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Abstract 

Recent GPS measurements demonstrate that NW Borneo undergoes 4-6mm of plate-

scale shortening a year, which is not accommodated by plate-scale structures. The 

only geological structure in NW Borneo described to accommodate on-going 

shortening is the Baram Delta System located on the outer shelf to basin floor. Delta 

toe fold-thrust belts are commonly thought to be caused by margin-normal 

compressional stresses generated by margin-parallel upslope gravitational extension. 

 

The Baram Delta System is divided into three neotectonic provinces: 1) an inactive 

onshore and inner shelf region of inversion superimposed on an older extensional 

deltaic province, 2) an outer shelf region of present-day deltaic extension, and; 3) a 

compressional delta toe. However, it is uncertain whether compression in the delta toe 

area is purely driven by gravity (i.e. shortening is less than upslope extension) or if 

there is a component of regional shortening involved, which can only be demonstrated 

if shortening is greater than upslope extension. 

 

In order to quantify the balance between the shortening related to the upslope 

gravitational extension and the shortening related to the regional geodynamic 

framework in the Baram Delta System, we have used a geomechanical code based on 

the Finite Element Method and conservation of mass and momentum, Dynel 2D. This 

enabled us to reconstruct the tectonic evolution of the delta and to demonstrate for the 

first time that the total shortening observed in the delta toe does not balance against 

the active extension in the delta top; with the system exhibiting >1.8% shortening 

overall (or ~2.0 km). This additional shortening is therefore attributed to plate-scale 

shortening across NW Borneo produced by far-field compression. Using a 
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convergence rate of 4 mm y-1, demonstrated by GPS measurements, the delta toe has 

accommodated far-field compression only in the last 0.5 My. 

 

Keywords: 2D Restoration; Deepwater Fold-Thrust Belt; Delta System; Numerical 

Modelling; Baram Delta; NW Borneo 

 

1.0 Introduction 

Tertiary delta systems typically sit on passive margins and deform purely by 

gravitational tectonics (e.g. Niger Delta System or Gulf of Mexico Delta System) and 

do not generally exhibit any evidence of far-field deformation (Bruce, 1973; Dailly, 

1976). The Baram Delta System, NW Borneo, exhibits inversion of proximal delta 

structures due to far-field compression during the Late Miocene-Pliocene (Morley et 

al., 2003; Fig. 1A & D). At present-day, GPS measurements and in-situ stress 

orientations demonstrate far-field compression across NW Borneo (Simons et al., 

2007). However, no structures in the area appear to accommodate this compression 

(shortening).  

 

(Figure 1) 

 

Delta and deepwater fold thrust belt systems are composed of a delta top, under 

extension, and a deepwater fold thrust belt (or delta toe), under compression (e.g. 

Mandl & Crans, 1981; Fig. 2A). Generally, most delta systems consist of two 

neotectonic provinces; an extension province and a compression province (Fig. 2A). 

The extension province coincides with the delta top and is composed of basinward or 

hinterland dipping normal faults and exhibits a margin-parallel σHmax orientation 
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(Tingay et al., 2005b; Yassir & Zerwer, 1997; Fig. 2A). The compression province is 

synonymous with the delta toe or deepwater fold thrust belt; it comprises basinward 

verging thrust faults with associated folds and exhibits a margin-normal maximum 

horizontal stress (σHmax) orientation (Tingay et al., 2005b; Fig. 2A). However, the 

Baram Delta System consists of three neotectonic provinces; a compression province, 

an extension province and an additional inverted province (King et al., 2009a; Fig. 1). 

The latter demonstrating large inversion structures consistent with far-field 

compression during the Late Miocene to Pliocene (Morley et al., 2003; Tingay et al., 

2005a). The inverted province demonstrates an in-situ margin-normal σHmax 

orientation, perpendicular to that expected in the delta top. However, inversion 

structures in the inverted province are inactive and no longer accommodate observed 

far-field compression (King et al., 2009b; Tingay et al., 2009). 

 

Here, we present a two-dimensional (2D) restoration of the Baram Delta System using 

Dynel 2D software. These 2D restorations resolve the amount and distribution of 

extension and compression across the Baram Delta System exhibited by deformation 

of Miocene to Recent sediments.  

 

(Figure 2) 

 

2.0 Geological Setting 

NW Borneo is part of Sundaland, which is surrounded by the Philippine subduction 

zone to the east and the Indonesian subduction zone to the south and west (Fig. 3A). 

To the north, Sundaland is bounded by the South China Block; part of the Eurasian 

Plate, which is dominated by extrusion tectonics associated with the Himalayas (Fig. 
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3A). This area of SE Asia has had a tectonically complex evolution throughout the 

Cenozoic and at present-day the tectonic plate configuration across the region remains 

complicated (Hall, 2002).  

 

(Figure 3) 

 

The Crocker-Rajang accretionary complex is a result of subduction of a Proto-South 

China Plate below NW Borneo, where the associated trough is now covered by 

modern sediment (Hall, 2002; Hutchison, 2005; Tan & Lamy, 1990). The Palawan 

Trough offshore NW Borneo is a remnant of the most recent South China Sea-NW 

Borneo subduction zone (Hall, 2002; Fig. 3B). This subduction zone ceased during 

the Early-Miocene (~16-17 Ma) due to jamming by the Dangerous Grounds 

attenuated continental crust (Hutchison, 2005; James, 1984; Levell, 1997).  

