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ABSTRACT

The Nam Con Son Basin is one of several Tertiary rift basins located on the continental
shelf, offshore Indochina. It has received relatively little attention until recently and
remains a poorly understood sedimentary basin. The discovery and production of
significant volumes of hydrocarbons from within fault-bounded structural highs has
spurred a drive to better understand the basin structure. Previous interpretations of
regional 2-dimensional seismic data suggested a complex structure, with E-W trending
Eocene-Oligocene faults, overprinted by a rhomboidal pattern of mainly N-S and NE-
SW trending Miocene faults and the possible involvement of compressional and/or
strike-slip tectonics. The driving mechanism for extension on the continental shelf is not
fully understood, but the Cenozoic structural evolution was undoubtedly influenced by a
heterogeneous crust cut by a number of pre-existing Palacozoic and Mesozoic
structures. Crucially, the western extent of South China Sea rifting in the region may
have been controlled by the ~N-S trending edge of the Indochina craton, a major
rheological boundary that likely underlies the Nam Con Son Basin. In addition to its
economic importance, the proximity of the basin to the tip of the South China Sea, the
possible involvement of wrench tectonics and the potential influence of pre-existing
fabrics, makes it an ideal target for academic study.

A 3-dimensional seismic dataset from the centre of the Basin has been used to
build a fault/horizon model of the Early-Middle Miocene syn-rift sequence. The faults
have a wide range of orientations and, in all cases, the hangingwall is down-thrown
consistent with apparent normal offsets; there is no evidence for strike-slip or reverse
faulting. By accurately modelling the fault surfaces and the faylt/horizon intersections,
the dip, strike, dip-azimuth and offset of 225 faults have been calculated and used to
quantitatively analyse the fault sample.

The timing of fault activity has been constrained for each fault and shows that
all the faults are broadly contemporary but that the number of active faults increased
through time. This is partly attributed to continuing subsidence on graben bounding
faults, which focussed faulting and extension within the graben. There is no correlation
between fault strike and fault age and the faults show no significant rotation about
vertical axes with progressive deformation. The range of fault orientations likely reflects
the conflicting influences of the ~NW-SE regional extension direction and the dominant
~N-S trending basement fabric.

A systematic variation in maximum dip-slip fault offset (defined as the distance
between the footwall and hangingwall cutoffs measured parallel to the fault surface)
with fault strike has revealed an ‘ideal’ fault orientation, which can be used to infer the
direction of maximum horizontal extension. The relationship between this extension
direction, the dominant pre-existing basement fabric and the regional displacement
direction is consistent with a model of moderately extension-dominated dextral
transtension for the Nam Con Son Basin synchronous with the opening of the South
China Sea. At a local scale, the influence of the underlying Eocene-Oligocene structures
has produced offset depocentres, along strike fault polarity flips, and complex
accommodation zones.
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The Tertiary tectonics of the SE Asia region are thought to have been driven by
the northward movement of the Indian indenter, the northward movement and eventual
collision of the Indian-Australian plate and the westward subduction of the Pacific plate
(Fig. 1.1; Hall, 1997). The tectonic stresses arising from these plate movements have
interacted with Palaeozoic and Mesozoic structural architectures preserved within the
continental crust of SE Asia. These basement heterogeneities have undoubtedly
influenced the Tertiary deformation, including the strike-slip reactivation of ancient
sutures throughout Indochina (Metcalfe, 1996). The possible involvement of strike-slip
tectonics, the potential for reactivation of pre-existing fabrics and the location of the
basin in close proximity to the SW tip of the South China Sea spreading centre (Fig.
1.1) makes the Nam Con Son Basin a key location on the Vietnamese continental shelf
for better understanding the Tertiary tectonics of SE Asia. Improved knowledge of basin
evolution will also provide better constraints on hydrocarbon exploration and petroleum
play definition in offshore Vietnam.

2-dimensional and especially 3-dimensional seismic data remain the primary
tools for hydrocarbon exploration in offshore basins but many of the traditional
techniques of the structural geologist cannot be applied to such sub-surface data. A
kinematic analysis of fault slip vectors and shear sense indicators is not possible and 3-
dimensional seismic data has a much lower spatial resolution compared to surface-based
outcrop studies (tens of metre verses millimetre scales). However, it does provide a
complete, 3-dimensional picture of the structures that is not possible in surface outcrops
where the available exposure limits the complete 3-dimensional view of the structures
to some extent. Additionally, in basins where the sedimentation rate kept pace with the
subsidence rate, it is possible to use well-calibrated 3-dimensional seismic data to

reconstruct the growth histories of syn-sedimentary faults. These *“displacement



backstripping” techniques (Peterson et al., 1992; Childs et al. 1993) use down-dip and
along strike variations in throw to constrain the growth of individual syn-sedimentary
faults (Childs et al., 2003) and, in favourable circumstances, to track fault system
evolution at the basin scale (Walsh et al., 2003).

For this thesis, a 3-dimensional seismic dataset from the central area of the Nam
Con Son Basin has been used to construct a detailed 4-dimensional model of the fault
population evolution. By accurately modelling the fault/horizon intersections, fault
attributes such as throw, heave and dip-azimuth have been calculated and used as a
basis for the development of new quantitative fault analysis techniques. The work
provides new insight into the Early to Middle Miocene evolution of the Nam Con Son
Basin and, in particular, suggests that the basin opened during a phase of moderately
extension-dominated dextral transtension. This finding has broader implications for
understanding the evolution of fault populations in regions of oblique extension or
transtension and also places new constraints on models of the regional tectonics of

South East Asia.



1.1 AIMS AND CONTENTS

The aim of the thesis i1s to construct a new, detailed model of the Miocene fault
population and associated syn-rift strata in the central Nam Con Son Basin using 3-
dimensional seismic data. The fault model is analysed using new and existing
quantitative techniques in order to constrain the timing of faulting and folding within
the area, to understand how the strain was accommodated by the fault population and
how the fault population evolved through time. Specifically, the timing of fault growth,
the geometries of fault surfaces, the way in which the faults interact and the distribution
of strain can constrain the boundary conditions of the deformation and provide insight
into the nature of the regional tectonics during the Miocene.

Chapter 2 introduces the concept of 3-dimensional strain and summarises
previous numerical and analogue modelling studies into the faulting and folding
patterns produced during transtension. This section is followed by an overview of fault
geometry, growth, linkage and interaction. Finally, reactivation is reviewed including
the relationship between reactivation and oblique extension.

In Chapter 3 the geological setting of the Nam Con Son Basin is outlined,
including its regional structure and stratigraphic infill. The seismic dataset and the
methodology used throughout the thesis is described. The bulk of the chapter is a
presentation and discussion of the basic structural model for the Miocene faults, derived
from the interpretation of the 3-dimensional seismic dataset. The faults and folds are
described and the timing of fault movement and the amount of extension are analysed
using a quantitative approach.

In Chapter 4, a new conceptual model of strain distribution within extensional

and extension-dominated transtensional basins is presented and applied to the Nam Con




Son dataset. The model predicts a correlation between the maximum amount of dip-slip
offset on a fault and the orientation of that fault relative to the maximum extension
direction. It is shown to be applicable to the fault pattern in the central Nam Con Son
Basin and the analysis suggests the influence of basement reactivation in controlling
Miocene faulting.

Chapter 5 addresses the specific question of whether the Miocene deformation is
transtensional. The existence of major onshore strike-slip shear zones throughout
Indochina (Fig. 1.1), coupled with the unusual structural geometry of the Nam Con Son
Basin has led many workers to propose the involvement of strike-slip tectonics in its
evolution. This chapter presents a new quantitative approach to identifying non-coaxial
deformation by analysing the faults for evidence of rotations about vertical axes.

Finally, Chapter 6 brings together the discussions from the previous chapters.
An overall kinematic model for the structural evolution of the basin is presented and the
implications that the model has for the regional tectonics and for hydrocarbon

exploration is discussed.









orthogonal axes labelled x,y,z (Fig. 2.2). For simplicity, the plate is linearly elastic,

homogenous and isotropic. The plate is deformed by displacing one edge by a distance,

d, in a direction oriented a degrees from the y axis. This model is appropriate for

infinitesimal strains (d<<u). The deformation produced by the displacement is modelled

as follows (Withjack and Jamison, 1986):

exw = (d/u) sin a

e, = - (V/1-v) (d/u) sin a

exy = ey = 0.5 (d/u) cos a

e:=ex=¢e;=e,=10

Z

2.2)

(2.3)

2.4)

(2.5)

(2.6)

where v is Poisson’s ratio and extension is positive. If we are modelling a vertical

deformation zone where ey = e, e, = e; or €3 and e, = e; or es, the corresponding

infinitesimal principle strains are:

ey =0.5 (d/u) (sina+ 1)

en= 0.5 (sina-1)

e, = -(v/1-v) (d/u) sin a

Q.7)

(2.8)

(2.9)



where ey and e, are the maximum and minimum infinitesimal principle horizontal
strains respectively and e, is the vertical infinitesimal principle strain. The maximum

principle strain axis is oriented P degrees measured clockwise from the y axis:

B =190°-0.5 tan” (cot a) (2.10)

Equations 2.2-2.10 can be solved for orthogonal extension (a = 90°) and wrench
deformation (a = 0°), assuming a Poisson’s ratio, v = 0.5, i.e. that of an ideal
incompressible material (Fig. 2.2). The direction of maximum principle strain, B, in
relation to the deformation zone boundary (y axis) is 90° in the case of an orthogonal

extension (Fig. 2.2a) and 45° in the case of a wrench deformation (Fig. 2.2b).

2.1.1 3-dimensional strain

Orthogonal extension and wrench deformation are two examples of plane strain (a 2-
dimensional pure shear and a simple shear respectively) in which the intermediate axis
of strain, e, is equal to zero (Fig. 2.2). The maximum and minimum axes of strain, €,
and e; respectively, are non-zero and are contained within a single 2-dimensional plane
oriented perpendicular to the intermediate axis. If all strain axes are non-zero, the
deformation is 3-dimensional and cannot be described within a 2-dimensional plane.
Pure shear is a non-rotational strain, during which material lines that are parallel to the
principle axes of finite strain remain parallel. Simple shear, on the other hand, is a
rotational strain, in which all material lines rotate with respect to the coordinate system,
except those parallel to the shear plane. During progressive simple shear, the principle

axes of finite strain rotate with respect to the principle axes of incremental strain -






Ideal
incompressible
material

o shale

sandstone 90% quartz-rich

sandstone

0
0 10 20 30 40 50 60 70 80 90
Ucritical

~40

Figure 2.4: a) From Withjack and Jamison (1986). Magnitudes of the principal strains for several values
of a,. The ratio of the displacement to the original plate width is d/u = 0.33. Extension is positive. b) After
DePaola et al. (2005). Plot of Poisson’s ratio, v, vs. Ocprical, the point that marks a switch between
extension dominated transtension and wrench dominated transtension. Values for the lithologies are taken
from DePaola et al. (2005).

The critical angle (0riical) Which separates these deformation domains is a function of
Poisson’s ratio (v) and can vary considerably in natural examples depending on
lithology (Fig. 2.4b; DePaola et al.,, 2005a). DePaola et al.,(2005a) calculated dynamic
Poisson’s ratio values and ogiicar fOr a range of typical igneous, metamorphic and
sedimentary rocks following Christensen (1996) and Johnston & Christensen (1992).
Figure 2.4b includes those values for sand and shale, which will be used in chapter 5 of

this thesis.
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Figure 2.5: Plot of the relationship between a and B and o;ic.a) Which separates the wrench dominated
transtension domain (WDTT) and the extension dominated transtension domain. O 1S 20° for a
material with a Poison’s ratio (v) of 0.5. After DePaola ef al. (2005a).

In lithologies with a low Poisson’s ratio, such as quartz-rich sandstones, the switch in
the axis of maximum shortening, e;, from vertical to horizontal can occur during

extensions with relatively high a.

2.1.2 Faulting during 3-dimensional strain

The familiar models of Andersonian faulting predict two sets of conjugate faults with a
bimodal pattern during 2-dimensional strain (Anderson, 1951). Multimodal rhomboidal
fault patterns comprising two or more coeval sets of conjugate normal faults have been
observed widely both in the field and on subsurface datasets (Reches, 1978; Krantz,
1988). These have been attributed to 3-dimensional strain, in which all three axes of
principle strain are non-zero. The slip model of Reches (1978) considers faulting during
a coaxial (pure shear) 3-dimensional, non-plane strain. The model predicts that three to
four sets of faults, with orthorhombic symmetry about the principle strain axes, are

required to accommodate 3-dimensional strain and that none of the fault planes or slip

12









The sense of lateral displacement of the base plate was sinistral in all cases and the
angles of the faults, described below, are measured counter-clockwise relative to the rift
trend.

With a = 0°, 50% of faults formed at an angle of between 15°-25° to the rift
trend and had sinistral strike-slip displacements, whilst a second set, ~10% of faults,
made a higher angle to the rift trend of between 75°-85° and had dextral strike-slip
displacements (Fig. 2.7a). The acute angle between the two sets bisects the axes of
maximum shortening, e, = e3 (Withjack and Jamison, 1986). These faults are equivalent
to Riedel shears (Woodcock and Schubert, 1994 and references therein). As the
experiment continues, the faults that form at high angles to the rift, rotate several
degrees counter-clockwise with progressive deformation (Withjack and Jamison, 1986).

The fault pattern that develops at a = 15° is very similar to that of a = 0° but
with a slightly lower proportion of strike-slip faults (Fig. 2.7b). The faulting pattern is
also similar to that predicted for wrench plane strain by Andersonian faulting models.
At a = 30°, the pattern of faults is significantly different from those of the experiments
with o = 0° and a = 15° (Fig. 2.7c). This likely reflects the switch, at ~20°, from
wrench-dominated to extension-dominated deformation, as predicted by the numerical
models described above (Withjack and Jamison, 1986). In this experiment, normal
faults predominate but there are also faults with sinistral and dextral strike-slip
displacements and oblique-slip displacements. The faults show a wide range of
orientations, with ~50% striking perpendicular to the direction of maximum extension,
e; = ey, with predominantly normal displacements. There is little evidence of fault
rotation with progressive deformation. With increasing a, the obliquity of the faults

lessens. Specifically, ~50% of faults strike between 30°-40° of the rift trend when a =

15



45°, between 20°-30° of the rift trend when o = 60° and between 10°-20° of the rift
trend when a = 75° (Fig. 2.7d, e and f, respectively). At a = 90°, the normal faults have
moderate dips and trend parallel to the rift trend, similar to Andersonian-style faulting
(Fig 2.7g). In all cases the faults show greater obliquity in the rift, above the rubber
strip, than at the margins (Withjack and Jamison, 1986).

In the analogue models of McClay and White (1995), a sandpack is deformed
using a rig very similar to that of Withjack and Jamison (1986), described above (Fig.
2.6). During oblique extension, a = 60°, the faults that border the rift are clearly

controlled by the underlying rift geometry (Fig. 2.8).

