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ARTICLE INFO ABSTRACT

The NW Borneo margin is characterized by a complex deepwater fold-and-thrust belt. Despite previous studies,
the definition of a univocal detachment level for folding and thrusting is still lacking. The area-depth-strain
(ADS) method can be used to determine the location for a detachment in areas lacking data, and to balance
geological cross sections. This study applies the ADS method to the central part of the NW Borneo fold-and-thrust
belt to predict a structurally conclusive detachment level in an area lacking a seismic detachment reflection.
Seismic interpretations were completed after the ADS-determination of the basal detachment, providing input
for a 2D sequential restoration that delivered values on shortening distribution and shortening rate. The kine-
matic and mechanic analyses presented, document that the central part of the NW Borneo fold-and-thrust belt is
affected by both, near- and far-field stresses, and that the far-field crustal shortening component becomes more
important northward. This work demonstrates that the ADS method can be effectively applied in fold-thrust belt
settings with limited information on the detachment, supports in a quantitative way the tectonic and strati-
graphic interpretation of seismic-reflection data and provides a robust structural base for the restoration of
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balanced cross-sections, including the reconstruction of syn-kinematically eroded stratigraphy.

1. Introduction

The tectonic interpretation of the subsurface structures of fold-and-
thrust belts (FTBs) worldwide is largely based on seismic-reflection
data. In most cases, seismic-reflection data can effectively constrain the
near-surface geometry of folds and thrust faults, but often fails to
clearly image the roots of fold-thrust systems because of e.g. subsurface
energy loss due to steeply dipping structural and lithological bound-
aries, significant lateral and vertical rock inhomogeneities, strati-
graphic repetition accompanying thrusting, and/or the general dete-
rioration of the seismic signal with depth. Therefore several methods
have been developed to determine the depth to detachments, many of
which are based on near-surface geometric analysis and area balancing.
Pioneering work by Chamberlin (1910) was followed by many other
authors, including in recent times the area-depth-strain (ADS) method
(Epard and Groshong, 1993; Groshong, 1994, 2015; Groshong et al.,
2012; Schlische et al., 2014), the thickness-relief method (Hubert-
Ferrari et al., 2005; Gonzalez-Mieres and Suppe, 2006) and the fault-
trajectory method (Eichelberger et al., 2017). Wang et al. (2017) re-
cently improved the ADS method to be applied to fold-thrust systems
with wedge-shaped layers overlying a dipping, bed-parallel

* Corresponding author.

detachment.

This work applies the ADS method sensu Wang et al. (2017) to the
central part of the deepwater NW Borneo FTB. This FTB is characterized
by an inner extensional domain and an outer compressional domain;
this study focuses on the latter. In deepwater NW Borneo FTB, most
previous studies have interpreted — at varying depths — a southeast-
dipping regional detachment (Hinz et al., 1989; Franke et al., 2008;
Hesse et al., 2009, 2010a, 2010b; Cullen, 2010; King et al., 2010a;
Sapin et al., 2011, 2013). The presence, below the outer part of the
wedge (i.e. to the northwest), of a strong reflection between 5 and 6 km
b.s.l,, interpreted as a detachment level, represents a good starting
observation to speculate about the possible depth and geometry of the
detachment towards the southeast, where it is more difficult to de-
termine the depth to detachment for most of the seismic lines. There-
fore, an unambiguous, generally accepted interpretation of the exact
detachment location, geometry, depth and dip is still lacking. Previous
tectonic restorations of the compressional domain (e.g. Hesse et al.,
2009; King et al., 2010a) are limited to fold and thrust-fault balancing
focusing on depths significantly above a suspected, yet seismically
unresolved detachment level. To overcome this limitation, we use the
ADS method to quantitatively constrain the depth and geometry of the
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basal detachment along four representative seismic-reflection profiles
recorded by the German Federal Institute for Geosciences and Natural
Resources (BGR) in 1986, which were re-processed and depth migrated
in 2006 (Hesse et al., 2009). The detachment depth obtained by ap-
plying the ADS method is then compared with previous interpretations
based on 2001 seismic-reflection data of Franke et al. (2008) and on the
detachment suggested by Cullen (2010), and with the relationship be-
tween the fault-related anticlines wavelength and the stratigraphic
thickness following Morley et al. (2011). The detachment depth pre-
dicted by the ADS method was furthermore used to interpret the ki-
nematics of the compressional domain of the NW Borneo FTB, parti-
cularly focusing on i) reconstructing the shortening distribution and ii)
discussing the relationships between present-day, short-term shortening
rates measured by GPS (Rangin et al., 1999; Simons et al., 2007; Sapin
et al., 2013) and long-term shortening measured by our tectonic re-
storation. We finally analyze the reconstructed wedge-taper angles by
applying the classical critical wedge theory (Davis et al., 1983; Dahlen,
1990) and the FTB classification approach by Morley et al. (2011).

