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ABSTRACT
Tsunami hazard imposed by possible rupture of splay faults is important as it may significantly 
intensify tsunami heights locally. The Makran Subduction Zone (MSZ) in the northwestern 
Indian Ocean can generate large thrust earthquakes that could trigger significant tsunamis. In 
this paper, the effects of possible rupture of splay faults on the tsunami hazards of eastern MSZ 
are studied by developing a framework that uses stochastic earthquake rupture models and 
considers uncertainties related to rupture location, rupture geometry, seismic moment split 
ratio, earthquake slip asperity location within a fault plane, and earthquake slip heterogeneity. 
To quantify these uncertainties, 484 different parameter combinations of tsunami sources are 
considered systematically. The geometry of splay faults is developed using the most recent 
marine seismic surveys of the tectonic structure of the MSZ. A moment magnitude of 8.6 is 
considered as a scenario magnitude. The results of this study are generated in two parts, by 
considering average sources and stochastic sources. Results show significant local amplifica
tion of the maximum tsunami heights due to splay faults. For instance, the maximum wave 
height in Pasni, Pakistan can be amplified by a factor of four due to a single splay fault rupture 
scenario of average sources.
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1. Introduction

The occurrences of the 2004 Indian Ocean tsunami and 
the 2011 Tohoku earthquake and tsunami in the last 
two decades clearly demonstrated the importance of 
thorough assessments of tsunami hazards for subduc
tion zones around the world. This is of particular 
importance for less-studied subduction zones, such 
as the Makran Subduction Zone (MSZ) in the north
western Indian Ocean. Splay faults are steeply-dipping 
faults that branch from the main subduction plate 
interface during large earthquakes or can occur inde
pendently of plate-boundary events (Heidarzadeh, 
Pirooz, and Zaker 2009; Heidarzadeh et al. 2021; 
Plafker 1972). Splay faults pose significant tsunami 
hazards to their nearby regions because they can 
locally intensify tsunami heights (Hsu et al. 2006; 
Wang and Hu 2006).

The 1964 Alaska earthquake with a moment magni
tude (Mw) of 9.2 was one of the first-recorded events 
that showed the potential significant tsunami hazards 
associated with splay faults. During that event, crustal 
vertical deformation of 12 m was reported from the 
local area that hosted the Patton Bay splay fault, 
whereas the maximum vertical crustal deformation of 
6 m was reported in the surrounding areas that were 
only impacted by the rupture on the plate boundary 
(Fukao 1979; Plafker 1972). Similar splay faulting inci
dents have been suggested for the southern Cascadia 

subduction zone based on paleoseismic observations 
(Clarke and Carver 1992). In addition, evidence was 
presented for the possibility of splay fault ruptures 
and their significant impacts during other major earth
quake and tsunami events, such as the 1944 Tonankai, 
the 1946 Nankai, and the 2004 Sumatra-Andaman 
events (Cummins and Kaneda 2000; Sibuet et al. 
2007). Recently, Heidarzadeh et al. (2021) reported 
a high potential for splay faulting in the Molucca Sea, 
Indonesia.

Since splay faults are relatively weak zones, they can 
be chosen as pathways for rupture propagation of 
earthquakes from the main subduction interface. 
Although it is possible that the interseismic elastic 
strains of the subduction zones could be fully released 
by the splay fault ruptures, it is more likely that the 
earthquake rupture initiates on the main subduction 
zone interface followed by slip partitioning between 
the subduction zone plate boundary and splay faults 
(Park et al. 2002). Kame and Yamashita (1999) showed 
that due to the stress field of the accretionary prism, 
earthquake rupture that propagates up-dip from the 
nucleation of great interplate earthquakes in the sub
duction zones tends to branch into the accretionary 
prism and partition between steeply-dipping thrust 
splay faults and the main subduction plate interface. 
This partitioning is more likely to occur in the parts of 
the accretionary prism where the horizontal 
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compression stress due to the subduction is the major 
component of the stress field. These parts include the 
early-stage accretionary prism near the trench line and 
the landward side of topographic highs which do not 
experience significant overburden pressure compared 
to their horizontal compression stress (Kame and 
Yamashita 1999). Although it is unknown if the splay 
faults can rupture occasionally by themselves, a recent 
study on the 2019 Mw 7.2 Molucca Sea earthquake 
showed that the splay faults in that region can gener
ate tsunamis (Heidarzadeh et al. 2021; Sykes and 
Menke 2006). Due to their steep dip angles, splay 
ruptures result in significant vertical deformation of 
the seabed and can generate large tsunamis. The rup
ture of splay faults usually affects near-field local areas 
due to their smaller sizes compared to the plate 
boundary faults (Heidarzadeh, Pirooz, and Zaker 
2009). In the MSZ, several splay faults have been 
located both in the eastern and western parts of the 
subduction zone (Grando and McClay 2007; Mokhtari, 
Fard, and Hessami 2008; Mokhtari 2015; Smith et al. 
2012). Due to the presence of splay faults in the MSZ 
and considering significant tsunamis that splay faults 
have caused in other subduction zones, the effects of 
splay fault ruptures on tsunami hazards need to be 
studied for the Makran region.

Earthquake and tsunami hazard assessments for the 
MSZ and nearby coastal areas of Pakistan, Iran, Oman, 
and western India were conducted (e.g. Heidarzadeh 
et al. 2008; Okal and Synolakis 2008). Some studies 
focused on the tsunami hazard assessments for scenar
ios similar to the 1945 Makran tsunami event (e.g. 
Heidarzadeh and Satake 2017; Jaiswal, Singh, and 
Rastogi 2009; Momeni et al. 2020; Neetu et al. 2011) 
and the 2013 onshore tsunamigenic earthquake in 
Makran, which triggered a landslide tsunami 
(Heidarzadeh and Satake 2014). On the other hand, 
some studies examined hypothetical scenarios based 
on the geological and geophysical studies of the MSZ 
(e.g. El-Hussain et al. 2016, 2018; Hoechner, Babeyko, 
and Zamora 2016; Rashidi et al. 2020). Two studies 
examined the effect of the rupture of the splay faults 
on tsunami hazard in the MSZ (Heidarzadeh, Pirooz, 
and Zaker 2009; Rashidi et al. 2021). Heidarzadeh, 
Pirooz, and Zaker (2009) studied a single scenario of 
splay fault rupture accompanying the thrust event on 
the main subduction interface in the eastern MSZ. 
Heidarzadeh, Pirooz, and Zaker (2009) considered 
fixed geometry, location, magnitude, and uniform slip 
of the splay fault rupture. Recently, Rashidi et al. (2021) 
performed a tsunami hazard assessment for western 
MSZ due to a scenario in which ruptures occur only on 
splay faults without subduction thrust events. Rashidi 
et al. (2021) used a logic tree approach to perform 
tsunami hazard assessment considering different sce
narios of individual splay fault ruptures or combined 
splay fault ruptures. They considered fixed length, 

location, and uniform slip distribution for each fault. 
Results of these studies revealed significant impacts of 
splay fault ruptures on local tsunami hazards. This 
study presents a more comprehensive and realistic 
modeling framework of tsunami hazards due to splay 
faulting for the Makran region as detailed in the 
following.

The logic tree approach was initially employed for 
probabilistic seismic hazard assessment (Coppersmith 
and Youngs 1986). Recently, it was applied to assess 
tsunami hazard assessment (e.g. Annaka et al. 2007; 
Fukutani, Suppasri, and Imamura 2015; Horspool et al. 
2014; Lorito et al. 2015). This is a practical method for 
considering multiple alternatives for various uncertain
ties associated with tsunami hazard assessments. The 
logic tree approach offers the advantage of its simpli
city in selecting source parameters. However, it has 
limited flexibility to consider alternative hypothetical 
slip distributions and associated characteristics since 
the number of branches increases rapidly.

Non-uniform patterns of slip distribution over 
a fault plane are more realistic than uniform distribu
tions since they reflect the intrinsic complexity of 
earthquake rupture. The stochastic source modeling 
approach facilitates the generation of synthetic realiza
tions of realistic source models (Mai and Beroza 2002). 
As a result, this approach has been used in various 
tsunami hazard assessments around the world 
(Fukutani, Suppasri, and Imamura 2015; González 
et al. 2020; Momeni et al. 2020; Mori et al. 2017; 
Rashidi et al. 2020; Woessner and Farahani 2020). One 
of the key elements of the stochastic modeling 
method is scaling relationships. Goda et al. (2016) 
proposed scaling relationships of various earthquake 
source parameters for the stochastic tsunami method. 
Non-uniform patterns of slip distributions have been 
neglected in most of the tsunami hazard assessments 
of the MSZ, apart from two studies of Momeni et al. 
(2020) and Rashidi et al. (2020). Momeni et al. (2020) 
used the stochastic slip distribution approach to study 
the 1945 Makran tsunami event, whereas Rashidi et al. 
(2020) utilized a similar method to assess the tsunami 
hazard related to 100 hypothetical rupture sources. 
The results of Momeni et al. (2020) showed 
a significant sensitivity of the maximum wave height 
along the shoreline to the location of the large slip 
areas on the fault plane. The abovementioned studies 
on the MSZ considered ruptures only on the main 
subduction zone interface.

