
Proceedings World Geothermal Congress 2010  
Bali, Indonesia, 25-29 April 2010 

1 

Geothermal Systems Constrained by the Sumatran Fault and Its Pull-Apart Basins in 
Sumatra, Western Indonesia 

Hirofumi Muraoka1, Masaaki Takahashi1, Herry Sundhoro2, Sjafra Dwipa2, Yoshio Soeda3, Manabu Momita3 and 
Kanichi Shimada3 

1National Institute of Advanced Industrial Science and Technology, Central 7, Higashi 1-1-1, Tsukuba, Ibaraki 305-8567, Japan 

hiro-muraoka@aist.go.jp; mmst-takahashi@aist.go.jp 
2Center for Geological Resources, Geological Agency, Jl. Soekarno Hatta No.444, Bandung 40254, Indonesia 

herrysundhoro@yahoo.com; sjafra@dim.esdm.go.id 
3West Japan Engineering Consultants, Inc., Denki Bldg. Annex, Watanabe-dori 2-1-82, Chuo-ku, Fukuoka 810-0004, Japan 

soeda@wjec.co.jp; momita@wjec.co.jp; shima@wjec.co.jp 

 

Keywords: pull-apart basin, Indonesia, Sumatra, Sumatran 
fault, clustered volcanoes, brittle-plastic transition, 
geothermal system, geothermal resource 

ABSTRACT  

Two types of geothermal systems occur in Sumatra, 
western Indonesia; one is situated on the slope of volcanic 
edifices and the other is situated in pull-apart basins along 
the Sumatran fault. The latter type is formed as thirteen 
pull-apart basins by the special tectonic setting where the 
major strike-slip Sumatran fault and volcanic zone coexist 
in Sumatra. The latter type gives extra reservoir 
frameworks in Sumatra, duplicating geothermal resources 
in this Island. All the thirteen pull-apart basins along the 
Sumatran fault are distributed near clustered volcanoes, but 
rarely inside of the areas. Fault segments are often warped 
from the general trend of the Sumatran fault with their 
closing to the volcanic clusters. Fault segments penetrating 
the volcanic clusters often exhibit “z”-shaped drags. The 
genesis of pull-apart basins is explained by the depth 
distribution of the brittle-plastic transition along the 
Sumatran fault. With the increasing obliquity of the 
subduction, segments of the strike-slip faults commence 
nucleation in non-volcanic areas where the brittle layer is 
thick. These segments are growing toward the volcanic 
clusters where the brittle layer is very thin and initially 
inhibits fault segment expansion. The tips of the fault 
segments are warping near the volcanic cluster where 
clockwise rotation deformation occurs by the thin brittle 
crust layer and underlying dehydration front of the brittle-
plastic transition. Finally, new segments penetrate the 
volcanic clusters and form pull-apart basins together with 
the pre-existing warped tips of the fault segments. When the 
length of thirteen pull-apart basins is plotted against the 
latitude along the Sumatran fault, the length tends to be 
larger to the northwest and smaller to the southeast. This 
tendency is broadly consistent with known slip rates of the 
Sumatran fault. Boundary normal faults of pull-apart basins 
play an important role as major discharge zones for 
geothermal fluid, because the extensional stress is 
concentrated in the boundary normal faults. The vapor-
dominated type geothermal resources may be common on 
the volcanic edifices and the water-dominated type 
geothermal resources with the neutral chloride type or 
bicarbonate type thermal water may be common in the pull-
apart basins. 

1. INTRODUCTION  

Numerous studies have been done on the geneses of pull-
apart basins along major strike-slip faults throughout the 
world since the 1960s (Burchfiel et al., 1966). However, a 
process to localize a pull-apart basin along major strike-slip 
faults is still a difficult problem. The subject of this paper is 
to elucidate how a major strike-slip fault is segmented and 
stepped over each other in the generation process of pull-
apart basins. 

The Sumatran fault, Indonesia, is one of the major strike-
slip faults and many papers have been published on its slip-
rate (McCaffrey, 1991; Bellier and Sébrier, 1995; 
McCaffrey et al., 2000; Genrich et al., 2000; Prawirodirdjo 
et al., 2000), whereas little has been published on the pull-
apart basins along the Sumatran fault. An exception was the 
comprehensive mapping on the Sumatran fault (Sieh and 
Natawidjaja, 2000), where valleys along the Sumatran fault, 
virtually synonymous to pull-apart basins, were described, 
and a generation process of one of them, Singkarak, was 
described in detail. Another exception was the satellite 
image analyses (Bellier and Sébrier, 1994), which 
emphasized that some calderas had been evolved from pull-
apart basins. It is economically important that huge 
potentials of high-temperature geothermal resources in 
Sumatra are associated with the Sumatran fault (Hochstein 
and Sudarman, 1993), and many of these geothermal fields 
are situated in the pull-apart basins as documented in the 
Sarulla basin (Hickman et al., 2004). All these previous 
authors, however, used the term “graben” for the pull-apart 
basins that might make their geneses obscure. A notable 
geological feature of the Sumatran fault is that its trend 
almost coincides with the Sumatran volcanic zone and often 
crosses over its clustered volcanoes. The previous studies 
on the Sumatran fault have paid little attention to the role of 
the shallow level of the brittle-plastic transition induced by 
the high-level magma systems of the volcanic zone. 