2. Geological framework

Borneo is a part of Sundaland, which is considered to be a SE Asia
promontory of the Eurasia Plate (Fig. 1). Borneo is surrounded by the
South China Block in the north, Cenozoic subduction zones along the
boundary to the Philippine Sea Plate in the east, and the Indian-Aus-
tralian Plate in the south and west (Hall et al., 2008). The evolution of
the South China Sea during Oligocene — Early Miocene times (Hinz
et al., 1989) controlled the formation of the NW Borneo continental
margin. Seafloor spreading of the South China Sea led to a south-
eastward rifting of thinned continental crust of the Dangerous Grounds
(e.g. Hamilton, 1979; Holloway, 1981; Taylor and Hayes, 1983; Hinz
and Schliiter, 1985; Briais et al., 1993; Barckhausen and Roeser, 2004),
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and to the subduction of an older oceanic crust region, the Proto-South
China Sea (Hinz et al., 1989; Hall, 1996; Morley, 2002; Hall et al.,
2008), beneath NW Borneo. Continental crust of the Dangerous
Grounds entered the subduction zone in Early Miocene times, until
around 20 Ma, when its buoyancy progressively slowed down and fi-
nally locked the system (James, 1984; Levell, 1987; Hinz et al., 1989;
Hazebroek and Tan, 1993; Hutchison, 1996; Hall, 1996; Sandal, 1996;
Milsom et al., 1997). This collision led initially to the deformation of
onshore late Early Miocene sedimentary units (e.g. Tongkul, 1994;
Sandal, 1996; William et al., 2003), followed by folding of onshore and
shelfal Middle to Late Miocene sedimentary units, and folding and
thrusting of Late Miocene to present-day slope sequences (e.g. Levell,
1987; Hinz et al., 1989; Hazebroek and Tan, 1993; Morley et al., 2003;
Ingram et al., 2004; Morley, 2009; Hesse et al., 2009).

On the NW Borneo continental slope, the seafloor expression of
several thrust-related anticlines records the ongoing deformation (Hinz
et al., 1989; Morley, 2007, 2009; Hesse et al., 2009; 2010a, b). The
origin of deformation is still a matter of debate, and different causative
mechanisms have been proposed: i) reactivation of the old subduction
zone beneath NW Borneo (as a zone of weakness) induced by far-field
stresses from the Indian-Australian plate and Philippine plate subduc-
tion zones, as well as from deformation around Sulawesi (e.g. Hinz
et al., 1989; Hall, 2002); ii) gravitational delta tectonics (e.g. Tan and
Lamy, 1990; Hazebroek and Tan, 1993; Hutchison, 2004); iii) Hesse
et al. (2009) suggested that in the southern part of NW Borneo, modern
shelfal growth acts as primary control for gravity-driven shortening,
while in the northern part shortening reflects Pliocene to recent deep-
rooted, collision-related basement tectonics; iv) gravitational collapse
of the uplifted ranges during Miocene to recent times, caused by mantle
processes underlying northern Borneo, inducing folding and thrusting
with northwestern vergence (e.g. King et al., 2009; Morley et al., 2011;
Sapin et al., 2012; Hall, 2013). Even neo-tectonic studies, mostly based
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Fig. 1. Main geological features of the SE Asia region and location of the NW Borneo study area (black box). The Sunda Shelf is shaded in white.
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on geodetic data, are still a matter of debate. GEODYSSEA GPS data
have been interpreted to document a present-day westward motion of
NW Borneo respect to a Sunda Block, at the rate of ~11 mm/yr (Rangin
et al., 1999). Simons et al. (2007) proposed a significant amount of the
shortening produced by the westward motion of NW Borneo at a rate
between 4 and 6 mm/yr, accommodated by an active NW Borneo
Trench. Sapin et al. (2013), redefining the local reference frame using
GPS stations unaffected by internal deformation of NW Borneo, sug-
gested the NW Borneo coastal area - independently of the rest of the
island - is moving to the NW at a rate of ~ 3 mm/yr, and attributed this
to large-scale, gravity sliding phenomena (see also Hall, 2013).
Mustafar et al. (2017) interpreted continuous GPS data from the In-
ternational Global Navigation Satellite System Service (IGS) and con-
cluded that gravity sliding alone, along the NW Borneo coastal zones,
could not explain the observed deformation and suggested that recent
gravity-sliding is co-acting with deep-seated crustal shortening. All
these GPS-based reconstructions should be considered in comparison
with the results by Hesse et al. (2009), who showed by tectonic re-
storation that far-field stresses acted and prevail mainly in the northern
part of NW Borneo with a SE-NW directed principal compression di-
rection.

