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ABSTRACT 

This thesis investigates the deformation and sedimentation in deepwater fold and 

thrust belts (DWFTB) to better understanding of the manner in which structure and 

sedimentation interact. First, this thesis reviews the existing published literature for the 

known state of DWFTB development and fill processes, and confirms what appear to be 

the primary observations of previous researchers on what variables at the basin- to fold-

scales most affect the structural style and sedimentation in DWFTB setting. These 

observations confirm that both the tectonic setting and the nature of the deep substrate 

(i.e. salt vs shale), and the volumes of incoming sediments are three primary variables 

of most influence. These observations provide the hypothesis of primary processes to 

examine the northwest (NW) Borneo DWFTB. Second, this thesis documents the 

tectono-sedimentary sequences of the offshore, NW Borneo DWFTB using three- and 

two-dimensional seismic data and borehole data. The analysis of the seismic sequence 

stratigraphic framework, termination pattern-based seismic external forms, and 

depositional seismic facies-analysis combined with the growth strata interpretation 

identifies the pre-, the syn-, and the post-kinematic sequences. These sequences are 

examined for the manner in which structure and sedimentation interact to form basins 

and fill basins. Third, this thesis characterizes marine mass transport complexes 

(MTCs) in the NW Borneo DWFTB using the three dimensional seismic, borehole logs, 

and available biostratigraphic assemblages, and documents the impact of these 

catastrophic events on the sediment pathways. 

Some of the key observations from this study regarding structure and 

sedimentation include: 
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1. Larger scale, long-lived structures (regional fold segment boundaries) are key to 

the long-term nature of a basin fill because they often form the long-lived 

sediment inputs to the basin. Smaller scale, shorter-time frame structural 

elements (folds and thrusts) might control the higher frequency on-off switch for 

sediment input into sub basins.  

2. Fold growth is not equant across a structure. Locations of sediment bypass 

across a structure will change through time, becoming active and dormant as the 

structure grows. 

3. The focal area of uplift and the timing of increased uplift of a growing fold are well 

identified by the lateral and vertical transitions in seismic external form along the 

strike of the fold. These variations in seismic external form are accompanied by 

the changes in depositional seismic facies; the development of submarine 

channel facies and the occurrence of mass transport complexes facies. Thus 

combined mapping of both seismic external form and facies is essential to 

constrain the interaction between structure and sedimentation in DWFTB setting.  

Some of the key observations from this study regarding seismic scale mass 

transport processes and complexes(MTCs) include:  

1. Attached MTCs are more readily related to large progradation and shelfal 

sediment loading in response to regional tectonics or sea level changes.  

2. Detached MTCs are related to local gravitational instability in the steepened 

forelimb slope of anticlinal folds by amplified and rotated by folding processes. 

3. Emplacement of large, attached MTCs can form topography on the seascape that 

results in complete redirection of FTB gravity flows. 
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4. Attached MTCs contain an abundance of neritic fauna and flora, elevated density 

readings, and may contain large transported blocks and sandier lithologies that 

can compromise seal integrity. 

5. Detached MTCs show unusually high width: length ratios due to confinement in 

the run-out direction. May prove to be better seals due to their likely muddier 

nature, but this is highly dependent on the nature of the failed strata.  

6. Syn-kinematic attached MTCs show low width: length ratios due to lateral 

confinement in the run-out direction by anticlines. These MTCs display increased 

thicknesses per volume distributions compared to global attached systems, 

probably reflecting that the tractional and cohesive nature of MTCs causes them 

to build thicker deposits when confined. 
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CHAPTER ONE  

INTRODUCTION 

 

1.1 Research Definition 

Deepwater fold and thrust belts (DWFTB) are important provenances for 

hydrocarbon exploration and development (Weimer and Slatt, 2006; Hamilton and De 

Vera, 2009; Morley et al., 2011). The uncertainty of estimating reservoir and seal facies 

distributions and their lateral extent in DWFTB settings continues to be the main 

problem in these plays, during both the exploration prospect maturation phase, as well 

as in the field delineation/development phases (Ingram et al., 2004; Saller et al., 2008; 

Clark and Cartwright, 2011; Chen, 2012; Masoudi et al., 2014). 

The nature and distribution of reservoir and seal elements in DWFTB are strongly 

influenced by their interaction with and the timing of tectonically-generated 

accommodation. The sediment’s nature and the timing of sediment deposition in these 

complex settings are equally important issues. In DWFTB, accommodation 

development is strongly tied to fold growth. Sediment fill is strongly influenced by the 

manner with which gravity flows interact tectonic developments, a complex and poorly 

understood relationship that has a strong influence on the nature of resultant strata 

(e.g., Morley, 2007a, 2009b; Wood and Mize-Spansky, 2009; Clark and Cartwright, 

2009, 2011; Dunlap et al., 2010; Jolly et al., 2016). Marine mass-transport 

deposits/complexes (MTDs/MTCs) can compose up to 50% of the stratigraphic record 

in some deepwater basin fills (Posamentier and Martinsen, 2011). These deposits can 
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act as seals, reservoirs, migration pathways, and potential source rock, but their specific 

nature is often very difficult to predict (e.g. Weimer and Shipp, 2004; Moscardelli et al., 

2006; Armitage et al., 2009; Beaubouef and Abreu, 2010; Posamentier and Martinsen, 

2011; Algar et al., 2011; Shipp et al., 2011; Gamboa and Alves, 2015). 

This study aims to investigate and characterize the interaction between structure 

and sedimentation in DWFTB settings utilizing subsurface datasets from offshore NW 

Borneo Malaysia. Data types used in this study include three- and two-dimensional 

conventional and high-resolution seismic data, borehole log data, seafloor bathymetry, 

and published data from literature. Other observations from global DWFTB (Hamilton 

and De Vera, 2009; Morley et al., 2011) will be used to contrast the NW Borneo DWFTB 

with these global analogs. 

This study seeks to achieve research objectives by addressing the following 

aspects of DWFTBs.  

1) What is the variable at the basin- to fold-scale that affect structural style and 

sedimentation in DWFTBs? Chapter 2 utilizes extensive literature to identify these 

elements as they have been documented in DWFTB around the world, as well as 

observations made in published literature from structural and sediment process physical 

and numerical modeling.  

2) Documentation of the tectono-sedimentary evolution of the NW Borneo 

DWFTB from the pre-, syn-, to post-kinematic phases. Chapter 3 analyzes the spatial 

and temporal change of growth strata and documents the 3D geomorphological features 

in both planform images as well as 2D seismic termination patterns and seismic facies 

in the NW Borneo DWFTB. These observations are integrated with borehole data to 
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reconstruct the paleo-topographic nature, the timing of deformation, and the resultant 

controls on sediment fairway at the time of deposition in the NW Borneo DWFTB. 

3) Nature and character of MTCs in DWFTBs. Chapter 4 characterizes the nature 

of submarine mass failures in the Borneo DWFTB utilizing seismic and borehole data, 

and compares their morphology to those in other settings, as well as the influence of 

seafloor topography on their nature.  

1.2 Terminology 

This study focuses on the interaction between sedimentation and structuration in 

deepwater fold and thrust belts, and the resultant distribution and nature of reservoir 

sands and sealing lithologies. Several terms; deepwater, deepwater fold and thrust 

belts, accommodation, and mass transport deposit and mass transport complex, often 

host confusing terminology. For the sake of consistency, these terms are explained 

below.  

Deepwater 

This study considers the term “deepwater” to refer to regions of water depth 

below the upper to middle continental slope region to the floor of the marine 

sedimentary basin. This region is well beneath storm wave base and sediment gravity 

flows are considered to be the dominant sediment transport and deposition mechanism 

(Weimer and Slatt, 2006).  

Deepwater fold and thrust belts (DWFTBs) 

Fold and thrust belt (FTBs) can develop in a variety of tectonic and depositional 

settings (McClay, 2004; Nemcok et al., 2009; Morley et al., 2011). They deform in 

diverse internal structural styles and can be subdivided into subaerial FTBs and 
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subaqueous FTBs simply based on their present-day location above or below sea level. 

This study uses the term “deepwater fold and thrust belts (DWFTBs)” referring to the 

modern FTBs located in present-day deepwater settings. It is a term that includes 

modern DWFTBs both in the passive margin, active margin (accretionary prisms and 

transform margins), and continent convergence zone, but does not include ancient 

exhumed FTBs formed in deepwater settings and uplifted to present-day sub-aerial 

settings (Morley et al., 2011). Chapter 2 makes a comparison between DWFTBs and 

subaerial FTBs based on a literature review.  

Accommodation 

The concept of sediment accommodation describes the amount of space that is 

available for sediment to fill, and it is measured by the distance between base level and 

the depositional surface (Jervey, 1988; Catuneanu, 2006). The concept of ‘base level’ 

delineates a dynamic surface between erosion and deposition, and ‘base level’ is 

commonly approximated as sea level (Jervey, 1988; Posamentier and Allen, 1999; 

Catuneanu et al., 2009). It is generally agreed that the large-scale, controls influencing 

deepwater depositional systems on continental margins are sediment supply, regional 

basin tectonics and relative change in sea level (Mutti and Normark, 1991; Posamentier 

et al., 1988; Reading and Richards, 1994). However, the role of sea level in affecting 

sedimentation can be less pronounced in deepwater setting due to the often extreme 

distance between the shoreline and the deepwater basin floor. Such distance 

establishes the possibility of the lack of physical connection between the deep- and 

shallow-water systems (Catuneanu, 2006). Therefore, these controls are difficult to use 

in characterizing the sedimentary record on deepwater in a predictive manner (Steffens 
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et al., 2003). For the case of continental margin slopes with an underlying mobile 

substrate (e.g., salt and shale), the sediment delivery system and the receiving basin 

configuration are the primary factors that govern the fill pattern and the distribution of 

lithofacies (Steffens et al., 2003). Sediment accommodation on the slope and the types 

of slope profiles have been classified based on topography and its relationship to the 

slope equilibrium profile (Fig.1.1, See chapter 2) (Prather et al., 1998; Prather, 2003; 

Prather et al., 2016; Steffens et al., 2003). Kneller et al. (2016) define accommodation 

for turbidite systems at a local scale, as the space between the existing sediment 

surface (the seafloor) and the equilibrium depositional surface for the processes in 

question (this description is in reference to the sediment accommodation on and around 

MTD/MTCs) (Fig.1.2). In this study, I do not refer to accommodation in the general form 

of the original concept as introduced by Jervey (1998), but instead I refer to 

accommodation in the context of the continental slope profile based on Prather et al. 

(2003) and Steffens et al. (2003), and in the context of the local scale interaction 

between MTD/MTCs and turbidite system based on Kneller et al. (2016).  

Mass-transport deposits (MTDs) and Mass-transport complexes (MTCs)  

Mass-transport deposits (MTDs) are resultant sedimentary deposits by 

submarine mass movement (Shipp et al., 2011). MTDs encompass several slope 

deformation processes including creep, slide, slump, and debris flow (Posamentier and 

Martinsen, 2011). The term ‘MTC (mass-transport complex)’ is also used to describe 

mass-transport related deposits in the deepwater settings. The term was first coined to 

describe deposits in seismic and was used in a sequence stratigraphic context (Weimer 

and Shipp, 2004). However, although a genetic association between mass failures and 
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sequence stratigraphy is no longer the case, the term still tends to be applied to 

features imaged in seismic. Terminology in the study of mass failures remains organic. 

This study refers to mass transport deposits when discussing sub-seismic scale 

elements that compose a mass transport complex, with the latter being a seismic-scale 

element as defined by Weimer and Shipp (2004). However, in contrast to Weimer and 

Shipp, we do not consider the term mass transport complex to infer a sequence 

stratigraphic context. We prefer to use mass transport complex and mass transport 

deposit to infer different temporal, spatial and resolution scales of features rather than 

infer relation of the deposit to sea level.  

 

 

Figure 1.1 A seafloor profile across the central Gulf of Mexico (GOM) showing the 
distribution of accommodation on a typical above-grade slope profile (modified from 
Prater et al., 1998) (1) ponded accommodation, (2) slope accommodation, and (3) 
healed slope accommodation (modified from Prather, 2003). 
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Figure 1.2 Illustration of styles of accommodation associated with mass-transport 
deposits (MTDs) (After Kneller et al., 2016) 

1.3 Arrangement of Dissertation Chapters 

Chapter 1 (this chapter) introduces the research definition and terminology used 

in this dissertation.   

Chapter 2 is a literature review that addresses the state of existing work on the 

DWFTBs. The review aims to establish some norms for DWFTB, and allow us to place 

our observations in the NW Borneo DWFTB within a larger population of DWFTBs 

observations. We believe that such comparison will increase our understanding of how 

results of this study can relate to the structural and sedimentological development of 

other DWFTBs around the world and aid hydrocarbon exploration within them.  

Chapter 3 documents tectono-sedimentary development of the NW Borneo 

DWFTB by documenting observations from geomorphological and structural analysis 

and observations from growth stratal analysis. This study applies techniques in seismic 

sequence analysis and seismic facies analysis to establish a structural and stratigraphic 
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framework for the area, and documents the nature of interactions between 

sedimentation and thrust-related folding in pre-, syn-, and post-kinematic intervals, 

respectively.  

Chapter 4 presents the results from description of and morphometric analysis of 

MTCs in the NW Borneo DWFTB. Likewise this chapter will discuss the characterization 

of shelf-attached MTCs and shelf-detached MTCs, and the influence of structural 

confinement on MTC nature.  

Chapter 5 synthesizes the observations and findings derived from chapters 2- 4 

to address the sub-topics of DWFTB introduced in Chapter 1. The limitations of and the 

implication from the study are addressed for future work. 
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CHAPTER TWO 

LITERATURE REVIEW – DEEPWATER FOLD AND THRUST BELTS AND THEIR 

RESERVOIR 

 

2.1 Introduction  

Fold and thrust belt (FTBs) can develop in a variety of tectonic and depositional 

settings (McClay, 2004; Nemcok et al., 2009; Morley et al., 2011) and form prolific 

hydrocarbon provinces (Cooper, 2007; McClay, 2011; Morley et al., 2011) (Fig. 2.1, 2.2, 

2.3). They deform in diverse internal structural styles and can be subdivided into 

subaerial FTBs and subaqueous FTBs simply based on their present-day location 

above or below sea level. Subaerial FTBs include the classic foreland FTBs such as 

thin-skinned Canadian Rocky Mountain style FTBs and thick-skinned or basement-

involved Laramide uplift style FTBs, subduction-related FTBs (e.g., Andes (Fig. 2.3a), 

Zagros, and Papua New Guinea), and collision-related FTBs (e.g., Himalaya and the 

Italian Apennines) (McClay, 2004). The modern subaqueous FTBs include the shallow 

shelf portion of foreland FTBs systems such as Zagros FTBs (DeCelles and Giles, 

1996) and include deepwater FTBs, including accretionary prisms (Fig. 2.3b) as well as 

“toe-thrusts” at the leading edge of large-scale, gravity-driven complexes along the 

outer portions of passive margin sedimentary prisms or delta complexes (Nemcok et al., 

2009; McClay, 2004; Rowan et al., 2004; Hamilton and De Vera, 2009; Morley et al., 

2011) (Fig. 2.2, 2.3c, d).  
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This study focuses on the interaction between sedimentation and structuration in 

DWFTBs and the resultant distribution and nature of reservoir quality sediments. 

Therefore, in this review, I will:  

1. compare similarities and differences between submarine FTBs and sub-aerial 

FTBs. 

2. introduce a classification for DWFTBs. 

3. address basin scale structural styles of DWFTBs and the key controlling factors, 

associated with the variations of basin-wide sedimentary fill.  

4. overview the previous works on the interaction between sedimentary gravity flows 

and seafloor topography, and resultant deposits in DWFTB settings. 

5. touch upon the reservoir and seal components in petroleum systems in DWFTBs 

and summarize the implication for my study. 

2.2 Comparison between DWFTBs and subaerial FTBs  

Submarine FTBs and subaerial FTBs share similar geometric characteristics and 

deformation mechanisms (Rowan et al., 2004; Morley et al., 2011; McClay, 2004). In the 

majority of FTBs, the Coulomb wedge model is used to explain the development of their 

FTB taper geometry (Fig.2.4) (Davis et al., 1983; Guzofski, 2007; Dahlen, 1984; King 

and Morley, 2017). Also, FTBs show similarities in geometries and kinematics of folding 

including the common development of fault-bend folds, fault-propagation folds, and 

detachment folds (Hardy and Poblet, 1994; Shaw et al., 2005; McClay, 2011).  
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Figure 2.1 Digital elevation map (DEM) of the world, showing locations of deepwater fold and thrust belts, and rifted 
margin types (DEM from Amante et al., 2009, DWFTBs from Morley et al., 2011 and Nemcok et al., 2005, Subaerial FTBs 
from Cooper, 2007 and , and rifted margin types from Reston, 2009). Note: only some examples of FTBs are shown. See 
the classification of DWFTBs of Morley et al., (2011) in Fig. 2.2 and Table 2.1.  
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Figure 2.2 Classification scheme for DWFTBs of Morley et al., (2011) and comparison with other classifications. See 
table 2.2 for the comparison between classifications of DWFTBs.  
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Figure 2.3 Structural styles of four fold and thrust belts (FTBs). a) Sub-Andean FTB, 
NW Argentina (After Wu and McClay, 2011, modified from Echavarria et al., 2003). b) 
Front of Nankai accretionary prism, offshore Japan (After Wu and McClay, 2011, re-
interpreted from Hills et al., 2001). c) Niger Delta, Gulf of Guinea (Wu and McClay, 
2011, modified from Ajakaiye and Bally, 2002). d) Brunei margin, offshore NW Borneo 
(After McClay, 2011, modified from Sandal, 1996) 
.  

a) Sub-Andean fold and thrust belt, NW Argentina

b) Front of Nankai accretionary prism, offshore Japan

c) Niger Delta, Gulf of Guinea

d) Brunei margin, offshore NW Borneo
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Despite similarities, differences exist among FTBs in their fundamental tectonic 

driving mechanisms and their depositional processes, which can affect the syn-

depositional folding processes and resultant stratigraphy (Table 2.1) (Wu and McClay, 

2011; Rowan et al., 2004). DWFTBs in passive margins are deformed by gravitational 

stress within the sedimentary section (near-field stress) and show thin-skinned 

structural styles. Alternatively, most FTBs in collisional orogenic belts and DWFTBs at 

active convergent margins (accretionary type of FTBs) are deformed by compressional 

stress through interaction between plates (far-field stress), and their basements are 

involved in the deformation despite the thin-skinned structural style in the frontal portion 

of the FTBs (Rowan et al., 2004, Morley et al., 2011). Both the total amount of 

shortening and the deformation ratios in collisional accretionary FTBs are usually higher 

than those seen in passive margin DWFTB (Rowan et al., 2004). 

Similar to differences in structural style, differences in depositional style are seen 

in submarine (below wave base) versus subaerial FTB. In subaerial FTB, sedimentation 

is limited on growing anticlinal folds, and the anticlinal crests are composed of well-

lithified rocks subjected to erosion by subaerial surface processes and mass wasting 

(Morley, 2009b). However, the submarine deepwater setting shows 1) folds are 

protected from sub-aerial and wave-related erosion, hence thicker and more widely 

distributed syn-kinematic sedimentation can occur both across anticlines and within 

synclinal depocenters, 2) the syn-kinematic sediments deposited across anticlines are 

poorly lithified, and 3) the main erosional and depositional processes are a variety of 

mass movement phenomena, including rotational slides, creep mass movement, debris 

flows, and turbidity current (McGilvery and Cook, 2003; Morley, 2009b). Wu and McClay 
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(2011), comparing two-dimensional analog model sandbox experiments with naturally 

formed FTBs, state that syn-tectonic erosion rates of subaerial FTB are likely an order 

of magnitude higher than that of submarine FTBs (Mitchell et al., 2003). However, the 

numbers for erosion rates in FTBs are poorly constrained, and variables such as active 

thrusting in the hinterland would produce higher rates in subaerial FTB in some 

instances.  

2.3 Classification of Deepwater Fold and Thrust Belt (DWFTB) 

Global DWFTB are broadly reviewed and classified by Rowan et al. (2004), 

Hamilton and De Vera (2009), and Morley et al. (2011). Rowan et al. (2004) note that 

DWFTBs can be formed either by an internal gravitational collapse in the sedimentary 

section above a basal detachment (gravity-driven stress in the passive margin) or by the 

stresses externally caused by collision or subduction of tectonic plates (lithospheric 

stress). This observation leads to DWFTBs being subdivided into the passive margin 

and active margin setting types (Hamilton and De Vera, 2009; Krueger and Gilbert, 

2009) (Table 2.2). 

Morley et al. (2011) point out that gravity-driven stress also plays an important 

role in the lithospheric plate setting and can drive the flow of crust. They propose to 

classify DWFTBs based on the driving mechanism (near-field stress vs. far-field stress), 

detachment type (salt vs. shale) and tectonic setting. The resulting classifications are as 

follows: 1) near-field (gravitational) stress-driven systems with deformation confined to 

the sedimentary section, 2) far-field stress-driven systems, and 3) mixed near-field and 

far-field stress-driven systems. These three classes are further broken down into  
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Figure 2.4 Two-dimensional cross-sectional profile of a critically tapered Coulomb 
wedge; (a) (From Wu and McClay 2011). (b) Effects of syn-kinematic sedimentation and 
erosion on the state of a critically tapered wedge (From Wu and McClay, 2011) (c) 
Surface slope and basal tilt wedge geometries of natural fold and thrust belts (from 
McClay 2011; King and Morley 2017).  
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Table 2.1 Comparison of characteristics of sub-aerial FTBs, accretionary wedge FTBs, and gravity-driven DWFTBs on 
passive margins  
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Table 2.2 Comparison of classification of DWFTBs 

 



20 

subgroups based on the type of lithology associated with detachment (Fig. 2.2) (Table 

2.2) (Morley et al., 2011). Detachment strength controlled by lithology and overpressure 

is the primary influence on the first-order wedge geometry of DWFTBs (King and 

Morley, 2017). DWFTBs in the same class of Morley et al. (2011)’s classification tend to 

exhibit similar critical taper wedge geometries and detachment strengths because they 

share the mechanism how the pore-fluid pressure is generated and sustained along the 

basal detachment (Fig. 2.4)(King and Morley, 2017). However, within these same 

classes, DWFTBs can exhibit very different fold and thrust geometries within the taper 

wedge geometries. These geometries depend on several factors such as the nature of 

the underlying detachment, large-scale margin configuration, margin tectonic evolution, 

sediment flux into the basin, and so on. It is crucial to understand, at a variety of scales, 

what exerts influence on the development of these different structural styles, as well as 

the associated depositional processes associated with these different settings, if we are 

to accurately compare different DWFTBs to investigate the basin-scale petroleum 

system, and assess the play-scale distribution of reservoir-seal packages. 

2.4 Basin-scale Influences on the Development of DWFTBs 

Near-field stress-driven DWFTBs (mostly, but not exclusively found on passive 

margins, for example the global Atlantic margins or the Gulf of Mexico) and mixed near-

field and far-field stress-driven DWFTBs (ie., NW Borneo, or the Columbus Basin in 

Trinidad, West Indies) are distal component parts of the larger continental margin 

system characterized by linked proximal extension, translation, and distal 

compressional systems (Rowan et al., 2004; Krueger and Gilbert, 2009; Morley et al., 

2011). The systems are characterized by growth fault zones (sealed tilted blocks, 
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regional faults, counter regional faults, and rollover stratal systems) in proximal 

extensional domains, shale or salt diapir zones in extensional to compressional 

domains (translation), and fold and thrust belts in distal compressional domains (Fig. 

2.5)(Morley and Guerin, 1996; Fort et al., 2004; Morley et al., 2011). The deformation 

occurs above the salt- or shale-hosted detachment, mainly driven by gravitational stress 

that is the result of a combination of gravity gliding and gravity spreading (Fig. 2.6) 

(Rowan et al., 2004). In such settings, the gravity gliding component of the deformation 

is defined as a component controlled by the basinward slope of the detachment zone, 

whereas the gravity spreading component is most influenced by the surficial slope of the 

seafloor at the time of failure (Rowan et al., 2004). Therefore, the gravity potential in 

basin’s margin and the deformation by gravity stress varies in geologic time depending 

on the basin margin characteristics. Among these characteristics, the difference in 

detachment lithology (salt vs. shale) is reported to have the greatest impact on 

structural style (Morley and Guerin, 1996; Rowan et al., 2004; Morley et al., 2011).  

Structurally, most passive margins show a significant early component of gravity 

gliding immediately following rifting and ocean spreading that is caused by differential 

thermal subsidence and the consequent basinward tilting of the margin. After this very 

active margin evolution stage, we see relative quiescence as waning thermal 

subsidence and proximal loading subsidence decrease the gravity potential. This is the 

time of clastic progradation driving the main stage of margin gravity spreading, and 

resulting in development of large wavelength folds (Fig. 2.6)(Fort et al., 2004; Rowan et 

al., 2004).  
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Figure 2.5 Structural zoning at regional scale. (After Fort et al., 2004).  
(a, b) Regional interpreted seismic lines of Angolan margin (salt detachment). (c) Cross 
section of Fort et al., (2004)’s experimental model in a slope parallel direction. The 
comparison shows the whole succession of domain of deformation along the margin. 
TWT=two-way travel time. (d) and (e) are comparison of the experiment results 
examining the effect of syn-kinematic sedimentation rate. (d) Experimental cross section 
with short sedimentation time intervals (higher sedimentation ratio). (e) Experimental 
cross section with long sedimentation time interval (slower sedimentation ration). 
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Figure 2.6 Gravity driven deformation: (a) gravity gliding, (b) gravity spreading, (c) 
mixed-mode deformation. Evolution of fold and thrust belt at the passive margin. (After 
Rowan et al., 2004).  

 

The geometry and orientation of older structures below the detachment unit 

control the orientation, location and structural styles of folds and thrusts (Gottschalk et 

al., 2004; Jackson et al., 2004; Cullen, 2010). As previously noted, detachment strength 

controlled by lithology and overpressure is the primary influence on the first-order 

wedge geometry of a DWFTB (King and Morley, 2017). Near-field stress-driven salt 

detachment DWFTBs in passive margins have relatively weak detachments strength 

and small wedge-taper angles, while far-field stress-driven and mixed near- and far-field 
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stress-driven shale detachment DWFTBs have relatively strong detachment strength 

and larger wedge-taper angles (Fig. 2.4)(King and Morley, 2017).  

Morley (2007b) shows that wedge geometries above shale detachment can vary 

within the same DWFTB due to specific interactions between structure and 

sedimentation. As an example in the NW Borneo DWFTB, the area of relatively lower 

sedimentation rates exhibits higher surface slope dips, while the area of relatively higher 

sedimentation rates (Baram Delta province) exhibits lower surface slope dips (Morley, 

2007b). Fort et al. (2004) discuss the case above salt detachment that the structural 

domains above the detachment are mainly controlled by the basal slope detachment 

angle, whereas the type of structures within these structural domains depends strongly 

on sedimentation rate (Fig. 2.5 d, e). 

2.5 Salt vs. shale detachment and other componets influencing structural styles  

Salt and overpressured shale are both ductile and deform under the influence of 

gravity, extension, and contraction (Morley and Guerin, 1996; Wu et al., 2000). Although 

both types of detachment systems show similarities in gravity-driven deformation, the 

difference in material properties and the rheological behaviors of those properties cause 

important differences in deformation style and duration of deformation, as well as in the 

wedge geometries described above (Morley and Guerin, 1996; Wu et al., 2000; Rowan 

et al., 2004; Morley et al., 2011). Salt is a viscous material and thus flows under minimal 

deviatoric stress so that deformation typically begins soon after salt deposition. In 

contrast, shale is a plastic material and does not yield until the frictional resistance to 

slip is overcome (Rowan et al., 2004). Similar diapiric structures are found in deformed 

mobile shale and salt, but large-scale allochthonous structures are unique to salt basins 
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(Wu et al., 2000). The difference in material properties also cause differences in the 

manner in which accommodation space is generated, and thus can result in the 

development of different reservoir architectures (Prather et al., 1998; Demyttenaere et 

al., 2000; Steffens et al., 2003; Covault et al., 2009). These differences will be 

discussed in Section 2.6 of this chapter. Comparison of deformation styles in salt 

detachment versus shale detachment settings is shown in Table 2.3 (Fig. 2.7).  

Thickness and extent of a detachment unit strongly influence the overlying fold 

and thrust geometries (Table 2.4). Settings where salt is thick enough to fill the core of 

growing anticline tend to exhibit salt-cored detachment folds that all have regular 

wavelengths. Alternatively, structures associated with thin salt detachment exhibit 

basinward or landward vergent thrust faults (Fig. 2.7) (Trudgill et al., 1999; Rowan et al., 

2004). Tari et al. (2003) conclude that regional-scale differences between the salt 

basins in West Africa are partly due to the relative stratigraphic position of the salt in 

relation to the rifting history. In the post-rift basins of Equatorial Guinea, Gabon and 

Angola, the efficiency of this gravity sliding/spreading across the whole margin is 

attributed to the more or less original uniform distribution of Aptian salt in the post-rift 

succession. These Aptian salts form a continuous and depth consistent detachment 

level, and the salt tends to create enormous salt structures at the edges of the basins. 

In contrast, the uneven distribution of salt during the Late Triassic and Early Jurassic 

syn-rift periods in Morocco, Mauritania, Senegal, Gambia, and Guinea-Bissau due to 

deposition in smaller basins isolated by basement highs, resulted in the creation of 

more individual salt structures, such as pillows and diapirs (Tari et al., 2003). In 

summary, in basins where salt is deposited during syn-rifting and less evenly 
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distributed, updip extension may not always be the driving force for the regional 

differences in contractional deformation (Tari et al., 2003).  

In contrast to salt, Morley et al. (2011) note that the difference in the continuity of 

detachment noted in salt basins does not occur in shale-cored basins between syn-rift 

and post-rift strata. They attributed this continuity to the continuous nature of thick shale 

units that can easily become overpressured. Rowan et al. (2004) suggest that thin and 

relatively strong shale detachment tends to exhibit asymmetric imbricate “fanning” folds, 

and thicker shale-cored basins tend to be exhibit more symmetrical detachment folds 

(Fig. 2.7). The latter is possibly formed due to slower deformation rates. Rowan et al. 

(2000) compare the structural style between the Mississippi Fan FTBs and the Perdido 

FTBs and show that, despite the general similarity, there are significant differences in 

geometry between the two fold belts, a phenomena which cannot be explained by 

differences in the regional setting or the lithologies of the folded layers. They note that 

the local geologic variations in the basin (e.g., variations in the thickness and 

mechanical stratigraphy of the folded multilayers, facies and original thickness 

distribution of the evaporate layer controlled by the underlying rift-basin geometry, and 

pre-existing salt structures prior to the deformation) can cause the noted variations in 

structural styles. Also, Morley et al. (2011) show a positive correlation between 

stratigraphic thicknesses (the maximum stratigraphic thickness of units overlying large-

scale shale detachments) and fold wavelengths for shale detachment DWFTBs. They 

ascribe the positive correlation to the elastic strength of the stratigraphic unit. DWFTBs 

generally show fine grained, poorly lithified nature at shallow burial depths and the 

unlikely or limited presence of mechanical contrast within the stratigraphic section. The 
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elastic strength of the stratigraphic units in DWFTBs will gradually increase with the 

burial depth due to compaction and diagenesis(Morley et al., 2011). Simpson (2009) 

investigates, through mechanical modeling, the factors controlling the style of 

deformation in sedimentary sequences subjected to layer-parallel compression. The 

results indicate that folding is the dominant mode of deformation when (1) the 

detachment horizon is thick relative to the cover sequence (2) the detachment layer has 

a low viscosity (3) the cover layer has a relatively high elastic shear modulus and (4) the 

total thickness of the sequence is relatively small (i.e., influence of gravity is minimal). If 

any of these conditions are not satisfied, faulting is predicted to be the dominant mode 

of deformation.  

The dynamic interactions with syn-contractional sedimentation and erosion on 

critically tapered Coulomb wedges are evaluated by examining the analog modeling of 

FTBs and comparing the results with natural FTBs (Storti and McClay, 1995; Wu and 

McClay, 2011). Syntectonic sedimentation increases the length of the thrust wedges, 

reduces thrust activities in the foreland, and leads the development of lower frontal 

wedge taper angles (Storti and McClay, 1995; Wu and McClay, 2011). Meanwhile, 

syntectonic erosion reduces the number of forward-vergent thrusts, increases 

exhumation and thrust activities at the rear of the thrust wedges, both conditions that 

inhibit the forward propagation of the deformation front into the foreland (Wu and 

McClay, 2011).  
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Figure 2.7 Structural styles typical of FTBs developed above salt detachment (a, b, c) and shale detachment (d, e, f). 
(After Rowan et al., 2004). 
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Table 2.3 Comparison of salt detachment and shale detachment (Compiled from Rowan et al., 2004, Morley et al., 
2011) 
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Table 2.4 Potential controlling factors for developing different structural styles of DWFTBs 
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Table 2.4 continued 
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Table 2.4 continued 
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Table 2.4 continued 

 

  

Controlling factors Key observations/Summary from previous works Ref.

Fold wavelength Fold wavelengths are interpreted to be primarily a function of the thickness of the pre-

kinematic strata in the Mississippi Fan and the Perdido fold belt. (But not the greater

amplitude, which is probably related to increased shortening.

The greater thickness of the pre-kinematic layers in the Perdido fold belts explains the

grater wavelength than in Mississippi Fan fold belts.

2

In single-layer buckle folding, the fold wavelength is a function of the layer thickness and

the viscosity contrast. 14

In a buckled multilayer, Some of the main controls on fold geometry are: the rheology of

the layers, the thickness of each layer or packet of layers and the mechanical properties of
15

The rheologies and thickness of interlayered units within the folded multilayer may account

for differences in fold style.

The kink-band geometry of the Perdido fold belt compatible with  thinner incompetent

layers (Shales and marls).

The rounded geometry of the Mississippi Fan fold belt possibly controlled by a thicker,

massive chalk unit

2

Symmetry vs

asymmetry of the

structure

Facies variations within the evaporite layer may have controlled fold belt symmetry.

Greater proportion of salt may result in more symmetric structures and a greater proportion

of other intercalated lithologies creating more asymmetric folds.
2

Dipping of fold

envelope

Thickness variations in the evaporite layers, whether primary or secondary, were also

important.

Original thickness variations related to the underlying basement geometry caused salt

inflation, thereby creating the dipping fold envelope in the Perdido fold belt.

The gradual thinning of salt and relatively small size of basement structures resulted in a

subhorizontal fold envelope in the Mississippi fan fold belt.

2

Fold nucleation,

segment length

and segment

linkage

The thickness irregularities of evaporite layers served as buckling instabilities

The early deformation beneath a thin overburden triggered diapirism in the Mississippi Fan

fold belt, with the diapirs localizing later contractional strain such that shortening was

accommodated by squeezing and rejuvenation of the diapirs, linked along strike to folds

and reverse faults.