This paper describes pull-apart basins along the Sumatran 
fault with special attention to their spatial relationship to the 
clustered volcanoes and proposes a generation model on the 
pull-apart basins that are localized by the role of the 
magma-induced plastic crust. 

2. DISTRIBUTION OF PULL-APART BASINS 
ALONG THE SUMATRAN FAULT 

The Sumatran fault is one of the major trench-parallel 
strike-slip faults that bounds the fore-arc sliver and back-arc 
plates of Sundaland as shown in Figure 1.  
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Figure 1: Regional map of topography, fault segments, pull-apart basins, a pressure ridge and clustered volcanoes along the 
Sumatran fault. Names of pull-apart basins are shown on the map. Topography and bathymetry were made by the 
SRTM 3 second data released from the U.S. Geological Survey and the global topographic data released from the 
University of Alaska, respectively. 

This is the right lateral strike-slip fault that is traced about 
1660 km on Sumatra. A variety of observations such as 
geologic unit offset, stream offset, and geodetic 
measurement including the Global Positioning System 
(GPS) indicate that the slip rate is large in northwestern 
Sumatra by 24 mm/yr and small in southeastern Sumatra by 
6 mm/yr (McCaffrey, 1991; Bellier and Sébrier, 1995; 
Genrich et al., 2000; McCaffrey et al., 2000; Prawirodirdjo 
et al., 2000). This slip rate regime inevitably gives rise to 
the along-arc stretching of the fore-arc sliver plate. It should 
be noted that the major volcanic zone of Sumatra often 
crosses over the Sumatran fault, but the majority of the 
zone lies in the back-arc side parallel to this fault. The 
Quaternary volcanoes tend to form en echelon shaped 
elliptical clusters common in the oblique subduction or 
sheared subduction zones (Muraoka et al., 2002; Muraoka 
and Nasution, 2004; Figure 1). 

Thirteen pull-apart basins and one pressure ridge are 
recognized along the Sumatran fault not only by the 
observation of topographic maps and satellite images but 
also by our field surveys (Figure 1). Almost all the pull-

apart basins along the Sumatran fault occur near the 
clustered volcanoes, but rarely inside of the areas (Figure 
1). This observation indicates two contradictory roles of the 
volcanic clusters in the formation of pull-apart basins: one 
is that the volcanic clusters macroscopically play a role of 
generators to pull-apart basins along the Sumatran fault and 
the other is that the areas of the volcanic clusters 
themselves are inhibitors to pull-apart basins. The former 
role is typically observed in northwestern Sumatra. The 
Sumatran volcanic zone from 3.7ºN to the northwest is 
away from the Sumatran fault on the back-arc side where 
pull-apart basins are not present (Figure 1). The latter role 
is observed in the large volcanic cluster areas. A typical 
example is found in the fore-arc side of the largest Toba 
caldera volcanic cluster where pull-apart basins are missing 
for 150 km along the Sumatran fault from 2.1ºN to 3.2ºN. 
Likewise, pull-apart basins are absent in the tightly spaced 
two volcanic clusters along the Sumatran fault such as the 
Talamau and Marapi volcanic clusters from 0.2ºN to 0.5ºS 
and the Dempo and Pesagi volcanic clusters from 4.0ºS to 
5.2ºS (Figure 1). 
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Figure 2: Geometrical relation of the tips of fault segment and clustered volcanoes. Open circle shows natural hot springs. 
(A) Fault tips against Kerinci and Masurai volcanic clusters. (B) Fault tips against Daun volcanic cluster. 

 

Figure 3: Regional map of hot spring discharges on Sumatra Island. Open circle shows natural hot springs. These data are 
based on our survey and those from 1:250000 geological maps (Bennett et al., 1981; Cameron et al., 1981, 1982a, 
1982b, 1983; Aspden et al., 1982; Clarke et al., 1982; Aldiss et al., 1983; Rock et al., 1983; Gafoer et al., 1986, 1992, 
1993; Kusnama et al., 1992; Suwarna et al., 1992; Amin et al., 1993; Mangga et al., 1993; Djamal et al., 1994; 
Mangga and Djamal, 1994; Simandjuntak et al., 1994; Nas and Supandjono, 1995; Silitonga and Kastowo, 1995; 
Sutisna et al., 1994; Rosidi et al., 1996). Names of volcanic clusters are shown on the map. Topography was made by 
the SRTM 3 second data released from the U.S. Geological Survey. 
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Figure 4: Hot spring discharges from pull-apart basins. Open circle shows natural hot springs. (A) Hot spring discharges 
from the northwestern boundary normal fault in the Sipoholon pull-apart basin. (B) Photograph of the hot spring 
discharges from the northwestern boundary normal fault in the Sipoholon pull-apart basin. (C) Hot spring and 
steam discharges from the northwestern boundary normal fault in the Suoh Antatai pull-apart basin. (D) 
Photograph of the hot spring and steam discharges from the northwestern boundary normal fault in the Suoh 
Antatai pull-apart basin. 

