
ABSTRACT

The Sanga Sanga Block contains four large to
giant hydrocarbon fields in mid- to upper Miocene
deltaic sandstones of the Mahakam Delta, eastern
Kalimantan (Indonesia). These fields occur in the
northeast-trending Mahakam fold belt, which is
characterized by long, tight, fault-bounded anti-
clines and broad synclines and cored by overpres-
sured shales. Onshore sections of the fold belt are
strongly deformed, uplifted, and eroded, whereas
the eastern offshore sections are little deformed
and buried by the progradational delta wedge.
Section balancing of depth-converted seismic lines,
together with scaled analog modeling, was used to
develop a new tectonic model of inverted delta
growth faults for the evolution of the Mahakam fold
belt. Section balancing shows that the fault-bounded
anticlines of the Sanga Sanga Block are formed by
contractional reactivation of early delta-top exten-
sional growth faults. The change from gravity-driven
extension to regional contraction occurred at
around 14 Ma. Anticlinal folds controlled local sedi-
mentation patterns and influenced the distribution
of the reservoir channel sands in the main hydro-
carbon fields. Scaled analog models of prograda-
tional loading above a ductile substrate produced
delta-top extensional growth faults and “depo-
belts,” together with delta-toe fold-thrust. Contraction
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inverted the extensional growth faults and depo-
belts, producing tight, fault-bounded anticlines.
The results support the model of delta inversion
and, thus, the most viable explanation for the geo-
metric, kinematic, and mechanical evolution of the
structures in the Sanga Sanga Block. The inverted
delta model has applications to other hydrocarbon-
bearing deltas around Borneo and in other con-
tracted delta systems.

INTRODUCTION

The Mahakam fold belt lies within the onshore
portion of the Tertiary Kutai Basin on the eastern
margin of the island of Borneo (Figure 1). Within
this fold belt, the Sanga Sanga production sharing
concession (PSC) of VICO Indonesia encompasses
four large to giant hydrocarbon accumulations: the
Mutiara, Semberah, Nilam, and Badak fields (Bates,
1996), as well as many other smaller fields (Figure
2). Discovered hydrocarbons in the Kutai Basin are
estimated to be 2.5 billion barrels of oil (estimated
ultimate recovery or EUR) and 28 tcf of gas (EUR)
(Paterson et al., 1997). In the Sanga Sanga Block,
these oil and gas accumulations occur in a number
of long, linear, asymmetric thrust-fault–bounded
anticlines in Miocene siliciclastics of the Mahakam
Delta system. The anticlines strike north-north-
east–south-southwest, range from 2 to 5 km wide,
and are typically over 50 km in length (Figure 2),
with the fold crests commonly eroded and
breached. The anticlines are separated by broad,
open synclines (cf. Chambers and Daley, 1997).
The western surface expression of the Mahakam
fold belt has been termed the Samarinda anticlinori-
um (Ott, 1987). The lower parts of the Miocene
section are strongly overpressured (Bates, 1996),
and formerly overpressured shales crop out
onshore in the cores of some anticlines (Ferguson
and McClay, 1997).

The tectonic origin of the Mahakam fold belt is
problematic. Many geodynamic models have been
proposed for the formation of this fold belt (cf.
Ferguson and McClay, 1997; Chambers and Daley,
1997). Early models postulated that the fold belt
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Figure 1—(a) Plate tectonic setting of
southeast Asia showing the location of
Borneo and the Mahakam fold belt,
Kalimantan (adapted from van de
Weerd and Armin, 1992; Hall, 1996).
(b) Tectonic map of Borneo showing
the location of the Sanga Sanga 
production sharing concession (PSC).



Figure 2—(a) Map of the Sanga Sanga PSC and the
offshore Mahakam Delta system showing the
major hydrocarbon accumulations (modified after
Bates, 1996). (b) Structure map of the Sanga Sanga
PSC showing location of the regional and detailed
cross sections presented in this paper.
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was formed by gravity gliding driven by uplift pro-
duced by Miocene orogenesis in western Kalimantan,
with eastward-vergent collapse of the brittle overbur-
den above overpressured shales (Ott, 1987). Biantoro
et al. (1992) proposed a strike-slip–driven inversion
model whereby the Samarinda anticlinorium was
formed by reactivation of Eocene–Pliocene extension-
al faults in a restraining stepover between the Pater-
noster and Sangkulirang strike-slip faults (Figure 1b).
The recognition that Miocene contraction uplifted
the Upper Kutai Basin and allowed deep erosion (van
de Weerd and Armin, 1992) led to tectonic models
that involved basement inversion of a deep Paleogene
rift basin giving rise to broad regional folding of the
overpressured shale section and closely spaced, tight
folding in the overlying delta sequences (e.g., Cham-
bers and Daly, 1995, 1997; Cloke et al., 1997, 1999).
Other studies have proposed that the Makassar Straits
(Figure 1b) was a foreland basin bounded on both
sides by foreland fold-thrust belts with the Kutai Basin
to the west and the Malene fold belt (Sulawesi) to the
east (Bergman et al., 1996). All of these previously
proposed models do not adequately account for the
structural geometries, timing, and progressive evolu-
tion of the Mahakam fold belt in the Sanga Sanga PSC,
nor do they allow prediction of structures and reser-
voirs at depth.

This study stems from a regional geological analysis
undertaken by VICO Indonesia from 1992 to 1995,
combined with cross section balancing and scaled
physical modeling undertaken by the Fault Dynamics
Research Group at Royal Holloway, University of
London (McClay and Dooley, 1995). We propose a
new, integrated tectonic-stratigraphic model for this
part of the Kutai Basin and discuss the implications
for hydrocarbon generation and accumulation.

