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Earthquake History of the Sumatran Fault, Indonesia, since 1892,

Derived from Relocation of Large Earthquakes

by Nobuo Hurukawa, Biana Rahayu Wulandari, and Minoru Kasahara

Abstract We map the fault planes of M >7.0 earthquakes along the Sumatran fault
in Sumatra, western Indonesia, for the period since 1892. To obtain precise hypocenter
locations of large earthquakes and identify fault planes of M >7.0 earthquakes, we
relocated 27 M >6.0 earthquakes from 1921 to 2012 using the modified joint hypo-
center determination method. We found that six M >7.0 events appear to have oc-
curred on segments of the Sumatran fault as follows: Kumering for the 1933 (M, 7.5)
event; the northwestern and southeastern parts of Tripa for the 1935 (M, 7.0) and 1936
(M, 7.2) events, respectively; the southeastern half of Sunda for the April 1943
(M, 7.1) event; Ketaun for the first (M, 7.3) event of the June 1943 doublet; and Suliti
and Sumani for the second (M, 7.6) event of the June 1943 doublet. We also identified
the faults of four M >7.0 earthquakes between 1892 and 1920 by using information
on crustal deformation and damage distributions. From the results of earthquake
locations between 1892 and 2012, and the corresponding fault lengths of M >7.0
earthquakes, we have interpreted the large (M >7.0) earthquake history of the
Sumatran fault for the past 120 years. Possible seismic gaps for M >7.0 earthquakes
along the Sumatran fault are the northern half of the Sunda segment, and the
Semangko, Dikit, Sianok, Barumun, Toru, Renun, Aceh, and Seulimeum segments.

Introduction

Sumatra is located at the plate boundary between the
subducting Indian and Australian plates and the overriding
Sundaland plate. According to the MORVEL model of
DeMets et al. (2010), slip rates of the subduction between the
Indian and Sundaland plates are 4648 mm/yr off Sumatra
Island (Fig. 1). Because the subduction is oblique, a trench-
parallel strike-slip fault, the Sumatran fault, has been gener-
ated near the southwestern coast of the Sumatran Island
(Fitch, 1972; Fig. 1). The total length of the right-lateral
strike-slip Sumatran fault is 1900 km, which Sieh and Nata-
widjaja (2000) divided into 19 major fault segments. We
accept the segments defined by Sieh and Natawidjaja (2000)
in this study. Recent Global Positioning System (GPS) obser-
vations show that slip rates of the Sumatran fault are
16-20 mm/yr in northern Sumatra (Ito e al, 2012) and
23 mm/yr in central Sumatra (Genrich et al., 2000), whereas
Satellite Pour 1I’Observation de la Terre (SPOT) data (Bellier
and Sebrier, 1995) show that the slip rate is 6 mm/yr in
southern Sumatra (Fig. 1).

Many shallow right-lateral strike-slip fault earthquakes
have occurred along the Sumatran fault in addition to
reverse-faulting subduction earthquakes near the Sunda
trench (Fig. 1). Seismic activity along the Sumatran fault is
high, and many large earthquakes have occurred along the
fault. For example, one of the largest earthquakes since

1892 was the second event of the June 1943 doublet
(M 7.6), following the first event of M 7.3. The rupture of
this event produced failure of the Sumani segment of the
Sumatran fault (Natawidjaja et al., 1995; Sieh and Natawid-
jaja, 2000), with right-lateral surface offsets of up to 2-3 m
(Untung et al., 1985).

Katili and Hehuwat (1967) mapped fault planes of large
earthquakes between 1890 and 1952 on the Sumatran fault
based on information of crustal deformation and damage
distributions by the earthquakes. Earthquake data, however,
are limited. Katili and Hehuwat (1967) included only five
M >7.0 earthquakes and five M < 7.0 earthquakes, although
they did not mention magnitudes of earthquakes.

Bellier et al. (1997) interpreted fault segmentation of the
Sumatran fault by reporting major earthquake ruptures on the
basis of historical seismicity. The historical record identified
17 earthquakes since 1835 and suggests a northward increase
in seismic hazard along the Sumatran fault. Those authors
proposed three seismic gaps: S3, S5-S7, and S15-S17,
which correspond respectively to the northwestern part of the
Kumering segment; to the Ketaun, Dikit, Siulak, and Suliti
segments; and to the Tripa and Aceh segments (segment no-
menclature follows Sieh and Natawidjaja, 2000). Although
Bellier et al. (1997) specified the rupture zones of the large
earthquakes, the lengths of the rupture zones are inconsistent
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Figure 1. Tectonic setting of Sumatra. The right-lateral strike-
slip motion of the Sumatran fault is parallel to the Sunda trench in
the Sumatran subduction zone. Slip rates in the figure represent sub-
duction of the Indian plate beneath the Sundaland plate using the
MORVEL model (from DeMets et al., 2010). Global Centroid
Moment Tensor (CMT) solutions (see Data and Resources) of shal-
low earthquakes (M, >6.0 and depth < 60 km) between 1976 and
2012 are also plotted. Slip rates of the Sumatran fault in northern,
central, and southern Sumatra are taken from Bellier and Sebrier
(1995), Genrich et al. (2000), and Ito er al. (2012), respectively.
The configuration of the Sumatran fault is from Sieh and Natawid-
jaja (2000).

with the magnitudes of some earthquakes. Furthermore, the
selection of large earthquakes in their papers is not uniform
in earthquake magnitude.

Sieh and Natawidjaja (2000) also studied the relation-
ship between large historical earthquakes since 1822 and
fault segments of the Sumatran fault. Among the 19
segments they proposed, no records of large historical earth-
quakes were found for the Sunda, Dikit, Sumpur, Barumun,
or Aceh segments. Natawidjaja and Triyoso (2007) mapped
expected source areas of the earthquakes referred to Sieh and
Natawidjaja (2000). Similar to Bellier et al. (1997), however,
the sizes of the source areas of some earthquakes were
inconsistent with earthquake magnitudes.

In the northernmost part of the Sumatran fault, neither
the Aceh nor the Seulimeum segment has experienced a ma-
jor earthquake for at least 170 years. Therefore, a seismic gap
is considered to be located there (e.g., Bellier et al., 1997;
Sorensen and Atakan, 2008). In a recent study of the Aceh
segment, which is 200 km long, Ito ef al. (2012) found a
shallow creeping and locked zone that appears to be capable
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of producing a significant earthquake. Their estimation of
locking depth and slip-deficit rate in this segment suggested
that the accumulated seismic moment over 170 years corre-
sponds to an earthquake of magnitude (M) 7.

