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S U M M A R Y 
Plate-coupling estimates and previous seismicity indicate that portions of the Makran megath- 
r ust of souther n Pakistan and Iran are partially coupled and have the potential to produce 
future magnitude 7 + earthquakes. Ho wever , the GPS observations needed to constrain cou- 
pling models are sparse and lead to an incomplete understanding of regional earthquake and 
tsunami hazard. In this study, we assess GPS velocities for plate coupling of the Makran sub- 
duction zone with specific attention to model resolution and the accretionary prism rheology. 
We use finite element model-derived Green’s functions to invert for the interseismic slip deficit 
under both elastic and viscoelastic Earth assumptions. We use the model resolution matrix 
to characterize plate-coupling scenarios that are consistent with the limited spatial resolution 
af forded b y GPS observ ations. We then forw ard model the corresponding tsunami responses 
at major coastal cities within the western Indian Ocean basin. Our plate-coupling results show 
potential segmentation of the megathrust with varying coupling from west to east, but do 
not rule out a scenario where the entire length of the megathrust could rupture in a single 
earthquake. The full subduction zone rupture scenarios suggest that the Makran may be able 
to produce earthquakes up to M w 9.2. The corresponding tsunami model from the largest 
earthquake event ( M w 9.2) estimates maximum wave heights reaching 2–5 m at major port 
cities in the nor ther n Arabian Sea region. Cities on the west coast of India are less affected 
(1–2 m). Coastlines bounding eastern Africa, and the Strait of Hormuz, are the least affected 
( < 1 m). 
Key words: Satellite geodesy; Seismic cycle; Indian Ocean; Inverse theory; Earthquake 
hazards; Tsunamis. 

1  I N T RO D U C T I O N  
The Makran subduction zone (MSZ) of Iran and Pakistan currently 
accommodates northward subduction of the Arabian oceanic plate 
beneath continental Eurasia at a rate of ∼3.5 cm yr −1 over the last 
3 Ma (Kopp et al. 2000 ; DeMets et al. 2010 ; Smith et al. 2012 ; 
Fig. 1 ). The MSZ stretches approximately 1000 km from west to 
east and is bounded by strike-slip fault systems: the right-lateral 
Minab–Zendan fault to the west and the left-lateral Ornach-Nal and 
Chaman faults to the east. These two strike-slip systems separate the 
Makran region from active continent–continent collisions forming 
the Himalaya and Zagros Mountain ranges. The distance between 
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the active trench and volcanic arc in the MSZ varies from 400 to 
600 km, owing to a shallow subduction angle ( < 5 ◦; Quittmeyer 
& Jacob 1979 ; Byrne et al. 1992 ; Regard et al. 2010 ; Bar nhar t 
et al. 2014 ; Hayes et al. 2018 ). The active convergence between 
the Arabian and Eurasian plates also produces the world’s largest 
accretionary prism in the MSZ, the Makran accretionary prism, 
which is divided into a 100–150 km wide submarine portion and 
a 150–200 km subaerial portion from south to north, respecti vel y 
(Burg 2018 ). The notable width of the emergent portion of the 
accretionary prism likely results from shallow angle subduction, 
exceptionally high incoming sediment thickness (up to 7.5 km) at 
the trench (Smith et al. 2012 ) and e xtensiv e sediment underplating, 
e videnced b y reflection seismic data (Fowler et al. 1985 ; Platt et al. 
1985 ; Kopp et al. 2000 ). 

Historically, the MSZ shows relatively low seismicity rates in 
comparison to other subduction zones in the world (Heidarzadeh 
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Figure 1. (a) Topographic and bathymetric map of the western Indian Ocean region. Orange stars indicate major coastal cities: MC: Muscat; CB: Chah Bahar; 
GW: Gwadar; PN: Pasni; OM: Ormara; KA: Karachi; ST: Surat; MB: Mumbai; ML: Mangalore; KZ: Kozhikode; KO: Kochi; KC: K uw ait City; DM: Dammam; 
DH: Doha; AD: Abu Dhabi; DB: Dubai; MO; Mogadishu; DS: Dar es Salaam; MP: Maputo; DN: Durban. (b) Regional seismicity ( M w 4.5 + , 1905–2022) and 
simplified structural map of the Makran subduction zone, modified from Burg ( 2018 ). Three rectangles along the coastal Makran indicate maximum estimated 
rupture areas for historic earthquake events (Byrne et al. 1992 ). Plate motion of Arabia relative to Eurasia (AR:EU) is shown by the solid arrow (DeMets et al. 
2010 ). Structures and images are overlain on SRTM15 + relief model (Tozer et al. 2019 ). 
et al. 2008 ; Mokhtari et al. 2019 ). Ho wever , several significant 
earthquakes have been reported in the MSZ, some of which were 
tsunamigenic. According to Byrne et al. ( 1992 ), four large earth- 
quakes ( M w > 7.0) may have ruptured the plate boundary along 
the eastern part of the MSZ (Fig. 1 ), including the 1765 event that 
w as felt strongl y at Karachi in easternmost Makran, two coastal 
events in 1851 and 1864 affecting the town of Gwadar and the 
1945 M w 8.0–8.3 event near Pasni that was followed by a large 
aftershock in 1947 to the south. The 1945 event is the largest in- 
strumentally recorded earthquake in the subduction zone and is 
known to have caused a large tsunami, which is possibly the second 
deadliest tsunami event in the Indian Ocean basin killing over 4000 
people (Heck 1947 ). The western section of the Makran, in con- 
trast, has less documented seismic activity than the eastern MSZ 
and holds no clearly documented record of great subduction zone 
earthquakes. Onl y two e vents are reported to have occurred in the 
western Makran, in 1008 and 1483, but the latter e vent likel y oc- 
curred within the Strait of Hormuz and thus may not be associated 
with megathrust rupture (Musson 2009 ; Rajendran et al. 2013 ). Ad- 
ditionally, some non-megathr ust ear thquakes of the Makran were 
tsunamigenic, such as the 2013 Baluchistan strik e-slip earthquak e 
( M w 7.7), which triggered a landslide offshore Makran and led to 

a tsunami event (Baptista et al. 2020 ; Heidarzadeh & Satake 2015 ; 
Hoffmann et al. 2015 ). 

