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ABSTRACT 
 
The offshore part of the West Sulawesi Fold Belt 
(WSFB), in the eastern part of the North Makassar 
Straits, has not been studied in detail until recently 
because there were few seismic data. New 2D seismic 
surveys cover most of the North Makassar Straits and 
permit detailed study of the offshore fold belt. On the 
basis of new data the area can be divided into three 
parts: the Southern Structural Province (SSP), Central 
Structural Province (CSP) and Northern Structural 
Province (NSP). These provinces are controlled by 
basement structures and differ in the amount and 
character of Cenozoic sediment. In the CSP, there is a 
topographic high (Central High), onlap of sediments 
from Kalimantan, little sediment building out from 
West Sulawesi, and the fold-thrust belt extends only a 
short distance offshore. The Central High separates 
the SSP and NSP which extend west into deep water. 
The SSP contains a wedge of sediment which tapers 
gently to the west and contains well-developed thrust 
propagation folds with a thin-skinned tectonic style. 
The NSP has a much steeper western front to the 
sediment wedge, and reflectors within it are chaotic 
and incoherent, so that the folding and thrusting is 
less clear. The character of the two wedges suggests 
that the SSP is sandier; whereas the NSP is mud-rich 
and may be dominated by mud diapirism. The 
different deformation styles in the NSP and SSP are 
influenced not only by the presence of existing 
structures such as the Central High, and decollement 
layers, but also by sediment thickness and type. The 
Palu-Lariang region is the likely source of sediments 
in the NSP; whereas the Karama–Kalosi region is 
probably the source for the SSP. Deformation is 
propagating west from onshore Western Sulawesi and  
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began in the Pliocene. We suggest the North 
Makassar Straits are underlain by thinned continental 
crust. 
 
INTRODUCTION 
 
The Makassar Straits (Figure 1) is situated within a 
complex tectonic region in Indonesia at the edge of 
the Eurasian plate. The North Makassar Basin is 
bounded to the south by the northern edge of the 
Paternoster Platform, often shown as a NW-SE 
trending fault, with a narrow deep channel connecting 
it to the South Makassar Basin. To the east is the 
Palu-Koro Fault, a major sinistral strike-slip fault 
running NNW-SSE from onshore West Sulawesi into 
the Celebes Sea, and to the north is the Mangkalihat 
Peninsula which is also often shown as bounded by 
active NW-SE trending faults. On the western side of 
the Makassar Straits is the Kutei Basin, one of the 
richest hydrocarbon provinces in Indonesia, and on 
the eastern side is West Sulawesi, with so far 
unproven hydrocarbon reserves. 
 
The first deepwater production field in Indonesia lies 
on the western side of the Makassar Straits which 
makes this area attractive for petroleum exploration. 
Many seismic surveys have been conducted in this 
western part of the straits but few seismic lines have 
been shot in the central and eastern parts. However, in 
recent years TGS-NOPEC Geophysical Company, 
who provided data for this project, has carried out 
new seismic surveys covering large parts of the North 
Makassar Straits. 
 
FORMATION OF THE MAKASSAR STRAITS 
 

Based on geological similarities it is now generally 
accepted that East Kalimantan and West Sulawesi 
were close together in the Late Cretaceous (e.g. 
Katili, 1978; Hamilton, 1979) but the mechanism and 
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timing of opening of the Makassar Straits, which now 
separates these areas, are still controversial. There 
have been suggestions that it is a foreland basin 
(Bergman et al., 1996) or a remnant oceanic basin 
(Malecek et al., 1993). The majority of authors have 
favoured an extensional origin (Katili, 1971; 
Hamilton, 1979; Situmorang, 1982a, b; Wissmann, 
1984; Cloke, 1997; Guntoro, 1999) with the Middle 
Eocene as the age of rifting (Situmorang, 1982a, b; 
Hall, 1996; Moss et al., 1997; Guntoro, 1999). It is 
believed that there was a thermal sag phase after the 
Late Eocene (Bergman et al., 1996; Moss and 
Chambers, 1999; Calvert, 2000a, b). Starting in the 
Miocene, there was inversion in East Kalimantan 
(Moss et al., 1997; Moss and Chambers, 1999) and 
later there was development of a fold and thrust belt 
in Western Sulawesi (Coffield et al., 1993; Bergman 
et al., 1996; Guritno et al., 1996; Calvert, 2000a, b). 
 
The mechanism of the rifting has also been a subject 
of considerable debate. Guntoro (1999) suggested that 
Eocene extension which caused the opening of the 
Makassar Straits was due to trench rollback and 
sinking of a plate subducting east of the western 
Sulawesi magmatic arc. Fraser and Ichram (1999) 
proposed that Celebes Sea seafloor spreading, which 
initiated during the Middle Eocene (Hall, 1996, 
2002), extended towards the southwest and 
propagated through the North and South Makassar 
Straits along a line of weakness. Since the crust 
beneath the Celebes Sea is oceanic while that beneath 
the South Makassar Straits is continental, this has led 
to another controversy about whether the North 
Makassar Straits is underlain by oceanic crust (e.g. 
Cloke et al., 1999; Guntoro, 1999) or by attenuated 
continental crust (e.g. Burollet and Salle, 1981; 
Situmorang, 1982a, b). 
 