RUBBER STRIP
A

EXTENSION
DIRECTION

DIP POLARITY
FLIPS

Figure 2.8: Results of sandbox model of oblique extension, a = 60°. Graben offset is accommodated by
along strike fault dip polarity flips. After McClay and White (1995).
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The border fault system is a segmented array of en-echelon, curvilinear faults,
which form parallel to the base plate edge. The tips of the border faults tend to align
parallel to the rift and with increased extension, propagate laterally and link via relay
ramps (Section 2.2.3). The faults within the rift form at high angles to the displacement
direction. Distinct, offset depocentres form in the rift, separated by accommodation
zones of overlapping faults with along-strike polarity flips. The degree of segmentation
and en-echelon character of the border fault system was lessened in experiments with
less obliquity, a = 75° but increased in experiments with a greater obliquity, a = 45°.
Unlike the clay cake models of Withjack and Jamison (1986), deformation of the sand-
pack involved no oblique-slip or strike-slip faulting. In particular, the depocentre offsets
are wholly accommodated by dip-slip normal faulting. This could be due to the absence
of any strong underlying offset or step in the base-plate, the rheological differences
between clay and sand or it could be a function of the amount of extension, B, which in
this case was a maximum of 3 = 1.5 and perhaps not enough to produce transfer faults.
The sand-pack was sliced to produce vertical cross-sections perpendicular to the rift
trend. The faults are planar or slightly curved in cross-section, with some having
sigmoidal profiles. In the accommodation zones the faults form conjugate sets and

symmetrical graben (McClay and White, 1995).

2.1.4 Folding during transtension

During wrench dominated transtension, the wrench component of the deformation often
results in the formation of folds. The physical models of Venkat-Ramani and Tikoff
(2002) have successfully reproduced folding during wrench dominated transtension (a <

30°) (Fig. 2.9). The folds form parallel to the maximum infinitesimal extension

17









The displacement gradient is the rate of change in displacement across the fault
surface in a particular direction and can be measured vertically or horizontally (Barnett
et al., 1987; Walsh and Watterson, 1989; Nicol et al. 1996). In an ideal fault model,
where the length of the horizontal axis is roughly twice that of the vertical axis, the
horizontal displacement gradient should be roughly half that of the wvertical
displacement gradient (Nicol et al. 1996). The gradient is influenced by the material
properties of the rock volume, particularly the shear modulus, and the size of the fault.
The non-linear growth relationship predicted by analysing fault displacement-length
populations (Eq. 2.1, see below) implies that larger faults should have higher
displacement gradients compared with smaller faults. This contention is supported by
values for throw gradients reported in Nicol ef al. (1996), from faults measured on
mining plans and seismic datasets. Coal-field faults, with widths of 0.2-2.6 km have
gradients of 0.001 to 0.007 (horizontal) and 0.007 to 0.03 (vertical), whilst seismically
imaged faults with widths of 1.3-9.7 km have gradients of 0.007-0.06 (horizontal) and
0.04-0.22 (vertical).

The ideal geometry described above is relevant only for isolated normal faults.
The majority of faults interact with neighbouring faults or the Earth’s surface,
restricting the vertical or lateral growth of the fault. This results in reduced curvature of
the tip line and displacement contours (Nicol er al, 1996), locally increased
displacement gradients (Walsh and Watterson, 1989) and changes to the fault surface

aspect ratio.

20






Because the sediment is deposited during fault movement, an older stratigraphic
unit is generally subjected to a longer history of fault movement than the younger
sequence and the amount of offset on a stratigraphic horizon is the accumulation of all
fault movements subsequent to its deposition. This results in increasing offsets with
depth but 1s different to the variation in offset from a maximum at the fault centre to
zero at the tip line as seen in the case of post-sedimentary faults (Bamett et al., 1997,
Fig. 2.11c). The displacement gradients on syn-sedimentary faults can be much larger
than those of post-sedimentary faults. Nicol ef al. (1997) report vertical displacement
gradients of 0.16 to 1.5 for onshore and offshore syn-sedimentary faults of a range of
sizes from 30 m to 6 km maximum displacement. They suggest that these values are
larger than post-sedimentary faults of a comparable size by a factor of at least 2.

Interactions between neighbouring faults can cause the active fault trace of a
syn-sedimentary fault to propagate, remain static or retreat during syn-sedimentary
growth (Childs ef al., 2003). The shapes of the upper tip line and displacement contours
on syn-sedimentary faults reflect the high vertical displacement gradients where fault
intersects the Earth’s surface and are horizontal rather than curved (Fig. 2.11b and c;
Childs et al., 2003). In reality, many faults include a syn-sedimentary section and a
post-sedimentary section in which the fault geometry resembles that of a blind fault.
The post-sedimentary section 1s that part of the fault that cuts the pre-faulting sequence,
which was deposited prior to fault initiation. Such faults would show sub-horizontal,
closely spaced displacement contours in the younger, syn-kinematic sequence and
concentric displacement contours in the pre-faulting sequence (Fig. 2.11b; Childs ef al.,
2003). In seismic datasets in which the faults penetrate below the depth imaged by the
data, the lower, curved tip line and the lower concentric contours of the post-

sedimentary section can be absent. In such cases, the pre-faulting sequence is identified
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by the curved, sub-vertical displacement contours that define the lateral component of
fault growth. The point on the fault surface where there is a switch from sub-vertical
contours to sub-horizontal contours marks the base of the syn-kinematic sequence (Fig.
2.11b; Childs et al., 2003). A shift in the lateral position of this point reflects the lateral
propagation of the fault tip during syn-sedimentary activity and can be used to identify

fault growth or fault retreat.

2.2.3 Fault growth, linkage and fault population evolution

By plotting maximum displacement against width for a variety of faults, Watterson

(1986) proposed a fault growth model:

D= WP (2.11)

where D is maximum displacement, W is the maximum dimension of the fault surface
normal to the slip direction and P is a variable relating to rock properties. The model
shows a non-linear relationship, i.e. the displacement increases disproportionately more
than the fault width (or length). Conventional models of fault growth based on
mathematical analyses of fault displacement-length populations suggest that faults grow
by the simultaneous accumulation of both displacement and length (Walsh and
Watterson, 1988). A more recent model proposed by Walsh ef al. (2002), which was
based upon an analysis of syn-sedimentary growth faults, suggests that the displacement
to length ratio of faults progressively increases as they grow. In this model, fault growth
is divided into two stages. During the first stage, the fault grows predominantly through
the rapid (near-instantaneous on geological timescales) lateral propagation of the fault

tips until the length of the fault is established. In the second stage, lateral growth is
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As faults grow, they interact and link with neighbouring faults. Synthetic faults, which
have the same polarity of dip, can overlap and act as a single coherent fault. The
displacement on the two faults is accommodated by ductile strain in the form of a relay
ramp, which develops in the overlap zone (Fig. 2.12; Peacock and Sanderson, 1991).
The faults show an abrupt decrease in displacement and increased horizontal
displacement gradients within the zone of overlap (Childs et al., 1995; Fig. 2.12b). If
the displacement on the two faults is summed and contoured, the resultant displacement
pattern will resemble that of an ideal isolated fault and will show very little net
displacement deficit (Fig. 2.12b; Peacock and Sanderson, 1991; Walsh and Watterson,
1991; Childs et al. 1995). The faults in this case are said to be “soft-linked”, at least at
the scale of observation (Fig. 2.12a). It is often the case that some deficit will remain
when the displacements are summed in this way. This could be due to a ductile
component of strain within the relay zone — for example, due to shear strain
accommodated on small faults that exist on a scale too small to be seen on seismic
reflection data (Walsh and Watterson, 1991). Faults with aggregate displacements that
show significant deficits do not form a coherent structure and might have been active at
different times.

With increasing displacement on the faults, a relay ramp can breach (Fig. 2.12c¢).
Either or both of the faults will propagate across the relay ramp to physically link with
the other. Alternatively, a new fault could initiate within the overlap zone and link with
both faults (Peacock and Sanderson, 1991; Imber ef al., 2004). The faults are then hard-
linked. This process of growth by linkage results in an increasing amount of the strain
being accommodated on fewer, larger faults as the system evolves (Meyer et al., 2002;

Walsh et al., 2003).
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2.3 REACTIVATION

Structural reactivation is defined as “the accommodation of geologically separable
displacement events on pre-existing structures” (Holdsworth et al. 1997). The
reactivation of pre-existing faults and fabrics in the continental crust is known to
influence the locations and structural architectures of rift basins. Structures such as
faults and shear zones are thought to be long-lived zones of weakness that can reactivate
repeatedly and may do so in preference to the formation of new faults (Holdsworth et al.
1997). Geometric reactivation describes a situation in which a deformation inherits the
location or geometry of a pre-existing structure but with a different sense of movement.
During kinematic reactivation the sense of displacement is similar between successive
reactivation events (Holdsworth er al. 1997). Pre-existing fabrics can be discrete or
pervasive (Morley, 1999). Discrete fabrics include faults, shear zones or major
rheological or compositional boundaries. Pervasive fabrics are present throughout a
large rock volume and induce a marked strength anisotropy. These include metamorphic
fabrics such as cleavage, schistosity and gneissic foliation (Morley, 1999). Pervasive
fabrics tend to influence the majority of the faults within a rift whereas discrete fabrics
tend to influence more isolated structures to produce faults which may be atypical in
terms of their location, geometry or orientation.

Fault orientations can directly reflect the orientation of the regional stress field,
with localised re-orientation of structures due to the influence of pre-existing fabrics
within the rift. Often, faults are either parallel to the basement fabric or perpendicular to
the regional extension direction, or some combination of these two end-member types

(Fig. 2.13).
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Figure 2.13: The influence of an oblique pre-existing fabric on fault geometry. After Morley et al. (2004).
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Natural rifts commonly develop where there are a variety of pre-existing fabric
orientations, locations and types, some of which may be exploited whilst others are
ignored (Morley et al., 2004). For example, the structure of the Mesozoic rifts of the
North Sea has most likely been influenced by basement heterogeneity (Bartholomew et
al., 1993). It is often difficult to confidently identify reactivation, particularly in
offshore settings where the basement or deep structure may be below the range of the
seismic data, whilst the relatively poor resolution of the data prevents the use of
traditional outcrop scale identification criteria (Holdsworth et al. 1997). Often
geometric similarity (‘trendology’) — in which offshore structures have the same
orientation as basement faults and shear zones exposed onshore — is relied upon to infer
reactivation but this is not always a reliable indicator (Holdsworth et al. 1997).

The study of onshore and offshore examples and the use of physical analogue
models have provided useful insights into the structural styles associated with
reactivation. Pre-existing structures are often orientated obliquely to later directions of
rifting and if reactivated will inevitably lead to transtensional deformation where the
angles between the pre-exiting feature and the regional transport direction (o) will be
important in determining the resultant fault patterns, as are the relative rheological

strengths and intensities of the fabrics (Fig. 2.13). The range of fault orientations may
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be increased by the influence of pre-existing fabrics and this effect varies depending on
a (Withjack and Jamison, 1986; Fig. 2.7). Individual faults can form curved and
sigmoidal geometries in plan view (McClay and White, 1995; Fig. 2.8). At most angles,
faults will curve to follow the fabric but at higher angles (e.g. >70°) faults are more
likely to cross the fabric (Morley, 1999 citing Blanton, 1982) or alternatively fault
growth may be inhibited, resulting in a fault pattern with more numerous, closely
spaced faults (Morley et al., 2004). In the Timor Sea, the presence of a pre-existing
fabric may have controlled the style of fault growth by encouraging very rapid lateral
growth early in the evolution of the fault system and so establishing a near final length

before accumulating displacement (Walsh et al., 2002; Section 2.2.3).
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CHAPTER 3. STRUCTURE AND EVOLUTION OF THE
NAM CON SON BASIN

3.1 INTRODUCTION

The aims of this chapter are to describe and analyse the structures that have been
modelled and to provide an overall appreciation of the structural evolution of the Nam
Con Son basin. In the first section the structure is qualitatively described, including the
distribution and geometries of the depocentres and structural highs. The deeper
Oligocene-Eocene succession and the pre-Tertiary basement have proved difficult to
constrain, with the basement only clearly seen on the 3-dimensional seismic data in the
eastern corner of the survey area. The second section is a quantitative analysis of the
faulting within the area, including the orientations and dip angles of the faults and how
that varies spatially. The third section addresses the evolution of the structures through
time using two methods. Firstly, isochron maps are used to establish which areas
subsided the most and which subsided least during a particular time interval and,
secondly, displacement backstripping techniques are used to constrain the timing of
each fault. Another section addresses the folding within the area. A variety of small
folds are mapped and described. The timing of folding is established using variations in
the fold amplitude, and compared with the timing of the faulting. The amount of
extension across the area is also addressed. To calculate the amount of extension, bed
lengths and fault heaves have been measured on several 2-dimensional cross sections,
which traverse the area through each graben. Finally, a study of the fault kinematics is
presented. A small channel is identified within the syn-rift succession that is offset by a

fault surface. This has been used to provide a finite slip vector for that fault.
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3.2 REGIONAL GEOLOGICAL SETTING

The Nam Con Son Basin is one of several Tertiary rift basins on the continental shelf,
offshore Indochina. It is located ~250 km southwest of the tip of the South China Sea
ocean basin (Fig. 3.1a). The geometry of the Nam Con Son Basin is unusual when
compared with many extensional rift basins. It is as much as 13 km deep, ~350 km long
and ~200 km wide, a length to width ratio of < 2:1 (Fig. 3.1b). The dominant fault trend
is N-S to NE-SW. The pre-Tertiary basement has been drilled on structural highs and is
an assemblage of volcanic, igneous and metasedimentary rocks. The earliest rift fill has
not been drilled but is thought to have been deposited in E-W trending half graben that
formed during the Eocene to Early Oligocene based on interpretation of 2-dimensional
seismic data and comparison with sedimentary fill in neighbouring basins (Matthews et
al., 1997). The oldest, drilled sedimentary cover is the Late Oligocene Cau Formation
(Fig. 3.2a), which is broadly distributed throughout the entire basin. This may have been
deposited during a thermal sag phase following the earlier rifting (Matthews er al.,
1997). By contrast to the older basin fill, the Miocene sequence, which comprises the
Dua, Thong and Mang Cau Formations, is deposited in N-S and NE-SW trending
graben and represents the main syn-rift phase (Fig. 3.2a). Throughout most of the basin,
the top of the syn-rift sequence is defined by a regional unconformity that has eroded
footwall highs and is associated with major channels/scours that locally truncate the
Miocene rift faults (Matthews et al., 1997). This unconformity is dated as end-Middle
Miocene and probably represents a major eustatic sea-level fall at 10.5 Ma (Haq et al,,
1988). A Late Miocene to present-day post-rift sequence, comprising the Nam Con Son
and Bien Dong Formations, overlies the unconformity and was deposited during

thermal subsidence (Fig. 3.2a; Matthews et al., 1997).
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The post-rift sequence is mostly mudrock with isolated channel sands and represents the
prograding Mekong Delta. The pre- to syn-rift sequence shows an overall deepening up-
stratigraphy from coastal deposits of sand and mudrock in the pre-rift Oligocene, to
outer shelf and bathyal deposits of mostly mudrock in the syn-rift Middle Miocene
(Matthews et al, 1997). There are significant carbonate deposits on some footwall
highs, particularly at basin margins (Matthews et al., 1997). However, there is no
evidence for their existence within the 3-dimensional seismic survey area and therefore
this does not affect the parameters used in the depth conversion algorithm described in
section 3.3.2.

