While a 
previous study explored the role of sediment layer on the supers- 
hear transition length (Xu et al. 2021 ), the near-fault ground motion 
characteristics associated with either local (supershear propagation 
within the sediment) or global supershear (supershear propagation 
within both the sediment and bedrock) rupture in the presence of 
sediment basins remain largely unexplored. 

Sedimentary basins tend to form along strike-slip faults as a result 
of localized crustal deformations and are commonly found along 
major plate boundaries and mature faults (Christie-Blick & Bid- 
dle 1985 ; Ingersoll 1988 ). It has been long acknowledged that the 
presence of shallow layers of softer material would amplify ground 
motion (Jemberie & Langston 2005 ; Day et al. 2008 ; Frankel et al. 
2009 ). An open question remains: what exactly are the character- 
istics of the resultant ground motion? Are the components only 
amplified? Or does the local heterogeneity interact with rupture 
propagation to alter the nature of the ground motion? Studies on the 
amplification of seismic records within the Mississippi Embayment 
have demonstrated that amplification factors can vary drastically in 
regions with sediment basins and local material heterogeneity from 

the expected factors computed using impedance contrast (Jemberie 
& Langston 2005 ). This leads to another important aspect that re- 
mains unexplored, which is how the ground motion is influenced 
when the rupture propagation speed is higher than the shear wave 
speed within the sediment, but lower than that of the bedrock. It 
is thus important for both the engineering and geophysical com- 
munities to explore the ground shaking that is produced by each 
individual scenario. 

To address these knowledge gaps, we aim to investigate the 
near-fault ground shaking associated with surface-breaking rup- 
tures in the presence of shallow sediment layers. We will com- 
pare the ground motion characteristics of subshear ruptures in 
homogeneous and layered models, with a particular focus on the 
effects of shallow supershear propagation. Additionally, we will 
explore the parameter space leading to supershear transition in 
layered models and examine its implications for ground motion 

metrics. 
We will simulate several scenarios using physics-based 3-D dy- 
namic rupture models within a rate-and-state frictional framework 
(Dieterich 1979 ; Ruina 1983 ; Rice & Tse 1986 ). Our goal is to pro- 
vide insights into the potentially unique ground motion signatures 
that emerge in the near-fault region due to the presence of sedimen- 
tary layers and local supershear rupture propagation. Understanding 
these ground motion signatures may then inform the development 
of more accurate seismic hazard models. 

In the following sections, we will describe our methodology in 
Section 2 . In Section 3.1 , we will explore the differences between a 
homogeneous case and a layered case with a mild material contrast. 
Within this model we explore two end-member cases of subshear 
and supershear propagation and compare the resultant ground mo- 
tion characteristics. In Section 3.2 we will repeat the previous ex- 
ploration for a model with stronger material contrast. In Section 3.3 
we will compare key ground motion metrics for a homogeneous 
medium and a layered one focusing on quantities that influence 
the built environment response such as peak ground velocity, spec- 
tral accelerations and Fourier amplitude spectrum. In Section 4 we 
will discuss our results in the context of more realistic parameter 
distribution such as linearly varying material properties, or depth- 
dependent frictional variation. Fur ther more, we will also explore 
the role of varying sediment thickness. Finally, in Section 5 we will 
summarize our findings. 

2  M O D E L  S E T U P  

We consider a planar 2-D vertically dipping strike-slip fault em- 
bedded in a 3-D layered domain as shown in Fig. 1 (a). We con- 
sider a single sediment layer of variable depth d t km to e v aluate 
the role of sediment depth on the ground motion. In our analy- 
sis, we only consider depth-varying stress and friction, and assume 
uniformity along the strike. At the rupture front, the actual rup- 
ture velocity V r is defined as the propagation speed normal to the 
front and is gi ven b y V r = ||∇t r || −1 , where t r is the time of rup-
ture arri v al computed when the slip rate exceeds a specific thresh- 
old of 0.1 m s −1 . The horizontal rupture speed V H is defined as 
V H = [ ∂ t r /∂ x ] 

−1 . 
The distribution of the depth-dependent ef fecti ve normal stress 

is shown in Fig. 1 (b) and is numericall y gi ven as σ = min [1 . 0 +
16 . 2 z ; 120 . 0] MPa, where z is in kilometres. The stress increases 
with depth due to the difference between overburden stress and 
the hydrostatic pore pressure and becomes constant (120.0 MPa) at 
depths larger than 7.4 km, due to the assumption that fluid over- 
pressure prevents further increase of σ with depth. The existence of 
depth-dependent variation in stress has important ramifications in 3- 
D simulations as it may result in rupture front complexity (Hu et al. 
2021 ). The bedrock pressure and shear wave speeds ( C 

2 
p and C 

2 
s ) are 

chosen to be 6 and 3.46 km s −1 , respecti vel y. For w ave speeds, the 
superscript () 1 , 2 will be used to distinguish the material properties 
of the sediment and bedrock, respecti vel y. The density of both the 
sediment and bedrock is chosen to be 2670 kg m 

−3 . 
The constitutive behaviour is governed by a strong rate- 

weakening rate-and-state friction, in which the fault strength de- 
pends on both the rate of sliding and state evolution. The choice of 
a strong dynamic weakening response is moti v ated b y experimental 
results that highlight a strong dependence on slip velocity at co- 
seismic rates (Tsutsumi & Shimamoto 1997 ; Hirose & Shimamoto 
2005 ; Beeler et al. 2008 ; Rubino et al. 2017a ; Tal et al. 2020 ; Ru-
bino et al. 2021 , 2022 ). The distribution of frictional parameters 
along the depth is shown in Fig. 1 (b). 
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(a) (b)

Figure 1. The 3-D dynamic rupture model setup. (a) Schematic of the simulation domain with sediment layer of depth d t . A schematic representation of the 
rupture propagation along the fault surface showing the impact of the sediment layer on bending the rupture tip and altering the normal of the rupture front. 
The normal to the rupture front dictates the rupture speed V r which is calculated as highlighted in the schematic. (b) The distribution of depth-variable normal 
stress σ , shear stress τ and frictional parameters a − b. 
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The par ticular for m of the steady-state coefficient of friction is
iven as (Dunham et al. 2011 ): 

f ss = f w + 

f LV − f w [
1 + ( ̇δ/V w ) 8 

]1 / 8 
, (1) 

here ̇δ is the sliding velocity, the velocity-weakening V w and fully
eakened friction coefficient f w are determined from laboratory

xperiments which suggest that V w ∼ 0 . 1 m s −1 and f w ∼ 0 . 2 . f LV 

s the low velocity coefficient and is defined as: 

f LV = f o − ( b − a) ln ( ̇δ/V o ) . (2) 

We combine this strong rate-weakening friction with the regular-
zed version of rate-and-state friction, where the friction coefficient
s expressed as: 

f ( V , �) = a asinh 

(
δ̇

2 V o 
e 

� 
a 

)
(3) 

The state variable � evolves according to an evolution equation: 

d� 

dt 
= − δ̇

L 

[
� − � ss ( ̇δ) 

]
, � ss = a ln 

{
2 V o 

δ̇
sinh 

[
f ss ( ̇δ) 

a 

]}
. (4) 

The ruptures are nucleated by artificially forcing failure in a
ircular region (radius = 3 km) on the faults at depth d H until spon-
aneous rupture propagation occurs. The perturbation in shear stress
s mathematically smooth in both space and time and is conducted
 y smoothl y increasing the shear stress within the circular patch
ver a time period t rise as described in SCEC benchmark TPV-103. 