DATA AND METHODOLOGY 
 
The aim of this project was to study the deformation 
and structural styles in the eastern part of the North 
Makassar Straits, also known as the offshore part of 
the West Sulawesi Fold Belt (WSFB). The 2D 
seismic data consist of four different seismic surveys 
reprocessed by utilizing Pre-Stack Time Migration 
(PSTM). Those seismic data cover approximately 
100,000 square kilometres (Figure 2). Lines 
interpreted in this study are: 
 
1. NM93: a 1993 regional survey acquired by 

JNOC-Pertamina, reprocessed by TGS-NOPEC 

in 2001; 19 lines with total length 2364 
kilometres. 

 
2. MDD99: acquired by TGS-NOPEC in 1999; 5 

lines with a total length of 758 kilometres. 
 
3. CM01: acquired by TGS-NOPEC and 

WesternGeco in 2001; 32 lines with total length 
of 3215 kilometres. 

 
4. CM02: acquired by TGS-NOPEC and 

WesternGeco in 2002; 39 lines with total length 
of 3841 kilometres. 

 
 
Data from five exploration wells drilled between 1970 
and 1997 from the Kutei Basin (Pamukan Bay-1, 
Pamukan Bay-2, Panca-1, Perintis-1, Sisi-3) and three 
onshore wells in West Sulawesi (Karama-1, Lariang-
1, Tike-1) were used (Figure 2). The seismic and well 
data were loaded into a Landmark UNIX workstation. 
SeisWorks was used for interpreting seismic data and 
ZMAPPlus for mapping the horizons. Later, MapInfo 
was used to generate images from mapped horizons. 
Several horizons were interpreted below the seabed 
and time structure and time-thickness maps were 
produced. It is difficult to determine the age of 
horizons but estimates of ages are discussed below. 
Two important horizons for this study are the seafloor 
and the strongest reflector at the bottom of seismic 
data, which is here called the basal unconformity. 
These horizons are discussed below. 
 
 
BATHYMETRY  
 
The bathymetry in the North Makassar Straits varies 
from east to west and from north to south and this 
reflects structures beneath the seafloor. Figure 3 
shows that water depths are greatest in the central 
North Makassar Strait. Towards the west, the seafloor 
depth decreases gradually to the very shallow East 
Kalimantan Shelf. To the east, the seafloor depth also 
decreases but the ascent to the shelf is not visible on 
the seismic lines indicating an abrupt decrease in 
depth and very narrow shelf close to West Sulawesi to 
the east of the area covered by the seismic dataset. 
For ease of discussion, based on bathymetry and 
interpreted structures, we subdivide the studied area 
into an Undeformed Zone and Deformed Zone and 
further subdivide the Deformed Zone into three 
structural provinces (Figure 4). 
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Undeformed Zone - Central North Makassar  
Straits  
 
The seafloor in the central North Makassar Straits is 
relatively flat and undeformed (Figures 3 and 6) 
showing few or no contractional structures. In the 
deepest part of the study area, in the north, the water 
depth is almost 2500 metres. In the south of the 
Undeformed Zone water depths are about 200m 
shallower (Figure 6). The depth decreases towards the 
carbonate-dominated Paternoster Platform in the 
south and the Mangkalihat Peninsula in the north. 
 
Deformed Zone - Eastern North Makassar Straits  
 
In the eastern North Makassar Straits, where there is 
folding and thrusting, the seafloor shallows towards 
Western Sulawesi. From south to north, this 
Deformed Zone can be divided into three structural 
provinces: the Southern Structural Province (SSP), 
Central Structural Province (CSP) and Northern 
Structural Province (NSP) based on seafloor 
characteristics (Figures 4, 5 and 6), subsurface 
deformation, and in particular the character and 
position of the deformation front. The SSP is south of 
1°30’S and is around 40 to 80 kilometres wide 
(Figures 4, 5 and 6). The CSP occupies a very narrow 
zone, about 30 kilometres wide, and lies between 
latitude 0°50’S and 1°30’S. The NSP is north of 
latitude 0°50’S and is between 50 and 100 kilometres 
wide. It seems to be less extensive from north to south 
than the SSP but its northern limit is not seen. At the 
very northern edge of the study area is the Palu-Koro 
fault which can be traced offshore but is seen on only 
a few lines at the limit of the dataset used in this 
study. 
 
For the purpose of this study, the eastern boundary is 
the coastline of West Sulawesi. However, this is a 
natural boundary to the three provinces. Onshore, 
only a short distance east of the coast pre-Pliocene 
rocks, including pre-Cenozoic basement, have been 
brought to the surface by young thrusting (Calvert, 
2000a) and there is a rapid decrease in depth between 
the eastern limit of the seismic lines and the narrow 
coastal plain over a very short distance                 
(Figures 5 and 7). Figure 7 is based on bathymetric 
data from this study, global bathymetry of Sandwell 
and Smith (1997), and Shuttle Radar Topography 
Mission (SRTM) topographic data. The cliff-like 
feature east of the Deformed Zone, especially clear 
behind the SSP, is partly an artefact of the merged 

bathymetric data. Nonetheless, a very steep rise to the 
shelf must be present as there is a very short distance 
between the 1000m bathymetric contour and the coast 
(Figures 5, 6 and 7). 
 