Within the basin centre, in the area covered by the 3-dimensional seismic
dataset, several wells have been drilled into the Early Miocene but have not reached the
Oligocene sequence or basement (Vietnam Licence Team, 1995). The Early-Middle
Miocene stratigraphy in this area is mostly mudrock with some thin sands (Fig. 3.2c). In
places the amount of sand increases in the Early Miocene sequence. Unlike in the
southeast of the basin, there is no evidence for significant carbonate deposits in the
basin centre, although the wells do penetrate very thin carbonate layers in the Middle

Miocene.
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Figure 3.3 shows two maps that have been produced by the Asset team at BP
using a regional grid of 2-dimensional seismic data. The first is a map of the top pre-
Tertiary basement and the second is a map of an intra Early Miocene horizon
(equivalent to horizon h2 described in section 3.3). The E-W trending faults that may
have controlled Eocene-Early Oligocene rifting are evident on the top basement map but
are buried by the Early Miocene sedimentary cover. Therefore, for tectonic faults the
upper age of E-W faulting is Early Miocene (Fig. 3.3). The E-W fault trend suggests
that during the Eocene-Early Oligocene the extension direction was ~N-S (Matthews et
al., 1997). This is consistent with the oldest magnetic lineations (~32 Ma) in the South
China Sea which are oriented ~E-W (Briais et al., 1993).

The Middle Miocene rifting was accompanied by the formation of large
extensional rollover anticlines in the hangingwalls of graben bounding faults. It is
possible that these rollover structures have been further deformed by a mild,
contractional tightening but this is uncertain (Matthews et al. 1997). A number of
graben centres appear to have been eroded as a result of mild uplift (Fig. 3.4; Matthews
et al. 1997). It is possible that the Miocene folding was controlled in some way by the
earlier E-W trending structures and that in places the anticlinal uplifts are locally
developed orthogonal to the major Middle Miocene faults. There is no evidence,
however, for net-reverse stratigraphic offsets on any Miocene faults (Fig. 3.4; Matthews

etal., 1997).
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The contemporary stress azimuths for the Southeast Asia region give an
indication of the complexity of the tectonic plate interactions that have persisted
throughout the Tertiary (Fig. 3.5). A study of the magnetic lineations in the South China
Sea by Briais et al. (1993) has dated the oldest oceanic crust here as 32 Ma (middle
Early Oligocene) and the youngest as 15.5 Ma (end Early Miocene). During the Early
Miocene the spreading centre propagated towards the southwest, reaching its present
day position by 20.5 Ma (Briais et al. (1993); Fig. 3.6a). The driving mechanism of
extension in the region is unknown and a number of tectonic models have proposed
solutions to this fundamental problem. The Tertiary tectonics of South East Asia are
thought to have been driven by a number of plate interactions, including the northward
movement of the Indian indenter, the northward movement and eventual collision of the
Indian-Australian plate and the westward subduction of the Pacific plate (Hall, 1997;
Fig. 3.6a). The resulting regional-scale tectonic stresses interacted with the complex
pre-existing Palaeozoic and Mesozoic structural architecture in the crust of SE Asia,
which has undoubtedly influenced the Tertiary deformation, including the strike-slip
reactivation of ancient sutures throughout Indochina (Metcalfe, 1996). Which of these
plate interactions are significant or dominant and how the pre-existing structure may

have influenced Tertiary deformation is not yet fully understood.
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Although there is little evidence for the existence of strike-slip structures within the
Nam Con Son Basin, there could be major shear zones beyond the limits of the regional
seismic data. The role of strike-slip tectonics in both the Eocene-Early Oligocene and
the Miocene rifting phases is a possibility (Matthews et al. 1997). The conflicting data
from onshore investigations of the shear zones and the lack of firm evidence for their
offshore continuation means that their timing, shear sense and locations are not at all
well constrained. Most models favour the area adjacent to the east Vietnamese coast as
a location for a through-going shear zone but the sense of shear and whether this shear
zone accommodates or drives South China Sea spreading varies between models
(Tapponnier et al., 1986; Roques et al., 1997; Huchon et al., 1998; Morley, 2002).
Seismic data from the Qui Nhon Ridge, off the east Vietnam coast, suggest a dextrally
transtensional fault pattern with N-S and NE-SW trending normal faults some of which
curve towards parallelism with the N-S trending Qui Nhon Ridge (Roques ef al., 1997).
Dating of the post-rift carbonates across this structure constrains the upper age of fault
movement to 21 Ma, which coincides with the end of South China Sea spreading centre

propagation (Roques et al., 1997).
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The western boundary of South China Sea rifting is defined by a linear 1 km
high N-S trending scarp, which marks the edge of the continental shelf (Fig. 3.6b). The
scarp runs along the eastern Vietnam coastline and through the Nam Con Son area.
Gravity data highlights the scarp which defines a boundary between extended and
thinned continental crust to the east and thicker continental crust to the west (Fig. 3.6c).
This N-S structural trend continues south and is reflected in the N-S trend of the Natuna
Arch, a structural high that bounds the western edge of the East Natuna Basin. Miocene
faulting within the Nam Con Son Basin, the East Natuna Basin to the south and along
the Qui Nhon Ridge to the north shows a consistent pattern of NE-SW and N-S trending
faults (Fig. 3.6a; Roques et al., 1997; Matthews ef al. 1997; Huchon et al., 1998). The
NE-SW trending faults reflect the trend of the magnetic lineations in the South China
Sea and are probably controlled by the ~NW-SE regional extension direction. It is
possible that the N-S trending faults are controlled by a regional pre-existing basement
fabric that corresponds to the rifted margin of the Indochina Craton which formed when
the craton separated from Gondwanaland during Devonian (Metcalfe, 1996). The
boundary between the Palaeozoic Indochina Craton to the west from Mesozoic
ophiolitic crust to the east likely represents a strong rheological contrast which could
have both localised and geometrically controlled later deformation. It is possible that
this boundary inhibited the westward propagation of the South China Sea resulting in

the prominent N-S trending scarp.
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3.3 METHOD AND DATASET

The 3-dimensional time-migrated seismic dataset used for this study covers an area of
54.6 x 26.3 km or 1435 km® with lines spaced at 12.5 m intervals. The quality of the
seismic data is very good, particularly within the Miocene-Recent syn-rift to post-rift
interval and reaches a maximum two-way travel time of 6500 milliseconds (ms).
Several wells have been drilled within the area of the 3-dimensional seismic survey,
which provide velocity data, lithological data, depositional environment and dated
formation tops, as used by BP. The dataset compliments an extensive grid of regional 2-
dimensional seismic data that has been used to map the basin, in particular the
southeastern area (e.g. Fig. 3.3; Matthews et al. 1997). The 3-dimensional dataset is
located in the basin centre, where the depth to top basement is greatest. The top
basement has been modelled using an inversion of gravity data (Huchon et al., 1998).
This indicates that in the area of the 3-dimensional seismic dataset, the highest point of
the basement lies at a depth of 8-9 km in the eastern corner of the area and that it dips
down towards the north and west down to a maximum depth of ~13 km (Fig. 3.1b). It
predicts that the basement will be below the base of the seismic data throughout most of
the survey area.

A fault/horizon model has been constructed using a combination of
Schlumberger’s IESX™ and Badley’s Traptester'™ software. Fault segments were
picked on inlines, crosslines and arbitrary lines in IESX™ and then imported into
Traptester' ™ to be modelled into gridded fault surfaces. Figure 3.7 is a 3-dimensional

image of the fault surfaces. In total 225 fault surfaces have been modelled.
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Six stratigraphic horizons have been interpreted within the syn-rift sequence and
are labelled h1-h6 from the oldest to the youngest, respectively (Fig. 3.8). The horizons
were picked on strong, laterally continuous seismic events rather than being tied to
stratigraphic well picks. It was important for this study that the horizons could be
confidently picked across the whole survey area. Synthetic seismograms were not used
due to a lack of well data. Interpretations were made on every 20 inlines and crosslines
across the whole survey area. The density of seed picking was increased in areas of
complex faulting or folding and adjacent to some fault surfaces and tips. In addition,
arbitrarily oriented (composite) sections were used to tie horizons around fault tips and
through areas of complex structure. The use of this technique is crucial in such a
densely faulted area. The faults were interpreted on sections aligned roughly orthogonal
to the fault strike, with a maximum 250 m (20 inlines or crosslines) between fault
sticks/segments.

Although the horizons were picked using seismic character only, a comparison
between the horizon-well intersections and the available BP well picks/formation tops
provided approximate ages for the horizons, which range from ~18 Ma to ~10 Ma,
respectively, Early Miocene to the end of the Middle Miocene. Horizons h1-h3 are
within the Early Miocene sequence, h2 is dated as ~16.5 Ma and h3 roughly coincides
with the end of the Early Miocene. Horizons h4-h6 are within the Middle Miocene, h6
is dated at ~10.5 Ma, the end of the Middle Miocene. In the eastern part of the survey
area, the youngest three horizons, h4-h6, are incised by an undulating erosional surface
(Fig. 3.8). However, the eroded area is relatively small and the results of the quantitative

fault analysis presented within the thesis are not significantly affected.
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Figure 3.9 shows the h2 horizon (Intra-Early Miocene), interpreted using the 3-
dimensional seismic dataset (outlined), superimposed upon the equivalent horizon as
mapped by BP using 2-dimensional seismic data (see Fig. 3.3b). This demonstrates the
increased structural detail that has been achieved using the 3-dimensional seismic data.
The two interpretations were produced independently of each other and yet the
similarity between them is clear. The deeper areas of the basin and the structural trends
including major fault scarps that were mapped using 2-dimensional seismic data ‘mesh’
seamlessly with the structures mapped using 3-dimensional seismic data. This provides
a high level of confidence that the interpretations are accurate.

The study presented within this thesis focuses on the Early to Middle Miocene
syn-rift succession, which coincides in timing with the southwestward propagation of
the South China Sea towards the Nam Con Son area. The majority of faulting within the
basin is focussed within this succession and the apparent complexity of the fault pattern
is of interest. At the depth of the Early to Middle Miocene, the quality of the 3-
dimensional seismic data are high and are ideally suited to the use of quantitative
techniques which require a high level of accuracy. Despite the poorer data quality at
depth, the top Oligocene and top Basement have been picked in some sections/areas but
with less certainty or accuracy and so have not been used for the quantitative analysis.
The top of the Oligocene has been picked as a clearly defined change in the seismic
character from shorter wavelength reflectors in the Miocene to stronger reflectors with
longer wavelengths in the Oligocene (Fig. 3.8). This change is not gradual such as that
due to the attenuation of the seismic energy. The top-Pre-Tertiary basement is picked as
a strong laterally continuous reflector that defines the top of an area of relatively
transparent seismic character (Fig. 3.8). The interpretation of the top basement has been

further constrained using the top basement map of Huchon et al. (1998), produced using
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3.3.1 Sampling faults

By using Badley’s Traptester ™ software, the hangingwall and footwall intersections for
each horizon can be accurately modelled on the fault surface. Throughout this thesis, the
hangingwall and footwall cutoffs of a given stratigraphic horizon on a fault surface
define a fault polygon. Once modelled, Traptester' " uses the fault polygons to calculate
various fault attributes including apparent throw, apparent heave and dip azimuth. The
software extracts fault attributes from the polygons using two different sampling
strategies (Fig. 3.10). The first method uses an array of regularly spaced sample lines,
each of which is automatically aligned orthogonal to the dip azimuth of the fault surface
at each sample point (Fig. 3.10a). The second uses a grid of regularly spaced lines with
a fixed azimuth that has been manually set by the interpreter (Fig. 3.10b). The first
method describes the geometry and orientation of the fault polygons without making
any assumption regarding the slip direction of the fault. This method has been used to
calculate dip azimuth and fault offset, which is defined in section 4.2 (Fig. 4.2). The
second method quantifies the amount of offset in a particular direction. This method has
been used to constrain the timing of fault movement and the grids were aligned parallel

to the mean dip azimuth of each fault.
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Figure 3.10: Sampling methods used by Badley’s Traptester software. The fault polygons for one horizon
are shown for two linked faults. Both faults dip towards the ESE. a) trace sampling method (set by the
interpreter). b) grid sampling method (set automatically). In both cases the sample spacing is 200 m. The
azimuths of the grids in b are the mean dip azimuths calculated from the trace sampling method shown in
a.

The data have been exported in ascii file format and imported into Microsoft
Excel, GEOrient and EZ-Rose (Baas, 2000) for analysis. The result is a database of fault
attributes that describe the dip and dip azimuth of the fault surface and the amount of
offset (in ms two way time) on each horizon at regularly spaced points along the length

of each fault.

3.3.2 Depth conversion

The exported fault data were depth converted prior to analysis using the equation:

Z = Vo(e"-1)/k (3.1
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of thick evaporite or carbonate units below the depth of well penetration. Thus, although
it is not possible to rule out other factors that could cause an abrupt change in velocity
(e.g. the presence of deeper, overpressured layers), these observations provide a
rationale for using the same depth conversion parameters down to ca. 10 km depth (Fig.
3.11).

The validity of the depth conversion method is supported by two independent
studies. Firstly, the predicted depth to the top basement is consistent with that of
Huchon et al. (1998) who mapped out the top basement using gravity data (Fig. 3.1b).
Secondly, the depth to horizon h2 coincides, in two wells, with that of the equivalent
horizon, interpreted at BP and depth converted using a more complex velocity model. In
addition, the sensitivity of the data analysis to the depth conversion method has been
tested. This reveals that varying the V and k values within the range of the available

well data does not significantly affect the results of the data analysis.

3.3.3 Constraining the timing of fault movement

The timing of fault activity has been constrained for 225 modelled faults using a variety
of quantitative and qualitative techniques. The most important of these techniques is
based on an analysis of the amount of offset on each horizon cut by the fault (e.g. Childs
et al. 2003). By using this method, syn-sedimentary fault growth can be identified.
Syn-sedimentary tectonic normal faults are those that were active during the
deposition of the sedimentary sequence. The difference in elevation between the
footwall and hangingwall controls the relative sediment thickness across the fault and,
assuming that sedimentation keeps pace with subsidence, produces a thicker
sedimentary sequence in the hangingwall (Petersen er al. 1992; Childs et al. 2003).