3. GEOMETRY OF THE FAULT TIPS AGAINST 
CLUSTERED VOLCANOES 

Geometry of the fault tips against clustered volcanoes is 
here described on two areas along the Sumatran fault. 
Figure 2A shows the shape of the fault tips against the 
Kerinci and Masurai volcanic clusters. The Muara Labuh 
pull-apart basin is situated north of the Kerinci volcanic 
cluster. This basin becomes wider southward the nearest 
Kerinci volcanic cluster. In the similar manner, the Sungai 
Penuh pull-apart basin is situated north of the Masurai 
volcanic cluster. This basin also becomes wider southward 
the nearest Masurai volcanic cluster. In general, formation 
of a pull-apart basin needs stepping over of two fault 
segments. The stepping over of the fault segments in these 
pull-apart basins are performed by the eastward warping of 
the northwestern fault segment to the macroscopic fault 
trend closer to the clustered volcanoes. It is also noted that 
“z”-shaped clockwise drags of the fault segment are 
observed in the inner areas of both the Kerinci and Masurai 
volcanic clusters, although the drags are weak. 

Figure 2B shows the geometry of the fault tips against the 
Daun volcanic cluster. The Hulu Lais and Tambang Sawah 
pull-apart basins are situated north of the Daun volcanic 
cluster. The Talang Kemang pull-apart basin is situated 

south of the Daun volcanic cluster. They become wider 
toward the nearest Daun volcanic cluster. They are formed 
by the eastward warping of the northwestern fault segment 
and westward warping of the southeastern fault segment to 
the macroscopic fault trend closer to the clustered 
volcanoes. A weak “z”-shaped clockwise drag of the fault 
segment is again observed in the inner area of the Daun 
volcanic cluster. 

4. GEOTHERMAL FLUID DISCHARGES IN PULL-
APART BASINS 

A close spatial relationship between pull-apart basins and 
geothermal fluid discharges is observed along the Sumatran 
fault. Figure 3 shows the distribution of natural hot springs 
in Sumatra that are based on our own field surveys and 
those quoted from 23 sheets of 1:250,000 scale quadrangle 
geological maps describing hot springs (Bennett et al., 
1981; Cameron et al., 1981, 1982a, 1982b, 1983; Aspden et 
al., 1982; Clarke et al., 1982; Aldiss et al., 1983; Rock et al., 
1983; Gafoer et al., 1986, 1992, 1993; Kusnama et al., 
1992; Suwarna et al., 1992; Amin et al., 1993; Mangga et 
al., 1993; Djamal et al., 1994; Mangga and Djamal, 1994; 
Simandjuntak et al., 1994; Nas and Supandjono, 1995; 
Silitonga and Kastowo, 1995; Sutisna et al., 1994; Rosidi et 
al., 1996). Our GIS-base database on the geothermal fluid 
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discharge points has not been completed, but it seems clear 
that about a half of the high-temperature geothermal 
systems is associated with volcanic edifices in volcanic 
clusters, and another half is associated with pull-apart 
basins. Even if no hot springs are described in some pull-
apart basins, there still remains a high possibility of finding 
hot springs in future field surveys.  

A pull-apart basin is generally sided by major strike-slip 
faults along its long-axis and bounded by normal faults 
along its short-axis. When we observe the faults responsible 
for the discharges of geothermal fluids in pull-apart basins, 
the normal faults often play the most important role in 
major discharges of geothermal fluids. Figure 4A shows the 
Sipoholon and Sarulla pull-apart basins where the major 
fluid discharges are observed along the NW boundary 
normal fault in the Sipoholon pull-apart basin and SE 
boundary normal fault in the Sarulla pull-apart basin. 
Figure 4B shows the NW boundary normal fault of the 
Sipoholon pull-apart basin at Ria-Ria-Sipoholon, which is 
situated at the top of a travertine terrace with a 35 m height, 
500 m width in the ESE-WNW direction and 1000 m length 
in the NNW-SSE direction. The vertical fault and 1m-thick 
vertical travertine vein have a N5ºE strike and 75ºW dip. 
They cut the horizontal travertine terrace deposits where the 
thermal water is at a temperature of 64.9 ºC and discharging 
at a rate of 6,000 liters/minute (a total of many discharge 
points near the fault). Figure 4C shows continuous thermal 
water and steam discharges along the NW boundary normal 
fault of the Suoh Antatai pull-apart basin. These discharges 
are roughly aligned along the N5ºE azimuth (Figure 4D). 
The boundary normal faults’ effect on the geothermal fluid 
discharges may be closely related to the spreading process 
of the pull-apart basin. 

