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Abstract 

The 2022  Mw6.2 Pasaman earthquake took place in central‑west Sumatra in association with activity in the Suma‑
tran Fault system. This study clarifies the spatial and temporal distribution of the Pasaman earthquake sequence and 
forecasts the earthquake sequence’s impact on the seismicity in the vicinity and in the Sumatran Fault system. We 
first examined the seismicity before the mainshock and observed temporal low b‑value anomalies, shedding light on 
the earthquake’s precursor by monitoring b‑values prior to the event. Based on the aftershocks in the first 18 days, we 
modeled the temporal distribution of the aftershocks according to the modified Omori’s law, which suggested this 
sequence could last 49–473 days. By further considering Båth’s law and the Gutenberg–Richter law, we estimated the 
temporal distribution of the maximum magnitudes in the aftershock sequence. To understand the spatial pattern of 
the aftershocks, we calculated the coseismic Coulomb stress change imparted by the Pasaman mainshock. Consider‑
ing uncertainties of the Coulomb stress calculations from rupture geometry, mainshock parameters, friction coef‑
ficients, and strike angles of the receiver plane, the patterns of the Coulomb stress changes are similar that the stress 
increases extended northwest and southeast, consistent with aftershock distribution. We further evaluated rupture 
probability for each segment of the Sumatran Fault. Considering the stress perturbation imparted by the Pasaman 
earthquake, we expected a seismicity rate increase of ca. 40% at the Sumpur and Sianok segments in the short term. 
To quantify long‑term rupture probability, the recurrence interval and the time elapsed since the previous earthquake 
were incorporated based on the time‑dependent Brownian passage‑time model. The earthquake probability at the 
Sumani segment in the coming 50 years was determined to be 72%. The results of this study have significant implica‑
tions for subsequent probabilistic seismic hazard assessments, not only for Sumatra but also for certain metropolitan 
areas in Malaysia and Singapore.
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Introduction
An  Mw6.2 earthquake known as the Pasaman earthquake 
occurred on February 25, 2022, in Pasaman, Indonesia 
(Fig. 1). This event was a shallow earthquake with a hypo-
central depth of 12.6  km, determined by the Agency of 
Meteorology, Climatology, and Geophysics (also known 
as ‘BMKG’) or 4.0 km, determined by the U.S. Geologi-
cal survey (also known as ‘USGS’). Based on the focal 
mechanisms determined by BMKG, this earthquake was 
a result of strike-slip faulting (Table  1), which could be 
associated with activity in the Sumatran Fault system 
near the Angkola, Barumun, Sumpur, and Sianok seg-
ments, as shown in Fig.  1 (Sieh and Natawidjaja 2000). 
In this earthquake sequence, one foreshock with  Mw5.2 
occurred four minutes before the mainshock, and 217 

aftershocks were recorded within 18  days (Fig.  1). This 
sequence took place in the Sumatran Fault system and 
filled the fault alignment gap between the Angkola and 
Sianok segments. The occurrence of this sequence makes 
it urgent to clarify whether the seismicity activity in the 
fault system will be activated.

Based on the intensity map proposed by BMKG 
(https:// twitt er. com/ infoB MKG/ status/ 14970 28636 01235 
1488), the Pasaman earthquake not only resulted in 
strong ground motion in the vicinity of the earthquake 
with a Modified Mercalli Intensity (MMI) value of V, 
but was also felt as far away as Malaysia and Singapore 
with a value of II on the MMI scale. The ground shak-
ing in the far field could be attributed to ground motion 
attenuation behavior (Megawati et al. 2003) and soft soil 

Fig. 1 Distribution of seismicity before (red circles) and after (yellow circles) the Pasaman earthquake (star). The foreshock with  Mw5.2 is shown by a 
blue circle. The focal mechanism of the Pasaman and earthquake and previous events were determined by BMKG and USGS, respectively. The black 
lines denote fault alignments of the Sumatran Fault (Sieh & Natawidjaja 2000)

https://twitter.com/infoBMKG/status/1497028636012351488
https://twitter.com/infoBMKG/status/1497028636012351488