Because the sediments are being deposited whilst the fault is active, the older sediments
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has revealed no onlap or offlap relationships (Prosser, 1993) and no footwall erosion
(Nicol et al., 1997) during the Early to Middle Miocene syn-rift interval, any one of
which could indicate a lull in the sediment supply rate relative to the rate of subsidence.
It is therefore reasonable to conclude that in this part of the basin, the sediment supply
rate kept pace with the rate of subsidence and that the use of fault offsets to determine
the timing of fault movement is justified.

The offset across each fault surface has been sampled at different stratigraphic
levels using a grid with a fixed azimuth aligned parallel to the mean dip azimuth of the
fault surface (Fig. 3.12b). The mean dip azimuth was determined initially using the
trace sampling method (Fig. 3.10a). The grid sampling enables the amount of offset on
one horizon to be compared with that on the horizon above at the same point along the
fault strike. An increase in the amount of offset between a younger horizon and an older
horizon, as measured along a sample grid line, is an indication that the fault was active
during the time between the deposition of those two horizons. However, the variation in
offset can only be interpreted as a reliable indicator of syn-sedimentary faulting when
the change in offset up the fault plane exceeds a critical value. Small variations in offset
can result from the systematic decrease in strain from a maximum at the fault centre to
zero at the tip line, as modelled for post-sedimentary faults (Section 2.2.1; Barnett et al.
1997). To discriminate between syn- and post-sedimentary faults, the variation in offset

between two horizons can be quantified using vertical displacement gradients:

G=d —dyz (3.2)

where G is the vertical gradient, d; and d, are the apparent displacements

(offsets) on the older and younger horizon respectively and z is the distance measured
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Figure 3.13 is a comparison between post-sedimentary and syn-sedimentary faults. The
vertical displacement gradients increase with increasing fault size and this increase is

greater for syn-sedimentary faults than for post-sedimentary faults.

Fault tip out - syn-rift sequence
a fault is older than .
/ unfaulted horizon base syn-rift

pre-faulting
\ sequence

\ diverging reflectors ~ max. offset oncentric

\‘ 2 syn-sedimentary fault ellipses — pre-rift
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parallel reflectors -
pre-faulting sequence

flat topped contours

Figure 3.14: Cartoon to demonstrate the use of seismic reflector geometry (a) and displacement contours
(b) to identify the timing of syn-sedimentary fault movement.

Additional qualitative evidence such as displacement contours (Childs et al.,
2003), divergent hangingwall reflectors (Cartwright, 1991), the vertical positions of
fault tips and the interactions between adjacent faults, e.g. cross cutting relationships,
have been used wherever possible to further constrain fault timing (Fig. 3.14). The
position of the upper and lower fault tips can provide very reliable age constraints. For
syn-sedimentary faults the position within the stratigraphy of the upper and lower tips
provides a very reliable minimum and maximum age for fault activity, respectively. In

this dataset the maximum age for 34% of faults was constrained using this method.
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algorithm to that discussed in section 3.3.2 (Eq. 3.1). Therefore, the depth converted 2-
dimensional cross sections and the depth converted fault attribute data used for
quantitative analysis are comparable and consistent. The depth sections are displayed
with an aspect ratio of 1:1, they are not vertically exaggerated. In all cases the cross
sections have been aligned so that they are perpendicular to the faults that they intersect.
Each cross section is presented with and without seismic data. In addition to horizons
h1-h6, the Late Miocene unconformity, an intra-Early Miocene stratigraphic horizon,
the top-Oligocene and the top-pre-Tertiary basement are also shown. The cross sections

are referred to throughout chapter 3.
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3.4.2 Structure

The two structurally deepest parts of the survey area lie in graben to the north and west
of the area, labelled Graben A and B, respectively (Figs. 3.16-3.18). Here the syn-rift
Early to Middle Miocene sequence is >6 km thick. The graben lie in part of the deepest
area in the basin centre, where the basement could be as much as 13 km deep (Huchon
et al. 1998). Two other structures, in the east of the survey area, are labelled Graben C
and D (Figs. 3.19-3.26). They are heavily faulted areas but an inspection of sequence
thicknesses on the depth-converted cross section suggests that Graben C and D
experienced less fault-related subsidence compared to Graben A and B. The graben
bound a structurally high centre, which is itself heavily faulted (Fig. 3.18).

Graben A and B are bounded by large faults, which tip out along strike. Because
of this they are not isolated but are connected to the structurally high centre by hinged
trapdoor-style ramps (Fig. 3.27). Another ramp connects graben C in the east to the
structural high in the centre. These ramps are faulted but the strikes of the faults are
mostly parallel to the dip of the ramps. Therefore, the ramps have the potential to
provide continuous pathways for hydrocarbon migration from the deeper graben into the
structural highs (Gawthorpe and Hurst, 1993). During rifting they would also have
provided pathways for sediment transport from the basin margins into the graben and
deep basin centre (Prosser, 1993; Gawthorpe and Hurst, 1993; Gawthorpe and Leeder,

2000).
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compression can be accommodated without fault inversion and resulting in an
underestimation of the amount of shortening (Eisenstadt and Withjack, 1995). The
mechanism and cause of this apparent uplift remains enigmatic.

The deeper syn-rift and pre-rift succession has proved difficult to constrain. In
general the top-Oligocene appears to be conformable with the overlying Miocene
succession, consistent with the findings of Lee e al. (2001) for the basin centre. The
top-Oligocene is offset by the Miocene faults and there is no evidence for significant
earlier faulting. Intra-Oligocene horizons have been interpreted over small areas but no
significant thickness variations have been identified, e.g. no syn-tectonic growth of
intra-Oligocene strata into faults. On most cross sections (Fig. 3.16-3.26) the top-
Oligocene is shown along with an intra-Early Miocene horizon beneath hl. These
interpretations show very little thickness variation in the sequence below hl.

It is unclear whether any of the deep succession represents the earliest Eocene
rifting event. In the centre of the survey area, the basement is faulted below the base of
the seismic data and yet the Miocene succession is at its thinnest. Therefore, the
Eocene-Oligocene succession must be thickest in this area. It is possible that the deep
basin centre is filled with Eocene sediment deposited during an early rift phase.

The top basement is interpreted in the eastern part of the survey area (Fig. 3.29).
The top basement is represented by a package of strong reflectors overlying a sequence
of low energy reflectors (Fig. 3.8). It is ~6.5 km deep at the highest point and dips
towards the northwest. The western edge of the top basement is difficult to constrain. In
the south it appears to be faulted down below the base of the seismic data (Fig. 3.8).
Further north, the top basement does not appear to be faulted but instead dips gently to
below the base of the seismic data. The depth to top-basement and the geometry of the

top-basement interpreted using seismic data is broadly similar to that modelled by
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the top-basement but not significantly offsetting it. The southern bounding fault of
Graben C has a slightly listric geometry and locally appears to detach onto the top-
basement (Fig. 3.19-3.22). However, the basin-scale map of top-basement and the cross
sections from the southeastern area (Fig.3.3; Matthews et al. 1997) show that this
geometry is probably atypical of the basin as a whole. It is speculated that this area of
the basement was dipping to the northwest prior to the onset of Miocene faulting as a
result of Eocene-Oligocene subsidence. The dip and dip-azimuth of the surface, which
was broadly orthogonal to the NE-SW trending Miocene faults and the rheological
contrast between the crystalline basement and the overlying mudrock cover sequence,
may have caused the top-basement to act as a detachment surface resulting in localised

thin-skinned extension.
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3.4.3 The fault pattern

The faults have a variety of orientations, with a dominant ~N-S and NE-SW trend. In
total, 225 faults have been interpreted that offset at least one of the six horizons (h1-h6).
The faults appear to be very densely spaced, with no more than 1 km between each fault
and its nearest neighbour. The density of faulting is similar on all six horizons (Fig.
3.30). The modelled faults vary in size from <1 km to 25 km in length, with a mean
length of 4.4 km. The maximum offset on each modelled fault varies from 19 m to ~6.2
km and the mean and median maximum offsets for the 225 fault sample are 603 m and

336 m, respectively. Fault offsets are discussed in Chapter 4.
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The lower hemisphere stereographic projections show that the faults have a
range of dips and dip azimuths. The poles to fault planes are calculated using a mean
fault surface dip and a vector mean fault surface dip-azimuth for each fault. The vector

mean is calculated using EZ-Rose (Baas, 2000) and is defined as (Agterberg, 1974):

y = arctan m (3.3)
COS X,

In this case, x; is the dip-azimuth of the fault surface at each sample point. For all fault
surfaces sampled, the measurements of dip azimuth are normally distributed and the
vector mean dip azimuth and the arithmetic mean dip azimuth are practically equal,

within 0.5° for 99% of faults, with a maximum difference of 1.03°.
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Figure 3.31: a) Stereonet for the whole fault sample, n = 225. Each point is a pole to fault plane plotted
using a mean surface dip and a vector mean strike. b) Density plot of the same data.

90



The poles to fault planes typically plot as two clusters (Fig. 3.31), with one set
of faults dipping moderately to steeply east and southeast and one set of faults dipping
moderately to steeply west and northwest. The number of faults in each cluster is quite
even, with 95 faults dipping east to southeast and 130 faults dipping west to northwest.
The greater fault number dipping west to northwest reflects the location of the survey
area on the southeastern margin of the main basin depocentre. The faults have a wide
range of dip azimuths (and therefore strikes). The measurements of dip azimuth are of
the vector mean dip-azimuth of each fault, calculated from numerous samples of the
fault surface, taken along strike for each polygon. Because of this, the effects of fault
surface geometry, such as curvature at the tips, is reduced. The range in dip azimuths
(strike) is greater for faults dipping west and northwest (131°) than those dipping east
and southeast (109°). The mean fault strike for the entire sample is 019°.

Depth conversion of the data using the methods discussed in section 3.3.2 has
enabled an analysis of the fault dip angles. The range of fault dip is similar for both
clusters. Overall, fault dips range from 19°-89° (Fig. 3.31), with 93% of faults having
dips between 30°-60°. The mean dip for the 225 faults is 43° with a standard deviation
of 9°. The mean fault dips for each of the horizons are all within 2°, with no systematic
variation in mean dip with horizon age. The lowest dip recorded is significantly lower
on the older horizons than the younger horizons. Horizons hl and h2 have faults with
lowest dips of 19° and 20°, respectively, whilst hS and h6 have faults with lowest dips
of 31° and 28°, respectively. This could reflect the apparent listric geometry of some of
the faults. Although it must be noted that the simplicity of the depth conversion method

used may not be adequate to correctly resolve subtle fault geometry.
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The fault geometry varies in different parts of the basin. In Graben A and B and
much of the structurally high centre, the faults are planar in cross section but in Graben
C and D many faults have listric or sigmoidal geometries (Figs. 3.17-3.26). The cross
sections through Graben D show more sigmoidal faults at the southern end where the
anticlinal geometry is most pronounced (Figs. 3.23-3.26).

Many of the faults are also curved or sigmoidal in plan view (Fig 3.30). In the
majority of cases the fault surface is concave towards the dip direction. The density of
faulting means that few faults are isolated and the majority of faults are hard linked.
Due to the wide range of fault orientations, linkage is mostly between faults that meet at
high angles rather than faults that overlap and link via relay ramps (see section 2.2.3). It
is possible that the seismically imaged faults evolved through linkage via temporary and
possibly sub-seismic relay ramps that were breached during continuing extension

resulting in few obvious examples of relay ramps in the present day structure.
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3.4.4 Structural evolution

Isochron maps have been produced for two intervals (Fig. 3.33). They show the
difference measured vertically, in milliseconds two-way-time between two horizons.
They are sensitive to changes in horizon dip and so cannot be used for the accurate
analysis of fault movement. However, they do provide a useful picture of the overall
thickness variations, which in turn indicates which areas were subsiding more than
others during the time period separated by the deposition of the two horizons.
Interpretation of the thickness variations seen in the isochron maps rests on the
assumption that the sedimentation rate kept pace with the subsidence rate throughout
the deposition of the studied interval and that at this scale of observation, sedimentation
is considered to be uniform.

The first isochron map (Fig. 3.33a) shows the older part of the succession,
between h1-h3, ~20 Ma to ~14 Ma. It shows that during that time, the deep graben were
subsiding and were bounded by the large faults seen on the present-day fault maps.
Furthermore, it shows that the area subsiding least at this time was a N-S trending horst,
which is equivalent to the structurally highest area on the present-day maps. Graben D,
adjacent to this horst also shows relatively little subsidence. This suggests that the
present-day height of this graben is not necessarily the result of subsequent inversion.

The isochore map shows very little thickness variation across the central area of
the survey, with most of the interval between 400-500 ms thick. This suggests that

much of the faulting in this area did not occur until after the deposition of h3.
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The second isochore map (Fig. 3.33b) shows the younger part of the sequence,
between h3-h6, ~14 Ma to ~10 Ma. This shows that the deep graben continued to
subside during this time relative to the structural high. The central area shows more
thickness variation during this time, which indicates that faulting increased across this
area. The present-day graben are deep because of continued subsidence throughout the
rifting episode. Likewise, the structural highs were relatively elevated throughout but
began to become rifted during this later period.

The thickness variations shown on the isochore maps can also be seen in detail
on the cross sections. The increased sediment thickness in Graben A and B can be seen
on figure 3.16 and figures 3.17-3.18, respectively. Figure 3.18 shows very little
thickness variation across the centre of the area, particularly between horizons hl-h3.
Figure 3.17 shows Graben B and the ramp that connects the graben to the structurally
high centre. Across the ramp, the older sequence thickens slightly towards the east,
which indicates that during this time, the ramp was subsiding and rotating towards the
depocentre in the graben. The younger sequence does not show this pattern of
thickening. It is possible that at this location the ramp was initially linked to Graben B
until the graben bounding fault propagated south to offset the ramp at this point.

The sedimentary sequence thickens into Graben D across the graben bounding
faults, which indicates that the graben was subsiding throughout the Miocene rifting
event (Figs. 3.23-3.26). However, within the graben there is little thickness variation
until after h3 is deposited, indicating that much of this faulting post-dates h3. This is
also the case in Graben C (Figs. 3.19-3.22). The sediment thickens across the graben
bounding faults and also shows slight growth into these faults. However, the sediment
shows little thickening across faults within the structure centre. Overall the Early

Miocene sediment, h1-h3 shows a thickening towards the northwest, which suggests
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that during this time faults to the northwest and possibly beyond the edge of the 3-
dimensional seismic survey were the controlling structures.

The timing of fault activity has been calculated for 225 modelled faults using the
methods discussed in previously. Prior to the deposition of h2, many of the largest faults
were active, including the large faults bounding Graben A and B (Fig. 3.34). This is
consistent with the isochore map of the older sequence, which shows that these areas
had subsided the most during this time (Fig. 3.33a). In addition, the faults bounding the
southeast and east margins of Graben C and D, respectively, are also established along
with a number of smaller faults. Thus at this early stage, the main elements of the
present-day structure were likely already established.