The purposes of this study are as follows: (1) relocating
epicenters of all earthquakes along the Sumatran fault pre-
cisely with M >7.0 from 1892 to 2012, because locations of
some earthquakes in existing catalogs are unreliable. We
obtain a catalog of large shallow Sumatra earthquakes that
are, to a high degree of confidence, located in the overriding
Sundaland plate instead of in the Sumatran subduction zone.
We identify large earthquakes that are proposed to have oc-
curred on the Sumatran fault but that have not previously
been associated with the fault. Furthermore, we explore the
extent to which shallow earthquakes in the overriding Sunda-
land plate occur on faults that are distinct from the Sumatran
fault as that fault is currently mapped. (2) Associating the
earthquake epicenters with geologically mapped fault seg-
ments and identifying the fault planes of these earthquakes.
By studying the extent to which seismicity of the Sumatran
fault is correlated with segments and segment boundaries, we
suggest possible modifications to previously mapped seg-
ment boundaries. (3) Obtaining the earthquake history of
the Sumatran fault from 1892 to the present by using reliable
epicenters and fault planes of the large earthquakes. Finally,
(4) detecting seismic gaps along the Sumatran fault to con-
tribute to earthquake disaster mitigation in future.

Some old earthquakes before 1964, when the
International Seimological Centre (ISC) was established, are
not well located because of the limited number of seismic sta-
tions in the region and poor readings of arrival times.
Although some studies have relocated old large earthquakes,
including those along the Sumatran fault (Newcomb and
McCann, 1987; Engdahl and Villasefior, 2002), not all of the
earthquakes concerned were relocated. Recently, a new global
instrumental earthquake catalog called ISC-Global Earth-
quake Model (ISC-GEM) was released (Storchak et al.,
2013), which covered the period of 1900-2009. Although
locations of old earthquakes were greatly improved, the cut-
off magnitude in the period between 1900 and 1917 is M 7.5.
We compare our locations and those by the International Seis-
mological Summary (ISS) and ISC-GEM under the Results
section. Furthermore, because previous studies that identified
fault planes of large historical earthquakes used different mag-
nitude scales, the obtained sizes of the faults are both incon-
sistent and incorrect. Therefore, we need to construct a
complete earthquake catalog for the Sumatran fault by using
surface-wave magnitude (M) as calculated by Abe (1981,
1984) and Abe and Noguchi (1983a,b), who carefully re-
examined M >7.0 earthquakes worldwide between 1897
and 1980. We employed M, using Global Centroid Moment
Tensor (CMT) solutions (see Data and Resources) for earth-
quakes between 1976 and 2012. On this basis, we are able to
obtain the complete earthquake history of the Sumatran fault.
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Figure 2.

Epicenter distribution of large shallow earthquakes along and near the Sumatran fault since 1900. (a) Hypocenters listed in

various catalogs (refer to text). (b) Relocated modified joint hypocenter determination (MJHD) hypocenters in this study. A cross with the
circle indicates the standard errors in latitude and longitude. Stations used in the relocation are shown by stars. The Sumatran fault con-
figuration is taken from Sieh and Natawidjaja (2000). The color version of this figure is available only in the electronic edition.

Method and Data
Method

The modified joint hypocenter determination (MJHD)
method was used for making precise relocations of large
earthquakes along the Sumatran fault. The MJHD method
was developed by Hurukawa and Imoto (1990, 1992) for
local location and Hurukawa (1995) for global location from
the joint hypocenter determination (JHD) method. The JHD
method (Douglas, 1967; Freedman, 1967; Dewey, 1972) cal-
culates hypocenters of a group of earthquakes and station
corrections simultaneously. Station corrections remove the
effects of lateral heterogeneity and reflect the travel-time dif-
ference between the assumed 1D velocity model and the ac-
tual structure. There is a trade-off, however, between location
and station corrections, because when the azimuthal cover-
age of stations is poor, the solution becomes unstable and
unreliable. Hurukawa and Imoto (1990, 1992), Hurukawa
(1995), and Hurukawa et al. (2008) overcame this problem
in the JHD method by adding the constraint that station cor-
rection is independent of the distance and azimuth from the
center of the source region to each station (equation 1 in
Hurukawa et al., 2008). Because, for example, a summation
of a product of a station correction and the distance, sine or
cosine of the azimuth at each station should be zero, this con-
straint suppresses the absolute values of station corrections.
Although the arrival times of historical earthquakes include
large reading or clock errors, the MJHD method can clearly
discriminate reading or clock errors from station corrections.
In this study, we fixed the focal depths of all earthquakes to
15 km, because data are available only from a small number
of stations, especially nearby stations that record historical
earthquakes. The underlying assumption of the MJHD ap-
proach is that the source—receiver distances are significantly
larger than the cluster size (the interevent distances). Thus,
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the station corrections represent the travel-time effects of
unmodeled 3D velocity heterogeneities along repeating ray
paths between the stations and the event cluster. Given that
this event cluster spans 1900 km, and local/regional stations
are also used in the multiple-event location, the above
assumption might be violated. If many stations in the Suma-
tra Island and the Malay Peninsula were available before
1950, it is better to divide the target area into several smaller
areas. However, only Medan (MED) station was available
there before 1950. The maximum travel-time residual (O—C)
allowed in this study is 7 s considering reading errors and
small-scale heterogeneity in the target area, although the latter
will be much smaller than the former. Concerning recent
earthquakes that were observed by many local/regional sta-
tions with high accuracy, reading errors will be smaller than
effects of the small-scale heterogeneity in the target area.
Therefore, their locations may contain bias caused by the
effects.

Data

We selected only shallow earthquakes near the Sumatran
fault and inland earthquakes in the Sumatra Island, in the
area 8° S—7° N and 94° E-106° E (the dotted area in Figs. 1
and 2). For earthquakes after 1976, we selected only strike-
slip events by referring to Global CMT solutions (see Data
and Resources).

There have been 10 M >7.0 earthquakes along the
Sumatran fault since 1892 (Table 1). As phase data are avail-
able for the period 1900 to present, we tried to relocate the
eight M >7.0 earthquakes for this period (Fig. 2a). Note that
all M >7.0 earthquakes occurred before 1944. A number of
stations in the period of 1943 were small, and readings of
onset times contained large errors including clock errors.
To utilize the stations for that interval, we also relocated
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Table 1
List of Earthquakes