5. DISCUSSION 

5.1 The Localization Process of Pull-Apart Basins along 
the Sumatran Fault 

In spite of numerous studies on pull-apart basins, the 
localization process of pull-apart basins has not been 
elucidated. The cause of the segmentation and stepping 
over should not necessarily be the single mechanism. The 
Sumatran fault exhibits one of the typical localization 
processes of pull-apart basins. Faults usually reduce the 
displacement or slip rate toward their tips (Muraoka and 
Kamata, 1983), but a segment of the strike-slip fault in pull-
apart basins is a special case. They do not reduce the 
displacement or slip rate at their tips because the excess 
displacement or slip rate accommodated at the tips is an 
essential driving force for the spreading of pull-apart basins 
(Figure 5). This process requires the formation of a deep 
hole in the crust, but it is not realistic to consider such a 
deep hole because of the large energy required for the 
spreading against the increasing stress of the crust with 
depth. It is more realistic that pull-apart basins are formed 
as a shallow hole in the crust that is underlain by a 
horizontally decoupled plane at a relatively shallow depth. 

Along the Sumatran fault, pull-apart basins usually occur 
near the volcanic clusters. The depth of the brittle-plastic 
transition in these areas is expected at a shallow depth 
because of the high-temperature thermal fields formed by 
the shallow-depth magma chambers (Figure 6A). The depth 
of the brittle-plastic transition is known to be as shallow as 
3.1 km at a temperature of 380 ºC in the Kakkonda 
geo th e r mal  f i e ld  o f  t h e  Hach i man ta i  vo l c an ic  

 

 

Figure 5: Basic geometry of a pull-apart basin. 

cluster, Northeast Japan, which was penetrated by a high-
temperature well exceeding 500 ºC (Muraoka et al., 1998). 
Even if this is the shallowest case, the depth of the brittle-
plastic transition in the volcanic clusters along the Sumatran 
fault may be in the order of several kilometers. On the other 
hand, the depth of the brittle-plastic transition at a non-
volcanic area along the Sumatran fault may be much deeper 
(Figure 6A). The plastic layer does not yield any fractures 
and pores.  The dehydration front will be physically 
formed in the brittle layer just above the brittle-plastic 
transition. The contact metamorphic dehydration reactions 
such as the cordierite-forming reaction will also chemically 
contribute to the formation of the dehydration front 
(Muraoka et al., 1998; Muraoka and Otani, 2000). The 
dehydration front will yield a high pore pressure, resulting 
in numerous horizontal fractures (Muraoka et al., 1998; 
Muraoka and Otani, 2000) and will provide the horizontally 
decoupled plane as a bottom of the pull-apart basins at a 
relatively shallow depth. 

When we consider the development process of a major 
strike-slip fault, it should be initiated by the incipience of 
oblique subduction (Figure 6B). A paleomagnetic study 
actually demonstrated that a clockwise rotation of Sumatra 
Island relative to Java Island is ongoing at least for the last 
2.1 Ma at the rate of 5 or 10 º/m.y. (Nishimura et al., 1986). 
The nucleation of the fault segments needs a stress 
concentrator that should be expected in the area of the thick 
brittle layer (Muraoka and Kamata, 1983). The nucleated 
fault segments in the thick brittle layer will gradually 
expand their fault tips toward the volcanic cluster (Figure 
6A). However, the inside of the volcanic cluster is 
composed of a thin brittle layer that is free from the 
underlying plastic layer by the intervention of the 
dehydration front (Figure 6A). This thin brittle layer is 
easily deformed and inhibits the expansion of the fault 
segment at the earlier stage. This gives the first step for the 
formation of pull-apart basins along the Sumatran fault, 
particularly for the segmentation of the fault. 

Before the fault segment will penetrate the volcanic cluster, 
clockwise rotation deformation will occur in response to the 
dextral moment (Figure 6B). A “z”-shaped clockwise drag 
of the fault segment is observed in these volcanic clusters 
even after the fault segment appeared (Figure 2). This 
dextral deformation causes lateral warping of the fault tips 
of the northwestern and southeastern segments to the 
macroscopic fault trend, providing across-fault space 
between the tips (Figure 6B). Most pull-apart basins tend to 
be wider toward the nearest volcanic clusters (Figure 2), 
demonstrating that the warping of the fault tips actually 
occurred. This gives the second step for the formation of 
pull-apart basins, particularly for the across-fault space 
between the tips of the fault segments. 
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Figure 6: A model for localization of pull-apart basins along the Sumatran fault. (A) Schematic cross section model along 
the Sumatran fault showing the depth distribution of the brittle-plastic transition. (B) Schematic plan view model of 
the segmentation and step-over processes of the Sumatran fault with increasing obliquity of subduction. 