3. Seismic data
3.1. Acquisition and processing
The acquisition of the 3129km of 2D multichannel reflection

seismic data used in this study was performed using a 3000 m long
digital streamer (4 ms sample rate, 12s record lengths, 27 lines). In
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2006, lines BGR86-18, BGR86-20, BGR86-22 and BGR86-24, inter-
preted in this work (Fig. 2), were reprocessed, performing a spherical
divergence correction, muting, filtering, interactive velocity analysis,
and a post-stack depth migration. NMO-correction and stacking fol-
lowed a pre-stack process in which a radon velocity filter with an inner
trace mute provided a sufficient multiple suppression. The velocity
model used for the post-stack depth migration was estimated from the
stacking velocities determined by semblance analysis and converted
into interval velocities using a smoothed-gradient algorithm. An im-
plicit finite difference (FD) migration code, used to obtain the final
depth migration algorithm, was run for quality control of the post-stack
depth migration. All seismic data presented in this paper are from the
2006 reprocessing series (Hesse et al., 2009) and displayed with no
additional gain applied and with a mute above the sea bottom.

3.2. Seismic interpretation

The seismic interpretation used in this work is based on previous
interpretations (Hinz et al., 1989; Franke et al., 2008; Hesse et al.,
2009, 2010a,b; King et al., 2010a,b; and Sapin et al., 2011, 2013). The
stratigraphic subdivision comprises five seismic units (U1 to U5) bound
by five seismic horizons (H1 to H5, bottom to top) using relative ages
from Hesse et al. (2009, 2010a, b). The interpretations of seismic-re-
flection lines BGR86-18 (north) to BGR86-24 (south; locations in Fig. 2)
are shown in Fig. 3 (BGR86-18), Fig. 4 (BGR86-20), Fig. 5 (BGR86-22)
and Fig. 6 (BGR86-24).

On all lines, seismic horizon H1 is a positive, high amplitude re-
flection, continuous in the most basinward part of the data in depths
between 6 and 8km. Seismic unit Ul, bound by H1 at the top,
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Fig. 3. (a) Uninterpreted seismic profile BGR86-18. (b) Initial interpretation of the seismic profile displaying the seismic units (U) and the seismic horizons (H).

Names of the main thrust faults are labeled in red. Vertical exaggeration x2.

represents the acoustic basement, which is characterized by chaotic
reflections. In places, reflections of the acoustic basement are offset by
normal faults forming horst and graben systems filled with onlapping
discontinuous, medium-amplitude reflections. Landwards the detect-
ability of seismic horizon H1 generally decreases.

Seismic horizon H2 is of medium to high amplitude, continuous,
and best recorded in the western, seaward parts of the seismic data.
Seismic unit U2 below H2 is of an inferred Early to Late Miocene age
(Hesse et al., 2009, 2010a; b). This unit is characterized by continuous,

sub-parallel, low to medium amplitude reflections. Within U2 the
seismic signal strength decreases both with depth and landwards.

Seismic horizon H3 follows a continuous, low to mid amplitude
reflection; seismic unit U3 below has an inferred Late Miocene age
(Hesse et al., 2009, 2010a; b) and is characterized by sub-parallel,
continuous low to medium amplitude reflections.

Seismic horizon H4 is a prominent reflection that can be identified
on all seismic lines as a high amplitude reflection of high continuity. It
is considered as an unconformity of Pliocene age (~ 3.6 Ma, Franke
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Fig. 4. (a) Uninterpreted seismic profile BGR86-20. (b) Initial interpretation of the seismic profile displaying the seismic units (U) and the seismic horizons (H).

Names of the main thrust faults are labeled in red. Vertical exaggeration x2.
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Fig. 5. (a) Uninterpreted seismic profile BGR86-22. (b) Initial interpretation of the seismic profile displaying the seismic units (U) and the seismic horizons (H).