The next set of faults, which formed prior to the deposition of h3, include most
of the remaining large faults. In particular, the majority of the faults in the two deep
fault-bounded structures, Graben A and B, formed at this time. These faults appear to be
focussed within the existing graben, with very few forming in the centre of the area.

The subsequent fault set, which formed prior to the deposition of h4 show a
similar pattern, particularly in Graben C where several faults form within the
hangingwall of the bounding fault. However, this fault set includes some large faults in
the centre of the area.

The timing of three subsequent fault sets has been constrained and mainly
includes faults with relatively small offsets. The majority of these faults belong to the

youngest fault set in the area that formed after the deposition of h6.
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number of active faults. The number of faults that initiated during each time period does
not show a systematic pattern. More faults initiated prior to the deposition of h2 than
during any other single time period. The number of faults that initiated after the
deposition of h6 is relatively high considering the earliest post-rift sequence is dated by
well data as ~9-10 Ma (Vietnam Licence Team, 1995). The number of faults that were
active increases systematically through time. This is also shown by the isochore maps,
which show continued subsidence of the graben throughout the entire rifting sequence

with increasing thickness variations during the deposition of the younger sequences.
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stratigraphic horizon, adjacent to the fault surface and the folds plunge away from the

fault into the hangingwall.
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The trend of the fold hinge is sub-perpendicular to that part of the fault surface
where the fold and fault intersect. This is particularly clear on faults with curved
surfaces and multiple hangingwall folds, in which the fold trends vary along the fault
strike. Two such faults have salient fault surface geometries; they are convex (in a
horizontal plane) towards the dip direction and two have recessed fault geometries; they
are concave towards the dip direction. The folds within the hangingwalls of the salient
faults have divergent hinges, those within the hangingwalls of the recessed faults have
convergent hinges (Fig. 3.39). A fifth fault has no curvature in the horizontal plane and
has folds within the hangingwall with parallel hinges. Closer examination of Figure
3.36 shows that the fold hinges are subtly counter-clockwise of perpendicular, which is
consistent with the sample as a whole. The rose diagram (Fig. 3.36) of fold hinge
azimuth shows a dominant hinge trend of ~E-W. The mean fault strike is 019°, so the
dominant fold hinge trend is ~20° counter-clockwise of perpendicular. The analysis of
fault timing shows that Type 1 folds are relatively young and date from after the
deposition of h4. They are synchronous with activity on the adjacent faults but do not

necessarily coincide with the earliest activity on the fault.
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Type 4 folds are located within a N-S trending horst and are ~E-W trending,
transverse to the bounding faults (Fig. 3.42). Four folds are classified in this group.
They have a wavelength of ~3 km and do not show a clear plunge. They are dated as
post-h6 deposition, as the amplitude on horizon hé is equal to that of the horizons
beneath. Folding may be synchronous with the latter stages of faulting or may have
slightly post-dated faulting but this cannot be determined from the available temporal

data. The faults that bound the horst formed prior to the folding.
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3.4.6 Strain

The lengths of the horizons have been measured on the cross sections and compared
with the horizontal length of the section. In this way the amount of extension has been

calculated along each 2-dimensional line of section:

(3.4)

where | is the horizontal length of the section (deformed length) and 1 is the length of
the horizon. The values of strain calculated using this method are likely to
underestimate the actual amount of horizontal extension since as much as 40% of
extension may be accommodated by sub-seismic resolution faulting (Walsh er al.,
1991). However, assuming that the sub-seismic faults are as evenly distributed
throughout the area as the resolvable faults, the values calculated allow a useful
comparison of the amount of extension in different locations and across different
structures.

All of the horizons measured show a net extension. In most cases, the maximum
extension is recorded on horizon hl and the amount of extension decreases upwards
between horizons due to the syn-sedimentary nature of the faults. The graben show
higher amounts of horizontal extension than the structurally high centre. Figure 3.18 has
an overall E-W extension of 36% ( = 1.36) on horizon hl but an E-W extension of
16% (B = 1.16) on horizon hl across the structural high. The greatest recorded
extensions of 50% (B = 1.5) are recorded on horizon hl along Figure 3.16 (WNW-ESE)
and 3.19 (NW-SE), which cross the area between Graben C and D, where the two fault

sets cross. As stated above, the amount of net extension (or shortening) is a function of
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the total amount of fault heave, which extends the section and folding, bed rotations and
net reverse fault heaves, which shorten the section. In this area there is no evidence for
net reverse fault heaves. The contributions of extension and shortening to the finite
strain can be separated for analysis. On Figure 3.18 the contribution of shortening to the
net E-W extension is 2%. This low value is consistent with the E-W trend of the fold
hinges discussed in the previous section. Also, excepting Graben D at the eastern end of
the section, there is relatively little bed rotation. If the structural high alone is analysed
on Figure 3.18, the contribution of shortening to the E-W net extension is even less, at
<1%. However, within the graben the amount of bed rotation is considerable,
particularly in Graben C and D.

The E-W extension across Graben D has been measured on four cross sections,
at different locations along the strike of the structure (Figs. 3.23-3.26). The amount of
E-W extension decreases northwards along the structure from 33% (f = 1.33) to 16% (B
= 1.16) on horizon hl (the maximum measured extension). The contribution of
shortening to the E-W extension also decreases northwards along the structure from 5%
to 1%. The southern end of the structure (Fig. 3.23) has the greatest E-W extension
despite also having the most bed rotation. Again it can be seen that the beds within this
structure have an antiformal geometry and are significantly rotated. Increasing
extension could result in increased bed rotation as the hangingwalls rotate to
accommodate the extension. However, this relationship is not consistent in the majority
of sections measured. There is no correlation between the amount of extension and the
amount of folding and bed rotation. Alternatively, the greater amount of folding and bed
rotation within the graben could have resulted if the faults and fault bound blocks had
been rotated about horizontal axes following rifting. This would increase both the bed

dip and the amount of fault heaves, or apparent extension.
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Graben C has a maximum NW-SE extension of 35%, which is measured on
horizon hl at the northeastern end of the structure (Fig. 3.22). The graben also has
significant bed rotations and an antiformal structure similar to that in Graben D. As
stated previously, in most cases the greatest extension is measured on horizon hl and
then decreases upwards through the sequence as a result of the syn-sedimentary nature
of the fault population. However, at the southwestern end of Graben C the greatest NW-
SE net extension and the greatest amount of fault heave is measured on horizon h3 (Fig.
3.19). This increased extension upwards through the sequence may indicate that the
antiformal geometry is due to bending or orthogonal flexure of the graben, which has
resulted in greater NW-SE extension across the convex or upper side of the folded
sequence. Unfortunately, the erosion across the hangingwall has prevented a

measurement of the extension on horizons 4 to 6.

3.4.7 Fault kinematics

As is the case with most offshore datasets, the fault slip-vectors are difficult to establish.
It is often unknown whether a fault with a normal offset has dip-slip or oblique-slip
kinematics. Two of the faults do have sub-vertical dips of 86° and 89°. They are two of
the smallest faults in the sample with lengths of < | km and lie within the hangingwall
of a larger fault. Apart from these two minor faults, there are no other vertical or sub-
vertical faults. Numerous published examples exist of seismically imaged strike-slip
shear zones (Rangin et al., 1995; Hsiao et al., 2004; Williams et al., 2005). The 3-
dimensional seismic data and additional 2-dimensional seismic lines from across the
basin have been carefully examined for evidence of strike-slip structures using the
criteria discussed by Harding (1990). None of the seismic data shows any obvious

geometric evidence for strike-slip faulting.
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the channel piercing point. Timeslices, which are horizontal sections through the
seismic volume, have been examined for evidence of channels. Channels could be
represented by amplitude changes, resulting from a contrast between the acoustic
response of the channel fill, e.g. sand and the adjacent sediment e.g. shale (Davies and
Posamentier, 2005). They should have thin, narrow, elongate geometries and are not
necessarily represented by significant incision at the scale of the seismic data. For a
channel to be recognisable on a horizontal section, either the stratigraphy must also be
horizontal or the channel must be deeply incised. The less deeply incised the channel is,
the nearer to horizontal the stratigraphy must be for the channel to be recognisable. The
Traptester'™ software provides an alternative to using horizontal timeslices. The
software allows the interpreter to slice the seismic amplitude volume using a modelled
horizon and to display the seismic amplitude character on that horizon. This method is
equivalent to the more widely used method of amplitude extraction within a specified
time/depth window.

Both methods have been used to search for channels within the syn-rift
stratigraphy (Fig. 3.43). An investigation of the timeslices through the volume did not
show any channel like features, probably due to the dipping strata and the number of
faults. However, by using the alternative method and slicing the seismic volume using
each horizon, a sedimentary feature, possibly a channel, has been detected. The feature
is located in Graben A on horizon h4. It i1s a long, narrow ‘patch’ of strongly positive
amplitude and is slightly curved in plan view. It is evident on the same stratigraphic
horizon in the footwall and hangingwall of a fault. This should be the case as the
horizon represents a single depositional surface.

Once a channel-like feature has been indentified, the fault surface is used to slice

the seismic volume. The laterally constrained, positive amplitude anomaly is evident on
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the fault slice where it intersects the fault in the hangingwall and footwall. In the

hangingwall, the channel shows slight incision into the reflector beneath but it is mostly

limited to one reflectors width. The offset of the channel represents the finite fault

movement subsequent to its deposition. By joining the piercing points in the

hangingwall and footwall slices, the finite slip vector of the fault can be established.

The slip vector appears to be oblique relative to the dip azimuth of the fault surface,

with a dip azimuth of 304° and a slip vector plunge of 270°, i.e. sinistral-normal oblique

slip.

3.4.8 Summary of results

The faulting represents one rifting event during the Miocene and there is no
correlation between fault age and fault orientation.

Graben A and B are the deepest parts of the survey area and were subsiding
throughout the Miocene rifting event.

Ramps connect the deeper graben to the structural highs and may provide
pathways for fluid migration and sediment transport.

The beds in Graben C and D, in the east of the survey, have unusual antiformal
geometries.

Graben C and D were subsiding throughout the rifting event but show relatively
little subsidence compared to Graben A and B.

The southern end of Graben D is higher in the centre than at the flanks but was
structurally high at an early stage due to reduced subsidence, not necessarily
subsequent uplift.

There is no evidence for net reverse fault offsets anywhere within the basin.
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The graben bounding faults were established at an early stage and remained
active throughout the rifting episode.

The number of faults increased through time and later faulting appears to have
been focussed within the graben.

The mean dip of the fault sample is 43° and the mean strike is 019°.

Faults within the graben have lower dips than those outside of the graben.
Graben C and D in the east, include apparently listric and sigmoidal faults.

The antiformal beds of Graben C have increasing extension upwards through the
sequence.

Horizons h4, h5 and hé6 are eroded within Graben C and D.

Four types of fold have been identified: a forced longitudinal fold that developed
ahead of a propagating fault tip; folds that are synchronous with fault
movements; small folds within hangingwalls that date from h4 onwards
(younger than the earliest fault movement) and have hinges that trend slightly
counter-clockwise of the fault dip azimuth; ~E-W trending folds on a horst that
post date h6 deposition.

The greatest extension measured is 50% whilst an extension of 16% is measured
across the structural high. Figures of 33-37% extension are typical for the
graben.

The fault kinematics have been established for one oblique slip fault. The
azimuth of the piercing point offset is ~270° compared to the fault dip azimuth

of 304°.
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CHAPTER 4. A NEW STRAIN DISTRIBUTION MODEL FOR
RIFT BASINS WITH A CASE STUDY FROM THE
CENTRAL NAM CON SON BASIN, OFFSHORE
VIETNAM

4.1 INTRODUCTION

Fault populations observed in rock outcrops and from interpretations of 3-dimensional
seismic datasets are more complex than those predicted by simple models of faulting
(Reches, 1978; Krantz, 1988; De Paola ef al., 2005 a & b; Wilson et al., 2006). Rather
than seeing a single set of bimodal, conjugate faults with an orientation and slip vector
that reflect the regional stress system, as predicted by simple Andersonian models
(Anderson, 1951), many rift basins develop multiple fault sets with a range of
orientations, with both dip-slip and oblique-slip kinematics. In some cases, the
differently oriented fault sets show consistent cross-cutting relationships, indicating that
they may be related to different tectonic episodes (Davies et al., 2001). However, in
many examples this is not the case and the faults are broadly coeval, multimodal
systems (e.g. De Paola ef al., 2005 a & b; Wilson et al., 2006). In many extensional
basins, such multiple sets of normal faults form rhomboidal patterns in plan view, and
may show a quadrimodal distribution when plotted on a stereographic projection
(Reches, 1978; Krantz, 1988).

The odd axis model of Krantz (1988) describes the geometry and slip vectors for
faulting during 3-dimensional strain, in which none of the axes of principal strain are
equal to zero (i.e. non-plane strain, Fig. 4.1a). The model was compared with field data
from the Chimney Rock fault array, Utah, a natural example of a rhomboidal fault
pattern (Fig. 4.1b). Analogue clay models have also been successful in reproducing

complex fault patterns by applying an extension vector that is oblique relative to an
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In general, subsurface datasets lack fault kinematic data, meaning that it is not
clear whether the offset on a fault is the result of dip-slip or oblique-slip movement.
Without this information, it is difficult to apply traditional methods of fault analysis
(e.g. stress inversion techniques) or to make inferences about the far-field strain. Further
complications arise if the reactivation of pre-existing structures or heterogeneities
occurs within the basement or an older sequence. It is usually difficult to
unambiguously identify and quantify the contribution of reactivation to the overall fault
pattern (Holdsworth et al., 1997). This ultimately means that it is difficult to assess
whether the orientation of a fault set reflects either the regional stress regime or has
been modified by the influence of an underlying basement fabric.

In this chapter a conceptual model is presented that uses variations in fault
offsets to predict the most likely orientation for the maximum horizontal extension
direction irrespective of whether or not reactivation has occurred. The model predicts an
ideal fault orientation (strike) based on the distribution of fault dip-slip offsets
throughout a fault population. The amount of offset systematically decreases on faults
that are oblique to this ideal orientation.