In this study, the effect of splay fault ruptures on 
tsunami hazard of the eastern Makran shoreline is 
investigated by developing a framework that utilizes 
the logic tree and stochastic rupture modeling. 
Average slip models, which are calculated utilizing 
numerous stochastic source models, and many config
urations of stochastic source models are used in this 
paper to generate the results. Assessing the effect of 
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splay fault rupture is necessary to comprehensively 
evaluate the tsunami hazard for the MSZ. This assess
ment needs to be conducted using the logic tree and 
stochastic source method rather than single determi
nistic models because it enables the results of the 
assessment and the developed framework to be used 
in probabilistic tsunami hazard analyses as well. The 
novelty and significance of this study are that for the 
first time, a systematic approach of evaluating the 
effect of splay fault rupture accompanying the plate- 
boundary rupture is developed using logic tree and 
stochastic slip models. The adopted approach enables 
this study to consider the uncertainties of the geome
try of the splay fault rupture, seismic moment split 
ratio, and earthquake slip heterogeneity. Also, the 
uncertainty of splay fault rupture location is consid
ered by varying the asperity location within the fault 
plane, noting that asperity refers to an area where the 
largest slips (e.g. larger than the average slip of the 
fault) occur. In addition, the most recent published 
geometry and geological information of the MSZ 
(Hayes et al. 2018; Penney et al. 2017; Smith 2013) 
and splay fault interfaces (Mokhtari 2015; Smith et al. 
2012) are used, which enable this study to assess the 
tsunami hazards more accurately.

2. Methodology

2.1. Tsunami source

Heidarzadeh, Pirooz, and Zaker (2009) proposed 
a tsunami source that consists of a rupture on the 
plate boundary and a splay fault in the eastern MSZ 
simultaneously. They used findings from Byrne, Sykes, 
and Davis (1992) to define the geometry and source 
parameters of the plate boundary rupture. Regarding 
the splay fault, they considered a hypothetical fault 
model guided by the 1946 Nankai and the 1960 
Chilean earthquakes and tsunamis assuming that the 
splay fault branches from the plate boundary (Byrne, 
Sykes, and Davis 1992; Cummins and Kaneda 2000; 
Heidarzadeh, Pirooz, and Zaker 2009; Plafker 1972). 
They studied two scenarios with equal moment mag
nitudes of 8.6. In the first scenario, 100% of the seismic 
moment was associated with the plate boundary rup
ture alone. In the second scenario, the seismic moment 
of the plate boundary rupture was reduced to 91% of 
the total seismic moment and therefore 9% of the 
seismic moment was allocated to the splay fault rup
ture. On the other hand, the tsunami source model 
proposed by Rashidi et al. (2021) considered the rup
ture only on splay faults. They used seismic reflection 
datasets to identify the geometry and source para
meters of the splay faults in western MSZ. They con
sidered fixed length, dip, strike, location, uniform slip 
distribution on the fault planes, and variable widths for 

the splay faults based on empirical equations of Wells 
and Coppersmith (1994).

2.1.1. Main fault model of the Makran subduction 
zone
Recently, Hayes et al. (2018) developed the Slab2 glo
bal subduction zone model that includes three- 
dimensional geometry models of major active global 
subduction zones including the MSZ. It provides the 
dip, depth, and strike of the subduction interface. To 
develop the 3D MSZ interface in the Slab2 model, the 
global distribution of earthquake locations, geodetic 
control points, and active source seismic data were 
used. Figure 1a shows the geometry of the Slab2 
model for the MSZ.

In terms of seismic activity, the eastern part of the 
MSZ is significantly more active than the western part. 
However, Smith (2013) and Penney et al. (2017) sug
gested that the western part of the MSZ might be 
locked. Figure 1a shows that the plate boundaries of 
the MSZ based on the Slab2 model match the seismi
city data. Strike-slip, normal, and thrust events with 
Mw > 4.5, that occurred in the MSZ from 1945 to 
2017, are obtained from Penney et al. (2017) and are 
shown in Figure 1a. The boundaries of the MSZ, speci
fied by the Slab2 model, are consistent with the loca
tions of strike-slip events.

Figure 1b shows a generic plate boundary model of 
the MSZ that is developed to perform the stochastic 
tsunami simulation. The plate interface of the MSZ 
model has two segments, that is, the eastern and 
western segments. The length and width of the source 
model are 1,080 km and 230 km, respectively. The dip 
of the subduction interface is a constant value of 8° for 
the entire MSZ. This value is consistent with the sug
gested range of dip values by the Slab2 model (Hayes 
et al. 2018). The top edge of the fault plane reaches the 
ocean bottom. This is supported by Penney et al. 
(2017); their work strongly favors shallower trench 
depths and 0 km is consistent with the current under
standing of the subduction zone. Based on Smith et al. 
(2012) and Penney et al. (2017), the locking depth of 
the MSZ is 30–35 km.

Figure 1c shows the cross-section A-A′ that is indi
cated by a blue line in Figure 1b. According to the A-A′ 
cross-section, the main MSZ plate interface source 
model reaches a depth of 30 km with a width of 
230 km and a dip angle of 8°. To generate slip values 
in stochastic source modeling, the MSZ is discretized 
into 10 km × 10 km sub-faults. It is important to note 
that the proposed model is applicable for 
a comprehensive range of probable events in the 
MSZ up to megathrust Mw 9 earthquakes when the 
whole rupture is considered. Due to the significantly 
higher seismic activity of the eastern MSZ compared to 
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the western part, the main focus of this study is the 
eastern part; therefore, the ruptures on the main plate 
boundary are generated only for the eastern segment.

2.1.2. Splay faults models of the Makran 
subduction zone
There are many splay faults in the eastern and western 
Makran. These faults are identified using seismic reflec
tion data provided by Smith et al. (2012) and Mokhtari 

(2015) for eastern Makran and western Makran, respec
tively. Most of these splay faults are thrust faults that 
are located near the deformation front (Figure 1a) 
(Mokhtari 2015; Pajang et al. 2021; Smith et al. 2012). 
The splay thrust faults may be activated by the rupture 
on the Makran plate boundary (Kame and Yamashita 
1999). It should be noted that the identified splay faults 
differ in terms of their proximity to the coastline. Some 
are closer to the coastline and others are farther. The 

Figure 1. (a) Makran fault plane geometry based on Slab2 and splay fault locations along the Makran, (b) Makran main fault model, 
and (c) cross-section profile (A-A′) of the Makran main and the splay faults models.
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locations of the identified splay faults are important 
because the effect of splay faults is local and the closer 
splay faults to the coastline may pose a greater tsu
nami risk as compared to the farther ones. Also, the dip 
angle of the splay faults plays a crucial role in the 
assessment of tsunami hazard because steeper faults 
cause greater vertical deformations on the seabed and 
consequently lead to larger tsunami amplitudes.

Since the main focus of this study is on eastern 
Makran, only the generic splay fault models of eastern 
Makran are developed based on the data provided by 
Smith et al. (2012) and Mokhtari (2015). Four factors are 
considered. Firstly, the length of the splay fault models 
is considered to cover the entire shoreline of eastern 
MSZ. It allows to consider the uncertainty of the loca
tion of splay ruptures along the coastline. The strike 
angles of the splay fault models are similar to the plate 
boundary ruptures.

The second factor is the proximity of the splay fault 
models to the shoreline. Although the splay faults that 
are located near the accretionary front line are more 
probable to rupture (Kame and Yamashita 1999), sev
eral splay faults with different distances to the shore
line and near the accretionary front line are identified 
(Figure 1a) (Smith et al. 2012), and the possibility of 
their rupture cannot be excluded. Thus, to consider the 
uncertainty of the distance between splay fault rupture 
and coastline, two generic splay fault models are 
developed with different distances from the shoreline. 
It is worth mentioning that the locations of the two 
generic splay fault models (Figure 2) are consistent 
with the identified splay faults in the region (Figure 1a).