Sev eral me gacities are located along the rim of the western In- 
dian Ocean (Fig. 1 ). These cities include Mumbai (18 + million), 
Karachi (16 + million), Surat (6 + million), Dar es Salaam (6 + mil- 
lion), Mogadishu (2 + million) and major cities in the Persian Gulf 
(such as Dubai, K uw ait City and Doha, each with a population ex- 
ceeding 2 million). Therefore, tsunamigenic earthquakes produced 
by the MSZ will potentially lead to high economic losses and hu- 
man casualties in the western Indian Ocean, making assessment 
of the earthquake and tsunami potential of the Makran a critical 
component of regional risk anal ysis. Se veral plate-coupling models 
(i.e. the degree of interseismic strain accumulation) of the Makran 
have been proposed b y pre vious studies. For example, Frohling & 
Szeliga ( 2016 ) found that the Makran megathrust is segmented, with 
a plate coupling of 58 per cent in eastern and western Makran, and a 
lower coupling ratio (31 per cent) along the central-western portion 
of the Makran. Lin et al. ( 2015 ) conducted Bayesian inversion of 
interferometric synthetic aperture radar (InSAR) observations from 
2003 to 2010 for plate-coupling model in the eastern MSZ. They 
showed that high interseismic coupling occurs in the ruptured area 
of the 1945 M w 8.0–8.3 earthquake (Fig. 1 ), while lower coupling 
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290 G. Cheng et al . 
lies on both sides of the epicentral area. The inferred plate-coupling 
model may imply future occurrence of magnitude 7 + earthquakes, 
or a multisegment rupture event that would likely exceed magnitude 
8 (Lin et al. 2015 ). 

These previous plate-coupling studies in the MSZ invoked an 
elastic half-space mechanical model (Okada 1992 ), where the Earth 
behaves elastically during the interseismic period. Ho wever , in a 
viscoelastic Earth, the stresses induced by megathrust coupling are 
relaxed through viscous flow in the mantle during the decades to 
centuries long interseismic period (Wang et al. 2012 ). Several stud- 
ies hav e rev ealed that the elastic Earth assumption tends to overes- 
timate plate coupling in subduction zone setting as it ignores the 
ef fects introduced b y viscous flow within the mantle wedge. Li et al. 
( 2015 , 2018 ) conducted finite element modelling (FEM) to find that 
a purely elastic subduction zone model tends to overestimate the 
true coupling depth in North Chile and Cascadia. Li et al. ( 2020 ) 
showed that the assumption of a fully relaxed mantle may lead to 
underestimations of the coupling depth and/or plate coupling when 
ignoring the interseismic mantle relaxation. Fur ther more, besides 
mantle viscoelasticity, simulations of post-seismic deformation fol- 
lowing the 2013 Baluchistan earthquake show that the lower Makran 
accretionary wedge (12 + km depth) may undergo low-temperature 
viscoelastic deformation as well (Peterson et al. 2018 ; Cheng et al. 
2022 ). Here, we conduct inversions of the GPS velocity data from 
Frohling & Szeliga ( 2016 ) for megathrust plate coupling of the 
MSZ using an FEM-derived Green’s function under both elastic 
and viscoelastic Earth assumptions. We utilize the model resolu- 
tion matrix derived from the Green’s function to explore possible 
plate-coupling scenarios that the GPS observations could resolve. 
We then generate sev eral me gathr ust ear thquake scenarios based 
on these plate-coupling models and use them to forward model 
the corresponding tsunami responses at major coastal cities within 
the Persian Gulf, Arabian Sea and western Indian Ocean basin. 
The main goal of this study is to explore the population of sub- 
duction zone coupling scenarios, and by extension earthquake and 
tsunami scenarios, which are consistent with but incompletely re- 
solved by the sparse geodetic observ ations currentl y av ailable in the 
Makran. 
2  I N T E R S E I S M I C  P L AT E - C O U P L I N G  
I N V E R S I O N  
2.1. Interseismic plate coupling: inversion and model 
resolution 
Our analysis of coupling in the Makran focuses on modelling the res- 
olution af forded b y sparse campaign GPS measurements made prior 
to the 2013 M w 7.7 Baluchistan earthquake that occurred within the 
sub-aerial accretionary prism. We first use the fixed Eurasia GPS 
velocities from Frohling & Szeliga ( 2016 ) to invert for interseis- 
mic back-slip rate on the Makran megathrust. The back-slip model 
(Savage 1983 ) assumes that interseismic velocities or displacements 
reflect deformation due to coupling between two plates, such that 
the back-slip rate can be related to the magnitude of a slip deficit 
accrued on the plate interface that can later be released in an earth- 
quake. Therefore, the slip deficit caused by fault coupling can be 
modelled as fault slip in the opposite sense to the coseismic slip 
(back-slip). The plate coupling is then defined as the ratio between 
back-slip rate during the modelled period, and the plate conver- 
gence rate at the trench. 11 out of 19 GPS stations from Frohling 
& Szeliga ( 2016 ) are used for the back-slip rate inversion (Fig. 1 ). 