Date (yyyy/mm/dd) Time (hh:mm) Longitude (° E) Latitude (° N) Z (km)* M Type of M Source of hypocenter Source of M
1892/05/17 13:18LF 99.5 0.8 — 7.5 M Utsu (2002) Utsu (2002)
1893/06/12 07:57LF 103.0 —4.1 — 7.0 M This study This study
1900/01/05 19:00 102.5 -3.5 — 7.0 M This study AN#
1909/06/03 18:40 101.0 -2.0 35 7.3 M ISS AN*
1921/04/01 04:06 99.03 = 0.22 225 = 0.23 15 6.8 M This study CENT.CAT?
1926/06/28 03:23 100.98 = 0.15 -0.53 = 0.14 15 6.8 M This study CENT.CAT?
1926/06/28 06:15 10093 = 0.16 -0.21 + 0.17 15 6.5 M This study UNI
1933/06/24 21:54 104.83 = 0.11 =5.18 = 0.11 15 7.5 M This study Abe (1981)
1935/08/03 01:10 96.44 + 0.06 4.36 = 0.08 15 7.0 M This study Abe (1981)
1936/09/19 01:01 97.67 = 0.06 3.66 = 0.07 15 7.2 M This study Abe (1981)
1942/05/24 03:26 96.87 = 0.09 5.00 = 0.11 15 6.8 M This study CENT.CAT?
1943/04/01 14:18 105.38 = 0.16 —-6.49 + 0.14 15 7.1 M This study Abe (1981)
1943/06/08 20:42 101.95 = 0.13 —-2.81 = 0.12 15 7.3 M This study Abe (1981)
1943/06/09 03:06 101.02 = 0.10 —-1.15 *= 0.10 15 7.6 M This study Abe (1981)
1952/03/15 11:15 102.04 = 0.10 -3.17 £ 0.11 15 6.8 M This study BMKG
1964/04/02 01:11 95.33 + 0.07 5.65 = 0.05 15 6.7 mb This study NEIC
1967/04/12 04:51 96.38 = 0.04 5.11 = 0.04 15 6.1 mb This study ISC
1977/03/08 23:17 99.81 = 0.05 0.45 = 0.04 15 6.1 M, This study Global CMT
1979/12/15 00:02 102.55 = 0.05 -3.41 = 0.04 15 6.5 M, This study Global CMT
1980/04/01 16:21 97.55 = 0.03 4.13 = 0.03 15 6.0 M., This study Global CMT
1987/04/25 19:22 98.91 = 0.03 241 = 0.03 15 6.4 M, This study Global CMT
1990/11/15 02:34 97.39 = 0.02 398 = 0.02 15 6.7 M, This study Global CMT
1994/02/15 17:07 104.31 = 0.03 —4.85 + 0.03 15 6.8 M., This study Global CMT
1995/10/06 18:09 101.42 = 0.03 -1.99 = 0.03 15 6.7 M, This study Global CMT
1996/10/10 15:21 97.81 = 0.02 3.56 = 0.02 15 6.2 M, This study Global CMT
1997/08/20 07:15 96.50 = 0.03 4.45 = 0.03 15 6.0 M, This study Global CMT
2003/01/22 02:58 97.51 = 0.03 4.57 = 0.02 15 6.0 M This study ISC
2007/03/06 03:49 100.46 = 0.04 —-0.46 = 0.03 15 6.4 M, This study Global CMT
2007/03/06 05:49 10045 = 0.02 -0.45 += 0.02 15 6.3 M, This study Global CMT
2008/05/19 14:26 99.14 = 0.02 1.76 = 0.02 15 6.0 M, This study Global CMT
2009/10/01 01:52 101.51 = 0.03 —-2.44 + 0.03 15 6.6 M., This study Global CMT

*Z, depth (fixed for earthquakes after 1921).
L, local time.

fAN, Abe and Noguchi (1983b).
SCENT.CAT, Engdahl and Villasefior (2002).
IUN, Untung et al. (1985).

6.0 <M < 7.0 earthquakes for the period 1921 to present
(Fig. 2a), because common stations that recorded both
M >7.0 and M <7.0 earthquakes in the period prior to 1944
contribute to improving their locations. Moreover, because
recent earthquakes were recorded by many more seismic sta-
tions, and with higher reading accuracies than the old earth-
quakes, these additional data helped to obtain better locations
of the pre-1944 earthquakes. Note that the ISS reported some
immediate aftershocks of the 1926 and 1933 earthquakes.
Because the numbers of available stations are limited,
however, we could not include these aftershocks in our
relocation.

Only initial P-wave arrival times were used in this study,
because these are more reliably observed than are the sub-
sequent S-wave and later-phase arrival times. The initial
P-wave arrival times at worldwide stations were taken from
various references as follows: 1900-1917, British Associa-
tion for the Advancement of Science, Seismology Commit-
tee; 1918-1963, ISS; 1964-2008, ISC (see Data and
Resources); and 2009-2012, U. S. Geological Survey
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(USGS). We used the iasp91 model (Kennett and Engdahl,
1991) to estimate travel times.

To obtain an earthquake history that includes the loca-
tions of fault planes, the size of each large earthquake should
be known correctly. Therefore, we used M, from Abe (1981)
and Abe and Noguchi (1983b) for earthquakes M, >7.0 after
1900. We used M from the ISC and M|, from Global CMT
for earthquakes during 1964-1975 and 1976-2012, respec-
tively. Because these kinds of M were not available for the
1964 and 2003 earthquakes, we used M, from the National
Earthquake Information Center (NEIC) and M from the ISC
for these events, respectively.

To calculate MJHD hypocenters, two parameters must be
defined: the minimum number of stations (MSTN) that ob-
served each earthquake and the minimum number of events
(MEVN) observed at each station. Here, MSTN and MEVN
were set to 10 and 5, respectively. We added MED station
in northern Sumatra, however, where the number of events
observed was 4, because it is one of the nearest stations and
observed earthquakes between 1933 and 1977. We used 583
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Figure 3.
available only in the electronic edition.

worldwide stations as shown in Figure 3. Phase data with
an absolute value of a P-wave travel-time residual (O—C,
observed minus calculated time) of >7 s were excluded.

Results

We were able to relocate 27 M > 6.0 earthquakes includ-
ing six M >7.0 earthquakes for the period after 1921
(Table 1; Fig. 2b). However, because travel-time residuals
of P-arrival times for the 1900 (M 7.0) and 1909 (M 7.3)
earthquakes were too large, these earthquakes were excluded
from MJHD relocation. Almost all the earthquakes were lo-
cated on the Sumatran fault. Detailed results for the six M >
7.0 earthquakes are explained in the next section, along with
a discussion of the relationship between the earthquakes and
the fault segments of the Sumatran fault (Fig. 4).

We need to know how fault length corresponds to earth-
quake magnitude in order to identify the corresponding fault
segment and to ascertain the seismic gaps where future large
earthquakes are expected to occur. Therefore, the fault length
for magnitude M >7.0 events was estimated using the equa-
tion for large earthquakes on the Sagaing fault, which is a
similar type of trench-parallel strike-slip fault to the Suma-
tran fault, but in Myanmar (Hurukawa and Maung, 2011).
Hurukawa and Maung (2011) used the surface-wave magni-
tude M, of Abe (1981) for M >7.0 earthquakes, and the
equation is

log(L) = 0.66M — 2.83, (1)

in which L is the length of the fault in kilometers and M is the
earthquake magnitude. From the equation, M values of 7.0,
7.3, and 7.6 yielded fault lengths of 62, 97, and 153 km, re-
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Distribution of seismic stations, in which initial P-wave arrival times were used for relocation. The color version of this figure is

spectively. Note that the estimates of L that were obtained
from equation (1) have an associated uncertainty. According
to figure 2 of Hurukawa and Maung (2011), the uncertainty
will be ~10% in equation (1). Because a triangulation net-
work detected displacements along the Angkola segment
caused by the 1892 M 7.5 earthquake (Muller, 1895; Bellier
et al., 1997; Prawirodirdjo et al., 2000; Sieh and Natawid-
jaja, 2000), we used this event as a calibration event for the
fault-scaling relation in equation (1). The expected fault
length for an M 7.5 earthquake is 132 km, which is consis-
tent with the length of the Angkola segment (160 km), and
the difference is ~20%, or about 0.1 magnitude units.