When we consider the essential role of the major strike-slip 
fault decoupling on both sides of the plates, a slip rate 
should be partitioned over the entire fault system. This is 
necessary for the macroscopic motions of both sides of the 
relatively rigid plates. Penetration of a fault segment is, 
therefore, necessary even in the place of the volcanic 
clusters at the final stage (Figure 6B). A new segment 
finally penetrates the volcanic cluster along the 
macroscopic fault trend. This precedes the final step for the 
completion of pull-apart basins. Spreading of pull-apart 
basins follows this process. Idealistically, two pull-apart 
basins are formed on the opposite sides of the volcanic 
cluster (Figure 2B), but only one basin occasionally appears 
on one side of the volcanic cluster (Figure 2A). This model, 
thus, explains a variety of the observed features on the pull-
apart basins along the Sumatran fault and represents a 
typical generation process of the pull-apart basins. 

5.2 Estimate of Slip-Rate Partitioning by the Pull-Apart 
Basins 

If the excess displacement or slip rate accommodated at the 
fault tips is an essential driving force for spreading the pull-
apart basins (Figure 5), the length of pull-apart basins 
would provide the total displacement by the slips 
throughout the oblique subduction period (Aydin and Nur, 
1982). When the length of thirteen pull-apart basins is 
plotted against the latitude along the Sumatran fault (Figure 
7A), the length tends to be larger to the northwest and 
smaller to the southeast. This tendency is broadly consistent 
with the estimates of slip rates from other methods in the 
previous papers (McCaffrey, 1991; Bellier and Sébrier, 
1995; Genrich et al., 2000; McCaffrey et al., 2000; 
Prawirodirdjo et al., 2000), but some pull-apart basins are 
obviously shorter than the general trend. Because the Hulu 
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Lais and Tambang Sawah pull-apart basins are exactly 
continued (Figure 2B), if their lengths are summed up, their 
length comes to be close to the general trend. The Sarulla 
and Sipoholon pull-apart basins are not continued in a strict 
sense because of the very narrow width of both the pull-
apart basins (Figure 4A), but there still remains a possibility 
that they are continued. If they were assumed to be 
continued, their total length comes close to the general 
trend. 

The estimate becomes complex when looking at the part of 
the double fault zone from 0.3ºN to 1.5 ºN along the 
Sumatran fault where the total length of two pull-apart 
basins in the frontal branch is obviously longer than the 
general trend. However, in the back-arc branch is shorter 
than this length.  It should be noted that their long axes of 
the pull-apart basins are obviously oblique to the general 
trend of the Sumatran fault. This means that their spreading 
does not directly contribute to the displacement along the 
Sumatran fault. If these pull-apart basins are further 
spreading, the width between the double faults inevitably 
becomes larger, particularly to the frontal side (Figure 7B). 
The double fault zone probably plays a role of compensator 
to the along-arc stretching of the sliver plate by this 
swelling process. The cause of a stretch absorber existing in 
this place is not necessarily clear but a possible 
interpretation is that it may be related to the northern 
extension of the Investigator Fracture Zone (Figure 1). 
Whatever the cause of the double fault zone, the length of 
pull-apart basins in this zone would be better excluded for 
the estimate of the integrated displacement. 

We obtain a relatively reliable data set on the length of pull-
apart basins along the Sumatran fault. The period of the 
oblique subduction of Sumatra relative to Java is given to 
be the last 2.1 million years (Nishimura et al., 1986). When 
we subdivide the integrated displacement by this period, we 
obtain a slip rate partitioning along the Sumatran fault as 
shown in Figure 7C. This would provide a simple method 
to estimate the slip rate over the almost entire Sumatran 
fault and is well consistent with the previous estimates from 
other methods (McCaffrey, 1991; Bellier and Sébrier, 1995; 
Genrich et al., 2000; McCaffrey et al., 2000; Prawirodirdjo 
et al., 2000). 

5.3 Tectonic Significance to Geothermal Systems in 
Sumatra 

The database on geothermal fluid discharges is not 
completed, but it is evident that there is a tight spatial 
relationship between the pull-apart basins and geothermal 
fluid discharges in Sumatra (Figure 3). As discussed above, 
pull-apart basins along the Sumatran fault that are formed 
near the volcanic clusters provide promising geothermal 
heat sources. In addition, the extensional nature of pull-
apart basins provides an adequate reservoir structure at a 
shallow depth including the formation of extensional 
fractures and sedimentation of permeable basin fills. For 
these reasons, pull-apart basins along the Sumatran fault 
typically form high-temperature geothermal fields in 
Sumatra (Hochstein and Sudarman, 1993; Hickman et al., 
2004). 

