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Abstract - The geology of eastern Sulawesi is widely known for its complexity due to multiple deformation stages.
The geology on land has been studied excessively, but little assessment has been made on the offshore geology, thus
the geological evolution of the area remains a subject of controversy. A thorough observation of high multibeam ba-
thymetry dataset offshore and SRTM dataset onshore provides an understanding on the geological features relating
to the tectonic deformation. Exquisite morphological features include carbonate buildups and gravitational collapse
dominating the shelf areas whereas distinct form of ridges and seamount exists in the offshore. Structural features
in this area including the major Tolo Thrust and South Sula Fault varied structural lineations on land with several
polygonal extensional faulting and accretionary wedge on the west of the North Banda Sea. The existence of these
features may indicate that the area was majorly deformed during Neogene, specifically relating to the opening of the
Banda Sea due to the subduction rollback of Banda.
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INTRODUCTION

Background

Eastern Sulawesi is situated near the converg-
ing margins of Eurasia, Australia, and Pacific
Plates, and has an intriguing geological complex-
ity with inadequate understanding of the structural
styles relating to the formation and interaction of
small plates and subduction zones. The significant
development of Sulawesi started in the Neogene
period. The Australian continental margin had
drifted northwards after the Gondwana breakup

and collided with the Eurasian Plate in the Late
Oligocene - Early Miocene (Hall, 2002 and 2012).
This collision has often been interpreted as an arc-
continent collision, resulting in the complexity of
Sulawesi. During this period, an Australian prom-
ontory termed the Sula Spur (now fragmented),
collided with Sulawesi which resulted in struc-
tures viable for hydrocarbon trapping (Davies,
1990; Hasanusi ef al., 2004) and had immensely
deformed Sulawesi and its surroundings.

The collision of the Sula Spur with Sulawesi
was initially thought to have occurred by move-
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ments along major left-lateral strike-slip faults
(Klompe, 1954; Audley-Charles, 1974; Hamil-
ton, 1979). Stratigraphic similarities have been
used to link the Banggai-Sula block with the
Misool Island (Audley-Charles, 1974), sug-
gesting that the Banggai-Sula microcontinent
was sliced from the Bird Head region in Papua
(Hamilton, 1979), and moved westward £2,500
km from its origin place in Central Papua (Ger-
rard et al., 1988). This assumption was recently
disapproved as new studies confirm the absence
of such fault in eastern Sulawesi, yet indicated
major extension caused by subduction rollback
forming the Banda Arc in Early Miocene (Spak-
man and Hall, 2010; Rudyawan and Hall, 2012;
Hall and Sevastjanova, 2012; Hall 2012). This
extension had also led to the formation of the
North Banda Sea, in Middle to Late Miocene
(Hinschberger et al., 2000).

The Batui Thrust of the East Arm marks the
Early Miocene collision zone which was assumed
to extend from the northern East Arm (Poh Head),
creating a fold and thrust belt along the coast
towards the southern East Arm (Sukamto, 1990;
Hasanusi et al., 2004; Hasanusi et al., 2015).
Recent studies have shown the absence of the
continuity of the Batui Thrust in the northern

East Arm, and that the faults in this area are
actually right-lateral strike-slip faults (known
as the Balantak Fault) that extends towards the
northern Sula platform offshore (Ferdian ef al.,
2010; Watkinson et al., 2011).

Apart from the previous dominant geological
observations on land, geophysical and remote
sensing studies offshore and onshore both
proved value in contributing to the knowledge
of'the area. However, since most parts of eastern
Sulawesi are still underexplored, there are still
uncertainties concerning its development. This
study produces interpretations of high quality
multibeam bathymetry offshore and SRTM data
onshore to provide new insights on the devel-
opment of this highly complex area, namely
to evaluate the evolution of eastern Sulawesi
by identifying major tectonic events through
remote sensing observations. The studied area
encompasses the east and SE Arm of Sulawesi,
Banggai-Sula islands, parts of Buru, and the
North Banda Sea (Figure 1).