The assumed variation of frictional parameters a − b with depth
s shown in Fig. 1 . The seismogenic zone extends from 0 to
5 km. The closer the initial shear stress state on the fault to the
nterface strength, the more fav ourab le the supershear transition
ecomes. This notion is captured by the fault strength term S
hich quantifies the ratio of strength excess to dynamic stress drop
 = ( τp − τo ) / ( τo − τr ) (Andrews 1976 ; Das & Aki 1977 ). Lower
alues of S have been shown to favour shorter supershear transi-
ion length for generalized Burridge Andrews mechanism (Dun-
am 2007 ; Rosakis et al. 2007 ), and faster supershear saturation
f the seismogenic zone for free-surface-induced supershear tran-
ition (Kaneko & Lapusta 2010b ; Hu et al. 2021 ). This is because
he transition length to supershear L T is proportional to L T ∝ SL f ,
here L f is the frictional length scale obtained from the frictional

aw (Dunham 2007 ). In our models, L f is kept constant and only S
s changed. Within rate-and-state friction, there are no well-defined
 priori estimates for τp and τr . Ho wever , similar to Dunham et al.
 2011 ), we obtain estimates for the peak strength ( τp ) and residual
trength ( τr ), which we can later adjust given knowledge of the slip
ate: 

p ≈ σn 

[
a ln ( ̇δco /V o ) + � o 

]
, τr ≈ σn 

[
f ss ( ̇δco ) 

]
. (5) 

Here, δ̇co is the co-seismic slip velocity, assumed to be ∼
0 m s −1 , which is consistent with observed slip velocities during
ynamic rupture simulations. In our study, we fix the value of the
nitial peak friction coefficient (given as τp /σn ) to be ∼ 0 . 72 for
ll simulations by setting � o = 0 . 56 . We then vary the S o parame-
er, computed using τp and τr , in our simulations by changing the
ackground stress τo . 

All the simulations in this work are conducted using an open-
ource software DRDG3D, which was developed by Zhang et al.
 2023 ) for dynamic rupture modelling. DRDG3D adopts an up-
ind/central mixed flux scheme, which removes numerically gen-

rated artificial oscillations. The numerical efficiency and accuracy
f DRDG3D are documented in Zhang et al. ( 2023 ) including verifi-
ation with community developed Southern California Earthquake
enter (SCEC) benchmarks. 

 R E S U LT S  

n this study we are interested in understanding the ground motion
haracteristics of subshear and supershear ruptures in the presence
f a shallow sediment layer. We will explore how those character-
stics change with varying material contrast C 

1 
s /C 

2 
s , the depth of

he sedimentary layer and the initial value of the strength parame-
er S o . To focus on the effect of the sediment in this initial study,
e will primarily consider a single sediment layer on top of a ho-
ogeneous half-space. We consider two contrast ratios C 

1 
s,p /C 

2 
s,p 

art/ggae422_f1.eps
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Table 1. The different models considered in this study with varying sediment material properties, depth and initial stress state. 

Contrast S o d t 

Homogeneous models C 

1 
p = C 

2 
p , C 

1 
s = C 

2 
s 

H-1 3 
H-2 1.6 
H-3 1.3 
Mild contrast models C 

1 
p = 0 . 7 C 

2 
p , C 

1 
s = 0 . 7 C 

2 
s 

A-1 3 2 
A-1 ∗ 3 5 
A-2 1.6 2 
A-2 ∗ 1.6 5 
A-3 1.3 2 
Strong contrast models C 

1 
p = 0 . 5 C 

2 
p , C 

1 
s = 0 . 5 C 

2 
s 

B-1 3 2 
B-1 ∗ 3 5 
B-2 1.6 2 
B-2 ∗ 1.6 5 
General models 
LVS-1 Linear velocity structure (G üvercin et al. 2022 ) 3 varies 
LVS-2 Linear velocity structure (G üvercin et al. 2022 ) 1.6 varies 
A-1 VS C 

1 
p = 0 . 7 C 

2 
p , C 

1 
s = 0 . 7 C 

2 
s 3 2 

A-2 VS C 

1 
p = 0 . 7 C 

2 
p , C 

1 
s = 0 . 7 C 

2 
s 1.6 2 

VS superscript VS indicates a model with a velocity-strengthening portion near the free surface. 

(a) (b)

Figur e 2. The r ole of sediment layer contrast in altering ruptur e pr opagation and gr ound motion characteristics for Model A-1. (a) snapshots of the 
rupture propagation at different times ( t = 2 . 5 , 12.8, 18.0 and 23.1 s). (b) Contours of the fault-parallel and fault-normal particle velocity wave-field within 
near field of the fault at later stages of rupture propagation ( t = 18 . 0 s, and t = 23 . 1 s). 
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equal to 70 per cent and 50 per cent. Throughout the study, C 

2 
s,p 

remains fixed while we vary C 

1 
s,p . Within each contrast ratio, we 

consider end member cases of the strength parameter S o = 3 and 
S o = 1 . 6 . Finally, we will study the influence of sediment layers on 
key ground motion metrics by focusing on two models, one that is 
subshear S o = 3 and one that is supershear S o = 1 . 3 . We chose a 
slightly smaller S o to guarantee rapid supershear transition in both 
the homogeneous and the sediment models. A summary of all the 
models considered in this study is provided in Table 1 . 

3.1 Mild material contrast C 

1 
s, p = 0 . 7 C 

2 
s, p 

Our starting point is a case with a mild shear and pressure wave 
speed contrast between the bedrock and the sediment. The depth of 
the sediment is chosen as d t = 2 km. We will refer to this Model as 
A. 

3.1.1 Large fault initial fault strength ratio S o = 3 (A-1): 

In Fig. 2 (a) we show snapshots of the rupture propagation. The 
rupture nucleates within the overstressed patch, then expands until 
it saturates the seismogenic zone, and proceeds to propagate along 
the x-direction. The rupture front bends within the sediment layer 
due to the lower wave speeds in that medium (as shown in the 
zoomed-in snapshot). This results in a change in the rupture front 
speed V r which is computed based on the normal to the rupture front. 
At later times between t = 18 . 0 and 23.1 s, the rupture propagates 
steadily with an identical slip rate profile. Based on propagation 
distances ( ∼ 15 km) within the last two snapshots (5.1 s), the rupture 

art/ggae422_f2.eps
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Figur e 3. The ruptur e pr opagation speeds in Model A-1 (a–b) Mean and maximum rupture propagation speed V r within both the sediment and the bedrock. 
The shaded area represents the nucleation site of the rupture. (c–d) Spatiotemporal slip rate distribution at depth 1 and 7.5 km, respecti vel y, to highlight local 
horizontal propagation speed V H relative to local characteristics speeds C 
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ropagation speed is V r = 3 km s −1 , which is indeed ‘subshear’
ased on the bedrock shear wave speed. 