The remaining eight stations lie either to the east or west of the 
MSZ where deformation is likely influenced by the strike-slip mo- 
tion of the transverse fault systems. The GPS station coordinates 
and velocities were estimated using the GAMIT/GLOBK analysis 
package (Herring et al. 2010a , b ). Station coordinates and velocities 
were tied to the ITRF2008 global reference frame (Altamimi et al. 
2011 ). The GPS velocities were rotated with respect to a fixed Eura- 
sia reference frame using the pole-of-rotation parameters published 
in Altamimi et al. ( 2012 ). 

We conduct the back-slip rate inversion based on a linear vis- 
coelastic Makran accretionary prism model. The inverse problem 
describes the linear relationship between the back-slip rates on dif- 
ferent fault patches and the surface displacement rates (i.e. GPS 
velocities) in the late stage of the interseismic period, when the 
post-seismic deformation from the previous large earthquake has 
diminished, and the surface deformation mainly results from inter- 
seismic megathrust loading. Thus, the inverse problem to solve for 
back-slip rate can be expressed as the linear system: 
Gm = d , (1) 
where G is the matrix of Green’s functions relating unit back-slip 
rate on a fault patch at depth to velocities at a free surface, m is the 
unsolved back-slip rate vector and d is the data vector that contains 
the noisy GPS velocities. Following Bar nhar t & Lohman ( 2010 ), 
we apply least-squares inversion to solve for m , regularized by a 
minimum moment operator L , which minimizes slip on any given 
fault patch irrespective of the behaviour of adjacent patches. The 
regularized least-squares inversion minimizes the norm of 
min ∣∣∣∣[ G 

λL 
]

m − [
d 
0 
]∣∣∣∣ , (2) 

where L is an identity matrix, and λ is a weighting parameter that 
adjusts the degree to which the inversion is regularized. This regu- 
larization scheme is different from a spatial regularization scheme 
such as a Laplacian smoothing matrix. Therefore, the inverted slip 
distribution is not necessarily expected to be ‘smooth’ (i.e. constant 
spatial gradient between slip asperities). We compared the inversion 
results using minimum moment and Laplacian regularizations and 
found that due to the sparse distribution of the GPS stations, the 
Laplacian regularization introduces unrealistically high back-slip 
rate asperities downdip of the regional seismogenic zone (Support- 
ing Information Fig. S1 ). We explore the inversion results based on 
different λ values (Supporting Information Fig. S2 ) and choose the 
best-fit λ v alue b y identifying the corner of the L-curve (Harris & 
Segall 1987 ). 

We construct the G matrix using FEM-derived Green’s func- 
tions, following Masterlark ( 2003 ). We use the finite element mesh- 
ing software Coreform-Cubit ( https://coreform.com/ ) to construct 
a layered viscoelastic 3-D subduction model, which is constrained 
by geophysical slab geometry (Craig & Copley 2014 ; Hayes et al. 
2018 ), and material domains estimated from forward modelling of 
post-seismic deformation of the 2013 Baluchistan earthquake (Pe- 
terson et al. 2018 ; Cheng et al. 2022 ). The mesh geometry consists 
of four domains (Fig. 2 ): (1) an elastic upper wedge that extends to 
12-km depth; (2) a Maxwell viscoelastic lower wedge that extends 
to a maximum depth of 40 km, which is the Moho depth reported 
in this region (Maggi et al. 2000 ; Shad Manaman et al. 2011 ; Ab- 
dollahi et al. 2018 ); (3) a 30 km thick elastic Arabian oceanic slab 
with megathr ust geometr y from the Slab2 model (Craig & Copley 
2014 ; Hayes et al. 2018 ); and (4) a Maxwell viscoelastic oceanic and 
continental mantle at depths. To increase computational efficiency, 
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Figure 2. Makran subduction zone geometry and finite element mesh. Green domain: upper wedge. Blue domain: oceanic slab. Pink domain: lower wedge. 
Orange domain: oceanic and continental mantle. 
instead of using the full megathrust mesh (10 350 patches in to- 
tal), we discretize the plate interface into nonoverlapping patches 
with ∼30 km spacing (470 patches in total, Suppor ting Infor mation 
Fig. S3 ). Each patch consists of sub-patches with a size on the scale 
of ∼15 km. We use open-source FEM software PyLith to assign 
material properties and derive the Green’s functions (Aagaard et al. 
2013 ). The materials properties for each domain are summarized in 
Suppor ting Infor mation Table S1. We set free displacement bound- 
ary condition at the ground surface. We fixed the displacements 
to be zero in the horizontal directions along the nor ther n/souther n 
boundaries and set the easter n/wester n boundaries to be free. We 
then prescribe unit back-slip rate (1 m yr −1 ) along strike and dip 
directions on one fault patch while keeping the slip rate zero on the 
remaining patches, and drive the simulation for 200 yr. The 200-yr 
simulation period is considerably longer than the Maxwell relax- 
ation time of the viscoelastic materials (8 yr for the lower wedge, 50 
yr for the mantle), which is an indication that the viscoelastic relax- 
ation has stabilized and the simulation has reached the late stage of 
the interseismic period (Hu et al. 2004 ; Li et al. 2015 ). Additionally, 
we ignore any bias in the GPS velocity data that may be introduced 
by the prolonged post-seismic deformation of the 1945 Makran 
earthquake. For large (M > 8.5) subduction zone earthquakes, Li 
& Chen ( 2023 ) estimated the post-seismic phase to be in the range 
of 0.2–0.4 of their recurrence intervals. In the Makran region, the 
average recurrence time for magnitude 8 + earthquake is about 
100–250 yr (Page et al. 1979 ). Therefore, although the post-seismic 
relaxation of the 1945 event may contribute to the GPS observations, 
we posit that this effect is small and the observ ed GPS v elocities 

result solely from interseismic strain accumulation on the megath- 
rust. We repeat the simulation process for every fault patch and 
calculate the surface velocities at the last time step, which are then 
flattened into column vectors and appended to the G matrix. For the 
elastic model, we calculate the G matrix following the same proce- 
dure as the viscoelastic model, but setting the material properties 
of the low er w edge and mantle domains to be elastic (Supporting 
Information Table S1 ). 