Boundary normal faults of pull-apart basins play an 
important role as major discharge or up-flow zones for 
geothermal aquifer (Figure 4). The extensional driving 
force by the excess displacement or slip rate should be 
always concentrated at the fault tips in the growing process 
of pull-apart basins. As a result, the concentration of the 
extensional stress is expected in the boundary normal faults  

 

Figure 7: Estimate of slip-rate partitioning along the 
Sumatran fault. (A) Length of pull-apart basins 
along the Sumatran fault. (B) The double fault 
zone of the Sumatran fault from 0.3ºN to 1.5 ºN 
as a stretch absorber. (C) Estimate of slip-rate 
partitioning along the Sumatran fault. 

and their vicinities as demonstrated by the finite-element 
simulations (Bertoluzza and Perotti, 1997). The major 
geothermal fluid discharges from the NW boundary normal 
faults in the Sipoholon and Suoh Antatai pull-apart basins 
actually confirm the roles of extensional stress 
concentration. Their strikes show about N5ºE azimuth that 
would coincide with the horizontal maximum principal 
stress axis as well as the subduction azimuth between the 
Indian-Australian versus Sundaland (Southeast Asian) 
plates (McCaffrey, 1991). About a half of geothermal 
resources in Sumatra is expected on the slope of volcanic 
edifices in the volcanic clusters, and the other half is 
expected in the pull-part basins. The vapor-dominated type 
geothermal resources may be common in the former and the 
water-dominated type geothermal resources with the neutral 
chloride type or bicarbonate type thermal water may be 
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common in the latter. Huge geothermal potentials in 
Sumatra could thus be attained by the spatial coincidence of 
the volcanic clusters and the Sumatran fault, particularly by 
the formation of pull-apart basins. 

6. CONCLUSIONS 

We propose a generation process of pull-apart basins along 
the strike-slip fault with a special reference to the Sumatran 
fault, Indonesia. All the pull-apart basins along the 
Sumatran fault are situated near the volcanic clusters, but 
rarely inside of the areas. This contradictory relation is 
basically explained by the depth variation of the brittle-
plastic transition induced by the high-level magma systems 
of the volcanic zone along the Sumatra fault with the 
following process. Increasing the obliquity of the 
subduction, nucleation of segments of the strike-slip faults 
is initiated in non-volcanic areas where the brittle layer is 
thick. These segments are growing toward the volcanic 
clusters where the brittle layer is very thin and initially 
inhibits fault segment expansion. The tips of these fault 
segments are warping near the area of the volcanic cluster 
where clockwise rotation deformation occurs by the dextral 
moment with response to the thin brittle crust and 
underlying dehydration front of the brittle-plastic transition. 
Finally, a new segment penetrates the volcanic clusters and 
forms pull-apart basins together with the pre-existing 
warped tips of the faults. 

The slip-rate partitioning along the Sumatran fault is 
estimated from the length of pull-apart basins and is 
consistent to the previous estimates from other methods. 
We also show that the pull-apart basins serve for the 
formation of geothermal reservoirs in Sumatra and their 
boundary normal faults particularly serve for the major 
discharges of thermal water by their dynamic extension. 

ACKNOWLEDGMENTS 

This work was done as part of the Master Plan Study for 
Geothermal Power Development in Indonesia conducted by 
the Japan International Cooperation Agency (JICA). We 
thank Daisuke Iijima and Gen Kojima, JICA. This work 
was enabled by the strong support of the Center for 
Geological Resources (CGR), the Geological Agency, 
Indonesia. We thank Janes Simanjuntak, Kasbani and Dedi 
Kusnadi, CGR. We also thank Koji Matsuda, West Japan 
Engineering Consultants, Inc. and Fumiaki Arai, JMC 
Geothermal Engineering Co., Ltd., Japan. 

REFERENCES 

Aldiss, D.T., Whandoyo, R., Ghazali, S.A., and Kusyono:. 
Geologic map of the Sidikalang and Sinabang 
quadrangles, Sumatra (1: 250,000), Geological 
Research and Development Centre, Indonesia (1983). 

Amin, T.C., Sidarto, Santosa, S., and Gunawan, W.: 
Geological map of the Kotaagung quadrangle, Sumatra 
(1: 250,000), Geological Research and Development 
Centre, Indonesia (1993). 

Aspden, J.A., Kartawa, W., Aldiss, D.T., Djunuddin, A., 
Diatma, D., Clarke, M.C.G., Whandoyo, R., and 
Harahap, H.: Geologic map of the Padangsidempuan 
and Sibolga quadrangles, Sumatra (1: 250,000), 
Geological Research and Development Centre, 
Indonesia (1982). 

Aydin, A., and Nur, A., 1982. Evolution of pull-apart basins 
and their scale independence, Tectonics, 1, (1982), 91-
105. 

Bellier, O., and Sébrier, M.: Is the slip rate variation on the 
Great Sumatran Fault accommodated by fore-arc 
stretching? Geophysical Research Letters, 22, (1995), 
1969-1972. 

Bellier, O., and Sébrier, M.: Relationship between 
tectonism and volcanism along the Great Sumatran 
Fault Zone deduced by SPOT image analyses, 
Tectonophysics, 233, (2000), 215-231. 