Names of the main thrust faults are labeled in red. Vertical exaggeration x2.

et al., 2008). It represents the top of the seismic unit U4, assigned as
Early Pliocene by Hesse et al. (2009, 2010a, b). This unit is char-
acterized by sub-parallel, continuous and medium to high-amplitude
reflections. The attitude of reflections at the crests of the anticlines
(Fig. 7b) suggests that substantial syn-tectonic erosion occurred during
anticline growth.

Seismic horizon H5 represents the modern seafloor. H5 is of high
amplitude and continuity. The underlying seismic unit U5 is Late
Pliocene to recent in age (Hesse et al., 2009, 2010a; b), and char-
acterized by continuous, medium to high frequency, high-amplitude
reflections. Several reflections show wedge geometries indicating

NW

strong syn-kinematic stratigraphic growth in active piggy-back basins
(Fig. 7c). Onlap and downlap reflection geometries occur interbedded
with chaotic seismic facies around deepwater anticlines; the chaotic
facies zones can be interpreted as mass-transport accumulations
(Fig. 7a,d). Inside individual piggy-back basins, seismic reflections tend
to diverge toward the depocenter. In the upper part of U5, sub-hor-
izontal and sub-parallel to parallel reflections occur. The seafloor is
affected and deformed by folding and thrust propagation mainly in the
frontal (seaward) part of the FTB.

Seismic lines BGR86-18 to BGR86-24 all display a similar structural
style, characterized by a series of tectonic blocks separated by
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Fig. 6. (a) Uninterpreted seismic profile BGR86-24. (b) Initial interpretation of the seismic profile displaying the seismic units (U) and the seismic horizons (H).
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Fig. 7. Details of seismic profiles #18 (a, b, ¢) and #20 (d) showing: slumps and other mass-transport derived bodies, mainly developed within U5, in front of active
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of top U4 at the anticlines crest (7a and 7b). Note that U2, U3 and U4 show only slight thickness variations, suggesting that most of the tectonic activity occurred after
their deposition. Note also that shortening is still active, as evidenced by significant deformation/folding of the seafloor, especially in correspondence of the anticlines

crests.

southeast-dipping thrust faults overlain by asymmetric, northwest-
verging thrust-hangingwall anticlines. The acoustic basement is gen-
erally southeast-dipping; shelfal extensional faults and slope piggy-back
basins occur on all lines, and the sedimentary succession generally
thickens landward. However, the northern part of the study area (lines
BGR86-18 and 20; Figs. 3 and 4) show some significant differences
respect to the southern one (lines BGR86-22 and 24, Figs. 5 and 6). In
the northern profiles, a ~70-80 km wide compressional domain dom-
inates the sections and only few, minor extensional features occur in the
most landward parts of the data. The main-thrust-related anticlines are
widely spaced and strongly affect the seafloor. Shortening is accom-
modated by six main southeast-dipping thrust faults with few (two to
three) minor splays (Figs. 3 and 4). In contrast, in the southern profiles,
the compressional domain reduces to ~65-75 km in width (Figs. 5 and
6), and a ~20-30 km wide extensional domain characterizes the shelf
and upper slope areas. The main-thrust-related anticlines are up to
11 km apart, showing a less pronounced surface expression. Shortening
in this part of the FTB is accommodated by up to six main southeast-
dipping thrust faults with several minor fault splays.

Considering all the four sections, the stratigraphic thickness of units
U2 to U5 decreases northwestward (i.e. seaward) along dip (from
~5.7km to ~2km) and southwestward along strike (maximum
thickness varies from ~5.7 km to ~5.4 km).

4. ADS method
4.1. Introduction

The Area-Depth-Strain (ADS) method can be used to balance geo-
logical cross-sections, quantify boundary fault displacement and
folding, quantify uncertainties in the interpretation, locate detachments
and infer the amount of subseismic strain from seismic profiles (Epard
and Groshong, 1993; Groshong and Epard, 1994; Schlische et al., 2014;
Groshong, 2015). The ADS method is an area-balance technique, which
only assumes constant area without other limits (i.e. constant bed
length and thickness during deformation; knowledge about mechanical
properties of deformed units; kinematic evolution; e.g. Groshong,

2015). The method uses the depth of multiple regional levels and the
excess area of each unit above these levels to plot an area-depth graph
(Fig. 8; Epard and Groshong, 1993; Groshong and Epard, 1994;
Groshong, 2015; Wang et al., 2017), therefore it is fully independent of
length measurements and insensitive to bed-length variations (Epard
and Groshong, 1993).