2

Geometry of

foldbelt

Ref.: References, 1: King and Morley, (2017), 2: Rowan et al., (2000), 3: Rowan et al., (2004), 4: Fort et al., (2004), 5: Trudgill et al., (1999), 6:

Stewart, (1996), 7: Dahlstrom, (1990), 8: Homza and Wallece (1995) & (1997), 9 Tari et al., (2003), 10 Morley et al., (2011),    11 Morley, (2007),

12: Storti and McClay, (1995), 13: Wu and McClay, (2011), 14: Biot, (1961), 15: Ramsay and Hurber, (1987)
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2.6 Accommodation and sedimentation in DWFTBs  

2.6.1 Slope profile and accommodation for sediment in DWFTBs 

It is generally accepted that the large-scale controls influencing deepwater 

depositional systems on continental margins are sediment flux, the rate of change of 

accommodation (i.e., eustasy and sea-floor subsidence/uplift) and basin physiography 

(e.g. Mutti and Normark, 1991; Posamentier and Allen, 1993; Reading and Richards, 

1994; Posamentier and Walker, 2006). The interplay among these influences results in 

a large number of possible scenarios for deposition and stratal package development in 

deepwater settings. However, it is difficult to identify the degree of influence of each of 

these variables on the system (Steffens et al., 2003). Furthermore, these controls are 

difficult to use for classifying and characterizing reservoir distribution and stacking 

patterns predictively (Steffens et al., 2003). In the continental slope and base-of-slope 

systems with underlying mobile substrate (salt and shale) in DWFTBs setting, the 

sedimentary delivery system and the receiving basin configuration are the primary 

factors that control overall deepwater fan morphology and lithofacies distribution 

(Steffens et al., 2003; Prather, 2000; Prather et al., 2016; Maharaj, 2012). The delivery 

system comprises the key components of dominant grain size, sediment flux (volume, 

rate, duration) and the nature of the feeder system (point vs. multiple vs. line source) 

(Reading and Richards, 1994). The receiving basin configuration is defined by its overall 

gross morphology, the type of accommodation available for deposition, and its 

equilibrium profile (Ross et al., 1994; Kneller and McCaffrey, 1999; Pirmez et al., 2000; 

Steffens et al., 2003; Prather, 2003).  
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Figure 2.8 Slope profile types: (a) graded slope profile, (b) stepped above-graded 
and (c) ponded above-grade (After Prather et al., 2016).  
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Prather (2003) defines accommodation and slope profile type (based on 

topography and its relationship to the slope equilibrium profile) and then combines these 

two variables with concepts of sediment supply and sediment caliber (Reading and 

Richards, 1994) to describe reservoir distribution and architecture across a basin’s 

slope and base-of-slope regions (Fig.1.1).  

Built on this framework and Shell’s global database, Prather et al. (2016) 

characterize seismic stratigraphic units and reservoirs with the addition of position on 

the slope and gross depositional environment (Fig. 2.8). In their definition, the slope 

profile can be divided into (1) graded or out-of-graded slopes (e.g., the eastern Gulf of 

Mexico or the US Atlantic Margin), (2) stepped above-grade slopes (Niger delta slope) 

or (3) ponded above-grade slopes (Gulf of Mexico) (Prather et al., 2016). 

Accommodation is classified into (a) ponded accommodation, (b) healed-slope 

accommodation, and (c) slope accommodation (Fig.1.1) (Prather, 2003).  

Steffens et al. (2003) analyze the present-day bathymetry of salt-based and 

shale-based continental margin DWFTBs in the Gulf of Mexico (GOM), Angola, Nigeria, 

and NW Borneo, and show significant differences in receiving basin configurations. 

They conclude that: (1) salt-based system have more ponded accommodation than 

shale-based systems, and (2) shale-based systems may be more prone to bypass on 

the upper to mid slope than salt-based system. They more specifically conclude that (3) 

the tectonically active margin of NW Borneo has steeper slope profiles than the typical 

GOM-style passive margin (Fig. 2.9)(Table 2.5).  
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Figure 2.9 Four types of accommodation definitions in the analysis of Steffens et al., 
(2003) (A, B, C, and D) and each type of accommodation calculated for the deepwater 
of NW Gulf of Mexico (salt substrate) (E, F, G, and H) and NW Borneo (shale substrate) 
(I, J, K, and L). (A) 3D linear grade trend surface is computed by fitting a slowly varying 
3D surface to the shelf break and toe-of-slope surface. In the figures (E) and (I), where 
the local bathymetry is shallower than this linear grade, the residual is permed positive 
and is shaded red(‘hills’) ; where the bathymetry is deeper than this linear grade, the 
residual is termed negative and is shaded blue(‘sinks’), Yellow at or near linear grade. 
(B) Total accommodation is determined by first locating the points of maximum positive 
curvature on the slope and then by creating a 3D convex hull passing through those 
points. This surface essentially drapes across the local bathymetry maxima. (C) Ponded 
accommodation is an area of negative curvature with 3D closure (the bowls or sinks 
related to intra-slope basins). (D) Healed slope accommodation is simply the differences 
between the total and ponded accommodation. In the figures, total accommodation (F, 
J), ponded accommodation (G, K), healed slope (H, L) are represented as their relative 
accommodation thickness; thick accommodation is shaded red while thin 
accommodation is shaded blue. 
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Table 2.5 Comparison of the proportion of accommodation types and average slope dip 
of the present-day seafloor across the DWFTBs (Reprinted from Steffens et al., 2003) 

 
 

 

Smith (2004) proposes two end-member models for deposition and erosion on a 

topographically complex slope: (1) a cascade of silled sub-basins model (fill and spill 

concept) and (2) a connected tortuous corridor model. In the first model, each 

successive silled sub-basin is a closed topographic depression, and its downslope sill 

tends to prevent the further downslope flow of turbidity currents or at least inhibits the 

basal sandy portions of the gravity flow until deposition reduces the relief sufficiently to 

allow spill downslope (Fig.2.10). For the second model, depressions on a 

topographically complex slope are connected by variably tortuous, laterally confined 

depression (termed ‘connected tortuous corridor’), and the flow path is not broken into 

separate discrete sub-basins (Smith, 2004; Maharaj, 2012). It is emphasized that the fill 

patterns and reservoir architecture are controlled by the flow volumes relative to the 
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scale of receiving spaces, and flow properties, and rate of structure growth relative to 

rates of smoothing of topography (Smith, 2004; Covault and Romans, 2009; Jobe et al., 

2017). 

 

Figure 2.10: Schematic diagrams illustrating the silled sub-basin and connected 
tortuous corridor and the importance of the incoming flow volume relative to the area of 
receiving basin (Smith, 2004). (A) Silled sub-basin in which sand-transporting flows are 
small in volume relative to the scale of the receiving basin. (B) Silled sub-basin in which 
sand-transporting flows are large in volume relative to the scale of the receiving basin. 
(C) Connected tortuous corridor in which sand-transporting flows are small relative to 
the potential flow path. (D) Connected tortuous corridor in which sand-transporting flows 
are large relative to the potential flow path.   
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2.6.2 Growth sequence and stratal geometries in relation to the deformation of 

DWFTBs 

Stratigraphic sequences in DWFTBs settings can be divided simply into the pre-

kinematic sequence, the syn-kinematic sequence, and the post-kinematic sequence. 

These stratigraphic sequences are based on the timing of deposition of each in relation 

to the timing of deformation of thrust folds. The syn-kinematic sequence during folding is 

identified by the stratal growth sequence. This sequence can be characterized by a 

“growth triangle,” stratal thinning or onlap toward the structural highs and thickening 

away from them into the associated piggy-back or mini-basins (e.g., Suppe et al., 1992; 

Hardy et al., 1996; Shaw et al., 2005). The growth sequence synchronously fills the 

accommodation created by the growing structures. It records the initiation and the 

kinematics of structural deformation and changes in relative rates of sedimentation 

versus uplift during fold growth (Fig. 2.11) (e.g., Suppe et al., 1992; Nigro and Renda, 

2004; Shaw et al., 2004; Higgins et al., 2007; Jolly et al., 2016). Therefore, these growth 

sequences can serve as indicators of how accommodation zones developed by 

thrusting and folding, have varied over time and how this ever-changing area has been 

filled over time by sediment (Burbank et al., 1996; Suppe, 1983; Storti and Poblet, 1997; 

Shaw et al., 2004; Jolly et al., 2016). Shaw et al. (2004) and Jolly et al. (2016) discuss 

the simplified case between the uplift ratio vs. the sediment accumulation ratio use 

these ratios to evaluate the influences on sediment pathways in the deepwater setting 

(Fig. 2.12). When the ratio of structural uplift exceeds the sediment accumulation ratio, 

sediments will onlap the structure, and the resultant stacking geometry is compatible 

with Prather et al.’s (1998) “convergent base lapping (Prather et al., 1998)” of strata 
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toward the fold crest (Fig.2.12c). Such geometries suggest a pre-existing to upward 

growth of the fold during deposition. Channels on the seafloor are expected to be 

diverted to the lateral tips of the structures where positive bathymetric relief is minimized 

(Fig.2.12d). When sediment accumulation ratio exceeds the rate of structural uplift, the 

sedimentary strata will thin over the crest of the structure, forming overlapping stratal 

geometries (“convergent thinning” of Prather et al. (1998) resulting in a smoothed or flat 

seascape (Fig.2.12a). Channels on the seafloor will not be deflected by the structure 

and instead are expected to cut across it (Fig. 2.12b).  

Other authors have offered a sediment flux explanation for these stratal 

geometries (Sylvester et al., 2015) using simplified numerical modeling of volumetric 

mass-balance between the volume of the receiving basin accommodation and sediment 

input volume. They conclude that convergent base lapping stratal patterns form when 

sediment input rates are high compared to the subsidence rate and the existing 

accommodation is significant. Whereas convergent thinning pattern is generated when 

1) sediment input rates are lower, more similar to the volumetric subsidence rate 

calculated over the previous deposit, or 2) at times of sediment bypass.  

Based upon this literature analysis, our conclusion is that a variety of controls 

interact with each other to form convergent base lapping and convergent thinning. 

Convergent base lapping geometry has been observed to transition to convergent 

thinning geometry along topographic highs such as folded anticline (Shaw et al., 2004; 

Jolly et al., 2016). Therefore, several lines of detailed observation along the fold are 

essential to consider the interaction between fold growth and sediment pathways, and 

sediment distributions. 
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Figure 2.11 Variation of growth stratal geometries modeled in different rations between uplift rate and syntectonic 
sedimentation rate for growth fault-bend folding (a, b, c), self-similar fault-propagation fold (d, e, f), and detachment fold 
with constant limb length (g, h, i). Modified from Suppe et al., (1992) and Storti and Poblet, (1997). U: uprift rate, S: 
sedimentation rate, E: erosion.
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Figure 2.12 Simple diagrams to show end-member relationships between structural 
uplift rate and sediment accumulation rate (Jolly et al., 2016).  
(a) Higher sediment accumulation rate relative to uplift rate where the syn-growth 
sediments overlap the growing structure, showing Convergent-thinning (Ct) seismic 
facies of Prather et al., (1998) and this study (see chapter 3). Channels (blue arrows in 
(b)) can cross over the fold crest because of lack of bathymetric relief associated with 
the growing fold as shown schematically in (b). (c) Higher uplift rate relative to sediment 
accumulation rate with the syn-growth sediments onlapping the growing structure, 
showing “wedge geometry(wedge)” in this study (see chapter 3) or “Convergent baselap 
(Cb)” in Prather et al., (1998). Channels (blue arrows in (d)) are likely to be deflected 
away from the fold-related seabed relief as shown in (d).  

 

2.6.3 Depositional architectures of DWFTBs 

 Stratigraphic sequences in DWFTBs are composed of coarse-grained and fine-

grained sediments mainly transported by turbid or fluid supported sediment gravity flow, 

matrix-supported mass movements, and by sustained bottom currents, or through 

From Jolly et al. 2016

Sedimentation rate > growth rate

Wedge

(Cb)

Ct
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suspension fall-out (Middleton and Hampton, 1973; Mutti and Normark, 1987; Pickering 

and Hiscott, 2015; Arnott, 2010). In seismic sections, the deposits associated with these 

processes are identified as seismic facies and interpreted as depositional architectures, 

including submarine canyon/channel, channel-levee complex, channelized lobes, mass 

transport complexes(MTCs), sediment waves, and hemipelagic/pelagic deposits 

(Prather et al., 1998; Demyttenaere et al., 2000; Posamentier, 2003; McGilvery and 

Cook, 2003; Smith, 2004; Vinnels et al., 2010; Dunlap et al., 2010).  

Channel-levee systems form the pathways for sediment gravity flows. In 

structurally active DWFTB settings these systems are influenced by among other things, 

the growth of structures, such as fault escarpments, growing folds, and diapirs, at or 

near the seabed (Shaw et al., 2004; Morley and Leong, 2008; Clark and Cartwright, 

2009, 2011, 2012; Mayall et al., 2010; Jolly et al., 2016). Four end-member channel-

structure interactions of deflection, blocking, diversion, and confinement can occur in 

response to relative rates of sedimentation and deformation of folds (Fig. 2.13) (Morley 

and Leong, 2008; Clark and Cartwright, 2011; Jolly et al., 2016). In addition, a 

combination of factors, including the erosive power of the channel and ratio of structural 

growth to sediment accumulation, can allow the channel to incise across growth folds 

on the seabed (Mayall et al., 2010; Jolly et al., 2016).  

Mass-wasting is a common process in DWFTBs, resulting in deposits of mass-

transport deposits and mass transport complexes which often constitute a large 

percentage of a basin’s sedimentary volume (over 50%)(Weimer and Shipp, 2004; 

McGilvery and Cook, 2003; Gee et al., 2007; Algar et al., 2011; Heinio and Davies, 

2006; Moscardelli et al., 2006; Moscardelli and Wood, 2016; Ortiz‐Karpf et al., 2016). 
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Moscardelli and Wood (2008) propose the seismic-based, morphologic classification 

schemes of shelf attached MTCs and shelf detached MTCs to narrow down the 

potential origin of MTCs and more easily interpret their lithologic nature. Shelf-attached 

MTCs are fed by large failures of the coarse and fine grained shelf edge, which may be 

caused by increased sediment supply or shelf margin oversteepening, as well as 

through more regional earthquake activity. In contrast, shelf detached MTCs are smaller 

gravitational failures caused by over-steepening of the submarine slope by deepwater 

diapirism or fold development, or through gas hydrate dissolution, undermining of 

slopes by deep ocean currents or caused by earthquake activity (Moscardelli and 

Wood, 2008, 2016; Ortiz‐Karpf et al., 2016). As folds become tighter, gravitational 

crestal normal faults tend to develop with fold interlimb angles of between 170 and 140 

degrees and surface slopes of 4-12 degrees. Rotational MTCs, plus normal faulting, 

tend to occur where the interlimb angles are smaller than 165 degrees, and the surface 

slope angle is greater than 6 degrees (Morley, 2007a). Ortiz‐Karpf et al. (2016) 

investigating changes in the source, distribution, and size of MTCs in the Magdalena 

Fan, offshore Colombia (Magdalena DWFTB) correlated their occurrence to the 

sequential nucleation, amplification and along-strike propagation of individual structures. 

MTC evacuation scars and MTC emplacement on the flat seafloor can create 

accommodation for post-emplacement turbidity current deposits (Armitage et al., 2009; 

Grecula et al., 2010; Kneller et al., 2016). Grecula et al. (2010) presented two types of 

accommodation in the Sabah DWFTB; (i) accommodation related to the emplacement 

of large mass transport deposits (MTDs) and (ii) accommodation related to the 

development of episodic thrust-related folds. The close relationship between tectonics 
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and MTC development support the conclusion that MTCs can be used to constrain the 

timing and style of contractional deformation, and may shed some light on temporal 

changes in sediment pathways in DWFTBs.  

 

Figure 2.13 Schematic figure illustrating the links and controlling factors which govern 
the nature of channel-structure interactions (Clark and Cartwright, 2011).  

 

2.7 Petroleum System Characteristics 

Petroleum prospectivity in DWFTBs are well discussed by previous workers (e.g., 

Hamilton and De Vera, 2009; Krueger and Gilbert, 2009; Morley et al., 2011; Weimer 

Diversion Confinement

Deflection Blocking

Increase rate of deformation 
relative to sedimentation
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• # Of structures
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and Slatt, 2006). The biggest unknowns in hydrocarbon exploration in DWFTBs are the 

trap-integrity (closure and seal) and the reservoir prediction (Hamilton and De Vera, 

2009; Morley et al., 2011; Dolan et al., 2004). Hamilton and De Vera (2009) analyzed 

causes of failures of about 30 exploration wells drilled in the DWFTBs around the world 

and summarized that the main geological risks are the trap integrity associated with 

closure, charge and sealing efficiency (Fig. 2.14).  

 

Figure 2.14 Causes of failure of DWFTBs exploration wells from the analysis of 
Hamilton and De Vera, (2009). Numbers of samples are noted from their presentation 
materials, and graphs are reproduced by the author. Trap and charge are the main 
causes of failure for DWFTBs exploration wells in their analysis. Charge is predominant 
in passive setting, and trap is predominant in active setting. The portion of reservoir 
failure is the relatively large in active margin compared to passive setting. 
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Although their analysis shows the relatively small portion of reservoir failure in 

their failure analysis of DWFTB exploration wells, the presence of reservoir as well as 

source rocks are the critical challenges in the frontier deepwater exploration (Flinch, 

2014). They note that reservoir presence, extent, and connectivity become more critical 

issues in the field delineation/ development phase of DWFTBs (Saller et al., 2008; 

Chen, 2012; Masoudi et al., 2014). In this section, I focus on those variables related 

most closely to my study, the trap-integrity (closure and seal) and the reservoir 

components of deepwater turbidite sandstone in these settings.  

Major hydrocarbon discoveries and development/production in DWFTBs have 

been focused in the Gulf of Mexico, Niger Delta, NW Borneo, the Brazilian Margin, West 

Africa, and the South Caspian Sea (Weimer and Slatt, 2006; Morley et al., 2011). These 

settings exhibit both salt and shale detached DWFTBs and have symmetric to 

asymmetric anticlines that may or may not be faulted. The main traps to contain 

economically viable hydrocarbons are four-way dip anticlines or three-way dip closures 

with a lateral thrust seal (Hamilton and De Vera, 2009; Morley et al., 2011). Traps 

associated with salt structures are four main types: 1) traps located adjacent to and 

connected to salt diapirs, 2) traps disconnected from salt but related to salt migration, 3) 

subsalt traps located beneath salt (Weimer and Slatt, 2006), and (4) pre-salt plays (Fig. 

2.15) (Flinch, 2014; Mohriak and Leroy, 2013; Mohriak, 2015). Traps in shale detached 

DWFTBs are combined structural-stratigraphic traps occurring against a diapir flank, or 

folded anticlines underlain by thrust faults (Weimer and Slatt, 2006). The most tightly 

folded anticlines are associated with thrusts, and the lateral seal component formed by 
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these thrusts is required to render the higher relief of structural closure for a viable 

prospect (Morley et al., 2011).  

 

Figure 2.15 Types of traps. (a) to (e) are mobile substrate-related traps, (f) is a 
contraction related traps (Weimer and Slatt, 2006) and (g) sub salt trap (Mohriak, 2015).  
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As for top seal in DWFTBs, hemipelagic/pelagic mud deposits and fine-grained 

turbidites can be expected to work as a top seal and as intraformational seals. Dawson 

and Almon (2002) characterize Miocene mudstones in the Gulf of Mexico into ten 

microfacies and summarize the sealing potential of each facies in a sequence 

stratigraphic framework. They conclude silt-poor shales in upper transgressive systems 

tracts have excellent to exceptional seal potential whereas silt-rich highstand and 

lowstand shales have lower sealing capacities. In addition, there is growing recognition 

that mass transport deposits and complexes can provide significant seals in DWFTB 

settings. Recent studies suggest the possibility that some shale-prone MTCs can have 

higher seal capacity than other shale intervals in deepwater settings (Algar et al., 2011; 

Cardona et al., 2016; Dugan, 2012).  

Although shallow water carbonates compose many of the giant pre-salt 

hydrocarbon fields around the world, deepwater turbidite sandstones are the main post-

salt reservoirs. These facies are dominantly turbidite sandstones reworked from clastic 

shelf deposits and transported to deepwater during sea level lowstands, climatic driven 

sediment influxes or tectonic uplift events (e.g., Morley et al., 2011; Ingram et al., 2004; 

Saller et al., 2008; Kostenko et al., 2008). Comparing between passive- and active- 

margin DWFTBs, the reservoir risk becomes higher in active tectonic setting than in 

passive margin setting (Fig. 2.14). These changes in risk are attributed to the difference 

in the sediment source. Passive margin deepwater turbidites are predominantly 

composed of high reservoir quality quartz-rich sand fed by larger river systems, while 

turbidites in tectonically active regions are generally regarded as low reservoir quality 

because of the typical shorter length of rivers from source to sink, and common volcanic 
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activities in the source area (Hamilton and De Vera, 2009; Morley et al., 2011). 

However, some DWFTBs adjacent to active orogenic belts are partially or dominantly 

fed quality sands by large fluvio-deltaic systems (Morley et al., 2011). Examples occur 

in the South Caspian Sea, and Columbus Basin of Trinidad, and in the NW Borneo area 

of this study.  

 

Figure 2.16 Diagram showing three classes of trap and their characteristic fill. From 
Sales, (1997). Bubbles (G=gas, O= oil) indicate the fluid that is spilled or leaked from 
each class of trap.  

 

Accumulations of oil and gas are controlled by the relationship between top seal 

capacity (defined as the height of the hydrocarbon column the seal can retain before 

leaking) and the closure height (defined as the vertical distance between spill point and 

top of the trap) (Sales, 1997). Sales (1997) defines three classes of trap based on the 

relationship between the closure height and two thresholds levels, which are the highest 
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possible gas column and the highest possible total (oil-dominated) column that the top 

seal of the trap will retain (Fig. 2.16). In his model, a higher closure is preferred for 

pursuing oil plays with the assumption that the trap is exposed to an excess of oil and 

gas charge (class 3 in Fig 2.16). In that sense, DWFTBs could be prospective for oil 

plays because they tend to exhibit higher closures in folded anticlines and exhibit 

probable occurrences of quality reservoir(turbidite sandstone) and quality seal 

(hemipelagic/pelagic mud or shale-prone MTCs) (Algar, 2012).  

On the negative side of hydrocarbon exploration in DWFTBs, the trap geometry 

and top and lateral seal can be degraded or breached by thrusting, crestal normal 

faulting, mass wasting, fluid plumes, mud volcano feeder pipes, and top seal 

hydrofracturing, all associated with the active continuous deformation and the 

development of overpressure in DWFTBs (Morley et al., 2011; Ingram et al., 2004; 

Morley et al., 2014). Morley et al. (2011) classify the factors influencing the seal integrity 

in deepwater FTBs as follow; 1) top seal quality, 2) leakage by oblique and lateral faults, 

3) seal capacity of thrust faults and 4) hydraulic fracturing seal failure (Ingram et al., 

2004).  

The development of overpressure in deepwater setting is a primary controlling 

factor for distribution, migration, and transfer of fluid/pressure toward the folds, and 

causes the complicated trapping nature of oil and gas or the seal breaching in DWFTBs 

(Morley et al., 2011; Morley et al., 2014; Ingram et al., 2004; Lupa et al., 2002; 

Nakayama et al., 2009; Sato et al., 2016).  

Nakayama et al. illustrate the development of higher overpressure toward the 

core of the folded structures and the complicated nature of hydrocarbon accumulation in 
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multi-layered turbidite sand reservoirs within a fold of the DWFTB of offshore Malaysia 

(Fig. 2.17). Each reservoir has a different oil-water contact. The lower (inner) reservoir 

B, is located in the high overpressured shale compared to the upper (outer) reservoir A. 

Reservoir B shows shallower depth oil-water contacts (OWC) than those of reservoir A 

(“convex-upward shaped OWC”). These differences must be taken in to account when 

calculating reserves estimates in a folded anticlinal trap.  

 

Figure 2.17 (a) Schematic section for reservoirs (A, B, C) in “U” Field, (b) depth 
structure map of top reservoir A, and (c) pressure distribution for the reservoirs (A, B, 
C). (After Nakayama et al., 2009). The depth of oil-water contacts (OWC) of the lower 
(inner) reservoir B, which is in the relatively higher overpressured formation pressure, is 
shallower than that of the upper (outer) reservoir in the lower overpressured shale 
(“convex-upward shaped OWC”) 

Nakayama et al. (2009)
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Flow focusing (or lateral transfer of pressure) can occur when a dipping 

permeable layer (reservoir) is sandwiched between overpressured shales. Such flow 

focusing can jeopardize the trap’s seal integrity (Fig. 2.18) (Lupa et al., 2002). The fold 

with a large limb length, on which the permeable layer (reservoir) extends over from the 

fold to the bottom of the limb, might not be able to hold a significant hydrocarbon 

column as higher pressures are transferred from the base to the top of the structure 

(seal breach), whereas the relatively deep and small limb or the limited extent of the 

permeable layer might be able to fill to the spill point (protected trap) (Fig. 2.19)(Lupa et 

al., 2002; Sato et al., 2016). These examples show that the understanding of sand 

distribution in DWFTBs is very important for trap integrity. 

 

Figure 2.18 Schematic figures showing flow focusing (lateral transfer).  
Pressure (color and contours) and stream lines (white arrows) around a dipping sand 
(left). The pressure depth plot (right). (From Lupa et al., 2002). Note: Shale contours dip 
into the bottom of the sand and are elevated at the top of the sand. Along with a vertical 
profile passing through the center of the sand, the pressure gradient is equal to the far-
field gradient. Fluid enters the bottom of the sand and is focused along the sand to its 
crest(Lupa et al., 2002).  
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Figure 2.19 Cross-section of a protected trap (left) and its pressure-depth plot (right).  
(From Lupa et al., 2002) 

2.8 Summary and implication for this study 

1) Subaqueous FTBs are different from subaerial FTBs in orogenic belts in the 

erosional and sedimentation processes occurring. Important observations include i) 

folds are protected from sub-aerial and wave-related erosion, ii) syn-kinematic 

sediments deposited across anticlines are poorly lithified, and iii) main erosional and 

depositional processes are a variety of mass movements, including rotational slides, 

creep mass movement, debris flows and turbid and fluid supported gravity current 

(McGilvery and Cook, 2003; Morley, 2009a).  

2) The most recent classification scheme of DWFTBs is proposed by Morley et 

al. (2011) and is based on the driving mechanism (near-field stress vs. far-filed stress), 

detachment type (salt vs. shale) and tectonic setting. This classification includes 1) 

near-field stress-driven systems, 2) far-field stress-driven systems, and 3) mixed near- 

and far-field stress-driven system. The DWFTBs in the same classification tend to 
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exhibit the similar taper wedge geometries in the basin scale but may exhibit very 

different structural styles in the individual fold and thrust trains. 

3) Key controls on structural styles of DWFTBs are the type of detachment 

lithology (shale vs. salt), geometry and thickness of the detachment, stratigraphic 

position of the salt detachment, the stratigraphic thickness of the deformed interval, 

large-scale basin margin configuration, tectonic evolution, and sediment flux into the 

basin and pathway interactions.  

4) Types of slope profiles and sediment accommodation in the continental margin 

of DWFTBs are classified based on topography and its relationship to the slope 

equilibrium profile (Prather, 2003; Steffens et al., 2003). Deposition and erosion 

processes on topographically complex slopes have been classed into two end-member 

models: (1) a cascade of silled sub-basins model and (2) a connected tortuous corridor 

model. Salt-based (detached) systems tend to have more ponded accommodation than 

shale-based (detached) systems, and the tectonically active margins, such as those of 

NW Borneo have steeper slope profiles than the passive margin systems (Steffen et al., 

2003). These differences may mean that shale-based systems are more prone to 

bypass on the upper to mid slope than salt-based system (Steffens et al., 2003) and 

sediment are moved basinward through a series of connected tortuous corridors (e.g., 

NW Borneo DWFTB) (Smith, 2004; Demyttenaere et al., 2000).  

5) Growth sequences in DWFTB settings are composed mainly of turbidity 

current deposits, mass wasting deposits, and hemipelagic/pelagic deposits. These 

elements record the deformation history of growing folds in their stacking patterns. 

Channel-levee systems exhibit four-endmember channel-structure interactions of 
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deflection, blocking, diversion, and confinement in response to syn-depositional 

structural deformation (Clark and Cartwright, 2009, 2011). MTC occurrence can be used 

to constrain the timing and style of contractional deformation. These mass failures play 

several roles in sediment distribution in the basin, including creation of, evacuation 

scars that provide pathways from shelf to slope for gravity flows, creation of headwall 

scarp accommodation for healing phase sediments to accumulate, or create seafloor 

topography that inhibit basinward current movements resulting in gravity flow diversion 

or accumulation of turbidites updip of these deposits. Understanding the linkage 

between tectonic-induced changes in the basin and sediment movements can help 

constrain the tectono-stratigraphic history of the studied area, which is addressed in 

chapter 3.  

6) In the growth strata analysis, the seismic reflection termination patterns 

(convergent base lapping and convergent thinning) is a useful indicator to interpret the 

sediment ratio vs the fold uplift ratio in DWFTB basins. However, a variety of controls 

interact with each other to form these stratal patterns. Therefore, several lines of 

detailed observation along the fold are essential to consider the interaction between fold 

growth and sediment pathways, and lithology.  

7) Seal integrity and reservoir prediction are the main petroleum system 

uncertainties in hydrocarbon exploration. Since post-depositional deformation and 

overpressuring can cause seal breach, the overall understanding of the 

tectonostratigraphic evolution and the distribution of both reservoir and effective seal is 

essential for seal-trap integrity in DWFTBs.  
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CHAPTER THREE 

TECTONO-SEDIMENTARY DEVELOPMENT OF OFFSHORE NW BORNEO 

DEEPWATER FOLD AND THRUST BELT, MALAYSIA 

 

3.1 Introduction 

The tectono-stratigraphic evolution of shale-detached, deepwater fold and thrust 

belts (DWFTBs) has been of significant interest for many years because of the 

hydrocarbon prospectivity in these areas (Grant, 2004; Ingram et al., 2004; Morgan, 

2004; Morley, 2007b; Morley et al., 2011). Understanding the structural influences on 

sedimentation in DWFTB settings is a key factor in predicting reservoir distribution and 

architecture (e.g.,Prather et al., 1998; Demyttenaere et al., 2000; McGilvery and Cook, 

2003; Morley and Leong, 2008; Morley, 2009b; Clark and Cartwright, 2009, 2011, 

2012). DWFTBs exhibit complex creation, destruction and distribution of 

accommodation space due to multiple phase structuring that results in temporally and 

spatially complex pathways for sedimentation (McGilvery and Cook, 2003; Steffens et 

al., 2003; Vinnels et al., 2010). Accommodation in DWFTBs is strongly influenced by 

deformation of underlying mobile substrata, and the types of accommodation and the 

nature of filling varies significantly between basins (Prather, 2000; Prather, 2003; 

Steffens et al., 2003; Smith, 2004). Smith (2004) distinguishes two end-member classes 

of sediment distribution systems on topographically complex slopes being; 1) cascades 

of silled sub-basins in which a process of sediment fill and spill occurs and 2) connected 

tortuous corridors in which topographic lows on the slope are connected by laterally 
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confined corridors through which sediment gravity flows move down the slope. Primary 

controls on filling patterns and reservoir architecture for these systems are 1) the history 

of sediment supply character and 2) the rate of structure growth relative to the rate of 

smoothing of topography by erosional and depositional processes (Prather et al., 1998; 

Smith, 2004; Sylvester et al., 2015).  

The interaction between uplifted folds and sedimentation in DWFTBs has been 

described by numerous researchers investigating the influence of structuration on the 

sediment gravity flows and its impact on channelized sediment pathways (Shaw et al., 

2004; Morley, 2009b; Morley and Leong, 2008; Clark and Cartwright, 2012; Jolly et al., 

2016). Deepwater channels, in response to the growth of diapirs and folds are noted to 

respond in a variety of ways, becoming ponded, diverted, deflected, completely blocked 

or simply partially confined (e.g.,Prather et al., 1998; Smith, 2004; Clark and Cartwright, 

2009, 2011, 2012; Morley and Leong, 2008; Wood and Mize-Spansky, 2009; Mayall et 

al., 2010; Oluboyo et al., 2014; Jolly et al., 2016). In compressional fold and thrust 

settings, the rate of structure growth relative to sedimentation processes is preserved in 

the growth strata on the fold limbs (Hardy et al., 1996; Storti and Poblet, 1997).  

Despite the growing number of studies addressing fold-sediment interaction, 

there are few studies that examine the three-dimensional, temporal and spatial change 

in deposits and process; for example change in channel morphology or changes in the 

emplacement and nature of MTCs, as a fold belt transitions from pre-kinematic to syn-

kinematic to post-kinematic phases of its evolution. This chapter aims to document the 

changes in accommodation, sediments filling this accommodation and the preferred 

sediment pathways that evolve in pre-, syn-, to post- kinematic (the present day) 
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structural phases of a DWFTB in offshore Borneo. Such documentation will lead to an 

understanding of the temporal and spatial interaction between deformation and 

sedimentation along the individual fold trains, and insights into the influence of structure 

on major sediment conduits. Finally, we will relate these events to more regional 

influences on structure and sediment interactions to examine the scale of drivers 

influencing basin form and fill.  

3.2 Geological Setting 

Borneo Island is part of the Sundaland structural block (actually a tectonic sub-

plate), a continental promontory of the Eurasian plate which is surrounded by active 

subduction zones associated with convergence of the Philippine, Australian, and Indian 

tectonic plates (Hall and Morley, 2004; Hall, 2013; Simons et al., 2007; Pubellier and 

Morley, 2014) (Fig. 3.1). Several Neogene-age, hydrocarbon prolific, sedimentary 

basins rim the older pre-Neogene, interior highlands of Borneo Island, and are flanked 

around their remaining margins by marine sediments over oceanic crust (Cullen, 2010). 