The resultant near-fault ( < 12 km away from the source) particle
elocity field generated by this propagation is shown in Fig. 2 (b).
e show the fault-parallel (FP) particle v elocity wav e field at times

 = 18 . 0 and 23.1 s, respecti vel y, after rupture nucleation. We ob-
erve the emergence of a Mach cone structure within the velocity
eld near the rupture tip. The emergence of the Mach cone is a
ignature of supershear rupture propagation. As mentioned earlier,
he rupture is subshear within the bedrock, so the emergence of
 Mach cone is attributed to local supershear propagation within
he sediment. The Mach cone has an angle α ≈ 52 ◦. Despite being
upershear, a Mach cone angle αs > 45 ◦ indicates a sub-Eshelby
ropagation speed. Sub-Eshelby propagation speed is characterized
y a propagation speed of V r , V H < 

√ 

2 C s . We note here that some
iterature refers to rupture propagation between C s and 

√ 

2 C s as
nstable supershear propagation (Burridge 1973 ; Andrews 1976 ;
hat et al. 2004 ; Rosakis et al. 2007 ), but that is based on 2-D
nalyses and does not extend to 3-D propagation in a heteroge-
eous media or with complex fault geometry (Weng & Ampuero
020 ). Fur ther more, sub-Eshelby propagation has been observed in
he field (Bao et al. 2019 ). Because of geometrical considerations,
upershear ruptures propagating below the Eshelby speed do not
ave a fault-parallel (FP) particle velocity jump that is larger than
he fault-nor mal (FN) par ticle velocity jump. In subsequent discus-
ions, we will correlate the Mach cone angle with the horizontal
upture velocity V H rather than the actual rupture speed within the
ediment V r . This is because the structure of the Mach cone at the
ree surface depends on the stress field generated by the rupture
ip on the free surface, which is propagating at V H . This is con-
istent with an earlier study by Hu et al. ( 2021 ), which also found
hat the Mach cone angle depends on the 1-D horizontal V H speed
ather than V r (Hu et al. 2021 ). Examining the fault-normal veloc-
ty wave field shown in Fig. 2 (b) at different times, we observe
he characteristic ‘butterfly’ structure associated with subshear
ropagation. 

The emergence of the Mach cone within the FP component can
e explained by examining the rupture propagation speeds within
oth the sediment layer and the bedrock, as shown in Fig. 3 . In
ig. 3 (a), the mean and maximum values of the rupture speed V r 

ithin the sediment layer are plotted. In the shaded region which co-
ncides with the hypocentral location, the rupture speed exceeds the
shelby speed ( 

√ 

2 C 

l 
s ). This is due to a geometric effect that acceler-

tes the rupture propagation speed to satisfy the boundary condition
t the instance the rupture front encounters the free surface. We ob-
erve a strong scatter in the rupture propagation speed within the
ediment layer for the fault segment given by 0 < x < 50 km. As
he rupture propagates further, x > 50 km, the scatter decreases.

ore importantly, both the mean and maximum values of V r ex-
eed the shear wave speed of the sediment layer at certain points
uring the rupture propagation. This increase in rupture propaga-
ion speed relative to the local wave speed explains the emergence
f the Mach cone at the free surface. Both quantities stay below
he local Eshelby speed which is consistent with α > 45 ◦ seen in
ig. 2 (b). Within the bedrock, as shown in Fig. 3 (b), both the maxi-
um and mean V r stay below the shear wave speed of the bedrock.
his is consistent with the subshear rupture propagation observed in
ig. 2 (a). 
The horizontal propagation speed V H is tracked by plotting the

patiotemporal evolution of the slip pulse within the sediment at
z = −1 km and bedrock at z = −7 . 5 km (Figs 3 c and d). In Fig. 3 (c),

e estimate V H ∼ 1 . 24 C 

l 
s , which is larger than the shear wave speed

ut smaller than the Eshelby speed. The supershear V H further
ustifies the emergence of Mach cones at the free surface. Within

art/ggae422_f3.eps
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Figure 4. The role of sediment layer contrast in altering synthetic 
ground motion characteristics for Model A-1 (a) Fault-parallel (FP), (b) 
fault-normal (FN) and (c) vertical velocity time histories at four different 
sites. Sites are located at 50 km along strike and at distances ( 0 + , 1, 2, 6) 
along the fault perpendicular direction. 
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the bedrock shown in Fig. 3 (d), we estimate V H ∼ 0 . 87 C 

l 
s , which 

is still subshear. 
W ith kno wledge of rupture speeds, we can independently es- 

timate the Mach cone angle α. Geometrically, the angle of the 
Mach cone is defined through the propagation speed as α = 

sin −1 ( C 

l 
s /V H ) . Here, we use V H because, as discussed earlier, 

V H correlates better with free surface Mach cone when V r 
= V H . 
The rupture at depth, which is subshear, propagates with a speed 
V H ∼ 0 . 87 C 

2 
s . For the given contrast, we predict the angle of the 

Mach cone as α = sin −1 (0 . 7 / 0 . 87) = 54 . 5 ◦, which is indeed very
close to the observed angle of 52 ◦ at the free surface. Note here 
that we can also use V H = 1 . 24 C 

l 
s directly to obtain the same solu- 

tion. The difference is merely the scaling by the contrast ratio. This 
interchangeability implies the horizontal rupture speed is constant 
with depth, which is also consistent with the unchanged curvature 
of the rupture front seen in Fig. 2 (a) once the rupture saturates 
the seismogenic zone at t > 12 . 8 s. This observation indicates that 
measurements of the horizontal rupture speed V H at the free sur- 
face are indicative of the rupture speed V r at larger seismogenic 
depth. Accordingly, assuming continuous propagation in hetero- 
geneous media, if we measure the rupture speeds on the surface 
using rupture phase tracking (which typically tracks horizontal rup- 
ture speeds), we can readily extrapolate to identify rupture speed at 
depth by using appropriate wave speed conversion. 

In Fig. 4 , we plot the synthetic ground motion records for several 
stations located at x = 50 km along strike and at multiple distances 
along the fault perpendicular direction ( y = 0 + , 1, 2, 6). In the 
very near field < 2 km, we observe that amplification occurs in all 
three velocity components for the model with sediment (shown as 
solid line) in comparison to the homogeneous model (shown as 
the dashed black line). At distances larger than 6 km, the extent of 
amplification for the fault-normal (FN) component is larger than 
the fault-parallel (FP) and the vertical component. 

To understand the nature of the ground motion amplification, we 
examine the possible sources that contribute to it: 

(i) Amplification may occur due to wave conversion at the in- 
terface between the bedrock and the sediment. These conversions 
can lead to constructive interference and amplification of seismic 
waves, increasing the amplitude of ground motions recorded dur- 
ing the earthquake. Within the near-fault velocity field, wave con- 
v ersion will hav e a relativ ely small contribution due to the low 
contrast ratio between the bedrock and sediment. Wave conversion 
will not explain a three times increase in the component’s ampli- 
tude in the near-fault records (Aki & Richards 2002 ). At distances 
far away from the source, we expect such conversion to be more 
obvious. 

(ii) Rupture propagation within a softer sediment layer will en- 
hance slip rate, which will consequently result in higher ground par- 
ticle velocities. The steady-state velocity field v , under 2-D plane 
strain conditions, may be represented by Mello et al. ( 2014b ): 

v 
( x 

L 

, 
y 

L 

)
= ˆ v 0 F 

(
x 
L , 

y 
L , 

R 
L , 

V r 
C s 

)
, (6) 

where ˆ v 0 = C s 
( τp − τr ) 

μ

Here, μ is the shear modulus, and in eq. ( 6 ) the amplitude of the 
velocity field given by ˆ v 0 is ∝ 1 / 

√ 

μ. This proportionality implies 
that if the material is softer (i.e. lower μ), the amplitude of the 
velocity field will be higher, assuming that the ratio V r /C s remains 
constant. The role of V r /C s will be discussed in the subsequent 
point. 

(iii) Near-fault amplification associated with rupture tip propa- 
gation speed. The stress concentration factor and the resulting stress 
field for a dynamically propagating slip pulse depend on the ratio 
of the rupture speed to the local characteristic wave speeds. We can 
observe this dependence within eq. ( 6 ) in the term F . Since the rup- 
ture is propagating at the same V H within the sediment and bedrock 
but the local wave speed is lower in the sediment, that ratio thus 
increases. This increase explains the emergence of the Mach cone 
seen in Fig. 2 . Fur ther more, this increase in the rupture speed ratio 
changes the stress field generated near the rupture tip, potentially 
amplifying or dampening the ground motion. 