The original area-depth linear function in the area-depth plot is
expressed by:

h =(@Q/D)S + H. (@]

where h is the distance from an arbitrary reference level to the regional
level of the considered horizon, D is the boundary displacement (i.e. the
horizontal shortening), S is the displaced area (or excess area) and H is
the depth to detachment from the same arbitrary reference level at the
Pin and Moving lines (Fig. 8). The sections to be balanced are com-
prised between two vertical boundary lines, named Pin Line and
Moving Line, respectively; the Pin line represents a fixed point at the
front of the compressional structures while the Moving line represents
the inner, moving part of the compressional structures. The area-depth
data of different stratigraphic horizons are interpolated by a straight
line of which the inverse slope represents the boundary displacement
and the intercept, at excess area = 0, is the depth to detachment (Epard
and Groshong, 1993). The correlation coefficient R? represents how
well the area-depth line fits the area-depth points (perfect fitting is
R? = 1) and indicates if a geological section is balanced (Groshong
et al., 2012; Wiltschko and Groshong, 2012; Schlische et al., 2014;
Groshong, 2015; Wang et al., 2017). Eq. (1) was successfully applied to
classic detachment folds (Epard and Groshong, 1993; Groshong and
Epard, 1994; Gonzalez-Mieres and Suppe, 2006, 2011; Groshong,
2015), fault-propagation folds and ramp anticlines (Groshong, 2015),
buckle-style detachment folds (Groshong, 2015) and fault-bend folds
(Groshong et al., 2012; Wiltschko and Groshong, 2012; Schlische et al.,
2014). Wang et al. (2017) modified eq. (1) to model the detachment of
fold-thrust systems where layers become progressively thinner in one
direction and where thrusting develops along a dipping, bed-parallel
detachment.

The application of the ADS method requires caution when applied in
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Modified after Wang et al. (2017).

structurally complex areas comprising duplexing, triangle zones, re-
activation of precedent tectonics or break-thrusting, i.e. where older
structures are not related to the major basal detachment of a younger
fault formed in brittle stratigraphic intervals in correspondence of
highly strained fold limbs (Morley et al., 2017). The presence of such
complex structures may generate problems in determining the original
regional level and the correct determination of the excess area, which
may vary if affected by multiple deformation intervals. Another lim-
itation of the ADS method is the requirement of i) at least two inter-
preted horizons and that ii) at least two of the interpreted horizons must
be pre-growth horizons (for the area-depth line determination). This
requirement might not be possible to meet in every fold-thrust system.

4.2. Application

Figs. 3-6 show that the geological information reflected by our
seismic data strongly decreases in depths below 4-5 km. This makes the
interpretation of the detachment level of the overlying thrust system
ambiguous. Therefore, the ADS method by Wang et al. (2017) has been
used to determine the detachment depth and dip, and to support im-
proved balancing of the geological sections. Profile BGR86-22 is used as
an example of the application of the ADS method (Fig. 9), and the same
workflow and assumptions have been used for all seismic-geologic
sections considered in this study (Fig. 10). The Pin line is located in
undeformed reflections basin-ward of the NW Borneo FTB (see Fig. 2 for
the Pin line position in map view). The Moving line is in correspon-
dence with the axial surface of the innermost thrust-related syncline,

216

basin-ward of any extensional structure. The arbitrary reference level,
necessary to calculate the depth of the horizon regional levels and of the
detachment, is the sea level (e.g. Groshong, 2015) (Fig. 9). The three
horizon regional levels are constructed by connecting the respective
lowest points of each horizon at the axial surface of the synclines. This
level is the best representation of an inferred pre-deformation position
of the horizons H2, H3 and H4 (Fig. 9 c, d, e). The excess area of each
unit (S;) is bounded by the regional level at the base and by its top; the
excess area decreases toward older units, thus S4 > S3 > S, (Fig. 9).
The variability in depth between the Moving line and the Pin line as
well as changes in dip of the horizon regional levels agree with an
original wedge geometry, in which all units thicken toward the south-
east (i.e. landward). Seismic horizon H4 forming the top of seismic unit
U4 is partially eroded at the crests of fault-related anticlines. Schlische
et al. (2014) performed a kinematic model and an analog model re-
presentative of a partially eroded thrust-ramp anticline, which de-
monstrated that, before erosion, pre-kinematic strata lay along the same
area-depth line. Assuming that seismic units U2, U3 and U4 were de-
posited before they were deformed, or that they only underwent little
syn-depositional shortening, their area-depth data should fit the same
straight line. The area-depth data of H4, after the reconstruction of the
eroded parts, is well aligned with the area-depth line interpolating H2
and H3 therefore the reconstruction is plausible on all seismic sections
(Fig. 10). Moreover, the obtained high correlation coefficient (R?
shows that the sections are quantitatively balanced (Groshong, 2015).
All previously interpreted thrust faults were finally extrapolated in
depth and linked to the ADS-defined detachment level assuming a
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and moving lines, H is the depth of the detachment relative to the reference level on the pin and moving line.

slightly listric geometry, particularly keeping account for the geometry
of the respective thrust-hangingwall folds (Fig. 10).