Wells and Coppersmith (1994) obtained the regression
relationship of subsurface rupture length (RLD in kilometers)
and moment magnitude (M,,) for strike-slip earthquakes as
log(RLD) = 0.62M, — 2.57. From the equation, M, values
of 7.0, 7.3, and 7.6 yielded subsurface rupture lengths, which
might correspond to fault lengths, of 59, 90, and 139 km,
respectively. Therefore, the difference between the expected
fault lengths obtained by the two equations, equation (1) and
the equation of Wells and Coppersmith (1994) above, is less
than ~10%.

There is strong lateral heterogeneity in crust and mantle
properties around the Sumatra Island because of the location
of the island in the subduction zone. This heterogeneity might
have affected the locations of the relocated earthquakes. For
example, there are low- and high-velocity anomalies in the
upper mantle in southeast Asia and Australia, respectively
(e.g., Inoue et al., 1990; Widiyantoro and Van der Hilst,
1997). We compared the station corrections obtained in this
study with velocity anomalies obtained by tomographic
studies. Station corrections at 24 stations in the southeast Asia
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Figure 4. Relocated MJHD epicenters. (a) Northern Sumatra. (b) Central Sumatra. (c) Southern Sumatra. Solid lines with names indicate

segments of the Sumatran fault (Sieh and Natawidjaja, 2000). Symbols are as in Figure 2. The thick solid line (see Fig. 4c) indicates the
Ranau—Suwoh area, which was severely damaged by the 1933 Liwa earthquake (Berlage, 1934; Widiwijayanti et al., 1996). The slip rates of
the Sumatran fault in northern, central, and southern Sumatra are taken from Ito ez al. (2012) and Genrich ez al. (2000) for Global Positioning
System (GPS) and Bellier and Sebrier (1995) for Satellite Pour I’Observation de la Terre (SPOT). The color version of this figure is available

only in the electronic edition.

area (latitude: 0° N-30° N; longitude: 100° E~130° E) and at
29 stations in the Australia area (latitude: 50° S—-10° S;
longitude: 110° E-150°E) are 2.2 2.1 sand —1.8 = 1.3 s,
respectively. The station corrections are consistent with veloc-
ity anomalies in the upper mantle beneath southeast Asia
(low V) and Australia (high V). This implies that a significant
portion of the effect of the lateral heterogeneity was removed
by using the station corrections. However, although local
lateral heterogeneity exists beneath Sumatra Island (e.g.,
Puspito et al., 1993; Widiyantoro and Van der Hilst, 1997),
it is very difficult to evaluate its full effect, and therefore
the effect of local heterogeneity was not estimated.

The bias in the absolute locations of the group of relo-
cated earthquakes should be assessed because the MJHD
method sometimes sacrifices some of the accuracy of abso-
lute locations. Fourteen M >6.0 earthquakes have occurred
on and around Sumatra Island since 1977 (Table 1). Of these,
12 (excluding the 1980 and 2003 earthquakes) were located
very close to the Sumatran fault (Fig. 4). The average dis-
tance between the Sumatran fault and the epicenters of 9
of the 12 earthquakes (excluding the 1979, 1987, and 1994
earthquakes) is —0.2 + 4.8 km (the negative sign indicates
that an epicenter is located southwest of the Sumatran fault).
Therefore, there is no bias in the direction perpendicular to
the fault in the region between ~5°N and ~4° S. The location
of the 1994 earthquake is discussed in the 24 June 1933 Liwa
Earthquake (M 7.5) section. However, it is difficult to evalu-
ate the bias in the direction parallel to the fault. The bias in
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the locations of relocated earthquakes along the central
Sumatran fault is discussed in the 9 June 1943 Padang
Highland Earthquake (M, 7.6) section.

Six M >7.0 earthquakes were thought to have occurred
along the Sumatran fault. The average distance between the
Sumatran fault and the epicenters of these six earthquakes, as
reported by the MJHD, ISS, and the ISC-GEM are 16 £ 27,
20 £ 45, and 13 £ 27 km, respectively. Positive values indi-
cate that the average distances are northeast of the Sumatran
fault. These results indicate that the MJHD process did not in
general produce larger biases than those generated by single-
event procedures and that the MJHD and ISC-GEM locations
were greatly improved from those by the ISS.

Fault Planes of M >7.0 Earthquakes
between 1921 and 2012

24 June 1933 Liwa Earthquake (M, 7.5)

Our epicenter for the Liwa earthquake was located
~50 km northeast of the Semangko segment and ~60 km
east of the southern end of the Kumering segment in southern
Sumatra (Figs. 2b and 4c). The 1933 Liwa earthquake caused
heavy damage in the Ranau—Suwoh area (Berlage, 1934;
Widiwijayanti et al., 1996), as outlined by the thick solid line
in Figure 4c. Although there is a possibility that a subsidiary
fault off the Sumatran fault might have caused the 1933
earthquake, the damage reports suggest that at least the
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southern half of the Kumering segment was ruptured during
the earthquake.

The 1994 Liwa earthquake (M,, 6.8) was located close
to the 1933 event. Carrying out an aftershock study with a
temporary network of stations, Widiwijayanti et al. (1996)
reported that aftershocks of the 1994 earthquake were lo-
cated in the Ranau—Suwoh area in the southeastern part of
the Kumering segment. By comparing the preliminary deter-
mination of epicenters NEIC position of the 1994 mainshock
relative to the aftershock distribution, Widiwijayanti et al.
(1996) noted an eastward shift of ~20 km. Furthermore, they
inferred that the absolute locations of earthquakes around it
were systematically biased 20-50 km eastward. These indi-
cate that our epicenter for the 1994 mainshock is mislocated
~30 km to the east or northeast. Therefore, we suppose that
the epicenter of the 1933 earthquake was also mislocated
20-50 km to the east or northeast, similar to the 1994 event.
If we correct this mislocation, the mainshock of the 1933
earthquake is situated close to the northwesternmost part of
the Semangko or the southeastern end of the Kumering seg-
ment. The main reason for these mislocations might be the
strong lateral heterogeneity in the crust and mantle beneath
Sumatra and its surrounding regions caused by the subduc-
tion of the India and Australia plates (e.g., Widiyantoro and
Van der Hilst, 1997; Okabe et al., 2004). However, it is dif-
ficult to evaluate travel-time anomalies caused by the lateral
heterogeneity, because there might be additional small-scale
lateral heterogeneities caused by volcanic activity.