Geological Settings

Indonesia is situated in the meeting point of
four tectonically active plates. The convergence
of Eurasia, India-Australia, and Pacific plates

10'E 15E
T T

130'E 135°E
T T

South China Sea

5'N

BORNEO .

7 Celebes Sea =

JN#

Pacific Ocean

< North Arm Hé&aﬁe(a
© i - Molucca Sea "‘,_ N > N
" EastArm' " Bird’s Head
| Banggai=Sula.
SULAWESI g
% North Banda-Seal 3 .
i TN
Southwest Arm

Java Sea

5'S

JAVA

1 Flores”

/- Bathymetry

10°S

Indian Ocean
5000 m

1000 m

Southce;st, Arm

0120 240

South Banda Sea 1
Weber Basin

Timor

Figure 1. Location of the approximate studied area (red box) with bathymetry contours.
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are the main cause of such intense seismicity
and volcanism occurring in the area. It develops
numerous subduction zones of the microplates
and generates the major strike-slip Sorong Fault
in eastern Indonesia (Hall 2009). Hall (2002)
claimed these plate boundaries shifted rapidly
during Cenozoic which dates most of the major
tectonic events in history.

Indonesia is formed by fragments of the Gond-
wana supercontinent which rifted towards the
Eurasian subduction margin where the Cenozoic
collision of this margin is the key event for the
present day geology. The major plate convergence
had resulted in many important extension periods
which form new basins and subsidence assumedly
driven subduction. It is also the main reason for
Indonesia to be dominated by Cenozoic-age rock.
These events vastly occur in eastern Indonesia
where arc-ophiolitic crust and young ocean basins
are dominant, whilst western Indonesia is mostly
underlain by continental crust (Hall, 2009).

The Cenozoic collision has often been inter-
preted as an arc-continent collision, resulting in

the complexity of Sulawesi. It has resulted in the
distribution of various rocks on the island seen
today (Figure 2). The East and Southeast Sulawesi
Arms contain continental terrain deriving from
the northern margin of Australia, together with
the ophiolitic complex which originated from
the mid-oceanic ridge in the Pacific Plate (Mar-
tosuwito, 2012). The East Arm is dominated by
ultramafic and subsidiary basic rocks which are
known as the Eastern Sulawesi Ophiolite Belt
(ESOB) (Simandjuntak, 1986). The major mass
trace of ophiolites extends from the East Arm to
the SE Arm and terminates at the Lawanopo Fault
Zone. This fault has been inactive since the end
of Pleistocene (Natawidjaja and Daryono, 2015).

The structural trend of East Sulawesi Arm is
oriented E-W to NE-SW where most of the rock
contact lies dominantly on faults, like igneous
rocks thrusting over the Eocene and Middle Mio-
cene carbonates (Sukamto, 1990). The western
East Arm structural lineaments changes to a NW-
SE trend (Rudyawan and Hall, 2012), displaying
metamorphic core complex in the area with a
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Figure 2. Simplified geological map of Sulawesi showing the distribution of Neogene and Quaternary rocks (from Nugraha,

2016).
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northward transition in topographic style which
recently known to be marked by two detachment
faults (Spencer, 2011). The Southeast Arm experi-
enced many deformations after the collision to the
Australian margin, where one of them is shown by
the development of the Matano Fault. This fault is
situated in northern Southeast Arm and extends ap-
proximately 170 km towards the W-NW (Ahmad,
1977). The Matano Fault is a left-lateral strike-slip
fault and is previously assumed to show genetic
relation with the Sorong Fault deriving from Bird
Head Papua (Ahmad, 1977; Hamilton, 1979).
The fault is assumed to have initiated at the late
stage of the subduction melange which occurred
in Middle Miocene (Ahmad, 1977). The offshore
also encountered post-collisional deformation like
the development of canyon morphology in eastern
SE Arm, showing graben and anticlinal structures
in the subsurface (Viktor et al., 2017)