In subsequent sections, we will explore the role of the third 
contribution further. 

3.1.2 Small fault strength ratio S o = 1 . 6 (A-2): 

Next, we consider a case with a fault strength ratio S o = 1 . 6 . This 
smaller choice of S o favours the transition to supershear rupture 
speeds in a homogeneous model (shown in Fig. A2 ) and within the 
bedrock for a model with sediment layer. We will refer to this as 
Model A-2. 

In Fig. 5 (a) we show snapshots of the slip velocity at times 
t = 2 . 5 , 10.2 and 18 s, respecti vel y. At t = 10 . 2 s we observe the
emergence of a secondary crack ahead of the rupture tip. This 
secondary crack then becomes the leading rupture tip propagating at 
a speed that exceeds the shear wave speed within both the sediment 
and the bedrock. To highlight this transition, we plot the propagation 
speed V r normalized by the local shear wave speed in Fig. 5 (b). We 
observe that the rupture transitions to supershear speed V r /C 

l 
s > 1 

within both the bedrock and the sediment. Fur ther more, we obser ve 
that the nor malized r upture speed is higher within the sediment 
versus the bedrock. Compared to the homogeneous case (shown in 
Fig. A2 ), for model A-2 we observe that the transition to supershear 
occurs much earlier, which implies that the sediment assisted in 
the supershear transition. This is potentially possible due to the 
heterogeneous P-SV conversion at both the free surface as well 
as the bedrock–sediment interface (Kaneko & Lapusta 2010b ; Xu 
et al. 2021 ). 

Fig. 5 (c) illustrates the particle velocity wave field for Model 
A-2. Within the FP component, we observe two distinct Mach cone 
signatures associated with (a) global supershear propagation (refer- 
ring to supershear in both sediment and bedrock) with a Mach cone 
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(b)

(a) (c)

Figur e 5. The r ole of sediment layer contrast in altering ruptur e pr opagation and gr ound motion characteristics for Model A-2. (a) snapshots of the 
rupture propagation at different times ( t = 2 . 5 , 10.2 and 18.0 s). (b) Contour of the nor malized r upture speed V r /C 

l 
s . (c) Contours of the fault-parallel and 

fault-nor mal par ticle v elocity wav e-field within near field of the fault at later stages of rupture propagation ( t = 12 . 8 s and t = 18 . 0 s). Zoomed figure in last 
panel shows the particle velocity magnitude near the rupture tip at t = 18 . 0 s to highlight the structure of the Mach cone. 
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ngle α1 , and (b) local supershear propagation within the trailing
ubshear signal which has a Mach cone angle α2 . The difference in
ngles is because the lead tip and the trailing one are propagating at
if ferent speeds relati ve to the local w ave speeds. We further note
hat α2 observed in Model A-2 is smaller than the α observed in

odel A-1 despite both being associated with a subshear rupture
t depth. This is due to the trailing Rayleigh propagating at speeds
aster than that of the subshear rupture in Model A-1. 

The FN component undergoes a minor change at the leading
upture tip which is propagating in both the sediment layer and
he bedrock at supershear speed. This is a typical signature of
upershear propagation when the rupture speed exceeds the Es-
elby speed, as illustrated graphically in Fig. A2 . As the rupture
ccelerates, the Mach cone angle α decreases and, consequently,
he FN velocity perturbation carried by the Mach cone also de-
reases. The primary velocity pulse in the FN arrives at a later
ime with the trailing Rayleigh signature. We also note that the
ocal supershear propagation in conjunction with wave reflections
lters the form of the FN component relative to what is observed in
ig. 2 (b). 
The rupture propagation speed characteristics are shown in Fig. 6 .
e observe that the mean V r within both the sediment and the

edrock exceed the Eshelby speed. Interestingly, the maximum V r 

n the sediment, as shown in Fig. 6 (a), exceed the local pressure wave
peed C 

l 
p . That is not the case for the bedrock as shown in Fig. 6 (b).

he slip pulse propagation speeds V H is estimated in Figs 6 (c)–(d) to
e ∼ 2 . 27 C 

l 
s within the sediment and ∼ 1 . 6 C 

l 
s with in the bedrock.

ote, that the difference is due to scaling of C 

l 
s . Similar to Model A-

 this implies that V H is the same with the bedrock and the sediment.
he observation of similar V H within the sediment and the bedrock

s purely geometric. It emerges because for the rupture front to retain
ts curvature after saturating the seismogenic zone (steady state), the
orizontal rupture speed at the free surface has to match the rupture
peed at the interface between the bedrock and the sediment. It is
mportant to emphasize that there is no physical justification for the
 upture front cur vature to change within the sediment layer, since
ocally the material is homogeneous, the stress field varies linearly
nd the propagation path is unhindered. 

This apparent supersonic propagation dri ven b y the rupture pro-
ess at depth in conjunction with the local supershear propagation
ithin the sediment layer led to multiple Mach cones observed
ithin the velocity field shown in Fig. 5 (c). We also observe that

he trailing Rayleigh pulse is propagating at speeds slightly below
he local Eshebly speed which explains the wider Mach cone angle
een in Fig. 4 (b). At a depth of 7.5 km within the bedrock, a leading
lip pulse is observed propagating at supershear speed relative to the
ocal speeds. Fur ther more, at depth 1, and 7.5 km we observe that
he lead slip pulse propagating horizontally at the same speed V H .
his is similar to model A-1 where the speed within the sediment

s directly equivalent to the speed at depth. 
In Fig. 7 , we plot synthetic velocity field records for stations

ocated at x = 50 km along strike and at multiple distances in the
ault perpendicular direction ( y = 0 + , 1, 2, 6). Within the synthetic
ear-fault records, we observe larger fault-parallel (FP) than fault-
ormal (FN) velocity jumps associated with the leading rupture tip.
his implies that 2-D conclusions r egar ding velocity jumps hold

rue in the case of the global supershear condition, even in the
resence of material heterogeneity. At later times, we observe a
econdary pulse associated with the trailing Rayleigh signal and
he local supershear. In the secondary pulse, the FN component
ominates the FP component. The fault-normal component shows
 clear lack of amplification compared to the homogeneous case.
t is also worth noting that the FN component is smaller than that
bserved in Model A-1. In the vertical component V z , we observe a
ubstantially large amplification that is absent in the homogeneous
ase, arriving with the leading rupture tip. 

In Fig. 4 , for Model A-1, we observe a strong amplification of
he FN component relative to the homogeneous case. Ho wever , for

odel A-2 shown in Fig. 7 , there is almost no amplification for
ither the leading rupture field or the trailing one. To better under-
tand this observation, we study the steady-state characteristics of
 crack propagating at supershear speed. The approximation of a
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Figur e 6. The ruptur e pr opagation speeds in Model A-2 (a–b) Mean and maximum rupture propagation speed V r within both the sediment and the bedrock. 
The shaded area represents the nucleation site of the rupture. (c–d) Spatiotemporal slip rate distribution at depth 1 and 7.5 km, respecti vel y, to highlight local 
horizontal propagation speed V H relative to local characteristics speeds C 

l 
s , C 

l 
p and 

√ 

2 C 

l 
s . 