GEOLOGICAL BACKGROUND

Plate Tectonic Setting of the Kutai Basin and
the Mahakam Fold Belt

The tectonic setting of Borneo within the context
of the major plates and terranes of southeast Asia has
been discussed in detail by Hamilton (1979), Daly et
al. (1991), van de Weerd and Armin (1992), Hall
(1996, 1997), Metcalfe (1996), Packham (1996), and
Longley (1997). Only a brief overview will be pre-
sented here. Interactions of the Philippine Sea plate,
the Indo-Australian plate, and the Eurasian plate
since the Cretaceous have generated a complex
assemblage of small marginal ocean basins and
microcontinental blocks bounded by subduction
zones, extensional margins, and major transcurrent
faults in the Indonesian region (Figure 1a). The
island of Borneo, and in particular the Kutai Basin
and the Mahakam fold belt, have experienced a

complex tectonic history from the Paleogene to the
present day (e.g., Moss et al., 1997; Cloke et al.,
1999; Moss and Chambers, 1999).

The basement of the Kutai Basin is probably an
Upper Cretaceous assemblage of microcontinental
fragments, ophiolites, and accretionary prism sedi-
ments intruded by Cretaceous plutons (Moss et al.,
1997). These units crop out around the basin mar-
gins in the Central Kalimantan Mountains to the
north and northwest, and in the Schwaner Block to
the west (Figure 2a). Middle Eocene to early
Oligocene rifting (probably as a southwestward
extension of the opening of the Celebes Sea) pro-
duced a series of east-dipping extensional fault sys-
tems that formed half grabens infilled with continen-
tal to marine clastics (Moss et al., 1997). In the late
Oligocene, there is evidence of a regionally impor-
tant contractional deformation and uplift in the
western parts of the Kutai Basin (cf. Moss et al.,
1997; Chambers and Daley, 1997).

The early Miocene–middle Miocene was a period
of major plate readjustments with the rotation of
Borneo (from 20–10 Ma) (Hall, 1996, 1997). This
resulted in deformation and uplift of Borneo and a
major influx of volcanogenic clastics into the Kutai
Basin from the uplifted terranes to the west. Collision
of microcontinental blocks with a subduction zone
along the northwest Borneo margin (Palawan
Trough) resulted in uplift that produced the Central
Kalimantan Mountains. In the Sanga Sanga area, this
coincides with the lower Miocene shelf sandstones
and carbonates becoming overlain by middle to
outer shelf shales, which, in turn, were covered by
progradational sandstones and shales of the Miocene
Mahakam Delta system.

The early middle Miocene (∼ 14.0 Ma) marks the
start of the main period of basin inversion in the
Sanga Sanga area (Ferguson and McClay, 1997). The
deformation migrated progressively from the west
to the east with dominantly east-vergent inverted
faults coupled with eastward migration of basin
depocenters. At the middle–late Miocene boundary
(10.5 Ma), a pronounced eastward shift of depocen-
ters and accelerated inversion can be attributed to
the Banggai-Sulu collision in Sulawesi east of the
Kutai Basin (cf. Moss et al., 1997). The early Pliocene
(6.5 Ma) marked continued structural inversion and
progressive eastward shift of depocenters. Pliocene–
Pleistocene inversion and uplift of the Meratus
Mountains south of the Kutai Basin indicate contin-
ued regional contraction at this time. In the
Mahakam fold belt, late tightening and thrusting
occurred within the anticlines of the Sanga Sanga
Block. This major phase of contractional tectonics is
interpreted to be the result of the collision of the
Indo-Australian plate with the Banda arc (Daly et al.,
1991; van de Weerd and Armin, 1992). Throughout
the inversion history of the Kutai Basin, from the
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middle Miocene to the present day, the dominant
shortening direction was to the northwest as
deduced from the relative plate motions, from the
trend of the major fold structures observed both
onshore and offshore, and from borehole breakout
studies in the Kutai Basin (Ferguson and McClay,
1997; Syarifuddin and Busono, 1999).

Stratigraphy of the Kutai Basin

The Kutai Basin is the deepest Tertiary basin in
Indonesia, having accumulated over 14 km of sedi-
ment. It is bounded by the Paternoster platform, Barito
Basin, and the Meratus Mountains to the south, by
Schwaner Block to the southwest, the Mangkalihat
high to the north-northeast, and the Central Kalimantan
Mountains (Moss and Chambers, 1999) to the west and
north (Figure 1b). The Kutai Basin is subdivided into the
Upper Kutai Basin, consisting of Paleogene outcrops
with Cenozoic volcanics possessing a strong northwest-
southeast structural grain, and the Lower Kutai Basin
with Miocene strata cropping out in north-
northeast–trending structures. The Meratus Mountains
to the southwest and the Central Kalimantan
Mountains to the north of the Kutai Basin have an
ophiolitic basement together with Paleogene strata
striking dominantly in a north-northeast direction
(Figures 1, 2). The Sanga Sanga PSC occurs in the
onshore part of the Lower Kutai Basin located
between Balikpapan and Bontang (Figures 1, 2).

The producing fields in the Sanga Sanga PSC are
located on the north-northeast–trending structures of
the Mahakam fold belt. The largest hydrocarbon accu-
mulations occur along a simple north-northeast–trend-
ing anticlinal structure from Badak in the north to
Nilam and Handil in the south (Figure 2b). The hydro-
carbons are trapped in middle and upper Miocene
deltaic sandstone reservoirs that occur mainly in four-
way dip closures or two-way structural/stratigraphic
traps that result from delta-plain, reservoir-channel
sandstones crossing a later structural high at an
oblique angle.