The Baram Balabac basin (BBB), the location of this study, is one of the most 

hydrocarbon prolific basins in the region (Cullen, 2010). It is geographically located 

between the interior highlands of Borneo, and the present day, inactive, NW Borneo-

Palawan subduction trough (Hinz et al., 1989; Cullen, 2010). The BBB contains thick, 

Middle Miocene- to recent-aged, shelf/slope clastic prograding successions (up to 12km 

in total thickness) deposited in an offshore foreland basin (Fig. 3.1, 3.2) (Levell, 1987; 

Tan and Lamy, 1990; PETRONAS, 1999; Cullen, 2010).  
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Figure 3.1 Location and regional geologic map. SCS; South China Sea, SS; Sulu 
Sea, CS; Celebes Sea, BBB; Baram Balabac Basin, DG; Dangerous Ground, RB; Reed 
Bank, WBL; West Baram Line. SE Asia Regional Map image from Esri. “World Ocean 
Basemap“<https://services.arcgisonline.com/ArcGIS/rest/services/Ocean/World_Ocean
_Base/MapServer >, Tectonic Elements adapted from Cullen 2010, Hall  
Geological Map from Morley and Back 2008, Cullen 2010, Morley et al 2011, Hall 2013, 
DEM from GEBCO 2014. 
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Figure 3.2 Regional 2D seismic profile through the present day shelf and the NW Borneo FTB. Profile location shown 
on Fig. 3.1. The yellow colored hachure shown in the shelf region highlights the Middle Miocene to recent progradation of 
the shelf edge locations related to the Champion deltaic to shallow marine system (Grant, 2004). The grey colored 
hachure in the shelf to upper slope region highlights a poorly seismically-imaged wedge, referred to as Upper Miocene 
“allochthon” (Grant, 2004). 

Study area

Upper Miocene “Allocthon”
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The geology of NW Borneo and the offshore Sabah DWFTB (NW Borneo 

DWFTB) is described in a large number of papers (Hinz et al., 1989; Sandal, 1996; 

PETRONAS, 1999; Hutchison, 2005, 2010; Cullen, 2010; Morley et al., 2011; Hall, 

2013). However, there remains much disagreement and discussion regarding influences 

on the formation of the NW Borneo-Palawan trough, the NW Borneo DWFTB, and 

several regional unconformities in the shelf - Borneo hinterland (Morley and Back, 2008; 

Cullen, 2010; Hall, 2013; Morley, 2016). These arguments are beyond the scope of this 

paper. However, we will below summarize elements of the regional geology which are 

directly related to the deformation and sedimentary fill within the study area.  

The interior highlands of NW Borneo Island are composed of Mesozoic-age 

igneous and metamorphic basement rocks, Neogene-age intruded igneous rocks (Mt. 

Kinabalu), and the imbricated wedge of Cretaceous to Early Miocene deepwater 

turbidite rocks deposited as a part of an accretionary prism (Bol and Van Hoorn, 1980; 

Tongkul, 1991; Morley and Back, 2008; Cullen, 2010; Hall, 2013 and references therein) 

(Fig.3.1). These rocks form the mechanical basement of, and the sediment source for, 

the post-Middle Miocene clastic successions in the offshore BBB (Tan and Lamy, 1990). 

The accretionary prism sediments were deposited during the south- to southeastward 

subduction of the proto-South China Sea beneath NW Borneo during the Paleogene 

(Bol and Van Hoorn, 1980; Hazebroek and Tan, 1993). The collision with Borneo of the 

attenuated continental crust of the South China Sea and its subsequent subduction in 

Early or Middle Miocene led to uplift and erosion of the accretionary prism and the 

formation of regional unconformities in the onshore to the shallow offshore of the Sabah 

area (Bol and Van Hoorn, 1980; Levell, 1987; Hazebroek and Tan, 1993; Morley et al., 
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2003; Cullen, 2010). Alternative to this compressional model, an extensional model is 

proposed by Hall (2013) as the cause of Middle to Late Miocene regional unconformities 

(uplifts) and subsidence (Hall, 2013).  

These unconformities correspond to the onset of the progradation of the Middle 

Miocene shelf/slope succession (DRU in Levell, 1987 and Morley, 2014, TCU in Hall, 

2013). Several northwest-dipping unconformities become younger seaward in the 

shallow offshore Sabah region. These unconformities include the deep regional 

unconformity (DRU), lower intermediate unconformity (LIU), and shallow regional 

unconformity (SRU) (Fig.3.1 and Fig.3.3) (Bol and Van Hoorn, 1980; Grant, 2004; 

Cullen, 2010). Thermo-chronological data from the Kinabalu granite, found in Borneo 

Island, indicate a rapid exhumation rate of 7km/Ma by uplift and erosion during the 

latest Miocene and Early Pliocene, and the rate is subdued from Early Pliocene to the 

present day (Cottam et al., 2013). These tectonic events are recorded in the thick, 

rapidly deposited, deltaic sequences along the Sabah margin (e.g., Bol and Van Hoorn, 

1980; Levell, 1987; Cullen, 2010; Morley et al., 2011; Hall, 2013). 

The NW Borneo DWFTB deforms Middle Miocene-to-recent deepwater 

sediments in the present-day, slope-to-basin floor setting. The region hosts an 

abundance of large oil and gas fields, with hydrocarbons reservoired in turbidite-

deposited sands (Ingram et al., 2004; Cullen, 2010; Morley et al., 2011). This region 

extends over an area 250 to 300 km east to west and is 50-80 km wide trending NE-SW 

parallel to the NW Borneo-Palawan trough. It is bounded on the south by the Baram 

Delta province in offshore Brunei and by Palawan in the north (Hesse et al., 2010a; 

Morley et al., 2011). The NW Borneo DWFTB consists of eight trains of folds associated 
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with NW-verging thrusts that sole out into one or more detachments (Fig. 3.1, 3.2) (Hinz 

et al., 1989; Morley, 2007b; Hesse et al., 2009; Totake et al., 2018).  

These trains merge and diverge across the offshore Sabah region. The 

stratigraphic intervals of detachment are interpreted to be in over-pressured, early-

Miocene age shales whose depths range from about 3 km near the thrust front to 10 km 

near the present day shelf edge (Fig.3.2) (Morley, 2007b; Morley et al., 2011). The 

folding and thrusting began in late Miocene time. Faults have propagated mostly 

basinward over time (Franke et al., 2008), but the arrays of fold-thrust structures 

operate in parallel, and imbricate thrusts are dynamically affected by adjacent structures 

across strike (Totake et al., 2018). 

Deformation in the BBB during the Neogene is unrelated to the earlier period of 

active subduction of oceanic crust. Compressional stress for the Neogene-formed 

DWFTB is attributed to both the near-field gravity-driven deformation and far-field 

crustal shortening by collisional plate tectonics (Ingram et al., 2004; Hesse et al., 2010a; 

Morley et al., 2011) or the crustal scale gravity slide around the late Neogene uplift of 

Mt. Kinabalu (Hall, 2013; Sapin et al., 2013). 

The present-day continental margin is characterized by a short distance between 

the hinterland mountain and deepwater trough. There is a 7 km height differential 

between the 4,101 m peak of Mt Kinabalu and the ~3,000 m deep NW Borneo trough, 

over a distance of about 200 km (Casson et al., 1999). The shelf width varies from 75 to 

120 km with the shelf break occurring at ~ 150 m water depth. The continental slope is 

75 to 85 km wide and extends from the shelf break to ~2,800 to 2,300m water depth 

(Hinz et al., 1989). The slope is marked by a northwest-dipping, terraced-slope profile 
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held up by slope-parallel fold anticlines with an average slope angle of >2 degrees, 

however locally it can reach almost 10 degrees (Casson et al., 1999; Demyttenaere et 

al., 2000; McGilvery and Cook, 2003). These anticlines and associated synclines create 

local topographic highs and lows at the modern seafloor, confirming that the folding 

continues present-day. Such topography influences the pathways of deepwater 

sediment gravity flows, including the genesis and distribution of mass transport deposits 

(Casson et al., 1999; Demyttenaere et al., 2000; McGilvery and Cook, 2003; Grant, 

2004; Morley and Leong, 2008; Morley, 2009b; Grecula et al., 2010).  

The major sediment supply systems to the NW Borneo DWFTB have been the 

Baram Delta from the south and the Champion deltaic to shallow marine system from 

the southeast (Lambiase and Cullen, 2013). Both systems are progradational, showing 

a progressive basinward shift of shelf edges during the last 15 million years, indicating 

progressively narrower shelf width in the past (Fig.3.1, 3.2) (Hazebroek and Tan, 1993; 

Sandal, 1996; Cullen, 2010). Active tectonics inboard during the Neogene and limited 

sediment accommodation in the shelf resulted in sediment bypass from southeast to 

northwest into the NW Borneo DWFTB resulting in deposition of thick stratal 

successions composed of deepwater mass transport deposits, turbidites, and hemi-

pelagites (Grant, 2004; Gee et al., 2007; Morley and Leong, 2008; Morley, 2009b; 

Grecula et al., 2010; Algar et al., 2011). Several regional deepwater fan sequences 

comprise reservoirs in the study area (Kamuns fan, Kinarut fan, and Kebabanga fan 

described in Ingram et al., 2004; Lambiase and Cullen, 2013). 
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Figure 3.3 Regional stratigraphy of the study area. Stratigraphy in the study area based on Grant (2004), Cullen (2010), 
Morley (2014) and regional reservoir intervals based on Ingram (2004), Lamboase and Cullen (2013), TB Sequence (a) 
Age of TB sequence are taken from Morrison and Lee, (2003) for TB2.1-TB2.6 and TB3.5-3.10 and Grecula et al., (2010) 
for TB3.1- TB4.1, Boundaries of Nannozone (NN) is taken from Biostratigraphic report of Well 1 and 2 based on Martine, 
(1971), This author’s mapping of seismic horizons (Hz nomenclature). Age of regional unconformities are taken from 
Lamiase and Cullen (2013), Petronas (2007), and Morrison and Lee, (2003), Sea-level curves are compiled from Snedden 
and Liu (2016) following the Haq and Shutter (2008) and Hardenbol et al. (1998), and Miller et al. (2005) Hz can be 
correlated to TB sequence in Cullen (2010). Simplified stratigraphic column are compiled from Grant (2004) and Cullen 
(2010). DRU; Deep Regional Unconformity, SRU; Shallow Regional Unconformity. Tectonic events based on Cullen 
(2010), Cottum (2013) and Sea level curve from Miller et al (2005) (global Sea level curve in green is originally after Haq 
et al. (1987).   
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3.3 Study Area 

The study area is geographically located in a shelf to slope setting offshore 

Sabah, Malaysia. Water depth ranges from -200m to ~-1500m. The regional 2D section 

across the study area (Fig.3.2) shows that the extensional fault system (growth faults 

and counter regional faults) develops in the present-day shelf region, termed the 

“outboard belts” (Tan and Lamy, 1990; PETRONAS, 1999), and the deepwater fold and 

thrust belt develops in the present-day lower slope area. It is noted that the highly 

inverted structural domain, termed “Inboard belts” (Tan and Lamy, 1990; PETRONAS, 

1999), is developed further to the east beyond the study area, in the proximal portion of 

the continental margin (Cullen, 2010).  

In Figure 3.2, the yellow colored hachure shown in the shelf region highlights the 

Middle Miocene to recent progradation of the shelf edge locations related to the 

Champion deltaic to shallow marine system (Grant, 2004). A poorly seismically-imaged 

wedge overlain by weakly folded or ponding sediment beneath this region occurs from 

~2 to 4 msec beneath the present-day shelf to the upper slope region, referred to as 

“the allochthon.” This interval was previously interpreted as thrust sheets or a large slide 

block of the Lower Tertiary strata, however it has recently been imaged in increasing 

detail and re-interpreted as imbricated thrusts consisting of Middle to Upper Miocene 

strata (Franke et al., 2008; Cullen, 2010) or alternatively as a mobile shale diapir (King 

and Morley, 2017). 

Folding and thrusting in the DWFTB area generally propagates from landward to 

basinward (Hesse et al., 2010a, b; Totake et al., 2018). Our study area is located in the 

proximal portion of the FTBs where the NE-SW trending fold and thrust trains transition 
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to a NNE-SSW trend (Fig. 3.1, 3.4). The area is situated in front of a major long-lived 

sediment entry point that feeds sediments from southeast to northwest, which makes 

the study area unique from the more southward margin (Grant, 2004; Cullen, 2010). In 

previous work from the study area, Totake et al. (2018) discuss the kinematic interaction 

between two fold-thrust trains in the study area by describing each along-strike fold train 

in detail. Our paper aims to document the changes in accommodation, the nature of 

sediments filling this accommodation and the preferred sediment pathways that evolve 

in the FTB's pre-kinematic to syn-kinematic to post-kinematic structural phases of these 

thrust terranes.  

3.4 Data and Methodology 

The data for this study includes two dimensional (2D) and three dimensional (3D) 

seismic data and data from five subsurface wells (Fig.3.1, 3.4). 3D seismic data include 

a recently acquired pre-stack depth migrated (PSDM) volume and previously acquired 

and reprocessed pre-stack time migrated (PSTM) volume. The PSDM volume was 

acquired in 2012 using industry multi-azimuth broadband technology over a full-fold 

area of about 830 km2. These data have an inline and cross-line spacing of 12.5 m with 

a record length of 7 seconds two-way time (TWT) with a two millisecond (ms) sampling 

interval. Seismic velocity calibrated by wells is available for the 2012 survey and 

enabled the time data to be depth converted with high accuracy. The PSTM volumes 

include different reprocessed volumes, and volumes were clipped to only the study area 

for proprietary reasons. These volumes have an inline and cross-line spacing of 25 m 

with a record length of 7 s TWT and a 4 ms sampling interval. The total spatial coverage 

of these data is 1,023 km2. The vertical resolution of the seismic data varies with depth 
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within each stratigraphic interval. It is about 10 m in shallow sediment near the sea floor 

and ranges from about 20 m around time depths of 2500 ms two way travel time (TWT) 

in the structural highs, to about 50 m around time depths of 4000 ms TWT in syncline 

areas for the deformed stratigraphic interval. All seismic data were zero phase, and the 

display polarity is normal Society of Exploration Geophysicists convention with a 

downward increase in acoustic impedance producing a positive value and represented 

by a peak (white reflection) (Fig.3.5, 3.6).  

 

Figure 3.4 a) Location of the survey area and wells with structural domain used in 
this study. (b)Time structural map of top pre-kinematic interval (Hz 4 in Fig.3.5 and 3.6, 
Table 3.1) 
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We apply seismic sequence analysis and seismic facies analysis (Mitchum et al., 

1977; Prather et al., 1998) to establish a structural and stratigraphic framework for the 

area. Seismic reflection terminations and major changes in seismic facies are used to 

identify seismic units, bounded by chronostratigraphically significant horizons that are 

mapped using Schlumberger’s Petrel software. Eight, study area-extensive horizons are 

mapped within the 3D seismic volumes (Table 3.1, Appendix 1). Horizons are selected 

on the basis of 1) continuity and mappability, 2) desire to have control surfaces of 

regional extent in each major tectono-sedimentary interval, and 3) importance of the 

horizon in separating major phases of seismic facies development in the basin. Seismic 

interpretation techniques utilized, include manual and automatic picking of key 

amplitude horizons, interpolation, and finally, merging of horizons is used to generate 

final versions of TWT structure maps of these key stratigraphic surfaces. 

Biostratigraphic data from the exploration wells were integrated with seismic data and 

used to constrain the ages of these surfaces and the intervals that they bound.  

Within the intervening stratigraphic units bounded by these surfaces, we 

observed smaller-scale external seismic forms in fold limbs in cross-sections based on 

the three types of geometries: 1) wedge geometry, 2) convergent thinning geometry, 

and 3) sheet/sheet draping geometry (Table 3.2, Fig 3.5b, 3.6b). This approach, 

simplified from Mitchum et al. (1977), Prather et al. (1998) and Shaw et al. (2004), 

enabled us to examine the spatial variation of stratal package geometries, and the ratio 

of sediment accumulation versus structural uplift along the structural strike of the basin's 

fold trains. Each geometry is described in detail below and more discussion on the 

analysis will be discussed in section 3.8.  
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Figure 3.5 Seismic section perpendicular to fold trains across the central portion of fold B (depth domain). (a) 
uninterpreted, (b) interpreted horizons, faults, and external seismic forms 
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Figure 3.6 Seismic section perpendicular to fold trains across the southern portion of fold B (depth domain). (a) 
uninterpreted, (b) interpreted horizons, faults, and external seismic forms 
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Table 3.1 Interpreted seismic horizons  
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Wedge geometry fill types (W) show a wedged shape of stratigraphic packages 

characterized by the convergence of the bounding surfaces with internal baselap 

terminations. The strata geometry in wedge geometric packages includes both 

convergent baselap facies (“Cbh” and “Cbl”) of Prather et al. (1998) and internal chaotic 

facies packages, whose top or minor internal reflections shows internal baselap. Facies 

associated with the forelimb unconformity and those associated with shallow rotational 

slides (Morley, 2009) are also included in this geometry type. Convergent-thinning (Ct) 

geometry is an external form which shows thinning without distinctive baselap and that 

is almost concordant with the convergent thinning facies (“Cth” and “Ctl”) of Prather et 

al. (1998). The Ct geometry occurs across fold limbs toward structural highs, and 

internal reflections are generally semi-concordant to concordant, occasionally showing a 

“growth triangle” shape, and/or “fanning of limb dips” shapes (Shaw et al., 2005). 

Reflection continuity is generally semi-continuous to continuous. Finally, sheet (St) 

/sheet draping (D) geometry is a continuous stratigraphic package that doesn’t show 

distinctive thickness changes from limb sides to the crest of the folds. Internal 

reflections are continuous and high to low reflectivity. The Ct geometry and the 

sheet/sheet draping geometry are transitional, and in some cases difficult to distinguish. 

We categorize the stratal geometries as D when axial surfaces of a fold are vertical or 

dip away from the structural crest and as the Ct geometry when axial surfaces in 

contractional folds dip toward the structural crest (Shaw et al., 2005). Uplift and erosion 

of the folds in a later stage can generate erosional truncation and/or toplap termination 

locally, which can increase the uncertainty in interpreting these external geometries in 

the crest and forelimb portions of folds. The stratigraphic thickness of the growth strata 
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is characterized by an assemblage of the external seismic forms, which show variation 

for each structure and along the strike of the individual anticline.  

Seismic facies are building blocks of the external seismic forms and depositional 

elements which are identified and classified by reflection character (amplitude, 

continuity, geometry and external form) in cross-section and through the examination of 

plan-view geometry on seismic attribute maps (section3.6 of this chapter). We apply 

quantitative seismic geomorphology approaches (e.g., Posamentier, 2004; Wood, 2007; 

Oluboyo et al., 2014) to document the nature of the seismic morphology characterizing 

sediment pathways and paleo-geomorphologic architecture of each stratigraphic unit. 

Stratal- and iso-proportional data slicing methods (Posamentier, 2004) are applied to 

each interval to generate seismic attribute maps. A series of maps combining root-

mean-square (RMS) seismic attributes with variance extractions for each of these sliced 

surfaces provides the primary seismic-based tool for mapping the paleogeography of 

these stratigraphic intervals. Wireline logs and cuttings lithology from wells are used to 

calibrate the seismic facies to lithology for data-available intervals.  

Isochrons bounded by key-stratigraphic horizons are integrated with TWT 

structure maps and seismically-observed, cross-sectional geometry to determine 

structural style and evolution. We use the thickness variations on isochron maps as 

proxies for syn-depositional subsidence, and uplift variations around individual 

structures to track temporal and spatial variations in sediment accumulation (e.g., 

Oluboyo et al., 2014). We confirm that variations on isochron maps are representative 

of the thickness variation in depth by comparing isochron maps with isochore maps in 

depth where the PSDM velocity is available, and by cross-checking with stratal 
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packages on seismic cross-sections. Both approaches assist in limiting map errors 

around areas of steeply dipping beds or regions of lateral velocity variations (e.g., 

Lomask et al., 2009; Marsh et al., 2010; Oluboyo et al., 2014). 

Isopach ratios (IR) comparing the depth-converted, orthogonal sediment 

thickness on the fold limbs (Lt) to crestal thickness (At) where IR=Lt/At (Fig. 3.7) (e.g., 

Higgins et al., 2009) are calculated along the strike of fold train B (Fig.3.8, Appendix 2) 

to examine semi-quantitatively, the relationship between the stages of fold growth and 

spatial variations of depositional geomorphological features. Thickness perpendicular to 

bedding between key-stratigraphic horizons is measured using depth-converted seismic 

sections.  

 

 

Figure 3.7 Diagram of location used in calculating isopach ratio. FLT: Forelimb 
thickness, AT: Anticline thickness, and BLT: Backlimb thickness. Isopach ratios (IR) = 
FLT/AT for the forelimb side and BLT/AT for the backlimb side respectively. Geometry 
of growth strata adapted from Higgins et al., (2009).   



80 

3.5 Seismic External Form 

Growth synchronous stratal sequences fill the accommodation created by fold 

growth and record the kinematics of structural deformation and changes in relative rates 

of sedimentation versus uplift occuring during fold growth (e.g. Suppe et al., 1992; Nigro 

and Renda, 2004; Shaw et al., 2004; Higgins et al., 2007; Jolly et al., 2016). Therefore, 

analysis if these stratal sequences indicate how accommodation by thrusting and 

folding have varied, and how surrounding accommodation has been filled by sediments 

over time (Burbank et al., 1996; Suppe, 1983; Storti and Poblet, 1997; Shaw et al., 

2004; Jolly et al., 2016). The changes in relative rates of sedimentation versus uplift 

during fold growth and the structural influence of fold growth and accommodation fill on 

sediment pathways have been analyzed by previous workers (e.g. Suppe et al., 1992; 

Burbank et al., 1996; Nigro and Renda, 2004; Shaw et al., 2004; Higgins et al., 2007; 

Clark and Cartwright, 2012; Jolly et al., 2016). In a simplified case with assumption of 

the constant sediment accumulation ratio (Shaw et al., 2004; Jolly et al., 2016), when 

the ratio of structural uplift exceeds the sediment accumulation ratio, the sedimentation 

will onlap the structure and the resultant stacking geometry can be compatible with the 

wedge geometry (W) in our analysis. These wedges thin toward the fold crest, 

suggesting that the fold presented a positive structural relief. Channels on the seafloor 

are expected to be diverted to the lateral tips of the structures due to the positive 

bathymetric relief. When the sediment accumulation ratio exceeds the rate of structural 

uplift, the sediments will thin over the crest of the structure, forming overlapping stratal 

geometries, which are classified as convergent-thinning (Ct) in our analysis, and result 

in a smoothed or flat seafloor bathymetry. Such cases show little influence on channels 
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which will not be deflected by the structure and are instead expected to cut across it 

(Shaw et al., 2004; Jolly et al., 2016) (Fig. 2.12). In reality, the variations in structural 

uplift and sediment accumulation rates, sedimentary facies and depositional patterns, 

sediment compaction, and fallouts can change through time and modify the geometries 

of growth strata (Hardy and Poblet, 1994; Storti and Poblet, 1997). The structural uplift 

ratio is particularly sensitive to such a variety of variables and can vary through time 

depending on the folding kinematics even if the tectonic shortening ratio is constant 

(Storti and Poblet, 1997).  

Sylvester et al. (2015) point out, using a simple numerical mass balance model, 

that the relative movement of the stratal terminations, such as 1) stational pinchout, 2) 

onlap (move toward the basin edge), or 3) offlap (move toward the basin center, along a 

minibasin margin) is determined by the balance between the volume needed to 

accommodate the incoming sediment and the space made available through 

subsidence on top of the previous deposit. Their modeling shows that cycles of 

increasing to decreasing sediment supply with constant basin subsidence can result in 

stratigraphic sequences with an onlapping lower part and offlapping upperpart, and the 

subsequent onlapping by the overlying cycle (Sylvester et al., 2015). On the other hand, 

increase in displacement rate with a constant sedimentation ratio can also lead to 

offlapping and angular unconformities, and the subsequent onlapping (Hardy and Poblet 

(Hardy and Poblet, 1994; Sylvester et al., 2015). Thus onlapping and offlapping 

relationships observed on fold limbs are not necessarily diagnostic features for 

determining the period of dominance between the ratio of structural uplift and 

sedimentation (Storti and Poblet, 1997).  
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In summary, the aforementioned studies suggest that the interval of W geometry 

will occur when (1) ratio of structural uplift exceeds sedimentation ratio (Shaw et al., 

2005) or (2) sedimentation input rates are high compared to the subsidence rate and 

the existing accommodation is significant (Sylvester et al., 2015) and the Ct geometry 

will occur when (3) sedimentation ratio exceeds ratio of structural uplift or (4i) sediment 

input rates are lower, more similar to the volumetric subsidence rate calculated over the 

previous deposit, or (4ii) at times of sediment bypass (Sylvester et al., 2015).  

In our analysis, we observe a series of seismic sections across each fold and 

integrate them with Isopach ratios (IR) and seismic facies to interpret the ratio of 

sediment accumulation to structural uplift along the structural strike of the basin's fold 

trains.  

 

Table 3.2 Seismic external forms 
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3.6 Seismic Facies 

Depositional elements are identified in this study based on cross-sectional 

seismic reflection characteristics, the plan-form geometry of these reflections, and the 

spatial and temporal context between one seismic depositional element and another 

(Table 3.3). These elements are the "building blocks" of the slope to toe-of-slope basin 

fills. Seismically-defined depositional elements in this study include 1) submarine 

channel, 2) levee/overbank, 3) channelized lobe, 4) mass transport complex, and 5) 

background slope deposit. These elements are described in more detail below. In the 

architectural hierarchy, canyon systems are larger, longer-lived geomorphological 

features filled by submarine channel, levee or background deposits. There is a positive 

relationship between sand-rich intervals and high amplitude response in the root mean 

square amplitude (RMS) maps in the study area (Cullen, 2010), but such correlation is 

not always the case between high amplitude and sand bed thickness, and thus must be 

used with caution.  

Submarine channel 

This seismic facies comprises stacked, discontinuous, high-amplitude reflections 

(HARs) in cross-section and shows straight-to-meandering elongate, shoe string plan-

forms in the stratal-sliced seismic attribute maps (Prather et al., 1998; Posamentier, 

2003; Posamentier and Kolla, 2003; Mayall et al., 2006; Deptuck et al., 2007; Janocko 

et al., 2013; Jobe et al., 2011; Oluboyo et al., 2014). Individual channels are identified 

as a single wavelet of high amplitude reflections (HARS) that are commonly 15-20 ms 

thick (Table 3.3). These channel elements are 120-350m wide. This seismic facies 

includes both erosional and depositional channelized sediment conduits. There are two 
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types of channel complexes in the study area: i) stacked meandering leveed channels 

complexes and ii) less stacked, unleveed channel complexes.  

Stacked meandering channels complexes are composed of Individual channels which 

stack in U- or V-shaped erosional surfaces to thicknesses of 25-50 msec TWT and 

widths of 750-1100 m (Table 3.3). The packages of high amplitude reflectors tend to 

associate with levees and show similar cross-sectional and planform shapes to 

unleveed channels.  

The less stacked, unleveed channels complexes lack erosional base, can often be 

composed of single, HAR elements and tend to associate with lobe elements (Table 

3.3). These lobe-associated channels are interpreted as distributary channels in an 

unconfined frontal lobe setting (Posamentier and Kolla, 2003).  

Levees/Overbank 

This seismic facies is characterized in cross-section by a gull wing to wedge-

shaped unit that roughly parallels channel geometries and taper away from channel 

features (Table 3.3). They show variable seismic amplitude, but they are typically lower 

amplitude and reflectivity than the channelized HARs or HARPs, and show sub-parallel 

continuous form. In plan form, these elements are imaged in the attribute maps as 

patches of low-amplitude reflections These seismic facies have been interpreted by 

other authors as levees, and can be partly superimposed with overbank sediment wave 

textures in some setting (Posamentier and Kolla, 2003; Janocko et al., 2013; Oluboyo et 

al., 2014). In the study area, channels in syn- kinematic sequences developed levees, 

but channels in the pre-kinematic sequence don’t exhibit clear levee features.  

 



85 

Table 3.3 Seismic facies 

 

Seismic Facies Reflection Character Section View Attribute map View

(1) Submarine 

Channel

Stacked, 

discontinuous, high-

amplitude reflections 

(HARs) in cross-

section. Straight to 

meandering elongate, 

shoe string plan-forms 

in the stratal seismic 

attribute maps. 

Confined channels with developed levees

Low – to –highly sinuous channels lacking levees 

(2) 

Lobe/Channeli

zed lobe

Parallel to sub-

parallel, laterally 

continuous, high-

amplitude reflections 

packages (i.e., the 

“HARPs”). 

A A’

24msec 

(30m) 
2km

2km

Section view

Map view
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Table 3.3 continued 

 

Seismic Facies Reflection Character Section View Attribute map View

(3) Levee and 

sediment 

waves in 

overbank

gull wing to wedge-

shaped tapering units 

or undulating, wave-

like geometry.

Occurs adjacent to (1)

(4) MTC
Mass wasting 

process (Slide, 

slump and debris

flow)

Low-to-moderate 

amplitude, 

discontinuous to 

chaotic seismic 

reflections. 

Sharp, erosional to 

concordant base and 

mounded irregular 

upper surface and 

occasionally contain 

massive blocks.

(5) Background 

slope deporsits

Pelagic drape, 

Hemipelagic

mud/silt, or

Low density muddy 

sheet flow

low to moderate 

amplitude, high-

frequency, 

continuous 

reflections which are 

parallel with or 

draping underlying 

strata

500m

I                                            I’

500m
2km

1km

  



87 

Channelized and non-channelized lobes  

In cross-section, this seismic facies appears as parallel to sub-parallel, laterally 

continuous, high-amplitude reflections packages (i.e., the "HARPs" of Flood et al., 1991) 

that are tabular to weakly convex-upward reflections, showing thinning to downlap 

towards their fringes (Table 3.3). This facies is occasionally associated with 

discontinuous channel elements. In plan view, the facies has a lobe- to tongue-shaped 

geometry that occasionally has multiple low-sinuosity channelized elements which 

correspond to the location of discontinuous HARs. These facies are interpreted as 

frontal (channel mouth) or lateral (crevasse) lobes. Seismic facies with similar cross-

sectional character and plan-form have been interpreted as distal sand-rich depositional 

elements of turbidite systems, and variously termed fan lobes, distributary channel/lobe 

complexes (DLC), channelized (depositional) lobes or frontal splays (e.g., Beaubouef 

and Friedmann, 2000; Demyttenaere et al., 2000; Posamentier and Kolla, 2003; 

McGilvery and Cook, 2003; Saller et al., 2008; Oluboyo et al., 2014).  

Mass transport complexes (MTCs) 

This seismic facies is characterized by low-to-moderate amplitude, discontinuous 

to chaotic seismic reflections. This facies can have a sharp, concordant or erosional 

base and an irregular upper surface. In cross-section, the deposits appear unevenly 

mounded and occasionally contain distinct areas of high amplitude, partially continuous 

reflectors that are interpreted as rafted blocks of intact or slightly deformed stratigraphy. 

Internal thrusting can sometimes be seen within these deposits. Amplitude extractions 

through these deposits show highly discontinuous amplitudes, with a somewhat 

"speckled" fabric, and occasional lineaments or amplitude trends and "flow lines."  
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 These masses are interpreted as mud-rich deposits derived from gravity-driven 

mass-wasting processes, and likely contain a variety of elements including slides, 

slumps and debris flow deposits (e.g., Posamentier and Kolla, 2003; Moscardelli et al., 

2006; Moscardelli and Wood, 2008; Alves, 2010; Algar et al., 2011). Being of seismic 

scale, they are herein referred to as mass transport complexes.  

Background slope sediments 

This seismic facies is composed of low- to moderate-amplitude, high-frequency, 

continuous reflections which are parallel with or draping underlying strata (e.g., Prather 

et al., 1998; Oluboyo et al., 2014). These seismic facies can be interpreted to represent 

different styles of deposition: 1) pelagic or hemipelagic mud and silt deposited in a low 

energy environment, indicating periods of relative sediment starvation (Hadler-Jacobsen 

et al., 2007), or 2) mud elutriated from muddy sheet-like low-density turbidity currents 

(Prather et al., 1998; Straub and Mohrig, 2009).  

Canyon/Valley systems 

Canyon/valley systems are important components of the geomorphic seascape, 

but are not single elements, being filled with a variety of individual elements of the 

deepwater depositional system. Canyon/valley systems are long-lived, high-relief, V-

shaped valleys with steep sidewalls. Where they are dominated by bypass they are 

considered canyons, but they often transition to valleys where they begin to collect 

deposits within their confines. They are characteristic in the modern stepped slope of 

the NW Borneo DWFTB and their heads are linked to the continental shelf-slope break. 

They traverse the fold structure in some folds at nearly right angles to the crest line 

(McGilvery and Cook, 2003; Straub and Mohrig, 2009). Canyon systems show erosional 
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features at their base, and transition upward to form valleys with aggradational (net 

depositional) fills composed of submarine channel, levee, or background slope deposits. 

The fill in these canyon/valley systems is deposited by sheet flow- and dilute- turbidity 

current, bottom currents, and hemi-pelagic processes (Straub and Mohrig, 2009; Straub 

et al., 2012; Jobe et al., 2011) 

3.7 Structure and Tectono-Stratigraphy 

The fold and thrust belt in the study area consists of four NNE-SSW trending 

thrust-related folds in the center to the northern portion, and one E-W trending thrust-

related fold in the southern end of the study area (Fig. 3.4, 3.8). These folds are 

associated with basinward-verging fore-thrusts, although back-thrusts exist locally in 

tightened folds area. These hanging-wall anticlines have been active highs at the 

seafloor in various times since their nucleation in the Late Miocene to present, defining 

sediment pathways and depocenters. In this section, we describe the characteristics of 

the structural elements of the top pre-kinematic sequence and their development in the 

structural framework. 

3.7.1 Structural Element 

Totake et al. (2018) analyze the structural style of two of the folds in our study 

are (“fold trains A and B”) in detail and discussed the kinematic linkage along strike and 

across fold trains. For our work, we have adopted Totake et al.'s nomenclature for three 

folds in the north; A, B, and C, and additionally assign a nomenclature of D and E for 

the fold in the west and the fold in the south, respectively. Fold E is the E-W trending 

fold located shelfward and converging with Fold C on the southeast outside the study 

area. It appears to be the structural hinge zone between the regionally NE-SW trending  
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Figure 3.8 a) Seafloor time structure map b) Post-kinematic interval isochron map 
and Isopach ratio. c) Top syn-kinematic time structure map at Hz1, d) Syn-kinematic 
interval isochron map and Isopach ratio, e) Top pre-kinematic time structure map at 
Hz4, f) Pre-kinematic interval isochron map and Isopach ratio.  
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fold trains from the west and the NNE-SSW trending fold trains from the East and has 

acted as a long-term conduit for the pre-kinematic Middle to Upper Miocene sand-rich 

submarine fans in the study area (Cullen, 2010) (Fig. 3.1, Fig. 3.8). 