The Banggai-Sula Block is known as part of
the Sula Spur (Klompe, 1954) that was transported
westward from Papua New Guinea by either the
Sorong Fault (Audley-Charles, 1974; Hamilton,
1979) or by the Mesozoic-Miocene seafloor
spreading (Pigram and Panggabean, 1984). A re-
cent study discovered the absence of the extended
Sorong Fault at the north and south of Sula (Ferd-
ian et al., 2010; Watkinson et al., 2011; Rudyawan
and Hall, 2012). The fault observed in the southern
Banggai-Sula Block (South Sula Fault) has been
identified as a normal fault which may recently
have reactivated into a sinistral strike-slip motion
(Hinschberger et al., 2003). Barely any Cenozoic
rocks are exposed in the Sula Islands whereas
the Banggai Islands are dominated by Pliocene
Peleng Formation (Rudyawan and Hall, 2012).
The Late Miocene sediments are mostly associated
with reefal build-ups which are present within the
limestone and carbonate platform of offshore East
Arm (Davies, 1990).

Buru is part of the nonvolcanic Banda Outer
Arc which contains geological similarities with
Timor, Seram, and parts of Buton, but distinct
its geological features with Sulawesi. Although
Buton lies at the southern East Arm, its geologi-
cal aspects are more related to Buru, rather than
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the South East Arm (Katili, 1978; Fortuin; et al.,
1990 Milsom, 2000). This similarity suggests that
both islands derived from the same continental
margin and that Buru considerably rotated east-
ward away from the east Sulawesi orogeny to
its current position (Milsom, 2000). The narrow
and similar margin between eastern Mangoli
Island (Sula) with the northern Buru Sea could
suggest that both islands were separated during
the spreading of the North Banda Sea (Rudyawan
and Hall, 2012), which is consistent with the Buru
Basin formation dominated by extensional faults
trending E-W (Patria and Hall, 2017).

The North Banda Sea is considered as a
trapped oceanic crust shown by the magnetic
anomalies in the Banda Sea (Katili, 1978; Bowin
et al., 1980; Lapoullie ef al., 1985; Lee and Mc-
Cabe, 1986), whilst Silver et al. (1985) states
that North Banda Sea may have originated from
the Pacific Plate. New magnetic and bathymet-
ric studies record the opening of the Banda Sea
around 12.5-7.15 Ma in a NW-SW direction with
a 3 cm/year spreading rate during the extension
of the Sula Spur (Hinschberger ef al., 2000; Hall,
2012), which also led to the development of Tolo
Thrust and accretionary prism in eastern South-
east Arm (Rehault ez al., 1991).

DATASET AND METHODOLOGY

High resolution (15 m) multibeam data ac-
quired by GeoData Ventures Pte Ltd were used
in this study showing exceptional topographic
features of the seabed (bathymetry) with structural
lineaments and morphological features. Regional
scale Shuttle Radar Topography Mission (SRTM)
of 90 m resolution comprising merged gravity im-
agery and multibeam bathymetry was acquired by
TGS and was used to observe structural lineaments
featured onshore and offshore. The multibeam and
SRTM dataset was studied using ArcGIS which
will distinguish structural trends of the area. The
area of observation is divided into: (1) East Su-
lawesi (East and Southeast Arms) - Banggai Island
and (2) Sula Islands - Banda Sea (Figure 3).
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East Arm Sulawesi

[ Multibeam Coverage

Figure 3. Dataset consists of SRTM and multibeam (red polygon). The observational area is divided into: (1) East Arm of
Sulawesi, Southeast Arm of Sulawesi, and Banggai, (2) Sula and North Banda Sea.