Figure 7. The role of sediment layer contrast in altering synthetic 
ground motion characteristics for Model A-2 . (a) Fault-parallel (FP), 
(b) fault-normal (FN) and (c) vertical velocity time histories at four differ- 
ent sites. Sites are located at 50 km along strike and at distances ( 0 + , 1, 2, 
6) along the fault perpendicular direction. 
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steady state is well justified by the fact that at later times (a) the rup- 
ture has fully saturated the seismogenic zone with no along-strike 
variations in stress, geometry or frictional properties, and (b) there 
is sufficient separation between the leading tip and the trailing one. 
We can then express the fault-normal velocity field during local 
supershear as Dunham ( 2005 ), Dunham & Archuleta ( 2005 ) and 
Mello et al. ( 2014b , 2016 ): 

V y = M ( βs ) ̇δ = 

−1 

βs 

[
1 

2 
− 1 

β2 
s + 1 

]
δ̇. (7) 

In eq. ( 7 ), we separate the contributions of the slip rate and 
the rupture speed. Based on Fig. 6 (c) and Fig. 3 (c), the slip rate 
of the trailing Rayleigh is similar between models A-1 and A-2. 
Thus in order to understand the difference between Model A-1 
and Model A-2, we need to examine how the term M varies be- 
tween the two models. It is important to note that under those 
conditions the limit of V H → 

√ 

2 C 

l 
s , M → 0 . This implies that 

as we approach Eshelby speed, the velocity pulse carried by 
the Mach cone in the fault-normal component should technically 
vanish. 

In Model A-1, as shown in Fig. 3 , the propagation speed of 
the slip pulse is sub-Eshelby ( V H ∼ 1 . 24 , βs = 0 . 733 ). In Model 
A-2, the trailing rupture, that is propagating at locally supershear 
speed and carries the dominant fault-normal velocity pulse, ac- 
celerates towards the Eshelby speed ( V H ∼ 1 . 35 , βs = 0 . 91 ). This 
increase in βs , as the rupture accelerates, leads to a decrease in 
the magnitude of M and, consequently, the magnitude of the fault- 
normal velocity pulse carried by the Mach cone. This change is 
independent of the contribution of the slip rate which is similar 
between the two models. This observation highlights the impor- 
tance of the changing rupture characteristics on near-fault ground 
motion. 

3.2 Strong material contrast C 

1 
s = 0 . 5 C 

2 
s 

3.2.1 Large fault strength ratio S o = 3 (B-1): 

In Fig. 8 we show model B-1 with 50 per cent contrast to ex- 
plore the role of increasing material contrast. We again start by 
exploring the large strength ratio case of S o = 3 . We note that 
50 per cent might be quite a large contrast for a 2 km deep 
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(a) (b)

Figur e 8. The r ole of sediment layer contrast in altering ruptur e pr opagation and gr ound motion characteristics for Model B-1. (a) snapshots of the 
rupture propagation at different times ( t = 2 . 5 , 12.8, 18.0 and 23.1 s). (b) Contours of the fault-parallel and fault-nor mal par ticle v elocity wav e-field within 
near field of the fault at later stages of rupture propagation ( t = 18 . 0 s and t = 23 . 1 s). 
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hallo w sediment. Ho wever , such high contrast w ould empha-
ize the potential differences when compared to the homogeneous
ase. 

In Fig. 8 (a) we show snapshots of the slip rate on the fault surface.
n comparison with Model A-1, we observe similar rupture propa-
ation characteristics with a minor difference in the orientation of
he rupture front normal within the sediment (shown in zoomed-in
anel Fig. 8 a). This change is attributed to the softer sediment alter-
ng the curvature of the rupture front. The rupture propagation speed
ithin the bedrock is still subshear, and it is the same as observed

n Model A-1. Similar to Model A-1, we observe that the rupture
ront is still straight. To maintain this front geometry, the rupture tip
onsequently must propagate at the same horizontal rupture speed
n both the sediment and the bedrock. 

By examining the ground particle velocity wave-field in the near
eld of the fault shown in Fig. 8 (b), we again observe the emergence
f a Mach cone within the FP component. The Mach cone angle α
s smaller than the one observed in Model A-1. Furthermore, the

ach cone also has a wider extent. From the g round par ticle ve-
ocity field, we estimate the Mach cone angle to be approximately
∼ 35 ◦. Despite the rupture propagation speed at depth being the

ame in both Models A-1 and B-1, the structure of the Mach cone
t the surface is different. This is due to the difference in propaga-
ion speeds relative to the local shear wave speed. Here, because of
he larger contrast, there is a clear separation between the leading
upture tip and the reflections that emerge at the interface be-
ween the sediment and the bedrock. This separation leads to the
mergence of a secondary pulse trailing the leading rupture tip.
ur ther more, since the secondar y pulse is also propagating at a
peed faster than the local shear wave speed, it generates a Mach
one. 

We examine the rupture propagation speeds in Fig. 9 . In Fig. 9 (a),
e observe that the mean rupture speed V r exceeds the local shear
ave speed C 

l 
s in the distance range x = 40 to 70 km. Further-

ore, the maximum V r exceeds the local Eshelby speed. Within
he bedrock, as shown in Fig. 9 (b), the rupture propagation speed
s subshear and is similar to Model A-1 shown in Fig. 3 (b). The
patiotemporal evolution of the slip rate shows a similar pattern.
 r  
he horizontal rupture propagation speed V H exceeds the local Es-
elby speed and is almost equal to the local pressure wave speed
 

l 
p , which coincides with the maximum value of V r within the sedi-
ent. Within the bedrock, the propagation speed V H is still subshear

t 0 . 87 C 

l 
s . Similar to Model A-1, we can back-calculate the Mach

one angle using these rupture speed estimates. For V H = 1 . 73 C 

l 
s 

n the sediment, the estimated Mach cone angle α = 35 . 3 ◦, which
s in agreement with the Mach cone angle observed in the particle
elocity field. 

Within the synthetic ground motion records shown in Fig. 10 , we
bserve that the FP component jump becomes almost comparable to
he FN component jump within the near-fault record 0 + . Ho wever ,
espite having a Mach cone angle lower than 45 ◦, the FP is not the
ominant component even at 0 + . Combined with the observations
n Model A-1, this implies that FN > FP jump may not rule out local
upershear propa gation. Ho wever, an FN > FP remains indicative of
 dominant subshear propagation at depth. We note here that, unlike
lobal supershear rupture, there is no clear separation between the
upture tip and the trailing Rayleigh signature, which means that
he ground motion signature is a superposition of a strong subshear
omponent (at depth) and the local supershear effects (within the
ediment), which would contribute to why the condition of FP > FN
s not satisfied. 

Fur ther more, we obser ve secondar y pulses in the FP component
ssociated with the second Mach cone. Both FP pulses attenuate
ith fault perpendicular distance. Another important observation
hen comparing the role of material contrast is that despite a clear

ncrease in contrast from Model A-1 to B-1, the increase in the con-
rast primarily affected the FP component with no apparent further
mplification of the FN component. This is due to the competition
etween amplification by propagation through a softer material and
ampening due to altered rupture propagation speed as discussed in
he previous section. 

.2.2 Small fault strength ratio S o = 1 . 6 (B-2) 

imilar to models A, we also explore a smaller initial fault strength
atio S o to investigate the implications of having a sediment layer
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Figure 9. The rupture propagation speeds in Model B-1 (a–b) Mean and maximum rupture propagation speed V r within both the sediment and the bedrock. 
The shaded area represents the nucleation site of the rupture. (c–d) Spatiotemporal slip rate distribution at depth 1 and 7.5 km, respecti vel y, to highlight local 
horizontal propagation speed V H relative to local characteristics speeds C 
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p and 

√ 

2 C 
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s . 

Figure 10. The role of sediment layer contrast in altering synthetic 
ground motion characteristics for Model B-1 . (a) Fault-parallel (FP), (b) 
fault-normal (FN) and (c) vertical velocity time histories at four different 
sites. Sites are located at 50 km along strike and at distances ( 0 + , 1, 2, 6) 
along the fault perpendicular direction. 
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on global supershear propagation. We refer to this model as B-2. In 
Fig. 11 (a) we again observe an earlier supershear transition relative 
to the homogeneous model for model B-2. 