Fold C has an along-strike length of ~ 20 km and extends beyond the study area 

to the northeast and the south. Fold B has an along-strike length of ~ 50 km and has 

two culminations in the top pre-kinematic surface. The hinge zone of the Fold B plunges 

to the northeast and the south in the study area. Fold A has an along-strike length of ~ 

35 km. It continues northeast, beyond the data edge, out of the study area. The hinge 

zone of Fold A plunges southward, and the displacement of associated fore-thrusts 

decrease to the south and terminate in the central area (Totake et al., 2018) (See the 

section 3.7.2 and Appendix 1 for along strike structural style of Folds A and B). Fold D 

extends across the entire ~ 36 km length of the study area, continuing to the southwest 

and northeast, beyond the study area limits. Fold E has an E-W trending fold crest and 

plunges to the east. Uplifted anticlines have associated topographic lows (synclines) 

between them.  

3.7.2 Cross-sectional fold Geometries 

Nine selected seismic sections, oriented approximately perpendicular to the fold 

axes, display two-dimensional geometries of Fold A and B that vary along strike from 

south to north (Appendix 1). Overall, sections show curved ramps of thrust traces and 

the development of curved folds over the ramps and thrusts in hanging walls. The 

structural styles of both Fold A and B become tight and complex with more fore- and 

back-thrusts toward the north, reflecting along strike shortening variations of Fold A; an 
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increased profile from south to north, and Fold B; an irregular shape of shortening 

profile (Totake et al., 2018).  

Section 1, across Well 2 and Well 3 near the southern end of Fold B, shows that 

Fold B is an asymmetric, low-amplitude fold with long and gentle backlimb on a major 

west-vergent fore-thrust. Section 2 shows that Fold B is more symmetrical fold with 

longer forelimb than section 1 and Fold A displays low-amplitude symmetric fold at the 

southern fold termination. In central sections (section 3 and 4), where Fold B and A are 

closely spaced at 3-4 km distance, Fold B is cut and amplified by imbricate thrusts, and 

Fold A is symmetrical box fold between a single fore-thrust and a back-thrust (section 

3). Both folds in section 4 are cut and amplified by the increased number of imbricate 

thrusts. To the north (section 5 to 9), the wavelength between Fold A and B becomes 

wider about 7-8 km due to the westward deflection of the hinge line of FoldA and the 

wavelength between Fold B and C becomes narrower from 7 km to 3-4 km. Fold B in 

section 5 and 6 becomes more upright and symmetrical to the north, while Fold A 

becomes asymmetrical with long backlimb by the west-vergent fore-thrusts. Section 7 

displays that Fold B becomes gentle verging southeast accompanied by back-thrust 

FB4b, and Fold A becomes tightened. In section 8, Fold B displays pop-up structure 

between fore- and back- thrusts, and Fold A tightened and more imbricate sheets are 

developed. Section 9, the northern end of the study area, shows that Fold A, B, and C 

are cut and tightened by northwest-vergent imbricated fore-thrust systems.  

In asymmetrical folds with long and gentle backlimb, the limb dip in the backlimb 

growth strata shows (i) the lower dip angle than the thrust ramp dip and (ii) the upward 

shallowing and fanning geometry toward folds. These geometries suggest that the 
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folding is caused by the combination of progressive limb rotation and shear fault-bend 

folding (Shaw et al., 2005). The forelimb growth strata in section 1 and 2 show the 

upward-widening, curved fold limb geometry ahead of the fore-thrust tip. This feature 

indicates the tri-shear fault propagation folding (Shaw et al., 2005). 

Layers in pre-kinematic interval display obvious drag near major thrusts (e.g., 

section 1 and 2 for Fold B and section 3 and 4 for Fold A). These types of drag may 

form where a fault cut through a fault-propagation fold (Fossen, 2010).  

The base elevation of strata in hanging wall of Fold B (the elevation at the 

backlimb trough) is above that of their correlative strata in the footwall (the elevation at 

the forelimb trough) (i.e. the “regional level” of Wilkerson and Dicken, 2001) (sections 1-

7 for Fold B and section 6-9 for Fold A). This situation requires extra layers or increased 

thickness of existing beds in the hanging wall (Wilkerson and Dicken, 2001), which may 

reflect the movement in or out of the section if the Hz interpretation across the thrust is 

right. 

These observations show fold structures in the study area developed through 

various folding processes; kink-band migration, fold limb rotation, and shear folding. 

3.7.3 Tectono-Stratigraphic Framework 

Thrust-related folding has been active in the NW Borneo DWFTB as suggested 

by the present-day bathymetric highs affected by the folding (Ingram et al., 2004; Hesse 

et al., 2009, 2010b). The deformation center associated with the thrust-related folding 

has been propagating from landward to basinward although the fold reactivation occurs 

simultaneously across the folds in an out-of-sequence manner. In this study, we use the 

term “syn-kinematic” for the period that the deformation center had been active in the 
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study area. Such activity, is identified through the interpretation of growth strata on the 

anticlinal foldlimbs, the external seismic forms, and lateral variation in stratigraphic 

thickness of the folded strata. In the strict sense, the timing of deformation varies among 

folds and along-strike for each structure within the study area. We define the tectono-

stratigraphic framework (the three intervals) based on the analysis of Fold B in seismic 

sections (Fig.3.5 and 3.6). The variation of the deformation timing of other folds is 

discussed in detail in section 3.8. Based upon our analysis, we define three tectono-

stratigraphic intervals; the 1) pre-kinematic interval, 2) syn-kinematic interval, and 3) 

post-kinematic interval.  

The pre-kinematic stratal interval shows constant stratigraphic thickness over the 

folded anticlines and is deformed by folds and thrusts (Totake et al., 2018) (Fig. 3.5, 3.6, 

3.8f). The pre-kinematic stratal interval of Fold B is defined at the stratigraphic unit 

below Hz4. The base of the stratigraphic unit is unclear due to poor seismic imaging 

deeper in the section, but appears as a thick and laterally extensive package of 

discontinuous to chaotic seismic reflectors developed above the interpreted 

detachment. This package is overlain by continuous reflectors which locally onlap the 

underlying chaotic, discontinuous unit. There are no bore-hole penetrations of this 

interval. The discontinuous to chaotic seismic intervals within this package are 

interpreted as overpressured shaley intervals (Morley and Guerin, 1996; Morley et al., 

2011) or possibly as regionally thick, mass transport complexes (MTCs) (Grecula et al., 

2010). For the isochron and seismic attribute map analysis of the pre-kinematic interval, 

we focus on the upper part between Hz 4 and Hz5.5 (Fig. 3.5, 3.6). The interval is 

characterized by a sheet-form external seismic geometry with a parallel- to sub-parallel, 
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continuous- to partially discontinuous-, high- to occasionally low- amplitude reflection 

packages, and a spatially extensive (regionally extensive over folded anticlinal 

structures) chaotic reflection package (Fig. 3.5, 3.6). An isochron of the Hz4 to Hz5.5 

interval shows overall basinward thinning toward the northwest and relatively constant 

thickness across the thrusts (Fig. 3.8f). Local thins are observed at the eroded crests of 

folds. However, we think that the apparent thickening of the isochron from the synclinal 

axes to the anticlinal crests in each fault block is an artifact resulting from lower velocity 

in the folds than in the synclines. Isopach ratios of Fold B measured in the seismic 

depth sections are close to 1 (0.89 to 1.36 in the forelimb and 1 to 1.3 in the backlimb) 

(Fig. 3.8f) supporting the contention that no actual thickening is occurring.  

The syn-kinematic interval shows thinning toward the folded anticline and is 

deformed by folding, normal faulting, and mass wasting processes (Fig. 3.5, 3.6, 

3.8c,d). The interval is characterized predominantly by the wedge (W) and convergent 

thinning (Ct) external seismic geometries with continuous- to discontinuous-, low- to 

high- amplitude reflection packages and relatively smaller-scale chaotic reflection 

packages which fill local topographic low between folds (Fig. 3.5, 3.6). This interval 

includes the intervening sheet drape (D) seismic geometry with continuous, high- to low-

amplitude reflection packages. The syn-kinematic interval is defined between Hz4 and 

Hz1 in Fold B. Isopach ratios of the interval range from 2 to 3 in both limbs, but locally 

up to 5 to 7 (Fig. 3.8d). The syn-kinematic interval is subdivided into four subunits: 

Subunit-I, II, III, and IV, based on the external seismic forms, and are described in 

section 3.8 of this chapter.  



96 

The post-kinematic interval is defined between Hz1 and the seafloor. Isopach 

ratios of the interval range from 1 to 2.5 in both limbs of Fold B (Fig.3.8b). The present-

day local bathymetric highs above the buried folds and the associated minor tilted onlap 

features observed in the very shallow stratigraphic interval suggest that the local folding 

occurs intermittently until the present-day, the regional 2D section shows the 

deformation center has shifted basinward, to a location found only outside the study 

area. The post-kinematic interval shows extensive stratal draping over the underlying 

structure in the lower unit and the passive stratal onlapping toward the fold in the 

topographic lows between the anticlines in the upper unit. The interval is deformed by 

local folding, normal faulting, and mass wasting processes. The interval is characterized 

by the draping sheet and the convergent-thinning fill geometries with continuous, low- to 

high-amplitude reflection packages, and smaller-scale chaotic reflection packages (Fig. 

3.5, 3.6, and 3.8b), similar to those of the syn-kinematic interval. The post-kinematic 

interval is subdivided into two subunits based on the external seismic forms; Subunit-V 

and VI, also discussed below. 

3.8 Tectono-Stratigraphic Development 

The tectono-stratigraphic development of the pre-kinematic, the syn-kinematic 

Subunit-I to IV, and the post-kinematic Subunit-V and VI intervals are described in detail 

below. 

3.8.1 Pre-Kinematic Interval 

The analyzed pre-kinematic stratigraphic interval is bounded below by the Hz5.5 

surface and above by the Hz4 surface (Fig.3.5, 3.6, Fig. 3.9). Hz5.5 is marked by a 

high-amplitude negative acoustic impedance that bounds between the overlying sandy 
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lithology and the underlying shale-dominant interval and is assigned as intra nannozone 

NN9 lower at Wells 1 and 2 where they penetrate Fold B (Fig. 3.4). This basal reflector 

is continuous across the study area. The high amplitude character is consistent in the 

southern part of Fold B but becomes variable amplitude to the north, and in the other 

folds, probably indicating a lateral change in the overlying and underlying lithology. It is 

everywhere conformable with underlying and overlying reflectors. Hz4 is approximately 

correlated to the top of a regional key reservoir interval (“Kinarut Fan” of Ingram et al., 

2004 and Lambiase and Cullen, 2013) and is marked by a positive acoustic impedance 

that has variable amplitude over the study area. It is conformable with underlying and 

overlying reflections in fold limbs but truncated by later degradational processes at the 

crest of folds. The Hz 4 is assigned as uppermost NN9 upper at wells and as previously 

stated, approximates the top of the regional reservoir interval in TB3.1 sequence of Haq 

et al., 1987 (see section 3.9.1 for “TB sequence”).  

The nature of the isochore map and the external seismic form of the pre-

kinematic interval, as described in section 4.2, shows an overall constant stratigraphic 

thickness (Fig. 3.8f) and the dominance of sheet-form (St) external seismic geometries. 

This continuity of external form indicates that these sediments were laid down well 

before the thrust-related folding began in the study area.  

A series of RMS seismic amplitude maps draped over interval variance extractions 

illustrate the depositional complexity of this pre-kinematic period. It was a time when few 

structures existed at the seafloor to inhibit or confine gravity flows, however the 

emplacement of several large, shelf-attached (terminology of Moscardelli and Wood, 
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Figure 3.9 Representative seismic attribute map along the selected iso-proportional 
slices between the top and base surfaces within the pre-kinematic interval (a), (b), (c) 
and their simplified line drawing of depositional seismic facies (d), (e), (f) respectively. 
Attribute map is Root mean square (RMS) amplitude with 30msec window overlaying 
the variance map on the surface. Note that all location numbers are not shown in the 
maps, but locations in the description of the interval are shown.   
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2006) mass transport complexes acted as bathymetric highs to influence channel 

directions, and direct sediment gravity flows. Turbidity currents and mass failures in this  

interval are sourced from the east and southeast through multiple inputs while the shelf-

edge is interpreted as located ~40km to the southeast of the study area at the time of 

deposition (Fig. 3.1, Fig. 3.9d; e and f). Mass failures extend over most of the study 

area around Fold B, showing clear erosive bases in the south and the gradual thinning 

with concordant bases in the north (Fig. 4.4, 4.5 in chapter 4). The tops of these MTCs 

are irregular. Deepwater depositional systems prograded basinward, onlapping mass 

failure deposits and compensationally stacking to fill their top space. Channels in this 

interval appear in seismic as single, positive, high-amplitude wavelets with widths of 

~350 m, thicknesses of up to 40 m (15 msec). They occur as both low and high 

sinuosity in planform (Fig. 3.9). These channels do not show clear levee development, 

supporting the nature of these channels as bypassing sediments to deeper basinward 

depocenters. 

3.8.2 Syn-Kinematic Interval 

3.8.2.1 Subunit-I  

The syn-kinematic Subunit-I is bounded below by the Hz4 surface and above by 

the Hz3 surface (Fig. 3.5, 3.6). The base of the Subunit-I (Hz4) in the backlimb of Fold B 

is characterized by a transition in the seismic external form from the sheet (St) 

geometry of the underlying pre-kinematic interval, to the convergent-thinning (Ct) 

geometry of the overlying Subunit-I. The upper bounding surface (Hz3), is defined as a 

positive acoustic impedance at Well-3. It is assigned as intra-nannozone NN10 at Well-

2 and Well-3, and is approximately correlated to the top of a second regional sandy 
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reservoir interval in TB3.1 sequence (Kamunsu fan of Ingram et al., (2004) and Grant 

(2004)). The Hz3 is conformable with the underlying and overlying reflections on fold 

limbs but becomes a composited erosive surface over the crest of folds. An extensive 

erosive surface occurs in this subunit over the anticline of Fold B is. This erosional 

surface is especially prominent in the central to southern parts of Fold B (the area near 

location 1 in Fig. 3.10a, b) and in the northern part of the anticlinal crest to backlimb 

side along the backthrust FB4b (location 9 in Fig. 3.10a, b). The extensive nature of this 

erosional surface indicates that this erosion is either syn-depositional or immediate 

post-depositional, or both occurring extensively during the time from Subunit-I to the 

following Subunit-II.  

The Subunit-I shows considerable variation in isochron thickness, ranging from 

about 500 msec TWT in the two main depocenters at locations 2 and 3 (Fig. 3.10b), to 0 

msec where the unit is eroded on the anticlinal crest of Folds A, B, C, and E. Much of 

the prominent erosion on the anticlinal crests is caused by post-depositional 

degradation of the folds. However, in southern portions of Fold B, channels were syn-

depositionally eroding the anticlines (around location 1 in Fig. 3.10e). The isochore and 

seismic external form maps (Fig. 3.10b, c) illustrate a gradual thinning accompanied 

with convergent thinning and/or the wedge external seismic geometries thinning toward 

the Fold B, C and E anticlinal limbs (Fig. 3.10c). In contrast, for folds A and D, these 

maps show a relative constant stratigraphic thickness accompanied by sheet external 

seismic geometries. Such spatial variations in the isochore thickness and the external 

seismic forms associated with Subunit-I indicates that anticlinal Folds of B, C and E are 
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active as paleobathymetric highs while Folds A and D are not yet active during the time 

of deposition. 

Fold C is located in the eastern margin of the study area where data coverage 

and seismic imaging around the fold is limited. Local isochron thicks occur in the 

backlimb syncline (location 4 in Fig. 3.10b, c) and the forelimb syncline (location 2 in 

Fig.3.10b, c) of Fold C. Growth strata along both foldlimbs of Fold C comprises a two 

packages of different external seismic forms, with the lower being a convergent-thinning 

(Ct) geometry and the upper being a wedge (W) geometry that is thinning toward the 

anticlinal crest of Fold C. In contrast, growth strata on the backlimb of Fold B (the 

opposite margin of the Fold C forelimb syncline) is composed of Ct toward Fold B, 

paralleling the fold strike. With the assumption that the sedimentation ratio is constant 

across the syncline, the difference in the filling geometries of the external seismic 

geometry between Fold C and Fold B indicate one of two possible things: 1. that there 

has been earlier initiation of the Fold C uplift,or 2. that there has been a relative 

increase in uplift rate to sedimentation in Fold C. The N-S trending isochore thick in the 

syncline between Fold B and C (location 2 on Fig. 3.10b, c) thins northward along the 

trough line and shows two types of baselap; 1) the relatively higher angle baselap 

toward Fold C, (location 5 in Fig. 3.10c), and 2) the northward relative lower angle 

baselap along the synclinal trough, interpreted as downlap to the distal direction 

(location 6 in Fig. 3.10c). The variation of baselap, combined with the distribution of 

seismic external forms and facies, indicates that lobe deposition is laterally confined by 

the uplifting topography of Fold C and is consistent with the interpretation of the folding 

(Fig. 3.10e). 
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Figure 3.10 Maps of the syn-kinematic Subunit-I. (a) Time structure map of the top 
Subunit-I (Hz3 surface). Thrusts in red color and orange color are forethrusts and 
backthrusts respectively. Hatch in grey represent the eroded area of the Hz 3. (b) 
Isochron map of the Subunit-I. Thrusts, erosional area, and the present-day anticlines 
and synclines at Hz3 surface are overlaid on the map. (c) Interpreted seismic external 
form. Sold anticlines and dashed lines represent the active folding and the inactive 
folding at the time of deposition. (d) Representative seismic attribute map along the 
selected surface of iso-proportional slices between the top and base surfaces of this 
subunit. Attribute map is Root mean square (RMS) amplitude with 30msec window 
overlaying the variance map on the surface. (e) Simplified and composited line drawing 
of depositional seismic facies within the subunit. Note that all location numbers are not 
shown in the maps, but locations in the description of the subunit (section 3.7.2.1) are 
shown.   
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Along the strike of the backlimb of Fold B, the Ct geometry is more obvious both 

in the degree of thinning and fanning geometry of limb dip. This “fanning geometry of 

limb dip” becomes less obvious toward the south along the fold’s strike. Across-thrust 

thickening from the hanging-wall anticline of Fold B to the forelimb syncline across the 

“FB1i” thrust is observed in the seismic sections (Fig. 3.5, 3.6). This observation 

suggest that the thrust “FB1i” is active with the progressive limb rotation by folding 

occurring during the deposition of this subunit (Shaw et al., 2005). The central portions 

of Fold B appear to be the most expressed, with bathymetric relief decreasing to the 

south although the sedimentation probably kept up with or exceeded the structural uplift 

of Fold B. Seismic facies of the growth strata in the syncline are composed of cycles of 

MTCs, channelized lobes, and background slope facies (Fig. 3.10 d, e). MTCs and 

lobes are dominant in the lower interval, and their spatial extent is limited to locations 

within the syncline topographic lows. Submarine channel facies increase toward the 

upper convergent-thinning interval and the channels across the anticline crest occur 

predominantly in the southern portion of Fold B (location 1 in Fig. 3.10 d, e). It is inferred 

that the bypass channel focus and the resultant syn-depositional erosion occurs 

preferentially in the southern area of Fold B, occurring where the amount of uplift along 

the fold’s strike is significantly lower.  

In the south and southeast portions of the study area (location 3 and 8 in Fig. 

3.10C), the convergent-thinning and the wedge geometry packages thin updip toward 

the structural highs (forelimb of Fold E to the south and the updip structural high to the 

east and southeast). The development of the channelized lobe seismic facies in this 

interval occurs at these proximal sites as well as in front of the uplifting folds. Lobes 
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develop where gravity flows encounter changes in slope gradient and reduction in 

confinement, most typically in the stepped slope and at the exit of the segment 

boundaries (Posamentier and Kolla, 2003; Hay and Prather, 2012; Oluboyo et al., 

2014).  

3.8.2.2 Subunit-II  

The syn-kinematic Subunit-II is bounded below by the Hz3 surface (Fig.3.10a) 

and above by the Hz2 surface (Fig. 3.11a). The base of the unit marks a transition in 

seismic external form of convergent-thinning (Ct) geometry to the overlying wedge (W) 

geometry, seen in the backlimb of Fold B. This transition is accompanied by transition 

from underlying sheet geometry to the overlying convergent-thinning (Ct) geometry, 

seen in the backlimbs of the Folds A and D (Fig. 3.5). The upper bounding surface 

(Hz2, Fig. 3.11a) is marked by a continuous high-amplitude trough that has consistent 

character across the study area, and is assigned as nannozone Top NN11A. This 

surface is generally concordant but is locally eroded on the crests and forelimbs of the 

folds by mass failure processes. Most thrusts cut through the basal surface of this unit, 

but do not cut up to the top surface of this unit. The exception to this observation is in a 

localized area in the southern part of Fold B where the thrust cuts through the top of the 

Subunit-II.  

The isochore of the Subunit-II (Fig. 3.11b) shows more pronounced thickness 

variations than in the underlying Subunit-I. Thicknesses in the synclines are fairly 

consistent except for the following prominent isochron thicks; between Folds A and B, 

thicknesses are up to 900 ms TWT (location 11, Fig. 3.11b) and between Folds A and D 

where thicknesses are up to 600 ms TWT (location 12, Fig. 3.11b). Much of the 
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thickness variability in Subunit-II is found in across-fault thickening, and is most 

pronounced in the hanging wall to synclinal forelimbs of Folds A and B. In addition, 

depositional thicks are formed in areas of wedge (W) geometry and/or convergent-

thinning (Ct) geometry occurrences, indicating that all the folds in the study area are 

actively uplifting and forming paleo bathymetric highs at the time of deposition.  

A local isochron thick continues its development in the backlimb syncline of Fold 

C at location 4 (Fig. 3.11b). The growth strata on the backlimb of Fold C comprises a 

lower portion wedge (W) geometry and upper portion convergent-thinning (Ct) 

geometry. The same vertical successions are observed in the growth strata on the 

forelimb of Fold C implying that the positive bathymetric relief around Fold C is 

progressively filed by deposition throughout this interval.  

Two localized accommodation "sags" are found in the syncline between Folds B 

and C. Isochore maps show up to ~ 500 ms of sediments in the northern sag (location 

13 in Fig. 3.11b) and up to ~ 600 ms of sediments in the southern sag (location 14 in 

Fig. 3.11b). These two sags are separated by a very subtle topographic high, which 

corresponds to an isochron thick in the underlying subunit. The sags and the subtle 

topographic highs are filled over and buried during deposition of Subunit-II. Strata filling 

the northern sag show a wedged geometry that transitions southward to convergent-

thinning (Ct) geometry along the forelimb of Fold C (location 5 in fig.3.11c). These 

changes in geometry suggest a lateral decrease of bathymetric relief along the forelimb 

of Fold C.  

Strata filling along the backlimb of Fold B in this syncline shows a wedge 

geometry (W) in central portions of the fold where the anticlinal crest is highly eroded, 
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but shows a more convergent-thinning (Ct) geometry as one moves south and north 

along the fold’s strike. The transition from wedge (W) to convergent-thinning (Ct) occurs 

around the tip of thrust FB2 at the depth of the Hz3 surface (Fig.3.10a). The seismic 

facies within these wedge (W) geometry packages along Fold B are dominantly 

channelized lobes and MTCs. Channeling across the crest of the southern regions of 

Fold B can be seen in the lower interval of Subunit-II where convergent-thinning (Ct) 

geometry is dominant. The area of the channelization seems to narrow as we progress 

into the upper interval of the Subunit-II and it is finally fixes near pathway 1 shown in 

Fig. 3.11d and Fig. 3.11e. Pathway 1 shows channels trending parallel to the strike of 

Fold B, then gently diverting to the west at the southern margin of the northern local 

sag, and finally cutting across the fold. This channel system corresponds to the valley 

system previously described by Grant (2003) and Grecula et al. (2010). This system 

incised a U- to V-shaped canyon/valley into the underlying channelized lobes and mass 

failure deposits. The canyon/valley shows multiple internal phases of cut and fill. The 

depth of incision increases and the width of the canyon/valley become narrower toward 

the anticline crest. The canyon/valley shows a low external sinuosity, but internally, it is 

filled by highly-sinuous, vertically-stacked, leveed channel complexes (Grant, 2004; 

Grecula et al., 2010). The sinuosity of individual internal channels decreases toward the 

anticline crest of Fold B. Across the anticline, channelized lobes, sinuous submarine 

channels, and localized MTCs occur as flows enter into the forelimb syncline of Fold B.  

 The synclines between thrust-cored folds all show localized "sags," seen in 

isochore maps as localized thicks (locations 14, 3, 15, and 12 from SE to basinward 

respectively in Figure 3.11 b). These “sags” are laterally connected to create a larger 
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space of accommodation for incoming sediment flows (e.g., “connected tortuous 

corridor” of Smith, 2004). The largest of these sags is labeled as “Subbasin A” (Fig. 

3.11a, b). Strata filling these sags mainly show stratal geometries that converge and 

thin toward the fold crests with localized development of wedge geometries along the 

forelimb of Fold E (location 3 in Fig. 3.11c). Seismic facies associated with these fills 

include channels, channelized lobes, and MTCs. Smaller, more localized MTCs and 

minor channelized lobes occur in proximal portions of each localized sag where flow 

expansion is expected to have occurred, for example at location 14 on Fig. 3.11b, at the 

exit of the canyon/valley across the crest of Fold B (location 15 in Fig. 3.11 b, e), and in 

local topographic lows (location 12 in Fig. 3.11 b, e). Lobe seismic facies are overlain by 

low sinuosity submarine channels trending from the SE, shown as Pathway 2 in Fig. 

3.11 d and e. Pathway 2 shows flows inclined to the strike of anticlinal Fold B, and 

following the laterally connected topographic lows between anticlinal Folds B and E.  

 Finally, a prominent isochore thick in the northernmost portions of the study 

area (location 11 in Fig. 3.11b, c) shows a wedge geometry toward the forelimb of Folds 

B and C as well as toward the backlimb of Fold A. This wedge fill is associated with the 

lobe facies-dominated lower unit and the MTC facies-dominated upper unit. MTCs are 

interpreted to derived from Fold C, indicating the main source of sediments filling the 

local topographic low are associated with the active deformation and degradation of 

Fold C in the northern end of the study area. The area of Fold C degradation shifts 

southward in the next Subunit-III interval as described in the following section. 
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Figure 3.11 Maps of the syn-kinematic Subunit-II. (a) Time structure map of the top 
Subunit-II (Hz2 surface). Thrusts in red color and orange color are forethrusts and 
backthrusts respectively. Hatch in grey represent the eroded area of the Hz 2. (b) 
Isochron map of the Subunit-I. Thrusts, erosional area, and the present-day anticlines 
and synclines at Hz2 surface are overlaid on the map. (c) Interpreted seismic external 
form. Sold anticlines and dashed lines represent the interpreted active folding and the 
inactive folding at the time of deposition, respectively. (d) Representative seismic 
attribute map along the selected surface of iso-proportional slices between the top and 
base surfaces of this subunit. Attribute map is Root mean square (RMS) amplitude with 
30msec window overlaying the variance map on the surface. (e) Simplified and 
composited line drawing of depositional seismic facies within the subunit. Note that all 
location numbers are not shown in the maps, but locations in the description of the 
subunit (section 3.7.2.2) are shown.  
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3.8.2.3 Subunit-III 

Subunit-III is bounded at the base by the Hz2 surface (Fig.3.11a) and at the top 

by the Hz1.4 surface (Fig.3.12a). The base of the Subunit-III is defined by an abrupt 

change from the underlying, regionally-continuous, high-amplitude reflectors of the 

upper-most Subunit-II, to continuous, parallel, low amplitude reflections of the Subunit-

III (Fig.3.5). The basal surface becomes a composited erosional surface, which can be 

observed on the crest to forelimb of the folds and in localized areas of “Subbasin A” 

where larger MTCs have been emplaced. These composite erosional surfaces form due 

to persistent localized degradation of fold crests and down-slope re-sedimentation in the 

adjacent forelimb synclines. In addition, these synclines receive larger, erosive shelf to 

slope mass failures occurring up-depositional-dip from the study area (Subbasin A in 

Fig. 3.6 and Fig. 3.12a, b). The upper boundary of this interval (Hz1.4) is characterized 

by a change, from the underlying continuous, parallel, low- to mid- amplitude reflectors, 

to the overlying erosive MTCs in Sub-basin A (Fig. 3.6). Hz1.4 is assigned as top 

nannozone NN11B at Well-2 and Well-3 (Fig. 3.6).  

The Subunit-III is interpreted as deposited during the Late Miocene Messinian 

(nannozone NN11B, the upper part of TB3.2 and TB3.3). The isochron variations of the 

Subunit-III follow a broadly similar pattern as those of the previous Subunit-II, but show 

differences in the relief and the location of local thicks (Fig.3.12b). In the syncline 

between Folds B and C, a prominent localized depositional thick occurs at the central 

portion of location 16 (Fig. 3.12b, c), shifting from depositional thicks previously seen at 

locations 11 and 13 (Fig. 3.11b, c). Strata filling the depositional thicks show a wedge 

(W) geometry along the forelimb of Fold C, formed by mass failure deposits sourced 
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from Fold C. This W geometry filling changes to the Convergent-thinning (Ct) geometry 

as one moves along the strike of the forelimb, and gradually transition to a draping fill 

(D) geometry in the southern end of Fold C. These variations of seismic external form in 

turn are accompanied by the transition in seismic facies from MTCs to minor 

channelized lobes and background slope deposits. These observations of depocenter 

seismic external form and seismic facies indicate that the area of active fold uplift and 

the associated deposition in Fold C shifts toward the central portion of the study area. 

Whereas, the thrusts-related folding in the southern portion, so active during the 

deposition of the previous Subunit-II, is wanning.  

Strata filling along the backlimb of Fold B is mainly composed of Ct geometries. 

The fill does thicken gradually to the southeast but much less than the similar thickening 

seen in Subunit-II. Localized W geometries are observed in the upper portion of 

Subunit-III at forelimb of Fold B (location 17 in Fig.3.12b, c), suggesting localized rapid 

uplifts and deposition of mass failures in the later stage of this subunit.  

The seismic facies of the Subunit-III stratigraphic interval include mostly 

background slope deposits with minor lobe facies. There are no submarine channel 

facies occurring where Pathway 1 existed in the previous subunit. Such absence 

suggests a shut-down of sediment supply to this pathway, potentially due to the relative 

sea level rise or the updip channel avulsion, or both. 

In southern portions of Fold B and Fold A forelimb synclines(locations 15&18 and 

Locations 12&19 in Fig. 3.12b), localized pairs of the segmented and elongated 

isochore thicks show an overlapping nature, suggesting linkage of segmented thrusts 

(Totake et al., 2017) may have occurred during deposition of this subunit.  
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Figure 3.12 Maps of the syn-kinematic Subunit-III. (a) Time structure map of the top 
Subunit-III (Hz1.4 surface). (b) Isochron map of the Subunit-III. (c) Interpreted seismic 
external form. (d) Representative seismic attribute map along the selected surface of 
iso-proportional slices between the top and base surfaces of this subunit. Attribute map 
is Root mean square (RMS) amplitude with 30msec window overlaying the variance 
map on the surface. (e) Simplified and composited line drawing of depositional seismic 
facies within the subunit. Note that all location numbers are not shown in the maps, but 
locations in the description of the subunit (section 3.7.2.2) are shown.   
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3.8.2.4 Subunit-IV 

Subunit-IV is bounded at its base by the Hz1.4 surface (Fig. 3.12a) and at its top 

by the Hz1 surface (Fig. 3.13a). The lower boundary (Hz1.4) is defined as the base of 

large erosive chaotic mass failure deposits in Subbasin A. It marks a change in seismic 

external form, from the underlying convergent-thinning (Ct) and draping (D) geometries 

of Subunit-III, to the overlying Ct and wedge (W) geometries of the younger Subunit-IV. 

The upper boundary (Hz1) is a high-amplitude peak throughout the study area, marking 

the changes from the Ct and W geometries dominated underlying Subunit-IV to the 

overlying D geometry dominated Subunit-IV. Hz1 is assigned as top nannozone NN14 

at Well-2 and Well-3. The surface becomes a composited erosional surface on the 

crests of the anticlines. The Subunit-IV is interpreted to be deposited from the end of 

Messinian to Zanclean stage (Pliocene) (nannozone NN12 to NN14, TB3.4/TB3.5) and 

approximately correlates to a third regional reservoir interval that corresponds to the 

“Lingan fan” interval of Mohamad and Lobao (1997) and Ingram et al. (2004).  

Isochron variations of the Subunit-IV (Fig.3.13b) follow a similar pattern as seen 

in Subunit-III, but once again show differences in the relief and the location of local 

thicks. Although Subunit-IV thicks are characterized by W and Ct geometries, similar to 

Subunit-III, there is an increase in mass failures, submarine channels and channelized 

lobe seismic facies in this subunit (Fig 3.13d).  

The localized depositional thick in the forelimb syncline of Fold C (location 16 in 

fig. 3.13b, c), is continued from the previous subunit, and is filled with MTCs-dominated 

facies in the lower interval portion, and submarine channel and lobe-dominated facies in 

the upper portion. The vertical succession from underlying Subunit-III to Subunit-IV 
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records the waxing and wanning of mass failures processes in central portions of Fold 

C, indicating that the localized rapid fold amplification of Fold C occurred during 

Subunit-III and IV. The accommodation space is filled with localized MTCs and 

channel/lobe complexes, and sediment is bypassed basinward as submarine channels 

occurring cross Fold B (location 9 in Fig. 3.13e) near the tip of the FB7 thrust at the top 

pre-kinematic surface(FB7 in Fig.3.4).  

Strata on the backlimb of the crestally eroded Fold B (around the location 10 in 

Fig. 3.13b) is composed of W geometries which thin and onlap towards the anticline. 

The seismic facies of the strata is mainly composed of background slope deposits. The 

growth strata on the opposing forelimb syncline of the fold is composed of W fill 

geometries in association with localized MTCs (location 17). The MTCs bases truncate 

the structurally deformed, underlying reflectors, forming a syn-tectonic angular 

unconformity (Riba, 1976; Frostick and Steel, 1993; Morley, 2007a) (Fig. 3.17). These 

features imply local rapid uplift of the fold and subsequent slope failure with resultant 

MTCs.  

A depositional thick up to 600 msec is present in “Subbasin A” (Fig. 3.13b). 

Unlike the smaller aligned, “string of pearl” isochron thicks in the older Subunit-III, this 

isochron thick appears as a single regional thick, suggesting that faults, which 

segmented previous fills, are now dormant. Elements composing this fill include mass 

transport complexes, submarine channels and submarine lobes sourced from the 

southeast and south of the study area (Fig.3.13e).  