After obtaining G , we solve for the back-slip rate vector m (eq. 3 ). 
We fix the rake to be 110 ◦, a slip direction that both best explains 
the GPS observations based on a grid search procedure (Supporting 
Information Fig. S4 ) and the relative plate motion resolved onto 
the subduction zone interface. We force the solution to be positive 
(slip along rake) and set the maximum allowable back-slip rate on 
each patch to be the plate convergence rate at the trench (fixed 
Eurasia reference frame, Altamimi et al. 2012 ). The regularized 
least squares solution can be written as 
m est = ( [

G 
λL 

]T 
∗

[
G 
λL 

]) −1 
G T d , (3) 

where m est is the estimated back-slip rate model. For each fault 
patch, we divide the interseismic back-slip rate model by the plate 
convergence rate at the trench to calculate the plate coupling. We 
translate the back-slip rate of each fault patch into the locking ratio 
b y di viding the back-slip rate by the plate motion rate expected at 
the depth of each fault patch (Altamimi et al. 2012 ). We propagate 
the noise covariance structure of the data through the inversion and 
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Figure 3. Inverted interseismic plate-coupling models and the diagonal components of the model resolution matrices of the Makran megathrust resulting from 
(a and b) viscoelastic model and (c and d) elastic model. (e) L-curve between the fit to data (data norm) and the model size (model norm), and the selected 
corner ( λ) for each coupling model. White arrows: GPS velocity data from Frohling & Szeliga ( 2016 ); pink arrows: forward-predicted velocities from the 
inversion; black solid lines: contours of the plate interface marked by depth in kilometer; black dash lines: boundaries between different fault segments; dark 
green lines: coastlines. 
eq. ( 3 ) becomes: 
m est = ( [

Ch ∗ G 
λL 

]T 
∗

[
Ch ∗ G 

λL 
]) −1 

[ Ch ∗ G ] T [ Ch ∗ d ] , (4) 
where Ch is the inverse Cholesky factorization of the data covari- 
ance structure (Harris & Segall 1987 ). 
2.2. Interseismic plate-coupling inversion: results 
Fig. 3 shows the plate-coupling inversion results, as well as the 
model resolution matrices for elastic and viscoelastic models. The 
model resolution matrix ( R m ) is defined as 
R m = ( [

G 
λL 

]T 
∗

[
G 
λL 

]) −1 
G T G (5) 

and reflects the degree of spatial averaging the inverted model has 
over the underlying true model (Menke 2018 ). To a first order, de- 
spite differences in the deeper part of the fault (below 20-km depth), 
both elastic and viscoelastic models exhibit similar magnitude and 
spatial distribution of plate coupling in the shallow portion (Figs 3 a 
and c), which likely results from the lack of GPS data in the region to 
capture the viscoelastic effects. According to Li et al. ( 2015 , 2018 ), 
viscoelastic subduction zone behaviours affect interseismic defor- 
mation over longer spatial wavelength than simple elastic half-space 
models and thus dominate in the GPS signals further inland from 
the trench. Therefore, the lack of GPS stations in inland Makran 
may cause the inversion results from the viscoelastic model to be 
indistinguishable from the elastic model. 

For both models, five regions with relati vel y high magnitudes 
of coupling are observed along strike at about 10-km depth. These 

coupled patches correspond to high values in the model resolution 
matrix (Figs 3 b and d), indicating that the plate coupling is high 
where coupling is well-resolved by the data. We observe along- 
strike variation in the coupling ratio over these five regions. The 
westernmost and two easternmost regions exhibit higher coupling 
with respect to the two central regions, indicating likely segmen- 
tation of the Makran megathrust with varying coupling from west 
to east (Fig. 3 ). This pattern is consistent with previous coupling 
estimates of the MSZ that suggested that the western and eastern 
se gments hav e higher coupling ( ∼58 per cent), while the central se g- 
ment is weakly coupled ( ∼31 per cent, Frohling & Szeliga 2016 ). 
Distributed high coupling extends below 20-km depth in our model. 
Ho wever , we find these estimates to likely be an artifact of the dis- 
tribution of surface observations given that the model resolution 
matrix exhibits low values over the corresponding fault areas. More- 
over, historic re vie ws of Makran seismicity suggest that, with the 
exception of intermediate depth normal faulting earthquakes, nearly 
all recorded earthquakes occur at depths shallower than 20 km (Jack- 
son & McKenzie 1984 ; Byrne et al. 1992 ), further suggesting that 
this downdip ‘smear’ of high coupling is likely unreal, but rather an 
artifact resulting from the lack of GPS observations in the vicinity 
of the fault areas. 
3  C O U P L I N G - B A S E D  E A RT H Q UA K E  
S C E NA R I O S  
3.1. Model resolution 
After undertaking inversions of the GPS observations for back slip 
rates, we explore the potential characteristics of back slip that can- 
not be resolved by the sparsely located geodetic measurements. An 
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inverse model ( m est ) of back-slip rate (or fault slip, more gener- 
all y) onl y re veals what aspects of the true, underl ying back-slip rate 
distribution ( m true ) can be resolved given the location and quality 
of data, the imposed fault model (location, discretization), the im- 
posed Earth structure, inv ersion re gularization, and other sources 
of epistemic uncertainty. The resolution capabilities of an inverse 
problem need to be assessed in order to characterize the full range of 
potential underlying, true scenarios. Model resolution matrix ( R m ) 
gives what a true model looks like with the available data collection 
strategy. 