The ISS reported five immediate aftershocks of the 1933
earthquake but assumed that the locations of these after-
shocks were the same as the location of the mainshock be-
cause of limited data. To discover the locations of aftershocks
on the Sumatran fault to the epicenter of the mainshock (i.e.,
northwest or southeast of the mainshock), we plotted relative
travel-time differences at common stations between the
mainshock and each aftershock. A relative travel-time differ-
ence is the difference in arrival times, as measured in sec-
onds, between two events, and in Figure 5 the values of
travel-time difference are arbitrarily shifted event-by-event
along the axis to prevent overlapping in the figure. Three
aftershocks (AF1, AF2, and AF3) were available, as shown
in Figure 5. However, the other two aftershocks (AF4 and
AF5) were not available because only reasonable arrival
times at three stations with similar azimuths were reported by
the ISS. For two of the aftershocks (AF2 and AF3), it is clear
that relative to the mainshock, relative travel-time differences
are larger in the southeast direction than in the northwest
direction, indicating that the aftershocks occurred northwest
of the mainshock. The maximum differences in the relative
travel time (dT), southeast minus northwest, are ~16 and
~10 s for AF2 and AF3, respectively. To convert the time
difference to the distance between the mainshock and the
aftershocks, we referred to theoretical travel times. Because
four stations in AF2 range from ~0.4° to ~11°, in which
dT/dA is ~13.7 s/deg, the difference of epicentral distances
between the mainshock and AF2 is ~130 km. On the other
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Figure 5. Relative travel-time differences at common stations

for the 1933 mainshock and its aftershocks (AF1, AF2, and
AF3). The dT plotted is the difference in arrival times, as measured
in seconds, between the aftershock and mainshock arrival times
with arbitrary shifts. Azimuth is measured from north to east. Ar-
rows indicate data at DJA (Jakarta) and MED (Medan in Sumatra).
The dates and origin times of the three aftershocks are as follows:
AF1, 5 hr 43 min; AF2, 9 hr 19 min; and AF3, 9 hr 39 min, 25 June
1933. The color version of this figure is available only in the elec-
tronic edition.

hand, stations in AF3 range from ~2° to ~72° in which
dT /dA are ~6 to ~14 s/deg, the difference of epicentral dis-
tances between the mainshock and AF3 is ~100 km,
although the estimation error is large. Therefore, we can con-
clude that the two aftershocks (AF2 and AF3) of the 1933
earthquake were located ~130 and ~100 km northwest of
the mainshock, respectively. From this analysis, it is possible
that the rupture extended northwestward for as much
as 130 km.

The expected fault length for an M, 7.5 earthquake is
~130 km, using equation (1), which is close to the distance
between the mainshock and aftershock AF2 (~130 km), and
to the length of the Kumering segment (150 km). Therefore,
we propose that the 1933 earthquake may have ruptured most
of the Kumering segment. Our results are consistent with
those of previous studies (e.g., Bellier ez al., 1997; Sieh and
Natawidjaja, 2000). The rupture was initiated near the
southeastern end of the Kumering segment and propagated
northwestward to the end of the segment. There is a possibil-
ity, however, that the 1933 earthquake initiated at the
Semangko segment and ruptured the northeastern part of the
Semangko segment and the southwestern part of the Kumer-
ing segment. More study is necessary to finalize the location
of the earthquake fault.

3 August 1935 Earthquake (M, 7.0)

This earthquake was relocated near the boundary of the
Tripa and Aceh segments in northern Sumatra (Figs. 2b and
4a), whereas the ISS located it near the boundary of the Aceh
and Seulimeum segments (Fig. 2a). There are two candidate
segments for this earthquake: the Tripa and Aceh segments.
We consider the Tripa segment as the fault plane based on the
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following reasoning. The 1936 earthquake (M, 7.2) occurred
on the southeastern part of the Tripa segment, as explained in
the 19 September 1936 Earthquake (M, 7.2) section. The
1990 earthquake (M, 6.7) occurred at the center of the seg-
ment near the northwestern end of the fault of the 1936 earth-
quake. As discussed in the Earthquake History and Seismic
Gaps along the Sumatran Fault section, almost all M 6 class
earthquakes occurred near boundaries of fault segments,
such as the 1996 earthquake (M, 6.2) and the 1997 earth-
quake (M, 6.0) that occurred at the southeastern and
northwestern ends of the Tripa segment. We may suppose
heterogeneity near the hypocenter of the 1990 earthquake.
If we consider that the 1935 earthquake ruptured the
northwestern part of the Tripa segment, then the southeastern
end of the fault of this earthquake reached the position of the
hypocenter of the 1990 earthquake near the center of the
Tripa segment. Therefore, we speculate that this earthquake
occurred on the northwestern part of the Tripa segment and
ruptured southeastward. This idea is consistent with the
speculation by Sieh and Natawidjaja (2000) that their Tripa
segment might be subdivided on the basis of a jog at 4.0° N
and a change in strike at 3.85° N. The fault length expected
foran M, 7.0 earthquake is ~60 km, as given by equation (1),
which is much shorter than the length of the Tripa segment
(180 km). Note that 180 km corresponds to an M, 7.7 earth-
quake. There are no previous studies of this event, and our
study is the first attempt to identify the fault plane of the 1935
earthquake on the Sumatran fault. There is a possibility, how-
ever, that the 1935 earthquake occurred off the Sumatran
fault, because the epicenter was located ~12 km away from
the fault. Another candidate fault is the Batee fault located
~17 km east of the epicenter, which is a major right-lateral
strike-slip fault that diverges from the boundary between
Aceh and Tripa segments southward until the coastline
(Sieh and Natawidjaja, 2000). Furthermore, we cannot deny
the possibility that the 1935 earthquake ruptured the
southeastern part of the Aceh segment. More study is neces-
sary to finalize the location of the earthquake fault.