Figure 3 shows a chronostratigraphic chart for the
Sanga Sanga Block, Kutai Basin. In the Lower Kutai
Basin, clastic deposition has occurred almost continu-
ously from the middle Eocene (synrift), through the
Oligocene (postrift), to the present-day recording east-
ward progradation of the Mahakam Delta system. As a
result, there has been a progressive eastward migra-
tion of the basin depocenter (Figure 3). Uplift and
removal of section (particularly focused on the anti-
clines) (Figure 3) has occurred progressively from
west to east as a result of the middle Miocene to pres-
ent-day contraction that produced the Mahakam fold
belt.

The Mahakam Delta system deposited up to 3 km of
sand, shale, and coal-rich sequences in the proximal

deltaic facies and an underlying thick, shale-dominated
sequence in the distal marine prodelta facies (Figure
3). Sedimentation rates are calculated to average
approximately 1000 m/m.y. (decompacted) (Bates,
1996). Overpressuring, largely due to compaction dis-
equilibrium (Bates, 1996) and organic maturation,
occurs at depths of 2–4.5 km throughout the Kutai
Basin and underlies the fold belt, giving rise to poor
seismic imaging at depth (Bates, 1996; Paterson et al.,
1997). The overpressures occur predominantly in the
fine-grained clastics deposited in distal deltaic and
deeper marine environments (Bates, 1996).

Structure of the Mahakam Fold Belt

The Mahakam fold belt is characterized by tight,
asymmetric anticlines separated by broad synclines
in Miocene strata (Figure 2). The axial traces of these
structures are long (20–50 km in strike length) and
linear to gently curved (Figure 2). Figure 4 shows
three regional, balanced, composite cross sections
across the Mahakam fold belt. The fold belt is char-
acterized by detachment-style folds that change
from simple symmetric/asymmetric structures in
the easternmost region, to lift-off folds, to thrust-
cored folds in the central zone, and into a detached
fold belt in the western part of Kutai Basin (Figures
4, 5). Greater uplift and resultant erosion in the
western area reveals more complex fold patterns at
deeper levels. The western part of the cross sec-
tions in Figure 4 shows the complex, faulted folds
of the Buat, Gitan, Taluang, and Saka Kanan syn-
clines. In contrast, the eastern part of the Mahakam
fold belt in the Sanga Sanga PSC shows more open
anticlinal structures with minor reverse/thrust
faulting (Figure 5). These eastern anticlines trap the
major hydrocarbon accumulations in the Sanga
Sanga PSC (Figure 2).

RESEARCH METHODOLOGY

The structural analysis of the Mahakam fold belt
has involved interpretation of over 10,000 km of
two-dimensional seismic data and over 600 wells
drilled on the Sanga Sanga PSC. Key regional hori-
zons were identified in wells and were mapped over
the PSC using the seismic data. Horizons were
labeled using an alphabetic “in-house” VICO nomen-
clature (Figures 3, 4) and tied to biozones using fora-
minifera biostratigraphy.

Cross Section Balancing and Restoration

Three composite regional and six detailed cross sec-
tions were constructed, balanced, and sequentially
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restored using the computer section balancing soft-
ware GEOSEC™. Cross sections constructed from
depth-migrated seismic sections integrated with
well data were used to determine the timing of
structural development and to calculate the amounts
of uplift and shorting at particular time horizons.
Of the main algorithms that may be used to geo-
metrically restore cross sections (Williams and
Vann, 1987), bed-parallel flexural slip gave the best
results and produced geologically reasonable sur-
face fold geometries that could be matched with
geologically reasonable fault shapes in the subsurface.
The cross sections presented in this paper (Figures 4,
5) thus were sequentially restored using the flexu-
ral slip algorithm (note, however, that this gives
minimum values for the extensional deformation).
The sequentially restored cross sections were
used to determine the timing of structural devel-
opment and to calculate the amounts of uplift and
shorting at particular time horizons. In addition,
uplift data based on velocity analyses and vitrinite
reflectance data (Grundy et al., 1996) were incor-
porated into the section balancing of the Max D
surface (Figures 4, 5).

Scaled Physical Modeling

Scaled physical models, designed to simulate dif-
ferential sedimentary loading and inversion in a
progradational delta system, were constructed in a
deformation rig 60 cm wide and 1.0–1.5 m long
(Figure 6). The overpressured muds at the base of
the simulated delta section were modeled using a
viscous silicone polymer layer, and the overlying
delta sediments were simulated using dry, nearly
cohesionless granular materials, such as quartz
sand and glass beads. A uniform, 1-cm-thick basal
layer of silicone polymer (Dow Corning SGM-36™)
(Weijermars et al., 1993) was overlain by a 0.5–
1.0-cm-thick, predifferential load layer of dry, silica
sand (grain size 190 µm) that was mechanically
sieved into the rig. The polymer layer was confined
by the end walls of the apparatus (Figure 6a).
Experiments were done both with a basal 2° slope
and without a slope at the base of the model.
Differential sedimentary loading produced by delta
progradation was simulated by mechanically layer-
ing a 2.0–2.5-cm-thick wedge of alternating colored
sand layers (2–3-mm-thick individual layers) on top
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of the prekinematic assemblage of polymer and
sand layers at the base of the rig (Figure 6b). In sin-
gle differential load experiments, the model was
then allowed to deform under its own weight over a
period of up to 24 hr (see McClay et al., 1998). The
differential load between the sand wedge and the
unloaded section of the model results in flow of the
viscous polymer from underneath the sand wedge
to the front of the model, producing a “delta-toe”
fold-thrust belt. The resultant “delta-top” graben sys-
tems were infilled with synkinematic sand layers
after each 0.5–1.0 cm of delta-top extension.
Double differential load models were constructed
by placing a second differential load outward over
the first load (Figure 6b), such that the initial delta-
toe fold belt was buried by the second prograda-
tional load. After this second loading stage, the
models were again allowed to deform under their
own weight for further periods of up to 24 hr. As in
the single differential load experiments, the second-
phase delta-top graben systems were infilled with
synkinematic sand layers after each 0.5–1.0 cm of
delta-top extension.