We use the model resolution matrix to interrogate this relation- 
ship between our inverted back-slip rate distributions ( m est ) and the 
unknown true back-slip rate distribution ( m true ) in order to define a 
suite of possible true back-slip rate distributions. The relationship 
between the true underlying back-slip rate model ( m true ) and the 
inverted, estimated back-slip rate model ( m est ) is 
m est = R m m true . (6) 

Using eq. ( 6 ) and our inverted back-slip rate model ( m est ), we 
can then multiply any conjured, theoretical coupling scenario by 
the model resolution matrix, and then compare the output to our 
inverted coupling models and determine if the theoretical coupling 
scenario is possible given the model resolution. Fig. 4 illustrate the 
relationship between R m , m est and m true . 

To construct different scenarios of m true , we first divide the 
megathrust into three segments as pre viousl y described b y v ary- 
ing coupling ratio (Fig. 3 ). We create in total of six back-slip rate 
scenarios on either one or multiple segments: east-only (E), central- 
only (C), west-only (W), east-central (EC), west-central (WC), and 
whole-fault (WCE). For each scenario, we assume that the inter- 
seismic back-slip rate extends to the trench and assign a series 
of combinations of downdip width and back-slip rate ( m true ). Since 
there is little information on the downdip limit of plate coupling, and 
the model resolution is low at depth (Fig. 3 ), we keep the downdip 
widths as narrow as possible. Therefore, the downdip widths esti- 
mated in this study reflect the shallowest plate-coupling limits that 
can be constrained by the GPS data. We then multiply m true by 
the R m from our viscoelastic inversion to calculate how the back- 
slip rate distribution would be resolved after the inversion ( m rsv ). 
In a trial-and-error manner, we calculate the root-mean-square er- 
ror (RMSE) between m rsv and the inversion result m est to access 
whether the prescribed back-slip rate scenarios, under given model 
resolution, can produce the same back-slip rate pattern as the GPS 
inversion. Additionally, we conduct visual inspections to assess the 
fit between m rsv and m est within the ruptured segment(s) to ensure 
that actual back-slip rates are being fit, rather than noises (i.e. the 
downdip artifact shown in Fig. 3 ). 

After obtaining different scenarios of m true , we divide them by 
the plate convergence rate at the trench to calculate the correspond- 
ing plate-coupling models. For each scenario, we use an earthquake 
scaling relationship to estimate an earthquake moment magnitude. 
This moment magnitude corresponds to a possible future earth- 
quake where the entire coupled segment(s) is ruptured. We use the 
scaling relationship between fault area and magnitude described in 
Allen & Hayes ( 2017 ), which is developed based on earthquakes in 
subduction zone and offshore environments: 
log ( FA ) = a + b × M w , (7) 
where M w is the moment magnitude, FA is fault area in square 
kilometres, and a and b are regression coefficients that are set to 
be −3.63 and 0.96, respecti vel y. After solving for the seismic mo- 
ment magnitude, we calculate the coseismic uniform slip magnitude 

following 
m o = D Aµ, (8) 
where m o is the seismic moment release, D is the uniform fault slip, 
A is the summation of areas of all fault patches above the downdip 
limit and µ is shear modulus fixed at 40 GPa. 