19 September 1936 Earthquake (M, 7.2)

This earthquake was located near the boundary of the
Tripa and Renun segments in northern Sumatra (Figs. 2b
and 4a). Sieh and Natawidjaja (2000) considered that the
1936 earthquake occurred on the Tripa segment, referring to
the relocated hypocenter of Newcomb and McCann (1987),
which is consistent with our location. Therefore, we consider
that this earthquake occurred on the Tripa segment. The ex-
pected fault length for an M, 7.2 earthquake is ~80 km,
which is much shorter than the length of the Tripa segment
(180 km). Therefore, we propose that the 1936 earthquake
ruptured the southeastern half of the Tripa segment. The rup-
ture started near the southeastern end of the segment and
propagated northwestward. More recently, two large earth-
quakes, in 1990 (M, 6.7) and 1996 (M, 6.2), occurred near
the respective ends of the fault of the 1936 earthquake.
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1 April 1943 Earthquake (M 7.1)

This earthquake was located near the Sunda segment at
the southeastern end of the Sumatran fault in southern
Sumatra (1943a in Figs. 2 and 4c), whereas the ISS located
it ~100 km east of the Sunda segment. To confirm the MJHD
location, we examined the original seismograms at station
DJA (Jakarta) in west Java. Although no records of the main-
shock were available, we found four aftershocks on 2 April
1943. Because the observed S—P times at DJA are ~23 s, the
expected epicentral distance is ~1.7°, which is very close to
the calculated epicentral distances of 1.47° and 1.83° given
by the MJHD location and the Sunda segment, respectively.
This means that the MJHD location satisfies the S—P times at
DJA. However, the expected epicentral distance from the ISS
location is 0.89° at DJA, which cannot explain the observed
S—P times. The expected fault length for an M, 7.1 earth-
quake is ~70 km, which is much shorter than the length of
the Sunda segment (150 km). Note that 150 km corresponds
to an M, 7.6 earthquake. Therefore, this earthquake might
have ruptured the southeastern half of the Sunda segment.
There are no previous studies of this event, and ours is the
first attempt to identify the fault plane of the April 1943
earthquake on the Sumatran fault. Although Figure 1 shows
only reverse-fault earthquakes near the southeastern Sunda
segment, both reverse and strike-slip fault events with shal-
low depths and northeast—southwest P axes occurred there
(Global CMT solutions).

8 June 1943 Earthquake (M, 7.3)

This earthquake was the first event of the June 1943
doublet. The earthquake was located at the northwestern
end of the Ketaun segment in southern Sumatra (1943b in
Figs. 2b and 4c). Although Sieh and Natawidjaja (2000)
considered this earthquake to have occurred at the Suliti seg-
ment, this interpretation is inconsistent with locations deter-
mined by the ISS, Newcomb and McCann (1987), and the
present study. Untung et al. (1985) reported that none of the
local residents mentioned this earlier event of the 1943
doublet as having occurred near the Suliti segment, whereas
the local residents observed fault displacements along the
Sumani segment during the second event of the doublet. The
expected fault length for an M, 7.3 earthquake is ~100 km,
which is consistent with the length of the Ketaun segment
(85 km). Therefore, we propose that this earthquake ruptured
the Ketaun segment. Note that 85 km corresponds to an
M 7.2 earthquake. Another large earthquake with M 6.3 oc-
curred in the central part of the Ketaun segment in 1952 and
caused right-lateral movement along the fault (Katili and
Hehuwat, 1967).

9 June 1943 Padang Highland Earthquake (M 7.6)

The Padang Highland earthquake was the second event
of the June 1943 doublet, occurred 6 hr after the first event,
and was relocated near the Suliti segment in central Sumatra
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(1943c in Figs. 2b and 4b). According to Untung et al.
(1985), fault displacements were observed for at least 60 km
along the Sumani segment by local residents during the
earthquake. Although previous studies (e.g., Untung et al.,
1985; Bellier et al., 1997) considered that this event occurred
only along the Sumani segment, Sieh and Natawidjaja (2000)
suggested from the distribution of seismic intensities that
the northwestern part of the Suliti segment was ruptured in
addition to the Sumani segment. The length of the Sumani
segment, 60 km, corresponds to an M 7.0 earthquake. The
fault length corresponding to an M, 7.6 earthquake is
~150 km, which is much longer than the length of the Suliti
segment (95 km) and of the Sumani segment. The total
length of the two segments is 155 km, however, which cor-
responds well to the expected length of an M, 7.6 earth-
quake. Therefore, we propose that this event ruptured both
the Suliti and Sumani segments simultaneously. The rupture
might have started in the center of the Suliti segment and
propagated bidirectionally.

The bias in the absolute locations of relocated earth-
quakes in central Sumatra, including the 1943 Padang High-
land earthquake, should also be assessed. The 2007 doublet
occurred ~90 km northwest of the 1943 Padang Highland
earthquake. The first and second events of the 2007 doublet
ruptured the northern half of the Sumani and the southern
part of the Sianok segments, respectively (Natawidjaja et al.,
2007). Nakano et al. (2010) studied the source model of the
2007 doublet using a waveform inversion analysis of data
from a broadband seismograph network in Indonesia.
Confirming that the two events of the doublet ruptured the
Sumani and Sianok segments, respectively, Nakano et al.
(2010) obtained the epicenters of the two events as being
located ~14 and ~10 km to the south-southeast of our cal-
culated locations. This indicates that there exists an ~10 km
north-northwest along-strike bias in our calculated locations
along the Sumatran fault in central Sumatra.

Fault Planes of M >7.0 Earthquakes
between 1892 and 1920

Because we were unable to relocate four M >7.0 earth-
quakes between 1892 and 1920, we identified their fault
planes as follows.

17 May 1892 Tapanuli Earthquake (M 7.5)

As we had explained in the Results section, a triangu-
lation network detected displacements caused by the 1892
earthquake along the Angkola segment in central Sumatra
(Muller, 1895; Prawirodirdjo et al., 2000). Bellier et al.
(1997) and Sieh and Natawidjaja (2000) considered that the
Tapanuli earthquake ruptured the Angkola segment. The ex-
pected fault length for an M 7.5 earthquake is ~130 km,
which is consistent with the length of the Angkola segment
(160 km). Note that a distance of 160 km corresponds to an
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M, 7.6 earthquake. Therefore, we propose that the entire
Angkola segment was ruptured by the earthquake (Fig. 4b).

12 June 1893 Earthquake (M 7.0)

As no magnitude is given for this earthquake, which
occurred in the Highlands of Benkoelen, southern Sumatra,
on 12 June 1893, we estimated it as follows. Visser (1922)
reported the radii of shaken areas (r) of five large earthquakes
in Sumatra whose radii were more than 400 km. Except for
the 1893 earthquake, their magnitudes are given. The radii of
the shaken areas of the 1892 (M 7.5), 1900 (M, 7.0), 1909
(M, 7.3), and 1921 (M, 6.8) earthquakes are 1300, 600, 530,
and 440 km, respectively. The best-fit relationship between
M and r is log(r) = 0.54M — 1.05. Therefore, the expected
M for the 1893 earthquake, for which r is 550 km, is 7.0. The
epicentral area estimated by Visser (1922) is situated in the
Manna segment (Sieh and Natawidjaja, 2000). The expected
fault length for an M 7.0 earthquake is ~60 km, as given by
equation (1), which is consistent with the length of the
Manna segment (85 km). The 85 km length corresponds to
an M, 7.2 earthquake. Therefore, there is a possibility that
the Manna segment was ruptured by the 1893 earthquake
(Fig. 4c), as Sieh and Natawidjaja (2000) suggested.