Thirdly, two dip angles of 30° and 40° are consid
ered as two representative cases for the generic splay 
fault models to account for the uncertainty of dip 
angle. The dip angle of 30° is consistent with the data 
provided by Smith et al. (2012). The cross-section pro
file of the splay faults in western MSZ (Figure 3) shows 
dip angles of up to 40° (Mokhtari 2015; Pajang et al. 
2021). Consideration of two dip values as two repre
sentative cases can capture the uncertainty of this 
parameter. However, for specific splay faults, dip 
angles could be gentler or steeper. Figure 3 shows 
the cross-section B–B′ that is indicated by a green 
line in Figure 1a. Although the cross-section profile is 
related to western MSZ, the dip angle of 40° is deemed 
applicable to eastern MSZ because of the relative 
proximity of the cross-section profile to eastern MSZ. 

The steeper dip angles for splay faults can significantly 
affect the tsunami hazard for the nearby regions, and 
this possibility is taken into account in this study.

The fourth factor is related to the width of the 
generic splay faults models. The width is defined 
based on the assumption that the rupture on splay 
faults can reach up to the seafloor and also ends 
when it reaches the main MSZ interface (Kame and 
Yamashita 1999; Park et al. 2002). The location, length, 
width, strike, and dip values of the generic splay fault 
models are given in Table 1. Figure 3 shows the generic 
splay fault models of eastern Makran and Figure 1c 
shows the cross-section of the developed models 
(cross-section A–A′ – Figure 1b). These developed 
fault models are a placeholder, and a rupture model 
(i.e. slips) floats along the strike and dip directions 
when the rupture area is smaller based on the assumed 
magnitude.

2.1.3. Earthquake scenarios
In this study, a scenario earthquake magnitude of Mw 
8.6 is considered for an earthquake event that can 
trigger the rupture on the splay faults in eastern 
Makran. This moment magnitude is the same as the 
magnitude that was considered by Heidarzadeh, 
Pirooz, and Zaker (2009), which is based on the max
imum possible earthquake in eastern Makran. Since 
the main focus of this study is on splay fault character
istics, a single value of Mw 8.6 for the main fault is 
selected to keep the case study less complex and to 
focus upon the tsunami hazard assessment framework 
for splay faults. To consider the uncertainty of the ratio 
of the seismic moment of splay faults to the entire 
rupture (i.e. combination of plate boundary and splay 
fault ruptures), three different values of 5%, 10%, and 
15% are considered. These values are consistent with 
the seismic moment split ratio of 9% considered by 
Heidarzadeh, Pirooz, and Zaker (2009) and with the 
study of Baba et al. (2006), which assigned 15% of 
the entire seismic moment to the splay fault rupture. 
Three different scenarios of earthquake ruptures are 
studied based on different combinations of ruptures 
on the plate boundary and splay faults:

(1) Main plate boundary rupture only: 100% of the 
entire seismic moment is assigned to the rup
ture on the plate boundary. This case serves as 
a benchmark.

Figure 2. Cross-section profile B-B′ (Figure 1a) of the Makran splay faults.
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(2) Single-splay fault rupture: Based on the selected 
value of the seismic moment split ratio, the 
seismic moment is split into two parts, one for 
the plate boundary and another for the splay 
fault. For instance, if the seismic moment split 
ratio of 10% is selected, 10% of the entire seis
mic moment is allocated to rupture on a single 
splay fault plane and the remaining 90% (100% 
minus seismic moment split ratio) is assigned to 
the rupture on the plate boundary. Hence, two 
earthquake sources need to be considered in 
this scenario, one for the plate boundary rupture 
and the other for a splay fault rupture.

(3) Two-splay fault ruptures: According to the cho
sen value of the seismic moment split ratio, the 

seismic moment is split into two parts, one part 
for the plate boundary and another part for the 
splay faults. As an example, for the selected 
value of 10%, 10% of the entire seismic moment 
is divided into two splay fault ruptures (5% for 
each splay fault plane), and the remaining 90% 
is allocated to the rupture on the plate bound
ary. Thus, it is necessary to consider three earth
quake sources in this scenario, one for the plate 
boundary plane and two for splay faults.

The moment magnitudes of ruptures on the plate 
boundary and splay faults due to different seismic 
moment split ratios are given in Table 2.

For each earthquake source, an appropriate fault 
model is defined (section 2–1-1 and section 2–1-2). 
For the earthquake sources related to the plate bound
ary rupture, the fault model introduced in Figure 1b is 
used and for the earthquake sources related to splay 
faults, the fault models introduced in Figure 2 are used. 
Consequently, the moment magnitude of the earth
quake sources is selected from Table 2, depending on 

Figure 3. Generic splay faults models of eastern Makran: (a) Splay fault-1 and (b) Splay fault-2.

Table 1. Eastern Makran generic splay faults models.
Southeast 

corner
Length 

(km)
Width 
(km)

Strike 
angle

Dip 
angle

Splay 
fault-1

N24.88°, 
E65.70°

360 30 264° 30°, 40°

Splay 
fault-2

N24.98°, 
E65.50°

380 25 264° 30°, 40°
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the rupture scenario. As an example, for the second 
scenario and seismic moment split ratio of 10%, the 
moment magnitudes of the plate boundary and splay 
fault ruptures are Mw 8.57 and Mw 7.93, respectively. 
For each earthquake source, the asperity zone and 
corresponding slip concentration range within the 
fault model are defined. The asperity zone can be 
defined as a smaller sub-region in which the slip values 
of the sub-faults are greater than the average slip value 
of the earthquake source by a specified threshold (for 
example 1.5 times the average slip) (Murotani, Satake, 
and Fujii 2013). In this study, the slip concentration 
range of the asperities for both plate boundary and 
splay faults is set to 65–90%. Therefore, between 65 
and 90% of the total earthquake slip of the rupture on 
plate boundary and splay faults should occur within 
the specified asperity zone, assuming the simulated 
slip is higher in the defined asperity region.

2.1.4. Asperity zones for main fault sources
To assess significant tsunami hazard in eastern MSZ, 
the asperity areas are defined on the top-half of the 
plate boundary model. The ruptures that occur on the 
top-half of the plate boundary model are offshore and 
generate significant deformation on the seafloor. On 
the other hand, the ruptures that occur on the bottom- 
half of the plate boundary model (deeper parts) are 

onshore and they may not cause a tsunami. To con
sider the uncertainty of the location of ruptures on the 
plate boundary model along strike (along the shore
line), four asperity areas are defined on the generic 
plate boundary model to cover the entire shoreline 
(Figure 4a-d).

2.1.5. Asperity zones for splay fault sources
To show the effect of splay fault rupture along the 
eastern Makran shoreline, it is split into different seg
ments. The locations of the splay ruptures can be con
trolled by specifying the target asperity areas in 
stochastic sources. Eight asperity areas are defined for 
the single-splay fault rupture scenario on each of the 
splay fault models of eastern MSZ (Figure 5a-h). Since 
the asperity areas on the splay fault-1 and splay fault-2 
are similar, Figure 5 shows the asperity areas on the 
splay fault-2 only. These eight asperity areas cover the 
entire shoreline of eastern MSZ. In addition, the uncer
tainty of occurrence of asperities along dip is consid
ered by defining the full-width asperities and top-half 
asperities on the splay fault models. Ruptures that 
occur on the top-half of the splay fault models gener
ate greater deformation on the seafloor and they can 
cause more significant tsunami hazard.

For the two-splay fault rupture scenario, both splay 
faults rupture. Since the magnitude for this scenario for 

Table 2. Moment magnitudes of ruptures on the plate boundary and splay faults.
Scenario Seismic moment split ratio Plate boundary rupture (Mw) Splay fault rupture (Mw)

Plate boundary rupture only 0% 8.6 N/A
Single-splay fault rupture 5% 8.58 7.73

10% 8.57 7.93
15% 8.55 8.05

Two-splay fault rupture 0% 8.57 7.53 + 7.53
10% 8.57 7.73 + 7.73
15% 8.55 7.85 + 7.85

Figure 4. Four asperity areas of the plate boundary model of eastern MSZ.
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each splay fault is smaller (Table 2), the rupture length 
is shorter. As a result, finer segmentation is needed to 
cover the same length. Twelve asperity areas for this 
scenario are defined on each of the splay fault models 
of eastern MSZ (Figure 6a-l). These 12 asperity areas 
cover the entire shoreline of eastern MSZ by full-width 
and top-half asperities.