Page 3 of 14Wulandari et al. Geoscience Letters           (2023) 10:25  

Ta
bl

e 
1 

Th
e 

so
ur

ce
 p

ar
am

et
er

s 
of

 th
e 

Pa
sa

m
an

 e
ar

th
qu

ak
e 

de
te

rm
in

ed
 b

y 
th

e 
A

ge
nc

y 
of

 M
et

eo
ro

lo
gy

, C
lim

at
ol

og
y,

 a
nd

 G
eo

ph
ys

ic
s 

(B
M

KG
)

a  T
he

 le
ng

th
 a

nd
 th

e 
w

id
th

 w
er

e 
es

tim
at

ed
 b

as
ed

 o
n 

th
e 

em
pi

ric
al

 re
la

tio
ns

 o
f W

el
ls

 a
nd

 C
op

pe
rs

m
ith

 (1
99

4)

D
at

e
La

tit
ud

e 
(°

N
)

Lo
ng

itu
de

 (°
E)

D
ep

th
 (k

m
)

M
w

St
ri

ke
 (°

)
D

ip
 (°

)
Ra

ke
 (°

)
Le

ng
th

 (k
m

)a
W

id
th

 (k
m

)a
Ri

gh
t l

at
er

al
 

sl
ip

 (m
)

D
ip

 s
lip

 (m
)

2/
25

/2
02

2
0.

15
99

.9
8

12
.6

6.
2

13
3

76
17

5
17

.9
9

8.
45

0.
48

4
0.

04
2

22
4

85
13



Page 4 of 14Wulandari et al. Geoscience Letters           (2023) 10:25 

amplification (Walling et al. 2012). Based on the charac-
teristics of the path and site effects, the next large event 
could result in significantly larger ground shaking for the 
surrounding region, even in the metropolises of Malay-
sia and Singapore. Thus, it is crucial to understand the 
behavior of the seismicity activity and assess potential 
seismic hazard in this region.

Various models have been proposed to illustrate spa-
tial and temporal patterns of seismicity. Seismic activity 
could be presented by a frequency–magnitude distri-
bution and modeled by the Gutenberg–Richter rela-
tion (also known as the GR law, Gutenberg and Richter 
1944), expressed as:

where N represents the cumulative number of earth-
quakes with magnitudes larger than M, and a and b are 
constants obtained through regression. Previous studies 
(e.g., Schorlemmer et al. 2005) indicated that the b-value 
was related to the stress conditions, that is, a low b-value 
in a region implies a large differential stress, inferring 
that this region is toward the end of a seismic cycle. Thus, 
a b-value anomaly could be regarded as an indicator of 
forthcoming large earthquakes (e.g., Chan et al. 2012a).

After a significant earthquake, one of the major con-
cerns is duration of aftershocks. To quantify the after-
shock rate evolution, the modified Omori’s law (Utsu 
1961) modeled the seismicity rate as a function of the 
time elapsed after a mainshock, expressed as:

where n(t) represents the seismicity rate as a function of 
time t since the mainshock, K represents the amplitude 
of the rate, C represents the time delay of rate decay, and 
P represents the decay rate. By comparing with the back-
ground seismicity rate, the aftershock duration could be 
estimated. Considering the end time (tend) of the after-
shock duration, the number of remaining aftershocks 
(N1) since time t1 could be evaluated (Chan and Wu 
2013), represented as follows:

Understanding the temporal evolution of maximum 
magnitude also needs to be a concern for understand-
ing aftershock behavior. Båth (1965) states the aver-
age magnitude difference ( �M ) of its maximum largest 
aftershock  (M1) with the mainshock (M0) to be about 1.2. 
Additionally, previous studies (e.g., Chan and Wu 2013) 

(1)log10N = a− bM,

(2)n(t) =
K

(C + t)P
,

(3)N1 =

∫

tend

t1

K

(C + t)P
dt.

suggested that �M could be regarded as a variable that is 
larger than the expected value of 1/β, as follows:

where b is the b-value modeled by the GR law of after-
shock events.

In addition, considering the ratio of N1 (Eq. 3) to n(t) 
(Eq.  2) for various times, the decay of the maximum 
aftershock can be modeled (Chan and Wu 2013).