In the NSP the deformation front is marked by a rapid 
change in depth (Figures 6 and 7). From the deepest 
part of the Makassar Straits in the west, the seafloor 
rises from 2500m depth to about 1300m at an average 
slope of about 3.5° over a distance of about 20 km. It 
then continues to rise to depths of less than 900m at 
the eastern end of the seismic lines at an average 
slope of less than 1°. The profile of the deformed 
zone therefore has a steep west-facing front with an 
irregular gently west-dipping upper surface. The 
upper surface has some small graben-like features 
(Figure 8). It notably lacks the linear features seen in 
the SSP which are the axial traces of folds. 
 
In the CSP, there is a relatively clear boundary, 
trending NW-SE, with the NSP although that with the 
SSP is less clear (Figures 5, 6 and 7). In the CSP the 
deformation front is irregular and marked by a change 
in slope. In the narrowest part of the CSP, in the north 
of this province, the seafloor initially rises gradually 
from the deepest part of the Makassar Straits at an 
average slope of about 0.5° to depths of about 2200m 
over a distance of about 30 km (Figure 9). It then 
rises rapidly at an average slope of about 2.5° to 
depths of 1000m where the surveyed area ends, but 
presumably continues at a similar slope towards the 
coast of Sulawesi a short distance to the east.  
 
The profile of the slope in the SSP is very different 
(Figures 6 and 7). Although not completely smooth 
the Deformed Zone rises at a broadly constant slope 
of about 1° to the edge of the surveyed area      
(Figure 10). Since the surveyed area ends only a few 
kilometres from the coast of Western Sulawesi the 
shelf must be less than 5 km wide. The region also 
displays distinctive linear NNE-SSW structures 
created by thrust-related folds. These linear folds are 
not continuous and are segmented by NW-SE 
oriented features (Figure 6). 
 
The water depth in the eastern part of this area, which 
is not covered by the seismic data set, decreases 
dramatically. Combining the bathymetric data from 
this study with the topography of onshore Western 
Sulawesi from the Shuttle Radar Topography Mission 
(SRTM) shows a steep shelf edge with a narrow shelf 
area (Figure 7). Approximately 100 kilometres east of 
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the West Sulawesi coast, the topography reaches 
about 3000 metres in height. This emphasises the 
importance and active nature of deformation in the 
WSFB because depths of almost 2500 metres in the 
North Makassar Straits are separated from mountain 
heights of 3000 metres by less than 200 kilometres 
horizontal distance. 
 
Western North Makassar Straits 
 
Only a few seismic lines from the data set cross this 
area and it was not the main target of the study. It can 
be separated into the East Kalimantan Shelf and the 
Paternoster Platform. It is noteworthy that the shelf on 
the western side of the North Makassar Straits is 
much wider than the shelf of West Sulawesi. This is 
partly due to the progradation of the Mahakam Delta 
but also reflects an originally much wider extended 
shallow margin on the west side of the North 
Makassar Straits. 
 
STRUCTURAL STYLES 
 
As noted above, the study area can be divided into 
different zones and provinces (Figure 4) which 
exhibit different structural styles, in which the 
deformation front has different characteristics, and in 
which a key surface, the basal unconformity, varies in 
appearance. 
 
Deformation Front 
 
The deformation front (Figure 6) separates the 
Deformed Zone from the Undeformed Zone. Its 
position was interpreted from bathymetric data and 
seismic profiles (Figures 8, 9 and 10). The 
deformation front is typically represented by east-
dipping thrust faults but sometimes there are back-
thrusts or blind-thrust faults at the boundary. These 
thrust faults generally do not emerge at the seafloor. 
The general orientation of the deformation front, the 
deformation zone and the traces of fold axes and 
thrusts is approximately NNE-SSW. The shape of the 
deformation front in both the NSP and SSP is an 
irregular curve convex towards Western Sulawesi 
(Figure 6). In both areas there is no single simple line 
which can be drawn. 
 
In the NSP the deformation front is quite sharp and in 
map view is curved (Figure 6). The surface slope of 
the front of the Deformation Zone is relatively steep 
and dips at more than 3° towards the west. The 

deformation front is marked by thrust faults or back-
thrusts (Figure 8). However, in cross section view, the 
type of thrust fault which separates the Undeformed 
Zone from the Deformed Zone is sometimes difficult 
to determine. On some lines the front appears as a 
wall which separates parallel reflectors of the 
Undeformed Zone from the ‘massive’ block of the 
Deformation Zone. In the CSP the change in slope of 
the seabed is not an expression of shallow thrusting or 
folding and in places there are west-dipping 
extensional faults close to the seabed (Figure 9). At 
the eastern end of some lines, east of the change in 
slope, are signs of west-directed thrusting. 
Interpretation of the line shown in Figure 9 suggests 
basement-involved thrusting but with no more than 
folding of the overlying covers. In the SSP there is no 
sudden or sharp deformation front (Figure 10) from 
the deepwater undeformed region to the fold-thrust 
belt, but there is a gradual change in bathymetry. 
There is a gentle surface slope of less than 1°. 
Although the deformation front has a curved shape in 
map view like the NSP front, it is not as continuous as 
the NSP, and appears to be segmented by NW-SE 
structures in some places (Figure 6). However, 
examination of the seismic lines shows no clear 
indication that the boundaries between the different 
provinces are active faults. 
 