2.1.6. Generation of stochastic sources and 
average source models
Once the earthquake scenarios and subsequent earth
quake source models are defined, earthquake source 
parameters must be determined to generate stochas
tic source models for the plate boundary and splay 
fault ruptures. In this study, earthquake source para
meters are determined using global scaling relation
ships developed by Goda et al. (2016). Although there 
are many scaling relationships for earthquake source 
parameters, those that can be used for generating 
stochastic source models are not many. The devel
oped relationships by Goda et al. (2016) distinguish 
tsunamigenic and non-tsunamigenic events. The scal
ing relationships of Goda et al. (2016) are a practical 
choice for this study, but this aspect can be explored 
more widely in the future and alternative scaling 
relationships by Allen and Hayes (2017) could also 
be implemented.

Using the SRCMOD database (Mai and Thingbaijam 
2014), a number of finite-fault rupture models of past 

earthquakes were statistically analyzed by Goda et al. 
(2016) to develop global scaling relationships. The fault 
length (L), fault width (W), mean slip Dað Þ, maximum 
slip Dmð Þ, correlation length along strike direction Azð Þ, 
and correlation length along dip direction Axð Þ are 
evaluated as a function of earthquake magnitude 
(Mw), whereas the Box-Cox parameter (λ) (Box and 
Cox 1964) and the Hurst number (H) (Mai and Beroza 
2002) are independent of Mw. The aforementioned 
parameters are further explained below.

The earthquake source parameters indicate the fault 
plane features in two main categories. The first cate
gory relates to the geometry of the fault, which is 
defined by the fault length, width, strike angle, and 
dip angle. As for the remaining parameters, they refer 
to the spatial distribution of slip over the fault plane. 
Specifically, the mean slip, maximum slip, and Box-Cox 
parameter are used to model the probability distribu
tion of slip values. Box-Cox parameter is used to make 
the probability distribution of slip values achieve sui
table right-tail characteristics consistent with SRCMOD 
sources (Box and Cox 1964). While the correlation 
lengths and the Hurst number are used to model the 
spatial heterogeneity of the slip values via the von 
Karman model (Mai and Beroza 2002). Once the earth
quake source parameters are generated, they need to 
be checked to ensure that the generated values are 
consistent. To do so, the simulated seismic moment 
(Mo ¼ μWLDa, where μ is the rock rigidity 

Figure 5. Asperity areas of the splay fault-2 of eastern Makran for the single-splay fault rupture scenario.
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μ ¼ 3� 1010N=m2) is compared to the target seismic 
moment (defined as the moment magnitude of earth
quake source in section 2–1-3). In case the simulated 
seismic moment does not match the target seismic 
moment, the values of L, W, and Da (together with 
other source parameters) are regenerated until the 
target magnitude criterion is met.

Following the determination of earthquake source 
parameters, the slip distribution on the fault plane is 
generated based on the Fourier integral method (Mai 
and Beroza 2002). A Box-Cox transformation is then 
applied to convert the generated random slip field into 
a slip distribution with realistic positive values. 
Following the Box-Cox transformation, the slip distri
bution is modified to avoid very large slip values 
exceeding the target maximum slip ðDm) and to 

achieve the target mean slip (Da). Finally, the slip dis
tribution is placed randomly within the fault plane. For 
each earthquake source, the described procedure is 
repeated until 1000 stochastic source models are 
generated.

To investigate the effect of different splay fault 
characteristics (dip, location, and asperity) and seismic 
moment split ratio and to clearly show the general 
effect of splay fault rupture along the shoreline, the 
average slip models are generated by calculating the 
average slip of each sub-fault using the 1000 slip 
values of the generated stochastic source models for 
both the plate boundary and splay faults. Several aver
age source models (seismic moment split ratio of 10%) 
of plate boundary and splay faults related to different 
asperities are shown in Figure 7a-h. These average 

Figure 6. Asperity areas of the splay fault models of eastern Makran for the two-splay fault rupture scenario (Splay fault-1: blue 
asperity areas, Splay fault-2: Red asperity areas).
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source models are used to perform tsunami simula
tions, which are presented in section 3.

2.2. Bathymetry and elevation data

To conduct tsunami simulations, bathymetry, and digi
tal elevation model (DEM) data for the Makran are 
required. Bathymetry is obtained from the GEBCO- 
2021 dataset (The General Bathymetric Chart of the 
Oceans), which includes deep to shallow water 
regions, with a spatial resolution of 15 arc-sec 
(GEBCO 2021). The bathymetry data cover the entire 
Makran including the Iranian-Pakistani nearshore 
region as well as the coastline of Oman (Figure 8). 
DEM data are derived from the SRTM (Shuttle Radar 
Topography Mission) dataset with a spatial resolution 

of 1 arc-sec, which includes the onshore topography 
(USGS 2015).

To develop a nesting grid system of ocean depth 
and land elevation datasets, three steps are followed. 
As a first step, bathymetry and DEM datasets (GEBCO- 
2021 and SRTM) are combined without interpolation. 
In the generated dataset, grid points are not distribu
ted uniformly because the two datasets have 
a resolution difference of 15 times (15 arc-sec vs 1 arc- 
sec). In the second step, only the points derived from 
the SRTM dataset are used for on-land areas. The third 
step is to linearly interpolate the composite SRTM 
(onshore) – GEBCO (offshore) dataset. The nesting 
grid system for Makran is developed at four levels 
with a maximum grid size of 810 m and a minimum 
grid size of 30 m. Grid levels with different resolutions 

Figure 7. Average source models based on the 1000 stochastic sources (10% seismic moment split ratio) for each earthquake 
source.
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are linked by a factor of 3. The entire area of the MSZ is 
covered by the 810-m grid. Five 270-m grids, eight 90- 
m grids, and eighteen 30-m grids are defined within 
the entire global 810-m main grid (Figure 8a). The 
results of this study are generated using the 270-m 
grid. However, the nesting grid system of this tsunami 
simulation model is developed comprehensively with 
a minimum grid size of 30 m to be used in future 
studies without the need for significant modification.

2.3. Stochastic tsunami simulation

The modeling of tsunami propagation and coastal 
amplification is based on the numerical code devel
oped by Goto et al. (1997). The governing equations of 
the developed code are Shallow Water Equations 
(SWEs). Because of the fractional depth of the water 
in comparison with the tsunami wavelength (i.e. 10 to 
500 km), it is possible to approximate tsunami wave 
propagation using SWEs. Shallow Water theory 
assumes that water particles have no vertical 

acceleration and have a horizontal velocity, which is 
vertically uniform (Goto et al. 1997; Satake 1995). In 
this code, offshore tsunami propagation can be simu
lated from a source region to coastal areas as well as 
inundation and run-up onshore by solving nonlinear 
SWEs based on a leap-frog staggered grid systems and 
applying the Finite Difference method.

To obtain the tsunami simulation results for the 
eastern Makran shoreline, crustal deformations due to 
fault ruptures are computed on the 810-m grid using 
the Okada and Tanioka-Satake equations (Okada 1985; 
Tanioka and Satake 1996). To calculate the maximum 
tsunami wave height results along the Pakistan coast
lines, the 270-m grid and a time step of 1.0 s are 
employed. The simulation time step is defined by 
satisfying the Courant-Friedrichs-Lewy criterion 
(Courant, Friedrichs, and Lewy 1967). Each simulation 
is conducted for a total simulation time of 3 hours in 
the above-mentioned area, without taking into 
account tidal variation. To account for the bottom 
friction effect on tsunami waves, Manning’s formula is 

Figure 8. (a) Tsunami computational domain with grid resolutions of 810 m, 270 m, 90 m, and 30 m (identified by colored boxes). 
Bathymetry and DEM data for: (b) 810 m region, (c) 270 m region around Gwadar and Pasni, and (d) 270 m region around Ormara.
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used with a uniform roughness coefficient of 0.025 
m� 1=3s in all cases.

In modeling of the splay fault rupture stochastically, 
a wide range of parameters and their uncertainties are 
considered initially. These include dip, location, asper
ity, seismic moment split ratio, and slip distribution of 
the main and splay fault ruptures. For each configura
tion of the main fault rupture and the splay fault 
rupture, heterogeneous slips are considered through 
the stochastic source modeling approach. The pro
posed computational framework can address both 
types of tsunami source uncertainties. In summary, 
a list of epistemic and aleatory uncertainties that are 
considered in this study is presented in Table 3. 
Figure 9 shows a logic tree of the parameter combina
tions that are considered in this study.