The models were inverted by moving the left
end wall of the deformation rig inward via motor-
driven worm screws at a strain rate of 1 × 10–4/s
such that the sandpack was contracted under a hor-
izontal maximum compressive stress. At the end of
deformation, the models were filled to the top with

a postkinematic sand layer so that they could be
preserved by impregnating with a gel and serially
sectioned for detailed internal analysis. The pro-
gressive deformation of each model was recorded
by 35 mm time-lapse photography.

The models are dynamically scaled such that 1 cm
in the model approximates to 1 km in the crustal pro-
totype [see detailed discussions on model scaling in
Brun et al. (1994), Weijermars et al. (1993), and
McClay (1990)]. The models were constrained at
the right end wall (Figure 6). In the natural proto-
type, this lateral constraint occurs at the end of the
overpressured zone, such that it provides a buttress
against which the delta-toe fold and thrust belt
develops.

In the course of this research program, 15 ex-
periments involving both single and multiple dif-
ferential sedimentary loading of a ductile sub-
strate, together with subsequent contraction and
inversion, were run. McClay et al. (1998) summa-
rized models involving single and double differ-
ential loads without contraction, and Ferguson
and McClay (1997) summarized the results of
analog models that tested the viability of previ-
ously proposed geodynamic models for the
Mahakam fold belt (e.g., thin-skinned contrac-
tional tectonics, basement-involved extension
and subsequent inversion, coupled strike-slip
faulting, downslope gravitational gliding, and
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Figure 4—Regional balanced cross sections for DD-1, DD-2, and DD-3 across the Sanga Sanga PSC. The locations of
these regional lines are indicated on Figure 2b.
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simple differential loading without inversion).
Ferguson and McClay (1997) concluded that none
of these models adequately accounted for the geo-
metric and kinematic evolution of the Mahakam
fold belt in the Sanga Sanga PSC. In contrast,
models that combined differential (delta) loading
with inversion resulted in structures that showed
strong geometric and kinematic similarities to
those in the Mahakam fold belt in the Sanga Sanga
PSC. These results are summarized in the follow-
ing sections.

RESULTS

Cross Section Balancing

Figure 4 shows three composite regional bal-
anced cross sections across the Mahakam fold belt.
The western onshore part of sections DD-1 and
DD-2 shows strong folding with tight, fault-bounded
anticlines and broad synclines (Figure 4). In con-
trast, the eastern part of these cross sections and
section DD-3 across the Wain subbasin are only
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gently folded with the folding decreasing to the
east. Here, the strata are typically delta-slope
deposits that generally dip and thicken eastward
into the Makassar Strait Basin (Figure 4). On each
cross section there is a hinge line that delineates
marked uplift to the west and overall subsidence to
the east (Figure 4).

Many of the major faults that bound the anticlines
on the cross sections show thickness changes

across them in the lower Miocene from sequences
N4-N5D to N8/N9. Sequential restorations of these
cross sections show that these faults were exten-
sional at least over this period and were reactivated
in contraction at around the time of N10D deposi-
tion. For the western parts of sections DD-1 and
DD-2, 5 and 5.2 km of extension, respectively, have
been calculated. In contrast, cross section DD-3
shows only 2.1 km of extension (McClay and
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Figure 5—Continued.
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Dooley, 1995). Extension occurred on both region-
al, east-dipping, down-to-the-basin faults and coun-
terregional, west-dipping, landward faults.

Shortening began during N10 deposition (∼ 14 Ma,
middle Miocene) and continued to the present day.
Section DD-1 underwent 7.4 km of shortening, sec-
tion DD-2 had 8.7 km of shortening, and section DD-
3 underwent only 0.9 km of shortening (McClay and
Dooley, 1995). Most of the shortening focused in the
western parts of the sections (Figure 4) where reacti-
vation of the extensional faults produced uplifted,
tight, fault-related inversion anticlines. These are now
strongly eroded with removal of most or all syncon-
tractional strata. The Max D surface is an estimation
of the amount of section removed by erosion
(Grundy et al., 1996). There is a minimum of 1 km of
uplift on the western part of section DD-1 and 1800 m
of uplift in the Buat syncline on section DD-2 (Figure
4). Significant uplift is also seen on the western end
of section DD-3. East of the hinge lines, the amount
of folding is significantly less and progressively
decreases eastward (Figure 4).

Six detailed sections were restored across the
Sanga Sanga PSC, two of which are shown in Figure 5.