We further investigate scenarios where interseismic back-slip rate 
does not extend to the trench, but starts at certain depth downdip. 
To do this, for each scenario, we test combinations of back-slip rate 
and upper coupling depth limit while keeping the lower limit the 
same as before, and look for the best-fitting back-slip rate case, 
whose corresponding plate-coupling model and future earthquake 
slip magnitude are calculated following the same procedure as be- 
fore. 
3.2. Coupling-based earthquake scenarios: results 
Figs 5 and 6 show the best-fitting plate-coupling models for all 
six back-slip rate scenarios under trench slip and blind slip con- 
ditions, respecti vel y. Suppor ting Infor mation Table S2 summarizes 
the source parameters for each back-slip rate scenario and the cor- 
responding future earthquake. We observ e sev eral characteristics 
for different plate-coupling cases. In general, back-slip rate scenar- 
ios where locking extends to the trench produce trench-rupturing 
earthquakes of higher magnitudes than their blind-rupturing coun- 
terparts. For example, if the interseismic strain accumulation is 
released through an earthquake on the east-central segments, the 
magnitude of the earthquake is 9.0 and 8.7, under trench rupture 
and blind rupture conditions, respecti vel y. We observe that single- 
segment coupling models, after being multiplied by the model res- 
olution matrix, yield better fits to the GPS-inverted coupling model 
than the multisegment models within the corresponding segments. 
For instance, the east-only coupling model sho ws lo wer residu- 
als than the whole-fault case within the eastern segment. Single- 
segment ruptures also produce lower magnitude than multisegment 
ruptures. Our results suggest that the Makran megathrust may be 
able to produce earthquakes up to M w 8.7 for single-segment rup- 
ture, and M w 9.2 for multisegment rupture. Additionally, the plate- 
coupling distributions for the east-onl y, central-onl y, and west-onl y 
back-slip rate cases indicate higher coupling in the eastern (50–60 
per cent) and western (60–70 per cent) segments than the central 
segment (30–35 per cent, Fig. 7 ), which is again consistent with the 
results from Frohling & Szeliga ( 2016 ). F inally, w hen comparing the 
misfit between the GPS data and the forward-predicted velocities, 
we find that the prescribed back-slip scenarios yield good fit to data 
at stations close to the coupled patches. Ho wever , the westmost sta- 
tion exhibit large misfit exceeding the GPS uncertainty. This could 
result either from the spatially variable coupling on the western 
section or bias in the GPS velocity associated with the right-lateral 
motion on the nearby Minab–Zendan fault system. 
4  T S U NA M I  S I M U L AT I O N S  I N  T H E  
W E S T E R N  I N D I A N  O C E A N  
4.1. Tsunami simulations in the western Indian Ocean: 
methods 
For each earthquake slip scenario, we calculate co-seismic 
g round/seafloor ver tical displacements using Pylith . We use the 
same subduction zone geometry as before with the lower wedge 
exhibiting Maxwell rheology. We prescribe the slip distributions 
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Figure 4. A general illustration of relationship between true back-slip rate ( m true ), model resolution matrix ( R m ) and inverted back-slip rate ( m est ) in back-slip 
rate inversion on a subduction interface. The model resolution matrix in this figure is constructed based on synthetic GPS velocities that are equally spaced on 
both land and seafloor. 
onto the megathrust and simulate the co-seismic surface static ver- 
tical displacements. Supporting Information Fig. S5 shows the re- 
sulting ground/seafloor uplift patterns. We then input these sur- 
face vertical displacements as initial condition for tsunami simu- 
lations using the open-source tsunami modelling code GeoClaw 
( http://www.cla wpack.org/geocla w ). We ignore the time-dependent 
co-seismic slip evolution and assume that the earthquakes instantly 
deform the seafloor, as earthquake rupture propagates much faster 
than tsunami wave. We use the SRTM15 + relief model resampled 
at 1-arcminute pixel resolution for both topography and bathymetry 
inputs (Tozer et al. 2019 ). GeoClaw solves 2-D shallow water equa- 
tions with finite volume technique (LeVeque et al. 2011 ), and em- 
ploys adaptive mesh refinement (AMR) which automatically re- 
fines regions of higher tsunami complexity to finer mesh size ac- 
cording to user inputs. We use two levels of grid refinement with 
the coarsest set at 2-arcminute and the finest at 1-arcminute for 
the topograph y/bath ymetry data set. For each earthquake scenario, 
we drive the tsunami simulation for 12 hours following the rup- 
ture. We then output time-series of estimated tsunami amplitudes 
(ETA) at 20 virtual tide gauges outside major port cities along 
coastlines bounding the Oman sea, the Strait of Hormuz, and south- 
western Indian Ocean basin. Since the gauge points are located at 
dif ferent w ater depths, we appl y Green’s law to rescale the ETA 
to a common reference depth of 1 m following (Small & Melgar 
2021 ). 
4.2. Tsunami simulations in the western Indian Ocean: 
results 
Fig. 8 illustrates the maximum tsunami wave heights calculated at 
the 20 tide gauge points for all six rupture scenarios under trench 
rupture and blind rupture conditions, respecti vel y. Supporting Infor- 
mation Tables S3 and S4 summarize the maximum and peak-to-peak 
tsunami wave height results. In general, we observe spatial variation 
in the maximum and peak-to-peak tsunami wave heights in differ- 
ent regions of the western Indian Ocean basin. Fig. 9 shows the 
modelled ETA time-series resulting from the M w 9.2 whole-fault 
trench-r upturing ear thquake, and Fig. 10 shows the corresponding 
tsunami snapshots. We group the gauge points into four spatial do- 
mains with variable maximum wave height ranges: the nor ther n 
Arabian Sea region, the west coast of India, eastern Africa, and 
the Strait of Hormuz. Following the M w 9.2 rupture, coastal cities 
in the nor ther n Arabian Sea region, including Muscat, Chah Ba- 
har , Gwadar , P asni, and Ormara, and Karachi, e xperience the most 

tsunami hazard with the maximum wave height reaching 2-5 m 
and peak-to-peak wave height reaching 4-9 m (Supporting Infor- 
mation Tables S3 and S4 ). Cities on the west coast of India (i.e. 
Surat, Mumbai, Mangalore, Kozhikode, and Kochi) are less affected, 
with wave height reaching 1–1.5 m (peak-to-peak: 1-3 m). Coastal 
cities bounding eastern Africa (i.e. Mogadishu, Dar es Salaam, Ma- 
puto, and Durban), and the Strait of Hormuz (i.e. K uw ait City, 
Dammam, Doha, Abu Dhabi, Dubai), are the least affected, with 
the incoming maximum and peak-to-peak wave height less than 
1 m. 
5  D I S C U S S I O N  
5.1. Seismic potential of the Makran megathrust 
Our preferred plate-coupling model (Fig. 7 ) suggests that cou- 
pling varies along the strike of the subduction zone. We divide 
the MSZ into three regions based on the average coupling ra- 
tio, which are spatially similar to the three segments defined by 
Frohling & Szeliga ( 2016 ). The eastern segment, spanning from 
west of P asni, P akistan (63.2 ◦E) to the eastern end of the domain 
(66.2 ◦E), exhibits approximately 50 per cent coupling. This region 
hosted the 1945 M w 8.0–8.3 megathrust earthquake (Byrne et al. 
1992 ). The central segment spans from west of Chah Bahar, Iran 
(60 ◦E) to the west of Pasni (63.2 ◦E) and shows a reduced plate 
coupling of ∼30 per cent. Historically, this section of the fault has 
experienced few major earthquakes, with only two coastal events 
recorded in 1851 and 1864 (Fig. 1 ). Lastly, the western segment, 
from west of Chah Bahar (60 ◦E) to the western end of the do- 
main (57.2 ◦E), is approximately 60 per cent coupled. Ho wever , the 
coupling of this segment is not well-resolved when compared to 
the other two segments, as the back-slip rate inversion is noisy 
downdip of the regional seismogenic zone. This likely results from 
low GPS station coverage in the region, or neglecting the stress 
partitioning contributed by the Minab–Zendan fault system to the 
west. 