 

Uplift and deformation of the Crocker-Rajang accretionary complex continued to the 

Quaternary; sourcing the large Baram Delta System deposited from the Miocene to 

the present-day (Hutchison et al., 2000; Sandal, 1996). The Baram Delta System is 

located on- and offshore in Brunei and consists of several small deltas (James, 1984; 

Lambiase et al., 2002; Sandal, 1996). The majority of structures in the Baram Delta 

System and across NW Borneo strike NE-SW reflecting both the extensional tectonics 

associated with the NW prograding delta and the NW (basinward) migration of the 

active margin deformation front (Hinz et al., 1989; Hiscott, 2001; Ingram et al., 2004; 

Sandal, 1996; Fig. 1). 
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Three neotectonic provinces characterised by distinct structures and σHmax orientations 

have been identified in the Baram Delta System (King et al., 2009a; Fig. 1). The 

compression province coincides with the deepwater fold thrust belt (or delta toe) and 

is located on the slope to basin floor, offshore NW Borneo. It is characterised by a 

margin-normal (NW-SE) σHmax orientation and basinward verging, NE-SW striking 

imbricate thrust sheets (Hinz et al., 1989; Ingram et al., 2004; James, 1984; King et 

al., 2009a; Fig. 1B). Many of the thrust sheets have associated fault propagation folds, 

some of which form sea bed highs (e.g. Franke et al., 2008; Hinz et al., 1989; Ingram 

et al., 2004; Morley, 2007); which suggests that they are recent structures.  

 

The extension province is consistent with the delta top of the Baram Delta System and 

is situated on the outer shelf to shelf edge (Fig. 1). It is characterised by a margin-

parallel (NE-SW) σHmax orientation and basinward dipping, NE-SW striking, normal 

growth faults (King et al., 2009a; Tingay et al., 2005a; Fig. 1C). Many of these faults 

display fault scarps at the seabed producing seafloor topography (Hiscott, 2001); 

inferring the faults are active at present-day or have been recently active. Together the 

extension and compression provinces form the actively deforming delta system at 

present-day. 

 

The inverted province is located on the inner shelf and onshore regions of Brunei 

(Fig. 1). It is characterised by a margin-normal (NW-SE) σHmax orientation (King et 

al., 2009a; Tingay et al., 2005a; Fig. 1) and large-scale (kms) NE-SW and N-S 

trending inversion structures (Sandal, 1996; Morley et al., 2003). The inverted 

province represents proximal, older delta areas that have been inverted due to 

migration of the deformation front from inboard NW Borneo during the Late 
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Miocene-Early Pliocene (Morley et al., 2003; Tingay et al., 2003; Tingay et al., 

2005a; Fig. 1D). Restorations of these inversion structures, using classic restoration 

software has demonstrated >600m shortening in the inverted province (Back et al., 

2008). However, these inversion structures are inactive at present-day and thus, do not 

accommodate any present-day far-field compression (King et al. 2009b; Morley et al., 

2003; Tingay et al., 2003; Tingay et al., 2005a). 

 

3.0 Evidence of Far-Field Compression 

The absolute plate motion of Sundaland is 30 mm y-1 towards the ESE; and 

compilations of GPS measurements across NW Borneo clearly demonstrate that NW 

Borneo is undergoing compression relative to Sundaland (Michel et al., 2000; Simons 

et al., 2007; Fig. 3). The results from the GEODYSSEA station in Brunei exhibits 18 

mm y-1 of relative (to Sundaland) movement towards the NW (Michel et al., 2000; 

Fig. 3B). More recent studies demonstrate motions from three stations, situated at 

Kinabalu, Labuan and Miri, observed over the previous decade (Simons et al., 2007). 

Results from the Kinabalu and Labuan stations demonstrate 6 mm y-1 of relative (to 

stable Sundaland) movement toward the west (Fig. 3B). Results from the Miri station 

demonstrate 4 mm y-1 of relative (to stable Sundaland) movement towards to the 

WNW (Simons et al., 2007; Fig. 3B). Thus, demonstrating 4-6 mm y-1 of far-field 

compression across NW Borneo at present-day. 

 

In-situ σHmax orientations in the inverted province of the Baram Delta System 

demonstrate the influence of far-field compression at present-day (King et al., 2009b). 

In-situ σHmax orientations in the inverted province are margin-normal (NW-SE) and 

thus, perpendicular to what might be expected on a delta top (Tingay et al., 2005b; 
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Yassir & Zerwer, 1997; Figs 1 & 2). Furthermore, the σHmax orientations are sub-

parallel to the GPS motions; demonstrating they are consistent with the far-field 

compression (Figs 1 & 3). However, stress magnitudes in the inverted province are 

not so convincing. The magnitudes demonstrate a borderline normal fault to strike-

slip fault stress regime, which infers that active inversion is not occurring at present-

day in the inverted province (King et al., 2009b; Morley et al., 2008; Tingay et al., 

2009). Therefore, inversion structures do not accommodate the observed shortening of 

4-6 mm y-1. 

 

A deepwater fold-thrust belt situated offshore Sabah is composed of a series of 

imbricate thrust sheets striking NE-SW; each thrust is associated with a fault-

propagation fold (Franke et al., 2008; Hinz et al., 1989; Ingram et al., 2004; Fig. 1B). 

Folds decrease in age toward the front of the fold-thrust belt; to the NW (Franke et al., 

2008; Hinz et al., 1989; Ingram et al., 2004). The youngest folds produce sea-floor 

topography with the underlying thrusts intersecting the basin floor, inferring they have 

been recently active. The Sabah fold-thrust belt is associated with very little up-dip 

deltaic extension (e.g. Tan & Lamy, 1990; Hazebroek & Tan, 1993) inferring that 

recent far-field compression is a significant driving force.  

 

4.0 2D Restorations of the Baram Delta System 

Extension on a delta top generates gravity-driven compression in a delta toe at the 

present-day and at all points during a delta system’s evolution (Fig. 2A); thus, 

forming a balanced system that has been compared to a critical taper wedge (e.g. 