Observed increase of MTCs, channel, and lobe features in Subunit-IV is likely 

due to increases in sediment supply to the study area during this time. Such increases  
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Figure 3.13 Maps of the syn-kinematic Subunit-IV. (a) Time structure map of the top 
Subunit-IV (Hz1 surface). (b) Isochron map of the Subunit-IV. (c) Interpreted seismic 
external form (d) Representative seismic attribute map along the selected surface of 
iso-proportional slices between the top and base surfaces of this subunit. Attribute map 
is Root mean square (RMS) amplitude with 30msec window overlaying the variance 
map on the surface. (e) Simplified and composited line drawing of depositional seismic 
facies within the subunit. Note that all location numbers are not shown in the maps, but 
locations in the description of the subunit (section 3.7.2.2) are shown.  
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have been noted as associated with the regional unconformity of Horizon II (Levell, 

1987; Morrison and Wong, 2003; PETRONAS, 2007). This unconformity, found in the 

inboard shelf area, probably resulted from the Latest Messinian sea level drop, and is 

equivalent to the TB 3.4 sequence boundary (‘Me2’ in Hardenbol et al. (1998). This sea 

level induced erosion is probably enhanced by Late Miocene to Pliocene local inversion 

(Grant, 2004; Cullen, 2010). 

3.8.3 Post-kinematic Interval 

3.8.3.1 Subunit-V (Fig.3.14) 

Subunit-V is bounded below by the Hz1 surface (Fig.3.13a) and above by the 

Hz06 surface (Fig.3.14a). The base of the unit (Hz1) is marked by the change in 

external seismic forms from convergent-thinning (Ct) geometries of the underlying Sub-

unit-III to the draping (D) geometries of the overlying Subunit-V. The upper bounding 

surface of this subunit (Hz0.6) is erosive in Subbasin A, due to pervasive regional scour 

from the overlying Subunit-VI mass failures, and is a correlative conformity along the 

backlimb of Fold B where it has a continuous high-amplitude character. Hz06 is 

assigned with the intra-nannozone NN18 at Well-3, although the erosive part is a time 

composited unconformity.  

Subunit-V is interpreted to be deposited during Late Pliocene to Earliest 

Pleistocene (Late Zanclean, Piancenzian, and Early Gelasian stage containing 

nannozone NN12 to NN14, and therefore correlated with TB3.4/TB3.5). The isochron 

variation of the subunit is less prominent than the previous subunit, showing an overall 

gradual basinward thinning and a relatively constant thickness across the folds except  

for the areas of locally eroded fold crests. The strata in Subunit-V is overall 
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Figure 3.14 Maps of the post-kinematic Subunit-V. (a) Time structure map of the top 
Subunit-V (Hz06 surface). (b) Isochron map of the Subunit-V. (c) Interpreted seismic 
external form (d) Representative seismic attribute map along the selected surface of 
iso-proportional slices between the top and base surfaces of this subunit. Attribute map 
is Root mean square (RMS) amplitude with 30msec window overlaying the variance 
map on the surface. (e) Simplified and composited line drawing of depositional seismic 
facies within the subunit. Note that all location numbers are not shown in the maps, but 
locations in the description of the subunit (section 3.7.2.2) are shown.  
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characterized by the D geometry with the predominance of the background slope 

depositional facies. There are no large MTCs derived from the SE shelf area, but are 

their minor submarine channels in the interval. Localized Ct and W geometries occur in 

the narrow zones of the forelimb and backlimb along the locally-eroded crests of Folds 

A, B, and C, where localized MTCs and minor normal faults on anticline crests occur. A 

local area of accommodation (location 17 in Fig. 3.14b) continues to provide a site of 

sediment accumulation in the forelimb syncline of Fold B. It fills with background slope 

deposits interbedded with localized MTCs. The overall draping nature of sediments and 

the localized deformation features in this subunit imply that there is a regional decrease 

in both sediment supply from the proximal SE shelf, and the activity of the thrust-related 

folding of all anticlines in the study area. Localized fold degradation processes (mass-

wasting and normal faulting) continue along the uplifted Folds’ crests. 

3.8.3.2 Subunit-VI 

Subunit-VI is bounded below by the Hz06 surface (Fig.3.14a) and above by the 

modern seafloor (Fig.3.15a). The base of the unit marks the transition in the seismic 

external form, from the underlying draping (D) geometries of Subunit V to the overlying 

wedge (W), convergent-thinning (Ct) to D geometry of Subunit-VI.  

The isochron of this interval shows pronounced depositional thicks occurring in 

the southeast margin of the study area, and in subbasins around Fold B (Subbasin A, 

locations 11, 17 and north of 13 in Fig. 3.15 b). Depositional thins correspond to 

present-day structural highs or the stepped ramp of the seafloor. The straight to sinuous 

shapes of isochron thins correspond to the locations of present-day eroding slope   
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Figure 3.15 Maps of the post-kinematic Subunit-VI (a) Time structure map of the top 
Subunit-VI (seafloor surface). (b) Isochron map of the Subunit-VI. (c) Interpreted 
seismic external form (d) Representative seismic attribute map along the selected 
surface of iso-proportional slices between the top and base surfaces of this subunit. 
Attribute map is Root mean square (RMS) amplitude with 30msec window overlaying 
the variance map on the surface. (e) Simplified and composited line drawing of 
depositional seismic facies within the subunit. Note that all location numbers are not 
shown in the maps, but locations in the description of the subunit (section 3.7.2.2) are 
shown. 
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canyons. Similar to the previous subunit, strata covering over the anticlines is 

composed of D external geometries accompanied with partially Ct geometries. 

However, depositional thicks in the subbasins are filled with mainly W filling geometries. 

These W fills are composed of mass failure deposits or channelized lobes fed through 

large submarine canyons. At the central crest, and along the northern part of Fold B, 

attribute maps (Fig. 3.15d) show submarine canyons that traverse Fold B and feed 

lobate-shaped deposits into their forelimb synclines (location 10 and 17 in Fig. 3.15b, d, 

e). In contrast to the previous Subunit V, there are fewer and smaller MTCs observed in 

the forelimb of Fold B (location 17 in Fig. 3.15b, e) in Subunit-VI, whereas there are 

large numbers of MTCs sourced from the southeast and south in to Subbasin A. These 

observations imply that the increase in the regional sediment supply to the study area 

and ongoing erosion of the Fold B anticlinal crest has completely filled the topographic 

lows resulting in the development of bypass sediment pathways across the fold.  

Reflectors of onlap toward the Fold B anticline in the subbasin A are nearly 

horizontal, indicating a passive fill of the subbasin A. However, reflectors filling in the 

northern forelimb syncline of Fold B show minor tilt along the fold, suggesting the minor 

activity on the fold and indicating its role as a positive bathymetric feature on the 

present day seafloor. 

3.9 Discussion 

3.9.1 Relationship between basin form and fill in the study area and regional 

influences 

We describe the tectono-sedimentary development and interpret the tectonic 

and sedimentary pulses in the study area. These tectonic and sedimentary pulses are 
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interpreted to reflect the changes in hinterland/shelf tectonics, sea-level change, and 

sediment supply and the resulting deepwater strata are a reflection of these impulseds 

(Grecula et al., 2010). We have no data with which to build a truly regional framework, 

independent of others within which to couch our study area, therefore we herein 

summarize the regional tectonic and stratigraphic events discussed by previous 

researchers to better define influences on sedimentation in DWFTBs.  

The pre-kinematic stratigraphic interval was deposited in Middle to Early Late 

Miocene. The top of the interval is interpreted to be Hz4 (nannozone NN9; TB3.1). This 

Middle to Early Late Miocene interval can be correlated with the regionally calibrated 

‘TB 3.1 sequence’ documented by Haq et al. (1987) as a 3rd order global sequence. The 

‘TB sequence’ of Haq et al. (1987) is widely documented and correlated along the 

margins of Borneo Island and used as the foundation for dating surfaces contained 

within this sequence (Ingram et al., 2004; Grant, 2003, 2004; Cullen, 2010; Gartrell et 

al., 2011; Hoggmascall et al., 2012; Grecula et al., 2010; Lambiase and Cullen, 2013; 

Jong et al., 2016; Morrison and Wong, 2003). The TB3.1 sequence corresponds to the 

period of the development of regional deepwater turbidite reservoir intervals of the 

“Kinarut”, and is a time of increased sedimentation ratios in deepwater Sabah area 

(Grant, 2004; Lambiase and Cullen, 2013; Morley et al., 2016). Increased sedimentation 

ratios, initiating in the Middle Miocene begin at the DRU (Deep Regional Unconformity) 

and are attributed both to the continued uplift of the Sabah orogeny and to rapid erosion 

due to increased tropical weathering (Fig. 3.3 and 3.16)(Hall and Nichols, 2002; Morley 

et al., 2016). Similar trends in sedimentation ratios are identified in other tropical basins 
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of the circum Borneo Island, including in the Kutei and Tarakan basins, both of which 

share the same hinterland (Morley et al., 2016).  

In the Brunei region, south of the study area but within the same basin, Torres et 

al. (2011) identify two cycles of significant basinward shift of depositional facies in the 

TB 3.1 sequence; the earlier one is in a period of local tectonic quiescence, and the 

later one is related to the local unconformity calibrated to nannozone NN9. They link the 

earlier sequence boundary to the major global sea-level fall at 11.7Ma and the later one 

to the regionally extended unconformity that develops in response to a major 

compressional tectonic pulse (Gartrell et al., 2011; Torres et al., 2011). In the Sabah 

shelf area, the Upper Intermediate Unconformity (UIU) (Levell, 1987; Grant, 2004; Hall, 

2013) (Fig. 3.1, 3.3, 3.16) is probably a correlative major tectonic event resulting in 

increase in sandy sediment supplied to the study area.  

The syn-kinematic sequence is deposited in the Late Miocene to Early 

Pliocene during the main kinematic phase in the study area. It is a period characterized 

by extensive uplift in the Sabah region and the emplacement of the “Allochthon” in the 

shallow to the deepwater area (Grant, 2004) (Fig. 3.2, Fig. 3.16). Our analysis, 

conducted in the proximal portion of the NW Borneo DWFTB, shows that the regional 

compressional stress was propagated to the DWFTB in the Tortonian stage (Late TB 

3.1 sequence). The folding in the study area started with the proximal fold trends B, C, 

and E. Initiation of this event marks the base of the syn-kinematic Subunit-I (Hz4) 

(Fig.3.16). Then active folding propagated to the basinward fold trends, such that Fold A 

and D initiation marked the base of Subunit-II (Hz3). The amplification and the 

reactivation of folding combined with the renewed thrust branching continued to be 
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active simultaneously across the Folds during the syn-kinematic Subunit-II to -IV 

intervals. This deformation led to the development of structures that highly influence the 

depositional systems. Localized MTCs occur predominantly in the forelimb side of 

uplifted Folds forming syn-tectonic angular unconformities in the growth strata, a 

phenomena occurring more frequently in Subunits III and IV (Fig.3.16 and Fig. 3.17).  

In the Subunit-I, the MTCs sourced from the east are interpreted to be 

originating from the rapidly uplifting “Allochthon (thrust sheet)” to the east of the study 

area (Fig. 3.2 and Fig. 3.16). This thrusting marks the onset of major compressional 

tectonism in the DWFTB area (Grant, 2004).  

The Subunit-II, correlated to the TB3.2 sequence, occurs synchronous with the 

development of the Shallow Regional Unconformity (SRU) and the regional deepwater 

turbidite reservoir interval of the “Pink fan” (Fig. 3.3 and Fig. 3.16) (Grant, 2003, 2004; 

Lambiase and Cullen, 2013). SRU (~8 Ma) is a significant unconformity in the inboard 

area of the Sabah region, recording extensive uplift and erosion of the Sabah region, 

and forcing a Late Miocene and Pliocene regression. The timing of SRU development 

coincides with or is nearly immediately followed by the intrusion of the Mt. Kinabalu 

pluton (Cottam et al., 2010; Cullen, 2010; Hall, 2013; Morley, 2016). Previous 

researchers suggest two possible primary drivers of these tectonic events, including: (1) 

the inversion of NW-SE strike-slip and transpressional faulting by far-field stress 

(Balaguru and Nichols, 2004; Cullen, 2010) or (2) the slab breakoff or delamination 

associated with the subduction of Celebes Sea (Hall, 2013) or the Proto-South China 

Sea (Sapin et al., 2013; Morley, 2016). Although the causes of these tectonic events are 

beyond the scope of our investigation, it is noteworthy that these scenarios give a 
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different explanation for the driving force mechanism for the DWFTB and the 

interpretation of the “allochthon” body. 

In the Brunei/Sabah boundary region to the southwest away from the study 

area, the development of large canyons related to the SRU is mapped and correlated to 

the deposition of the locally well-developed sandy “Pink Fan” interval in the TB3.2 

sequence. In our study area, the equivalent sandy turbidite fan system is developed 

along pathway 1 (Fig.3.11d,e) at the southern extent of Fold C in Subunit-II (Grant, 

2003).  

The sediment supplied from the east through pathway 1 (Fig. 3.11d, e) appears 

to have shut down during Subunit-III time (correlated to upper TB3.2 and TB3.3) (Fig. 

3.12d, e). Grant (2004) infer that the waning of the sediment supply was likely due to 

the final emplacement of the “allochthon” coinciding with the global flooding event of the 

TB3.3 sequence. Our observations of this time being characterized by a decrease in 

channelization and increased occurrence of drape (D) facies in Subunit-III is consistent 

with the observations of Grant (2004). However, MTCs show continued occurrence and 

southeastern sourced channeling continues to be prevalent, leading to a speculation of 

other causes for this easterly sourced sand shutoff, such as deformation-driven 

sediment thieving and channel piracy.  

 Subunit-IV is interpreted to have been deposited from the end of Messinian to 

Zanclean stage (Pliocene) (nannozone NN12 to NN14, TB3.4/TB3.5) and approximately 

correlates to the “Lingan fan” interval (Mohamad and Lobao, 1997; Ingram et al., 2004).  
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Figure 3.16 Table summarizing timing of fold and syncline development within the study area (study author) relative to 
regional tectonic events (Cullen, 2010; Cottam et al., 2010; Morley et al., 2016 and Sapin et al., 2013) and global sea level 
events (Snedden and Liu, 2016; Miller et al. 2005). In addition, the occurrence of detached, fold-derived and attached, 
shelf- or slope-derived mass transport complexes are shown (from this study), as well as sedimentation rates within the 
regional offshore Sabah area calculated by Morley et al.,( 2016), and those calculated by the author within the study area. 
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Figure 3.17 Interpreted seismic line showing an example of syn-tectonic angular unconformities within the study area. Ct 
= convergent thinning reflectors, W = wedge onlap reflectors, MTC = mass transport complex. Red arrows demarcate 
points of seismic reflection termimations. See text for horizon (Hz) descriptions.  
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Increases in the occurrence of MTCs, and channel and lobe features in this 

subunit (Fig. 3.13d, e) is likely due to increases in sediment supply to the study area 

during this time. Such increases are supported by the occurrence in wells of an in-

board, time-equivalent, major, regional unconformity, on the shelf named “Horizon II” 

(Levell, 1987; Morrison and Wong, 2003; PETRONAS, 2007). This unconformity on the 

inboard shelf probably resulted from the Latest Messinian sea level drop that initiates 

development of the TB 3.4 sequence boundary (‘Me2’ in of Hardenbol et al. (1998)) or 

may have been caused by Late Miocene to Pliocene local structural inversion. However, 

in truth the formation is likely due to combination of both variables (Grant, 2004; Cullen, 

2010). 

The post-kinematic sequence is deposited during the Pliocene to Pleistocene 

and is characterized by the cessation of main fold deformation across the study area. 

Regional 2D seismic sections show the deformation center shifts wesward to more 

basinward fold trends. Subunit-V is interpreted to be deposited during Late Pliocene to 

Earliest Pleistocene (Late Zanclean, Piancenzian, and Early Gelasian stage containing 

nannozone NN12 to NN14, TB3.4/TB3.5 sequence), although the confidence of dating 

of Hz06 (top of the subunit) is low due to the limited biostratigraphic data at the wells.  

Compared to the underlying and the overlying subunits, Subunit V shows a much 

more consistent regional thickness. Based on these observations, the subunit appears 

to be deposited during a period of regional tectonic quiescence.  

Subunit-VI shows localized folding in the study area and active development of 

folds to the NW outside the study area (Pleistocene, Nannozone intra NN18 to recent; 

upper part of TB3.7 to TB3.10). In addition, there appears to be an increase in sediment 
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supply in this interval. The Pleistocene regional unconformity, termed “Horizon I” (Levell, 

1987) in the shelf, could be a correlative surface marking this structural and sediment 

supply transition. It is recognized that “Horizon I” is likely a composite of multipole 

unconformities. Levell (1987) estimates about 600-900m of uplift associated with this 

composite unconformity surface occurring over several structures with tensional 

faulting. Torres discussed the complexity of the stratal architecture due to the combined 

effect of active tectonism, gravity-induced shelf edge faulting and high-frequency glacio-

eustatic fluctuations in the shelf area. To larger scale, Sapin et al. (2013) infer tectonic 

quiescence occurring between 3.6 to 1.9Ma, and the resumption of tectonic 

compression by the orogenic collapse of NW Borneo post 1.9 Ma. This interpretation of 

crustal scale drivers could be another potential explanation for the tectonic pulse that 

correlates to the transition from Subunit V to VI.  

3.9.2 Timing and duration of folding and fold propagation 

In shale detached DWFTBs, where fold trends often show large lateral variation 

in structural styles, imbricate thrusts and back thrusts can occur in-sequence order or 

out-of-sequence order (Hesse et al., 2010b; Krueger and Grant, 2011; Ghisetti et al., 

2016; Totake et al., 2018). Totake et al. (2018) analyzed detailed variations in along-

strike structural style of folds A and B (See Appendix 1 for seismic sections). They 

discuss the kinematic linkage of the thrusts along the fold strike and the intercalation 

between adjacent structures. Our observations mostly coincide with their kinematic 

model. We focus on the timing and duration of fold growth in this section, and the 

interaction between deformation and sedimentation in the following section.  
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Folds across the study area show variability in their timing of initiation 

consistency of uplift and longevity of activity. In the study area, we observe folding to 

propagate from Fold B to Fold A within a time occurring between Subunit-I and Subunit-

II (Fig. 3.16). The Hz4 surface marks the initiation of folding in Fold B. In contrast, the 

Hz3 surface marks the initiation of folding in Fold A. Based on the assigned nannozones 

for these surfaces, we estimate that fold B is active for ~ 1 million years prior to the 

initiation of fold A. Both folds continue to develop simultaneously until deposition of 

Subnit-V, when folding of both folds is interpreted to cease around Hz1 horizon time. 

The duration of this simultaneous active fold growth occurs roughly over a 5 to 6 million 

years time frame. During this 5 to 6 million year period of fold belt activity, fold C is 

simultaneously active with fold B, throughout the Subunit-II to Subunit-III time frame, 

roughly 1.5 to 2.5 million years. One million year durations in fold growth seem 

compatible with the durations estimated in other FTB, such as the thrust systems in the 

Pyrenees (Deramond et al., 1993; Holl and Anastasio, 1993).  

Folds across the study area show some evidence for changes in rates of uplift. 

These evidence include the development of imbricate thrusts, the lateral propagation of 

folding along the strike of folds and a cyclic character to fold limb fill geometries for 

example stacking of Ct-W packages that suggest changes in fold geometry through time 

(Fig. 3.17).  

3.9.3 Temporal and spatial interaction between deformation and sedimentation 

along the individual fold trains 

The interaction between tectonic uplift rates, syntectonic sedimentation rates, 

and syntectonic erosion determines the geometry of the bathymetric relief in the 
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anticline crests and controls the growth stratal architectures. Both of these variables in 

turn influence the spatial nature of the depositional systems (Storti and Poblet, 1997; 

Shaw et al., 2004). In our study area, the initiation of the syn-kinematic stratal sequence 

is identified by stratal thinning, fanning of limb dip, or onlap toward Folds B and C. The 

lateral and vertical variation of the deformation along the folds is reflected in changes in 

the seismic external forms (sheet (St), convergent-thinning (Ct), wedge (W), and drape 

(D) geometries). These variations of seismic external form are in turn accompanied by 

variations in seismic facies. Both seismic external form and facies are reflections of how 

accommodation by thrusting and folding have varied both spatially and temporally. 

Lateral and vertical variations of external seismic forms are observed in association with 

fold growth during the development of the syn-kinematic sequence, and are used as an 

indicator to mark the active folding period (Fig. 3.16). For example, Subunit-I time 

shows W geometries on the forelimb of Fold C and Ct geometries on the back limb of 

Fold B (Fig.3.10c). Likewise, we see laterally confined channel/lobe seismic facies 

deposited in front of Fold C. Both of these observations lead to the conclusion that Fold 

C has a higher seafloor relief at this time than Fold B.  

 The temporal and spatial changes in the bathymetric relief of Fold B are well 

constrained by the lateral and vertical changes in seismic external form along the strike 

of the fold. In Subunit-I time, for example, the spatial changes in the bathymetric relief of 

Fold B is constrained by the lateral variation of seismic Ct geometry on the back limb of 

Fold B (Fig.3.10c). The Ct geometry in the central portion of Fold B shows more 

obvious thinning and fanning geometries of limb dip than what is seen in the southern 

portion of the fold. This variation in seismic external form is accompanied by the 
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development of submarine channel seismic facies that traverse the fold in the southern 

portion of Fold B (Fig. 3.10d, e). These along-strike observations in the spatial nature of 

Fold B, indicate that Fold B shows the highest bathymetric relief in the central portions 

of the fold and the lowest relief in the southern portions of the fold. Sediment bypass 

and syn-depositional erosion occur in these southern portions of Fold B. 

The increased uplift in the central portions of Fold B is expressed by the 

stratigraphic transition from Ct geometries dominating the intervals below Hz3 to the 

interbedding of Ct geometries with W geometries in intervals above the Hz3 horizon 

(Fig.3.5, Fig.3.17). This transition is accompanied by deflection of the sediment pathway 

(pathway 1) and increased occurrence of local MTCs in the forelimb side of Fold B (Fig. 

3.11d,e). The extent of the W geometry along the strike of Fold B in Fig. 3.11c roughly 

correspond to the extent of the cut-off line of thrusts at the top pre-kinematic level, 

indicating the focal area of uplift is constrained by the active thrusting.  

 During this time, the basin is not a fully-silled sub-basin and channels did 

escape to form tortuous flow pathways in the synclines paralleling the strike of the fold 

(Fig.3.10b, 3.11b, and 3.11c). Accommodation traps lobate deposits parallel to the 

strike of the fold. As folds propagate through time, fold growth is more dramatic to the 

north than south resulting in the shift of flow pathways southward where they can 

traverse the southward lower relief crest of the folds along structural ramps 

(Fig.3.11d,e).  

3.9.4 Structural Controls on Sediment Conduits 

Two primary elements form topography that influences the location and activity in 

sediment conduits across the study area: fold development and the emplacement of 
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large mass transport complexes. Two sediment inputs; one east of the study area and a 

second southeast/south of the study area, feed channel/lobe complex development in 

the NW Borneo study area (Fig.3.9, 3.10, 3.11). In the pre-kinematic-time 

progradational interval, sediment originating from east of study area develop sediment 

flow pathways that are parallel-to, inclined-to and perpendicular-to the strike of Fold B. 

Such randomness would suggest that Fold B does not have seafloor expression at the 

time of deposition (Fig.3.9). However, in the pre-kinematic setting, the emplacement of 

larger shelf-attached MTCs act as bathymetric highs to influence channel directions and 

direct sediment gravity flows.  

As Fold B initiates and grows, local fill–and-spill processes occur in low relief, 

ponded accommodation sinks along the central, higher growth areas of the fold, and the 

bypass channels occur in the southern, lower growth areas of the fold (Fig.3.10). As 

Fold B continues to grow channels are deflected southward and cut across the anticlinal 

crest at a saddle in the crest where you see soft linkages of the faults or fault tip overlap 

occurring (Morley and Leong, 2008; Morley, 2009b; Totake et al., 2018) (Fig.3.11).  

Eventually sea-level rise or possibly channel piracy (see previous discussion) 

causes the sediment supply from the east to shut down during Subunit-III time 

(Fig.3.12). When this happens, a second sediment input from the southeast becomes 

dominant, filling the syncline to form the post-kinematic Subunit VI. Channels traverse 

the fold in places where the crestal height has been degraded by local mass failure 

processes (location 10 in Fig. 3.15e). These failure processes are most active during 

the later stage of syn-kinematic Subunit-III and IV to the early stage of post-kinematic 

Subunit-V time (Fig.3.16). Although extraneous variables are influencing the location 
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and nature of sediment inputs into the base, it is the dynamics of fold growth that have 

the most dramatic influence on how the subaqueous sediments traverse this fold 

topography. 

In contrast to eastern sediment sources, sediment source southeast of the study 

area consistently supply sediments to channel/lobe complexes and mass transport 

complexes from pre-kinematic time to the present-day. In pre-kinematic intervals, large 

regionally extensive MTCs occur around and over the tops of folds (Fig.3.9). In the syn- 

to post-kinematic intervals, most sediments are transported basinward along pathways 

that originate from the southeast and trend along the topographic lows between folds E 

and B. Sediments ultimately accumulate to form the Subbasin A unit. Sediment 

pathways from the southeast wrap around or divert around topographic highs along the 

southern margin of Fold B, supplying sediments both to Subbasin A and to the syncline 

between Folds B and C.  

A regional structural hinge exists at the juncture of fold orientation change; a 

location in the basin where NE-SW and E-W trending folds switch to NNE-SSW and N-

S trending folds (Fig. 3.1, Grant, 2004; Cullen, 2010). This structural juncture is 

expressed as a NW-SE trending topographic low that forms a long-lived sediment entry 

point to the study area, feeding sediments from southeast to northwest (Grant, 2004; 

Cullen, 2010). Sediments appear to be moving basinward directly from the shelf and 

upper slope, down long-lived synclinal conduits throughout the fill history of the study 

area. 
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3.10 Conclusion 

Three-dimensional seismic data and well data from the NW Borneo deepwater 

fold and thrust belts, offshore Malaysia are used to document the tectono-sedimentary 

interactions between Miocene to present-day deepwater depositional systems and the 

formation of growth folds. We identify three tectonic sequences 1) a pre-kinematic 

sequence, 2) a syn-kinematic sequence, and 3) a post-kinematic sequence based on 

the structural patterns and associated growth strata interpretation along fold margins 

and within the folds themselves. In addition, we document the lateral variations in 

seismic external forms (geometric relationships between fold limbs and associated 

basin filling) and seismic facies (depositional elements) along the strike of Fold B for all 

sequences.  

Based on our observation, we conclude the following: 

1. The thrust-related individual folding shows an overall forward propagating nature. 

At the same time, the folding and thrusting are active simultaneously across the 

folds and the reactivation of folding in association with the initiation of additional 

imbricate thrusts (out-of-sequence thrusts) can occur in the proximal fold trends 

during the syn-kinematic interval. These variations in time and space control the 

locus of sediment inputs/sediment pathways and distribution of MTCs along the 

strike of the fold.  

2. The wedge geometry (W) in the fold limbs represents the local creation and filling 

of ponded or laterally-confined accommodation around the uplifted fold relief. It 

indicates the occurrence of rapid uplift prior to the deposition of the base-lapping 

strata or the ratio of uplift exceeding the sedimentation ratio during the 
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deposition. The convergent thinning geometry (Ct) in the fold limbs represent the 

creation of accommodation in association with folding and its filling. Sediment 

bypass occurs to some degree over the folds where incoming sediments are in 

balance with or exceed the accommodation created by folding and basin 

subsidence.  

3. The focal area of uplift along fold crests, identified by mapping the extent of the 

W geometry along the strike of the fold, roughly corresponds to the extent of the 

cut-off line of thrusts at the top of the pre-kinematic level. These geometries 

constrain correlation of the uplift of the fold and thus the activity of the thrust. The 

main location and timing of the reactivation of folding are stratigraphically marked 

by the occurrence of local MTCs and the angular unconformities in the forelimb 

growth strata associated with these mass wasting processes.  

4. We identify two sediment inputs for channel/lobe complexes. One from the east 

and the other from the south-southeast of the study area. Locus of the sediment 

input from the east is highly affected by the deformation in the updip trend of the 

fold, implying the sediment feeder system across the individual fold segment 

boundary trend is dynamically changing in response to the fold growth. On the 

other hand, sediment inputs from the south and southeast are connected to, or 

are very close to the shelf edge. These shelf-connected sediment pathways, 

located on the regional fold segment boundary, are a stable conduit for sediment 

to the deepwater basin throughout the basin’s history.  

5. Pre-kinematic sequences in the study area are characterized by sheet-like 

package (St) geometries, and by extensive compensational stacking of larger 
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MTCs and channelized lobes, all of which are interbedded with draping 

background sediments. Sediment pathways in the sequence show flows to be 

parallel to, inclined to and perpendicular to the strike of a fold, reflecting that the 

actual fold does not appear to exist to any degree at the time of deposition. 

However, emplacement of larger shelf-attached MTCs act as bathymetric highs 

to influence channel directions and direct sediment gravity flows.  

6. Syn-kinematic sequences are characterized by the wedge and convergent 

package geometries, localized compensational stacking of smaller MTCs, 

ponded lobes, leveed channels, all interbedded with draping background 

sediment elements.  

7. Variations in the seismic external form along the strike of folds is related to the 

local accommodation created in associated with these thrust-related folds. The 

basin is not a high-relief, silled, sub-basin, but is a low- to partially-silled sub-

basin showing tortuous flow pathways along the strike of the fold. 

Accommodation traps the lobate deposits and affects sediment pathways parallel 

to the strike of the fold. There is a shift in flow pathways toward the south where 

south-flowing pathways traverse the strike of the fold, as fold deformation 

propagates laterally.  

8. As the thrust-related anticline of Fold B initiates and grows, the local filling and 

spill processes occur along the fold, and bypass channels focus in the southern 

part of the fold, where fold height is diminished. As folding becomes more active 

and the deformation propagates southward along the strike of the fold, sediment 

pathways along the backlimb of the fold show flows diverted parallel to fold’s 
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strike. Intervals of this strike parallel sediment pathway development show wedge 

(W) stratal geometries dominate the fill, however in intervals of channel 

propagation across fold crests (i.e., spill) convergent-thinning (Ct) and draping 

(D) geometries dominate the fill. Sediment “spill” occurs where segment 

boundaries of thrusts form overlapping fault relay patterns (Morley, 2009b; 

Totake et al., 2018), or close to the thrust tip in the buried underlying subunits.  

9. The fold degradation-driven MTCs occur predominantly in the forelimb side of 

amplified folds, and occur dominantly in the later stage of syn-kinematic 

sequence to the early stage of post-kinematic sequence. 

10. Post-kinematic sequences are characterized by sheet-like strata geometries 

draping over the folds. Localized, MTCs continue to be sourced from fold crests 

in the lower subunit of the post-kinematic sequence. The mass failure processes 

continued to occur even during the regional draping period when sediment 

systems avulsed and relative sea-level was likely rising.  

11. Post-kinematic time sediment pathways are similar to those seen in the syn-

kinematic sequence. However, as successive locally-derived mass failures occur 

in the lower subunit of the sequence, sediment pathways evolve in over and 

around these failures. During this time failure scars provide focal points for 

sediments shed from the shelf.  

12. Regional sediment pathways in subbasin A are controlled by large-scale 

structural segments and creating very stable and long-lived conduits for the 

basinward movement of shelf-derived (attached) mass transport complexes. 

These MTCs and turbidity flows erode the fold margins significantly.  



138 

13. Sediment pathways are locally controlled by the growth of individual folds and 

the locations of sediment input. These inputs altered by growth of hinterland-side 

fold limbs through the time, and the presence and occurrence of detached mass 

transport complex along the fold flanks.   
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CHAPTER FOUR 

CHARACTERIZATION AND MORPHOMETRICS OF MTCS in NW Borneo DWFTB 

 

4.1 Introduction 

Mass-transport complexes (MTCs) and mass transport deposits (MTDs) are a 

huge part of the earth’s stratigraphic record (MTCs is used in this study to denote a 

seismic scale deposit and MTDs is used to denote a sub-seismic scale deposit; see 

Cardona et al., in press for further discussion). Marine MTCs can compose up to 50% of 

the stratigraphic record in some deepwater basin fills (Posamentier and Martinsen, 

2011). They play many roles in petroleum geology, i.e., seal, reservoir, migration 

pathways, and potential source rock, but their specific nature is often very difficult to 

predict (e.g. Weimer and Shipp; Moscardelli et al., 2006; Armitage et al., 2009; 

Posamentier and Martinsen, 2011; Algar et al., 2011; Gamboa and Alves, 2015; 

Beaubouef and Abreu, 2010; Shipp et al., 2011; Weimer and Shipp, 2004). If we can 

characterize them within a context of major, seismic-scale tectonic phases of fold belt 

evolution, it will provide better criteria for predicting their lithology, their mechanical 

history, and their deposit types. The origin-based classification scheme of “attached 

MTCs” and “detached MTCs” (Moscardelli and Wood, 2008, 2015) can be applied to 

narrow down the potential host sites for MTC/MTD genesis, a fact which has 

implications for size and lithology of the resultant deposits. In the classification of 

Moscardelli and Wood (2008), “attached MTCs” are sourced from the shelf and the 

upper-slope areas of a basin; and “detached MTCs” are sourced by areas of the basin 
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that are detached or distal from any shelf break (Moscardelli and Wood, 2008, 2015). 

This work investigates seismic-scale, Miocene-to-recent age MTCs occurring in NW 

Borneo's Sabah deepwater fold and thrust belts. In this study, we analyze several 

ancient MTCs in the Sabah fold belt utilizing 3D seismic, well logs, and available 

biostratigraphic assemblages to develop enhanced recognition criteria for these 

deposits, assess the nature of mass failures in fold and thrust belts relative to other 

tectonic regions and to improve our understanding the relationship between mass 

failures and tectonic activity. 

4.2 Data and Method 

The data for this study includes two dimensional (2D) and three dimensional (3D) 

seismic data and well data from two subsurface wells (Well 1 and Well 2) as described 

in chapter 3 (Fig. 4.1, See Fig. 3.1 for the location in the regional geologic setting). We 

use the tectono-stratigraphic framework (Fig. 3.3, 3.5, and 3.6) and the structural 

element terminology for the structural elements (Fig. 4.1) and the seismic facies (table 

3.3) as discussed in chapter 3 to characterize MTCs within the context of fold evolution. 

We classify the MTCs into three types by the observation of seismic facies, and 

temporal and spatial distribution as described in the following section 4.4 of this chapter. 

MTCs were identified and their morphometrics measured using interpretation 

done in 3D seismic data, including a recently acquired pre-stack depth migration 

(PSDM) volume and a previously acquired and reprocessed pre-stack time migration 

(PSTM) volumes (Fig. 4.1). Seismic velocity calibrated by borehole data is available for 

the PSDM survey and enabled high accuracy conversion of the time-data thickness 

measurements to the depth domain. The PSTM volumes include reprocessed volumes. 



141 

The PSTM volumes were clipped for proprietary reasons in areas where we lacked a 

borehole-calibrated velocity cube.  