Basal Unconformity 
 
The basal unconformity is the deepest distinctive 
horizon on the seismic profiles (Figures 8, 9 and 10). 
It can be mapped throughout most of the studied area 
(Figure 11) and is a very prominent reflector on most 
seismic lines. Baillie et al. (1999) interpreted this 
horizon as top of oceanic crust or thinned continental 
crust. Guntoro (1999) identified this strong reflector 
as top acoustic basement. Even though in places it is 
very tempting to call this horizon the top of 
crystalline basement, the evidence from the seismic 
lines shows that this is not the case. In some places, 
this horizon shows ‘mound’ features with observable 
structures beneath which could be interpreted as 
volcanic seamounts, carbonate build-ups, or rift-
related topography. 
 
The basal unconformity ascends gradually towards 
the Mangkalihat Peninsula in the north and the 
Paternoster Platform in the south. In the study area it 
deepens to the west. To the east, this horizon shallows 
towards Western Sulawesi as expected since the 
basement (assuming that the basement underlies 
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beneath the basal unconformity) is exposed in the 
onshore area. Above the basal unconformity, the 
overlying strata are mostly parallel and sub-parallel in 
front of the deformation front (Figures 8, 9 and 10). 
 
The most striking features to emerge from mapping 
the basal unconformity and contouring the surface 
(Figure 11) are a number of NW-SE and NNE-SSW 
trending features. At the southern end of the area is a 
NW-SE depression immediately north of the 
Paternoster Platform which is about 70 km wide. This 
extends from the Undeformed Zone to beneath the 
Deformed Zone, and remains at a similar depth across 
the entire straits. There are no clear faults of this 
orientation on the seismic lines, but the Paternoster 
Platform has remained a high with almost continuous 
shallow water carbonate deposition throughout the 
Cenozoic while since the Eocene the Kutei basin has 
subsided to great depths. This suggests some deep 
structural control with normal faulting in the Eocene. 
North of this depression is an irregular high area of 
similar width. In this area NW-SE trends can be seen 
but they are less obvious than further south. The high 
area is characterised by an irregular topography but 
with NNE-SSW trending linear features. Some 
seismic lines suggest these are the tops of tilted fault-
blocks. 
 
Previous authors (Situmorang, 1982a, b; Hall, 1996; 
Moss et al., 1997; Guntoro, 1999) suggested that the 
Middle Eocene rifting led to the formation of the 
Makassar Straits. The basal unconformity is above 
topography which in places can be related to rifting. 
Above the basal unconformity, most of the overlying 
reflectors are parallel or sub-parallel suggesting post-
rift deposits. Thermal subsidence has occurred since 
the Oligocene (Situmorang, 1982a, b; Bergman et al., 
1996; Guritno et al., 1996) and we suggest the age of 
the basal unconformity is Late Eocene. 
 
a. Undeformed Zone – Basal Unconformity 
 
The basal unconformity in the Undeformed Zone is 
not affected by folding and thrusting but it is not a flat 
lying reflector. In the Central Makassar Straits the 
unconformity is deeper in the south than in the north 
(Figure 11) which is the opposite of the seafloor 
bathymetry. It ascends gradually towards the 
Paternoster Platform in the south and steeply towards 
the Mangkalihat Peninsula in the north. In the north 
and south of the deepwater area, this horizon also dips 
gently towards the Deformation Zone, but it descends 

to greater depths in the south than in the north  
(Figure 11). 
 
In some places, the basal unconformity can be seen to 
be above rifting features (Figure 9). It follows in a 
subdued way the high and low topography formed by 
rifting. In some other places, the basal unconformity 
is seen above mound or hummocky topography. 
Some internal structures can be observed within these 
mound-shapes. Baillie et al. (1999) suggested that 
they are possibly volcanic edifices which are related 
to the formation of oceanic crust. Baillie et al. (1999) 
also observed these features occasionally display 
weak internal structuring and may have vertical relief 
over 1 second TWT, although they are generally in 
the range 200-300 milliseconds TWT. Fraser et al. 
(2003) interpret them as volcanic centres. Because of 
the spacing of the seismic lines it is not possible to 
identify for certain the 3D shape of these structures. 
However, if they are volcanoes they have an unusual 
form for oceanic crust. Basaltic volcanic centres in 
oceanic rifts are commonly elongate fissures which 
erupt low viscosity magmas and do not form conical 
edifices.  
 
Some mound-shape features are apparently situated 
on the tilted fault blocks (Figure 9) and show parallel 
reflectors as their internal structures. Some of these 
features could be carbonate accumulations which 
were deposited on the top of tilted fault blocks. 
Contouring the basal unconformity suggests         
(Figure 11) this hummocky topography forms NNE-
SSW and NW-SE ridge-like features. As noted above, 
the spacing of the seismic lines does not allow these 
features to be identified with certainty but we prefer 
the hypothesis of carbonate build-ups on tilted fault 
blocks to the volcanic edifice explanation. 
 