5 January 1900 Earthquake (M, 7.0)

According to Abe (1981), the location of this earthquake
was near the first event of the 1943 doublet (M, 7.3) that
ruptured the Ketaun segment (as mentioned in the 8 June
1943 Earthquake (M, 7.3) section, also see Fig. 2a). The near-
est unbroken segments are the Dikit segment to the northwest
and the Musi segment to the southeast. Visser (1922) reported
that severe damage occurred at Kepahiang (3.6° S, 102.6° E)
and at Tebing-Tinggi (3.6°S, 103.1° E), and that the epicentral
area extended in a direction trending east-northeast—west-
southwest, which is nearly perpendicular to the strike of
the Sumatran fault. No other M >7.0 earthquakes occurred
outside of the Sumatran fault, however. If we consider that
the earthquake resulted in the rupture of one of the segments
of the Sumatran fault, then the Musi segment might have
ruptured, as it is closest to the damaged area. The expected
fault length for an M, 7.0 earthquake is ~60 km, which is
consistent with the length of the Musi segment (70 km).
Therefore, we propose that the 1900 earthquake ruptured the
Musi segment (Fig. 4c), although we cannot deny a possibility
that the 1900 earthquake occurred off the Sumatran fault.

6 June 1909 Earthquake (M, 7.3)

The ISS located this earthquake near the Siulak and
Suliti segments (Fig. 2a). Visser (1922) reported that the epi-
central area of this earthquake had a length of 40 km and that
the center of the area was situated at 2.0° S, 101.5° E, where
the Siulak segment is located. Furthermore, most of the re-
gions traversed by the Siulak segment were devastated by the
earthquake (Sieh and Natawidjaja, 2000). The fault length
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Figure 6. Earthquake history of the Sumatran fault. Filled
ellipses indicate M >7.0 earthquakes that have occurred since
1892. Open ellipses indicate unbroken fault segments. Names of
the Sumatran fault segments are taken from Sieh and Natawidjaja
(2000). The color version of this figure is available only in the elec-
tronic edition.

expected for an M 7.3 earthquake is ~100 km, which is con-
sistent with the length of the Siulak segment (70 km). Note
that a length of 70 km corresponds to an M, 7.1 earthquake.
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Therefore, we propose that the 1909 earthquake ruptured the
Siulak segment (Fig. 4b), similar to Bellier et al. (1997) and
Sieh and Natawidjaja (2000).

Earthquake History and Seismic Gaps along
the Sumatran Fault

To obtain an earthquake history and detect seismic gaps
along the Sumatran fault, we plotted the estimated fault
planes of all M >7.0 earthquakes during 1892-2012 (Fig. 6).
The resulting pattern shows seismic gaps along the Sumatran
fault, specifically the northeastern part of the Sunda segment,
and the Semangko, Dikit, Sianok, Sumpur, Barumun, Toru,
Renun, Aceh, and Seulimeum segments. Using equation (1),
which defines the relationship between M and fault length,
we calculated the maximum magnitude of the expected
earthquake in each seismic gap along the Sumatran fault. The
expected maximum magnitude is M >7.0 for all segments
except for the Sumpur (Table 2). Note that if multiple seg-
ments rupture simultaneously, similar to the 1943 Padang
Highland earthquake, then M will be larger than the equiv-
alent value for a single segment listed in Table 2. The history
of M >6.0 earthquakes and the seismic gaps of the Sumatran
fault are also summarized in Table 2.

These results differ largely from those of Bellier ef al.
(1997) and Sieh and Natawidjaja (2000). The main causes
of the differences are attributed to (1) the new findings of
the two M >7.0 earthquakes (1935 and 1943a), (2) the
completeness of the M >7.0 earthquake catalog, and (3) the
determination and use of proper fault lengths for all earth-
quakes in our study. We also proposed different fault planes

Table 2
The Sumatran Fault’s Major Segments and M >6.0 Earthquakes for Period 1892-2012

Large Earthquakes since 1892

Number Segment Latitude (°) Length (km) M 7 Class M 6 Class M (Max)
1 Sunda 6.75° S-5.9° S ~ ~150 1943a (M 7.1) 7.2 (N. Part)
2 Semangko  5.9° S-5.25° S 65 7.0
3 Kumering 5.3°S-4.35°S 150 1933 (M 7.5) 1994 (M 6.8)

4 Manna 4.35° S-3.8°S 85 1893 (M 7.0)

5 Musi 3.65° S-3.25° S 70 1900 (M 7.0) 1979 (M 6.5)

6 Ketaun 3.35°S-2.75° S 85 1943b (M 7.3) 1952 (M 6.8)

7 Dikit 2.75° S-2.3° S 60 2009 (M 6.6) 7.0
8 Siulak 2.25°S-1.7° S 70 1909 (M 7.3) 1995 (M 6.7)

9 Suliti 1.75° S-1.0° S 95 1943¢c (M 7.6)

10 Sumani 1.0° S-0.5° S 60 1943¢c (M 7.6) 1926a (M 6.8), 2007a (M 6.4)

11 Sianok 0.7° S-0.1° N 90 1926b (M 6.5), 2007b (M 6.3) 7.2
12 Sumpur 0.0° N-0.3° N 35 6.6
13 Barumun 0.3° N-1.2° N 125 7.5
14 Angkola 0.3° N-1.8° N 160 1892 (M 7.5) 1977 (M 6.1)
15 Toru 1.2° N-2.0° N 95 2008 (M 6.0) 7.3
16 Renun 2.0° N-3.5° N 220 1921 (M 6.8), 1987 (M 6.4) 7.8
17 Tripa 34°N44°N 180 1935 (M 7.0), 1990 (M 6.7), 1996 (M 6.0),

1936 (M 7.2)

18 Aceh 44° N-54°N 200 1997 (M 6.0) 7.8
19 Seulimeum  5.0° N-5.9° N 120 1964 (M 6.7) 7.4

Segment nomenclature follows Sieh and Natawidjaja (2000).
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Earthquake history along the Sumatran fault since 1892. Fault planes estimated in this study are shown by thick lines. SG:

Seismic gap. The color version of this figure is available only in the electronic edition.

for the following three earthquakes as follows: (1) the 1936
earthquake occurred at the Tripa segment similar to Sieh and
Natawidjaja (2000), whereas Bellier et al. (1997) considered
that it occurred at the Renun segment; the 8 June 1943
(1943b) earthquake occurred at the Ketaun segment, whereas
Sieh and Natawidjaja (2000) considered that it occurred at
the Suliti segment; and the 9 June 1943 (1943c) earthquake
occurred at both Suliti and Sumani segments similar to Sieh
and Natawidjaja (2000), whereas Bellier et al. (1997) con-
sidered that it occurred only at the Sumani segment.