 

Figure 4.1 (a) Location of the survey area and wells with structural domain used in 
this study. (b)Time structure map of top pre-kinematic interval (horizion 4). Isochron 
maps of MTCs (time domain) are converted to isochore maps (depth domain) using; (i) 
the borehole calibrated seismic velocity cube if the whole area of MTCs are within the 
PSDM data set (red outlined polygon), or (ii) the average interval velocity between top 
and base surfaces of MTCs if the part of the MTCs are extended to the PSTM data set. 

 

Two exploration wells, which penetrate the proximal and the distal regions of a large 

MTC deposited in the pre-kinematic sequence, provide additional detailed data for 

integration with the seismic interpretation and add additional detail to MTC 

characterization. 
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4.2.1 Morphometric measurements  

We identify MTCs and their areal extents on the basis of the seismic facies 

observations in cross-section seismic profiles, and in plan-view geometry on seismic 

attribute maps. In seismic data, mass failures are characterized by low-to-moderate 

amplitude, discontinuous to chaotic seismic reflections (Fig. 4.4). This facies association 

can have a sharp, concordant or erosional base and an irregular upper surface. The first 

peak or trough of seismic reflectors bounding the chaotic seismic body with overlying 

and underlying continuous reflection packages are used to mark the mass failure top 

and base. In amplitude maps, these intervals show disorganized and speckled features 

occasionally with lineament features near the margin. We measure morphometric 

parameters of MTCs including length, width, thickness (maximum thickness and mean 

thickness), and calculate area and volume, based on the 3D seismic interpretation. The 

areal extent of MTCs is delineated by a polygon drawn on the seismic time slices, 

informed by the cross-section seismic and the plan view observation of the MTCs 

seismic facies. The length of MTCs is measured as the horizontal distance that is in the 

downslope direction following the main axis of the deposit to its terminal end (Fig. 4.2) 

(Moscardelli and Wood, 2016). The width is measured at the longest portion of the 

MTCs in a perpendicular orientation to the length. For the thickness parameter, top and 

base surfaces of MTCs are mapped using 3D seismic data (time domain) with 125-

1250m intervals depending on the size of MTCs (Table 4.1) and an isochron map of the 

MTC (time domain) is created between the two smoothed surfaces. The isochron maps 

(time domain) are converted to isochore maps (depth domain) using; (i) the borehole 

calibrated seismic velocity cube if the whole area of the MTC is within the PSDM data 
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set, or (ii) the average interval velocity between top and base surfaces of MTC if only 

part of the MTC is extended to the PSTM data set (Fig. 4.1). The thickness (maximum 

value and mean value), area, and volume parameters are calculated from the isochore 

maps. Measured parameters are considered to be a minimum value of the original 

length and thickness because of reductions in length by post-depositional folding and 

reductions in thickness by post-depositional compaction and erosion (Moscardelli and 

Wood, 2008). Post-emplacement compaction may alter mass failure character, and 

post-emplacement morphometric numbers can be highly variable depending on which 

lithology and initial porosity (compaction curve) are assumed for correcting the 

compaction effect on MTCs (Giles et al., 1998; Kominz et al., 2011). In this study, we 

use the uncorrected morphometric measurements for our description and data 

comparison, as these are most typical of what are measured by seismic workers in 

deepwater frontier basins.  

We compare our morphometric measurements with the worldwide trend of MTCs 

compiled by Moscardelli and Wood (2016; also uncorrected for post-emplacement 

diagenesis). Because thickness values of MTCs in their database are considered to 

contain a range of error, their data show mean to maximum thickness values and we 

plot both mean and maximum thickness values as well.  

4.2.2 Analysis of borehole data 

Exploration wells, which penetrate an unconfined attached MTC and associated 

overlying and underlying deposits, provide information from ditch cuttings and a limited 

number of sidewall core, and wireline logs to inform this study. Ditch cuttings sampled 

every 5 to 10 m within the depth range of interest. These samples are used for 



144 

contractor analysis of microfauna, nannofossil, and palynomorphs data used in this 

study. We integrate the provided plots of the analytical results with wireline logs and 

seismic interpretation to characterize the depositional, lithological, and biostratigraphic 

nature of the MTC. 

 

Figure 4.2 Schematic drawing of a mass-transport deposit from Moscardelli and 
Wood (2016) and measured morphometric parameters in the study. L: length, W: width. 
Thickness (max and mean values) and area and volume are measured and calculated 
from the isopach map of mapped MTCs. 

4.3 Geologic Setting 

The NW Borneo DWFTB, developed on the northern continental slope of Borneo 

island, deforms deepwater sediments of middle Miocene-to-recent age (See Fig.3.2, 
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3.3). The DWFTB has been extensively explored for hydrocarbons and has proved to 

have a large amount of oil and gas accumulated in the hanging wall of faulted anticlines 

(PETRONAS, 1999; Ingram et al., 2004; Algar et al., 2011; Algar, 2012). Some of these 

hydrocarbon accumulations involve mass failures as sealing elements (Algar et al., 

2011; Grecula et al., 2010). The MTCs in the basin are dominantly composed of mud 

and identified by their chaotic seismic facies as described in Chapter 3 (Algar et al., 

2011; Lu and Shipp, 2011).  

The study area is located in the northern portion of the DWFTB, where the NE-

SW trending folds transit to a NNE-SSW trend. This area has been situated for some 

time in front of a major long-lived sediment entry point that fed sediments into the basin 

from the southeast (See Chapter 3) (Grant, 2004; Cullen, 2010). Three tectono-

stratigraphic sequences; 1) pre-kinematic sequence, 2) syn-kinematic sequence, and 3) 

post-kinematic sequence, are identified based on the structural patterns and associated 

growth strata interpretation (See section 3.7 and 3.8 in chapter 3, Fig. 3.5, 3.6). Within 

the structural and stratigraphic framework, larger MTCs appear sourced through a 

south-to-southeastern located shelf to slope gateway. These flows are more frequent, 

shelf-attached gravity flows suggesting a long-lived and more stable sediment supply 

(Fig. 4.3). In contrast, detached MTCs occur predominantly in the steeper, forelimb side 

of the deepwater anticlinal folds, sourced by the degradation of the fold crest. Detached 

MTCs are confined in occurrence to the middle to upper syn-kinematic sequences (Fig. 

4.3c,d). These MTC types are further modified depending on their confined or 

unconfined nature. Therefore, we identify three types of MTCs occur in the basin; (1) 

unconfined attached MTCs (Fig. 4.3a, b), (2) laterally-confined attached MTCs, and  
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Figure 4.3 Representative seismic attribute map and simplified line drawing of 
depositional seismic facies. (a) seismic attribute map along the unconfined attached 
MTCs within the pre-kinematic interval, and (b) its simplified line drawing of depositional 
seismic facies. (c) Representative seismic attribute map from the early syn-kinematic 
Subunit-III. Selected surface is one of the iso-proportional slices between the top and 
base surfaces of the Subunit-III. (d) Simplified line drawing of depositional seismic 
facies composited from series of iso-proportional seimic attribute maps of the Subunit 
III, showing Attribute maps are Root mean square (RMS) amplitude with 30msec 
window overlaying the variance map on the surface. Dashed lines in fig. 5.3(b) 
represent the hinge lines of the present day anticlines at the top pre-kinematic Hz4, but 
anticlines have not been formed at the time of deposition. Grey area in fig. 5.3(d) shows 
folds trains at the time of deposition.  
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(3) frontally-confined detached MTCs (Fig. 4.3c, d), which are described in more detail 

below. 

4.4 Nature of three types of MTCs and their morphometric parameters 

Unconfined attached MTCs are derived from the south-eastwardly located shelf 

edge or upper slope and occur extensively in the pre-kinematic stratigraphy of the 

folded anticlines. Such pre-kinematic timing suggests that the emplacement of MTCs 

occurred in an unconfined setting (Fig. 4.3). These MTCs show a mounded geometry, 

partially erosive basal surfaces and irregular, complex top topographies (Fig. 4.4). They 

contain rafted blocks surrounded by debritic material (Fig. 4.5). The degree of chaotic 

appearance in this seismic interval decreases toward the distal margin of these MTCs, 

and their margins exhibit limited internal thrusting, (Fig. 4.4). The top surface 

topographic lows provide up to 100 m of accommodation, and they fill with relatively 

high amplitude reflectivity, healing-phase gravity flow material (Fig. 4.5). Morphometrics 

of the NW Borneo FTB unconfined, shelf attached MTCs are maximum thicknesses of 

500 m and average areas of 725 km2, average volumes of 155 km3, and they exhibit 

length/width ratios (L/W) that average 2.9 (Table 4.1).  

 The Well-2 and Well-1 drilled the proximal and distal regions, respectively, of an 

unconfined attached MTC in the hanging wall anticline of the fold B (Fig. 4.6). Borehole 

wireline logs and biostratigraphic analysis provide additional data to assess the nature 

of this MTC. The MTC interval shows a relative increase in abundance and diversity of 

fauna with a large increase in outer neritic fauna in both wells (Fig. 4.7, 4.8). Strata in 

the MTC interval show elevated densities compared to overlying and underlying strata 

(Fig. 4.7, 4.8).
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Figure 4.4 Seismic features of the unconfined attached MTCs. (a) SW-NE seismic section across the thrust fault, and 
(b) its flattened seismic section with base MTCs in the hanging wall. See the location of seismic line in figure 4.5. 
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Figure 4.5 Maps of the part of unconfined attached MTCs. (a) Thickness map of the MTCs in the hanging wall fault 
block and a part of footwall fault block. (b) Isopach between top of the MTC and the top healing surface of the MTCs in the 
hanging wall fault block (healing phase accommodation). (c) RMS Amplitude map along the top of MTCs (10 msec 
window above the top MTCs surface) (e) interpreted rafted blocks within the MTCs and topographic highs created by 
MTCs. Note MTCs thickness is up to 500m and accommodation is up to more than 100 m. Rafted blocks range in size 
from 100 to 2000m wide and up to about 200m thick. 
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Figure 4.6 Seismic section E-E’ cut through Well 2 (proximal) and Well 1 (distal) and features of GR well logs.  
Location of the section is in fig. 5.5a. Green colored interval is the interval of the unconfined attached MTCs. 
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Wellbore images of the proximal interval of the MTC in the Well-2 show 

disorganized azimuth/dips with mud-dominated lithology (Fig. 4.7), however distal 

portions of the MTC imaged in the Well 1 show concordant azimuth/dips containing 

unexpectedly thick sandstones within the MTC (Fig. 4.8). These sands are discussed 

later in this manuscript. 

Laterally confined attached MTCs are also derived from the south and 

southeastwardly located shelf edge or upper slope and but, unlike the unconfined 

MTCs, they are deposited in the laterally-confined subbasin formed by the syn-

kinematic stratigraphy of the folded anticlines. Planform images show that these 

subbasins form tortuous corridors (see discussion in Chapter 3) that guide the flow 

direction of the MTCs. These MTCs exhibit mounded geometry, partially erosive basal 

surfaces and contain rafted blocks and an abundance of internal frontal thrusts. 

Morphometrics of the NW Borneo FTB laterally confined, shelf attached MTCs show 

thicknesses ranges of 38-268 m and area ranges of 9-315 km2, volumes ranging from 

0.2 – 40 km3, and exhibit length/width ratios (L/W) that average 2.9 (Table 4.1). 

Frontally confined detached MTCs are sourced by the degradation of the 

steepened forelimb and the crest of deepwater growth folds. The MTCs are laid down in 

the adjacent forelimb synclines during syn-kinematic phases of fold development (Fig. 

4.3c,d, and Fig. 4.9). These MTCs are spatially smaller and thinner compared to 

attached MTCs, but their seismic geomorphic features are similar to those of laterally-

confined, attached MTCs. The receiving basin (forelimb syncline) is elongate parallel to 

fold trends which is perpendicular to the flow direction of the MTCs. The planform 

geometries of these MTCs show maximum widths perpendicular to the flow direction. 
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Figure 4.7 Features of the unconfined attached MTCs interval at Well 2 (proximal portion) 
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Figure 4.8 Features of the unconfined attached MTCs interval at Well 1 (distal portion)



154 

 

Figure 4.9 Seismic features of the frontally confined detached MTCs. (a) NW-SE 
seismic section (flow direction). (b) NE-SW seismic section (perpendicular to the flow 
direction). Location of the seismic sections are in (c) and (d). (c) Thickness map of the 
detached MTCs and (d) 3D view of seismic attribute maps of the detached MTCs from 
the westside. RMS amplitude with 30 msec window above the base of MTCs  
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No borehole penetrations of these MTC types exist in the FTB, but their lithology is 

expected to be composed of the strata from which they originate, this being distal 

turbidite deposits. Morphometrics of the NW Borneo FTB frontally confined, detached 

MTCs show thicknesses ranges of 66-197 m and area ranges of 4- 20 km2, volumes 

ranging from 0.1 – 1.1 km3, and they exhibit length/width ratios (L/W) that average 0.8 

(Table 4.1). 

4.5 Comparison of morphometric parameters  

Shelf- or slope- attached MTCs in the study area, including both unconfined and 

laterally-confined MTCs, show a wider range of size parameters and can be 1 to 2 

orders of magnitude larger in deposit area and volume than the detached MTCs (Fig. 

4.10). Log-log plots of the ratio of maximum deposit thickness to deposit area vs. the 

ratio of length to width (Fig. 4.11) highlight the difference between attached MTCs and 

detached MTCs in the study area. Attached MTCs are characterized by a relatively 

large deposit area and are thinner with the parameter of “maximum thickness to area 

ratio” less than 6 × 10−6. These types show a more deposition-elongated shape with 

the parameter of “length to width ratio (L/W)” ranging from 1 to 4.5. In contrast, most 

detached MTCs are characterized by a smaller deposit area and are thicker with the 

parameter of “maximum thickness to area ratio” more than 6 × 10−6. These types have 

their maximum width perpendicular to the flow direction with the parameter of “L/W” of 

less than 1.0 (Fig. 4.11).  

Log-log plots of deposit volume against thickness (Fig. 4.10) shows that the 

dataset of attached MTCs from our study area display increased thicknesses per 

volume distributions compared to global shelf-attached systems as documented by
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Figure 4.10 Log-log plots of morphometric parameters of MTCs. (a) Volume vs 
thickness. (b) Area vs thickness.Legend of plots; Remote (A)/ (D): Remote sensing data 
based Attached/Detached MTD, Outcrop (A)/ (D): Outcrop data based 
Attached/Detached MTD. FC D: Frontally-confined detached MTC, LC A: Laterally 
confined attached MTC, UC A: Unconfined attached MTC  
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Figure 4.11 Log-log plots of the maximum thickness to area of deposition vs. length to 
width of MTCs. Inserted maps show schematic images of receiving basins and 
distributions of laterally confined MTCs and frontally confined MTCs. (a) Isochron map 
of early syn-kinematic Subunit-IV interval. Blue color show thick sediment (deep basin) 
and yellow to red is thin sediment (topographic highs) of the syn-kinematic Subunit-IV. 
(b) Identified MTCs within the syn-kinematic Subunit-IV.  
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Moscardelli and Wood (2015). In contrast, detached mass failures appear to fall in 

similar volume and thickness to those observed globally by Moscardelli and Wood 

(2015). Data distributions match quite well in our mean thickness dataset and display 

slightly increased max thicknesses 

4.6 Discussion 

4.6.1 Well, log and seismic based criteria to identify mass transport deposits 

Seismic facies provide the first tier of interpretation of mass failure deposits in a 

basin. However, seismic character integrated with well log character and 

biostratigraphic information through MTC/MTDs can greatly assist in refining the top and 

base of the deposit, as well as provide information on the source area of the flows, thus 

assisting in determining their origin history as well as their lithology. Both of these 

variables can play an important role in assessing the seal capacity (Cardona et al., in 

press) and other roles that these deposits play in hydrocarbon traps. 

Data from two wells: Well-2 and the Well1, were used to better define the origin, 

processes, and nature of an unconfined attached mass failure penetrated by these 

wells. At Well-1, the attached MTC is interpreted to be deposited above -2150 m in the 

well. It is underlain by one of environmentally deepest events in the well, from which 

samples show huge abundances of planktonic foraminifera. Uphole the interpreted MTC 

interval shows a distinct increase in the occurrence and abundance of outer neritic 

fauna, including the brackish water Ammobaculites sp. and Ammonia beccarri, as well 

as containing an abundance of Mollusca sp. fragments.  

In addition, this MTC appears in seismic to contain large rafted blocks (Fig. 4.4; 

Alves (2015)), which suggest that they originate from a well-lithified host material. Both, 
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the lithified rafted blocks and microfauna and the increase in mangrove palynomorphs 

suggest that these deposits are derived from a shelf-edge or near-shelf geomorphologic 

provenance.  

Other researchers have used faunal data analysis to evaluate the origin of mass 

failures and to help identify the break between the decollement and the overlying 

remobilized mass. Beaubouef and Abreu (2010) characterize the MTCs in the Brazos-

Trinity slope system of the Gulf of Mexico by integrating seismic and borehole data from 

IODP Expedition cores. The authors interpret the presence of high abundances of 

reworked microfossils, to coincides with the base of MTCs, marking a phase of high 

energy sediment transport overlying a sediment starved foraminifer-bearing clay 

interval. The stratigraphic stacks of MTCs and turbidite fans in the Brazos-Trinity 

systems display an abundance of reworked benthic and planktonic forams, emphasizing 

the degree of erosion and mixing of sediments that occur in association with the 

deposition of the MTCs (Beaubouef and Abreu, 2010). Sawyer and Hodelka (2016), 

working in the Ursa Basin, Gulf of Mexico conclude that a condensed section enriched 

in deepwater foraminifera forms the detachment surface of retrogressive MTCs. They 

further infer that the presence of foraminifera causes a dilational shear strengthening 

behavior that works to arrest further movement of the regressive MTCs.  

Well -1 penetrated the more distal portions of the unconfined attached MTC and 

encountered unexpectedly thick sandstones within the MTC interval. Several possible 

interpretations of these thick sandstones exist; 1. the sands may represent a sandy 

channel-lobe complex interlayered with the MTC deposits, 2. these thick sands could be 

rafted blocks displaced basinward from more proximal, lithified and semi-lithified 
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deposits, 3. the blocks may have been plucked from the underlying sandier substrate 

and have been thrusted or popped-up at the toe-domain of the MTC (Bull et al., 2009), 

or 4.the sand is deposited as a slump-derived debrite associated with continued mass 

wasting (Beaubouef and Abreu, 2010) and flow transformation (Jackson et al., 2009). 

Although sandy turbidites are known to interbed with mass failure deposits this entire 

interval appears to be a remobilized deposit based on the consistent nature of the 

biostratigraphic data through the interval. These enigmatic sands do not appear to be in 

situ, suggesting that these thick sands are not flat-lying interbedded turbidites occurring 

between two separate failure events. Concordant azimuth/dips occurring over this 

interval might support the origin of these thick sands as being thrusts or pop up block 

sands. However, rafted blocks in a matrix of discordant debrites are well known to show 

similar seismic signatures and concordant dip-meter reading, and the persistence of 

brackish water fauna throughout this interval suggest a shelf origin for these blocks. 

Thus, we believe that these blocks have likely been rafted into their current deepwater 

locations as part of a larger mass movement originating in a shelfal location.  

Observed higher density in mudstones within MTCs in comparison to other 

mudstones is interpreted to be the result of the mechanical over-compaction of the 

MTC-hosted mudstones. These muds are deposited or deformed under the shear stress 

of the mass flow (Algar et al., 2011; Dugan, 2012). Algar et al. (2011), based on the 

observation of oil column heights in fields of the NW Borneo margin, suggest that over-

compaction likely improves the sealing capacity of mudstones in MTCs, compared to 

undeformed mudstones of similar burial depth. Day-Stirrat et al. (2013) discuss that the 

remolding and shearing during the emplacement of the MTC, give rise to a reduction in 
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pore throat sizes and lead to improved sealing capacity in these deposits compared to 

surrounding pelagic deepwater mudstones. The physical properties of mud-rich MTCs, 

increased resistivity and bulk density compared to other deepwater mudstones, result in 

high amplitude reflectance in seismic (Algar et al., 2011; Dugan, 2012). Such reflectivity 

especially in burial depths of less than 2000 m, can result in misleading seismic 

interpretations of hydrocarbons, pressure, and sand occurrence so that caution must be 

taken in seismic interpretation (Algar et al., 2011).  

 

4.6.2 Morphometrics of MTCs 

Area and volumes 

The clear difference in area and volume parameters between attached and 

detached MTC in the study area represents their attachment to, or detachment from 

actively replenishing large sediment sources. Such differences in origin are reflective as 

well of their ignition process, that being ignited from regionally extensive tectonic or sea 

level events (attached and detached), or from more localized, thrust specific tectonic 

events (detached). If MTCs are associated with active shelf or slope sedimentation and 

regional scale ignition events (e.g., earthquake, sea level change, high sedimentation 

ratio, tectonic uplift, etc.) they have the capacity to be very large events (Moscardelli 

and Wood, 2016; Algar et al., 2011; Gee et al., 2007; Grecula et al., 2010). In contrast, 

detached MTCs are associated with localized triggering mechanisms that are linked to 

gravitational instabilities affecting the flanks of mud volcano ridges, mini-basins, and 

deepwater levees (Moscardelli et al., 2006; Moscardelli and Wood, 2008). These 

failures are often far removed from large persistent sediment sources or regional-scale, 
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shelf-edge collapse triggers such as eustatic sea level lowering resulting in much 

smaller events. In the study area, large attached MTCs appear to originate from the 

south and southeast, where large sediment supplies were being deposits at the paleo-

shelf edge during pre-kinematic to early- and late- syn-kinematic times. In such 

locations, the shelf or upper slope was more likely affected by regional-scale tectonic or 

sea level events leading to the larger volume mass failures. In contrast, interpreted 

detached MTCs occurred locally and frequently throughout uplift cycles associated with 

local gravitational instability in the steepened forelimb folds (Chapter 3 section 3.7) 

(Morley, 2009b; McGilvery and Cook, 2003; Grecula et al., 2010).  

Finally, MTC thickness trends are also representative of the effect of confinement 

of the flows between active thrust-cored fold ridges or emplacement prior to the 

development of confining sea floor topography; i.e., pre-kinematic emplacement. 

Comparison of MTCs dimensions 

McGilvery and Cook (2003) classified MTCs in offshore Brunei based upon their 

runout distance, as either 1) long run-out distance debris flows and 2) short run-out 

distance debris flows. They infer that the sand versus mud ratios, triggering 

mechanisms, or the interdependency between the volume of the initial slump event and 

slope gradient can cause the variable run-out distances. Heinio and Davies (2006) 

emphasize the influence of the slope morphology on the geometries of MTCs derived by 

the degradation of thrust propagation folds in the Niger delta DWFTB. In their 

discussion, the abrupt break in slope near the base of the anticlinal forelimbs reduces 

the velocity of the failed down-slope moving sediment mass and causes deposition, 

resulting in relatively thick, short and wide MTC deposits. In contrast, longer, shallower 
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slopes lead to disintegration of the failed sediment mass into debris flows and/or 

turbidity currents that produce widespread, thin deposits with longer runout distances 

(Heinio and Davies, 2006). These concepts are herein used to explain the difference in 

the thickness to area ratio morphometric parameters between attached and detached 

MTCs in the study area.  

The receiving basin confinement significantly affects the thickness of MTCs. The 

influence of "confinement" on gravity flow architectures has been well discussed in the 

literature. The log-log plots of the maximum thickness to area of deposition vs. length to 

width for turbidite lobes (Prélat et al., 2010) differentiates “confined lobes,” whose 

deposition is more constrained by local topographic highs, from “unconfined lobes. ” 

Confined lobes have larger values of thickness to area of deposition ratios than 

unconfined lobes. Although flow behaviors and depositional processes are different 

between MTCs and turbidite lobes, the tractional and cohesive nature of MTCs will 

cause them to incise surrounding material and to build thicker deposits rather than run 

out further when the flow is affected by the basin confinement and/or the pre-existing 

bathymetric topography (Moscardelli and Wood, 2016). The interaction between mass 

failures and the substrate over which it is moving and the nature of the topography into 

which it is being emplaced has been discussed by numerous authors (Frey-Martínez et 

al., 2006; Heinio and Davies, 2006; Gee et al., 2007). In the study area, frontally 

confined detached MTCs reflect their interaction with the impinging forelimb syncline by 

spreading laterally with their axis of maximum width oriented perpendicular to flow 

direction.  
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In contrast to detached frontally confined mass failures, the planform geometries 

of large attached laterally confined MTCs show their axis of maximum width to be 

oriented parallel to flow direction and confined by laterally adjacent topographic thrust 

cored folds. Such flows dominate syn-kinematic sequences where topographic relief is 

higher than the run-up heights of MTCs. In contrast pre-kinematic mass failures show 

flow directions, widths, and thicknesses that, although they continue to be influenced by 

seafloor slope and topography do not encounter the extreme confinement of thrust 

cored folds and show a more unconfined nature. Although, topography in these 

tectonically active regions is a constant influence on the nature and morphology of mass 

failure deposits (Scott and Abraham, 2014). 

4.7 Conclusion 

Mass failures are a ubiquitous process in submarine and sublacustrine basins 

around the world. Mass failure processes and deposits are particularly prevalent in 

tectonically active deepwater fold and thrust belts, and they play an important role in the 

filling of DWFTB basins and their hydrocarbon prospectivity. Three-dimensional seismic, 

log and borehole data from the Middle Miocene to Recent age stratigraphy of the 

offshore Sabah NW Borneo deepwater folds and thrust belt (DWFTB) of Malaysia, have 

been used to characterize the nature and morphometrics of MTCs in the study area. 

Considering the origin-based MTC classification scheme of Moscardelli and Wood 

(2008), the deposits are labeled as attached MTCs and detached MTCs. However, this 

work shows the importance as well, of the mass failure receiving basin topography in 

influencing MTC morphology. Based upon this observation, the origin based 

classification is modified and three types of failures are herein defined. They include, (1) 
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unconfined attached MTCs, (2) laterally confined attached MTCs, and (3) frontally 

confined detached MTCs.  

Unconfined attached MTCs in the pre-kinematic stratigraphy show overall 

mounded geometries, have partially erosive basal surfaces and are internally mud-

dominated with disorganized bedding nature, especially in the proximal portions. They 

have irregular complex top topography with an abundance of accommodation lows for 

accumulation of post-emplacement, healing phase gravity flow deposits, and they 

contain rafted blocks in their translational, or middle regions and in their distal regions. 

Dip/azimuth logs show concordant dips in the more distal thick sands and an 

abundance of outer neritic fauna consistent throughout the deposit both evidence that 

these sands are likely shelf-origin rafted blocks. The faunal abundance and diversity in 

these MTC deposits and the sudden increase in the occurrence of outer neritic fauna 

support the interpretation of sourcing the entire deposit from the shelf edge and upper 

slope. Borehole logs show elevated density values through MTC intervals compared to 

surrounding background sediments.  

Attached MTCs and detached MTCs in the study area show clear differences in 

their morphometrics; area and volume parameters are most influenced by their source 

region, or are influenced by their causal ignative mechanism (Moscardelli and Wood, 

2016). In contrast their length to width ratio is a reflection of their confined or unconfined 

nature, and the shape of their receiving basin. Log-log plots of volume against thickness 

show that the dataset of attached MTCs from our study area display increased 

thicknesses per volume distributions compared to global shelf attached systems as 

documented by Moscardelli and Wood (2016). It appears that in these fold and thrust 
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basins, much of the mass failure's volume is emplaced in the partially confined setting 

building upward due to confinement by the surrounding thrusted terranes. The tractional 

and cohesive nature of MTCs causes them to build thicker deposits, often add material 

to their mass through sedimentary “underplating” and to imbricate rather than run out 

further when confined.  
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Table 4.1 Morphometric measurement of MTCs  

ID MTC Types Name Unit Area Length Width

Max

Thickness Volume

Length/Wi

dth

Mean

Th/Area

Max

Th/Area

sqkm km km m km^3 1/m 1/m

1 MTC_1_FD Post 19.3 4.8 5.8 133 0.75 0.82 1.91E-06 6.88E-06

2 MTC_2_FD Post 17.8 5.2 6.2 188 1.05 0.85 3.26E-06 1.06E-05

3 MTC_3_FD Post 15.5 3.5 6.7 139 0.61 0.52 2.52E-06 8.98E-06

4 MTC_4_FD Post 19.3 4.9 6.0 122 0.99 0.83 2.60E-06 6.33E-06

5 MTC_5_FD Syn 12.7 3.9 4.3 170 0.74 0.92 4.50E-06 1.34E-05

6 MTC_6_FD Syn 4.1 3.5 1.7 72 0.08 2.07 4.71E-06 1.75E-05

7 MTC_7_FD Syn 16.5 4.2 7.8 144 0.87 0.54 3.04E-06 8.75E-06

8 MTC_8_FD Syn 4.9 2.6 3.2 66 0.13 0.82 5.31E-06 1.35E-05

9 MTC_9_FD Syn 19.6 4.0 6.8 142 1.11 0.59 2.86E-06 7.26E-06

10 MTC_10_FD Syn 12.1 3.3 5.7 197 0.74 0.58 4.94E-06 1.62E-05

11 MTC_11_FD Syn 14.0 3.3 5.1 172 0.64 0.64 3.13E-06 1.23E-05

12 MTC_12_LA Post 196.8 23.3 15.3 112 7.47 1.52 1.92E-07 5.71E-07

13 MTC_13_LA Post 80.5 12.7 8.8 65 2.81 1.43 4.29E-07 8.11E-07

14 MTC_14_LA Post 54.6 11.2 6.0 50 1.58 1.85 5.17E-07 9.20E-07

15 MTC_15_LA Post 127.0 13.0 13.9 118 6.63 0.93 4.09E-07 9.32E-07

16 MTC_16_LA Post 18.3 10.2 2.3 38 0.40 4.45 1.16E-06 2.08E-06

17 MTC_17_LA Post 43.0 11.4 6.6 66 1.57 1.74 8.52E-07 1.54E-06

18 MTC_18_LA Post 9.1 8.4 3.2 53 0.19 2.60 3.02E-06 5.84E-06

19 MTC_19_LA Post 196.2 35.0 12.0 134 10.57 2.92 2.73E-07 6.85E-07

20 MTC_20_LA Syn 251.4 39.3 13.3 89 10.66 2.95 1.67E-07 3.55E-07

21 MTC_21_LA Syn 184.5 24.9 13.6 146 10.90 1.84 3.20E-07 7.91E-07

22 MTC_22_LA Syn 281.7 35.5 14.6 228 24.47 2.44 3.07E-07 8.09E-07

23 MTC_23_LA Syn 307.3 46.8 14.9 263 36.78 3.14 3.86E-07 8.57E-07

24 MTC_24_LA Syn 315.7 42.5 12.3 257 40.29 3.45 4.02E-07 8.15E-07

25

Unconfined

MTCs MTC_25_UA Pre 725.9 50.7 17.6 530 155.32 2.89 3.57E-07 7.30E-07

Frontally

confined

detached

MTCs

Laterally

confiend

attached

MTCs
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CHAPTER FIVE 

SUMMARY AND CONCLUSION: INTERACTION BETWEEN DEFORMATION AND 

SEDIMENTATION IN DWFTB 

 

5.1 Introduction 

The chapters of this dissertation have investigated the deformation history, and 

the interaction of sedimentation and deformation in deepwater fold and thrust belts 

(DWFTBs). Chapter 2 is a literature review that addresses the characteristics of 

DWFTBs and outlines the basin- to fold- scale variables that influence the interaction 

between deformation and sedimentation in DWFTBs. Chapter 3 analyzes the tectono-

sedimentary development of the offshore Sabah NW Borneo DWFTB and characterizes 

the structural influences on sedimentation in pre-, syn-, and post-kinematic sequences. 

Chapter 4 characterizes the shelf-attached MTCs and the shelf-detached MTCs based 

on the seismic geometric/facies features, their morphometric measurements and 

borehole information.  

This chapter aims to synthesize the observations and findings derived from the 

work to address the topics introduced in chapter 1 that include  

1. Identification of the basin- to fold-scale variables that affect structural style and 

sedimentation in DWFTB. 

2. Documentation of the tectono-sedimentary evolution of DWFTBs from the pre-, 

syn-, to post-kinematic sequence in DWFTBs. 
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3. Documentation of the nature and character of MTCs in DWFTBs.  

In addition, this chapter will discuss the resolution limits and the limits to applying 

the observations from this research, as well as suggest ongoing or new directions in this 

field of study. This chapter includes complementary figures and observations, which are 

not described in previous chapters, to strengthen the final tectono-sedimentary model. 

5.2 Influences on the structural style of, and sedimentation in DWFTBs 

The interaction between deformation and sedimentation in the fold and thrust 

belts can be examined at two scales; 1) at the basin scale (wedge-scale) and 2) at the 

fold and thrust system scale (fold-scale) (Deramond et al., 1993; Storti and McClay, 

1995; Wu and McClay, 2011).  

5.2.1 Basin-scale (wedge-scale) interaction 

The structural styles of DWFTBs are influenced by the nature of the underlying 

detachment, large-scale margin configuration, margin tectonic evolution, and sediment 

flux into the basin. The detachment lithology (salt vs. shale) causes the greatest 

variability in structural style due to the difference in material properties and rheological 

behaviors (Morley and Guerin, 1996; Rowan et al., 2004; Morley et al., 2011).  

The basin-scale taper wedge geometry of a DWFTB (Davis et al., 1983) is 

controlled primarily by the detachment lithology and the timing of development and 

distribution of overpressure (King and Morley, 2017). The second tier influence would 

be surface sedimentation and erosion (Wu and McClay, 2011). The NW Borneo 

DWFTB is a shale-detachment DWFTB driven by a mixed of near-field and far-field 

stresses (Hesse et al., 2009; Morley et al., 2011). Shale has relatively large detachment 

strength compared to salt, and shale detached DWFTB exhibit larger wedge-taper 
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angles (angle of detachment surface + angle of surface slope) than salt detachment fold 

belts (Fig. 2.4) (King and Morley, 2017). Conversely, the variation in average slope 

angles (Steffens et al., 2003; Prather, 2003; Prather et al., 2016) is considered to be 

controlled by the different stable states of the wedge-taper geometry, a condition 

attained as a function of the basal friction, the strength of the wedge material and 

surface erosion as well as the applied force and gravity (Fossen, 2010). This variation in 

slope angles impacts the types of slope profiles that develope, and the depositional 

processes and resultant sediment partitioning in the continental slope (Prather et al., 

2016), Morley (2007b) demonstrates the variation in the surface slope dip of a wedge-

taper geometry in response to the sedimentation ratio within the NW Borneo DWFTB 

system (Morley, 2007b). Based upon Morley’s observations, the northern portion of the 

DWFTB, where our study area is located, has a low sedimentation ratio and exhibits 

high surface slope dips, while the southern portion of the DWFTB, has high 

sedimentation rates and exhibits low surface slopes dips (Morley, 2007b).  