Within the velocity field, we see similar features to model A- 
2. Ho wever , due to the softer media, we observe the emergence 
of multiple Mach cones. The Mach cones’ angles are different 
between the leading tip and the subsequent trailing signature. These 
Mach cones are associated with (1) local supershear propagation, 
and (2) reflected waves at the sediment-bedrock interface that now 

have sufficient separation between them due to the larger material 
contrast. We again emphasize that the velocity field carried by the 
rupture front is fault-parallel dominant. 

The rupture propagation speed characteristics are shown in 
Fig. 12 . We observe that the mean and maximum V r within both the 
sediment and the bedrock exceed the Eshelby speed. Both the mean 
and the maximum V r in the sediment exceed local pressure wave 
speed C 

l 
p . That is not the case for the bedrock as shown in Fig. 12 (b), 

which is similar to Fig. 6 (b) except for a delayed transition. The slip 
pulse propagation speeds V H are estimated in Figs 12 (c)–(d) to be 
∼ 2 . 85 C 

l 
s within the sediment and ∼ 1 . 6 C 

l 
s within the bedrock. This 

apparent supersonic propagation is driven by the supershear rupture 
at depth and contributes to the complexity of the velocity field near 
the rupture tip. 

Considering synthetic seismogram readings for Model B-2 shown 
in Fig. 13 , we observe similar features to Model A-2, such as an ini- 
tial large FP jump associated with the rupture tip passage, and then a 
second large FN jump associated with trailing Rayleigh. Within the 
FP component, we observe the influence of the multiple Mach cones 
which extend the large velocity pulse window prior to subsiding 
right before the trailing Rayleigh signature. The vertical component 
is also strongly amplified by the passage of the leading rupture tip. 

3.3 Ground motion characteristics of subshear and 

supershear in the presence of sediments 

In this section, we compare several key ground motion metrics 
for the following scenarios: (1) a subshear model S o = 3 with and 
without a sediment, and (2) a supershear model S o = 1 . 3 . We set up 
these choices so that on average the rupture propagation is almost 

art/ggae422_f9.eps
art/ggae422_f10.eps


GMC in the presence of sediment layers 977 

(a)

(b)

(c)

Figure 11. The role of sediment layer contrast in altering rupture propagation and ground motion characteristics for Model B-2. (a) snapshots of the 
rupture propagation at different times ( t = 2 . 5 , 10.2 and 18.0 s). (b) Contour of the normalized rupture speed V r /C 

l 
s . (c) Contours of the fault-parallel and 

fault-nor mal par ticle v elocity wav e-field within near field of the fault at later stages of rupture propagation ( t = 12 . 8 s and t = 18 . 0 s). Zoomed figure in last 
panel shows the particle velocity magnitude near the rupture tip at t = 18 . 0 s to highlight the structure of the Mach cone. 

Figur e 12. The ruptur e pr opagation speeds in Model B-2 (a–b) Mean and maximum rupture propagation speed V r within both the sediment and the bedrock. 
The shaded area represents the nucleation site of the rupture. (c–d) Spatiotemporal slip rate distribution at depth 1 and 7.5 km, respecti vel y, to highlight local 
horizontal propagation speed V H relative to local characteristics speeds C 
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l 
p and 

√ 

2 C 

l 
s . 
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Figure 13. The role of sediment layer contrast in altering synthetic 
ground motion characteristics for Model B-2 . (a) Fault-parallel (FP), (b) 
fault-normal (FN) and (c) vertical velocity time histories at four different 
sites. Sites are located at 50 km along strike and at distances ( 0 + , 1, 2, 6) 
along the fault perpendicular direction. 
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identical between the homogeneous and sediment models. The first 
scenario corresponds to models A-1, and H-1 (see Table 1 ) we 
showed earlier. The second scenario corresponds to models A-3, 
and H-3 and has a rapid transition to supershear rupture speed. 

In Fig. 14 , the orientation of peak ground velocity (PGV) is shown 
for the scenarios discussed earlier. In Figs 14 (a) and (b) we observe 
that when the rupture is only propagating locally at supershear 
speeds, there is no difference in the orientation of PGV, as the 
amplification in the FP component is still not sufficient to exceed the 
FN component. This is consistent with our earlier observations that 
FN > FP does not necessarily exclude local supershear propagation. 
The distribution varies between the homogeneous model and the 
model with the sediment layer when the rupture is propagating 
globally at supershear speed as seen in Figs 14 (c) and (d). We 
observe that, in the model with the sediment layer, the FP component 
becomes dominant sooner. This is attributed to the role of the soft 
layer and rupture acceleration in amplifying the FP component and 
attenuating the FN one. 

In Fig. A5 we explore the amplification factors for PGV by 
comparing the homogeneous model with the sediment model. We 
show the ratio between PGV S and PGV H for each component, 
where subscripts S and H indicate the sediment model and the 
homo geneous model, respecti vel y. We clearl y see that the ampli- 
fication of ground motion is heterogeneous within each individual 
component. In the fault-parallel direction, we observe that the PGV 

is amplified more near the fault at distances less than 5 km. This 
is explained by the nature of the local supersonic and supershear 
propagations amplifying the FP direction. Interestingly, we see that 
the FN component within the near-fault is not amplified but rather is 
decreased through the incorporation of sediment la yers. How ever, 
this behaviour is confined to near-fault locations. As discussed ear- 
lier, because the rupture characteristics themselves are influenced 
by the incorporation of the sediment la yer, w e see that the am- 
plification between the different components is also not uniform, 
with the FP PGV amplification being different from the FN PGV 

amplification. 
In Fig. 15 , we also examine the Fourier amplitude spectra (FAS) 

and spectral accelerations (PSa) for models with S o = 3 , at loca- 
tions 1, 2, 5 km along the fault perpendicular direction, and 20, 30, 
40 and 50 km along the strike. In general, as shown in Figs 15 (a), 
(c), (e), (g), the model with the sediment layer (solid) has higher 
amplitudes than the homogeneous case (dashed). We also observe 
a higher frequency cut-off for models with the sediment layers in 
the near-fault region (1 and 2 km) versus their homogeneous coun- 
terparts. Within the spectral accelerations shown in Figs 15 (b), (d), 
(f), (h), we observe generally larger peaks that shift towards smaller 
periods in the model with sediment layers. This observation is con- 
sistent with the higher cut-off frequency, which can potentially be 
explained by the emerging Mach cones from local supershear ef- 
fects (Bizzarri & Spudich 2008 ). Fur ther more, we obser ve that 
the decay of amplitude at higher frequency is larger for the sedi- 
ment model compared to the homogeneous model. The differences 
in spectral accelerations between the homogeneous and sediment 
models highlight possible implications on the structural response 
of near-fault buildings and linear infrastructure that warrant further 
investigation. 

Results for scenario 2 with S o = 1 . 3 are shown in Fig. 16 . 
First, we observe that the FAS of both the homogeneous model 
and the sediment model are higher relative to scenario 1, which 
is consistent with the higher stress drop. We also observe that 
the decay of high-frequency content is different due to the na- 
ture of supershear attenuation. Similar to scenario 1, we ob- 
serve that near-fault locations have a higher cut-off frequency 
before the decay of the FAS. Prior to supershear transition at 
x = 20 km, both the sediment model and the homogeneous model 
have similar spectral acceleration peak locations; ho wever , after 
transition, the first peak of the amplitude curve occurs at smaller 
periods. 