On the slope of the Paternoster Platform, there is a 
lens-shape sediment package above the basal 
unconformity (Figure 10). Within this wedge, the 
reflectors are parallel or sub-parallel. This sediment 
pinches out to the east, north and south. The top of 
this sediment wedge downlaps onto the basal 
unconformity to the east, west and north. The parallel 
and sub-parallel reflectors onlap onto this sediment 
package from east to west. This feature is only found 
in the southern part of the Undeformed Zone in the 
North Makassar Straits. This sediment wedge was 
deposited above the topography related to rifting and 
could be slope carbonates derived from the 
Paternoster Platform. Near to the East Kalimantan 
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Shelf the basal unconformity becomes a weak 
reflector and is difficult to trace due to shale 
diapirism. 
 
b. Deformed Zone – Basal Unconformity 
 
The basal unconformity in the Deformed Zone, where 
thrusting and folding is seen, varies from north to 
south. It exhibits different characteristics in the NSP, 
CSP, and SSP. In the NSP, the horizon is very 
difficult to trace because reflectors are quite chaotic 
(Figure 8) and it is rapidly lost. In the CSP, the basal 
unconformity defines a prominent high structure, the 
Central High, which separates the NSP and SSP. This 
Central High is bounded by NW-SE trending 
structures which are the continuation of the Western 
Sulawesi onshore structural lineaments (Figures 6 and 
11). If they are faults they do not cross the North 
Makassar Straits into East Kalimantan and cannot be 
identified on any seismic lines. The NW-SE 
orientation appears relatively consistent and can be 
identified on the contoured map of the basal 
unconformity; it also features on gravity maps of the 
Makassar Straits. We suggest this may reflect an old 
(pre-Eocene) structural trend, which in onshore West 
Sulawesi may have been reactivated during Pliocene 
to Recent deformation. To the south, the basal 
unconformity dips gradually to the east and becomes 
more difficult to pick beneath the SSP (Figure 10). 
However it seems to rise abruptly near to the West 
Sulawesi coast which implies the presence of a major 
fault which has elevated the basal unconformity by 1-
3 seconds TWT (Figure 10).  
 
Internal Structure  
 
a. Undeformed Zone  
 
Between the seafloor and basal unconformity, most of 
the reflectors are parallel or sub-parallel (Figures 8, 9 
and 10). There is little or no evidence for rifting in the 
horizons above the basal unconformity. In some 
places these reflectors are cut by young extensional 
faults with very small displacements. These faults do 
not cut the basal unconformity. These extensional 
faults are interpreted to be a flexural response to 
loading by the fold-thrust belt and their age is 
estimated to be Pliocene-Pleistocene. They resemble 
structures produced in the foredeep in front of the 
Taiwan orogenic belt (Chou and Yu, 2002) which is 
in an analogous position to the Makassar Straits with 
respect to the WSFB. 

In some seismic lines, near to the front of the 
Deformed Zone, there are west-dipping extensional 
faults with low angle fault surfaces interpreted just 
below the seabed (Figure 9). These faults are 
probably the result of gravity gliding or sliding. The 
estimated age of these extensional faults is 
Pleistocene-Recent. Adjacent to the shelf of East 
Kalimantan, where the horizons between the seabed 
and the basal unconformity rise gradually towards the 
shallow shelf area, shale diapirs cut younger 
reflectors. 
 
b. Deformed Zone: Northern Structural Province 

(NSP) 
 
Horizons from the Undeformed Zone are difficult to 
trace into the NSP Deformed Zone (Figure 8) because 
reflectors are chaotic, disturbed and lose their 
coherency. Generally, the internal structure is 
seismically incoherent. The deformation is distributed 
and results in small individual structural units. 
Growth strata are difficult to interpret and correlate 
from line to line. Thrust faults are also not obvious 
although folds are clearer. The detachment level of 
the thrust faults is not very clear on the seismic lines. 
In the south of the NSP, close to the CSP, it seems 
that the thrust faults detach at the basal unconformity. 
 
The NSP is characterized by a lack of linear features, 
in contrast to the SSP where the linear features 
correspond to folds. There are graben-like features in 
the NSP and these suggest deeper shale diapirism 
which also could account for the seismically 
incoherent internal structure. Sediments fill the 
topographic lows between interpreted shale diapirs 
and onlap the diapirs (Figure 8). At the shallowest 
levels of the NSP young sediments are represented by 
more distinctive reflectors and fill the topographic 
relief formed by the contractional deformation. 
 
The deformation in the NSP shows no clear age 
progression such as forward propagation of growth 
sequences. The NSP does not show thin skinned fold-
thrust development seen in the SSP. Overall the 
characteristics of this province suggest that the NSP 
could be dominated by mud-rich sediments. 
 
c. Deformed Zone: Central Structural Province  

(CSP) 
 
In the CSP horizons above the basal unconformity 
onlap from west to east onto a basement high (Figure 
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9). The sediments above the basal unconformity on 
the high are thin. Two different unconformities were 
identified in the seismic lines crossing the CSP 
(Figure 9). The lower is the basal unconformity. The 
younger unconformity is suggested to be Early 
Miocene because it is associated with an increase in 
thickness of sediments which onlap eastwards onto 
basement and are interpreted to mark increased 
sediment input from Kalimantan. Deformation is seen 
only at the eastern end of most seismic lines in the 
CSP, very close to the Sulawesi coast, and there is no 
thrust or fold deformation to the west. 
 
d. Deformed Zone: Southern Structural Province 

(SSP) 
 
In the SSP the seismic character of sediments and 
style of deformation are very different from the NSP. 
The deformation front in the SSP is represented by 
thrust or blind-thrust faults. The reflectors involved in 
the thrust and fold deformation are strong and 
continuous so that growth strata and thrust faults can 
be relatively easily identified. Moving from the 
Undeformed Zone to the Deformed Zone seismic 
reflectors show no significant difference in character. 
The folded reflectors in the Deformed Zone become 
less and less folded towards the Undeformed Zone, 
and then are completely parallel or sub-parallel in the 
Undeformed Zone (Figure 10). Older folds and 
thrusts, located in the east of this structural province, 
are sometimes buried by younger sediments so their 
deformation is not expressed at the seafloor.  
 