Bilotti & Shaw, 2005; Morley, 2007). A critical taper wedge describes the tectonics of 

fold thrust belts and accretionary prisms; it is a delicate balance of extension and 
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compression (Elliott, 1976; Davis et al., 1983; Dahlen, 1984; Fig. 2A). Therefore, in 

an ideal delta system we would expect the amount extension in the delta top to 

balance against the amount compression in the delta toe. However, many deltas do not 

show this balance of extension and compression. For example, the Niger Delta (West 

Africa) demonstrates more extension than compression (Morley, 2003). This is 

consistent with prograding delta systems, whereby the extensional delta top 

cannibalises the delta toe fold-thrust belt as the delta progrades; resulting in a much 

larger region of extension than compression (Morley & Guerin, 1996; McClay et al., 

2003; Fig. 2B). In the Baram Delta System, the amount of shortening should 

overcome the amount of extension if, as outlined above, the far-field compression 

across NW Borneo is accommodated by delta toe structures. To test this hypothesis, 

we carried out a 2D restoration of a geological cross-section across the Baram Delta 

System. A variety of techniques have been developed to restore deformed rocks to 

their initial geometry prior to deformation. The most common of these tools used are 

based on geometric and kinematic analysis of deformation (Dahlstrom, 1969; De 

Paor, 1988; Geiser, 1988; Hossack, 1979; Marshak & Woodward, 1988; Woodward et 

al., 1989), where the models have to respect strict geometric assumptions, such as 

preservation of area between beds, minimization of segment length changes, rigid 

blocks, fixed faults in space, constant fault slip and minimization of shearing 

(Maerten & Maerten, 2006). Balancing of a section is possible by applying flexural 

slip to accommodate the deformation caused by slip along an infinite number of 

bedding planes and inclined or vertical shear to model slip along fault surfaces. 

 

Geometric restoration techniques provide a valid proxy to test the validity of a cross-

section in various tectonic settings (Griffiths et al., 2002). However, the basic 
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assumptions formulated while using these tools are proved invalid when considering 

fault block deformation, fault slip distribution and potential interactions of different 

sets of faults during a given tectonic stage. Furthermore, different mechanisms are 

used to mimic deformation in different tectonic settings, preventing any direct study 

of the development of compressive structures directly related to extensional 

structures. Finally, variations in the rheology of the different units are not taken into 

account during the balancing of a section, which constitutes a significant drawback 

when considering heterogeneous sedimentary packages, as found in deltas. 

 

The originality of our methodology lies in using a recently developed continuum 

code, Dynel 2D (Maerten & Maerten, 2006). This is based on the finite element 

method (FEM; Hughes, 1987) and combines geomechanics and stochastic techniques 

(e.g. Walsh & Watterson, 1988) used for modelling and restoring complex geological 

structures; e.g. folded, fractured or faulted rock (Maerten & Maerten, 2006). It differs 

from classic restoration software because it uses fundamental physical laws that 

govern rock deformation (including conservation of momentum, mass and energy) 

and linear-elastic theory, with the kinematic constraints necessary for restoring 

geological structures (Maerten & Maerten 2006). This approach provides more 

realistic models (Bourne et al. 2000, Maerten & Maerten 2006). 

 

The finite element method formulation and solution is divided into a series of 

individual steps necessary to achieve a comprehensive model. This numerical method 

yields approximate values of the unknown at discrete numbers of points in the 

continuum; the values yielded in Dynel 2D are displacement values for each element. 

This process involves the discretization of the modelled body into a smaller linear 
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triangular mesh (the finite elements) interconnected at nodes and connected to 

boundaries (Fig. 4A). Each element is assigned material properties (Young’s 

Modulus, Poisson’s Ratio and density), which may differ from element to element. 

Each element behaves according to a prescribed linear-elastic law depending on the 

applied forces, internal forces, displacements and interface contact reactions. While 

other codes used the global stiffness method (Hughes, 1987), Dynel 2D uses an 

iterative solver based on the Gauss-Seidel method. The Gauss-Seidel method allows 

forces to be transmitted from node to node through the system until equilibrium is 

obtained (Golub & Van Loan, 1996; Maerten & Maerten, 2006).  

 

The use of this new approach enabled us to study the balance between extension and 

compression in the Baram Delta System by taking into account the mechanical 

interaction between the normal faulting in the delta top and the subsequent folding 

and thrusting in the delta toe. This differs from previous kinematic and geometric 

balancing tests, where folding and normal faulting had to be balanced in two separate 

and independent stages (e.g., Back et al., 2007). 

 

4.1 The Model 

The model of the Baram Delta System was constructed using published seismic and 

detailed cross-sections derived from seismic lines using GOCAD and later imported 

into Dynel 2D (Hinz et al., 1989; Sandal, 1996; Hiscott, 2001; Morley et al., 2003; 

Ingram et al., 2004; Hutchison, 2005; Morley, 2007; Morley & Back, 2007; Back et 

al., 2008; Figs 1 & 4A). The section line crosses only the extension and compression 

provinces of the Baram Delta System because the model tests the active tectonics of 

the delta system (Fig. 1). The section line does not include the inverted province 
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because inversion occurred during the Miocene-Pliocene and is not active at present-

day so has no effect here (Fig. 1). Restoring the inverted province would significantly 

contribute to the shortening component of the delta system; thus, skewing the final 

results toward the known Miocene-Pliocene uplift-shortening event.  

 

The section line is approximately 110 km in length. The model exhibits three main 

rock units overlying the Early-Middle Miocene Deep Regional Unconformity; the 

oldest rock unit is the Middle Miocene Setap Shale, the second rock unit is the Late 

Miocene deltaic deposits and the youngest rock unit is the Pliocene to Recent deltaic 

deposits (Fig. 4A). These three rock units form the Baram Delta System. Rock 

properties, such as Poisson’s Ratio, Young’s Modulus and density were assigned to 

each of these units and, where available, wireline log derived rock properties were 

used (Table 1). Log derived rock properties were calculated from sonic logs and 

density logs. The log derived values of Poisson’s Ratio and Young’s Modulus were 

converted from their dynamic form to a static form using Lacy’s (1997) relations. 