Chapter 3 documents the local variations of structural and sedimentary evolution 

in the proximal portion of the northern NW Borneo DWFTB and postulates a correlation 

between the tectonic and sedimentary pulses occurring in the fold and thrust belt and 

regional unconformities and eustatic sea level changes. In addition, we have examined 

possible influence that the tectonic elements exert on sediment supply routes in the 

study area, as discussed below. 
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5.2.2 Tectono-sedimentary elements and their influence on sediment supply and 

dispersion 

The present day continental margin of NW Borneo is characterized by multiple 

river-fed deltaic shorelines, and has a 7000 m difference in height between the source 

hinterland and the base of the continental slope over a distance of ~ 200 km (Fig. 5.1) 

(Casson et al., 1999; Grant, 2004; Torres et al., 2011; Hoggmascall et al., 2012; 

Lambiase and Cullen, 2013). The shoreline geometry shows 1) more elongate 

morphology than lobate morphology; and 2) great along-strike variability of the coastal 

sand belt, believed to be influenced by spatial and temporal variations in storm-flood 

depositional processes across multiple hinterland drainages (Collins et al., 2017). This 

source-to-sink system stands in contrast to larger, trans-continental source to sink 

systems such as the Amazon, Mississippi, or Niger river (Collins et al., 2017). These 

deltas are main drainage systems for the near-field driven, shale/salt detached 

DWFTBs at passive margin setting. The limited (about 50km) basinward shelf-edge 

progradation of the Borneo shelf from Middle Miocene to present-day (Cullen, 2010), 

coupled with the progradational and aggradational nature of deltaic succession (Torres 

et al., 2011), and the reconstructions of palaeo-depositional systems (Grant, 2004; 

Lambiase and Cullen, 2013; Collins et al., 2017), indicates the persistence throughout 

geologic time of a narrow shelf (<100 km) and the similar depositional processes 

(Lambiase and Cullen, 2013; Collins et al., 2017).  

The nature of shelf hosting of sediment to the deepwater is affected by several 

variables discussed below, including the nature of orogenic and stream piracy events in 

the hinterland, eustatic and relative sea level changes impacting shoreline and shelf 
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development, sediment thieving in proximal sinks, morphology of the shelf sediment 

dispersal systems (i.e., point source versus line source) and the mix of storm influence 

on sediment dispersal.  

Hinterland orogenic and stream evolution events 

In the highlands of NW Borneo, orogenic events; such as the Sarawak- and 

Sabah- Orogenies, Mt. Kinabalu intrusion, and Meligan Orogeny, related to the 

complicated plate tectonic histories, are the primary sediment source for the continental 

margin (Hall and Nichols, 2002; Balaguru and Nichols, 2004; Morley and Back, 2008; 

Cullen, 2010; Hall, 2013; Morley, 2016). The effect of rapid weathering and erosion by 

tropical climate has caused large amounts of sediment issuing from the island. The 

region also exhibits less developed-faulting and fewer nappes in the hinterland region 

compared to the other orogenic belts (Hall and Nichols, 2002; Morley and Back, 2008; 

Morley et al., 2016). On the other hand, river capture in the hinterland region (Morley et 

al., 2016) is a potential cause in the source area for decrease in the total sediment 

budget for the basin drainage system. Morley et al. (2016) inferred the occurrence of 

river capture to explain the inverse relationship of the bulk sedimentation across basins 

that share the same hinterland. They speculate that a prominent increase in 

sedimentation ratio in the Sarawak basin, accompanied by a sharp reduction in 

sedimentation ratios within the Mahakam, Tarakan, and Sabah (Baram-Barabac) basins 

is possibly due to stream piracy.  

Our approximate calculation of the sediment accumulation rates in the study area 

shows the progressive decrease in sediment accumulation from the pre-kinematic, syn-

kinematic, to post-kinematic sequences similar to that calculated by Morley et al. (2016) 
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for the Sabah region. To delve any deeper into phases of stream capture and its impact 

on sedimentation rates in the Sabah fold belt are beyond the scope of this work.  

Deltaic and shelf tectono-morphology 

Within the basin source to sink system, the local uplift and subsidence have 

influenced the stratigraphic development and sediment dispersal in the more distal 

basins. Repeated uplift and erosion across the inboard shelf and the hinterland ridge 

terrain of Sabah results in the shedding of large volumes of sediment into the river-

deltaic/shallow marine domains (Levell, 1987; Ingram et al., 2004; Cullen, 2010). The 

increased sediment supply combined with the limited sediment accommodation due to 

the narrow shelf could lead sands and shales to cascade over the shelf edge and into 

deepwater regardless of eustatic sea-level behavior (Casson et al., 1999; Grant, 2004; 

Lambiase and Cullen, 2013). The evolution of drainage pathways of the Champion 

multiple river-fed deltaic systems, located in the southern proximal portion of the NW 

Borneo DWFTB, controlled by the tectonically-driven topography in the inboard shelf. 

Changes in this topography result in a highly variable sand supply to the shelf edge and 

ultimately similar variability to the slope and basin during relative sea-level lowstands 

(Lambiase and Cullen, 2013).  

A large delta, the result of the coalescence of multiple rivers may supply 

moderate amounts of sand to one location on the shelf edge, whereas multiple, small, 

deltas could distribute individually smaller volume of sand but on mass over a wider 

area (Lambiase and Cullen, 2013).  

Growth fault systems and mobile shales occur across the shelf domain and part 

of the slope related to the deltaic-related loading and deformation from active subsiding 
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depocenters (Hodgetts et al., 2001; Gartrell et al., 2011; Torres et al., 2011; Lambiase 

and Cullen, 2013). These faults and diapirs block sediment supply routes and trap a 

large portion of sediment so that very little sediment reached the deepwater setting 

during some lowstands (Mohamad and Lobao, 1997; Torres et al., 2011; Lambiase and 

Cullen, 2013). This type of “sediment thieving must be considered in any sediment 

budget analysis. 

Sea-level changes 

Both eustatic and relative sea-level falls enhance exposure of the shelf and work 

in tandem with tectonic driven uplifts to increase sediment supply to deepwater (Casson 

et al., 1999; Ingram et al., 2004; Grant, 2004). Conversely, sea-level rises are expected 

to decrease the total erosionally exposed areas resulting in decreasing or complete shut 

off of sediment input to the deepwater region (Casson et al., 1999; Ingram et al., 2004; 

Grant, 2004).  

Our attempt to correlate the tectono-stratigraphic subunits in the study area to 

the global sea-level curve shows that the development of the finer-grained, thinly 

bedded sands of the “Lingan fan” in Subunit-IV appears to occur during a period of 

tectonic uplift (responsible for development of the regional unconformity of Horizon II) 

that coincides with the Latest Messinian global sea level drop. The coarser sands 

appear to have been “thieved” from the system and trapped in a growth-fault driven 

depocenter on the shelf. In contrast to the Lingan Fan, other sandy reservoir intervals 

do not show a clear fit with any one-million-year or greater global sea-level falls, 

suggesting the predominance of tectonic influences for their development (Our age 
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control is not of high enough resolution to capture the higher order stratigraphic cyclicity 

and fluctuations in the rates of sedimentary and tectonics smaller than 1 million years). 

Shelf Depositional processes 

Of final consideration regarding inputs on sediment supplied to the deepwater is 

the effect of storms. The effect of storm-flood depositional processes on the temporal 

and spatial distribution of coarse sediments examined based on both observations from 

the modern depositional system and the ancient outcrop stratigraphic successions in 

the Baram Delta province (Collins et al., 2017). The record documents processes 

associated with two distinct periods: (i) fair-weather periods dominated by alongshore 

sediment reworking and coastal sand accumulation; and (ii) monsoon-driven storm 

periods characterized by enhanced wave-energy and offshore-directed downwelling 

storm flow which occurs with peak fluvial discharge caused by storm precipitation 

(Collins et al., 2017).  

In summary, the above mentioned active tectonics, sea-level changes, and 

depositional processes could all strongly influence the rate of sediment supply and 

accommodation in the inboard shelf area of the NW Borneo DWFTB and operate 

simultaneously in various space and time scales. It is likely impossible to deconvolve 

the interplay of these elements (Collins et al., 2017), but a better understanding of the 

multiple variables that impact shelf storage and bypass of sediments will help in the 

subsurface evaluation of the regional reservoir distribution and assessment of 

uncertainties. 
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Figure 5.1 Charateristics of the NW Borneo continental margin and the key factors 
controlling structural styles and sediment supply (Modified from Collins et al. 2017) 

 

5.3 Interaction between structure and sedimentation 

This section will synthesize the observation and finding on the interaction 

between deformation and sedimentation and the nature and character of MTCs in the 

pre-, syn-, to post-kinematic sequence of DWFTBs.  

The geometry and orientation of older structures below the detachment unit in 

decollement-driven fold and thrust belts control the orientation, location and structural 
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styles of folds (Gottschalk et al., 2004; Jackson et al., 2004; Cullen, 2010). The resultant 

boundaries of structural segments can form long-term sediment conduits (Cullen, 2010). 

Chapter 3 identifies two sediment inputs for channel/lobe complexes from the 

southeast/south and the east of the study area. The southeast/south conduit appears to 

be located near a NW-SE trending older structural domain boundary (Cullen, 2010), and 

is the stable, long-lived sediment conduit to the basin. In contrast, the eastern sediment 

conduit is highly affected by deformation in updip structural trends and appears less 

stable.   

5.3.1 Pre-kinematic sequence (Fig.5.2) 

The pre-kinematic interval shows consistent stratigraphic thickness with a sheet-

form external seismic geometry. Sediment pathways and sinks are characterized by the 

extensive compensational stacking of attached-MTC and channel-lobe complex and 

background-sediment depositional elements.  

Structural influence on sedimentation 

Few thrust-related structures exist at the seafloor to inhibit or confine gravity flows. 

Channel pathways and morphometric features of MTCs show no clear relationship to 

fold orientations (termed “unconfined attached MTCs”). However, the slope-basin floor 

topography in the tectonically active region is inferred to have subtle, bathymetric relief, 

which would influence the emplacement location and morphometric of MTCs. The 

emplacement of several large, unconfined attached MTCs acted as bathymetric highs to 

influence channel directions and direct post-emplaced younger sediment gravity flows. 

MTCs 
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The pre-kinematic interval is characterized by the occurrence of large volume of 

unconfined attached MTCs. Chapter 4 characterizes both the seismic- and well-based 

nature and the morphometric characteristics of these unconfined attached MTCs. The 

MTCs shows overall mounded geometries, partially erosive basal surfaces. They exhibit 

internal mud-dominated disorganized bedding in their proximal portions, irregular 

complex top topography and rafted blocks in their middle portions, and concordant 

dip/azimuth bedding nature containing unexpected thick sandstone in their distal 

portions. The middle to distal portions show the development of accommodation lows 

where healing phase gravity flow material accumulates. Biostratigraphic data at wells 

show relative increases in faunal abundance and diversity in MTC deposits and a 

sudden increase in the occurrence of outer neritic fauna supporting the inference of 

sourcing from the shelf edge and upper slope. Borehole logs show elevated density 

values through MTC intervals compared to surrounding background sediments. 

Attached MTCs are commonly driven by variable that affect sediment stability at the 

shelf edge, such as hinterland/shelf tectonics, sea-level changes or climatically or 

tectonically driven increases in sediment supply to shelf edge depocenter (Grecula et 

al., 2010; Moscardelli and Wood, 2016). 

5.3.2 Syn-kinematic sequence (Fig.5.3, 5.4, and Fig.5.5) 

Syn-kinematic sequences are characterized by the wedge and convergent 

package geometries, localized compensational stacking of smaller MTCs, ponded-

lobes, leveed-channels, and interbedded draping background-sediment elements. The 

initiation of thrust-related fold growth, and the along-strike variation and re-activation of 

folds are identified by the lateral and vertical variation of the seismic external forms.  
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Structural influence on sedimentation 

Accommodation at this time is formed by low-relief, partially-silled sub-basins. Pathways 

are considered tortuous and parallel the strike of folds. Lobate deposits accumulate in 

areas of available accommodation. Fold B initiates and grows at this time and local 

filling and spilling occurs along the fold with bypass channels developing along areas of 

minimal uplift and spill occurring through bypass channels to more basinward synclines 

(Fig. 5.3).  

 As fold uplift propagate along the strike of a fold, sediment pathways along the 

backlimb of the fold show increasing diversion of flows to parallel the strike of the fold 

(Fig. 5.4). These are intervals where wedge (W) filling geometries are dominant.  

Channels spill across fold occur in areas where the convergent-thinning (Ct) 

filling geometries and draping (D) geometries are dominant. Such channels transverse 

across folded anticlines often occur at structural (folds and thrusts) segment 

boundaries. Such locations can be shifted, shut-off, or initiated dynamically in response 

to the fold growth and degradation history (Fig. 5.4, 5.5 and 5.7).  

During this phase of tectonic development, fold degradation-driven local MTCs 

(frontally confined detached MTCs) occur predominantly in the forelimb side of the 

amplified fold, occurring predominantly in the later stage of the early syn-kinematic 

sequence, and truncating the rotated underlying strata. These events form a syn-

tectonic angular unconformities at the base of these MTCs (Fig.3.17 and Fig.5.5)(Riba, 

1976; Frostick and Steel, 1993; Morley, 2007b).  
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Figure 5.2 Schematic drawing of the pre-kinematic interval 
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Figure 5.3 Schematic drawing of the early syn-kinematic interval Subunit-I 
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Figure 5.4 Schematic drawing of the early syn-kinematic interval Subunit-II 
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Figure 5.5 Schematic drawing of the late syn-kinematic interval Subunit-III & IV 
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Figure 5.6 Schematic drawing of the post-kinematic interval Subunit-V 
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Figure 5.7 Schematic drawing of the post-kinematic interval Subunit-VI 
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MTCs  

The MTCs in the syn-kinematic interval are dominantly laterally confined 

attached MTCs and frontally confined detached MTCs. Both of these MTC types are 

highly constrained by growth fold topographic relief. Laterally-confined, attached MTCs 

are sourced from the shelf or the upper slope where the stable sediment delivery 

system in the shelf area is interpreted to be directly linked to the downdip or located 

nearby. Their deposition is guided and constrained by the fold-related topographic relief. 

Topography at this time is not extreme, and low-relief sills or tortuous corridors are filled 

by laterally-confined, attached MTCs. Frontally-confined MTCs are sourced by the 

degradation of the steepened forelimbs and crests of growth folds and are laid down in 

their adjacent forelimb synclines. They are 1 to 2 orders of magnitude smaller in deposit 

area and volume than the basin’s attached MTCs, reflecting the difference both in the 

source area and in the driving mechanism of initiation. 

5.3.1 Post-kinematic sequence (Fig. 5.6, 5.7) 

Post-kinematic sequences are characterized by the predominance of draping (D) 

external geometries over the underlying structure and the passive onlapping of synclinal 

strata toward the pre-existing folded anticlinal structures. However, the interval is not 

completely quiescent, and interval strata are deformed by local folding, normal faulting, 

and fold degradation (mass wasting processes).  

Structural influence on sedimentation and MTCs 

The study area is characterized by two tectono-sedimentary stratigraphic 

subunits in the post-kinematic interval. The early one develops during a period of 

regional decrease in thrust-related folding and a decrease in shelf sediment supply from 
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regional and stable sediment conduits. This early stratal package is characterized by D 

external geometries and is composed of background sediment elements. A few minor 

channels can be found in the interval. Although there are no shelf-derived MTCs, local 

MTCs, generated by fold degradation (frontally confined detached MTCs) continue to 

occur and fill local topographic lows. The younger strata subunit is deposited during a 

period of increase in shelf-derived sediment. This stratal package is characterized by D 

external geometry with minor amounts of Ct and W external filling geometries. In 

contrast to the previous subunit, this subunit contains fewer and smaller MTCs in the 

forelimb of the folds, instead there are large numbers of MTCs and channel features 

sourced from the shelf region. Eventually, fold crests are degraded by mass failure 

erosion throughout syn- and post-kinematic periods, and channels are able to traverse 

these growth folding. 

5.4 Limitations of the study and the implication for the future study 

This study has investigated deformation and sedimentation in deepwater fold and thrust 

belts (DWFTBs). As a part of this process, this study synthesizes the results of a 

literature review on these topics. In addition, we have used subsurface data sets to 

complete analysis of the tectono-sedimentary development of the NW Borneo DWFTB 

and to characterize MTCs within this DWFTB. Research limitations and the implication 

of this study are as follows.  

1. There are always limitations in interpretation due to data resolution limits. The 

data used in this study varies in resolution depending on the depth of each 

stratigraphic interval. Resolution is ~ 10 m in the shallow near-seafloor sediments 

and ranges from ~ 20 m in time depths of 2500 ms two way travel time (TWT; 
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near structural highs) to about 50 m around time depths of 4000 ms TWT (in 

synclines). Outcrop-scale variations in growth sequence geometries, fault 

systems, depositional elements (channel, lobe, and MTCs) are below the 

resolution of our data. In addition, wells used to assist in seismic facies analyses 

are drilled principally along fold crests. Therefore, the lateral facies variations 

down into the surrounding synclines are difficult to verify.  

2. In association with the vertical resolution, the seismic external form analysis 

cannot differentiate between wedge geometry and convergent thinning geometry 

toward topographic high on seismic section when bed thickness is equal or 

thinner than tuning thickness.  

3. The biostratigraphic data used in this study are collected from well cuttings and 

from a limited number of sidewall core. Ages dating is from calcareous 

nannofossil data. Ages assigned to each seismic horizon using these data may 

suffer from several uncertainties, including any contamination of the original bore-

hole samples, any ambiguity in the nannozonation in each well, uncertainty in 

seismic-to-well ties and any mis-correlations between the wells. As with all 

borehole data, caution must be applied in how it is interpreted.  

4. The study has applied stratal- and iso-proportional slicing methods to image and 

interpret seismic facies in each tectono-sedimentary subunit. Study of seismic 

facies would benefit from more detailed mapping of trough-peak seismic reflector 

pairs within each stratigraphic interval, and subsequent seismic attribute 

extractions to provide more detailed images for understanding the interaction 

between MTCs and channels/lobes depositional elements. 
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5. There is a need to compare the observations from the NW Borneo DWFTB and 

to other DWFTBs around the world both in a qualitative and quantitative way. The 

study has focused on the qualitative observations of tectono-sedimentary 

evolution. Integration of each observation (isopach ratios, seismic external forms, 

seismic facies, and morphometric measurement of depositional elements) in a 

semi-quantitative way would benefit this study by providing more quantitative 

parameters by which to compare and contrast between different global DWFTBs.  

6. Reconstruction of paleo-bathymetry by structural restoration, and the numerical 

sediment forward modeling calibrated by the observation and seismic attribute 

maps in this study might be the way forward to validate the interpreted structural 

influence on sedimentation, sediment pathways, and the resultant stratigraphic 

stacking patterns and lithological variation.  

7. Finally, the study has established borehole-based criteria for distinguishing 

between attached versus detached MTCs (terminology of Moscardelli and Wood, 

2016). Attached MTCs show a relative increase in faunal abundance and 

diversity, and a sudden increase in the occurrence of outer neritic fauna, 

reflecting their shelfal sourcing area. Investigation of additional attached and 

detached MTCs would make these criteria more robust. 

  



191 

REFERENCES 

Algar, S., 2012, Big oil from “gas-prone” source rocks and leaking traps: Northwest 
Borneo: AAPG Search and Discovery, v. 2012, p. 10465. 

 
Algar, S., C. Milton, H. Upshall, J. Roestenburg, and P. Crevello, 2011, Mass-transport 

deposits of the deep-water northwestern Borneo margin (Malaysia); 
characterization from seismic reflection, borehole, and core data with implications 
for hydrocarbon exploration and exploitation: Special Publication - Society for 
Sedimentary Geology, v. 96, p. 351-366. 

 
Alves, T. M., 2010, 3D Seismic examples of differential compaction in mass-transport 

deposits and their effect on post-failure strata: Marine Geology, v. 271, p. 212-
224. 

 
Alves, T. M., 2015, Submarine slide blocks and associated soft-sediment deformation in 

deep-water basins: A review: Marine and Petroleum Geology, v. 67, p. 262-285. 
 
Armitage, D. A., B. W. Romans, J. A. Covault, and S. A. Graham, 2009, The Influence 

of Mass-Transport-Deposit Surface Topography on the Evolution of Turbidite 
Architecture: The Sierra Contreras, Tres Pasos Formation (Cretaceous), 
Southern Chile: Journal of Sedimentary Research, v. 79, p. 287-301. 

 
Arnott, R., 2010, Deep-marine sediments and sedimentary systems: Facies models, v. 

4, p. 295-322. 
 
Balaguru, A., and G. Nichols, 2004, Tertiary stratigraphy and basin evolution, southern 

Sabah (Malaysian Borneo): Journal of Asian Earth Sciences, v. 23, p. 537-554. 
 
Beaubouef, R., and V. Abreu, 2010, MTCs of the Brazos-Trinity slope system; thoughts 

on the sequence stratigraphy of MTCs and their possible roles in shaping 
hydrocarbon traps, Submarine Mass Movements and Their Consequences, 
Springer, p. 475-490. 

 
Beaubouef, R., and S. Friedmann, 2000, High resolution seismic/sequence stratigraphic 

framework for the evolution of Pleistocene intra slope basins, western Gulf of 
Mexico: depositional models and reservoir analogs: Deep-water reservoirs of the 
world: Gulf Coast Section SEPM 20th Annual Research Conference, p. 40-60. 

 
BIOT, M. A., 1961, Theory of Folding of Stratified Viscoelastic Media and Its 

Implications in Tectonics and Orogenesis: Geological Society of America Bulletin, 
v. 72, p. 1595-1620. 

 
Bol, A., and B. Van Hoorn, 1980, Structural styles in western Sabah offshore: 

Geological Society of Malaysia Bulletin, v. 12, p. 1-16. 



192 

Bull, S., J. Cartwright, and M. Huuse, 2009, A review of kinematic indicators from mass-
transport complexes using 3D seismic data: Marine and Petroleum Geology, v. 
26, p. 1132-1151. 

 
Burbank, D., A. Meigs, and N. Brozović, 1996, Interactions of growing folds and coeval 

depositional systems: Basin Research, v. 8, p. 199-223. 
 
Cardona, S., L. J. Wood, R. J. Day-Stirrat, and L. Moscardelli, 2016, Fabric 

Development and Pore-Throat Reduction in a Mass-Transport Deposit in the 
Jubilee Gas Field, Eastern Gulf of Mexico: Consequences for the Sealing 
Capacity of MTDs, Submarine Mass Movements and their Consequences, 
Springer, p. 27-37. 

 
Cardona, S., L. J. Wood, R. J. Dugan, B., Jobe, Z. R., and Strachan, L, in press, 

Characterization of the Rapanui Mass-Transport Deposit and Basal Shear Zone: 
Mount Messenger Formation, Taranaki basin, New Zealand. 

 
Casson, N., M. Wannier, J. Lobao, and P. George, 1999, Modern Morphology–Ancient 

Analogue: Insights into Deep Water Sedimentation on the Active Tectonic Margin 
of West Sabah: Geological Society Malaysia Bulletin, v. 43, p. 399-405. 

 
Catuneanu, O., 2006, Principles of sequence stratigraphy, Elsevier. 
 
Catuneanu, O., V. Abreu, J. P. Bhattacharya, M. D. Blum, R. W. Dalrymple, P. G. 

Eriksson, C. R. Fielding, W. L. Fisher, W. E. Galloway, M. R. Gibling, K. A. Giles, 
J. M. Holbrook, R. Jordan, C. G. S. C. Kendall, B. Macurda, O. J. Martinsen, A. 
D. Miall, J. E. Neal, D. Nummedal, L. Pomar, H. W. Posamentier, B. R. Pratt, J. 
F. Sarg, K. W. Shanley, R. J. Steel, A. Strasser, M. E. Tucker, and C. Winker, 
2009, Towards the standardization of sequence stratigraphy: Earth-Science 
Reviews, v. 92, p. 1-33. 

 
Chen, J., 2012, Understanding Uncertainties in Deepwater Depositional Facies 

Modeling for Better Reservoir Conditioning, Society of Petroleum Engineers. 
 
Clark, I. R., and J. A. Cartwright, 2009, Interactions between submarine channel 

systems and deformation in deepwater fold belts: Examples from the Levant 
Basin, Eastern Mediterranean sea: Marine and Petroleum Geology, v. 26, p. 
1465-1482. 

 
Clark, I. R., and J. A. Cartwright, 2011, Key controls on submarine channel 

development in structurally active settings: Marine and Petroleum Geology, v. 28, 
p. 1333-1349. 

 
Clark, I. R., and J. A. Cartwright, 2012, Interactions between coeval sedimentation and 

deformation from the Niger Delta deep-water fold belt: SEPM Special Publication, 
v. 99, p. 243-267. 



193 

Collins, D. S., H. D. Johnson, P. A. Allison, P. Guilpain, and A. R. Damit, 2017, Coupled 

‘storm‐flood’ depositional model: Application to the Miocene–Modern Baram 

Delta Province, north‐west Borneo: Sedimentology, v. 64, p. 1203-1235. 

 
Cooper, M., 2007, Structural style and hydrocarbon prospectivity in fold and thrust belts: 

a global review: Geological Society, London, Special Publications, v. 272, p. 447-
472. 

 
Cottam, M., R. Hall, C. Sperber, and R. Armstrong, 2010, Pulsed emplacement of the 

Mount Kinabalu granite, northern Borneo: Journal of the Geological Society, v. 
167, p. 49-60. 

 
Cottam, M. A., R. Hall, C. Sperber, B. P. Kohn, M. A. Forster, and G. E. Batt, 2013, 

Neogene rock uplift and erosion in northern Borneo: evidence from the Kinabalu 
granite, Mount Kinabalu: Journal of the Geological Society, v. 170, p. 805-816. 

 
Covault, J. A., S. M. Hubbard, S. A. Graham, R. Hinsch, and H.-G. Linzer, 2009, 

Turbidite-reservoir architecture in complex foredeep-margin and wedge-top 
depocenters, Tertiary Molasse foreland basin system, Austria: Marine and 
Petroleum Geology, v. 26, p. 379-396. 

 
Covault, J. A., and B. W. Romans, 2009, Growth patterns of deep-sea fans revisited: 

Turbidite-system morphology in confined basins, examples from the California 
Borderland: Marine Geology, v. 265, p. 51-66. 

 
Cullen, A. B., 2010, Transverse segmentation of the Baram-Balabac Basin, NW Borneo; 

refining the model of Borneo's tectonic evolution: Petroleum Geoscience, v. 16, 
p. 3-29. 

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

of Geophysical Research: Solid Earth (1978–2012), v. 89, p. 10125-10133. 
 
Dahlstrom, C. D., 1990, Geometric Constraints Derived from the Law of Conservation of 

Volume and Applied to Evolutionary Models for Detachment Folding: Geologic 
Note:(1): AAPG Bulletin, v. 74, p. 336-344. 

 

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

accretionary wedges: Journal of Geophysical Research: Solid Earth (1978–
2012), v. 88, p. 1153-1172. 

 
Dawson, W. C., and W. R. Almon, 2002, Top seal potential of Tertiary deep-water Gulf 

of Mexico shales. 
 
DeCelles, P. G., and K. A. Giles, 1996, Foreland basin systems: Basin Research, v. 8, 

p. 105-123. 
 



194 

Demyttenaere, R., J. P. Tromp, A. Ibrahim, P. Allman-Ward, and T. Meckel, 2000, 
Brunei deep water exploration: from sea floor images and shallow seismic 
analogues to depositional models in a slope turbidite setting: Perkins Annual 
Research Conference, p. 304-317. 

 
Deptuck, M. E., Z. Sylvester, C. Pirmez, and C. O’Byrne, 2007, Migration–aggradation 

history and 3-D seismic geomorphology of submarine channels in the 
Pleistocene Benin-major Canyon, western Niger Delta slope: Marine and 
Petroleum Geology, v. 24, p. 406-433. 

 
Deramond, J., P. Souquet, M.-J. Fondecave-Wallez, and M. Specht, 1993, 

Relationships between thrust tectonics and sequence stratigraphy surfaces in 
foredeeps: model and examples from the Pyrenees (Cretaceous-Eocene, 
France, Spain): Geological Society, London, Special Publications, v. 71, p. 193-
219. 

 
Dolan, P., D. Burggraf, K. Soofi, R. Fitzsimmons, E. Aydemir, O. Senneseth, and L. 

Strickland, 2004, Challenges to exploration in frontier basins–the Barbados 
accretionary prism: Abstracts, American Association of Petroleum Geologists 
International Conference, Cancun. 

 
Dugan, B., 2012, Petrophysical and consolidation behavior of mass transport deposits 

from the northern Gulf of Mexico, IODP Expedition 308: Marine Geology, v. 315, 
p. 98-107. 

 
Dunlap, D. B., L. J. Wood, C. Weisenberger, and H. Jabour, 2010, Seismic 

geomorphology of offshore Morocco's east margin, Safi Haute Mer area: AAPG 
Bulletin, v. 94, p. 615-642. 

 
Flinch, J., 2014, Context, Challenges, and Future of Deep-Water Plays: An Overview: 

Search and Discovery Article, v. 41417. 
 
Flood, R. D., P. L. Manley, R. O. Kowsmann, C. J. Appi, and C. Pirmez, 1991, Seismic 

facies and late Quaternary growth of Amazon submarine fan, Seismic facies and 
sedimentary processes of submarine fans and turbidite systems, Springer, p. 
415-433. 

 
Fort, X., J. P. Brun, and F. Chauvel, 2004, Salt tectonics on the Angolan margin, 

synsedimentary deformation processes: Aapg Bulletin, v. 88, p. 1523-1544. 
 
Fossen, H., 2010, Structural Geology: Cambridge, Cambridge University Press. 
 
Franke, D., U. Barckhausen, I. Heyde, M. Tingay, and N. Ramli, 2008, Seismic images 

of a collision zone offshore NW Sabah/Borneo: Marine and Petroleum Geology, 
v. 25, p. 606-624. 

 



195 

Frey-Martínez, J., J. Cartwright, and D. James, 2006, Frontally confined versus frontally 
emergent submarine landslides: A 3D seismic characterisation: Marine and 
Petroleum Geology, v. 23, p. 585-604. 

 
Frostick, L., and R. Steel, 1993, Tectonic signatures in sedimentary basin fills: Tectonic 

Controls in Sedimentary Successions. IAS Special Publication, v. 20, p. 1-9. 
 
Gamboa, D., and T. M. Alves, 2015, Three-dimensional fault meshes and multi-layer 

shear in mass-transport blocks: Implications for fluid flow on continental margins: 
Tectonophysics, v. 647–648, p. 21-32. 

 
Gartrell, A., J. A. Torres, and N. Hoggmascall, 2011, A Regional Approach to 

Understanding Basin Evolution and Play Systematic in Brunei - Unearthing New 
Opportunities in a Mature Basin, International Petroleum Technology 
Conference. 

 
Gee, M. J. R., H. S. Uy, J. Warren, C. K. Morley, and J. J. Lambiase, 2007, The Brunei 

slide: A giant submarine landslide on the North West Borneo Margin revealed by 
3D seismic data: Marine Geology, v. 246, p. 9-23. 

 

Ghisetti, F. C., P. M. Barnes, S. Ellis, A. A. Plaza‐Faverola, and D. H. Barker, 2016, 

The last 2 Myr of accretionary wedge construction in the central Hikurangi margin 
(North Island, New Zealand): Insights from structural modeling: Geochemistry, 
Geophysics, Geosystems, v. 17, p. 2661-2686. 

 
Gottschalk, R. R., A. V. Anderson, J. D. Walker, and J. C. Da Silva, 2004, Modes of 

contractional salt tectonics in Angola Block 33, Lower Congo basin, west Africa: 
Salt-sediment interactions and hydrocarbon prospectivity: Concepts, applications 
and case studies for the 21st century: 24th Annual Gulf Coast Section SEPM 
Foundation Bob F. Perkins Research Conference Proceedings, p. 416-432. 

 
Grant, C. J., 2003, The Pink Fan: a classic deep-marine canyon-fill complex, 
 
Block G, NW Sabah: Geological Society Malaysia Bulletin, v. 47, p. 85-94. 
 
Grant, C. J., 2004, The Upper Miocene Deepwater Fans of Northwest Borneo: 

Indonesian Petroleum Association Deepwater and Frontier Exploration In Asia & 
Australasia Symposium Proceedings, p. 421-428. 

 
Grecula, M., S. Kattah, and P. Shiner, 2010, Role of Mass Transport Deposits in the 

Creation and Fill of Tectonically Active Slope Accommodation , Deepwater 
Sabah , NW Borneo *, v. 50303. 

 
Guzofski, C. A., 2007, Mechanics of Fault-related Folds and Critical Taper Wedges: 

Harvard University, Harvard University. 



196 

Hadler-Jacobsen, F., M. H. Gardner, and J. M. Borer, 2007, Seismic stratigraphic and 
geomorphic analysis of deep-marine deposition along the West African 
continental margin: SPECIAL PUBLICATION-GEOLOGICAL SOCIETY OF 
LONDON, v. 277, p. 47-84. 

 
Hall, R., 2013, Contraction and extension in northern Borneo driven by subduction 

rollback: Journal of Asian Earth Sciences, v. 76, p. 399-411. 
 
Hall, R., and C. K. Morley, 2004, Sundaland basins: Continent-ocean interactions within 

East Asian marginal seas, p. 55-85. 
 
Hall, R., and G. Nichols, 2002, Cenozoic sedimentation and tectonics in Borneo; 

climatic influences on orogenesis: Geological Society Special Publications, v. 
191, p. 5-22. 

 
Hamilton, R., and J. De Vera, 2009, A review and global comparison of deepwater fold 

and thrust belt settings – implications for their hydrocarbon prospectivity, Shell 
University Lecture Series, Geological Society of London. 

 
Haq, B. U., J. Hardenbol, and P. R. Vail, 1987, Chronology of fluctuating sea levels 

since the Triassic: Science, v. 235, p. 1156-1167. 
 
Hardenbol, J., J. Thierry, M. B. Farley, T. Jacquin, P.-C. De Graciansky, and P. R. Vail, 

1998, Mesozoic and Cenozoic sequence chronostratigraphic framework of 
European basins. 

 
Hardy, S., and J. Poblet, 1994, Geometric and numerical model of progressive limb 

rotation in detachment folds: Geology, v. 22, p. 371-374. 
 
Hardy, S., J. Poblet, K. McClay, and D. Waltham, 1996, Mathematical modelling of 

growth strata associated with fault-related fold structures: Geological Society, 
London, Special Publications, v. 99, p. 265-282. 