Rupture on a fault plane causes deformation in the 
vicinity, which can be converted into Coulomb stress 
change (∆CFS). Previous studies (e.g., King et al. 1994) 
concluded that an increase in Coulomb stress could 
trigger aftershocks or even a subsequent larger earth-
quake. Coulomb stress change has become a crucial 
type of analysis particularly for the assessment of large 
earthquakes in the future (Wang et al. 2014). For exam-
ple, the 2005  Mw8.7 Nias earthquake is one of the suc-
cessful case studies of stress triggering by the 2004 
 Mw9.2 Sumatra–Andaman in Indonesia (Hughes et  al. 
2010). The ∆CFS can be expressed as (Harris and Simp-
son 1998):

Where �τ is shear stress, �σe is the normal stress, and 
µs ′ is the effective friction coefficient, usually between 0.2 
and 0.8. �CFS calculation could be solved in a region and 
on a specific fault plane (Chan et al. 2017).

A �CFS model could not only illustrate the spa-
tial distribution of subsequent earthquakes but also be 
further converted to time-dependent seismicity rate 
evolution,�R(t) , by the rate-and-state friction model 
(Dieterich 1994) and further modified by Chan et  al. 
(2017), expressed as:

where � represents the long-term seismicity rate; Aσ rep-
resents a constitutive parameter of the model; tn repre-
sents the occurrence time of the earthquake that caused 
the ∆CFS; and tna represents the aftershock duration.

Based on the models mentioned above, this study aims 
to clarify the seismicity activity of the Pasaman earth-
quake sequence and to forecast the seismicity in this 
region and the Sumatran Fault system. We first analyzed 
seismicity activity before the Pasaman mainshock to clar-
ify the possible precursory index based on the temporal 
evolution of the b-value. We then forecast the aftershock 
behaviors based on the modified Omori’s law, Båth’s law, 
and the coseismic Coulomb stress change. In addition, 

(4)β = b · ln(10),

(5)�CFS = �τ + µ′
s�σe,

(6)�R(t) =
�

[

exp
(

−
�CFS

Aσ

)

− 1
]

exp
(

−
t−tn
tna

)

+ 1
,
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we evaluated the rupture probability for each segment of 
the Sumatran Fault considering the impact of the Pasa-
man earthquake and parameters of each fault segment.

Seismicity activity and b‑value anomaly 
before the Pasaman earthquake.
To investigate the seismicity in the study region, we 
accessed the earthquake catalog summarized by BMKG. 
To satisfy our hypothesis, dependent events (foreshocks 
and aftershocks) have been removed from the earthquake 
catalog using the declustering algorithm by Gardner and 
Knopoff (1974).

On the distribution of background seismicity (Fig.  1), 
most of the seismicity before the Pasaman earthquake 
sequence was located on the Angkola and Sianok seg-
ments of the Sumatran Fault, where a few background 
events happened near the Pasaman earthquake 

mainshock. To understand the evolution of seismic activ-
ity in the study region, we modeled the pattern of the fre-
quency–magnitude distribution using the GR law. In this 
study, the GR law regression was based on a maximum-
likelihood estimation (Aki 1965; Utsu 1965).

To clarify whether there was a b-value anomaly before 
the Pasaman earthquake, we estimated a temporal vari-
ation in b-values for the seismicity within a radius of 
40 km of the epicenter according to the ZMAP software 
(Wiemer et al. 2001). To obtain reliable results, it is cru-
cial to implement a complete portion of the catalog. We 
thus evaluated the minimum magnitude of completeness 
(Mc) of the catalog based on the maximum curvature 
approach (Wiemer and Wyss 2000), as shown in Fig. 2a. 
We modeled the frequency–magnitude distribution of 
the background seismicity according to the GR law. Based 
on the analyses, we obtained a b-value of 0.78 consider-
ing a magnitude threshold of 3.5. Since some previous 