Wireline logs are taken from in situ rocks during wellbore drilling operations; 

resulting in calculated rock properties that are close to the actual values. Rock 

properties are key parameters in this modelling so inaccuracies may contribute to 

invalid results. However, Backé et al. (2008) have shown that variations of rock 

properties in this model do not significantly affect the resulting shortening estimates. 

Thus, any small deviation of calculated rock properties from actual rock properties is 

considered negligible to the modelling results. Decompaction was also applied to the 

sediments during restoration; the Sclater and Christie (1980) relation for marine 

sediments was used.  
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(Table 1) 

 

As our model aimed to test the balance between extension and compression in the 

Baram Delta System, we have focused our study in the wedge formed between the 

Deep Regional Unconformity at the base of the delta and the present-day bathymetry. 

The lateral boundaries of the model are considered free to move, whereas the nodes 

along the Deep Regional Unconformity are free to move along the x direction only. 

We used an idealized shape of a sub-marine slope (dipping <4°; Porébski & Steel, 

2003) as a target line for the restoration of the various horizons prior to deformation 

(Fig. 4). 

 

(Figure 4) 

 

4.2  The Restoration Process and Results 

Firstly, the section line built from seismic and cross-sections was imported into Dynel 

2D and names were assigned to each rock unit. A sealed model was created and 

properties were assigned to each formation and fault (Table 1). Rock contacts and 

faults must be identified as sliding or locked surfaces. This study locked all contacts 

and faults were allowed to slide. Rock properties such as Poisson’s Ratio, Young’s 

Modulus and density, were allocated to each rock unit; where possible log derived 

values were used (Table 1). 

 

Restoration of the model was undertaken by restoring each rock unit individually, 

starting with the youngest (the Pliocene to Recent deltaic deposits). The structure of 
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each rock unit was restored to a planar, horizontal target line. There were three steps, 

in total, to restore the Baram Delta System, consistent with the three rock units 

forming the delta: 1) the Pliocene-Recent deltaic deposits (Fig. 4B); 2) the Late 

Miocene deltaic deposits (Fig. 4C), and; 3) the Middle Miocene Setap Shale (Fig. 

4D).  

 

The model results demonstrate that the overriding driving force of deformation in the 

Baram Delta System is gravity. Extension in the delta top is driven by loading of a 

mobile substratum by prograding deltaic sequences, which results in gravity driven 

compression in the delta toe (Bruce, 1973; Dailly, 1976). However, across the entire 

model there is a net compression of ~1.8%, equivalent to ~2.0 km shortening (total 

section line length is 110 km). Thus, the amount of extension does not balance against 

the amount of compression. It should be noted that ~1.8% shortening does not account 

for the shortening that is potentially accommodated by out of plane movement and by 

the lower shale unit. Therefore, 1.8% is a minimum value of shortening across the, 

present-day tectonically active, Baram Delta System. The model shows considerably 

more shortening in the delta toe than there is extension in the delta top; inferring that 

additional shortening from far-field compression is, in part at least, accommodated by 

the delta toe. The excess >1.8% shortening in the delta toe equates to the far-field 

compression consistent with GPS measurements. Assuming a constant compression of 

~4 mm yr-1 (consistent with the recent GPS measurements), the additional 

compression, accommodated by the delta toe, has occurred only in the last 0.5 My. 

 

Discussion: Potential Sources of Far-Field Compression across NW Borneo 
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We have demonstrated that far-field compression across NW Borneo is 

accommodated by thrusts and associated folds in the Baram Delta toe. Here, we 

discuss the potential sources of far-field compression across NW Borneo. NW Borneo 

sits in the middle of Sundaland well away from any plate edge deformation effects. 

The local Palawan subduction zone (Fig. 3B) is the most obvious local candidate that 

could potentially accommodate far-field compression. However, it has been quiescent 

since the Early-Miocene when it was jammed with attenuated continental crust, 

known as the Dangerous Grounds (Levell, 1989; Sandal, 1996). Relatively, low 

amounts of seismicity have been recorded at present-day across northern Borneo, 

inferring no subduction at present-day and that little internal deformation of the plate 

is occurring (Fig. 5). Other sources of compression, discussed below, may be active 

ridge push from sea floor spreading to the southeast of Borneo, slab detachment, 

Philippine Plate push, Indo-Australian Plate push or influences from the escape 

tectonics associated with the Himalayas (Fig. 3A). 

 

(Figure 5) 

 

Compression across NW Borneo may potentially be driven by extension behind 

Borneo in the Celebes Sea area (Fig. 3A). Indeed, extension (ridge push) in the 

Celebes Sea was one of the driving mechanisms of the ancient Palawan subduction 

zone during the Eocene and Oligocene (Silver & Rangin 1991, Hall 2002). However, 

this extension ceased during the Late Oligocene (Hall 2002). At present-day, there 

appears to be no active ridge push from sea floor spreading to the southeast of 

Borneo, which might have contributed to the compressional driving force across NW 

Borneo. 
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Slab detachment is associated with the early stages of continental collision and a 

decrease in the subduction rate due to the buoyancy of continental lithosphere in the 

subduction zone (Davies & Von Blanckenburg 1995, Wong A Ton & Wortel 1997). 

Slab detachment is a process of thermal diffusion that occurs after the termination of 

subduction (Gerya et al. 2004). Changes in topography and significant volcanic 

activity are associated with slab detachment (Gerya et al. 2004).  

 

Previous authors have suggested that slab detachment is the mechanism by which 

uplift has continued across NW Borneo long after the jamming of the Palawan 

subduction zone (e.g. Morley & Back, 2008). If this were the case, we would expect 

to see hinterland uplift and volcanic activity. Hinterland uplift has been observed 

since the Early-Miocene after the subduction ceased; thus, supporting this alternative 

mechanism for uplift (e.g. slab detachment). However, there is no volcanic activity at 

present-day across NW Borneo. 

 

Two major plate-boundaries are present to the south, west, and east of Borneo (Fig. 