The parameter space that is needed to be covered is 
large; given that each tsunami simulation requires sev
eral hours of simulation run time per source and large 
storage space, the calculation cases are necessary to be 
carefully selected. For instance, for the parameter com
bination that is considered in this study (i.e. 484) and 
1,000 stochastic sources per calculation case, it will be 
484,000. For this reason, the whole investigation is split 
into two parts. First, average slip models are generated 
and the results due to their ruptures are investigated. 
For each coastal part of eastern Makran, the ruptures 
on the segments of the plate boundary and splay faults 
that are directly located in front of that part of the 
shoreline are considered (sections 2-1-4 and 2-1-5). 
Tsunami simulations are conducted for each earth
quake scenario (section 2–1-3) by using the average 
source models which are explained in section 2–1-6. 
After that, the tsunami wave height results along the 
eastern MSZ coastline are calculated for each scenario 
(section 2–3). The main reason for adopting average 
slip models in the first stage is that while the number 
of calculations is decreased from 484,000 to 484, the 
effects of rupture of splay faults as well as their 

different characteristics (dip, location, and asperity) 
can be investigated in an average sense and thus 
allow to identify the most critical parameters within 
those varied. The drawback of using the average slip 
models is that a full impact of uncertain tsunami 
sources in terms of earthquake slip heterogeneity is 
not captured thus the predicted maximum wave 
heights are not the maximum ones. In the second 
part, several critical configurations of the main fault 
rupture and splay fault rupture are selected based on 
the findings of the first part (not the whole combina
tions of the main fault rupture and splay fault rupture), 
and for these cases, a complete set of tsunami simula
tions using the stochastic sources (1000 calculations 
per case) is conducted. In the second part, the effect of 
earthquake slip heterogeneity is investigated.

It is worth mentioning that as an improvement to 
the conventional logic tree method that has been used 
in early PTHA studies, in this paper, the logic tree 
paired with the stochastic modeling approach facili
tates the consideration of a large number of hypothe
tical slip distributions. The stochastic tsunami 
simulation method, that is used in this study, can be 
broken down into two main parts. Multiple earthquake 
sources are created in the first part, which is explained 
in section 2–1, and tsunami simulations are conducted 
in the second part (section 2–3). Figure 10 shows the 
flowchart of Part 1 (generating earthquake sources), 
whereas Figure 11 presents a graphical flowchart of 
the entire procedure.

3. Results and discussion

The results of this study are presented in two sections: 
average sources and stochastic sources. In the average 
sources section, whole combinations of different para
meters including plate boundary fault location, splay 
fault characteristics (dip, location, and asperity), and 
different seismic moment split ratios are comprehen
sively studied using average slip models. Key para
meters of the splay faults are identified in the first 
section. Then, in the stochastic sources section, several 
configurations of the plate boundary fault rupture and 
splay fault rupture are investigated by using the sto
chastic sources to consider the earthquake slip hetero
geneity. The tsunami simulation results of this paper 
are generated in the form of maximum wave height of 
tsunami along the coastline as well as maximum wave 
height over the entire sea surface area of eastern MSZ, 
where the wave height is defined with respect to the 
reference mean sea level.

The main focus of this paper is to quantify the 
variability of maximum tsunami height along the 
shoreline of eastern MSZ. The maximum wave heights 
are calculated at 906 locations along the shoreline with 
a horizontal spacing of 1 km and at water depths of 
approximately 10 m. Since the high-quality local 

Table 3. Uncertainties considered in the framework.
Type of 
uncertainty Uncertainty

Incorporating 
method

Epistemic 
uncertainties

Splay rupture scenarios 
(section 2–1-3)

Logic tree

Seismic moment split ratio 
(section 2–1-3)

Splay fault planes (section 2– 
1-2)

Splay fault dip angles (section 
2–1-2)

Segments (sections 2-1-4 and 
2-1-5)

Asperity locations along with 
the dip angles (section 2– 
1-5)

Aleatory 
uncertainties

Width and length of 
earthquake sources 
(section 2–1-6)

Stochastic sources 
and average slip 
models 
(section 2-1-6)Slip distribution (section 2– 

1-6)
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bathymetry data are not available for this region, 10 m 
of water depth is chosen to avoid misleading results 
due to possible errors of the GEBCO dataset in shal
lower water depths (depth < 10 m). Since the effects of 
splay faults are local and only eastern MSZ ruptures are 
considered in this study, the results are mainly pre
sented for the Pakistan shoreline (61.5°E – 66°E).

Three main cities are located on the shoreline of 
Pakistan: Gwadar, Pasni, and Ormara (Figure 1a). The 
maximum wave height results for the single-splay and 
two-splay fault ruptures are generated by focusing on the 
segments that affect these cities the most. These seg
ments are the ones that are located in front of the cities 
(Table 4). Several average source models for these seg
ments are shown in Figure 7. In addition to the maximum 
wave heights, the wave height amplification factors (A) 
are determined for each segment using the following 
equation: 

A ¼
H1

H0
(1) 

where H1 is the wave amplitude due to the combined 
rupture on the plate boundary and splay fault and H0 is 
the wave amplitude due to the plate boundary rupture.

3.1. Average sources

For each segment in a specified scenario of single- 
splay or two-splay fault ruptures and specified seismic 
moment split ratio, tsunami simulations for 16 differ
ent combinations of rupture of the plate boundary and 
splay faults are conducted. These combinations are 
based on different plate boundary fault locations, 
splay fault planes, their respective dip angles, and 
asperities along the dip direction (more information 
is provided in Figure 9). The maximum wave heights 

Figure 9. Logic tree of the parameter combinations of tsunami simulations performed in this study.
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and amplifications for all combinations and their mean 
values for the 10% seismic moment split ratio are 
presented in Figures 12-15. To investigate the effect 
of plate boundary fault location and individual splay 
fault characteristics, only the results for the 10% seis
mic moment split ratio are studied in sections 3-1-1 to 
3-1-3. The effects of different seismic moment split 
ratios (i.e. 5% and 15%) are analyzed in section 3–1-4.

3.1.1. Maximum wave height results
Based on Table 4, the results for the single-splay fault 
scenario are presented for segment 1 (Figure 5a-b), 
segment 3 (Figure 5e-f), and segment 4 (Figure 5g-h). 
Also, the segments that affect the important cities of 
Gwadar, Pasni, and Ormara the most in the two-splay 
fault rupture scenario are segment 2 (Figure 6c-d), 
segment 4 (Figure 6g-h), and segment 6 (Figure 6k-l). 
The maximum wave heights and amplifications for 
single-splay and two-splay fault rupture scenarios are 
presented in Figures 12–13 and Figures 14–15, respec
tively. For each segment, the splay fault rupture is 
triggered by two plate boundary rupture asperities. 
The first one is selected among asperities 1, 2, and 3, 

based on the proximity of the segment to them. 
Asperities 1, 2, and 3 cover the eastern part, central 
part, and western part of eastern MSZ, respectively 
(Figure 4a-c). The second one is the full rupture asper
ity (Figure 4d). The plate boundary rupture asperities 
are indicated by E1, E2, E3, and E4 (full rupture) here
after. For example, since segment 1 is located in the 
eastern part of eastern MSZ, the splay rupture on that 
segment is triggered by E1 (Figure 4a) and E4 
(Figure 4d). In Figures 12 to 15, dashed lines are related 
to the ruptures that are triggered by the full rupture of 
the plate boundary fault (E4).

Based on the presented results for both single-splay 
and two-splay fault scenarios (Figures 12 to 15), sig
nificant wave height amplifications occur for the shore
line areas in front of the segments. The maximum wave 
heights due to the rupture of splay faults reach 8.5 m 
and 7.0 m for single-splay and two-splay fault rupture 
scenarios, respectively. For the single-splay fault sce
nario, the amplification values in the affected areas of 
segments 1 and 3 are around 2.5, while the amplifica
tion for segment 4 is around 4.0. Regarding the two- 
splay fault rupture scenario, amplifications for 

Figure 10. Flowchart of Part 1: Generating earthquake sources.
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segments 2, 4, and 6 are around 2.0, 2.0, and 3.5, 
respectively. The gray lines in Figures 12 to 15 repre
sent the results for 16 splay rupture cases for each 
segment. The variability among the results is due to 
the plate boundary rupture that triggers the splay fault 
rupture, and the individual splay fault characteristics, 
such as location, dip angle (30° or 40°), and asperity 
along dip (full-width or top-half) (see Figure 9 for more 
information). Also, the single-splay fault rupture cases 

show much significant variability compared to the 
two-splay fault rupture cases. The effects of the plate 
boundary and individual fault characteristics are dis
cussed in more detail in sections 3-1-2 and 3-1-3, 
respectively.