Wells and Coppersmith (1994) obtained the regression
relationship of average displacement (AD in meter) and
moment magnitude (M,,) for strike-slip earthquakes as
M, = 7.04 + 0.89log(AD). This indicates that the expected
ADs for M, 7.0, 7.4, and 7.8 earthquakes are 0.9, 2.5, and
7.1 m, respectively. As shown in Figure 4, slip rates of the
Sumatran fault in northern, central, and southern Sumatra
are 16-20 mm/yr (Ito et al., 2012), 23-26 mm/yr (Bellier
and Sebrier, 1995; Genrich et al., 2000), and 6 mm/yr (Bel-
lier and Sebrier, 1995), respectively. Because the accumulated
slip along the fault during the past 120 years has amounted to
1.9-2.4 m in the Aceh and Seulimeum segments, where seis-
mic gaps exist, an M <7.4 earthquake might occur in the near
future in these locations. As no large earthquakes have oc-
curred in Aceh since at least 1835 (Bellier ef al., 1997), more
than ~3 m slip has accumulated in the Aceh segment. In the
Tripa segment, 1.2—1.5 m of slip has accumulated since the
last earthquakes in 1935 and 1936, so that an M 7.0-7.2 earth-
quake may occur. The Renun segment in central Sumatra has
accumulated 2.8-3.1 m during the last 120 years, and ~40%
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of the stress required for M 7.8 earthquake is already accumu-
lated there. In contrast, the situation in southern Sumatra is
different from that of other areas because the slip rate is lower.
The accumulated slip amounts to ~0.7 m over the last 120
years, and therefore the possibility of M >7.0 earthquakes oc-
curring at historically broken segments in southern Sumatra
may be relatively lower than the other region for the near
future. Because the last earthquake at each seismic gap and
the recurrence interval of the earthquake at each segment are
unknown, however, it is impossible to evaluate a probability
of the earthquake occurrence at each segment. Therefore, it is
quite important to carry out paleoseismological and geomor-
phological studies of the Sumatran fault including trenching.

A time-versus-space plot of M >6.0 earthquakes along
the Sumatran fault since 1892 (Fig. 7) clearly shows two ac-
tive periods of M >7.0 earthquakes; namely, 1892-1909 and
1933-1943. Furthermore, many 6.0 < M < 7.0 earthquakes
occurred at the same segments where M >7.0 earthquakes
had previously occurred (see Table 2). For example, the
1994 Liwa earthquake (M 6.8) occurred in the southeastern
part of the Kumering segment (Duquesnoy et al., 1996; Wi-
diwijayanti et al., 1996), where the 1933 Liwa earthquake
had previously occurred. Another example is the first event
(M 6.4) of the 2007 doublet. This event took place in the
northwestern part of the Sumani segment (Nakano et al.,
2010; Daryono et al., 2012), where the 1943 Padang High-
land earthquake had previously occurred. Furthermore, the
northwestern part of the Sumani segment was ruptured by
the first event (M 6.8) of the 1926 doublet (Untung et al.,
1985; Prawirodirjo et al., 2000; Daryono et al., 2012), prior



Earthquake History of Sumatran Fault Derived from Relocation of Large Earthquakes 1761

to the June 1943 earthquake. Therefore, earthquakes of M 6
class may potentially occur along all parts of the Sumatran
fault on Sumatra Island, especially near segment boundaries.

Finally, we note that four shallow 6.0 < M < 7.0 earth-
quakes occurred off the Sumatran fault between 4.0° N and
5.5° N in northern Sumatra, as shown in Figure 4a. These are
the 1942 (M 6.8), 1967 (M 6.1), 1980 (M 6.0), and 2003
(M 6.0) earthquakes. No such M > 6.0 earthquakes, however,
occurred in central and southern Sumatra. This implies a high
seismic hazard over the entire northern part of Sumatra
Island, whereas a high long-term hazard may be restricted to
regions near the Sumatran fault in central and southern
Sumatra.

Conclusions

We relocated six earthquakes of M >7.0 that occurred
along or near the Sumatran fault in Sumatra, western
Indonesia, since 1921 by using the MJHD method. We added
M >6.0 earthquakes that took place during 1921-2012 in
this relocation. By combining better quality recent data with
poorer old ones helped to constrain the locations of pre-1950
earthquakes. We found that six M >7.0 earthquakes had oc-
curred along the Sumatran fault and proposed their fault
planes and the corresponding fault segments.

The 1933 Liwa earthquake (M, 7.5) was initiated near
the southeastern end of the Kumering segment in southern
Sumatra, and the rupture propagated northwestward to the
end of the segment. The 1935 (M, 7.0) earthquake was initi-
ated at the northwestern end of the Tripa segment in northern
Sumatra and ruptured toward the southeast to the segment
center, whereas the 1936 (M, 7.2) event was initiated at the
southeastern end and ruptured toward the northwest, to the
center of the segment. However, we cannot deny a possibility
that the 1935 earthquake occurred along the Batee fault be-
cause of the uncertainty of the location. The April 1943
(M 7.0) earthquake might have ruptured the southeastern part
of the Sunda segment in the Sunda Straight. A doublet oc-
curred in central and southern Sumatra in June 1943. The first
event (M, 7.3) of the doublet ruptured the Ketaun segment
from northwest to southeast, whereas the second event
(M, 7.6), known as the Padang Highland earthquake, initiated
at the Suliti segment and ruptured the Suliti and Sumani seg-
ments simultaneously.

We also proposed that the 1900 (M 7.0) earthquake had
ruptured the Musi segment based on the damage distribution
and the fault planes of other M >7.0 earthquakes. We cannot
deny a possibility, however, that the 1900 earthquake did not
occur along the Sumatran fault because of the damage
reports off the fault. There were three more M >7.0 earth-
quakes between 1892 and 1920, fault planes of which had al-
ready been identified by using information on crustal
deformation and damage distributions. From the results of
earthquake locations for the period 1892-2012 and the corre-
sponding fault lengths for M >7.0 earthquakes, we obtained
the history of earthquakes along the Sumatran fault. Possible
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seismic gaps, where no M >7.0 earthquakes have occurred in
at least the last 120 years, along the Sumatran fault and cor-
responding maximum M, are the northern half of the Sunda
segment (M, 7.2), and the Semangko (M, 7.0), Dikit (M, 7.0),
Sianok (M 7.2), Barumun (M, 7.5), Toru (M, 7.3), Renun
(M, 7.8), Aceh (M, 7.8), and Seulimeum (M, 7.4) segments.
Among these segments, the Aceh and Seulimeum segments,
where the slip rate is high, have already accumulated the strain
corresponding to M ~ 7.4 earthquakes.

Data and Resources

Phase data come from Shide Circulars (Schweitzer and
Lee, 2003) and Bulletin Disks 1-20 by International Seismo-
logical Centre (2012). The Global Centroid Moment Tensor
Project database was searched using www.globalcmt.org/
CMTsearch.html  (last accessed April 2013). The
International Seimological Centre-Global Earthquake Model
Global Instrumental Earthquake Catalog (Storchak et al.,
2013) was also used. Some plots were made using the Generic
Mapping Tools version 3.4.5 (Wessel and Smith, 1995).
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