3A). A subduction zone exists to the east, where the Philippine Plate is actively 

subducting beneath Sundaland (Hall 2002). The Philippine Plate moves to the WNW 

at a rate of 60 mm y-1 (Simons et al. 2007, Fig. 3A). To the south and west, the Indo-

Australian Plate is moving NNE at a rate of 58 mm y-1 and is actively subducting 

beneath Sundaland (Hall 2002, Simons et al. 2007, Fig. 3A). The Philippine and Indo-

Australian Plates are moving at significantly larger rates towards Sundaland than 

Sundaland is moving toward them (i.e. 30 mm y-1 ESE); implying greater stresses are 
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present at plate boundaries adjacent to the Philippine and Indo-Australian Plates. 

These stresses may well be transmitted into Sundaland.  

 

The WNW direction of the Philippine Plate is consistent with the west and WNW 

GPS measurements from all stations in northern Borneo at present-day (including the 

Kinabalu, Labuan and Miri stations) and the N-S trending Miocene-Pliocene 

inversion structures observed across NW Borneo (Morley et al. 2003, Figs 1 & 3B). 

The NNE motion of the Indo-Australian Plate is not consistent with any features that 

reflect far-field compression across NW Borneo at present-day; suggesting that the 

Philippine Plate has more influence on NW Borneo than the Indo-Australian Plate. 

The Banda Arc and Sulawesi regions, directly between the Philippine and Indo-

Australia Plates, are tectonically very complex regions, with Sulawesi itself exhibiting 

large NW directed relative plate motions (Michel et al. 2000, Simons et al. 2007). 

Thus, there may be geometrical effects between the Philippines and Indo-Australian 

Plates that result in a NW to WNW directed compression in NW Borneo. However, 

the gravity driven component of stress is strong, as demonstrated by our 2D 

restorations of the delta system. The magnitude of the gravity driven component of 

the stress tensor is sufficiently large that offshore the σHmax orientation becomes 

reoriented to a NW-SE, whilst onshore, where the system is coupled to basement and 

there is no detached gravity system the σHmax orientation is expected to be sub-parallel 

to the west to WNW directed GPS motions. The ancient Palawan subduction zone is 

also a large pre-existing zone of weakness. It exhibits reactivated overthrusting 

associated with Australia-Indonesia and India-Eurasia collision during the Late 

Miocene to Recent (Hall, 1996; Hall & Morley, 2004; Morley et al., 2008). The 
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orientation of these structures is consistent with the NW directed σHmax orientations in 

the delta toe. 

 

Escape tectonics dominate the northern edge of Sundaland, where India is being 

forced into the Eurasian Plate; resulting in north-south striking, kilometric-scale 

strike-slip faults (Morley et al., 2001). Escape tectonics of this region imply a 

significant south directed push into Sundaland, which may result in far-field 

compression across NW Borneo. 

 

Here, we favour a combination of the three major bounding forces; Philippine Plate 

push, Indo-Australian Plate push and Himalaya escape tectonics, as the mechanisms 

of compression across NW Borneo; with reorientation of the resulting far-field west 

and WNW σHmax orientations in the Baram Delta System to NW due to the significant 

gravity-driven stresses of the delta and pre-existing weakness of the Palawan 

subduction zone. 

 

5.0 Conclusions 

The presented study tests the balance between compression and extension by restoring 

the deformation in the Baram Delta System using a geomechanical restoration 

software, Dynel 2D. Unlike other restoration methods, which are based on kinematics 

and geometric assumptions, our model takes into account rock mechanics (constrained 

from our own work), mechanical interaction between faults and passively deforming 

boundaries. 
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The 2D restoration of the Baram Delta System presented herein demonstrates that 

present-day west and WNW directed far-field compression observed across NW 

Borneo is accommodated by the actively deforming Baram delta toe fold-thrust belt. 

An overall shortening of >1.8% has been quantified for the present-day tectonically 

active Baram Delta System (Fig. 4). The dominant driving mechanism of deformation 

in the Baram Delta System is gravitational deltaic tectonics and this additional far-

field shortening is accommodated by the delta toe. GPS measurements, demonstrating 

4-6 mm y-1 of far-field compression, show that formation of the most distal delta toe 

structures occurred in the last 0.5 My. The source of this west and WNW far-field 

compression has been discussed and a combination of Philippine Plate and Indo-

Australian Plate push is favoured. However, the stresses resulting from far-field 

compression in the vicinity of the Baram Delta System are reoriented from east-west 

and ESE-WNW to NW-SE due to the significant influence of gravity-driven tectonics 

in the Baram Delta System itself. 

 

From the modelling we can demonstrate 2.0 km excess shortening in the deepwater 

fold thrust belt that cannot be explained as being linked to up-dip extension. This 

translates to 0.5 My worth of convergence at present day NW Borneo-Sundaland 

convergence rates of ~4 mm/yr. The fold thrust belt has been active since the late 

Miocene, which coincides with the deformation in Sulawesi, on the western margin of 

the Australia-Timor collision zone (e.g. Hall, 2002; Fig. 3A). The syn-kinematic 

sedimentary section associated with deepwater fold development is of latest Miocene-

Recent age (e.g. Ingram et al. 2004), so if the main period of shortening is assumed to 

have lasted ~ 6 My, then it would appear that the excess shortening in the deepwater 

fold thrust belt is not sufficient to account for the total shortening along the margin. 
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Several factors can explain this discrepancy: 1) inversion of growth faults along the 

inner shelf and onshore has accommodated some shortening, but this is only along 2-3 

folds wide, and could not account for the missing 15+ km of shortening; 2) much 

more of the deepwater fold and thrust belt shortening is related to far field stress, and 

extension is not driving shortening in the slope area, and; 3) shortening is also 

occurring by overthrusting along the Palawan subduction zone, where the Dangerous 

Grounds crust is being overthrust by NW Borneo. A combination of 1) and 3) above 

are the most likely explanation for accommodation of the shortening not taken up by 

the deepwater fold thrust belt. 