Segmentation of the megathrust implies variation in degree of 
earthquake hazard potential along the MSZ. Following the as- 
perity model of Lay & Kanamori ( 1981 ), strong plate coupling 
corresponds to larger asperity size and is more likely to pro- 
duce larger events, whereas weak coupling indicates smaller as- 
perity size and likely results in smaller events. Higher plate cou- 
pling is also an indication of faster interseismic strain accumu- 
lation on the megathrust, where subduction zone earthquakes 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/237/1/288/7601366 by guest on 07 February 2025

art/ggae046_f4.eps
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae046#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae046#supplementary-data
http://www.clawpack.org/geoclaw
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae046#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae046#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae046#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae046#supplementary-data


Plate-coupling estimates and seismicity 295 

Figure 5. Best-fitting single- and multisegment plate-coupling scenarios and the corresponding earthquake magnitudes under the trench slip condition. The 
first column shows the assigned plate coupling corresponding to each back-slip rate case. The second column shows the resolvable coupling (multiply the first 
column by the corresponding model resolution matrix). The third column shows the residual between the resolvable coupling and the inverted coupling shown 
in Fig. 3 . Each moment magnitude corresponds to an earthquake for the given coupling scenario assuming that the interseismic strain accumulation is fully 
released. White and pink arrows in the first column correspond to GPS velocity data and forward-predicted velocities, respecti vel y. 
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Figure 6. Best-fitting single- and multisegment plate-coupling scenarios and the corresponding earthquake magnitudes under the blind slip condition. 
yield shorter recurrence intervals than those of the same magni- 
tudes but produced on weakly coupled plate interfaces. We cal- 
culate the recurrence intervals for all earthquake scenarios by di- 
viding the uniform co-seismic slip magnitudes by the back-slip 
rates (Suppor ting Infor mation Table S2 ). The results show that, 

under trench-rupture condition, the recurrence intervals for an 
M w 8.7 earthquake that ruptures the eastern, central and west- 
ern segments are approximately 373, 664 and 381 yr, respecti vel y, 
with unknown uncertainties. This change in recurrence interval cor- 
relates to the variation in plate coupling from east to west, where the 
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Figure 7. The preferred coupling model of the Makran megathrust and its resolvability by the GPS data. 

Figure 8. Maximum tsunami wave heights at 20 synthetic gauge points (cyan circles) following single- and multisegment trench rupturing (red) and blind 
(g reen) ear thquakes. 
easter n and wester n segments are stronger coupled than the central 
segment, resulting in shorter recurrence intervals for earthquakes 
of a given magnitude. Therefore, the eastern and western Makran 
are likely able to host larger, more frequent earthquake events than 
the central Makran. 
5.2. Tsunami hazard potential in the western Indian 
Ocean basin 
Our coupling-based tsunami simulation indicates variations in ex- 
pected tsunami wave height along the coastline bounding the west- 
ern Indian Ocean basin. In the largest earthquake scenario where the 
entire megathrust is rupture to the trench, the northern Arabian Sea 

re gion e xperiences the most severe tsunami hazard with the maxi- 
mum wave height reaching several coastal cities at 2–5 m within the 
first hour after the ear thquake (Suppor ting Infor mation Table S3 , 
Figs 9 and 10 ). The peak tsunami wave reduces to 1–1.5 m height 
and arrives at the west coast of India after 4 hr. The east coast of 
Africa and the Strait of Hormuz are the least affected by the M w 9.2 
earthquake in Makran, where the incoming maximum wave height 
is less than 1 m. For all 20 virtual gauge points, we define and 
calculate a simple index, termed the tsunami hazard score (THS), 
to assess the tsunami hazard potential at each location considering 
all 12 possible earthquake scenarios in Makran. The THS is defined 
as the weighted sum of number of ev ents e xceeding giv en maxi- 
mum tsunami wave height thresholds at a gauge point for all 12 
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Figure 9. Modelled tsunami wave height time-series at gauge points offshore major coastal cities in the western Indian Ocean region following the M w 9.2 
whole-fault trench-rupturing earthquake. 
earthquake events, normalized between 0 and 100: 
THS = 12 ∑ 

i= 1 W i N i , (9) 
where N i is the number of events producing maximum wave height 
larger than W i metres (from 1 to 4.5 m, 0.5-m increment). Sup- 
por ting Infor mation Table S5 shows the THS summary for all 20 
coastal cities. Again, cities in the nor ther n Arabian Sea region yield 
the highest THS (i.e. having the highest tsunami potential from 
earthquakes in Makran). Coastal cities in western India yield lower 
THS values, and cities in eastern Africa and the Strait of Hormuz 
have the lowest score. Specifically, Muscat, Char Bhar and Gwadar 
are the three cities with highest THS values. Muscat is the capital 
and the most populated city in Oman. Char Bhar and Gwadar are 
the two of the fastest-growing commercial port cities in the region. 
Tsunami events of maximum wave height of 3–5 m at these loca- 
tions can cause severe destruction to coastal infrastructures and port 
facilities, and result in significant human casualties and economic 
losses. 