The thrust faults detach on at least two different 
decollement layers (Figure 10). Both these 
decollement horizons are above and younger than the 
basal unconformity. The thrust faults in the east 
detached on a deeper layer than those in the west 
consistent with structures younging and propagating 
towards the west. Above the deformed section young 
sediments fill the topographic lows between the folds. 
There sediments were deposited in piggy-back style 
basins. This style of deformation is typical of a thin-
skinned structural style. 
 
DISCUSSION 
 
In the Deformed Zone of the eastern North Makassar 
Straits there are three different structural provinces: 
the NSP, CSP, and SSP. The characteristics and 
deformation of each province, which are controlled 
by several factors, are different. The SSP is a west-

verging thrust and fold belt and the thrust faults 
detach on different decollement layers. This area was 
deformed in a thinned-skinned tectonic style but at 
the eastern end of the surveyed area there is a hint of 
basement involvement. The CSP shows much less 
deformation. Folding and thrusting are almost absent 
in this region except at the eastern edge of the 
surveyed area. The NSP is deformed but folding, 
thrusting, and detachment layers are difficult to 
interpret and the province is probably disturbed by 
shale diapirism.  
 
Role of existing structures 
 
The three structural provinces are broadly defined by 
NW-SE trending structures at a very deep level. 
However, there are no clear NW-SE faults cutting the 
sequences above the basal unconformity although 
there are NNW-SSE faults which are arranged in en-
echelon manner and appear to have formed by 
oblique extension of a basement with a pre-existing 
NW-SE fabric (Nur’Aini et al., 2005). The NW-SE 
structures could be transform faults which relate to 
spreading as suggested by Hamilton (1979). 
However, this interpretation assumes that the North 
Makassar Straits are floored by oceanic crust and this 
study has caused us to doubt this hypothesis. In many 
parts of the surveyed area, rifting structures can be 
seen below the basal unconformity suggesting 
continental crust at deeper levels. Another possibility 
is that these are older structures related to basement 
faulting. From mapping and Landsat interpretation on 
land in Western Sulawesi (Calvert, 2000a), there are 
NW-SE structural lineaments which continue towards 
the Deformed Zone offshore. Onshore they appear to 
have segmented the area during the early Cenozoic 
and been reactivated as strike-slip faults during 
Pliocene to Recent deformation. These lineaments can 
be interpreted as structures which acted as the 
boundaries between the structural provinces and 
which also segment the SSP. It is noteworthy there 
are no major faults above the basal unconformity 
crossing the North Makassar Straits from Western 
Sulawesi to East Kalimantan. 
 
Role of the Central High  
 
The high in the CSP played an important role in the 
development of different structural styles in the 
Deformed Zone. The Central High appears to have 
controlled sediment deposition since the Eocene, and 
particularly since the beginning of Pliocene influx of 
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sediment from Sulawesi. Sediment cover of the 
Central High is thin and in the CSP it is clear that 
onlap is towards the east, indicating that sediment was 
derived from Kalimantan. To the north and south are 
thick accumulations of sediments now deformed in 
the NSP and SSP. The sediment character in these 
two provinces is different and the sediment thickness 
decreases to the west. These sediments must have 
been derived from Sulawesi and their different 
character suggests they originate from two different 
river systems. 
 
 
Role of sediment type and thickness 
 
Sediment thickness (Figure 12) influenced the way 
folding and thrusting developed. In the CSP, where 
the sediment above the basal unconformity is quite 
thin, and the Eocene to Oligocene section is almost 
absent, there is little thrusting or folding. There was 
not enough sediment for thrusting and folding to 
propagate. The compressional event created little 
shortening in the CSP. The tilting of the sequence and 
the presence of west-dipping faults above the Central 
High where the seabed slope changes, suggests some 
shortening at basement level on blind thrusts. 
 
In contrast, in the NSP and SSP, where there is thick 
sediment, thrusts and folds are well developed but the 
two different sediment bodies have different 
deformation styles. The time-thickness map (Figure 
12) shows that in the Undeformed Zone sediment is 
thicker in the south than in the north. Deformation 
makes it difficult to compare sediment thicknesses in 
the Deformed Zone but they appear similar in the 
NSP and SSP. However, the sediments behaved 
differently during compression. These differences 
appear to reflect the different sediment types and 
possibly differences in the thickness of the Eocene-
Miocene sections in the two provinces. 
 