Fig. 2 a Magnitude–frequency distribution of the background seismicity in the 3 years before the mainshock and b corresponding b‑values 
considering different magnitude thresholds. The b‑value is evaluated based on the events with magnitudes greater than Mc by using the 
maximum‑likelihood technique. The red line represents the best fit of the GR law; open squares represent the cumulative number of observed 
events as a function of magnitude
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studies (e.g., Wiemer and Wyss 2000) concluded that the 
maximum curvature approach could underestimate  Mc, 
to validate the stability of our analysis, we reported b-val-
ues considering different magnitude thresholds (Fig. 2b). 
When the magnitude thresholds are between 2.9 and 3.7, 
the estimated b-values are similar (ca. 0.7–0.8), confirm-
ing the stability of the procedure. Based on this proce-
dure, we implemented the seismicity 1  year before the 
mainshock, including 29 events with M ≥ 3.2, and deter-
mined a significantly low b-value of 0.45 (Additional 
file 1: Figure S1). We have confirmed the difference of the 
b-value is larger than the reported standard deviation.

The above analyses indicate a low b-value anomaly 
in the temporal distribution leading up to the Pasa-
man earthquake. It is important to note that the Mw5.2 
foreshock (indicated by the blue circle in Fig.  1) caused 
a decrease in the b-value, with the value dropping from 
0.78 (Fig.  2a) to 0.69 when the foreshock is taken into 
account. This anomalous b-value may be indicative of a 
potential precursor to the impending mainshock. The 
b-value anomaly could indicate stress accumulation 
in the area and the future occurrence of an earthquake 
(Main et  al. 1989). In addition, such a decreasing tem-
poral trend could be significant, even considering the 
uncertainties from the magnitude threshold and uncer-
tainties of b-values (Fig. 2b). Based on this concept, mon-
itoring the evolution of b-values could illustrate tectonic 
stress and provide a better understanding of future seis-
mic hazards along the Sumatran Fault system.

Spatial and temporal distribution of aftershocks.
Within 18 days after the Pasaman earthquake mainshock, 
217 aftershocks occurred, as reported by BMKG (Fig. 1). 
The lineation of the aftershock distribution (NW strik-
ing) can be associated with the Sumatran Fault system. 
The aftershocks fill the gap between the Angkola and Sia-
nok segments.

Many aftershocks happened immediately after the 
mainshock, with the occurrence rate decaying over time. 
To quantify the aftershock rate evolution, we reported 
the time interval between each two aftershocks and con-
verted it into a daily interval rate (blue circles in Fig. 3b). 
This showed a significantly higher rate than the back-
ground interval rate before this sequence and that the 
daily interval rate is more than 10 times higher than the 
background rate even 18  days after the mainshock (the 
end of the available catalog). When we were determin-
ing how to model the temporal evolution of aftershock 
sequences, we were aware that the space–time epidemic 
type aftershock sequence (also known as “ETAS”; Ogata 
1988) model might well illustrate the distribution of 
aftershocks in time and space. Considering the complete 

part of the catalog, however, the remaining events are 
insufficient to propose a reliable ETAS model. Thus, we 
alternatively modeled the seismicity through the modi-
fied Omori’s law (Utsu 1961, shown in Eq.  2). Through 
regression, we obtained the best fits of K, P, and C, which 
resulted in the rate evolution of the aftershocks being 
expressed as:

Considering the daily seismicity rate before this 
sequence (0.079 events per day), this aftershock sequence 
could last 49 to 473 days, taking into account the average 
and deviation of the Omori decay, respectively (Fig. 3b).

(7)n =
40

(0.5+ t)1.6
± 38.12.