3.1.2. Effect of plate boundary fault location
The wave height amplifications for the segments that 
are located in front of Gwadar (segment 4 in single- 
splay rupture and segment 6 in two-splay rupture) are 
significantly higher than those from other segments 
(Figures 12 to 15). This significant difference is caused 
by the location of the plate boundary rupture that 
enables the splay ruptures for each segment. Since 
the initial sea surface displacement, which is the initial 
boundary condition for tsunami simulation, is 

Figure 11. Graphical flowchart of stochastic tsunami simulation method using average sources.

Table 4. The most influential segments of splay fault rupture 
scenarios for three main cities of Pakistan shoreline.

Single-splay fault rupture Two-splay fault rupture

Ormara Segment 1 (Figure 5a-b) Segment 2 (Figure 6c-d)
Pasni Segment 3 (Figure 5e-f) Segment 4 (Figure 6g-h)
Gwadar Segment 4 (Figure 5g-h) Segment 6 (Figure 6k-l)
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generated by the superposition of the sea surface dis
placement due to the splay fault and plate boundary 
ruptures, the maximum wave height results are partly 
due to the plate boundary rupture and partly due to 
the splay fault rupture. Figure 16 shows the maximum 
wave height over the near-shore areas of eastern MSZ 
due to the single-splay fault rupture scenario (combi
nation of the plate boundary and splay fault ruptures) 
(Figure 16b,d,f,h) and the ruptures of the plate bound
ary that triggers them (Figure 16a,c,e,g). Based on 
Figure 16 and Figures 12 to 15, the coastal areas that 
are in front of high slip areas, generally experience 
greater wave heights compared to the remaining 
parts of the shoreline.

The effect of high slips of the plate boundary rup
ture for segments 3 and 4 (Figure 16c, e) are similar 

(both E3), but the Gwadar shoreline is not located in 
front of high slips of the plate boundary rupture 
because Gwadar is located near the westernmost 
boundary of eastern MSZ. As a result, the maximum 
wave heights caused by the plate boundary rupture for 
the Gwadar shoreline are generally lower than the 
results for the Pasni shoreline (red lines in Figure 12c- 
d). On the other hand, the effect of splay fault ruptures 
for segments 3 and 4 are about the same because the 
amounts of slip are similar and both of them are 
directly located in front of Pasni and Gwadar. In other 
words, the maximum wave heights on the Gwadar 
shoreline (segment 4, Figure 16e,f) are more depen
dent on the splay fault ruptures compared to the Pasni 
shoreline (segment 3, Figure 16c,d). As a result, since 
the effect of splay fault ruptures is about the same for 

Figure 12. The maximum wave height results of single-splay fault rupture scenario.
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both segments 3 and 4 and the plate boundary rupture 
effect is significantly reduced for segment 4 compared 
to segment 3, the amplification results for segment 4 
are much greater than the amplification results for 
segment 3 (2.5 vs 4.0) (Figure 13c-d). This reasoning 
also applies to the two-splay fault rupture scenario 
because the plate boundary rupture that enables the 
splay rupture in segment 6 is also E3 (Figure 4c).

The amplification results (Figures 13 and 15) due to 
the ruptures that are triggered by the full rupture of 
the plate boundary fault (E4) are significantly greater 
than the ruptures that are triggered by E1, E2, and E3, 
while the opposite trend is observed in the maximum 
wave heights. The maximum wave heights due to the 
full rupture of the plate boundary fault are slightly 
lower than the maximum wave heights due to the 
ruptures triggered by E1, E2, and E3. Hence, it clearly 

shows that for the affected areas, the splay fault rup
tures are more critical than the plate boundary rup
tures for the maximum wave height because splay 
faults are steeper and are located closer to the 
shoreline.

3.1.3. Effects of individual splay fault 
characteristics
Variability among the tsunami simulation results is 
affected by the plate boundary fault rupture that trig
gers the splay rupture, and the splay fault character
istics. The effect of the plate boundary fault rupture is 
explained in section 3–1-2, while the effects of splay 
fault characteristics are studied in this section.

To analyze the effect of splay fault characteristics, 
the maximum wave heights of the single-splay fault 

Figure 13. The wave height amplification results (parameter A in Equation 1) of single-splay fault rupture scenario.
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rupture scenario for the most affected coastal areas of 
segments 1, 3, and 4 are presented in Figure 17. To 
exclude the effect of the plate boundary fault rupture, 
the maximum wave heights due to the full rupture of 
the plate boundary fault (E4) are not presented in this 
section. Figure 17 shows that among splay fault char
acteristics, the location of the splay faults is the most 
critical factor. Generally, the results of the splay fault-2, 
which is located closer to the trench line (Figure 3), are 
greater than the results due to the splay fault-1. The 
reason for, that is, the vertical seabed deformation due 
to the rupture of main + splay fault-2 is greater than 
main + splay fault-1. Figure 18(a,b) show the spatial 
distribution of the vertical seabed deformation due to 
the rupture of E1 + splay fault-1 and splay fault-2 
(segment 1, dip 40, top-half asperity). The vertical 
seabed deformation results from the superposition of 

deformations due to main and splay faults. The vertical 
deformations due to splay fault-2 (red area in 
Figure 18b) are spatially distributed in an area where 
the vertical deformations due to the main fault are 
relatively close to the maximum. As a result, the effects 
of rupture of both main and splay faults become large 
in this case. On the other hand, the vertical deforma
tions due to splay fault-1 (red area in Figure 18a) are 
located more toward the shoreline. Figure 18c shows 
the cross-section (B–B′) (Figure 18a-b) of the seabed 
deformation due to the aforementioned cases. This 
cross-section (B–B′) also shows the difference between 
the seabed deformation due to the two cases. In other 
words, the critical factor is the coincidence of locations 
of high slip areas on the main fault and splay fault. If 
they occur coincidently, the maximum wave heights 
become significantly greater. The effects of dip angles 

Figure 14. The maximum wave height results of two-splay fault rupture scenario.
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and asperities are approximately similar. Among the 
splay fault ruptures that are located on the same splay 
fault plane, the ruptures that experience top-half aspe
rities mostly generate greater tsunami heights com
pared to full-width asperities (Figure 5).

Finally, among the splay ruptures that are located 
on the same splay fault plane and experience the same 
asperity, tsunami heights from the ruptures due to 
a steeper dip angle (40°) are generally larger than 
those of the ruptures due to a 30° dip angle. As an 
example, all of these three factors are analyzed for 
a specific point at 63.55E° (Figure 17b). At this location, 
all of the wave height results due to splay fault-2 are 
larger than those due to splay fault-1; the average of 
maximum wave heights due to splay fault-2 is 20% 
higher than that due to splay fault-1. For the results 
due to splay fault-1, solid black and red lines 

(Figure 17b) are above the dashed lines which means 
the greater influence of the effect of asperities over the 
effect of dip angle. The average of the heights due to 
top-half asperity rupture is around 7% greater than 
that due to full-width asperity rupture. Also, the aver
age of the results due to a steeper dip angle (40°) is 4% 
greater than that due to a 30° dip angle.

The variability for the single-splay fault rupture 
results is significantly greater than that for the two- 
splay fault rupture cases because, in the latter, the 
ruptures occur on both splay fault-1 and splay fault-2. 
In other words, the effect of location, which has been 
identified as the most critical factor of splay fault char
acteristics, does not make differences between the 
cases of the two-splay fault rupture scenario.

The maximum wave heights show that the effect of 
location significantly decreases for segment 4 

Figure 15. The wave height amplification results (parameter A in Equation 1) of two-splay fault rupture scenario.
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compared to segments 1 and 3. As it is already men
tioned in section 3–1-2, the plate boundary rupture 
effect is significantly reduced for segment 4 compared 
to segments 1 and 3. On the other hand, the vertical 
deformations due to the rupture on splay faults are 
about the same for all segments. Therefore, in segment 
4, the locations of high slip areas for both splay fault-1 
and splay fault-2 do not coincide with the locations of 
high slip areas for the main fault (E3) and the difference 
between the two cases is less significant than the 
segments 1 and 3. In other words, the results due to 
ruptures on splay fault-1 and splay fault-2 for segment 
4 (red-black vs magenta-blue lines in Figure 17c) are 
more similar compared to segment 1 (red-black vs 
magenta-blue lines in Figure 17a).