Line k9208 crosses the Prangat, Binangat, and Sanga
Sanga anticlines and extends to the Nilam anticline
(Figure 5a). Sequential restoration shows that the
Sanga Sanga and Binangat anticlines developed on
preexisting extensional fault systems. A total of 1.31
km (4.1%) of extension occurred until N8–N10
deposition, forming a local depobelt bounded by
regional and counterregional extensional faults.
Since N10 deposition, the section has undergone a
total of 4.53 km (14.14%) of contraction up to the
present day (Figure 5a). At the early stages of con-
traction the shortening was accomplished by reacti-
vation of the extensional faults (from N10 to A depo-
sition). Most of the shortening was accommodated
by the formation of fault-related folds (Prangat,
Binangat, and Sanga Sanga) late in the tectonic evo-
lution, from horizon A deposition to the present day
(Figure 5a). Internal deformation and buttressing are
shown in this section by the overturning of the
reverse fault (formerly a regional fault at N8 deposition)
at Prangat (Figure 5a).

Figure 5b shows a detailed cross section through
the Pelarang and Sanga Sanga anticlines on seismic line
k9218. In this section extension can be recognized
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c. Delta Progradation, Second Differential Load

100-150 cm

Differential Load 2Differential Load 1Pre-Load SedimentsBasal Polymer

a.  Summary 3D view of deformation rig

Polymer Pre-kinematic layer

End wall
Glass walls

Wooden frame

100 - 150 cm

60 cm

Differential load
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of the model after major
progradation of the 
delta wedge.



from N8 deposition until N10 deposition with a
total of 0.95 km (3.47%) of extension. This defor-
mation occurred on extensional faults in the posi-
tions of the Sanga Sanga and Pelarang anticlines
(Figure 5b). Contraction occurred after N10 deposi-
tion by the reactivation of the extensional faults
and continued to the present day. Initial inversion
appears to produce reverse slip and gentle hanging-
wall folding on the reactivated extensional faults.
Most of the shortening occurred after horizon A
deposition, with the development of fault-related
folds in the hanging walls of the reactivated exten-
sional faults (Figure 5b). From the time of deposi-
tion of horizon C (10.5 Ma) until the present day,
the main focus of inversion has been on the region-
al fault beneath the Sanga Sanga anticline (Figure
5b). The amount of shortening from N10 deposi-
tion (14.0 Ma) to the present day is 2.8 km (10.6%),
indicating a net contraction of the cross section.

The section balancing and sequential reconstruc-
tions have validated that the cross sections are
geometrically and kinematically admissible. The re-
gional cross sections indicate that extension took
place mainly by both regional and counterregional
growth faulting and that these faults are now local-
ized in the cores of the present-day anticlines. The
change from an overall extensional regime to a con-
tractional regime started during N10 deposition
(∼ 14.0 Ma). After N10 deposition to present-day
contraction produced inversion by reactivation of
older extensional faults, together with late-stage
formation of hanging-wall fault-related folds.

Scaled Physical Modeling

The detailed results of a representative analog
model that underwent two periods of differential
loading (simulating two phases of delta prograda-
tion) followed by inversion/contraction are pre-
sented in the following section. Although only the
results of one model are presented in full, similar
features have been found in many repeat experi-
ments. Thus, two other models that show struc-
tures relevant to the evolution of the Mahakam fold
belt are also presented.

Figure 7a illustrates the model after 5.0 hr with a
single differential load. A delta-top graben is well
developed and consists of segmented regional and
counterregional extensional faults parallel to the
slope break (shelf edge). This forms a localized
depobelt that was incrementally infilled with
synextensional sand layers. Extension on the delta
top was balanced by the formation of a fold-thrust
belt at the toe of the progradational load. Ductile
polymer at the base of the model has migrated for-
ward under the differential load to give extension
on the delta top and contraction at the toe. In the

second stage of this model, a second differential
load was introduced covering the first-stage graben
and fold-thrust systems (Figure 7b). A second delta-
top graben system formed directly on top of the
first-phase fold-thrust belt, together with a second
fold-thrust belt at the delta toe (Figure 7b). After
another 2.5 hr of deformation under the second dif-
ferential load, the model was covered by postexten-
sion, preinversion glass beads and sand layers. It
was then contracted a total of 10 cm by moving the
left end wall inward (Figure 7c). Contractional
deformation produced synchronous reverse reacti-
vation of the extensional faults that bound both the
phase 1 and phase 2 graben systems to produce
broad, boxlike anticlines in the postextension
sequence (Figure 7c). The second-phase fold-thrust
belt at the toe of the sand wedge was visibly ampli-
fied as polymer migrated into the cores of the folds
(Figures 7c). A thin syninversion sequence of sand
layers was added incrementally as contraction pro-
gressed to simulate syninversion delta sedimenta-
tion. In addition, a steep reverse fault system form-
ed on the left side of the model (Figure 7c) as a result
of buttressing against the left end wall. The con-
tractional deformation produced inversion anti-
clines bounded by reactivated faults above both the
phase 1 and phase 2 extensional graben systems
(Figure 7c, e). These features are clearly seen in the
three-dimensional reconstruction of this model
shown in Figure 8.