Ov erall, we observ e a clear distinction between the frequency 
content for local supershear propagation and global supershear 
propagation. The models with sediment have a higher cut-off 
frequency and the peaks of the spectral accelerations occur at 
smaller periods. These observations highlight the importance of 
considering the role of sediments on rupture propagation and con- 
sequently the ground motion characteristics. 

4  D I S C U S S I O N  

In this work, we examine the role of sediment layers on the ground 
motion characteristics of both supershear and subshear ruptures. 
We compare the results of models with sediment layers and models 
with homogeneous media with the same initial S parameter. In our 
analysis, w e ha ve utilized a simple one-layer model with a sharp 
interface to isolate the effects of the sediment. This assumption is 
an oversimplification based on field studies which highlight that 
velocity structure continues to vary with depth. Accordingly, we 
also model a 1-D linear velocity structure that is obtained from the 
East Anatolian fault zone (G üvercin et al. 2022 ) as a representative 
case. The material properties of this velocity structure are tabulated 
in Table A1 . We refer to these models as LVS-1 and LVS-2. In 
Fig. A3 (a) we show the particle velocity field in the FP and FN 

direction for a case with initial S o = 3 . Similar to Model A-1, we 
observe the emergence of Mach cones at the free surface which are 
attributed to local supershear propagation. Further examining the 
synthetic seismograms and comparing with Model A-1, we observe 
almost identical features albeit with a small delay due to the different 
wave speed structure. We also explore differences in the limit that 
S o = 1 . 6 , and while differences do emerge, the same qualitative 
features are preserved with Model A-2. 

We have also assumed in our model that the frictional proper- 
ties ( a and b) are uniformly velocity-weakening until 15 km depth. 
This assumption might also be inconsistent with some laboratory 
experiments on rock friction at low normal stress, which suggest 
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Figure 14. Orientation of the PGV for different scenarios with local supershear and global supershear comparing homogeneous models and sediment 
models. The maximum motion goes from predominantly fault-normal (white) to fault-parallel (grey). 
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Figur e 15. Gr ound motion metrics comparison between models with sediment and homogeneous models. The Fourier amplitude spectra (FSA) and the 
spectral accelerations (PSa) for a homogeneous model (dashed lines) and sediment model (solid lines) with an initial S o = 3 . The site locations are 1, 2, 5 km 

along the fault perpendicular direction, and 20, 30, 40 and 50 km along the strike. The rupture propagation speed here is sub-shear for the homogeneous model 
and locally supershear for the sediment model. 

a  

1  

v  

p  

I  

e  

i  

s  

d

s  

s  

w  

s  

s  

i  

c  

s  

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/240/2/967/7911852 by guest on 10 January 2025
 velocity-strengthening behaviour (Marone et al. 1991 ; Marone
998 ). To account for this possibility, we further consider such
ariation in frictional properties by adding a velocity-strengthening
atch near the free surface (coincident with low normal stress).
n Figs A4 (a)–(b) we show Models A-1 VS and A-2 VS which are
qui v alent to Model A-1 and A-2 with the only difference be-
ng the depth-dependent ( a − b) . The variation in ( a − b) is cho-
en such that there is a linear increase in (a–b) from −0 . 004 at

 = 4 km to 0.006 at d = 0 km. We note here that we retain the t  
trong rate weakening behaviour even when the friction is velocity-
trengthening. We observ e qualitativ e agreement between models
ith and without shallo w VS layer , with features such as local

upershear and supersonic propagation diminished but still pre-
erv ed. Accordingly, we e xpect that there is a parameter space
n which a VS layer could diminish the extent of observed lo-
al effects. Fur ther more, we also emphasize that in addition to a
hallow layer with different frictional parameters, it is expected
hat during frictional sliding this shallow portion of bulk would
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Figur e 16. Gr ound motion metrics comparison between models with sediment and homogeneous models. The Fourier amplitude spectra (FSA) and the 
spectral accelerations (PSa) for a homogeneous model (dashed lines) and sediment model (solid lines) with an initial S o = 1 . 3 . The site locations are 1, 2, 
5 km along the fault perpendicular direction, and 20, 30, 40 and 50 km along the strike. The rupture propagation speed here is globally supershear for both the 
homogeneous and the sediment model. 
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experience damage accumulation, due to low mean stress, in the 
form of inelastic deformations. Inelastic deformations could pro- 
vide sufficient dissipation to inhibit some of the features we observe 
in our models. 

Fur ther more, to explore the role of sediment thickness, in Figs A6 
and A7 we represent the same models considered here with material 
contrast 70 per cent and 50 per cent but with sediment thickness 
of 5 km, respecti vel y. To distinguish the dif ferent models, we refer 
to the models with thicker sediment layers by the same model’s 
name but with a subscript ( ∗) . In the larger thickness models, we 
observe an increase in the extent of supershear propagation within 
the f ault surf ace. By examining the synthetic ground motion records 
for Model B-1 ∗, we observe that despite rupture speed within the 
bedrock layer being subshear, the FP component of the near-fault 
( 0 + , 1 km) records is comparable to that of the FN component. This 
implies that at larger sediment thickness we can indeed recover 
the FP > FN condition observed in the global supershear case. We 
explain this behaviour through the reduced influence of the subshear 
pulse on the free surface due to the increased depth of the sediment 
layer. Because of the altered rupture characteristics, we also observe 
that the amplitude of the FN leading pulse is smaller for Model B-1 ∗

than Model A-1 ∗ for near-fault stations ( 0 + , 1 and 2 km), which is 
une xpected giv en the softer material. 

Another effect of the thickness is shown in Fig. A7 . We observe 
that all Models with S o = 1 . 6 but one (Model B-2 ∗) transitions 
to global supershear. Model B-2 ∗ features only local supershear 
propagation within the sediment layer while the rupture propagation 
speed within the bedrock remains subshear. In models A-2, B-2, we 
have shown that the presence of sediment promoted faster global 
supershear transition when compared to the homogeneous case, 
yet in Model B-2 ∗ the sediment suppresses the transition entirely. 
This observation of non-monotonicity can be attributed to both a 
large thickness and large contrast greatly limiting the P-SV con- 
version that leads to free surface induced supershear at that choice 
of S o . 

In the models that feature supershear propagation within the sed- 
iment layer only (i.e. shallow supershear), we find that the FN parti- 
cle velocity jump is larger than the FP particle velocity jump. This 
observation implies that FN > FP does not rule out shallow super- 
shear propagation . Fur ther more, in all our models with sediment 
layers that feature global supershear propagation (saturating the 
seismogenic zone), we find that FP particle velocity jump is larger 
than the FN particle velocity jump. This observation implies that 
FP > FN is a sufficient condition for identifying supershear prop- 
a gation w hen considering this f orm of sedimentary structure. It 
remains to be seen under what conditions, if any, such observation 
might vanish for global supershear. 

It is important to highlight that our models are all linearly 
elastic. At large slip velocity, which are likely to be observed 
with strong rate weakening friction, it is probable that the 
surrounding bulk would start to accumulate inelastic deforma- 
tion. The partitioning of deformations between bulk inelasticity 
and fault slip could potentially alter some of the observations in 
this study such as the propagation speed and the transition to 
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upershear (Ben-Zion & Shi 2005 ; Preuss et al. 2020 ; Abdelmeguid
t al. 2024 ). A potential future extension of this study would
e to include Druck er-Prager lik e plasticity formulation (Dun-
am et al. 2011 ; Abdelmeguid & Elbanna 2022 ) or a continuum
amage model (Lyakhovsky & Ben-Zion 2014 ; Lyakhovsky et al.
016 ; Zhao et al. 2024 ) to study the implication of accumulat-
ng damage in sediment layers on the resultant ground motion
haracteristics. 