Fig. 3 a The magnitudes of the observed aftershocks as a function 
of time after the mainshock (in days) and b the modeled (purple line) 
and observed (blue circles) temporal distribution of the seismicity 
rates for the Pasaman earthquake aftershock sequence. The modeled 
distribution was obtained using the modified Omori’s law (Utsu 1961) 
through regression of the observations. The standard deviation of the 
regression is shown in dashed grey lines. The background seismicity 
rate was evaluated according to the seismicity 3 years before the 
Pasaman earthquake (dashed blue line)
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We also tried to forecast the maximum magni-
tude in the aftershock sequence through the follow-
ing approaches. Considering the relationship of the 
mainshock (Mw = 6.2) and Båth’s law (Båth 1965), the 
maximum largest aftershock (M1) could be 5.0. With 
the b-value of 0.88 and 1/β (Utsu 1969), M1 is 5.7. And 
based on a- and b-values of 4.63 and 0.88, respectively, 
we assumed M1 to be the magnitude with an expected 
largest event in the aftershock sequence and obtained M1 
of 5.3. The maximum largest aftershock could be further 
forecast as a function of time (Eq. 3). Based on a tend of 
49 days, the temporal evolutions for the maximum mag-
nitude of the aftershocks were forecasted based on vari-
ous models (Fig. 4). By comparing the modeled temporal 
distribution of the maximum magnitude with the obser-
vation data, our analysis could provide a plausible trend 
of maximum magnitude in the aftershock sequence.

Coseismic stress evolution associated 
with subsequent aftershock activity.
An increase in the coseismic Coulomb stress could not 
only trigger aftershocks, but also enhance the prob-
ability of the next larger earthquake. This phenomenon 
motivated us to comprehensively evaluate the potential 
seismic hazard from the Sumatran Fault considering the 
stress change imparted by the Pasaman earthquake.

To estimate the change in the Coulomb stress, an elas-
tic half-space model on an assumed isotropic-homoge-
nous rectangular plane is used (Okada 1992). The ∆CFS 
calculation in this study is based on the COULOMB 3.3 
program (Toda 2005).

Our ∆CFS calculation obtained the maximum ∆CFS at 
different depths among the seismogenic layer since previ-
ous studies (e.g., Chan et al. 2012b; Chan 2016) concluded 
the advantage of this procedure on improving forecasting 
ability and minimizing calculation uncertainty, especially 
in the vicinity of the coseismic rupture patch. That is, the 
uncertainty of slip model geometry along the dip direc-
tion could be efficiently eliminated by considering maxi-
mum ∆CFS at different depths among the seismogenic 
layer. According to the study of Collings et al. (2012), the 
seismogenic depth based on the hypocenter distribution 
beneath the Sumatra Fault is ca. 20 km. So, we calculated 
the ∆CFS at depths between 0 and 20 km and reported 
the maximum one for each calculation grid.

Since the focal mechanisms of the aftershocks are una-
vailable, we first assumed the receiver plane is consistent 
with the focal mechanism of the mainshock (Table 1) and 
will discuss the impact of the receiver planes for ∆CFS 
calculations. Our assumption is also supported by the 
focal mechanisms of the previous earthquakes deter-
mined by the Global Centroid Moment Tensor. Gener-
ally, around the Sumatran Fault there were earthquakes 
with strike-slip faulting, which can be seen in Fig. 1.

Fig. 4 The observed (blue line) and the modeled (grey lines) 
temporal distributions of the maximum magnitude of the aftershocks 
by the Pasaman earthquake using Båth’s law, 1/β, and the GR law

Fig. 5 The Coulomb stress changes imparted by the Pasaman 
earthquake considering fault rupture geometry models of the 
scaling law (Wells and Coppersmith 1994) with a length of 17.99 km 
and width of 8.45 km. The green line is representing the rupture 
alignment
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A detailed slip dislocation model for the Pasaman 
earthquake is yet unavailable for the ∆CFS calculation. 
Due to the limitation, we proposed several slip disloca-
tion models considering mainshock parameters and 
spatial distribution of aftershocks. We first followed the 
procedure proposed by Chan et al. (2012b) to implement 
a simplified slip dislocation model with a homogeneous 
slip on a rupture area based on the earthquake parame-
ters and the scaling law of Wells and Coppersmith (1994). 
The rupture parameters and geometry are presented in 
Table 1 and Fig. 5, respectively. Note that the geometry 
of our model is similar as that proposed based on inver-
sion of the teleseismic broadband data by Supendi et al. 
(2023). Based on this model, ∆CFS is enhanced in the 
vicinity of the rupture and at the extensions along both 
sides of the rupture, where most of aftershocks taking 
place (Fig.  5). Although the hypocentral depth of the 
mainshock determined by USGS is shallower, inferring a 
shallow rupture patch, we have confirmed that a rupture 
at shallow depth obtains a similar ∆CFS pattern as our 
model (Fig. 5). The similar ∆CFS patterns can be attrib-
uted to our calculation procedure that we evaluated the 
∆CFS among the seismogenic layer (with depth between 
0 and 20  km, Sieh and Natawidjaja 2000) and reported 
the maximum one for each calculation grid.