Tsunami height records and observations in the Makran are in- 
complete. The 1945 M w 8.0–8.3 earthquake is the first instrumen- 
tall y recorded e vent, and the onl y e vent for which observations 
of tsunami wave heights along different coasts are available (Hei- 
darzadeh et al. 2008 ). According to Berninghausen ( 1966 ), the wave 
heights were at about 12–15 m at Pasni and Ormara, and 1.4 m at 
Karachi. Ambraseys & Melville ( 2005 ) reported the wave height 
to be about 4–5 m in Pasni and 1.5 m in Karachi. Adams et al. 
( 2018 ) detided a Karachi tide-gauge record and reported the water 

level to be ∼0.5 m above ambient tide. Page et al. ( 1979 ) reported 
a wave height reaching 7–10 m along several parts of the Makran 
coast. Since the 1945 earthquake ruptured in the eastern segment of 
the megathrust, we compare our predicted maximum tsunami wave 
heights from the east-only trench-rupture scenario to the field ob- 
servations. Our model suggests a maximum wave height of 1.28 m 
in Karachi, which is in reasonable agreement with the field obser- 
v ations. Howe ver, the w ave height predictions at Pasni and Ormara 
are much lower (1.15 and 1.32 m, respecti vel y) than the 12–15 m 
reported by previous studies. This discrepancy between modelling 
results and field observations is consistent with other numerical 
models of this earthquake (Heidarzadeh et al. 2008 ; Heidarzadeh & 
Satake 2015 ; Qiu et al. 2022 ). Heidarzadeh et al. ( 2008 ) proposed 
three possible explanations for this discrepancy: (1) the reports of 
12–15 m wave heights were incorrect and an exaggeration; (2) the 
large wave heights resulted from submarine landslides triggered by 
the earthquake; and (3) the ele v ated w ave heights could be produced 
by large displacements on splay faults near the trench, which are 
not considered in our models. Qiu et al. ( 2022 ) conducted tsunami 
simulations of the 1945 megathr ust r upture with additional dis- 
placements on splay faults. Their results indicate amplification of 
tsunami wave height when considering the presence of splay faults. 
6  C O N C LU S I O N S  
Although we cannot currently resolv e me gathrust coupling in the 
MSZ with the resolution that can be accomplished in other global 
subduction zones, this study serves to provide a synopsis of what is 
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Figure 10. Modelled tsunami wave propagation after the M w 9.2 whole-fault trench-rupturing earthquake. Solid circles indicate gauge point locations offshore 
major coastal cities. 
possible given our current data av ailability. By de veloping coupling 
scenarios that are consistent with the model resolution of our inverse 
prob lem, we are ab le to hypothesize several important characteris- 
tics of coupling in the MSZ and how future g reat ear thquakes may 
play out: 

(i) The plate-coupling distribution that can be directly inferred 
from av ailable GPS observ ations is insuf ficient to uniquel y explain 
the history of great earthquakes in the Makran; thus, there is signif- 
icant coupling that cannot be directly resolved with current obser- 
vations. 
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(ii) The megathrust of the MSZ is likely segmented with variable 

plate coupling along strike, in agreement with previous studies. 
The eastern and western segments correspond to approximately 
50 and 60 per cent coupling, respecti vel y. The central segment 
exhibits lower coupling (about 30 per cent) than the other two 
segments. 

(iii) Our investigation suggests that, based on the inverted plate 
coupling, the Makran megathrust may be able to produce earth- 
quakes up to M w 8.7 for single-segment rupture, and M w 9.2 for 
multisegment rupture. 

(iv) Population centres along the western Indian Ocean basin 
may be exposed to tsunami hazard as a result of Makran great 
ear thquakes. The nor ther n Arabian Sea re gion e xperiences the 
most severe tsunami hazard with the maximum wave height 
reaching several coastal cities at 2–5 m. The west coast of 
India is less affected with wave height reduced to 1–1.5 m. 
The east coast of Africa and the Strait of Hormuz are the 
least affected, for which the incoming wave height is less than 
1 m. 
S U P P O RT I N G  I N F O R M AT I O N  
Supplementary data are available at GJI online. 

Fig . S1. Inv erted plate-coupling models using (a) minimum mo- 
ment and (b) Laplacian regularization. 

Fig. S2. Inverted interseismic viscoelastic plate-coupling mod- 
els of the Makran megathrust and the diagonal components of 
the model resolution matrices using varying smoothing coefficient. 
White arrows: GPS velocity data; Pink arrows: forward-predicted 
velocity from the inversion; Black solid lines: contours of the 
plate interface marked by depth in kilometer; Black dash lines: 
boundaries between different fault segments. Dark green lines: 
coastlines. 

Fig. S3. Example of 3 nonoverlapping fault patches for inversion 
approach. When calculating the surface deformation resulting from 
slipping of each patch, we apply unit slip to the nodes located in the 
patch of interest while applying zero slip to all the other nodes on 
the fault. 

Fig. S4. Misfit between the observed and predicted GPS velocities 
using different rake values in the back-slip rate inversion. 

Fig. S5. Co-seismic static ground/seafloor vertical displacements 
resulting from single- and multi-segment earthquakes under both 
trench rupture and blind rupture conditions. 

Table S1. Four model domains and their material properties used 
in the generation of Green’s functions for both elastic and viscoelas- 
tic models. 

Table S2. Source parameters for all back-slip scenarios and the 
corresponding future earthquake cases. 

Table S3. Maximum tsunami wave height response (in meters) at 
the 20 tide gauge points (cities) resulting from 12 rupture scenarios 
under both trench rupture and blind rupture conditions. 

Table S4. Peak-to-peak tsunami wave height response (in me- 
ters) at the 20 tide gauge points (cities) resulting from 12 rupture 
scenarios under both trench rupture and blind rupture conditions. 

Table S5. Occurrence of events larger than certain maximum 
wave height thresholds and Tsunami Hazard Score (THS) at the 20 
tide gauge points (cities). 
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