The model is tested using a high resolution 3-dimensional seismic reflection
dataset from the central Nam Con Son Basin, on the Vietnamese continental shelf. A
fault/horizon model has been developed for the Early-Middle Miocene syn-rift
sequence, which reveals a pattern of predominantly N-S to NE-SW-trending normal
faults with a ~130° range of strikes. By comparing the amount of dip-slip offset to the
orientation of each fault, the strike associated with the greatest offsets can be identified,
the so-called ‘ideal fault orientation’. The offset decreases systematically as fault strike

becomes more oblique to the ideal orientation.
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Although the model predicts the amount of fault offset, it does not predict the
number of faults in a particular orientation. The Nam Con Son Basin data show a
discrepancy between the orientation of faults with greatest offsets compared to the
orientation associated with the greatest number of faults. It is suggested that this
discrepancy could reflect the influence of a pre-existing fabric within the area. If
correct, the model may provide a means of quantifying the contribution of reactivation

to the development of a fault population during rifting.
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Where a i1s the maximum dip-slip offset measured in the fault plane, 4 is the
displacement, 0 is the angle between the fault strike and the weighted mean strike of the
sample and 0 is the dip of the fault plane (Fig. 4.4a). A curve for a fault dip of 0° is the
flattest possible curve (Fig. 4.4b). For any given fault dip, the curve defines the
maximum predicted dip-slip offset because, in reality, faults will plot beneath the curve
because of fault growth. The key point is that, regardless of fault dip, these curves
predict the greatest dip-slip offset on faults with the ideal orientation, i.e. those whose

strikes are close to the weighted mean strike.
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43 APPLICATION TO THE NAM CON SON BASIN FAULT
MODEL

The conceptual model outlined above has been tested using the fault model derived
from detailed interpretation of a 3-dimensional seismic reflection dataset from the
central Nam Con Son Basin. By using Badley’s Traptester'™ software, the hangingwall
and footwall intersections for each horizon can be accurately modelled on the fault
surface. The hangingwall and footwall cutoffs of a given stratigraphic horizon on a fault
surface define a fault polygon. Once modelled, Traptester™ uses the fault polygons to
calculate various fault attributes. The dataset and sampling methods used are fully
described in section 3.3. The resulting database of fault attributes describes the dip and
dip azimuth and the apparent throw and apparent heave on each horizon at regularly
spaced points along the length of each fault. The apparent heave and apparent throw are
then used to calculate the dip-slip offset at each point in the plane of the fault surface.
Offset is used, rather than throw or heave because it is not affected by any later fault
rotations, e.g. if the fault is steepened, for example, then the heave is reduced and the
throw is increased but the offset remains unchanged. The measurements of dip-azimuth
are used to calculate a vector mean dip azimuth for each fault surface using Equation
3.3. The vector mean dip azimuth is then used to calculate the fault strike, which has
been used throughout this study.

Uncertainties in calculating the fault dip-slip offset arise due to inaccuracies in
determining the vertical and horizontal position of the hangingwall and footwall cut-
offs. The vertical accuracy is limited by the resolution of the seismic data, which is
estimated to be ~15 m for this dataset. The uncertainty associated with the horizontal
position of the cutoff is due to the accuracy of the interpreter and is estimated to be ~25

m. The seismic character is often disrupted either side of a fault and so it is difficult to
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be precise when picking fault sticks and locating the fault/horizon intersections. The
uncertainty in fault offset due to both vertical and horizontal positioning equates to error
bars of ~60 m for most faults. In a minority of cases, 37 faults out of 225, it is not
certain that the largest offset recorded is in fact the maximum dip-slip offset for that
fault. This is due to an absence of fault polygons in areas where the horizon
interpretations are incomplete because of poor quality seismic data or erosion. For these
faults, the maximum offset is a best estimate based on the seismic data adjacent to the
fault, any tentative horizon interpretation and a comparison with nearby faults.

The uncertainty associated with measuring the fault strike is very difficult to
constrain. It results mainly from inaccuracies in the positions of the fault sticks or
segments, which are picked manually by the interpreter and used to create the fault
surface. However, because the fault strike is calculated from the vector mean dip-
azimuth, which is based on a number of sample points on the fault surface, the
probability that the fault segments are misaligned in such a way that would result in a
significant rotation of the fault strike relative to the fault’s true orientation is considered

to be very low.
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Figure 4.6: Equal area, lower hemisphere stereonet plots of poles to faults planes for all six stratigraphic
horizons. Created using Georient.

It has been suggested in many publications that the Nam Con Son Basin may be
a strike-slip or transtensional basin associated with movement along major sinistral or
dextral shear zones, which cross the continental shelf and interact with South China Sea
rifting (Tapponnier ef al., 1986; Tjia and Liew, 1996; Morley, 2002; Liu et al., 2004).
The 3-dimensional seismic data and additional 2-dimensional seismic lines from across
the basin have been carefully examined for evidence of strike-slip structures using the
criteria discussed by Harding (1990). No evidence has been found during the present
study for their existence within the Nam Con Son Basin. Furthermore, the analyses
discussed in Chapter 5 suggest that the faults have not significantly rotated about

vertical axes during rifting.
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4.5 STRAIN DISTRIBUTION WITHIN THE NAM CON SON
BASIN

The wide range of fault orientations and the lack of inversion or vertical axes rotations
within the area makes the Nam Con Son Basin fault sample ideally suited to analysis

using the proposed model of strain distribution.
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Figure 4.7: Plot of dip-slip offset versus fault strike for 225 faults. The dashed line represents the
weighted mean strike for the sample at 021° and the dotted lines represent the confidence interval at a
95% significance.

Figure 4.7 shows a plot of dip-slip offset versus strike for all 225 faults that have been
interpreted. As previously mentioned, a single offset is used for each fault,
corresponding to the maximum offset on that fault. The plot shows a distribution very
similar to that predicted by the model, in which the dip-slip offset increases towards a
peak at the distribution centre. The weighted mean strike of the sample is 021°, which
equates to a maximum horizontal extension direction (ey) of 111°, WNW-ESE. The
weighted mean strike, arithmetic mean strike, vector mean strike and median strike of

the sample are all within 1°, which indicates that the maximum dip-slip offset is evenly
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distributed about the sample centre. Furthermore, the fault strikes are approximately
normally distributed, with a kurtosis which is slightly less than that of a normal
distribution, -0.32 (Fig. 4.15a). The fault offsets have an exponential distribution and a

wide range of values from 19 m to 6247 m (Fig. 4.8b).
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Figure 4.8: a) Cumulative frequency plot of strike, n = 225 b) Cumulative frequency plot of offset, n
=225.

As predicted by the model, the maximum offset of any fault reduces as the fault
strike becomes more oblique to the weighted mean strike of the sample. The fault with
the largest offset 1s an exception to this rule and is clearly inconsistent with the model.
Despite having the largest offset of any fault, it has a strike 19° anticlockwise from the
weighted mean strike of the sample. The fault with the second largest offset is
consistent with the model as it coincides with the weighted mean strike of the sample.
In both cases, the faults have extreme values of offset that are unrepresentative of the
sample as a whole. It is difficult to draw statistically significant conclusions about the
distribution of faults at any values above ~2500 m, where there are sparse faults with

extreme values of offset.
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Figure 4.9: Plot of offset versus the difference between the strike for each fault and the weighted mean
strike of the sample (A strike). Only those faults with offsets of +/- 1 standard deviation of the mean are
plotted; 209 faults out of 225 (93%). The solid curve is that for a fault dip of 0°. Curves for greater dips
are rounder than that for 0° dip. The dashed curve is that for a fault dip of 43°, the average dip of the
sample.

In Figure 4.9 each fault is plotted as dip-slip offset versus the difference between the
fault strike and the weighted mean strike of the sample, referred to as A strike. The
curves represent the maximum offset for a fault of given strike and dip as predicted by
the model (Eq. 4.2). The solid curve is that for a fault dip of 0°. Curves for greater dips
are rounder than that for 0° dip. The dashed curve is that for a fault dip of 43°, the
average dip of the sample. The plot includes all faults with an offset of less than 1400
m, which is within +/- 1 standard deviation of the mean offset of the sample (93% of the
faults). This is done to ignore those faults with extreme offsets. To test that the faults
plot beneath the curve as predicted, the interception of the curve with the y axis is set to
1400m, which is the dip-slip offset of an ideally oriented fault with a dip-slip offset
within +/- 1 standard deviation of the mean dip-slip offset of the sample. The same
result 1s achieved for an h value of 2200 m, which includes all faults within +/- 2

standard deviations of the sample mean offset, e.g. 97% of the faults.
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In Figure 4.10 the offsets on all faults with a particular strike are summed and
are plotted against the number of faults with that strike. The summed offset and fault
number are plotted as a percentage of the total offset and the total number of faults
(n=225), respectively. The plot shows the same overall pattern of increasing dip-slip
offset towards the weighted mean of the sample. The distribution has numerous peaks in
both offset and fault number, which increase in height towards the weighted mean of the
sample. The peak with the greatest summed offset and greatest number of faults plots
within 1° of the weighted mean of the sample. The peak in offset at strike 002° is a
result of one large displacement fault. The modal fault number is within 1° of the
sample mean at strike 019° and there are two additional peaks in fault number at strike
004° (n = 7) and strike 038° (n = 7). It is suggested that these peaks may reflect the
orientations of the dominant pre-existing heterogeneities within the underlying
basement. The 34° angle between the peaks at strikes 004° and 038° could be
coincidental or could reflect the existence of an older set of faults with a conjugate
pattern.

If the offsets are summed for 10° bins of strike and compared with the number
of faults with that strike it is seen that a predictable relationship exists (Fig. 4.11).
Nearer to the weighted mean strike of the sample, the amount of dip-slip offset, as a
percentage of the total offset is greater than the number of faults, as a percentage of the
total fault number. As the fault strikes become more oblique, this relationship reverses.
This demonstrates that a greater amount of offset is not simply the result of greater fault
numbers. More faults have strikes between 000° and 010° than in any other 10° range.
However, in accordance with the model, these faults, which are further from the
weighted mean strike of the sample, accommodate a smaller proportional of the offset

compared to faults with strikes of between 010°-020° and 020°-030°.
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4.6 DISCUSSION

4.6.1 Maximum extension direction

The strain distribution model predicts a simple relationship between fault orientation
and the magnitude of fault dip-slip offset. The model predictions fit the observed dip-
slip offset data from the central Nam Con Son Basin very well, despite the apparent
complexity of the fault system preserved. The analysis has been carried out without any
prior knowledge of the fault kinematics, which are usually unknown in offshore
datasets. The crust and lithosphere are typically mechanically heterogeneous, with
reactivation and fault interaction likely adding complexity to all natural examples of
fault populations. For this reason the fault pattern alone does not provide the means to
quantify the maximum extension direction, as the relative contribution of the faults to
the overall strain is generally unknown. The weighted mean strike of the sample takes
into account the relative contributions of all faults to the overall strain and suggests a
maximum extension direction, ey, of 111°. This value is applied to the analyses in

Chapter 5.

4.6.2 Strain distribution

For the Central Nam Con Son Basin fault sample, the weighted mean strike, arithmetic
mean strike, vector mean strike (Eq. 3.3) and median strike are all within 1°. So for this
dataset, the fault pattern alone could be used to infer the direction of maximum
extension, without considering the distributions of dip-slip offset. However, this may
not be the case for all fault populations. The similarity between the weighted mean
strike and arithmetic mean strike or vector mean strike also shows that the offset

distribution is approximately symmetrical. 45% of faults have strikes clockwise to the
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weighted mean strike and they accommodate 45% of the total dip-slip offset.
Conversely, the 55% of faults that have strikes counter-clockwise to the weighted mean
strike accommodate 55% of the total dip-slip offset. The symmetry of the offset
distribution supports the model because the faults that plot either side of the weighted
mean strike represent two independent sub-samples. The prediction of decreasing dip-
slip offset with increasing obliquity from the weighted mean strike is equally applicable

to both sub-samples.

4.6.3 Fault growth rate

The model predicts the strain distribution of a fault sample without predicting a
mechanism to explain the variations in offset. Two different mechanisms can be
considered. Firstly, the orientation of the fault relative to ey may control the rate of fault
movement. Faults that are oblique to ey would have slower rates of movement than
ideally oriented faults. Alternatively, the orientation of the fault relative to ey may
determine the duration of activity, whilst the rate of fault movement remains constant.
Ideally oriented faults would have relatively long lives compared to faults that are
oblique to ey. If the second mechanism is evident, there will be a correlation between
the orientation of the fault relative to ey and the duration of fault movement.

In Figure 4.12 the faults are grouped according to the relative duration of fault
movement. This was established by counting the number of growth sequences for each
fault, as constrained by the offsets of the six stratigraphic horizons. The available well
data is sufficient to divide the faults into three groups, which is adequate for this
analysis. The faults in Group 3 have the longest duration of activity as they were active

throughout the entire constrained time period. The faults in Group 2 were not active
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throughout the entire constrained time period but they do show growth during most of

the sequence.
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Figure 4.12: a) Fault strike vs. dip-slip offset with the faults divided into three groups according to the
duration of fault activity. The faults in group 3 were active for longest and those in group 1 were active
for the shortest length of time. Faults in group x have unknown durations of activity. b) Dip-slip offset vs.
the difference between fault strike and the weighted mean strike with the faults divided into the same
three groups. Only faults with dip-slip offsets within +/- | standard deviation of the mean sample offset
are plotted, 209 faults out of 225 (93%). The curve describes the relationship between the maximum
possible offset for a fault of a given strike and a dip of 0°.
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The faults in Group 1 were only active for 1 or 2 growth sequences. A fourth group,
Group X, includes faults with uncertain durations of activity. It i1s not possible to divide
the faults into a greater number of groups because the amount of time that each growth
sequence represents is not precisely constrained. For example, two faults, each active
during a different growth sequence, can have different durations of fault activity
depending on the length of time represented by the respective growth sequences.

The plot shows that a broad correlation exists between the amount of offset on a
fault and the duration of activity. The faults with the largest offsets were active for a
relatively long time, in particular, of the 16 largest faults, 14 belong to Group 3. Most of
the smallest faults are from Group 1 and the faults from Group 2 have a range of offsets.
Importantly, there is no correlation between the duration of fault activity and fault
orientation. The faults of each group have a range of orientations. For example, the two
faults that are most oblique to the weighted mean strike of the sample have relatively
small offsets despite belonging to Group 2. This analysis suggests that faults with
longer durations of activity do tend to accumulate larger offsets but this tendency is
modified by the orientation of the fault relative to the weighted mean strike of the
sample. However, it seems there is an additional control that results in ideally oriented,
long lived faults with relatively small offsets. It is hypothesised that this could be an
effect of fault interaction i.e. the growth of the fault has been subdued due to its

proximity to a more dominant neighbouring fault.

4.6.4 Reactivation

The contribution of reactivation to a fault pattern is generally difficult to quantify (e.g.
Holdsworth et al., 1987). Often, faults are either parallel to the basement fabric or

perpendicular to the regional extension direction, or some combination of these two
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end-member types (Section 2.3). It is often difficult to confidently identify reactivation,
particularly in offshore settings where the basement or deep structure may be below the
range of the seismic data, whilst the relatively poor resolution of the data prevents the
use of traditional outcrop-scale identification criteria. The strain distribution model
predicts the amount of fault offset but does not predict the number of faults in a
particular orientation. The Nam Con Son Basin data show a discrepancy between the
orientation of faults with greatest offsets compared to the orientation associated with the
greatest number of faults. It is suggested that this discrepancy could reflect the influence
of a pre-existing fabric within the area.