RESuULTS

Morphological Features
East Sulawesi and Banggai

Features of carbonate buildups are identified
at the Gulf of Tolo, and are likely to be pinnacle
reefs, shown by the equidimensional shape and
surrounded by deep water during the deposition
(Bubb and Hatlelid, 1978) (Figure 4), preferably
deposited in a bathyal zone with the water depth

of -200 m to -300 m. Davies (1990) classified
this as the Upper Carbonate Platform and Reefal-
Limestone with a total thickness of 180 - 770 m,
is considered to have been deposited during the
Late Miocene in a reefal or near reefal environ-
ment with water depths no greater than 50 m.
These features are also present near the coast of
the Southeast Arm along with distinctive drainage
patterns at south of the Manui Islands of Southeast
Sulawesi(Figure 4). Drainage patterns possibly
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Figure 4. (a) Carbonate buildups on the Tolo Gulf (b) Carbonate buildups and incised rivers south of the Manui Island,
eastern S.E. Arm of Sulawesi.
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developed later in the Quaternary expressing
deep incision and deposition by fluvial channels
on continental shelf of the Southeast Arm.

South Sula and North Banda Sea

Major gravitational collapse structure can
be observed on a thin oceanic-continent transi-
tional zone, south of the Mangoli (Sula) Island
and on the edge of the East Arm shelf. It has an
approximate diameter of 7 km and may have
occurred due to the massive sediment loading
deriving from the continent area, or may relate

to the presence of southward dipping extensional
faults. Elongated ridges dominate the area of
the North Banda Sea, ranging from 10-50 km
in length which might have formed during the
North Banda Sea opening (Figure 5). These
ridges have various orientation trends, from
NNE-SSW, NE-SW to E-W, but do not align
with the magnetic anomalies lineation identified
by Hinschberger (2000). The presence of these
ridges can be traced all the way to the Buru
Basin, north of Buru, where a recent study in-
terprets ocean spreading in Mid Miocene (Patria
and Hall, 2017). North of these ridges lie a vol-

canic seamount with an elevation of 3,000 m and
a diameter of approximately 25 km (Figure 5).

East Sulawesi and Banggai
Despite the limited data coverage of multi-

beam in the Gulf of Tolo, the SRTM shows clear
structural lineaments in the East Arm and Peleng
Island (Figure 6). These East Arm and Peleng
Island (Banggai) display 3 distinctive structural
trends with different orientations: WNW-ESE
at the north-eastern part, which includes the
Balantak Fault, a ENE-WSW to NE-SW trend
at the northern East Arm and Peleng Island,
which includes the Batui Thrust, and NW-SE
to NNW-SSE trend in the western and southern
part of the East Arm, which includes the Pom-
pangeo Metamorphic Core Complex. The Tolo
Thrust, left-lateral strike-slip fault Matano Fault,
and left lateral strike-slip Lawanopo Fault are
major structures observed in the Southeast Arm.
Their indication of movements are illustrated
in Figures 8 and 9. The precise location of the
Tolo Thrust is ambiguous for the area has been
immensely deformed and covered with accre-
tionary wedge (Réhault ef al., 1991) and major

Volcanic feature?

= 5 Ridges ~

Figure 5. South Sula and North Banda Sea features: gravitational collapse, seamount, and elongated ridges.
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Figure 6.Structural trends of the East Arm of Sulawesi and Banggai.

supply of sediments deriving from the shore of
the Southeast Arm. Extensional polygonal faults
are observed in the shelf area of the Southeast
Arm and gravitational structures lie on the
edge of the East Arm shelf (Figures 7 and 8).
Small thrust faults lie on top of the accretion-
ary wedge of the Tolo Thrust and dip towards
the east, which could indicate a compression
(transpression) deriving from the west generat-
ing the pull apart basin (Figures 7b and 7¢). This
feature might indicate that there is a linkage of
the Matano Fault and the Tolo Thrust.

Small strike-slip fault and other minor nor-
mal faults are present north of the Tolo Thrust
which is potentially splays of the Matano Fault
and/or the South Sula Fault. This area will be
termed as the Tolo Complex Structure (Figure
7c) as it appears to be the meeting point of the
Matano Fault, South Sula Fault, Tolo Thrust and
various normal faults caused by the opening of
the North Banda Sea. Nonetheless, it is still dif-
ficult to trace the continuity of the South Sula
Fault westward (Figures 8 and 9). At the south,
the Lawanopo Fault is observable on the SRTM
showing structural lineaments with good indica-

tions for the continuity of the fault towards the
SE, linking to the Tolo Thrust and Hamilton Fault
as previously described by Hinschberger (2000,
2003) (Figure 8).