The application of the ADS method ultimately allows to reconstruct
a landward-dipping (i.e. ESE) detachment level with an average dip of
1.9° (Table 1), whose depth generally decreases southward,
being ~ 5.6 km at the Pin line to ~ 8.7 km at the Moving line to the
north and ~4.9 km at the Pin line to ~ 7.3 km at the Moving line to the
south (Fig. 10).

4.3. Calibration of results
We tested the plausibility of the detachment depth and attitude,

derived by the application of the ADS method, following two different
approaches.

Firstly, we compared our results with the reconstruction proposed
by Franke et al. (2008), who traced on seismic line BGR01-10 a shallow,
strong, slightly southeast-dipping reflection, interpreted as the main
basal detachment of the NW Borneo FTB. Seismic line BGR0O1-10 is,
however, oriented N160° and intersects, with an angle of ~44°, three of
the seismic profiles interpreted in this study (BGR86-18, BGR86-20 and
BGR86-22). The obliqueness of line BGR01-10 to the main structural
elements (Fig. 2) suggests that the dip angle of the displayed detach-
ment is only apparent. However, the depth of the detachment at the
respective intersections with lines BGR86-18 and BGR86-20 represents
its actual position. The intersections could be therefore used to calibrate
the ADS-determined depth of detachment on these seismic lines. The
intersection along line BGR86-22 is located within the extensional do-
main and was therefore not considered. The differences in depth
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Table 1

Values of alpha and beta along each section.
Seismic profile a B a+ B
86-18 1.5° 2° 3.5°
86-20 1.5° 1.9° 3.4°
86-22 1.5° 1.8° 3.3
86-24 1.5° 1.9° 3.4

between the ADS-determined detachment and the intersections at line
BGRO1-10 are Az = ~400 m at BGR86-18 and Az = ~180 m at BGR86-
20 (Fig. 10a and b); these differences represent a 5% and a 2.5% error,
respectively, which can be considered a reasonable agreement
(Groshong, 2015). A similar qualitative detachment prediction to that
of Franke et al. (2008) based on different industry seismic-reflection
data is provided by Cullen (2010; his Figs. 8-10, 12) who also mapped a
slightly south-east dipping detachment (depth between 4.5 and 7s
TWT).

Another second test of the plausibility of the ADS detachment pre-
diction was obtained by plotting stratigraphic thickness and fold wa-
velength sensu Morley et al. (2011). The plot on Fig. 11 shows that
deformed stratigraphic thickness considered in this work and the fold
wavelength values are in agreement with the positive correlations ob-
tained for other fold-and-thrust belts developed in deepwater environ-
ment (deepwater fold-and-thrust belts; DWFTBs) case studies, detached
on shales.
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NW Borneo FTB (N Baram FTB) compared with 9 shale-detached DWFTB from
Morley et al., (2011) (modified after Cruciani et al., 2017).

5. Discussion

In order to discuss the implications of the ADS approach of this
study, in comparison with previous tectonic reconstructions of the NW
Borneo FTB, a series of 2D sequential restoration was performed along
seismic lines BGR86-18, BGR86-20, BGR86-22 and BGR86-24. The 2D
restoration procedure was identical along each profile, consisting of
three subsequent steps (Fig. 12): i) back-stripping including the
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decompaction of syn-kinematic deposits (sensu Sclater and Christie,
1980), followed by an isostatic correction (sensu Burov and Diament,
1992); ii) fault-by-fault retro-deformation (fault parallel flow algorithm
sensu Egan et al., 1997); and iii) fold-by-fold unfolding (flexural slip
algorithm sensu Griffiths et al., 2002). The fault-by-fault and fold-by-
fold retro-deformation steps were carried out assuming a general in-
sequence thrust propagation, starting from the restoration of the dis-
placement along the frontal thrust fault, moving landward. Shortening
associated to thrusting and folding was measured incrementally along
fixed lines, located at the undeformed parts of each main thrust sheet
(generally corresponding to almost flat strata at the synclines core) to
record the total bulk shortening (Fig. 13).