We then discussed uncertainty of the ∆CFS calcula-
tion by the friction coefficient. We considered different 
friction coefficients to evaluate the impact on the ∆CFS 
uncertainty. Considering friction coefficients between 
0.2 and 0.8, their patterns are similar (Fig. 6). That is, the 
∆CFS increased on the Sumpur and Sianok segments and 
in the region where most of the aftershocks took place. 
In the following, we used the conclusion of King et  al. 
(1994) to implement an intermediate value of a friction 
coefficient of 0.4 for the ∆CFS calculation.

We then evaluated the impact of the receiver plane for 
the ∆CFS calculation. Some previous studies (e.g., Catalli 
and Chan 2012; Ishibe et al. 2011, 2015; Toda 2008) indi-
cated that the uncertainty of a ∆CFS calculation could be 
minimized by considering heterogeneous stress fields or 
various types of focal mechanisms. In the study region, 
the evidence from both the geological survey (Sieh and 
Natawidjaja 2000) and focal mechanisms (Fig.  1) sug-
gests a right-lateral faulting on a vertical rupture plane. 
We then proposed several ∆CFS models considering dif-
ferent strike orientations based on the focal mechanisms 
of previous events (Fig. 7). These include the 2007 Mw6.3 
(with strike of 149˚), the 2006 Mw5.8 (with strike of 162˚), 
the 2016 Mw5.0 (with strike of 164˚), the 1977 Mw6.1 
(with strike of 312˚), the 1986 Mw5.4 (with strike of 334˚), 

and the 2009 Mw5.1 (with strike of 355˚). The ∆CFS pat-
terns slightly orientate according to strike orientations, 
while the general patterns are similar.

Based on the ∆CFS uncertainty tests mentioned above, 
we have confirmed insignificant differences considering 
various friction coefficients (Fig. 6) and strike angles for 
receiver fault planes (Fig. 7) within reasonable ranges. All 
the cases show the stress increase extended northwest 
and southeast of the coseismic slip alignment (the green 
lines in Figs. 5, 6, 7) and forecast the aftershock pattern 
(yellow circles in Figs. 5, 6, 7 ).

Seismic hazard from the sumatran fault system
An increase in Coulomb stress could not only trigger 
aftershocks but also enhance the probability of the next 
larger earthquake. The Pasaman earthquake took place in 
the Sumatran Fault system with a potential for devastat-
ing earthquakes (Sieh and Natawidjaja 2000). To evaluate 
the seismic hazard imparted by the Pasaman earthquake, 
we considered the ∆CFS of the Pasaman earthquake and 
the fault parameters of the Sumatran Fault. To specify 
the stress change in these segments, their mechanisms 
(Table 2) and alignments were implemented in the ∆CFS 
calculation. A map view of the coseismic ∆CFS illustrates 
the stress changes imparted by the Pasaman earthquake 
on each segment of the Sumatran Fault system (Fig.  8). 
Stress in the Sumpur, Sianok, Sumani, and Angkola seg-
ments increased while stress in the Barumun segment 
dropped. The stress in the Sumpur and Sianok segments 
was significantly enhanced, with a maximum ∆CFS of 
0.1 bar, and the stresses in the Sumani and Angkola seg-
ments were slightly enhanced, with a maximum ∆CFS of 
0.03 and 0.01 bars, respectively (Table  2). Some of pre-
vious studies concluded a stress change of more than 
0.01 bar could significantly enhance seismic activity (e.g., 
Stein 1999; Ma et al. 2005; Chan et al. 2009). The stress 
increase imparted by the Pasaman earthquake could raise 
seismic hazard potential in the Sumatran Fault system. 