Physical analogue models have been used to simulate the effects of reactivation
on the structural development of faults. The experiments use a similar modelling
technique in which a crustal analogue (sand or clay) is extended above a heterogeneity
in the modelling apparatus that is oriented at an oblique angle to extension direction.
This simulates the competing influences of the extension direction and the pre-existing
structure. The models have shown that the interaction is not straightforward. In general
fault populations include faults that are oriented parallel to the underlying heterogeneity
and faults that are perpendicular to the extension direction (Section 2.1.3; Withjack and
Jamison, 1986; McClay and White, 1995). This results in a fault population with a range
of orientations and often curved or sigmoidal fault geometries, a very similar fault
pattern to that seen within the central Nam Con Son Basin.

In the models of Dubois et al. (2002), the slip-vectors of the modelled faults
were examined. In these models, the sandpack was extended to produce a fault-bound
graben orthogonal to the extension direction and then extended a second time with an
extension direction oblique to that graben. During the second extension phase the faults

formed within the graben and parallel to the graben bounding faults but oblique to the
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extension direction. The fault slip-vectors of the second phase faults were shown to be
sub-parallel to the extension direction. Therefore, the orientation of the second phase
faults was controlled by the pre-existing structure, whilst the fault kinematics reflected
the orientation of the extension vector. This fault pattern may be an analogue for the
Nam Con Son fault pattern on a regional scale. The preferred fault orientation of 000°-
010° and the peaks in fault number at 019°, 004° and 038°, could be controlled by pre-
existing structure but with reduced offset, relative to those with strikes nearer to the

weighted mean strike, because of oblique-slip kinematics.

4.6.5 Application to fractured reservoirs

This work provides a predictive tool that can be used to improve models of fractured
hydrocarbon reservoirs. The method can be used to provide more information for use in
numerical models and in conjunction with fault orientation data from boreholes or 3-
dimensional seismic data. It enables a prediction of those fault orientations that are more
likely to have greater offsets than others and what the expected maximum offset could
be for a fault with a given strike. For a particular stratigraphy, this information can help
to predict the maximum expected stratigraphic juxtaposition on a fault of a given strike,
which in turn, could provide an improved prediction of fluid flow pathways through

fractured reservoirs.

4.7 CONCLUSIONS

A conceptual model to explain the relationship between dip-slip offset and fault strike
within the central Nam Con Son Basin has been presented. The model is independent of

fault kinematics, which are unknown, as is the case in most offshore subsurface
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datasets. The model provides an estimation of the direction of maximum extension,
which is taken to be perpendicular to the weighted mean of the sample strike. For the
Nam Con Son dataset the direction of maximum extension is 111°, WNW-ESE, which
is broadly consistent with estimates of the extension vector for the South China Sea
(Briais et al., 1993) and most tectonic models for the region (Hall, 1997).

The analysis has shown that the distribution of strain is not simply a function of
fault number, although the offset in the Nam Con Son fault sample is approaching an
even distribution for almost all the faults. However, there are more faults with strikes of
000° to 010° compared to any other orientation and yet they accommodate consistently
less offset than the faults nearer to the weighted mean strike. It is suggested that this
increased fault number may reflect the influence of a ~N-S basement fabric in the area.

The model used in this case study needs to be tested with other datasets to see if
it is equally applicable to other regions. Any datasets used must be able to demonstrate
that the faults have not rotated about vertical axes and that there is no systematic
variation in fault orientation with fault age. In addition, to produce a good estimate of
the weighted mean strike, the sample should ideally have faults with a wide range of

trends.
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Oblique extension (or shortening) leads to transtension (or transpression) which
can be defined as a strike-slip deformation that deviates from a simple shear due to a
component of extension (or shortening) orthogonal to the deformation zone boundary
(Fig. 5.1; Dewey et al., 1998). In all transtension (and transpression) zones, the relative
displacement direction across the deformation zone, infinitesimal strain (or stress) and
finite strain axes are all oblique to one another (Fig. 5.1). However, numerous
theoretical (e.g. Sanderson & Marchini 1984; McCoss, 1986; Dewey et al., 1998;
Dewey, 2002; De Paola ef al., 2005a) and analogue experimental studies (e.g. Withjack
and Jamison, 1986; Smith and Durney, 1992; Venkat-Ramani and Tikoff, 2002) have
shown that predictable geometric relationships exist between the orientations of the
deformation zone boundaries, the axes of infinitesimal strain (stress) and the relative
displacement direction across the deformation zone. During transtension, the maximum
principal extension axis (enx) always lies in the horizontal plane during progressive
deformation (Figs. 5.1a-c). The other horizontal infinitesimal principal extension axis
can be either ey, (minimum principal extension axis) or ey, (intermediate principal
extension axis), depending on the value of a. The switch of the minimum principal
extension axis from a horizontal to a vertical orientation marks the transition between
wrench- and extension-dominated transtension, respectively (De Paola et al., 2005a &
b). The threshold angle o between wrench- and extension-dominated transtension has
been termed the critical angle of displacement Oiticas (Smith and Durney, 1992). It has a
value of 20° if one assumes no volume change during deformation and following the
other assumptions of the Sanderson and Marchini model (McCoss, 1986).

In many natural transtensional rifts, it should therefore be possible to apply an
analysis using infinitesimal strain, which is broadly equivalent to the more widely-used

stress-inversion techniques (e.g. Angelier, 1979 and 1984; Michael, 1984). Two
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deformation is not plane strain, it cannot generally be analysed using a single 2-
dimensional cross-section or map views. In some cases extensional or shortening
structures such as tight, symmetric graben or faulted anticlines can easily be
misinterpreted as strike-slip flower structures (Harding, 1990). The key criteria most
often used to confidently identify strike-slip tectonics in subsurface examples, is the
presence of a through-going, laterally extensive master fault that shows laterally offset
piercing points such as channels and fold hinges (Harding, 1990). In transtensional
basins, however, the master ‘fault’ can be a wider zone of diffused deformation (Mann
et al., 1983).

In this Chapter two further approaches to assist in the recognition of transtension
in offshore, sub-surface basin settings are investigated. Firstly, new techniques for
identifying fault rotations about vertical axes in offshore datasets are presented.
Secondly, it is shown that it may be possible to establish the orientation of deformation
boundaries in cases where geophysical data suggest a strong basement control on basin
evolution. These methods are used to address the hypothesis that basement-influenced

wrench tectonics played a significant role in the evolution of the Nam Con Son Basin.
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5.2 SUMMARY OF THE REGIONAL TECTONICS AND BASIN
STRUCTURE

The techniques are applied to the 225 faults from the Nam Con Son Basin model
presented in Chapters 3 and 4. The analyses use the fault strike, which is calculated
using the vector mean dip azimuth (section 3.4.3) and the fault timings, which are
discussed in section 3.3.3 and 3.4.4. A full description of the regional tectonics, the
basin structure and the fault pattern is included in Chapter 3 but the main points of

particular relevance to this chapter are:

e A number of major strike-slip shear zones exist onshore throughout Indochina.

o Tertiary deformation may have been controlled by a north-south trending
Mesozoic basement fabric to the east of the South China Sea.

e The NE-SW trend of the magnetic lineations in the South China Sea suggest a
NW-SE regional extension direction.

e The Nam Con Son Basin has a rhomboidal geometry in plan view and a 2:1
length to width ratio.

e Faults have a wide range of strikes.

e All faults appear to have normal offsets; there is no evidence for inversion.

o The fault orientation patterns change little across the six stratigraphic horizons
studied, suggesting that the interpreted horizons all lie within a single rifted
sequence

e Seismic data shows no evidence for the existence of large strike-slip faults or
shear zones within the basin.

o Fault offset patterns suggest a maximum extension direction of 111°.
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5.3 TYPES OF FAULT ROTATION

Three related types of fault rotation are discussed here, each of which can be
identified using a different technique. Common to all three models is the concept of
non-coaxial strain, in which the axes of finite strain rotate in addition to material lines
and planes. The techniques are designed to identify a consistent rotation that could be
attributed to non-coaxial strain. If a consistent pattern of rotation is not detected or if the
rotation is too subtle to account for the observed range of fault orientations then the
model of non-coaxial strain alone is unlikely to be the dominant control over fault
orientation. In this case, other controls such as rotations in the stress system, the
reactivation of pre-existing anisotropy or the interactions between neighbouring faults
may be of greater importance.

In the first type, normal faults initiate orthogonal to the axis of maximum
incremental strain oriented at angles < 45° to the deformation zone boundary and then
rotate about vertical axes with the sense of rotation being determined by the sense of
strike-slip shear (dextral — clockwise, sinistral — anticlockwise). To test this model, the
faults were analysed to see if there is any systematic correlation between fault age and
fault strike (Fig. 5.3a). A knowledge of the orientation or location of the shear zone

boundary (shear plane) is not required.
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propagation with the fault orientations near to the fault tips being controlled by the
incremental strain axes which remain in a fixed orientation assuming steady state
deformation. As a result, the oldest part of a fault surface, most likely the fault centre, is
rotated relative to the younger part of the fault surface nearer to the tip line. This is
analogous to tension gash propagation during shear zone development, which produces
sigmoidal vein geometries (Fig. 5.3c; e.g. Ramsay, 1967).

The three types of rotation are tested using different methods but are likely to all
be active within a given fault population where vertical axis rotation occurs due to

strike-slip tectonics.

5.3.1 Type 1: Fault orientation vs. age

Figure 5.4 is a plot of fault strike versus fault age for 225 faults. The faults have been
grouped into six sub-samples based on the relative age of the fault, as constrained using
the methods described in section 3.3.3. The strike of each fault is calculated using the
fault polygon of the oldest offset horizon only, as opposed to using all of the polygons
for each fault. This is done to eliminate the effect of fault surface rotation during

vertical growth, which will be addressed in section 5.3.2.
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Figure 5.4: Plot of fault strike versus fault age. Each point represents a single fault. The vector mean
strike of each fault is plotted against the. Each line of points is a sub-sample based on the relative age of
the initiation of syn-sedimentary fault movement. The points with error bars represent the vector mean
strike of each sub-sample with a 95% confidence interval.

For each sub-sample, the faults have a range of strikes of at least 80° (Fig. 5.4). This
suggests that fault strike and fault age are not related and that, contrary to models of
deformation during simple-shear, there is no constant orientation at which the faults
have initiated. The vector mean of each sub-sample has been calculated and plotted
(Fig. 5.4). Although the mean rotates by several degrees between each sub-sample, the
sense of rotation is not constant. In total, the mean rotates 23° counter-clockwise and
30° clockwise, which equates to an overall clockwise rotation of 7° between the
youngest and oldest sub-sample.

As previously stated, the range of strike of each sub-sample is at least 80°.
Variations in the range of fault strike between sub-samples or faults sets of different age
can provide insight into whether the faults have rotated. During strike-slip-related
deformation, vertical axis rotation should be highest when a fault is oriented at a high
angle to the deformation zone boundaries and should then decrease as the fault

approaches parallelism with the boundaries. Therefore, even if the faults initiate with a
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wide range of strike, through time the range of fault strike will decrease as the faults
rotate, with varying rates, towards parallelism with the deformation zone boundaries.
Therefore it is expected that the range of fault strike to be less on older fault sets
compared to younger fault sets. However, there is no evidence for this pattern in Figure

5.4. In fact, the range of fault strike is greater for the older sub-samples.

5.3.2 Type 2: Rotation during vertical fault growth

This model can be tested by comparing the orientation of the fault polygons for each
stratigraphic horizon within a growth sequence (Fig. 5.3b). The number of horizons
included in the growth sequence varies between faults, as some were active for longer
than others. A difference in the orientation of the polygons of two stratigraphic horizons
that bound a growth sequence, indicates a rotation of the fault surface during vertical
growth, and since the deposition of the older horizon. Of the 225 faults in the sample
population, a sub-sample of 132 (59%) faults can be used for this analysis. 93 faults
(41%) cannot be used because they either cut only one stratigraphic horizon or they do
not show growth between horizons. Importantly, the 132 faults that are used represent,
in effect, a random sample as they do not have preferred orientations, ages or locations.
They are therefore a representative subset of the 225 fault sample.

The first analysis indicates whether a fault has consistent rotations between
horizons within the growth sequence. Of the 132 fault sub-sample, 55 faults (42%) have
both clockwise and counter-clockwise rotations. 43 (33%) faults have exclusively
clockwise rotations and 34 (26%) faults have exclusively counter-clockwise rotations.
However, these statistics are misleading as they do not take into account the number of

rotations on each fault. This varies between faults depending on the number of horizons
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within the growth sequence. For example, 36 faults have only one rotation but will be

counted as having a consistent rotation sense.

Number of | Number Both ccw
rotations of faults % CW % %
0 93
1 36 0 42 58
2 28 25 61 14
3 25 68 20 12
4 20 75 15 10
5 23 70 13 17
Total 225 42 33 26

Table 5.1: Rotations for each fault with the faults divided by the number of rotations.

Table 5.1 shows the number of faults with either exclusively clockwise, exclusively
counter-clockwise or both rotations, as a percentage of the total number of faults with a
given number of rotations. If the 36 faults with only one rotation are discounted, then
the majority (57%) of faults have both clockwise and counter-clockwise rotations,
whilst 29% of faults have exclusively clockwise rotations and 14% of faults have
exclusively counter-clockwise rotations. In total, 362 rotations have been measured. Of

these, 56% are clockwise and 44% counter-clockwise.
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magnitude of all fault rotations is 927°, of which 55% is clockwise and 45% counter-

clockwise.
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Figure 5.6: Spatial distribution of fault rotation. The locations of 225 faults are plotted. Each point
represents a single fault and is located at the fault centre, which has been calculated by taking a mean of
the x y coordinates for the fault. The faults are grouped into three groups according to their dominant
sense of rotation. One group contains those faults for which the rotation cannot be constrained (see text).
The rotations for 132 faults can be constrained. Of those 56% have overall clockwise rotations and 44%
overall counter-clockwise rotations.

Figure 5.6 is a map showing the locations of the 225 faults. Each point
represents a single fault and is located at the fault centre, which has been calculated by
taking a mean of the x y coordinates for the fault. The faults are grouped into three
groups according to their dominant sense of rotation. The analysis indicates that there is

no spatial pattern associated with the dominant sense of rotation.

5.3.3 Type 3: Rotation during lateral fault growth

This type of rotation can be tested for by identifying those syn-sedimentary faults with

lateral fault tips that post-date the majority of the fault surface. By identifying the
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interaction at fault tips should not be ruled out for any fault within the present study
area.

An interesting observation to come out of this analysis is that, of the 25 tips that
show rotation, 21 of them (84%) rotate towards the direction of fault dip whilst only 4
rotate away from this direction. Of the 4 tips that break this rule, 2 are clearly linked to
other faults whilst the other 2 are located very near to adjacent faults and so may
interact. This observation echoes the sample population as a whole in which the vast

majority of faults are concave towards the direction of fault dip.
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5.4 DISCUSSION

Three possible types of fault evolution during vertical axis rotation have been identified
for normal faults developing under a non-coaxial, strike slip or transtensional tectonic
regime. Quantitative techniques have been developed to test for these types of growth
and have been applied to the fault sample from the central Nam Con Son Basin. The
techniques do not require knowledge of the location or orientation of the deformation

zone boundaries. The main conclusions are:

1) There is no clear correlation between fault strike and fault age (Fig. 5.4). This
suggests that the fault pattern is not the result of multiple rifting events, whilst the lack
of any systematic shift in fault strike with fault age indicates that the fault pattern does
not preserve strong evidence for a substantial amount of progressive vertical axis
rotation of the faults over time. A small (7°) amount of clockwise rotation is apparent

overall, however.