In the NSP there are no clear continuous reflectors 
and thrusts and folds are much less well-developed 
than in the SSP. The seismic data suggest more 
distributed deformation, smaller individual structural 
units, small grabens associated with shale diapirism, 
and a steep sharp deformation front. All these features 
suggest relatively homogeneous mud-rich sediments. 
In the SSP thrust faults and folds are very obvious 
and easy to map from the strong reflectors, and 
growth strata between thrust faults can be 
distinguished. There is a gentler overall slope to the 

sediment wedge and no steep deformation front. The 
strong and weak amplitude reflectors in the deformed 
succession suggest interbedded sands and muds. The 
characteristics of the NSP and SSP are similar to 
those in deformed areas of the Timor Trough south of 
Timor (Karig et al., 1987) where variations along 
strike in internal character and slope angles have been 
interpreted as due to differences between mud- and 
sand-dominated sequences. 
 
Currently, the Palu River drains into the NSP, the 
Pasangkayu and Lariang Rivers drain into the CSP, 
and the Karossa, Budung-Budung and Karama Rivers 
drain into the SSP (Figure 5). Drainage patterns in 
West Sulawesi may have changed considerably in the 
last few million years as a result of deformation. 
From the position of the sediment accumulations 
offshore the source region for the mud-rich sediment 
of the NSP is suggested to be Palu region and 
possibly the Lariang region of West Sulawesi   
(Figure 7). In the Lariang area, the dominant lithology 
from Oligocene to Miocene is mudstone (Calvert, 
2000a). The source of sediments in the SSP is 
probably the Lisu, Karama and Kalosi areas of West 
and South Sulawesi (Figure 7). In the Karama region, 
the dominant lithology from Oligocene to Miocene is 
mudstone (Calvert, 2000a) but from Mid Eocene to 
Miocene, the Kalosi region is dominated by limestone 
and clastic lithologies (Bergman et al., 1996; Guritno 
et al., 1996). Unroofing of the Mamasa plutonic 
complex since the Miocene (Bergman et al., 1996) is 
also likely to have shed considerable amounts of 
coarse clastic debris into the SSP. 
 
 
Implications 
 
The WSFB in the offshore area is not a single 
foldbelt. Based on this study, the Deformed Zone is 
segmented and divided into different structural 
provinces. It consists of two different foldbelts with 
different characters: the NSP and SSP, separated by 
an almost undeformed region offshore, the CSP. 
Many previous authors (e.g. Bergman et al., 1996; 
Guritno et al., 1996; Guntoro, 1999) have drawn a 
single curved continuous thrust front in the North 
Makassar Straits to separate the WSFB from the 
Undeformed Zone in the deepwater area (Figure 1). 
We prefer to use the term ‘deformation front’ since 
the boundary between the Deformed and Undeformed 
Zones is varied, not always marked by thrusts, and is 
often nothing more than a sudden change of slope. 



 527

NW-SE lineaments separate the structural provinces, 
and faults are often shown crossing the whole North 
Makassar Straits (e.g. Cloke et al., 1999; Fraser and 
Ichram, 1999). From the Landsat interpretation 
onshore in West Sulawesi (Calvert, 2000a) and the 
seismic interpretation in this study, we suggest that 
NW-SE faults extend only into the offshore region at 
a deep basement level. At shallower levels they are 
not seen on seismic lines and must terminate well 
before the deformation front. There is no evidence 
from seismic data that these faults cross the North 
Makassar Straits from Sulawesi to Kalimantan. 
 
Some previous workers considered that the inversion 
in the Kutei Basin was related to compression in 
Western Sulawesi which formed the fold-thrust belt in 
this area (Bergman et al, 1996). However, the seismic 
data in the deepwater area show no signs of 
compressional deformation. Instead there are 
Pleistocene-Recent extensional faults which caused 
little displacement in the deepwater area. 
 
Evolution 
 
At the beginning of the Cenozoic, East Kalimantan 
and West Sulawesi were part of a single region at the 
eastern edge of Sundaland (Katili, 1978; Hamilton, 
1979). The basement in these areas included 
Mesozoic continental metamorphic rocks and 
ophiolites. There is no evidence of Paleocene 
sediment in West Sulawesi (Calvert, 2000b; Calvert 
and Hall, 2003). Rifting began in the Middle Eocene 
(Situmorang, 1982a, b; Hall, 1996; Moss et al., 1997; 
Guntoro, 1999) and led to formation of the Makassar 
Straits which separate West Sulawesi from East 
Kalimantan.  
 
Debate continues about whether the crust beneath the 
North Makassar Straits is oceanic (e.g. Cloke, 1997; 
Guntoro, 1999) or attenuated continental                
(e.g. Burollet and Salle, 1981; Situmorang, 1982a, b). 
Hamilton (1979) showed a spreading centre extending 
all the way down the straits. Following Hall (1996), 
Fraser and Ichram (1999) suggested that rifting 
associated with spreading of the Celebes Sea 
continued through the Makassar Straits. From the 
interpretation of new seismic data, we suggest that the 
centre of the North Makassar Straits is more likely to 
be underlain by thinned continental crust. 
 
The basal unconformity, which is interpreted as 
marking the end of the syn-rift sequence, is an almost 

continuous reflector throughout the North Makassar 
Straits and we suggest its age is Late Eocene. 
Thermal subsidence continued after the Eocene and 
the post-rift sequence is represented by series of 
parallel and sub-parallel reflectors above the basal 
unconformity in the deepwater area of the North 
Makassar Straits. In the Undeformed Zone, these 
reflectors show there has been continuous 
sedimentation to the present-day. There is a second 
unconformity which can be mapped in the CSP. 
Sediments onlap to the east and are derived from 
Kalimantan. We suggest this unconformity is Early 
Miocene and marks the beginning of a major influx of 
clastic sediment from Kalimantan following 
deformation in Borneo. 
 