Bennett, J.D., Bridge, D.M., Cameron, N.R., Djunuddin, A., 
Ghazali, S.A., Jeffery, D.H., Kartawa, W., Keats, W., 
Rock, N.M.S., Thompson, S.J., and Whandoyo, R.:. 
Geologic map of the Banda Ache quadrangle, Sumatra 
(1: 250,000), Geological Research and Development 
Centre, Indonesia (1981). 

Bertoluzza, L., and Perotti, C.R.: A finite-element model of 
the stress field in strike-slip basins: implication for the 
Permian tectonics of the Southern Alps (Italy),. 
Tectonophysics, 280, (1997), 185-197. 

Burchfiel, B.C., and Stewart, J.H.: ‘Pull-apart’ origin of the 
central segment of Death Valley, California, 
Geological Society of America Bulletin, 77, (1966), 
439-442. 

Cameron, N.R, Djunuddin, A. Ghazali, S.A. Harahap, H. 
Keats, W. Kartawa, W. Miswa, Ngabito, and H. Rock, 
N.M.S., and Whandoyo: Geologic map of the Langsa 
quadrangle, Sumatra (1: 250,000), Geological 
Research and Development Centre, Indonesia (1981). 

Cameron, N.R., Aspden, J.A., Bridge, D.M., Djunuddin, A., 
Ghazali, S.A., Harahap, H., Hariwidjaja, Johari, S., 
Kartawa, W., Keats, W., Ngabito, H., Rock, N.M.S., 
and Whandoyo: Geologic map of the Medan 
quadrangle, Sumatra (1: 250,000), Geological 
Research and Development Centre, Indonesia (1982a). 

Cameron, N.R., Kartawa, W., and Thompson, S.J.,: 
Geologic map of the Dumai and Bagansiapiapi 
quadrangles, Sumatra (1: 250,000), Geological 
Research and Development Centre, Indonesia (1982b). 

Cameron, N.R., Bridge, D.M., Clarke, M.C.G., Djunuddin, 
A., Ghazali, S.A., Harahap, H., Jeffery, D.H., Kartawa, 
W., Keats, W., Ngabito, H., Rock, N.M.S., and 
Thompson, S.J.: Geologic map of the Takengon 
quadrangle, Sumatra (1: 250,000), Geological 
Research and Development Centre, Indonesia (1983). 

Clarke, M.C.G., Kartawa, W., Djunuddin, A., Suganda, E., 
and Bagdja, M.: Geologic map of the Pakanbaru 
quadrangle, Sumatra (1: 250,000), Geological 
Research and Development Centre, Indonesia (1982). 

Djamal, B., Gunawan, W., Simandjuntak, T.O., and Ratman, 
N.: Geological map of the Nias sheet, Sumatra (1: 
250,000), Geological Research and Development 
Centre, Indonesia (1994). 

Gafoer, S., Cobrie, T., and Purnomo, J.: Geological map of 
the Lahat quadrangle, Sumatra (1: 250,000), 
Geological Research and Development Centre, 
Indonesia (1986). 

Gafoer, S., Amin, T.C., and Pardede, R.: Geological map of 
the Bengkulu quadrangle, Sumatra (1: 250,000), 
Geological Research and Development Centre, 
Indonesia (1992). 

Gafoer, S., Amin, T.C., and Pardede, R.: Geological map of 
the Baturaja quadrangle, Sumatra (1: 250,000), 



Muraoka, Takahashi, Sundhoro, Dwipa, Soeda, Momita and Shimada 

 9 

Geological Research and Development Centre, 
Indonesia (1993). 

Genrich, J.F. Bock, Y. McCaffrey, R. Prawirodirdjo, L. 
Stevens, C.W. Puntdewo, S.S.O. Subarya, C. and 
Wdowinski, S., 2000. Distribution of slip at the 
northern Sumatra fault system, Journal of Geophysical 
Research, 105, (2000), 28,327-28,341. 

Hickman, R.G., Dobson, P.F., van Gerven, M., Sagala, B.D., 
and Gunderson, R.P.: Tectonic and stratigraphic 
evolution of the Sarulla graben geothermal area, North 
Sumatra, Indonesia, Journal of Asian Earth Sciences, 
23, (2004), 435-448. 

Hochstein, M.P., and Sudarman, S.: Geothermal resources 
of Sumatra, Geothermics, 22, (1993), 181-200. 

Kusnama, Pardede, P., Mangga, S.A., and Sidarto: 
Geological map of the Sungaipenuh and Ketaun 
quadrangle, Sumatra (1: 250,000), Geological 
Research and Development Centre, Indonesia (1992). 

Mangga, S.A., Amirudin, Suwarti, T., Gafoer, S., and 
Sidarto: Geological map of the Tanjungkarang 
quadrangle, Sumatra (1: 250,000), Geological 
Research and Development Centre, Indonesia (1993). 