 

6.0 References 

Back, S., Strozyk, F., Kukla, P.A., Lambiase, J.J., 2008. Three-dimensional 

restoration of original sedimentary geometries in deformed basin fill, onshore 

Brunei Darussalam, NW Borneo. Basin Res. 20, 99-117. 

Backé, G., King, R., Morley, C., Hillis, R., Tingay, M., 2008. Geomechanically based 

numerical models of complex geological structures: stress and strain in the 

Baram delta and deepwater fold-thrust belt, NW Borneo (Abstract). AAPG Int. 

Conf. Ex., Cape Town, South Africa, November 2008. 

Bilotti, F., Shaw, J.H., 2005. Deep-water Niger Delta fold and thrust belt modelled as 

a critical taper wedge: The influence of elevated basal fluid pressure on 

structural styles. AAPG Bull. 89(11), 1475-1491. 

Bourne, S.J., Rijkels, A., Stephenson, B.J., Willemse, E.J.M., 2000. Predictive 

modelling of naturally fractured reservoirs using geomechanics and flow 

simulation. GeoArabia 6(1), 87-102. 

Bruce, C.H., 1973. Pressured shale and related sediment deformation: mechanism for 

development of regional contemporaneous faults. AAPG Bull. 57, 878-886. 



M
ANUSCRIP

T

 

ACCEPTE
D

ARTICLE IN PRESS

 21

Dahlen, F.A., 1984. Noncohesive critical Coulomb wedges: An exact solution. J. 

Geophys. Res. 89, 10,125-10,133. 

Dahlstrom, C.D.A., 1969. Balanced cross-sections. Canadian J. Ear. Sci. 6, 332-406. 

Dailly, G.C., 1976. A possible mechanism relating progradation, growth faulting, clay 

diapirism and overthrusting in the regressive sequence of sediments. Bull. 

Canadian Pet. Geo. 24, 92-116. 

Davies, J.H., Von Blanckenburg, F., 1995. Slab break off: a model of lithosphere 

detachment and its test in the magmatism and deformation of collisional 

orogens. Ear. Plan. Sci. Letters 129, 85-102. 

Davis, D., Suppe, J., Dahlen, F.A., 1983. Mechanics of fold-and-thrust belts and 

accretionary wedges. J. Geophys. Res. 88(B2), 1153-1172. 

De Paor, D.G., 1988. Balanced cross-sections in thrusts-belts, part I: construction. 

AAPG Bull. 72, 73-91. 

Elliott, D., 1976. The energy balance and deformation mechanisms of thrust sheets. 

Phil. Trans. Royal Soc. Lon. A283, 289-312. 

Franke, D., Barckhausen, U., Heyde, I., Tingay, M., Ramli, N., 2008. Seismic images 

of a collision zone offshore NW Sabah/Borneo. Mar. Pet. Geo. 28(7), 606-624. 

Gerya, T.V., Yuen, D.A., Maresch, W.V., 2004. Thermomechanical modelling of slab 

detachment. Ear. Plan. Sci. Letters 226, 101-116. 

Geiser, P.A., 1988. The role of kinematics in the construction and analysis of 

geological cross-sections in deformed terranes, in: Mitra G., Wojtal S., (Eds.), 

Geometries and mechanisms of thrusting, with special reference to the 

Appalachian: Special Paper. Geological Society of London 222, pp. 47-76. 

Golub, G.H., Van Loan, C.F., 1996. Matrix computations: John Hopkins Series in the 

Mathematical Sciences. John Hopkins University Press, Baltimore, U.S.A. 



M
ANUSCRIP

T

 

ACCEPTE
D

ARTICLE IN PRESS

 22

Griffiths, P., Jones, S., Salter, N., Schaefer, F., Osfield, R., Reiser, H., 2002. A new 

technique for 3-D flexural-slip restoration. JSG 24, 773-782. 

Hall, R., 1996. Reconstructing Cenozoic SE Asia, in: Hall, R., Blundell, D.J. (Eds.), 

Tectonic Evolution of SE Asia. Geo. Soc. Lon. Spec. Pub. 106, pp. 153-184. 

Hall, R., 2002. Cenozoic geological and plate tectonic evolution of SE Asia and the 

SW Pacific: computer-based reconstructions, model and animations. J. Asian 

Ear. Sci. 20, 353-431. 

Hall, R., Morley, C.K., 2004. Sundaland Basins, in: Clift et al. (Eds.), Continent-

Ocean Interactions Within East Asian Marginal Seas. Geophys. Monogr. (AGU) 

149, pp. 55-85. 

Hazebroek, H.P., Tan, D.N.K., Swinburn, P., 1994. Tertiary evolution of the offshore 

Sarawak and Sabah Basins, NW Borneo (Abstract). AAPG Int. Conf. Ex., Kuala 

Lumpur, 21-24 August 1994. AAPG Bull 78, 1144-1145 

Hinz, K., Fritsch, J., Kempter, E.H.K., Mohammad, A.M., Meyer, J., Mohamed, D., 

Vosberg, H., Weber, J., Benavidez, J., 1989. Thrust tectonics along the north-

western continental margin of Sabah/Borneo. Geologische Rundschau 78(3), 

705-730. 

Hiscott, R.N., 2001. Depositional sequences controlled by high rates of sediment 

supply, sea-level variations, and growth faulting: the Quaternary Baram Delta of 

northwestern Borneo. Mar. Geo. 175, 67-102. 

Hossack, J.R., 1979. The use of balanced cross-sections in the calculation of orogenic 

contraction: A review. J. Geo. Soc. Lon. 136 (6), 705-711. 

Hughes, T.J.R., 1987. The finite element method: Linear static and dynamic finite 

element analysis. Prentice-Hall, New Jersey, U.S.A. 

Hutchison, C.S., Bergman, S.C., Swauger, D.A., Graves, J.E., 2000. A Miocene 



M
ANUSCRIP

T

 

ACCEPTE
D

ARTICLE IN PRESS

 23

collisional belt in north Borneo: uplift mechanism and isostatic adjustment 

quantified by thermochronology. J. Geo. Soc. Lon. 157, 783-793. 