The measured total amount of shortening varies across the study
area between ~6km and ~14km. The highest values are measured
across the central lines BGR86-20 and BGR86-22 with ~12km (13%)
and ~14km (15%) respectively and decrease toward the north and
south (lines BGR86-18 and BGR86-24; ~9km (10%) and ~6 km (8%)
respectively; see Fig. 13). The contribution of the net slip along thrusts
generally accounts for ~90% of the total shortening, while the thrust-
associated folding generally accounts only for ~10%.

Cumulative shortening increases almost linearly along dip (Fig. 13).
However, analyzing the deformation along each thrust fault, most of
the shortening is accommodated by the central part of the FTB, de-
creasing landwards and basinwards. This suggests that the present de-
formation is active not only at the frontal thrust, which is the latest
developing structure and it is still accumulating shortening, but also at
the central thrust faults, besides they already have accommodated most
of the shortening; the innermost thrust faults, instead, are presently
inactive. The lower amount of total shortening accommodated by the
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innermost thrust faults may be related to the larger amount of syn-
tectonic deposits, which contributed to a major wedge thickening in
this sector. An analysis of the syn-kinematic sedimentation patterns and
seafloor features also allows to determine which parts of the DWFTB are
still active (sensu Morley, 2009). The interpretation of the seismic data
(Figs. 3-6) shows that the seafloor is deformed only in the central and
frontal parts of the FTB. The larger thickness variations between the
piggy back-basin depocenters and the top anticlines are observed
within unit U5, suggesting that most of the shortening occurred starting
from ~ 3.6 Ma. This interpretation indicates an average Late Pliocene to
recent shortening rate in the offshore southern Sabah study area of
~3mm/yr, a value that is consistent with the present day short-term
convergence rate obtained by GPS data by Sapin et al. (2013) but differs
significantly from other GPS-derived shortening interpretations made
by e.g. Rangin et al. (1999) and Simons et al. (2007) who measured
larger values of convergence. Morley (2009) in turn, by studying the
growth of folds offshore Brunei suggested an average shortening rate of
around 2 mm/yr for the last ~ 3 Ma. He considered this shortening rate,
if strain partitioning occurred, as an underestimation due to the ob-
liquity of the differential motion between south Borneo and NW Borneo
(~3-4mm/yr), which occurs at ~ 45° to the orientation of the main
fold systems.

The results of the ADS analysis forwarded in this paper can be
furthermore discussed against the critical taper theory (Davis et al.,
1983; Dahlen, 1990). According to this theory, the overall FTB wedge
geometry is described by the angle a + f, where a and f are the slope
of the top surface and the dip of base of the wedge, respectively. The
higher a and (3, the shorter and thicker is the wedge. The wedge geo-
metry is controlled by several factors, including: i) pore pressure within
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strike of the thrust faults (black dashed line in Fig. 2b).

the wedge and at its base, ii) wedge strength and iii) detachment
strength. Detachment strength is, in turn, directly affected by the
rheology of the accreted material, the differential load induced by
along-strike thickness variations, the friction coefficient at the base of
the wedge, dip and dip direction of a and (3, overpressure (King and
Morley, 2017, and references therein) and the pervasive foliation of the
fault rocks (Tesei et al., 2015). The ADS method permits measurement
of the wedge-taper angle with high accuracy and provides constraints
for the mechanical evolution of the NW Borneo FTB. The measured dip
of the top surface (a) is ~1.5° (Table 1). The dip of the base of the
wedge (3) varies between 2° and 1.8° (Table 1; average = 1.9°). a and
B determine an average wedge-taper angle of 3.4°, values that are sig-
nificantly lower than previous estimations (e.g. Hesse et al., 2009)
where e.g. B alone was considered to have a maximum of 6°, and an
average of 3.5°.

Morley (2007) suggests that these low values of a and [3 angles in
this area can be related to high pressure (near lithostatic pressure:
Ap ~ 1) within the basal detachment. However, according to Tesei et al.
(2015), if a low friction of foliated fault rocks is taken in account, a
slightly lower fluid pressure is required, which should not exceed
Ap ~ 0.8. The relatively low taper angle value, the flat geometry of the
foredeep basin and the stepped slope profile of the FTB yet contrast
with the typical geometries of sediment-supply dominated continental
margins, and suggest that the NW Borneo FTB is at, or close to, critical
taper, thus actively growing basinwards (Morley, 2007).