South Sula and North Banda Sea

The South Sula Fault is the only observable
major structural feature in the area. This fault has
an ENE-WSW trend with an approximate length
of 300 - 350 km. The continuity of this fault is
difficult to trace, but it is likely that the fault
terminates at the Sulabesi Island (Sanana) in the
east, and at the Tolo Thrust in the west. The three
major faults in the North Banda Sea trending NW-
SE identified by Hinschberger (2000) are vaguely
noticed in the multibeam data. These faults are the
West Buru Fault Zone (WBFZ), Tamponas Fault
Zone (TFZ), and the Hamilton Fault Zone (HFZ)
(Figure 9). TFZ and HFZ cannot be observed due
the limited data coverage, and what’s worse is that
the WBFZ cannot be traced at all; although it cuts
across the multibeam data. The only indication of

the existence of this fault is the slight tilting of the
ridges, formerly a NE-SW trend to a NNE-SSW
trend (Figure 9).
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Figure 7. Uninterpreted (left column) and interpreted (right column) structures of the shelf area of the Southeast Arm of
Sulawesi. (a) Polygonal faults on the SE Arm shelf; (b) The linkage of Matano Fault and Tolo Thrust, shown by the compres-
sion deriving from the west; (c) The Tolo Complex Structure. (MT: Matano Fault, SSF: South Sula Fault).

Discussions: IMPLICATIONS FOR TECTONIC
DEVELOPMENT

There is no clear indication of a lateral move-
ment of the South Sula Fault, since no offsets
were identified. This fault shows an extensional
deformation dipping towards the North Banda
Sea (Figures 5, 8, 9); thus this study assures that
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the Sorong Fault does not extend to the Sula Is-
lands. The abundance of normal faults at the Tolo
Complex Structure may have formed at the same
time as the development of the South Sula Fault
due to the tectonic events in Early-Middle Mio-
cene. These normal faults are due to extensional
events which relates to the subduction rollback
of Banda, resulting in the opening of the North
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Figure 8. A regional overview of the uninterpreted (upper
part) and interpreted (lower part) structural styles of South-
east Arm of Sulawesi (refer to Figure 7). Note how the
Matano Fault links to the Tolo Thrust whilst the Lawanopo
Fault potentially links to both the Hamilton Fault and the
Tolo Thrust. The black lines indicate major structural fea-
tures whereas red lines show minor structures. A, B, and C
indicate the locations shown in Figure 7 (SSF: South Sula
Fault, MF: Matano Fault, WBF: West Buru Fault, TT: Tolo
Thrust, LP: Lawanopo Fault, HF: Hamilton Fault). The mag-
netic anomaly lines were taken from Hinschberger (2011).

Banda Sea (Spakman and Hall, 2010; Hall, 2012).
This might have occurred simultaneously with
the extensional faults due to the opening of a new
oceanic crust in northern Buru, and the extremely
narrow Continent-Oceanic transition zone in
South Sula. The narrow transitional zone may
relate to the gravitational sliding and the pres-
ence of the extensional faults. The Tolo Thrust
would have developed successively, though the

Matano and Lawanopo Fault would have formed
later on. The SRTM observation shows that these
three faults are linked together, hence a revised
structural map of eastern Sulawesi is introduced
(Figure 10). The Lawanopo Fault can also be
traced southeastwards and linked with the Ham-
ilton Fault Zone (HFZ).