Hutchison, C.S., 2005. Geology of North-West Borneo, Sarawak, Brunei and Sabah. 

Elsevier, Amsterdam, The Netherlands. 

Ingram, G.M., Chisholm, T.J., Grant, C.J., Hedlund, C.A., Stuart-Smith, P., Teasdale, 

J., 2004. Deepwater North West Borneo: hydrocarbon accumulation in an active 

fold and thrust belt. Mar. Pet. Geo. 21, 879-887. 

James, D.M.D., 1984. The Geology and Hydrocarbon Resources of Negara Brunei 

Darussalam. Special Publication Muzium Brunei and Brunei Shell Petroleum 

Company Berhad 

Lacy, L.L., 1997. Dynamic rock mechanics testing for optimized fracture designs. SPE 

Annual Technical Conference, San Antonio, U.S.A., 23-36 (38716). 

Levell, B.K., 1987. The nature and significance of regional unconformities in the 

hydrocarbon-bearing Neogene sequences offshore West Sabah. Geo. Soc. 

Malay. Bull. 21, 55-90. 

King, R.C., Hillis, R.R., Tingay, M.R.P., 2009a. Present-day stress and neotectonic 

provinces of the Baram Delta and deep-water fold thrust belt. J. Geo. Soc. Lon. 

166, 197-200. 

King, R.C., Hillis, R.R., Tingay, M.R.P., Damit, A.-R. 2009b (in press). Present-day 

stresses in Brunei, NW Borneo: superposition of deltaic and active margin 

tectonics. Bas. Res. (doi: 10.1111/j.1365-2117.2009.00407.x). 

Lambiase, J.J., Rahim, A.A.A., Peng, C.Y., 2002. Facies distribution and sedimentary 

processes on the modern Baram Delta: implications for the reservoir sandstones 

of NW Borneo. Mar. Pet. Geo. 19, 69-78. 



M
ANUSCRIP

T

 

ACCEPTE
D

ARTICLE IN PRESS

 24

Maerten, L., Maerten, F., 2006. Chronologic modelling of faulted and fractured 

reservoirs using geomechanically based restoration: Technique and industry 

applications. AAPG Bull. 90(8), 1201-1226. 

Mandl, G., Crans, W., 1981. Gravitational gliding in deltas, in: McClay, K.R., Price, 

N.J. (Eds.), Mechanics of Thrusts and Nappes. The Geological Society, London, 

Special Publication 9, pp. 41-54. 

Marshak, S., Woodward, N.B., 1988. Introduction to cross-section balancing, in: 

Marshak S., Mitra, G. (Eds.), Basic methods of structural geology. Englewood 

Cliffs, Prentice-Hall, New Jersey. 

McClay, K., Dooley, T., Zamora, G., 2003. Analogue models of delta systems above 

ductile substrates, in: van Rensbergen, P., Hillis, R. R., Maltman, A. J. & 

Morley, C. K. (Eds.), Subsurface Sediment Mobilization. Geological Society, 

London, Special Publication 216, pp. 411-428. 

Michel, G.W., Becker, M., Angermann, D., Reigber, C., Reinhart, E., 2000. Crustal 

motion in E- and SE-Asia from GPS measurements Ear. Plan. Space 52, 713-

720. 

Morley, C.K., 2003. Mobile shale related deformation in large deltas developed on 

passive and active margins, in: van Rensbergen, P., Hillis, R. R., Maltman, A. J. 

& Morley, C. K. (Eds.), Subsurface Sediment Mobilization. Geological Society, 

London, Special Publication 216, pp. 335-357. 

Morley, C.K., 2007. Interaction between critical wedge geometry and sediment supply 

in a deep-water fold belt. Geology 35(2), 139-142. 

Morley, C.K., Guerin, G., 1996. Comparison of gravity-driven deformation styles and 

behaviour associated with mobile shales and salt. Tectonics 15(6), 1154-1170. 



M
ANUSCRIP

T

 

ACCEPTE
D

ARTICLE IN PRESS

 25

Morley, C.K., Back, S., 2008. Estimating hinterland exhumation from late orogenic 

basin volume, NW Borneo. J. Geo. Soc. Lon. 165, 353-366. 

Morley, C.K., Tingay, M., Hillis, R., King, R., 2008. Relationship between structural 

style, overpressures and modern tress, Baram Delta Province, NW Borneo. J. 

Geophys. Res. 113, B09410, doi: 10.1029/2007JB005324. 

Morley, C.K., Back, S., van Rensbergen, P., Crevello, P., Lambiase, J.J., 2003. 

Characteristics of repeated, detached, Miocene-Pliocene tectonic inversion 

events, in a large delta province on an active margin, Brunei Darussalam, 

Borneo. J. Struct. Geo. 25, 1147-1169. 

Morley, C.K., Woganan, N., Sankumarn, N., Hoon, T.B., Alief, A., Simmons, M., 

2001. Late Oligocene-Recent stress evolution in rift basins of northern and 

central Thailand. Tectonophys. 334(2), 115-150. 

Porébski, S.J., Steel, R.J., 2003. Shelf margin deltas: Their stratigraphic significance 

and relation to deepwater sands. Ear. Sci. Reviews 62, 283-326. 

Sandal, S.T., 1996. The geology and hydrocarbon resources of Negara Brunei 

Darussalam. Brunei Shell Petroleum Company/Brunei Museum, Syabas Bandar 

Seri Begawan, Brunei Darussalam. 

Sclater, J.G., Christie, P.A.F., 1980. Continental stretching: an explanation of the 

Post-Cretaceous subsidence of the central North Sea Basin. J. Geophys. Res. 85, 

3711-3739. 