To quantify the impact of the seismicity rate based on 
∆CFS, we implemented the rate-and-state friction model 
(Dieterich 1994, shown in Eq. 6). We followed Chan et al. 
(2017) and assumed Aσ to be 0.3 (Chan et al. 2017). We 
obtained tna from our Omori’s model (Fig.  3). Based on 
the rate-and-state friction model and stress change, 
the rate perturbation by the Pasaman earthquake could 
be evaluated at each segment of the Sumatran Fault 
(Table 2). Due to a significant stress increase in the Sum-
pur and Sianok segments, we expected a seismicity rate 
increase of ca. 40%. The seismicity rates in the Sumani 
and Angkola could rise by 10.5% and 3.4%, respectively; 
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Fig. 6 Stress changes imparted by the Pasaman earthquake considering coefficient frictions of a 0.2, b 0.4, c 0.6, and d 0.8. The rupture parameters 
of the mainshock are shown in Table 1. The specified receiver fault is assumed to be the same as the focal mechanism of the mainshock by BMKG 
(Table 1). The yellow circles represent aftershocks. The green line is the rupture alignment of the Pasaman earthquake
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whereas, the Barumum segment could be farther from 
the next earthquake due to coseismic stress drop.

The short-term rate perturbation imparted by the Pasa-
man event has been evaluated for the Sumatran Fault. To 
quantify its long-term rupture probability, we considered 
the recurrence interval of each fault segment based on 
slip rate and maximum magnitudes of the Sumatran Fault 
reported by Irsyam et al. (2020) in Table 2. The rupture 
probability could be quantified using a Poisson process, 
which is widely applied for probabilistic seismic hazard 
assessment (Cornell 1968), expressed as follows:

where P represents the rupture probability of a fault, ν 
represents the annual seismicity rate of the fault segment, 
and t represents the time period of interest. The Pois-
son process relies solely on the seismicity rate for a given 
year, which means that the expected probability should 
be time independent, regardless occurrence time of last 
event(s).

Using this model, we quantified each segment’s rupture 
probability in the coming 50 years (Table 2). A high rup-
ture probability of ca. 60% was obtained for the Sumpur 
segment due to its short recurrence interval (55  years). 
Generally, the earthquake probabilities on all these seg-
ments are rather high due to their high slip rates (14 mm/
year).

In addition to the stationary probability based on the 
assumption of the Poisson process mentioned above, for 
segments where data from at least one previous earthquake 
were recorded, evaluation of the rupture probability can be 
further improved by including the record of the previous 
earthquake(s). The time elapsed since the previous event 
could be incorporated into the time-dependent Brownian 
passage time (BPT) model (Ellsworth et al. 1999). The BPT 
model has been applied to many probabilistic seismic haz-
ard assessments (e.g., Fujiwara 2014), and its credibility has 
been confirmed by comparing it to paleo-seismic data (Gao 
et al. 2022a). The density function (DF) of this model can 
be represented as:

where µ represents the mean recurrence interval, t repre-
sents the time elapsed since last earthquake, and α repre-
sents the aperiodicity, whose value is usually between 0.3 
and 0.7 and is assumed to be 0.5 (Chan et al. 2017). Based 

(8)P = 1− e
−ν·t

,

(9)DF =

(

µ

2πα2t3

)1/2
exp

(

−
(t − µ)2

2α2µt

)

,

on this model, the rupture probabilities for the Angkola, 
Sianok, and Sumani segments (with records of previous 
events by Sieh and Natawidjaja 2000) were evaluated 
(shown in Fig. 9). A high rupture probability is expected 
for a segment with a short recurrence interval and/or 
long time elapsed since the last earthquake. The earth-
quake probability at the Sumani segment in the coming 
50 years could be 72% (Fig. 9c). Based on the BPT model, 
these three segments obtained higher rupture probabili-
ties compared to the probabilities obtained via the time-
independent Poisson process, which can be attributed to 
a long time elapsed since the last earthquake.