Although the effect of splay fault planes (splay fault- 
1 vs splay fault-2) generally increases eastward, some 
parts of the shoreline, such as the coastal segment 
63.1E°-63.2E° in Figure 17b, show significantly lower 
variations between different cases of splay fault rup
tures in terms of maximum wave heights and 

amplifications compared to adjacent shoreline areas 
(e.g. coastal segments 63.0E°-63.1E° and 63.2E°-63.3E 
°). In addition to the source characteristics, the wave 
amplitudes are affected by large-scale bathymetry fea
tures along the coast as well. Wave shoaling and focus
ing are caused by these features. Figure 19 shows the 
bathymetry data and maximum wave heights (due to 
the single-splay fault rupture scenario of the splay 
fault-2) over the areas around 63.1E°-63.2E°, which is 
indicated by the dashed rectangle. Figure 19a shows 
a significant increase in the water depths (more than 
30 m) compared to the adjacent areas and Figure 19b 
shows a substantial drop in the maximum surface 
elevation height due to the tsunami. As a result, the 
significant increase in the water depths in that area 
results in lower variations between different cases of 
splay fault ruptures compared to the adjacent areas.

3.1.4. Effect of seismic moment split ratio
The effect of 5%, 10%, and 15% seismic moment split 
ratios on the tsunami simulation results is investigated. 

Figure 16. Maximum wave height over the near-shore areas of eastern MSZ for the single-splay fault rupture scenario (10% 
seismic moment split ratio) due to the: (a) plate boundary fault rupture of E1, (b) combination of plate boundary (E1) and splay 
fault ruptures for segment 1, (c) plate boundary fault rupture of E3, (d) combination of plate boundary (E3) and splay fault ruptures 
for segment 3, (e) plate boundary fault rupture of E3, (f) combination of plate boundary (E3) and splay fault ruptures for segment 
4, (g) plate boundary fault rupture of E4 (full rupture), (h) combination of plate boundary (full rupture – E4) and splay fault ruptures 
for segment 4.
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For brevity, due to the similarity between the results of 
single-splay and two-splay fault scenarios, only the 
single-splay fault results are presented. Figures 20 
and 21 show the mean of the maximum wave heights 
and amplifications due to different seismic moment 
split ratios of the single-splay fault scenario. The solid 
black lines represent the results due to the 10% split 
ratio and dashed black lines represent 5% and 15%. 
Table 5 shows the mean of the wave height amplifica
tions for the most affected areas of segments 1, 3, and 
4 due to different seismic moment split ratios of single- 
splay fault rupture. The results show that a 5% increase 
in the seismic moment split ratio (10% to 15%) results 
in 37% increase in wave height amplifications. Also, 
a 5% reduction in the seismic moment split ratio (10% 
to 5%) results in a 30% decrease in wave height ampli
fications. In other words, the uncertainty related to the 
seismic moment split ratio significantly affects the 
results in a way that even a 5% increase in the ratio, 

significantly increases the tsunami hazard in the 
affected areas.

3.2. Stochastic sources

In this section, the results due to the rupture of 
stochastic sources are investigated. The main objec
tives of this section are to examine whether the 
differences between the results due to the rupture 
of main and splay faults are statistically significant 
and to consider the effect of slip heterogeneity on 
the results. Two critical configurations of single-splay 
fault rupture that generate the maximum (Splay2, 
Dip 40, Top-half rupture) and minimum (Splay 1, 
Dip 30, Full-width rupture) in an average sense (sec
tion 3–1-3) are selected to be compared with the 
main fault rupture. To exclude the effect of different 
seismic moment split ratios, the results are only 
generated for the 10% split ratio. For each 

Figure 17. Maximum wave heights of the single-splay fault rupture scenario for the most affected coastal areas of: (a) segment 1, 
(b) segment 3, and (c) segment 4.
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configuration, the tsunami simulations are per
formed for 1000 stochastic sources. To make the 
result section concise, only the results for segment 
3 are presented.

3.2.1. Comparing results of stochastic sources of 
main and splay faults

Figure 22 shows the maximum wave heights due to the 
rupture of stochastic sources of main and combined 
main+splay faults over the entire shoreline (Figure 22a) 
and the most affected areas of segment 3 (Figure 22b). 
The results for the most affected areas indicate that at 
three percentile levels (5th, 50th, and 95th), the max
imum wave heights due to combined main+splay rup
ture of D40 S2 Top-half is greater than D30 S1 Full- 
width and both of them are greater than the main fault 
rupture, which is consistent with the results of average 
sources (section 3–1-3).

To examine whether the differences between the 
results of the main and combined main+splay faults are 
statistically significant, the two-sample Kolmogorov– 
Smirnov test (KS-2 test) is performed over the most 
affected areas of segment 3 (62.9E°-63.9E°) (Berger and 
Zhou 2014; Massey 1951). These areas include 101 obser
vational points and at each point, 1000 maximum wave 
heights due to rupture of the main fault and two sets of 
1000 maximum wave heights due to rupture of two 
configurations of combined main+splay faults are gener
ated (D40 S2 Top-half and D30 S1 Full-width). The KS-2 
test determines a rejection of the null hypothesis that two 
samples of data are from the same distribution. In other 
words, if the result of the KS-2 test rejects the null hypoth
esis, it means that the difference between the two sam
ples of data is statistically significant. The p values of the 
KS-2 test lie in the range of (0,1) and represent the prob
ability of observing a test statistic as extreme as, or more 

Figure 18. The vertical seabed deformation due to the rupture of: (a) E1 + splay fault-1 (b) E1 + splay fault-2. (c) Cross-section (B-B 
′) of vertical seabed deformations due to the rupture of E1 + splay fault-1 and E1 + splay fault-2.

Figure 19. (a) Bathymetry and (b) maximum surface elevation heights (due to the single-splay fault rupture scenario of segment 3 
and splay fault-2) for the areas around 63.1E°-63.2E° (dashed rectangles).
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extreme than, the observed value under the null hypoth
esis. Therefore, the smaller p values (close to 0) indicate 
a statistically significant difference between the two sam
ples of data (Berger and Zhou 2014; Massey 1951). For 
each of the 101 points, the KS-2 test is performed for the 
two sets with different splay fault ruptures, and the 
respective p values are obtained. The results are shown 
in Figure 22c. Based on the small p values of both tests, 
the results due to the main fault and both combined main 
+splay faults are statistically different.

3.2.2. Effect of slip heterogeneity on tsunami 
hazard
The maximum wave height data for the specific point 
at 63.55E° is analyzed. Figure 23 shows the Box plot 

(Figure 23a) and histograms (Figure 23b-d) of maxi
mum wave heights at 63.55E°. The Box plot is 
a method of illustrating the locality, spread, and skew
ness of numerical data by their quartiles in descriptive 
statistics (DuToit, Steyn, and Stumpf 2012). The locality 
and spread of the maximum wave heights generated 
by main rupture and combined main+splay faults are 
visually different and all of them show a significant 
number of outliers (red points in Figure 23a) that 
represent extremely high values of the maximum 
wave height at 63.55E°. These extreme values are due 
to the effect of slip heterogeneity in the stochastic 
main and splay ruptures. In other words, the location 
of large-slip areas and amount of slip values, which are 
critical factors in determining the maximum wave 
height at a certain location, are significantly varied 

Figure 20. The maximum wave height results of single-splay fault rupture scenario due to different seismic moment split ratios 
(5%, 10%, and 15%).
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among the stochastic sources. As a result, the stochas
tic sources that have large-slip areas in front of 
a certain point produce extremely high maximum 
wave heights. This topic is discussed in more detail in 

the following paragraphs. The histograms of maximum 
wave heights at 63.55E° (Figure 23b-d) show 
a distribution with right tail skewness that indicates 
the presence of higher values with a relatively lower 
number of stochastic sources. Table 6 compares the 
mean and maximum predicted values of tsunami wave 
height by using average sources (section 3–1-3, 
Figure 17b) and stochastic sources (Figure 23a) at 
63.55E°. The predicted values by stochastic sources 
are significantly larger than average sources. This 
clearly shows the necessity of considering the effect 
of heterogeneous slip distributions through stochastic 
sources to predict the maximum wave height at 
a certain location. In other words, since the average 
sources do not account for the uncertainty of slip 

Figure 21. The wave height amplification results (parameter A in Equation 1) of single-splay fault rupture scenario due to different 
seismic moment split ratios (5%, 10%, and 15%).

Table 5. Mean of the wave height amplifications for the most 
affected areas of segments 1, 3, and 4 due to different seismic 
moment split ratios of single-splay fault rupture.