Silver, E.A., Rangin, C., 1991. Leg 124 tectonic synthesis, in: Silver, E.A., Rangin, 

C., von Breymann, M.T. (Eds.), Proceedings of the Ocean Drilling Program, 

Scientific Results 124, pp. 3-9. 

Simons, W.J.F., Socquet, A., Vigny, C., Ambrosius, B.A.C., Promthong, S.H.A.C., 

Subarya, C., Saraito, D.A., Matheussen, S., Morgan, P., Spakman, W., 2007. A 



M
ANUSCRIP

T

 

ACCEPTE
D

ARTICLE IN PRESS

 26

decade of GPS in Southeast Asia: Resolving Sundaland motion and boundaries. 

J. Geophys. Res. 112, B06420. 

Tan, D.N.K., Lamy, J.M., 1990. Tectonic evolution of the NW Sabah continental 

margin since the Late Eocene. Bull. Geol. Soc. Malay. 27, 241-260. 

Tingay, M.R.P., Hillis, R.R., Morley, C.K., Swarbrick, R.E., Okpere, E.C., 2003. 

Variation in vertical stress in the Baram Basin, Brunei: tectonic and 

geomechanical implications. Mar. Pet. Geo. 20, 1201-1212. 

Tingay, M.R.P., Hillis, R.R., Morley, C.K., Swarbrick, R.E., Drake, S.J., 2005a. 

Present-day stress orientation in Brunei: a snapshot of 'prograding tectonics' in a 

Tertiary delta. J. Geol. Soc. Lon. 162, 39-49. 

Tingay, M.R.P., Müller, B., Reinecker, J., Heidbach, O., Wenzel, F., Fleckenstein, P., 

2005b. Understanding tectonic stress in the oil patch: The World Stress Map 

Project. TLE, 1276-1282. 

Tingay, M., Hillis, R., Morley, C., King, R., Swarbrick, R., Damit, A., 2009. Present-

day stress and neotectonics of Brunei: implications for petroleum exploration 

and production. AAPG Bull. 93(1), 75-100. 

Walsh, J.J., Watterson, J., 1988. Analysis of the relationship between displacements 

and dimensions of faults. J. Struct. Geo. 10(3), 239-247. 

Wilkerson, M.S., Dicken, L.D., 2001. Quick-look techniques for evaluating two-

dimensional cross-sections in detached contractional settings. AAPG Bull. 85, 

1759-1770.  

Woodward, N.B., Boyer, S.E., Suppe, J., 1989. Balanced geological cross-sections: an 

essential technique in geological research and exploration. American 

Geophysical Union, Washington. 



M
ANUSCRIP

T

 

ACCEPTE
D

ARTICLE IN PRESS

 27

Wong A Ton, S.Y.M., Wortel, M.J.R., 1997. Slab detachment is continental collision 

zones: an analysis of controlling parameters. Geophys. Res. Letters 24(16), 

2095-2098. 

Yassir, N. A. & Zerwer, A. 1997. Stress regimes in the Gulf Coast, offshore 

Louisiana: data from well-bore breakout analysis. AAPG Bull. 81, 293-307. 



M
ANUSCRIP

T

 

ACCEPTE
D

ARTICLE IN PRESS

 28

Acknowledgements 

The authors would like to thank the Australian Research Council for their financial 

support and the reviewers of this article for their time and helpful comments. The 

authors would also like to make a special thanks to David Giles for allowing 

Guillaume Backé the time and support to complete this project. This paper forms 

TRaX record 4. 

 

Figures, Tables and Captions 

Figure 1: A) Location map for the Baram Delta System, NW Borneo demonstrating 

the neotectonic provinces; including the characteristic maximum horizontal stress 

orientations and structures observed in each province. Location of sections displayed 

in Figures 1B, C, D and Figure 4 are depicted. B) Line drawing from seismic section 

across the Compression Province exhibiting imbricate thrust sheets and associated 

fault-propagation folds (modified from Hinz et al., 1989). C) Seismic section across 

the Extension Province demonstrating margin-parallel normal faults with scarps at the 

sea floor (from Hiscott, 2001). D) Schematic cross-section across the Jerudong 

Anticline in the Inverted Province illustrating the inversion of ancient deltaic normal 

faults (from Morley et al., 2003).  

 

Figure 2: The generally expected structure of a delta system (A), with the delta top 

under extension and the delta toe (deepwater fold-thrust belt) under compression and 

the structure of a prograding delta (B) with significantly more extension than 

compression (modified from Tingay et al., 2005b). 
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Figure 3: Compilation of GPS measurements from Michel et al. (2000) and Simons et 

al. (2007) demonstrating the absolute plate motions for the Sundaland and the 

Eurasian, Philippine and Indo-Australian Plates (A), as well as plate motions across 

Borneo relative to a stable Sundaland (B).  

 

Figure 4: Structural model of the Baram Delta System restored using Dynel 2D, 

location of line depicted in Figure 1A. A) The unrestored model of the Baram Delta 

System (L1), illustrating the Finite Element Model mesh used for restoration. B) 

Restoration of the Pliocene to Recent deltaic deposits (L01). C) Restoration of the Late 

Miocene deltaic deposits (L02). D) Restoration of the Middle Miocene Setap Shale 

unit (L03). 

 

Figure 5: Map of recent shallow seismic activity (1973-2006) across NW Borneo 

(USGS, 2004). 

 

Table 1: Log derived rock properties* and assumed rock properties (Dynel 2D 

defaults) used for Dynel 2D model of the Baram Delta System. Log derived rock 

properties were converted from dynamic to static values using Lacy’s (1997) 

relations. 
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Model Layer Poisson’s Ratio Young’s Modulus Density (g cm-3) 
Proximal Delta 0.10 1.12 2.24* Pliocene-Recent Distal Delta 0.40* 4.98* 2.13* 
Proximal Delta 0.29* 2.11* 2.41* Late Miocene Distal Delta 0.37* 6.45* 2.38* 

Middle Miocene Setap Shale 0.30 2.80 2.53 
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