The elongated ridges were formed due to
the spreading of the North Banda Sea. Some of
these ridges do not express similar trends as the
magnetic anomalies and lineation reported by
Hinschberger (2011). It is difficult to determine
whether the different orientation of the ridges
was caused by a later deformation generated by
the reactivated strike-slip movement of the South
Sula Fault or the recent WBFZ. If the deformation
would have occurred, it would have happened
after the spreading had ceased, possibly in Plio-
cene to post Pliocene, relevant to the formation
of grabens and anticlinal structures recorded as
a post-collisional result (Viktor et al., 2017).
However, the orientation of the ridges support the
similarity of Buru and Buton as the two islands
which have geological similarities and may have
derived from a single continental margin (Katili,
1978; Fortuin et al., 1990; Milsom, 2000), which
then parted due to the formation of North Banda
Sea. The NNE-SSW to E-W orientation of the
ridges indicates the direction of the opening,
where further west, the sediments were scrapped
of the oceanic Banda crust as it subducts into the
Sulawesi margin creating the accretionary wedge.
Although more evidence is in need, this may also
suggest that both Buru and Buton were separated
by the opening of the Banda Sea, rather than by
the Sulawesi orogeny. The seamount feature rep-
resents yet another product of the North Banda
Sea spreading. This elevated area in the seafloor
are rounded in shape and is possibly a volcanic
origin, indicating a slow spreading rate of the
ocean such as those in Gakkel Ridge, Southwest
Indian Ridge and Azore Islands, although the
North Banda Sea has a much slower spreading
with the rate of approximately 3 cm/year.

The Tolo Complex Structure has undergone
multiple deformation stages which are difficult to
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Figure 9. Structural interpretation of the South Sula and North Banda Sea area including the South Sula Fault (SSF), West
Buru Fault Zone (WBFZ), Tamponas Fault Zone (TFZ), Lawanopo Fault (LP), Hamilton Fault Zone (HFZ), Matano Fault
(MF), and the Tolo Thrust (TT). The WBFZ and TFZ cannot be traced in the multibeam, but their existences can be recog-
nized by the lineaments and patterns of the small ridges. The magnetic anomaly study by Hinschberger (2000) identifying
the WBFZ, TFZ, and HFZ is included.

Figure 10. A revised structural map of eastern part of Sulawesi based on multibeam bathymetry and SRTM observations.
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unravel. The structures presented here consist of
normal and strike-slip faults and they occur in the
area where three major faults met: Tolo Thrust,
Matano Fault, and South Sula Fault. This com-
plex area is assumed to have formed from Middle
Miocene to present time, with minor deformations
also deriving from the vast amount of sediment
input and channel flow from the present incised
valleys.The polygonal fault in the Southeast Arm
and few gravitational collapse features must have
formed by local events, conceivably due to the
massive sediment loading situated in a narrow
transition zone, thus may not relate to any major
tectonic events.

The thin-skinned Batui Thrust is a result of the
collision of the Banggai-Sula microcontinent with
the Eastern Sulawesi Ophiolite Belt (ESOB). Al-
though there is no significant evidence, it appears
that the Banggai-Sula Block has rotated due to the
opening of the Banda Sea and thrusted over the
ESOB. The continuity of the Batui Fault cannot be
traced northeastwards as it must have terminated
at the Balantak Fault (Watkinson et al., 2011),
and may extend westwards towards the offshore
since the structural lineaments onshore vary in
its orientation (Figures 6 and 10). This indicates
a small portion of observable evidence on the
Banggai-Sula microcontinent collision as major
morphology features and structures observed in
this study supports an extensional event relating
to the opening of the North Banda Sea.

CONCLUSIONS

The major features observed from the SRTM
and multibeam data seem to be linked in a major
tectonic event, that is the opening of the North
Banda Sea due to the subduction rollback in Early
Miocene. The features include the South Sula Nor-
mal Fault (possibly re-activated into a strike-slip),
extremely narrow continental-oceanic transitional
zone in South Sula, the Tolo Thrust and accretion-
ary wedge, seamount and ridges. Localized defor-
mation occurred subsequently after the extension
in forms of gravitational collapse and polygonal

faults. The Lawanopo Fault and Matano Fault
may well develop after the major extension, along
with the WBFZ which possibly deforms the North
Banda Sea ridges. This study also confirms the
linkage of the Matano Fault with the Tolo Thrust
and the Lawanopo Fault, and furtherly links with
the Hamilton Fault Zone of the Banda Sea.
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