Single-splay fault rupture

5% seismic 
momentsplit 

ratio

10% seismic 
momentsplit 

ratio

15% seismic 
momentsplit 

ratio

Segment 1 1.72 2.44 3.23
Segment 3 1.81 2.57 3.48
Segment 4 2.59 3.96 5.59
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Figure 22. (a) Maximum wave heights of single-splay fault rupture scenario due to rupture of stochastic sources of segment 3. (b) 
Maximum wave heights of the single-splay fault rupture scenario due to rupture of stochastic sources for the most affected coastal 
areas segment 3. (c) P values of KS-2 test for the maximum wave heights due to rupture on the main plate boundary and single- 
splay fault rupture scenario of segment 3.

Figure 23. (a) Box plot of the maximum wave heights at 63.55E° due to the single-splay fault rupture of stochastic sources of 
segment 3. Normalized PDF of maximum wave heights at 63.55E° due to the single-splay fault rupture of stochastic sources of 
segment 3: (b) Main plate boundary, (c) Combined main+Splay2 Dip 40 Top-half, and (d) Combined main+Splay1 Dip 30 Full- 
width.
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distribution heterogeneity, their predicted wave 
heights are not the maximum, and further investiga
tions using stochastic sources are necessary.

Figure 24 shows the scatter plot of the maximum 
wave height at 63.55E° due to rupture of stochastic 
sources of the main and corresponding combined 
main+splay faults (D40 S2 Top-half and D30 S1 Full- 
width). The results above the dashed yellow lines 
indicate that the combined main+splay faults sto
chastic sources produce greater maximum wave 
heights compared to their corresponding main 
fault stochastic sources (wave height amplification 
> 1). The red circles that represent the results 
related to D40 S2 Top-half indicate greater maxi
mum wave heights compared to the results related 
to D30 S1 Full-width, which is consistent with the 
conclusions that have been drawn in section 3–1-3 
using average sources.

Figure 25a shows the scatter plot of wave 
height amplifications due to the stochastic sources 
rupture of combined main+splay faults (D40 S2 
Top-half and D30 S1 Full-width) and maximum 
wave heights due to their corresponding main 

fault stochastic sources at 63.55E°. The results 
above the dashed green line represent the com
bined main+splay stochastic sources that generate 
wave height amplification greater than 1. The 
probability of amplification >1 due to each com
bined main+splay faults configuration equals the 
ratio of the number of stochastic sources (red or 
green circles) that generate amplifications > 1 to 
the total number of stochastic sources (1000). The 
aforementioned probability for the D40 S2 Top-half 
configuration is greater than the D30 S1 Full-width 
configuration (0.922 vs 0.802) which is consistent 
with the results of the average sources (section 
3–1-3).

The stars and diamonds in Figure 25a indicate 
the 5th, 50th, and 95th percentiles of wave height 
amplifications due to both configurations of the 
combined main+splay faults. Figure 25b-d show 
the combined main+splay stochastic sources (D40 
S2 Top-half) that are responsible for the 5th, 50th, 
and 95th percentiles of wave height amplifications. 
The significant difference between the 5th, and 95th 

percentiles values (0.93 vs. 3.46) is due to the slip 
heterogeneity of the main fault plane and more 
specifically, the location of the large-slip areas on 
the fault plane. Generally, the combined main+splay 
stochastic sources that generate greater amplifica
tions (vertical axis of Figure 25a) relate to the lower 
wave heights (horizontal axis of Figure 25a) due to 
their corresponding main fault stochastic source 
and vice versa. In other words, the main fault sto
chastic sources that have large-slip areas in front of 
a specific point (in this case 63.55E°) are associated 
with lower amplifications which means that the 
splay fault rupture does not always result in greater 
hazards (Figure 25d). On the other hand, the sto
chastic sources that do not have large-slip areas in 
front of 63.55E° lead to higher amplifications, which 
means that the splay fault ruptures increase the 
hazard significantly (Figure 25b).

4. Conclusions

In this study, the effects of the rupture of splay 
faults on the tsunami hazard of eastern MSZ were 
studied by developing the novel and comprehen
sive framework that uses the logic tree and stochas
tic earthquake rupture models and considers 
uncertainties related to rupture location, rupture 
geometry, seismic moment split ratio, earthquake 
slip asperity location within a fault plane, and earth
quake slip heterogeneity. The results of this study 
were generated in two parts by using average 
source models and stochastic source models. In 
the average source models part, the effects of 

Table 6. Mean and maximum predicted values of tsunami 
wave height by average sources and stochastic sources at 
63.55E°.

Average sources Stochastic sources

Mean predicted value 4.0 m 4.8 m
Maximum predicted value 5.5 m 17 m

Figure 24. Scatter plot of the maximum wave height at 
63.55E° due to stochastic sources rupture of the main plate 
boundary and the corresponding single-splay fault ruptures 
of segment 3.
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rupture of splay faults as well as their different 
characteristics (dip, location, asperity, and seismic 
moment split ratio) were investigated and the 
most critical parameters within those varied were 
identified. In the second part, several critical config
urations of the main fault rupture and splay fault 
rupture were selected, and a complete set of tsu
nami simulations using the stochastic sources was 
conducted by considering the effect of earthquake 
slip heterogeneity. It was assumed that the rupture 
on the plate boundary fault plane triggers the rup
tures on the splay faults and they occur concur
rently. The moment magnitude of 8.6 was 
considered as a scenario magnitude and the geo
metry of splay faults was obtained using the most 
recent studies of the tectonic structures of the MSZ 
including offshore multi-channel seismic reflection 
data.

Our results due to the rupture of average sources 
showed a significant impact of splay faults on the max
imum tsunami heights; for instance, we observed 4.5 m 
difference in tsunami heights, and an amplification factor 
of 4 for areas around Pasni for the single-splay fault 
rupture. Generally, the effects of rupture of the single- 
splay fault scenario were greater than the two-splay fault 
scenario. Also, the location of the splay faults was identi
fied as the most critical factor among the splay fault 
characteristics. Other impactful factors were the dip 
angles, asperities, and fault width. As an example, in the 
same scenario and same seismic moment split ratio, the 
splay faults that are located over the high slip areas of the 
main fault, experience top-half asperities and have stee
per dip angles are the worst scenarios that generate the 
largest tsunami heights. Furthermore, uncertainty in the 
seismic moment split ratio significantly affects the tsu
nami hazard in a way that 5% increase in the seismic 

Figure 25. (a) Scatter plot of wave height amplifications due to the stochastic sources rupture of single-splay fault scenario of 
segment 3 and maximum wave heights due to main plate boundary rupture at 63.55E°. Main plate boundary and splay fault 
stochastic sources that are responsible for the: (b) 95th percentile of wave height amplification, (c) 50th percentile of wave height 
amplification, and (d) 5th percentile of wave height amplification.
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moment split ratio (10% to 15%) results in 37% increase in 
wave height amplifications at a specified point (63.55E°). 
The results due to rupture of stochastic sources showed 
that the differences between the results of the main and 
combined (i.e. main and splay) faults are statistically sig
nificant. Also, due to the effect of earthquake slip hetero
geneity, the predicted values by stochastic sources are 
significantly larger than average sources. These results 
clearly show the necessity of considering the effect of 
heterogeneous slip distributions through stochastic 
sources to accurately predict the maximum wave height. 
It should be noted that for similar studies focusing on 
other regions, the locations of splay faults and their dip 
angles should be evaluated carefully. Our results showed 
that splay faults can amplify tsunami heights in the 
Makran region by 3–9 times as compared to ruptures 
exclusively on the plate boundary.

As for future studies, instead of considering several 
critical configurations for stochastic sources, more 
extensive sensitivity analyses can be conducted to 
analyze the effect of rupture of stochastic sources 
and to evaluate the maximum predicted values for 
the entire shoreline by considering the heterogeneous 
slip distributions. The effect of the seismic moment 
split ratio can be investigated further, as it does have 
a significant impact on the tsunami hazard. Moreover, 
the uncertainties related to the moment magnitude of 
the main fault and different scaling relationships can 
be incorporated into the logic tree as epistemic uncer
tainties. The aforementioned uncertainties can also be 
studied by utilizing a comprehensive analysis of the 
geological and geophysical characteristics of the 
Makran region. Finally, coastal damage assessment 
due to the inundation of important ports using more 
accurate local bathymetry datasets of nearshore shal
low water areas is an important topic for future 
research. We recommend that the study area to be 
extended to cover west Makran and eventually the 
entire Makran region in future studies.
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