Mangga, S.A., and Djamal, B.: Geological map of the north 
Bangka sheet, Sumatra (1: 250,000), Geological 
Research and Development Centre, Indonesia (1994). 

McCaffrey, R.: Slip vectors and stretching of the Sumatran 
fore arc, Geology, 19, (1991), 881-884. 

McCaffrey, R., Zwick, P., Bock, Y., Prawirodirdjo, L., 
Genrich, J., Stevens, C.W., Puntodewo, S.S.O., and 
Subarya, C.: Strain partitioning during oblique plate 
convergence in northern Sumatra: Geodetic and 
seismologic constraints and numerical modeling, 
Journal of Geophysical Research, 105, (2000), 28,363-
28,376. 

Muraoka, H., and Kamata, H.: Displacement distribution 
along minor fault traces, Journal of Structural Geology, 
5, (1983), 483-495. 

Muraoka, H., and Nasution, A.: En echelon volcanic arc as 
a key to recognize mantle diapirs in the Lesser Sunda 
arc, eastern Indonesia, Journal of the Geothermal 
Research Society of Japan, 26, (2004), 237-249 (in 
Japanese with English abstracts). 

Muraoka, H., and Otani, T.: Profiling of the Kakkonda 
geothermal system by bulk rock chemistry of the well 
WD-1a, Report of Geological Survey of Japan, No.284, 
(2000), 35-55 (in Japanese with English abstracts). 

Muraoka, H., Nasution, A., Urai, M., Takahashi, M., 
Takashima, I., Simanjuntak, J., Sundhoro, H., Aswin, 
D., Nanlohy, F., Sitorus, K., Takahashi, H., and 
Koseki, T.: Tectonic, volcanic and stratigraphic 
geology of the Bajawa geothermal field, central Flores, 

Indonesia, Bulletin of Geological Survey of Japan, 53, 
(2002), 109-138. 

Muraoka, H., Uchida, T., Sasada, M., Yagi, M., Akaku, K., 
Sasaki, M., Yasukawa, K., Miyazaki, S., Doi, N., Saito, 
S., Sato, K., and Tanaka, S.: Deep Geothermal 
Resources Survey Program: igneous, metamorphic and 
hydrothermal processes in a well encountering 500 ºC 
at 3729 m depth, Kakkonda, Japan, Geothermics, 27, 
(1998), 507-534. 

Nas, D.S., and Supandjono, J.B.: Geological map of the 
Telo sheet, Sumatra (1: 250,000), Geological Research 
and Development Centre, Indonesia (1995). 

Nishimura, S., Nishida, J., Yokoyama, T., and Hehuwat, F.: 
Neo-tectonics of the Strait of Sunda, Indonesia, 
Journal of Southeast Asian Earth Sciences, 1, (1986), 
81-91. 

Prawirodirdjo, L., Bock, Y., Genrich, J.F., Puntdewo, 
S.S.O., Rais, J., Subarya, C., and Sutisna, S.: One 
century of tectonic deformation along the Sumatran 
fault from triangulation and Global Positioning System 
surveys, Journal of Geophysical Research, 105, (2000), 
28,343-28,361. 

Rock, N.M.S., Aldiss, D.T., Aspden, J.A., Clarke, M.C.G., 
Djunuddin, A., Kartawa, W., Miswa, Thompson, S.J., 
and Whandoyo, R.: Geologic map of the 
Lubuksikaping quadrangle, Sumatra (1: 250,000), 
Geological Research and Development Centre, 
Indonesia (1983). 

Rosidi, H.M.D., Tjokrosapoetro, S., Pendowo, B., Gafoer, 
S., and Suharsono: Geological map of the Painan and 
northeastern part of the Muarasiberut quadrangle, 
Sumatra (1: 250,000), Geological Research and 
Development Centre, Indonesia (1996). 

Sieh, K., and Natawidjaja, D.: Neotectonics of the Sumatra 
fault, Indonesia, Journal of Geophysical Research, 105, 
(2000), 28,295-28,326. 

Silitonga, P.H., and Kastowo: Geological map of the Solok 
quadrangle, Sumatra (1: 250,000), Geological 
Research and Development Centre, Indonesia (1995). 

Simandjuntak, T.O., Budhitrisna, T., Surono, Gafoer, S., 
and Amin, T.C.: Geological map of the Muarabungo 
quadrangle, Sumatra (1: 250,000), Geological 
Research and Development Centre, Indonesia (1994). 

Sutisna, K., Burhan, G., and Hermanto, B.: Geological map 
of the Dabo quadrangle, Sumatra (1: 250,000), 
Geological Research and Development Centre, 
Indonesia (1994). 

Suwarna, N., Suharsono, Gafoer, S., Amin, T.C., Kusnama, 
and Hermanto, B.: Geological map of the Sarolangun 
quadrangle, Sumatra (1: 250,000), Geological 
Research and Development Centre, Indonesia (1992).

 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