 
Hay, D., and B. Prather, 2012, Stratigraphic evolution of a tortuous corridor from the 

stepped slope of Angola: Application of the principles of seismic geomorphology 
to continental slope and base-of-slope systems: Case studies from sea floor and 
near–sea floor analogs: SEPM Special Publication, v. 99, p. 163-180. 

 
Hazebroek, H., and D. Tan, 1993, Tertiary tectonic evolution of the NW Sabah 

continental margin: Bulletin of the Geological Society of Malaysia, v. 33, p. 195-
210. 

 
Heinio, P., and R. J. Davies, 2006, Degradation of compressional fold belts: Deep-water 

Niger Delta: AAPG bulletin, v. 90, p. 753-770. 
 



197 

Hesse, S., S. Back, and D. Franke, 2009, The deep-water fold-and-thrust belt offshore 
NW Borneo: Gravity-driven versus basement-driven shortening: GSA Bulletin, v. 
121, p. 939-953. 

 
Hesse, S., S. Back, and D. Franke, 2010a, Deepwater folding and thrusting offshore 

NW Borneo, SE Asia: Geological Society, London, Special Publications, v. 348, 
p. 169-185. 

 
Hesse, S., S. Back, and D. Franke, 2010b, The structural evolution of folds in a 

deepwater fold and thrust belt – a case study from the Sabah continental margin 
offshore NW Borneo, SE Asia: Marine and Petroleum Geology, v. 27, p. 442-454. 

 
Higgins, S., B. Clarke, R. J. Davies, and J. Cartwright, 2009, Internal geometry and 

growth history of a thrust-related anticline in a deep water fold belt: Journal of 
Structural Geology, v. 31, p. 1597-1611. 

 
Higgins, S., R. J. Davies, and B. Clarke, 2007, Antithetic fault linkages in a deep water 

fold and thrust belt: Journal of Structural Geology, v. 29, p. 1900-1914. 
 
Hinz, K., J. Fritsch, E. H. K. Kempter, A. M. Mohammad, J. Meyer, D. Mohamed, H. 

Vosberg, J. Weber, and J. Benavidez, 1989, Thrust tectonics along the north-
western continental margin of Sabah/Borneo: Geologische Rundschau, v. 78, p. 
705-730. 

 
Hodgetts, D., J. Imber, C. Childs, S. Flint, J. Howell, J. Kavanagh, P. Nell, and J. Walsh, 

2001, Sequence stratigraphic responses to shoreline-perpendicular growth 
faulting in shallow marine reservoirs of the Champion field, offshore Brunei 
Darussalam, South China Sea: AAPG bulletin, v. 85, p. 433-457. 

 
Hoggmascall, N., C. Gibson, D. Blades, and J. Torres, 2012, Source to sink modelling in 

NW Borneo: improving understanding of the deepwater slope delivery system 
and utilising DEM and shallow analogues for deeper prospectivity: AAPG Search 
and Discovery Article, v. 50755. 

 
Holl, J. E., and D. J. Anastasio, 1993, Paleomagnetically derived folding rates, southern 

Pyrenees, Spain: Geology, v. 21, p. 271-274. 
 
Homza, T. X., and W. K. Wallace, 1995, Geometric and kinematic models for 

detachment folds with fixed and variable detachment depths: Journal of 
Structural Geology, v. 17, p. 575-588. 

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

Elsevier. 
 
Hutchison, C. S., 2010, The North-West Borneo Trough: Marine Geology, v. 271, p. 32-

43. 



198 

Ingram, G. M., T. J. Chisholm, C. J. Grant, C. A. Hedlund, P. Stuart-Smith, and J. 
Teasdale, 2004, Deepwater North West Borneo: hydrocarbon accumulation in an 
active fold and thrust belt: Marine and Petroleum Geology, v. 21, p. 879-887. 

 
Jackson, C. A. L., A. A. Zakaria, H. D. Johnson, F. Tongkul, and P. D. Crevello, 2009, 

Sedimentology, stratigraphic occurrence and origin of linked debrites in the West 
Crocker Formation (Oligo-Miocene), Sabah, NW Borneo, v. 26, p. 1957-1973. 

 
Jackson, M., M. R. Hudec, and D. C. Jennette, 2004, Insights from a gravity-driven 

linked system in deep-water Lower Congo Basin, Gabon: Salt-sediment 
interactions and hydrocarbon prospectivity: Concepts, applications, and case 
studies for the 21st century: 24th Annual Gulf Coast Section SEPM Foundation 
Bob F. Perkins Research Conference, p. 735-752. 

 
Janocko, M., W. Nemec, S. Henriksen, and M. Warchoł, 2013, The diversity of deep-

water sinuous channel belts and slope valley-fill complexes: Marine and 
Petroleum Geology, v. 41, p. 7-34. 

 
Jervey, M., 1988, Quantitative geological modeling of siliciclastic rock sequences and 

their seismic expression. 
 
Jobe, Z. R., D. R. Lowe, and S. J. Uchytil, 2011, Two fundamentally different types of 

submarine canyons along the continental margin of Equatorial Guinea: Marine 
and Petroleum Geology, v. 28, p. 843-860. 

 
Jobe, Z. R., Z. Sylvester, N. Howes, C. Pirmez, A. Parker, A. Cantelli, R. Smith, M. A. 

Wolinsky, C. O’Byrne, N. Slowey, and B. Prather, 2017, High-resolution, 
millennial-scale patterns of bed compensation on a sand-rich intraslope 
submarine fan, western Niger Delta slope: GSA Bulletin, v. 129, p. 23-37. 

 
Jolly, B. A., L. Lonergan, and A. C. Whittaker, 2016, Growth history of fault-related folds 

and interaction with seabed channels in the toe-thrust region of the deep-water 
Niger delta: Marine and Petroleum Geology, v. 70, p. 58-76. 

 
Jong, J., M. A. Khamis, W. M. Z. W. Embong, T. Yoshiyama, and D. Gillies, 2016, A 

Sequence Stratigraphic Case Study of an Exploration Permit in Deepwater 
Sabah: Comparison and Lessons Learned from Pre-Versus Post-Drill 
Evaluations. 

 
King, R. C., and C. K. Morley, 2017, Wedge Geometry and Detachment Strength in 

Deepwater Fold-Thrust Belts: Earth-Science Reviews, v. 165, p. 268-279. 
 
Kneller, B., M. Dykstra, L. Fairweather, and J. P. Milana, 2016, Mass-transport and 

slope accommodation: Implications for turbidite sandstone reservoirs: AAPG 
Bulletin, v. 100, p. 213-235. 

 



199 

Kneller, B., and W. McCaffrey, 1999, Depositional effects of flow nonuniformity and 
stratification within turbidity currents approaching a bounding slope: deflection, 
reflection, and facies variation: Journal of Sedimentary Research, v. 69. 

 
Krueger, A., and E. Gilbert, 2009, Deepwater fold-thrust belts: Not all the beasts are 

equal: AAPG Search and Discovery Article, v. 30085. 
 
Krueger, S. W., and N. T. Grant, 2011, The growth history of toe thrusts of the Niger 

Delta and the role of pore pressure. 
 
Lambiase, J. J., and A. B. Cullen, 2013, Sediment supply systems of the Champion 

“Delta” of NW Borneo: Implications for deepwater reservoir sandstones: Journal 
of Asian Earth Sciences, v. 76, p. 356-371. 

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

hydrocarbon-bearing Neogene sequences offshore West Sabah: Geological 
Society of Malaysia Bulletin, v. 21, p. 55-90. 

 
Lomask, J., J. M. Francis, J. Rickett, M. L. Buursink, T. P. Gerber, M. Perlmutter, and C. 

Paola, 2009, New tools for seismic stratigraphic interpretation: stratal 
convergence and instantaneous isochron attribute cubes derived from volumetric 
flattening of experimental strata: AAPG bulletin, v. 93, p. 453-459. 

 
Lu, H., and R. C. Shipp, 2011, Impact of a large mass-transport deposit on a field 

development in the upper slope of southwestern Sabah, Malaysia, offshore 
northwest Borneo: Special Publication - Society for Sedimentary Geology, v. 96, 
p. 199-218. 

 
Lupa, J., P. Flemings, and S. Tennant, 2002, Pressure and trap integrity in the 

deepwater Gulf of Mexico: The Leading Edge, v. 21, p. 184-187. 
 
Maharaj, V. T., 2012, The effects of confining minibasin topography on turbidity current 

dynamics and deposit architecture. 
 
Marsh, N., J. Imber, R. E. Holdsworth, P. Brockbank, and P. Ringrose, 2010, The 

structural evolution of the Halten Terrace, offshore Mid‐Norway: extensional 

fault growth and strain localisation in a multi‐layer brittle–ductile system: Basin 

Research, v. 22, p. 195-214. 
 
Masoudi, R., H. Karkooti, K. S. Chan, M. B. Othman, S. Burford, M. Sarginson, V. Till, 

P. Bee, and D. Chenery, 2014, Malaysia Deepwater Development: Optimizing 
Kikeh Reservoir Management and Exploitation in a Changing Environment, 
International Petroleum Technology Conference. 

 



200 

Mayall, M., E. Jones, and M. Casey, 2006, Turbidite channel reservoirs—Key elements 
in facies prediction and effective development: Marine and Petroleum Geology, v. 
23, p. 821-841. 

 
Mayall, M., L. Lonergan, A. Bowman, S. James, K. Mills, T. Primmer, D. Pope, L. 

Rogers, and R. Skeene, 2010, The response of turbidite slope channels to 
growth-induced seabed topography: AAPG Bulletin, v. 94, p. 1011-1030. 

 
McClay, K. R., 2004, Thrust tectonics and hydrocarbon systems: AAPG Memoir 82, 

AAPG. 
 
McClay, K. R., 2011, Introduction to thrust fault-related folding: AAPG Memoir, v. 94, p. 

19. 
 
McGilvery, T., and D. L. Cook, 2003, The influence of local gradients on 

accommodation space and linked depositional elements across a stepped slope 
profile, offshore Brunei: Shelf margin deltas and linked down slope petroleum 
systems: Global significance and future exploration potential: Gulf Coast Section 
SEPM 23rd Annual Research Conference, p. 387-419. 

 
Middleton, G. V., and M. A. Hampton, 1973, Part I. Sediment gravity flows: mechanics 

of flow and deposition. 
 
Mitchell, N. C., W. B. Dade, and D. G. Masson, 2003, Erosion of the submarine flanks of 

the Canary Islands: Journal of Geophysical Research: Earth Surface (2003–
2012), v. 108. 

 
Mitchum, J. R., P. Vail, and S. Thompson III, 1977, Seismic stratigraphy and global 

changes of sea level: Part 2. The depositional sequence as a basic unit for 
stratigraphic analysis: Section 2. Application of seismic reflection configuration to 
stratigraphic interpretation. 

 
Mohamad, M., and J. J. Lobao, 1997, The Lingan Fan: Late Miocene/Early Pliocene 

Turbidite Fan Complex, North-West Sabah. 
 
Mohriak, W., 2015, Pre-Salt Carbonate Reservoirs in the South Atlantic and World-wide 

Analogs: AAPG Geosciences Technology Workshop “Carbonate Plays around 
the World-Analogues to Support Exploration and Development, p. 4-5. 

 
Mohriak, W. U., and S. Leroy, 2013, Architecture of rifted continental margins and 

break-up evolution: insights from the South Atlantic, North Atlantic and Red Sea–
Gulf of Aden conjugate margins: Geological Society, London, Special 
Publications, v. 369, p. 497-535. 

 



201 

Morgan, R., 2004, Structural Controls on the Positioning of Submarine Channels on the 
Lower Slopes of the Niger Delta: Geological Society, London, Memoirs, v. 29, p. 
45-52. 

 
Morley, C. K., 2007a, Development of crestal normal faults associated with deepwater 

fold growth: Journal of Structural Geology, v. 29, p. 1148-1163. 
 
Morley, C. K., 2007b, Interaction between critical wedge geometry and sediment supply 

in a deep-water fold belt: Geology, v. 35, p. 139-142. 
 
Morley, C. K., 2009a, Geometry of an oblique thrust fault zone in a deepwater fold belt 

from 3D seismic data: Journal of Structural Geology, v. 31, p. 1540-1555. 
 
Morley, C. K., 2009b, Growth of folds in a deep-water setting: Geosphere, v. 5, p. 59-89. 
 
Morley, C. K., 2016, Major unconformities/termination of extension events and 

associated surfaces in the South China Seas: Review and implications for 
tectonic development: Journal of Asian Earth Sciences, v. 120, p. 62-86. 

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

basin volume, NW Borneo: Journal of the Geological Society, v. 165, p. 353-366. 
 
Morley, C. K., S. Back, P. Van Rensbergen, P. Crevello, and J. J. Lambiase, 2003, 

Characteristics of repeated, detached, Miocene–Pliocene tectonic inversion 
events, in a large delta province on an active margin, Brunei Darussalam, 
Borneo: Journal of Structural Geology, v. 25, p. 1147-1169. 

 

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

and behavior associated with mobile shales and salt: Tectonics, v. 15, p. 1154-
1170. 

 
Morley, C. K., R. King, R. Hillis, M. Tingay, and G. Backe, 2011, Deepwater fold and 

thrust belt classification, tectonics, structure and hydrocarbon prospectivity: A 
review: Earth-Science Reviews, v. 104, p. 41-91. 

 
Morley, C. K., and L. C. Leong, 2008, Evolution of deep-water synkinematic 

sedimentation in a piggyback basin, determined from three-dimensional seismic 
reflection data: Geosphere, v. 4, p. 939-962. 

 
Morley, C. K., J. Warren, M. Tingay, P. Boonyasaknanon, and A. Julapour, 2014, 

Reprint of: Comparison of modern fluid distribution, pressure and flow in 
sediments associated with anticlines growing in deepwater (Brunei) and 
continental environments (Iran): Marine and Petroleum Geology, v. 55, p. 230-
249. 

 



202 

Morley, R. J., H. P. Morley, and T. Swiecicki, 2016, Mio-Pliocene Palaeogeography, 
Uplands And River Systems of the Sunda Region Based on Mapping Within a 
Framework of Vim Depositional Cycles. 

 
Morrison, K., and C. Wong, 2003, Sequence stratigraphic framework of Northwest 

Borneo: Bulletin of the Geological Society of Malaysia, v. 47, p. 127-138. 
 
Moscardelli, L., and L. Wood, 2008, New classification system for mass transport 

complexes in offshore Trinidad: Basin Research, v. 20, p. 73-98. 
 
Moscardelli, L., and L. Wood, 2015, Morphometry of mass-transport deposits as a 

predictive tool: Geological Society of America Bulletin, v. Pre-Issue Publication. 
 
Moscardelli, L., and L. Wood, 2016, Morphometry of mass-transport deposits as a 

predictive tool: GSA Bulletin, v. 128, p. 47-80. 
 
Moscardelli, L., L. Wood, and P. Mann, 2006, Mass-transport complexes and 

associated processes in the offshore area of Trinidad and Venezuela: AAPG 
Bulletin, v. 90, p. 1059-1088. 

 
Mutti, E., and W. R. Normark, 1987, Comparing Examples of Modern and Ancient 

Turbidite Systems: Problems and Concepts, in J. K. Leggett, and G. G. Zuffa, 
eds., Marine Clastic Sedimentology: Concepts and Case Studies: Dordrecht, 
Springer Netherlands, p. 1-38. 

 
Mutti, E., and W. R. Normark, 1991, An Integrated Approach to the Study of Turbidite 

Systems, in P. Weimer, and M. H. Link, eds., Seismic Facies and Sedimentary 
Processes of Submarine Fans and Turbidite Systems: New York, NY, Springer 
New York, p. 75-106. 

 
Nakayama, K., T. Takahashi, and A. Kato, 2009, Possible Oil Accumulation with 

Convex-shaped OWC under Abnormally High Pressure Condition; Example from 
Offshore Sarawak, Malaysia: International Petroleum Technology Conference. 

 
Nemcok, M., S. Schamel, and R. Gayer, 2009, Thrustbelts: Structural architecture, 

thermal regimes and petroleum systems, Cambridge University Press. 
 
Nigro, F., and P. Renda, 2004, Growth pattern of underlithified strata during thrust-

related folding: Journal of Structural Geology, v. 26, p. 1913-1930. 
 

Oluboyo, A. P., R. L. Gawthorpe, K. Bakke, and F. Hadler‐Jacobsen, 2014, Salt 

tectonic controls on deep‐water turbidite depositional systems: Miocene, 

southwestern Lower Congo Basin, offshore Angola: Basin Research, v. 26, p. 
597-620. 

 



203 

Ortiz‐Karpf, A., D. M. Hodgson, C. A. L. Jackson, and W. D. McCaffrey, 2016, Mass‐

Transport Complexes as Markers of Deep‐Water Fold‐and‐Thrust Belt 

Evolution: Insights from the Southern Magdalena Fan, Offshore Colombia: Basin 
Research. 

 
PETRONAS, 1999, The petroleum geology and resources of Malaysia: Kuala Lumpur, 

Petroleum National Berhad. 
 
PETRONAS, 2007, Chronostratigraphic Chart of the Cenozoic and Mesozoic Basins of 

Malaysia, Petroliam Nasional Berhad. 
 
Pickering, K., and R. Hiscott, 2015, Deep marine systems: Processes, deposits, 

environments, tectonic and sedimentation, John Wiley & Sons. 
 
Pirmez, C., R. Beaubouef, S. Friedmann, and D. Mohrig, 2000, Equilibrium profile and 

baselevel in submarine channels: examples from Late Pleistocene systems and 
implications for the architecture of deepwater reservoirs: Global deep-water 
reservoirs: Gulf Coast Section SEPM Foundation 20th Annual Bob F. Perkins 
Research Conference, p. 782-805. 

 
Posamentier, H., M. Jervey, and P. Vail, 1988, Eustatic controls on clastic deposition I—

conceptual framework. 
 
Posamentier, H. W., 2003, Depositional elements associated with a basin floor channel-

levee system: case study from the Gulf of Mexico: Marine and Petroleum 
Geology, v. 20, p. 677-690. 

 
Posamentier, H. W., 2004, Seismic Geomorphology: Imaging Elements of Depositional 

Systems from Shelf to Deep Basin Using 3D Seismic Data: Implications for 
Exploration and Development: Geological Society, London, Memoirs, v. 29, p. 
11-24. 

 
Posamentier, H. W., and G. P. Allen, 1993, Variability of the sequence stratigraphic 

model: effects of local basin factors: Sedimentary geology, v. 86, p. 91-109. 
 
Posamentier, H. W., and G. P. Allen, 1999, Siliciclastic sequence stratigraphy: concepts 

and applications, v. 7, SEPM (Society for Sedimentary Geology) Tulsa. 
 
Posamentier, H. W., and V. Kolla, 2003, Seismic geomorphology and stratigraphy of 

depositional elements in deep-water settings: Journal of sedimentary research, v. 
73, p. 367-388. 

 
Posamentier, H. W., and O. J. Martinsen, 2011, The character and genesis of 

submarine mass-transport deposits; insights from outcrop and 3D seismic data: 
Special Publication - Society for Sedimentary Geology, v. 96, p. 7-38. 

 



204 

Posamentier, H. W., and R. G. Walker, 2006, Deep-water turbidites and submarine 
fans: Special Publication - Society for Sedimentary Geology, v. 84, p. 399-520. 

 
Prélat, A., J. A. Covault, D. M. Hodgson, A. Fildani, and S. S. Flint, 2010, Intrinsic 

controls on the range of volumes, morphologies, and dimensions of submarine 
lobes: Sedimentary Geology, v. 232, p. 66-76. 

 
Prather, B. E., 2000, Calibration and visualization of depositional process models for 

above-grade slopes: a case study from the Gulf of Mexico: Marine and Petroleum 
Geology, v. 17, p. 619-638. 

 
Prather, B. E., 2003, Controls on reservoir distribution, architecture and stratigraphic 

trapping in slope settings: Marine and Petroleum Geology, v. 20, p. 529-545. 
 
Prather, B. E., J. R. Booth, G. S. Steffens, and P. A. Craig, 1998, Classification, 

lithologic calibration, and stratigraphic succession of seismic facies of intraslope 
basins, deep-water Gulf of Mexico: AAPG bulletin, v. 82, p. 701-728. 

 
Prather, B. E., C. O'Byrne, C. Pirmez, and Z. Sylvester, 2016, Sediment partitioning, 

continental slopes and base‐of‐slope systems: Basin Research. 

 
Pubellier, M., and C. K. Morley, 2014, The basins of Sundaland (SE Asia): Evolution 

and boundary conditions, v. 58, Part B, p. 555-578. 
 
Ramsay, J., and M. Huber, 1987, Modern structural geology, volume 2: Folds and 

fractures: Academic Press, New York, v. 459, p. 461. 
 
Reading, H. G., and M. Richards, 1994, Turbidite systems in deep-water basin margins 

classified by grain size and feeder system: AAPG bulletin, v. 78, p. 792-822. 
 
Riba, O., 1976, Syntectonic unconformities of the Alto Cardener, Spanish Pyrenees: a 

genetic interpretation: Sedimentary Geology, v. 15, p. 213-233. 
 
Ross, W., B. Halliwell, J. May, D. Watts, and J. Syvitski, 1994, Slope readjustment: a 

new model for the development of submarine fans and aprons: Geology, v. 22, p. 
511-514. 

 
Rowan, M. G., F. J. Peel, and C. B. Vendeville, 2004, Gravity-driven Fold Belts on 

Passive Margins: AAPG Memoir, v. 82, p. 157-182. 
 

Rowan, M. G., B. D. Trudgill, and J. Carl Fiduk, 2000, Deep‐Water, Salt‐Cored 

Foldbelts: Lessons from the Mississippi Fan and Perdido Foldbelts, Northern Gulf 
of Mexico: Atlantic rifts and continental margins, p. 173-191. 

 
Sales, J. K., 1997, Seal strength vs. trap closure; a fundamental control on the 

distribution of oil and gas: AAPG Memoir, v. 67, p. 57-83. 



205 

Saller, A., K. Werner, F. Sugiaman, A. Cebastiant, R. May, D. Glenn, and C. Barker, 
2008, Characteristics of Pleistocene deep-water fan lobes and their application to 
an upper Miocene reservoir model, offshore East Kalimantan, Indonesia: AAPG 
bulletin, v. 92, p. 919-949. 

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

Darussalem (1996 revision): Brunei Shell Petroleum Company: Brunei Museum, 
Syabas Bandar Seri Begawan, Brunei Darussalem. 

 
Sapin, F., I. Hermawan, M. Pubellier, C. Vigny, and J.-C. Ringenbach, 2013, The recent 

convergence on the NW Borneo Wedge—a crustal-scale gravity gliding 
evidenced from GPS: Geophysical Journal International, v. 193, p. 549-556. 

 
Sato, T., I. Takahashi, R. Swarbrick, and R. Lahann, 2016, Geological Implications of 

Overpressure and Fracture Gradients in Deepwater Fold-and-Thrust Belt, 
Offshore Malaysia: AAPG/SEG International Conference & Exhibition. 

 
Sawyer, D. E., and B. Hodelka, 2016, Tiny fossils, big impact: the role of foraminifera-

enriched condensed section in arresting the movement of a large retrogressive 
submarine landslide in the Gulf of Mexico, Submarine Mass Movements and their 
Consequences, Springer, p. 479-486. 

 
Scott, E., and W. Abraham, 2014, Evaluating the Stratigraphy, Reservoir Quality and 

Seal Potential of a Paleo-Stepped Slope Setting - Offshore NW Borneo, 
International Petroleum Technology Conference. 

 
Shaw, J., C. Connors, and J. Suppe, 2005, Part 1: Structural interpretation methods: 

Seismic Interpretation of Contractional Fault-Related Folds. AAPG Studies in 
Geology, v. 53, p. 1-58. 

 
Shaw, J. H., E. Novoa, and C. D. Connors, 2004, Structural controls on growth 

stratigraphy in contractional fault-related folds: AAPG Memoir, v. 82. 
Shipp, R. C., P. Weimer, and H. W. Posamentier, 2011, MASS-TRANSPORT 

DEPOSITS IN DEEPWATER SETTINGS. 
 
Simons, W. J. F., A. Socquet, C. Vigny, B. A. C. Ambrosius, S. Haji Abu, C. Promthong, 

C. Subarya, D. A. Sarsito, S. Matheussen, P. Morgan, and W. Spakman, 2007, A 
decade of GPS in Southeast Asia: Resolving Sundaland motion and boundaries: 
Journal of Geophysical Research, v. 112. 

 
Simpson, G. D. H., 2009, Mechanical modelling of folding versus faulting in brittle–

ductile wedges: Journal of Structural Geology, v. 31, p. 369-381. 
 
Smith, R., 2004, Silled sub-basins to connected tortuous corridors: Sediment distribution 

systems on topographically complex sub-aqueous slopes: Geological Society 
Special Publication, v. 222, p. 23-43. 



206 

Steffens, G. S., E. K. Biegert, H. Scott Sumner, and D. Bird, 2003, Quantitative 
bathymetric analyses of selected deepwater siliciclastic margins: receiving basin 
configurations for deepwater fan systems: Marine and Petroleum Geology, v. 20, 
p. 547-561. 

 
Stewart, S. A., 1996, Influence of detachment layer thickness on style of thin-skinned 

shortening: Journal of Structural Geology, v. 18, p. 1271-1274. 
 
Storti, F., and K. McClay, 1995, Influence of syntectonic sedimentation on thrust 

wedges in analogue models: Geology, v. 23, p. 999-1002. 
 
Storti, F., and J. Poblet, 1997, Growth stratal architectures associated to decollement 

folds and fault-propagation folds. Inferences on fold kinematics: Tectonophysics, 
v. 282, p. 353-373. 

 
Straub, K. M., and D. Mohrig, 2009, Constructional Canyons Built by Sheet-Like 

Turbidity Currents: Observations from Offshore Brunei Darussalam: Journal of 
Sedimentary Research, v. 79, p. 24-39. 

 
Straub, K. M., D. Mohrig, C. Pirmez, B. Prather, M. Deptuck, D. Mohrig, B. vanHoorn, 

and R. Wynn, 2012, Architecture of an aggradational tributary submarine channel 
network on the continental slope offshore Brunei Darussalam: Application of the 
principles of seismic geomorphology to continental-slope and base-of-slope 
systems: case studies from seafloor and near-seafloor analogues. Soc. 
Sedimentary Geol. Spec. Publ, v. 99, p. 13-30. 

 
Suppe, J., 1983, Geometry and kinematics of fault-bend folding: American Journal of 

science, v. 283, p. 684-721. 
 
Suppe, J., G. T. Chou, and S. C. Hook, 1992, Rates of folding and faulting determined 

from growth strata, Thrust tectonics, Springer, p. 105-121. 
 
Sylvester, Z., A. Cantelli, and C. Pirmez, 2015, Stratigraphic evolution of intraslope 

minibasins: Insights from surface-based model: AAPG Bulletin, v. 99, p. 1099-
1129. 

 
Tan, D., and J. Lamy, 1990, Tectonic evolution of the NW Sabah continental margin 

since the Late Eocene: Bulletin of the Geological Society of Malaysia, v. 27, p. 
241-260. 

 
Tari, G., J. Molnar, and P. Ashton, 2003, Examples of salt tectonics from West Africa: a 

comparative approach: Geological Society, London, Special Publications, v. 207, 
p. 85-104. 

 
Tongkul, F., 1991, Tectonic evolution of Sabah, Malaysia: Journal of Southeast Asian 

Earth Sciences, v. 6, p. 395-405. 



207 

Torres, J., A. Gartrell, and N. Hoggmascall, 2011, Redefining a sequence stratigraphic 
framework for the Miocene to present in Brunei Darussalam: roles of local 
tectonics, eustacy and sediment supply: International Petroleum Technology 
Conference, p. 15-17. 

 
Totake, Y., R. W. H. Butler, C. E. Bond, and A. Aziz, 2018, Analyzing structural 

variations along strike in a deep-water thrust belt: Journal of Structural Geology, 
v. 108, p. 213-229. 

 
Trudgill, B. D., M. G. Rowan, J. C. Fiduk, P. Weimer, P. E. Gale, B. E. Korn, R. L. Phair, 

W. T. Gafford, G. R. Roberts, and S. W. Dobbs, 1999, The Perdido Fold Belt, 
Northwestern Deep Gulf of Mexico, Part 1: Structural Geometry, Evolution and 
Regional Implications1: AAPG bulletin, v. 83, p. 88-113. 

 
Vinnels, J. S., R. W. H. Butler, W. D. McCaffrey, and D. A. Paton, 2010, Depositional 

processes across the Sinú Accretionary Prism, offshore Colombia: Marine and 
Petroleum Geology, v. 27, p. 794-809. 

 
Weimer, P., and C. Shipp, Mass Transport Complex: Musing on Past Uses and 

Suggestions for Future Directions, Offshore Technology Conference. 
 
Weimer, P., and C. Shipp, 2004, Mass Transport Complex: Musing on Past Uses and 

Suggestions for Future Directions, Offshore Technology Conference. 
 
Weimer, P., and R. Slatt, 2006, Petroleum geology of deepwater settings: AAPG 

Studies in Geology 57, CD-ROM. 
 
Wilkerson, M. S., and C. L. Dicken, 2001, Quick-Look Techniques for Evaluating Two-

Dimensional Cross Sections in Detached Contractional Settings: AAPG Bulletin, 
v. 85, p. 1759-1770. 

 
Wood, L. J., 2007, Quantitative Seismic Geomorphology of Pliocene and Miocene 

Fluvial Systems in the Northern Gulf of Mexico, U.S.A: Journal of Sedimentary 
Research, v. 77, p. 713-730. 

 
Wood, L. J., and K. L. Mize-Spansky, 2009, Quantitative seismic geomorphology of a 

Quaternary leveed-channel system, offshore eastern Trinidad and Tobago, 
northeastern South America: AAPG Bulletin, v. 93, p. 101-125. 

 
Wu, J. E., and K. R. McClay, 2011, Two-dimensional analog modeling of fold and thrust 

belts: dynamic interactions with syncontractional sedimentation and erosion. 
 
Wu, S., A. W. Bally, W. Mohriak, and M. Talwani, 2000, Slope tectonics-comparisons 

and contrasts of structural styles of salt and shale tectonics of the northern Gulf 
of Mexico with shale tectonics of offshore Nigeria in Gulf of Guinea: 



208 

GEOPHYSICAL MONOGRAPH-AMERICAN GEOPHYSICAL UNION, v. 115, p. 
151-172. 



209 

APPENDIX 

SUPPLEMENTAL ELECTRONIC FILES 

Supplemental electronic files are included on the attached CD or electronically 

along with this document.  

File name Contents and Explanation 

Appendix 1 Seismic sections in time 
domain. pdf 

Nine selected seismic sections with 
interpretation; Figure A-1.1 to A-1.9, 
oriented approximately perpendicular to 
the fold axes within the PSDM 3D area 
(time domain). Sections intersect the 
locations where isopach ratios are 
measured. Section numbers are 
corresponding to the numbers in Fig 3.8. 

Appendix 2 Isopach ratio map.pdf 
Isopach ratio for each tectono-
stratigraphic subunit is summarized in the 
figure. 

 

 


	ABSTRACT
	TABLE OF CONTENTS
	LIST OF FIGURES
	LIST OF TABLES
	ACKNOWLEDGMENTS
	1
	CHAPTER ONE
	INTRODUCTION
	1.1 Research Definition
	1.2 Terminology
	1.3 Arrangement of Dissertation Chapters

	2
	CHAPTER TWO LITERATURE REVIEW – DEEPWATER FOLD AND THRUST BELTS AND THEIR RESERVOIR
	2.1 Introduction
	2.2 Comparison between DWFTBs and subaerial FTBs
	2.3 Classification of Deepwater Fold and Thrust Belt (DWFTB)
	2.4 Basin-scale Influences on the Development of DWFTBs
	2.5 Salt vs. shale detachment and other componets influencing structural styles
	2.6 Accommodation and sedimentation in DWFTBs
	2.6.1 Slope profile and accommodation for sediment in DWFTBs
	2.6.2 Growth sequence and stratal geometries in relation to the deformation of DWFTBs
	2.6.3 Depositional architectures of DWFTBs

	2.7 Petroleum System Characteristics
	2.8 Summary and implication for this study

	3
	CHAPTER THREE TECTONO-SEDIMENTARY DEVELOPMENT OF OFFSHORE NW BORNEO DEEPWATER FOLD AND THRUST BELT, MALAYSIA
	3.1 Introduction
	3.2 Geological Setting
	3.3 Study Area
	3.4 Data and Methodology
	3.5 Seismic External Form
	3.6 Seismic Facies
	3.7 Structure and Tectono-Stratigraphy
	3.7.1 Structural Element
	3.7.2 Cross-sectional fold Geometries
	3.7.3 Tectono-Stratigraphic Framework

	3.8 Tectono-Stratigraphic Development
	3.8.1 Pre-Kinematic Interval
	3.8.2 Syn-Kinematic Interval
	3.8.2.1 Subunit-I
	3.8.2.2 Subunit-II
	3.8.2.3 Subunit-III
	3.8.2.4 Subunit-IV

	3.8.3 Post-kinematic Interval
	3.8.3.1 Subunit-V (Fig.3.14)
	3.8.3.2 Subunit-VI


	3.9 Discussion
	3.9.1 Relationship between basin form and fill in the study area and regional influences
	3.9.2 Timing and duration of folding and fold propagation
	3.9.3 Temporal and spatial interaction between deformation and sedimentation along the individual fold trains
	3.9.4 Structural Controls on Sediment Conduits

	3.10 Conclusion

	4
	CHAPTER FOUR CHARACTERIZATION AND MORPHOMETRICS OF MTCS in NW Borneo DWFTB
	4.1 Introduction
	4.2 Data and Method
	4.2.1 Morphometric measurements
	4.2.2 Analysis of borehole data

	4.3 Geologic Setting
	4.4 Nature of three types of MTCs and their morphometric parameters
	4.5 Comparison of morphometric parameters
	4.6 Discussion
	4.6.1 Well, log and seismic based criteria to identify mass transport deposits
	4.6.2 Morphometrics of MTCs

	4.7 Conclusion

	5
	CHAPTER FIVE SUMMARY AND CONCLUSION: INTERACTION BETWEEN DEFORMATION AND SEDIMENTATION IN DWFTB
	5.1 Introduction
	5.2 Influences on the structural style of, and sedimentation in DWFTBs
	5.2.1 Basin-scale (wedge-scale) interaction
	5.2.2 Tectono-sedimentary elements and their influence on sediment supply and dispersion

	5.3 Interaction between structure and sedimentation
	5.3.1 Pre-kinematic sequence (Fig.5.2)
	5.3.2 Syn-kinematic sequence (Fig.5.3, 5.4, and Fig.5.5)
	5.3.1 Post-kinematic sequence (Fig. 5.6, 5.7)

	5.4 Limitations of the study and the implication for the future study

	REFERENCES
	APPENDIX SUPPLEMENTAL ELECTRONIC FILES