The BPT model is only applicable for the segments with 
historical earthquake(s) since application of this model 
requires the elapsed time since last earthquake (Eq. 9). By 
contrast, application of the Poisson process only requires 
annual seismicity rate of the fault segment (Eq. 8) so that 
we applied this model for all of the segments. In order to 
validate the performance of the models, Gao et al. (2022b) 
compared them with paleoseismic data of the Chelungpu 
fault (Taiwan) and concluded that the BPT model has a 
better performance. However, it is rather difficult to con-
duct a similar analysis in the entire Sumatran Fault system 
due to insufficient historical records.

Due to seismic active with a high slip rate along the 
Sumatran Fault (Natawidjaja and Triyoso 2007), a high 
hazard level is expected based on the 2017 national seismic 
hazard maps of Indonesia (Irsyam et  al. 2020). Note that 
although some segments of the fault have a high slip rate, 
they do not accumulate a large strain. In this case, these 
segments could slip through creeping rather than gener-
ate a large earthquake. The seismic hazard could be fur-
ther constrained if the coupling ratios of the fault segments 
could be further quantified.

Conclusions
This study clarifies the seismicity activity of the Pasaman 
earthquake sequence and aims to forecast the seismicity 
in this region and the Sumatran Fault system. Based on 
the seismicity before the mainshock, a significantly low 
b-value anomaly was observed. This analysis shed light on 
the earthquake’s precursor via analysis of the evaluation 
of the b-values prior to the earthquake. We also discussed 
the spatial and temporal distribution of the aftershocks 
and modeled them through the coseismic Coulomb stress 
change imparted by the Pasaman earthquake mainshock 
and the modified Omori’s law, respectively. The outcome 
could help us understand the pattern of forthcoming after-
shocks, including the time duration and the maximum 

(See figure on next page.)
Fig. 7 Stress changes imparted by the Pasaman earthquake considering strike angles for receiver planes of a 149˚, b 162˚, c 164˚, d 312˚, e 334, 
and f 355˚, corresponding to the focal mechanisms of previous events presented in Fig. 1. The rupture parameters of the mainshock by BMKG are 
shown in Table 1. The green line is the rupture zone of the Pasaman earthquake. The yellow circles represent the distribution of aftershocks
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Fig. 7 (See legend on previous page.)
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Table 2 The fault parameters for the segment of the Sumatran Fault in the vicinity of the Pasaman earthquake (summarized by Irsyam 
et al. 2020)

The records for historical earthquakes were obtained by Sieh and Natawidjaja (2000). The probability of rupture in the next 50 years for each segment is evaluated 
using the Poisson process and the BPT model for segments where at least one earthquake was recorded

ID Segment Last earthquakes Time elapse 
(until 2022)

Expected 
magnitude

Slip rate 
(mm/yr)

Recurrence 
interval 
(year)

Max ∆CFS (bars) Short-term 
rate change

Rupture 
probability in 
50 years

1 Angkola 1892 130 7.7 14 291 0.01 3.4% 16.5%

2 Barumun No record N/A 7.5 14 192 −0.01 −3.3% NA

3 Sumpur No record N/A 6.9 14 55 0.10 39.6% NA

4 Sianok 1926 96 7.4 14 156 0.10 39.6% 41.2%

5 Sumani 1943 79 7.1 14 84 0.03 10.5% 72.0%

Fig. 8 Coulomb stress changes imparted by the Pasaman earthquake at each segment of the Sumatran Fault. The maximum ∆CFS on each 
segment is reported in Table 2

Fig. 9 Rupture probabilities in the coming 50 years for the a Angkola, b Sianok, and c Sumani segments, considering the BPT model (blue solid 
lines) and Poisson distribution (red dashed lines)
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magnitude of aftershock. To evaluate the potential seis-
mic hazard from the Sumatran Fault, fault parameters and 
coseismic stress of the Pasaman earthquake were imple-
mented to evaluate the rupture probability of each seg-
ment. The results suggest the rupture probability of each 
segment is extremely high. The Mw6.2 Pasaman earthquake 
rattled Malaysia and Singapore. The next larger events 
occurring along the Sumatran Fault could result in sig-
nificantly stronger ground motion and threaten not only 
Sumatra, but also some metropolises in the far field.

Supplementary Information
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org/ 10. 1186/ s40562‑ 023‑ 00279‑6.
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