Figure 9 shows a cross section through a nonin-
verted double-load model and one through the
inverted double-load model that was previously
described. The noninverted double-load model
illustrates the first-phase delta-top graben buried
beneath the second progradational wedge and the
second-phase delta-top graben and associated delta-
toe fold-thrust belt (Figure 7b, e). The first-phase
graben consists of planar regional and strongly
listric counterregional extensional growth faults
(Figure 9a). The graben infill sediments show
strong growth wedges into the counterregional
fault system and significant tilting (Figure 9a). In
contrast, the second-phase graben system displays
a segmented nature with dominantly symmetric
geometries and less well formed counterregional
fault systems (Figure 9a). The phase 2 graben sys-
tem is clearly formed on top of the first-phase fold-
thrust belt where the underlying ductile polymer
was thickest as a result of migration into the cores
of anticlinal folds produced by the first phase of dif-
ferential loading (Figures 7a, 9a). The inverted
model (Figure 9b) is characterized by two partially
inverted delta-top graben systems with an ampli-
fied box fold system at the toe of the second
progradational load. Despite unidirectional contrac-
tion from the left side of the model, both of these
graben systems were reactivated simultaneously.
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Figure 7—Model 3 of an inverted
double differential load on a 
ductile substrate. (a) Top shot at
the end of load 1. Deformation
consists of a delta-top graben and
associated fold-thrust belt at the
foot of the slope. (b) Top shot at
the end of load 2. The delta top
has prograded out above the 
original slope and toe fold-thrust
zone. New delta-top graben is
heavily segmented due to location
above the former fold-thrust belt.
(c) Top shot at the end of 
contraction. The structure mainly
consists of major anticlines and
intervening synclines. 
All structures were active 
simultaneously. (d) Drawing
interpreting the top shot at the
end of load 2. (e) Interpretation 
of top shot and the end of 
contraction.
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Figure 10 shows a detailed section and interpre-
tation (section 10, see Figure 7e) of the inverted
phase 1 graben system. The first-phase differential
loading half-graben systems are characterized by
well-developed counterregional listric growth
faults (CRF-1 and CRF-2), together with smaller
crestal collapse graben faults within the half-graben
systems (Figure 10). The larger of the two counter-
regional faults (CRF-2) has been reactivated and
inverted. This inversion, together with a backthrust
to counterregional fault CRF-1, has produced an
inversion pop-up structure above the phase 1 graben
system (Figure 10b). In addition, a number of reacti-
vated extensional faults, new thrusts, and a footwall
shortcut fault are associated with the half-graben

system of counterregional fault CRF-2. Although
there is not total reactivation of the phase 1 exten-
sional fault systems [nor are these to be expected
due to the limitations of the analog modeling materi-
als; see the discussion in McClay (1995)], in this
model and all of the other duplicate models (cf.
Ferguson and McClay, 1997; McClay and Dooley,
1995), the inversion anticlines are always located on
preexisting differential load-related extensional half-
graben systems and toe-thrust systems.

To simulate the response of an active delta sys-
tem to far-field contractional stresses, a model was
run whereby contraction was imposed while the
model still possessed a significant differential load
and delta-top extension was active (Figure 11).
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Figure 7—Continued.
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Despite significant ongoing contraction, the delta-
top graben remained active with significant contin-
ued extension, and simultaneously the delta-toe
fold-thrust belt was amplified (Figure 11).

DISCUSSION

Structural Evolution of the Sanga Sanga Block

The western sections of the Mahakam fold belt in
the Sanga Sanga Block are characterized by strongly
deformed, tight, fault-bounded anticlines separated
by broad synclines. In contrast, the eastern sections
show less deformed, open anticlines (Figure 4).
Regional and detailed balanced cross section con-
struction and restoration have demonstrated that
many of these anticlines, both in the west and in the
east, are focused on older early Miocene extensional
faults that were reactivated by later shortening
(Figures 4, 5). Ferguson and McClay (1997) also
showed evidence of inverted extensional faults in
the Wain subbasin. Scaled analog models successful-
ly simulated the tectonic development of a progra-
dational delta system and its subsequent contrac-
tional deformation (Figures 7–11). These models
showed that differential sedimentary loading of a
ductile substrate produced linked delta-top graben
systems and delta-toe fold-thrust belts (Figure 7a).
Second-stage delta loading produced second-stage
delta-top extension directly on top of the older first-
stage fold-thrust belt as shown by McClay et al.
(1998). Contraction of these models, however, pro-
duced anticlinal inversion structures formed by
reactivation of the buried delta-top graben systems

(Figures 7c, 9). This localization of the inversion
structures in the physical models agrees with the
results of the section restorations across the Sanga
Sanga Block, which show that these anticlines are
focused on older extensional fault systems detached
above and within the overpressured shale sequence
(Ferguson and McClay, 1997) (Figure 5). Extensional
growth faults have been recognized in many seismic
sections offshore Mahakam Delta and, in places, sig-
nificant reverse faults are also imaged. In particular
Malacek and Lunt (1995) showed an excellent seis-
mic example of extensional growth faults that initi-
ated directly on top of an older imbricate thrust sys-
tem in the offshore part of the Mahakam Delta,
similar in style to the analog model results discussed
in this paper. Thus, although the inboard, statically
loaded portions of the delta underwent inversion
and uplift from the middle to the late Miocene, the
delta front continued to form depobelts and related
delta-toe fold-thrust belts.

The best structural model, therefore, for the evolu-
tion of the Mahakam fold belt in the Sanga Sanga Block
is that of thin-skinned inverted delta-top graben sys-
tems within an overall eastward progradational
Mahakam Delta system. Section balancing and restora-
tion shows that the amount of contraction exceeds the
amount of extension and that complex, tight, reverse
fault-bounded anticlines develop, particularly in the
western part of the Sanga Sanga Block (Figure 4).
Chambers and Daly (1995, 1997) and Cloke et al.,
(1997, 1999) proposed a thick-skinned basement-
involved inversion model for the northern and western
part of the Kutai Basin. There, the basement is closer to
surface and is imaged on seismic, and there is not a sig-
nificant overpressured section above basement. The
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model proposed here for the Sanga Sanga Block does
not preclude basement-involved inversion below the
overpressured zone. The regional uplift on the west-
ern parts of the cross sections (Figure 4) and the east-
ward tilt on the eastern parts of the cross sections may
reflect, in part, the influence of deeper basement-
involved, inverted Eocene half-grabens, as seen in the
northern Kutai Basin (Chambers and Daley, 1995,
1997; Cloke et al, 1997, 1999) where the basement is
closer to the surface and imaged on seismic.