Compressional deformation began at the beginning of 
the Pliocene, partly as result of the collision of the 
Banggai-Sula Block and East Sulawesi (Hall, 2002), 
causing contraction and uplift throughout Sulawesi, 
and in particular the elevation of mountains in West 
Sulawesi. This resulted first in major influx of 
sediment into the Makassar Straits from Sulawesi, 
with mud-rich sediment accumulating in the NSP and 
sandier sediment in the SSP. The compressional 
episode formed a fold-thrust belt in Western Sulawesi 
which has since propagated westwards into the North 
Makassar Straits. It is from the Pliocene that the 
Makassar Straits can be considered as a foreland 
basin (Bergman et al., 1996; Hall, 2002). Flexural 
deformation in response to loading by the advancing 
fold and thrust belt led to the development of small 
extensional faults in the Undeformed Zone of the 
deepwater area and are comparable to flexural 
extension in the foredeep of Western Taiwan (Chou 
and Yu, 2002). 
 
CONCLUSIONS 
 
Based on seismic data, the North Makassar Straits is 
divided into three parts: a Deformed Zone in the east 
adjacent to Sulawesi, an Undeformed Zone in the 
deepwater centre, and the East Kalimantan Shelf and 
Paternoster Platform in the west. The Deformed Zone 
is in turn divided into three based on differences in 
sediment character and styles of deformation: the 
Northern Structural Province (NSP), the Central 
Structural Province (CSP), and the Southern 
Structural Province (SSP). 
 
A deformation front separates the Deformed Zone 
from the Undeformed Zone and is marked by a 
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change in slope at which there may be thrusts, back-
thrusts and blind-thrusts. The thrusts do not generally 
emerge at the present-day seafloor, but bathymetry 
reflects the presence of folding and faulting beneath. 
In the NSP, the seismic character of the Deformed 
Zone is incoherent, so that folds, thrusts and 
decollement horizons cannot be clearly defined. Shale 
diapirism likely led to the formation of graben-like 
structures. A central basement high in the CSP has a 
thin sediment cover, gradually onlapped by sediment 
derived from Kalimantan, which is little deformed. 
The SSP shows a thin-skinned style of deformation 
with distinct folds and thrusts. The fold-thrust belt, 
which detached on more than one decollement 
horizon, has propagated westward. 
 
The WSFB in the offshore area is not a single foldbelt 
but is separated into two by the CSP. Different styles 
of deformation are controlled by older structures, the 
Central High, sediment thickness, sediment type, and 
the presence of decollement horizons. No faults cross 
the Makassar Straits but deep structures trending NW-
SE are suggested to be pre-Middle Eocene faults in 
the basement. Rifting began in the Middle Eocene and 
a basal unconformity has been mapped which is the 
top of the syn-rift sequence and is suggested to be 
Late Eocene in age. We prefer the interpretation that 
the North Makassar Straits are underlain by thinned 
continental crust and that apparent conical structures 
are carbonate build-ups on tilted fault blocks rather 
than volcanic edifices. The dominant sediment in the 
NSP is likely to be mud-rich and its source is 
probably the Palu and Lariang regions. In the SSP the 
sediment is much sandier and its source is probably 
the Karama and Kalosi regions. 
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Figure 1  -  Geographical and geological setting of the North Makassar Straits shown on the global topographic 

DEM of Becker and Sandwell (2004). The yellow box outlines the study area shown in Figure 2. 
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Figure 2 - The location of the study area and the 2D seismic dataset used in this study. 
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Figure 3 - Seismic profiles across the North Makassar Straits showing bathymetry. 
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Figure 4 - The principal zones and structural provinces identified in this study. 
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Figure 5 - The structural provinces in relationship to bathymetric contours offshore and major rivers onshore. 
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Figure 6 - The position of the deformation front interpreted from the bathymetric map and seismic sections with inferred NW-SE lineaments. 
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Figure 7  -  3D view of bathymetry of the North Makassar Straits and topography of Western Sulawesi produced by merging bathymetric data from 
this study with the global bathymetry of Sandwell and Smith (1997) and Shuttle Radar Topography Mission (SRTM) topographic data for 
onshore Sulawesi. See text for discussion. 
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Figure 8 - Northern Structural Province: uninterpreted and interpreted line. 
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Figure 9 - Central Structural Province: uninterpreted and interpreted line. 
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Figure 10  -  Southern Structural Province: uninterpreted and interpreted line. The apparent shallowing of the basal unconformity to the west is 
because the line crosses the lower edge of the Paternoster Platform. 
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Figure 11  -  Map of the basal unconformity. Note the deep depression north of the Paternoster Platform with a NW-SE orientation to its 
margins, and also lineaments forming ridge features in the high area to the north west of the Central High. The depression becomes 
buried beneath sediments of the SSP near to Sulawesi and it is not clear how it is linked to structures onshore. 
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Figure 12 - Time thickness map for basal unconformity to seabed. 