Finally, we highlight that current methodologies of identifying
ar thquake r upture histories and consequently generating seismic
azard maps largel y rel y on kinematic inversion of the source
roperties. This is usually an ill-posed problem with large un-
ertainties due to source and path effects. This has been high-
ighted by the contradicting conclusions about the variability in
upture speed along the East Anatolian Fault in the recent 2023
ebr uar y 6 Pazarcik Earthquake in T urkey , which happened to
e well-instrumented. Theoretical models that can help constrain
inematic inversions are yet to mature to include realistic fault
one complexity. Now, with e ver-increasing observ ational facili-
ies, it is important to utilize realistic forward models to identify
ey characteristics of near-field ground motion records in the pres-
nce of realistic material heterogeneity to supplement inversion
echniques and limit the degree of uncertainty. This will enable
he scientific community to identify signatures within the ground

otion records that will enable us to get rapid insights into the
ature of the rupture propagation. These signatures can be utilized
o constrain state-of-the-art kinematic inversion methods to better
nderstand the rupture history. Such examples in which ground
otion characteristics were used to identify rupture speeds already

xist, such as in the cases of Denali and the M w 7.8 Turkey earth-
uakes (Dunham & Archuleta 2004a ; Abdelmeguid et al. 2023 ;
osakis et al. 2023 ). 

 C O N C LU S I O N S  

ased on our study of ground motion characteristics of subshear
nd supershear ruptures in the presence of sediment la yers, w e draw
he following conclusions: 

(i) The existence of a sediment layer with lower wave-speeds may
ead to local supershear propagation within the sediment while the
ropagation speed remains subshear in the bedrock. This results in
he generation of Mach cones with a wide spectrum of angles based
n the material contrast. This, in turn, enhances the ground shaking
ithin the FP direction. 
(ii) We find that the rupture propagation speed at the free sur-

ace (within the sediment) is coupled with the rupture propaga-
ion speed at depth, in models with sediment layers, despite the
ifferent material properties. This implies that it is possible to in-
er information about the rupture speed at depth based on surface
easurements. 
(iii) We find that FP > FN remains a sufficient condition to infer

upershear propagation. Ho wever , we have found that supershear
ropagation in the shallow depth may be associated with FN > FP.
hus FN > FP may not rule out the possibility of local supershear
ropagation, but it remains indicative of dominant subshear propa-
ation at depth. 

(iv) We find that in models with the same rupture propagation
peed (on average), the presence of sediment alters the ground
otion characteristics significantly. In cases where the rupture is

ropagating globally at supershear speeds, we find that the sedi-
ent e xclusiv ely enhances the FP velocity pulse, while minimally
hanges the FN component. This leads to a PGV distribution that
iffers between the two models. We also find that sediment affects
he frequency content of the ground motion, which would have
mplications on seismic hazard. 

(v) We observe, in all models with sediment layer, a substantial
nhancement in the fault vertical component of the ground veloc-
ty which would have important implications on hazard including
pplications related to the seismic demand on linear infrastructure
nd the generation of tsunami waves. 

(vi) We find that sediment layers influence the generation of su-
ershear propagation within the bedrock. For models A-2, A-2 ∗ and
-2 we find that sediment promotes global supershear. For model
-2 ∗ which features a larger sediment thickness, we observe that the

ediment hinders the supershear transition. This non-monotonic be-
aviour highlights the importance of the sediment layer properties
n free-surface-induced supershear transition. 

These findings highlight the importance of considering hetero-
eneous subsurface material distribution in our physical mod-
ls, as they may have significant implications on the source
hysics and the resulting ground motion characteristics. Our re-
earch provides new insights into the complex interactions be-
ween the sediment layers and the rupture dynamics. These find-
ngs are rele v ant for the continuous de velopment of more ro-
ust seismic hazard assessments and for improving our under-
tanding of earthquake processes in regions with sedimentary
asins. 
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Figure A1. Geometric characteristics of subshear and supershear (super-Eshelby) propagation. 

(a) (b)

Figur e A2. Refer ence homogeneous models H-1 and H-2. (A) Model H-1 with S o = 3 . Top panel showing the normalized rupture propagation speed which 
is subshear. Bottom panel showing the signature subshear near-fault v elocity wav e-field. (B) Model H-2 with S o = 1 . 6 . Top panel showing the normalized 
rupture propagation speed and supershear transition. Bottom panel showing the Mach cone generation in the near-fault velocity wave-field. 
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(a) (b)

Figure A3. Models with linear velocity structure (LVS) . (A–B) Model LVS-1 with S o = 3 and Model LVS-2 with S o = 1 . 6 . Top panel showing the the 
near-fault v elocity wav e-field which is v ery similar to model A-1. Bottom panel showing the Fault-parallel (FP), fault-normal (FN) and vertical velocity time 
histories at four different sites. Sites are located at 50 km along strike and at distances ( 0 + , 1, 2, 6) km along the fault perpendicular direction. The ground 
motion is a slightly delayed version of model A-1 due to different wave speeds. 

(a) (b)

Figure A4. Models with a velocity-strengthening shallow layer . (A–B) Model A-1 VS with S o = 3 and Model A-2 VS with S o = 1 . 6 . Top panel showing the 
the near-fault velocity wave-field which is very similar to model A-1. Bottom panel showing the Fault-parallel (FP), fault-nor mal (FN) and ver tical velocity 
time histories at four different sites. Sites are located at 50 km along strike and at distances ( 0 + , 1, 2, 6) km along the fault perpendicular direction. The ground 
motion is a slightly delayed version of model A-1 due to dif ferent w ave-speeds. In order to have a velocity-strengthening behaviour, the value of ( a − b) 
increases linearly to 0.006 as we approach the free surface. 
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Figure A5. The amplification and dampening of the PGV components (f ault-parallel, f ault-nor mal and ver tical). The contour colours show the ratio between 
the PGV of model A-3 and PGV model H-3. 

(a) (b)

Figure A6. Models A (mild material contrast) with a 5 km thick sediment layer . (A–B) Model A-1 ∗ with S o = 3 and Model A-2 ∗ with S o = 1 . 6 . Top 
panel showing the the near-fault velocity wave field which is very similar to model A-1. Bottom panel showing the Fault-parallel (FP), fault-normal (FN) and 
v ertical v elocity time histories at fiv e different sites. Sites are located at 50 km along strike and at distances ( 0 + , 1, 2, 6, 12) km along the fault perpendicular 
direction. 
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(a) (b)

Figur e A7. Models B (str ong material contrast) with a 5 km thick sediment layer . (A–B) Model B-1 ∗ with S o = 3 and Model B-2 ∗ with S o = 1 . 6 . Top 
panel showing the near-fault velocity wave field which is very similar to model A-1. Bottom panel showing the Fault-parallel (FP), fault-normal (FN) and 
v ertical v elocity time histories at fiv e different sites. Sites are located at 50 km along strike and at distances ( 0 + , 1, 2, 6, 12) km along the fault perpendicular 
direction. 

Table A1. The 1-D linear velocity model used in this study based on studies 
of the East Anatolian Fault (EAF) zone (G üvercin et al. 2022 ). 

Depth (km) C p (km s −1 ) C s (km s −1 ) 

0 3.88 2.04 
1 4.52 2.43 
2 5.62 3.03 
4 5.75 3.31 
6 5.85 3.38 
8 5.96 3.43 
10 6.00 3.44 
12 6.05 3.46 
16 6.32 3.62 
20 6.40 3.67 

C © The Author(s) 2024. Published by Oxford University Press on behalf of The Royal Astronomical Society. This is an Open Access 
article distributed under the terms of the Creative Commons Attribution License ( https://cr eativecommons.or g/licenses/by/4.0/ ), which 
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited. 
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