Tectonic Evolution of the Mahakam Fold Belt,
Sanga Sanga PSC

It is widely accepted that the Kutai Basin and
Makassar Straits initiated with northeast to north-
northeast–trending middle–late Eocene rifting fol-
lowing the Late Cretaceous–early Paleocene collision
and assemblage of microcontinental fragments,
ophiolite obduction, and formation of the Central
Kalimantan Mountains (Longley, 1997; Moss et al., 1997).

Middle–late Eocene rifting produced initially continen-
tal synrift clastics followed by upper Eocene–lower
Oligocene deltaic to marine siliciclastics derived from
the uplifted terranes to the west (Moss et al., 1997).
Recent gravity modeling suggests that the Makassar
Straits and the present-day Mahakam Delta are under-
lain by Eocene oceanic crust (Cloke et al., 1999). The
early Miocene through middle Miocene saw the evolu-
tion and progressive eastward progradation of the
Mahakam Delta system. Northwest-directed contrac-
tional deformation in the Sanga Sanga PSC started
around 14 Ma (as shown by sequential restoration of
the regional cross sections) and continued until the
present day, together with continued eastward progra-
dation of the Mahakam Delta system. The inversion
probably was caused by the counterclockwise rota-
tion of Borneo, which started at about 20 Ma and con-
tinued to about 10 Ma (Hall, 1996, 1997; Moss et al.,
1997). At around 14 Ma, extension in the South China
Sea ceased and collision of the North Palawan/Reed
Bank/Dangerous Grounds Block with Sabah/South
Palawan initiating the Palawan Trench A subduction
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Figure 9—Line diagram interpretations of cross sections through the models. (a) Double differential load model
without inversion. Note the location of the second graben system above the former fold-thrust belt of the initial
delta wedge. (b) Double differential load model with inversion. Note that sites of contractional activity during the
inversion phase are primarily limited to zones with preexisting structures, i.e., delta-top graben and delta-toe fold-
thrust belts.
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and northwest-southeast–directed contractional
deformation (Metcalfe, 1996; Longley, 1997). During
the same period, subduction was occurring in east-
ern Sulawesi (cf. Hall, 1996, 1997; Moss et al., 1997)
culminating in the Banggai-Sulu collision at about

10 Ma. This 10 Ma collision probably gave rise to
the accelerated inversion that resulted in amplifica-
tion and tightening of the Mahakam fold-belt struc-
tures. The northwest-directed contractional regime
continued to the present day with the collision and
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continued northward movement of the Indo-
Australian plate into the Banda arc. In the Sanga
Sanga Block, this contractional deformation from 14
Ma to the present day produced inversion and uplift
of the western part of the Mahakam fold belt (as well
as in the hinterland of Kalimantan). Figure 12 summa-
rizes the timing and regional tectonic events that
have produced the Mahakam fold belt in the Sanga
Sanga PSC.

Figure 13 is a synoptic diagram of the preferred
model for the detached inversion model for the
Sanga Sanga structures. It shows the progressive evo-
lution of the Semberah-Badak-Tunu area through time
from approximately 15.7 Ma to the present day. This
figure illustrates the sequential, eastward prograda-
tion of the Mahakam Delta with the development of
extensional growth faults and depobelts near the
shelf/slope break, along with delta-toe contractional
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Figure 12—Tectonic chart
showing the timing of
depositional and structural
events in the Mahakam
fold belt.
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structures. Early formed structures were buried by
later phases of delta progradation. The structures are
detached on the “hard” overpressured prodelta
shales that underlie the progradational Mahakam
Delta. Contractional deformation from 14 Ma onward
produced reactivation and inversion of older exten-
sional faults with most fold amplification and uplift
occurring after A deposition (8.2 Ma) (Figure 13).
During inversion of the delta progradation contin-
ued, burying sections to the east while the western
part of the section was uplifted and strongly eroded

(Figure 13). Figure 14 shows three-dimensional con-
ceptual models for a progradational delta system
(Figure 14a) and an inverted delta system (Figure
14b). Delta-top graben systems (depobelts), bound
by regional and counterregional growth faults, form
by differential loading that induces shale flowage
toward the delta toe, together with the formation of a
linked, frontal imbricate fold-thrust belt. Contraction
of this system while delta progradation continues
produces reactivation of the extensional growth
faults to produce detached, uplifted anticlines and
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Figure 13—Synoptic
cross sections showing
the progressive evolution
of the Mahakam fold
belt. The location of the
Sembereh, Badak, and
Tunu fields as indicated
on the diagram do not
reflect their absolute
position or evolution 
but reflect fields with a
decreasing amount of
inversion from onshore
to offshore.
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tightening and amplification of the delta-toe fold-
thrust belt (Figure 14b).