Fig. 14 shows the ADS-calculated values of the central part of the
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NW Borneo FTB wedge-taper angle (a = 1.5° and B = 1.9°) in a wedge
strength (W) vs. fault strength (F) diagram sensu Suppe (2007), mod-
ified by King and Morley (2017). The modification made by the latter
authors, re-arranged the original critical-taper equations (Davis et al.,
1983; Dahlen, 1990), constraining all possible values for W and F solely
based on the wedge-taper angle measurement, excluding the pore
pressure and the friction coefficient. The W and F values calculated for
NW Borneo fall between the near-field stress-driven and the mixed
near- and far-field stress DWFTBs, close to two DWFTB case studies,
driven by far-field stress and characterized by high sedimentation rate
(e.g. Makran and Barbados accretionary prisms, see King and Morley,
2017). However, based on its geological history, the wedge-taper angle
ranges suggested by King and Morley (2017) and from the Plot of
Wedge Strength vs. Fault Strength (Suppe, 2007; King and Morley,
2017) this portion of the NW Borneo deepwater fold-and-thrust belt,
can be better interpreted as a mixed near- and far-field stress-driven
DWEFTB.

6. Conclusions

The ADS method was successfully applied to the central part of the
NW Borneo FTB, helping to estimate a reliable depth and geometry of
the basal detachment. The method was applied to four geological sec-
tions, derived from the interpretations of a set of seismic reflection
profiles, where the detachment was not clearly imaged. Our results
show that in the study area the detachment dips about 1.9° towards ESE
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(i.e. landward) and it is located at depth which generally decreases
southward being 5.6 km at the Pin line to 8.7 km at the Moving line to
the north and 4.9 km at the Pin line to 7.3 km at the Moving line to the
south.

The obtained depth is coherent with the observations collected
along a more recent seismic profile (BGR01-10 from Franke et al.,
2008), imaging the detachment; however, since the profile is oblique
respect to the detachment dip, it does not represent its true dip, and has
been used to verify the detachment depth at the intersection points with
the profiles interpreted in this study. The obtained depth to detachment
is also consistent with the detachment suggested by Cullen (2010). A
further test of the results, based on the correlation between fold wa-
velength and stratigraphic thickness, also showed that the ADS-calcu-
lated detachment provided an improved kinematic reconstruction of
the FTB along the four considered sections.

Using the ADS-based detachment geometry, we performed a new
restoration procedure, furnishing new, possibly more realistic values of
shortening and shortening rate. The ADS method also allowed to check
the reliability of reconstruct eroded areas of pre-kinematics beds and
enabled the analysis of the NW Borneo FTB with respect to the critical
wedge theory.

The wedge taper angle measured using the dip of the basal de-
tachment () determined by the use of the ADS method is re-
presentative of a mixed near- and far-field stress DWFTB, affected by
crustal shortening with a gravity component. Seismic interpretation and
kinematic reconstruction indicated that most of the shortening occurred
mainly in the last ~ 3.6 Ma, and that, folding and faulting are still active
in both the central and outer part of the thrust belt. The total amount of
shortening tends to increase towards the central part of the system,
consequently the shortening rate varies, being maximum at the center
(~3mm/yr at BGR86-20, to ~ 4 mm/yr at BGR86-22) decreasing to-
wards the edges (~ 3 mm/yr at BGR86-18, to ~ 2 mm/yr at BGR86-24).
For this part of the fold-and-thrust belt an average shortening rate of
~3mm/yr was then calculated for the past 3.6 Ma.

In summary, the ADS method proves valuable, particularly in set-
tings where subsurface knowledge of the basal detachment level is
limited or debated, which is a common case in many different tectonic
environments worldwide, in both off-shore and on-shore FTBs. Where
thrust belt is sub-aerial, there are often very detailed reconstructions of
the structures mapped at the surface; on the contrary, the seismic
quality is often poor, and hampers a well constrained reconstruction of
the depth and geometry of the basal detachment. Typical cases are the
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Apennines of Italy (e.g. Massoli et al., 2006; Barchi, 2010) and the
Eastern Cordillera of the Andes (e.g. Allmendinger et al., 1990; Kley
et al., 1999). Also in offshore areas, as in the case illustrated in this
paper, the basal detachment may be difficult to be definitely re-
cognized, mainly because of quality/resolution decrease of seismic data
at depth. In all these settings, a thoughtful application of the ADS
method is recommended, to help better constrain the fundamental base
of FTBs.
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