Similar detached or thin-skinned delta inversion
models may also be applied elsewhere in Borneo.
Regional sections through the Barram Delta, Brunei
(Schreurs, 1997), also show inverted delta-top depo-
belts. In particular, high-quality seismic data across
the Champion and Seria fields permit imaging of the
original delta growth faults, roll-overs, and crestal
collapse grabens, but these fields are also uplifted,
folded, and eroded by late contraction and inver-
sion (Koopman and Schreurs, 1996). Similarly, in
offshore Sabah, Lowell (1995) showed a seismic

section across the St. Joseph structure, which can
be interpreted as an inverted middle Miocene delta-
ic growth fault system. The inverted delta model
proposed in this paper may also be applicable to
other delta systems formed in contractional terranes
systems, such as those offshore Trinidad.

Implications for Petroleum Systems in the
Mahakam Fold Belt

Our structural analysis and geometrically and
kinematically viable tectonic model for the evolution
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Figure 14—Schematic 
synoptic model for
progradational delta 
loading and inversion of
progradational delta 
system. (a) Progradational
delta system showing 
the development of 
differential load-driven
delta-top extensional
graben systems and 
delta-toe contractional
fault/fold systems. 
(b) Inverted delta system
showing reactivation and
inversion of the delta-top
extensional fault systems
to produce fault-related
anticlines and amplification
of the delta-toe fold-thrust
belt.
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of the structures in the Mahakam fold belt in the
Sanga Sanga PSC have important implications for
the generation, migration, and entrapment of
hydrocarbons. The inversion anticlines not only
formed the structural traps but also controlled the
development of the reservoir channel sandstones
(Ferguson and McClay, 1997). Timing of the inver-
sion structures has important implications for gen-
eration and migration of petroleum in the Sanga
Sanga Block. Paterson et al. (1997) summarized the
most recent analyses of the petroleum system of
the Kutai Basin and emphasized that middle–late
Miocene coals and carbonaceous shales associated
with delta-plain to delta-front environments are the
source rocks for the Lower Kutai Basin oil and gas
fields. These source rocks have total organic car-
bon contents ranging from 20 to 70% and potential
yield of up to 175 mg/g (Paterson et al., 1997).
Paterson et al. (1997) defined the top of the hydro-
carbon kitchen as being the zone of onset of hydro-
carbon expulsion (where Ro = 0.6), and the base of
the hydrocarbon kitchen is located at the top of the
hard overpressure zone (from 3.5–4 km depth in
the region of the Nilam field at the present day)
(Paterson et al, 1997), which is above the detach-
ment level for the main structures. Vertical seals to
the hydrocarbon systems are the delta-plain shales
(Paterson et al., 1997), and migration was domi-
nantly lateral, updip into anticlinal and fault-bound-
ed fold traps.

Reservoirs in the Mahakam fold belt are delta-
top channel sands deposited in structurally con-
trolled sites (Ferguson and McClay, 1997). In the
Badak and Semberah folds (Figure 13), these flu-
vial channels are parallel to the fold axes deposit-
ed either in the hanging walls of extensional
growth fault systems or as channels along early
formed anticlinal flanks (cf. Ferguson and McClay,
1997). In the Mutiara structure, reservoir chan-
nels also occur in the saddle between two grow-
ing anticlines (Ferguson and McClay, 1997). Trap
formation was early, with fold structures devel-
oped by 11.7 Ma and continuing to amplify from
10.5 to 8 Ma. At this stage the kitchen was imma-
ture for oil expulsion (Paterson et al., 1997). By
6.5 Ma there was significant structural relief and
uplift to the west of the Badak/Nilam structure,
and the middle Miocene kitchen intervals were
mature. Hydrocarbons migrated out of the syn-
clines into the anticlinal traps at this stage with
generation and migration continuing to the pres-
ent day (Paterson et al., 1997). In general, hydrocar-
bon migration was updip to the west. Continued
inversion and uplift from 6.5 Ma to the present in
the western parts of the Sanga Sanga PSC has
breached previously formed traps reducing the
preservation potential  in this part of the
Mahakam fold belt.

CONCLUSIONS

This study has shown that the tight, fault-bounded
anticlines and wide synclines that form the
Mahakam fold belt on the Sanga Sanga PSC were
formed by contractional reactivation and inversion
of original, delta-top extensional growth faults. The
structures are detached on the underlying over-
pressured prodelta shale sequence generated by
rapid progradational delta loading. In the Sanga
Sanga Block, inversion began at approximately 14
Ma and continued to the present day as a result of
northwest-directed contraction related to regional
collision and subduction northwest of Borneo.
Periods of accelerated inversion and anticlinal
growth after approximately 10 Ma and 6.5 Ma can
be related to key collisions east of Borneo.

A thin-skinned detached inversion model is pro-
posed for the formation of the tight, fault-bounded
anticlines in the Sanga Sanga Block. This model
involves inversion of differential load-driven, delta-
top extensional growth fault systems forming fault-
bounded anticlines that become the major hydro-
carbon traps in the Sanga Sanga PSC. Scaled analog
modeling has shown that this proposed tectonic
model is kinematically viable and, in particular, that
differential load-driven extension can occur simul-
taneously with regional contraction. This delta-inver-
sion model can possibly be applied to other terranes
where delta systems are subjected to regional con-
tractional deformation.

Our new model for the Sanga Sanga structures
involves detached inversion folds above a zone of
hard overpressured pro-delta shales and contrasts
with other basement-involved inversion models for
the Mahakam fold belt structures. Careful section
balancing has quantified the amounts of extension
and contraction in the Sanga Sanga PSC; moreover,
we review the timings of deformation, and in par-
ticular, of anticlinal trap formation, which has
important implications for the distribution of reser-
voir sands and for hydrocarbon migration.
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