2) The second and third techniques identify rotations of an individual fault surface. The
analysis shows that the geometries of the fault surfaces are not straightforward and that
many faults clearly twist about vertical axes (Fig. 5.5), or curve along strike (Fig. 5.9).
By demonstrating that the age of the fault surface varies from the centre to the tips, it
can be seen that the curvature of the surface could reflect temporal variations in the
orientations of the incremental strain axes. The absence of consistent pattern of rotations
seems to rule out a regional scale rotation due to strike-slip-related shear. In general
there is an approximate balance between the amount and magnitude of clockwise and

counter-clockwise rotation. In particular, the analysis of the lateral fault tips has shown
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fault surfaces curve along strike to link with neighbouring faults. In some cases the
faults link at the upper surface but not at the lower surface, causing the fault surface to
twist.

The results suggest that there have been no substantial amounts of fault rotation
in a consistent sense about vertical axes in the Nam Con Son Basin during the Miocene
main rifting episode. The quantitative analysis presented here may be precise enough to
detect a subtle overall pattern of rotation. Although not substantial, there does appear to
be a subtle clockwise rotation, which is revealed by all of the various techniques used

(Table 5.2).

Cw ccw

Number of rotations:

% of faults 29 14
% of total rotations 56 44
% of lateral tips 22 20
Magnitude of rotation:

% of faults a6 44
% of total magnitude 55 45

Table 5.2: Summary of results. There 1s a subtle preference for clockwise rather than counter-clockwise
rotation.

In reality it is quite possible that the incremental strain axes may vary in
response to local fault interactions within a basin, graben or hangingwall, whilst the
axes of finite strain rotate systematically in response to the regional tectonics. It is
therefore proposed that there may be a component of weak dextral shear resulting from

oblique extension in the Nam Con Son Basin. It is manifested as a tendency for faults to

161









the structures within the basin have not significantly rotated about vertical axes it is
shown that the finite non-coaxial strain is reasonably low. The direction of maximum
horizontal extension has therefore remained constant throughout the deformation with
respect to the deformation zone boundary and the regional displacement direction.

By examining the variation in fault offset throughout the fault population, it has
been possible to identify which orientation of fault accommodates the greatest strain
and therefore which is most likely to be perpendicular to the axis of maximum
horizontal extension (en) (see Chapter 4). This method has provided a maximum
horizontal extension (ey) vector for the basin of 111°. The angle between ey and the
~N-S trending basement fabric (000°) is the angle beta of the transtensional model
described in section 5.1 (Fig. 5.1), which in this case is f = 69°. This equates to an a
angle of 38° and a displacement direction of 142°, NW-SE (Fig. 5.11a), which fits
neatly with the NE-SW orientation of the magnetic lineations in the South China Sea.
On a plot of a vs B (Fig. 5.11b), an a angle of 38° plots just within the extension
dominated transtension domain, where Ogiica 18 37°, assuming a Poisson’s ratio of v =
0.25, which has been calculated for shale (see chapter 2.1.1; Johnston & Christensen,
1992; Christensen, 1996; DePoala et al, 2005a) and is appropriate for the shale
dominated stratigraphy in this part of the Nam Con Son Basin (Fig. 3.2). It is suggested
that the proximity to the boundary of the wrench dominated domain accounts for the
mild non-coaxiality of the strain, which resulted in a tendency for small clockwise
rather than counter-clockwise rotations. The deformation is similar to that of the
physical model of Withjack and Jamison, in which a = 30° resulting in short
extensional faults with a range of orientations but no evidence for rotations about

vertical axes (section 2.1.3; Fig. 2.7c¢).
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5.5 CONCLUSIONS

New techniques for quantitative fault analysis have been used to detect evidence for the
rotations, about vertical axes, of normal faults that may occur in strike-slip influenced
basins. The techniques presented are particularly suited to the analysis of 3-dimensional
seismic data, in which the timing of fault activity and growth can often be constrained
through the interpretation of multiple footwall and hangingwall cutoffs. Small variations
in fault orientation and subtle fault geometries have been detected that could not have
been recognised without this quantitative approach. In the case of the dataset from the
central Nam Con Son Basin, the faults do not show a substantial and obviously
dominant sense of rotation, which might be expected during large amounts of regional
non-coaxial deformation in a wrench-dominated setting. It is also shown that the fault
pattern observed in the basin is not the result of multiple rifting events. It may be
influenced by the reactivation of pre-existing structures in the underlying pre-Tertiary
basement, most notably features that parallel the major crustal boundary between
Palaeozoic Craton and Mesozoic accretionary crust which runs beneath the centre of the
Nam Con Son Basin. Local fault surface curvatures associated with growing fault tips
probably reflect localised variations in the stress field, which are most likely the result
of fault interaction. There is, however, evidence for a small amount of overall clockwise
rotation, which could reflect a mild component of dextral shear during oblique
extension.

In areas where fault rotations can be discounted by this technique, such as in the
central Nam Con Son Basin, the finite bulk extension recorded by the fault offsets can
be used to calculate the direction of maximum infinitesimal extension (minimum
stress). The relationship between the kinematics of the deformation and the boundary

conditions, taken to be the dominant pre-existing fabric in the region, predicts a regional
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subduction of the crust beneath Borneo (Fig. 5.10). In this area the NW-SE
displacement direction is sub-parallel to the shear zone boundaries and therefore may
accommodate wrench-dominated transtension or plane strain simple shear.

The tectonic model of the region in which the western margin of the South
China Sea has a dextral rather than sinistral shear sense is consistent with that of Hall
(1996; 1997) in which Tertiary extension in the South China Sea region is driven by
slab-pull, as older ocean crust, a proto-South China Sea, is subducted towards the

southeast beneath Borneo (Fig. 5.10).

167



CHAPTER 6. DISCUSSION AND CONCLUSIONS

6.1 BASIN EVOLUTION

6.1.1 [Eocene-Oligocene rifting

An accurate interpretation of the 3-dimensional seismic data has produced a very
detailed model of the faults and stratigraphic horizons in the central area of the Nam
Con Son Basin. The analysis shows that the dominant ~N-S and ~NE-SW fault set
represents one rifting event that occurred during the Early and Middle Miocene
resulting in >6 km of syn-rift sediment in the graben. However, in addition to this there
is clearly a deeper sedimentary succession below the Miocene sediments, which could
be ~6 km thick in the basin centre. Previous studies have shown that the Late Oligocene
sequence, which was possibly deposited during thermal sag following the earlier
Eocene rifting event, is a relatively thin sequence (up to 1 km thick) in the southeastern
part of the basin (Matthews et al.1997; Lee ef al. 2001). If this succession was deposited
as a response to thermally driven or loading induced subsidence it is likely that this
thickness does not vary a great deal into the basin centre. Therefore, in the basin centre
the Eocene-Early Oligocene rift fill must be considerably thicker than is seen in isolated
graben in the southeast. This suggests the existence of a significant Eocene depocentre,
with dimensions in the region of 150 km long, 75 km wide and 5 km deep, based on the
top basement maps produced using 2-dimensional seismic data and gravity inversion
(Huchon et al., 1998). The top basement that was mapped in the basin centre using 3-
dimensional data, dips towards the northwest and is not significantly offset by Miocene

faults. It is possible that the basement dips towards a large south dipping Eocene fault to
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the northwest, suggesting a trapdoor style half graben geometry for the Eocene rift in
the basin centre. The basement dip may have been gently steepened by the Late

Oligocene thermal subsidence.

6.1.2 Fault population growth

The fault timing has been constrained and reveals that the number of active faults
increased throughout the Miocene rifting event (section 3.4.4). This is contrary to the
strain localisation concept in which faults grow and link to form fewer larger faults
through time (e.g. Walsh er al. 2003). An increase in the number of active faults must
reflect changes in the orientation of the stress system or localised stresses due to
ongoing deformation e.g. in deforming fault hangingwalls. The former is unlikely as
there is no correlation between fault timing and fault orientation. The faults do not show
a change in the preferred orientation through time, which would reflect a rotation of the
stress system. Furthermore, the faults were not superseded by new, more efficient faults
e.g. of a different orientation. Only 39 (17%) faults die out during the rifting episode
and 40 of the faults (18%) were active throughout the entire constrained sequence, they
initiated prior to h2 deposition and remained active until after the deposition of h6. The
faults did not necessarily ‘lock-up’.

The fault timing shows that the graben bounding faults were established at an
early stage in the rifting and that subsequent faulting was concentrated within the
graben and the subsiding ramp areas. These areas were deforming in response to
continued movement on the graben bounding faults. An example of this can be seen on
the ramp that connects Graben B to the structurally high centre (Fig. 6.1). The ramp is
bound to the east by a large fault which initiated prior to h2 deposition. The smaller

faults in the hangingwall of this fault, strike perpendicular to the master fault and to the
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through the sequence, with the greatest extension on horizon h3. Within the graben
many of the faults have sigmoidal geometries. The sigmoidal faults dip towards the
graben centre and the number of sigmoidal faults is greatest where the hangingwall fold
becomes more pronounced. It is suggested that this fault geometry could reflect a bed
parallel shear within the graben as the convex side of the fold is extended more than the
concave side during orthogonal flexure (Fig. 6.3). The sense of shear flips across the
fold hinge. The fault dips are lower within the graben than outside of the graben. This
could suggest that during deformation, the faults initiated within the graben and were
rotated about horizontal axes due to continuing fault movement on the bounding faults.
This rotation is also evident in antithetic faults with normal offsets that have been
steepened to sub-vertical. This supports the idea that continuing movement on the
bounding faults created localised extension, which in turn lead to an increasing number
of active faults. Faulting in the central Nam Con Son Basin is driven by the regional
stress system and localised stresses resulting from hangingwall deformation. The
increasing number of active faults during rifting can be attributed in part to hangingwall
rollover or deformation of the subsiding ramp structures.

It has been questioned whether similar structures in the southeast of the basin
have geometries resulting from extension only or whether they have been mildly

inverted and uplifted due to compression (Fig. 6.4; Matthews et al., 1997).
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Small E-W trending folds within a horst appear to post-date the deposition of horizon
h6 and so would be contemporary with the possible inversion (type 4 folds of section
3.4.5). However, the ~E-W trend of the folds is inconsistent with the idea of ~E-W
compression. Also, there is no evidence for reverse fault offsets anywhere in the basin.
Therefore, despite the unusual geometry and erosion of the anticlinal graben structures,
a model of compressional tectonics during the Miocene cannot be reconciled with the

available evidence,
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6.2 THE EFFECTS OF TRANSTENSION AND REACTIVATION
ON THE MIOCENE STRUCTURE

The presence of a strong ~N-S trending fabric in the underlying crust has resulted in
oblique extension or transtensional deformation during the Miocene. Quantitative fault
analysis has been used to constrain the orientation of the maximum horizontal extension
in relation to the dominant pre-existing fabric and the regional displacement direction
(Chapter 4). The analysis indicates that during the Early-Middle Miocene the
deformation was dextral extension-dominated transtension. In addition, assuming a
potsson’s ratio of ~0.25 (that of shale or sand), the deformation plots close to dcritical, the
boundary between wrench and extension dominated transtension (section 5.4.1).

The transtensional nature of the deformation has produced an unusual structural
architecture. Immediately obvious is rhomboidal shape of the basin. The length to width
ratio of <2:1 is similar to that of pull apart basins that form at releasing bends or
stepovers in strike-slip shear zones. However, basins that formed as a direct result of
movement along strike-slip shear zones, such as those found in the North Sea
(Bartholomew et al., 1993) or the classic examples associated with the San Andreas
fault in California, are typically smaller than the Nam Con Son Basin. This reflects the
transtensional nature of the basin and the absence of a through going shear zone.

The faults are relatively short, with most faults having offsets in the range of
100-1000 m and lengths in the range 1 km-10 km, measured at the longest part of the
fault surface. The lengths of these faults are significantly lower than the normal faults
with equivalent offsets described in Schlische e al. (1996), which have lengths of 5 km
— 50 km. Furthermore, the physical model of oblique extension in which a = 30°
produced shorter faults than those models with higher angles of divergence (Fig. 2.7;

Withjack and Jamison, 1996). It is suggested that short faults are a consequence of the
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range of fault orientations and that lateral fault growth has been inhibited due to
interactions between coeval faults with ~NE-SW and ~N-S§ trends.

In addition to fault interaction a potentially more important mechanism could be
the influence of the E-W trending Eocene-Oligocene structures. Unfortunately the
deeper sequence has not been interpreted due to the complexity of the seismic
reflectivity at depth and the ‘masking’ effect of the Miocene faults but the existence of
E-W trending structures in the basin centre is likely considering the thickness of the
Eocene-Oligocene sequence in this area. These structures, which initiated during ~N-S
extension, have not been reactivated during the Miocene because they are too oblique to
the ~NW-SE regional extension. However, these structures have produced
heterogeneity within the deeper sequence that has controlled subsequent faulting by
acting as barriers to fault propagation, especially for ~N-S trending faults. A

consequence of this is the along strike dip-polarity flips that are seen within the area.

6.2.1 Offset graben and along strike dip polarity flips

Along strike fault dip polarity flips are associated with offset depocentres. Graben A
and B, in the western part of the area, contain Miocene sediment of a similar thickness,
6-8 km, and represent the southeastern part of the deep basin centre. Graben C and D to
the east, have slightly thinner sedimentary infill of <5 km thick. In both cases, the
graben have dextral offsets and the areas between Graben A and B and C and D are
accommodation zones with complex fault patterns and along strike polarity flips. The
~N-S trending, east dipping fault that bounds the western edge of Graben C passes
along strike to the west dipping fault that bounds the eastern edge of Graben D (Fig.

6.5).
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is suggested that these folds are extensional hangingwall synclines and footwall
anticlines that accommodate the decrease in offset from the fault centre to the tips (Fig.
6.7b).

A ~N-S contraction may have produced the type 1 and type 4 folds. This is
consistent with the conclusions of Matthews er al. (1997), who suggested that an
episode of N-S compression during the Middle Miocene had affected structures in the
southeastern part of the basin. The growth of type 1 and 4 folds is synchronous with
fault movement but in most cases post dates the initial fault activity. Folding initiated
during the Middle Miocene, after the deposition of h3. Type 4 folds appear to post date
the deposition of h6.

The ~E-W trend of the majority of the folds and the orthogonal relationship
between the folds and faults is consistent with that predicted by models of wrench
dominated transtension in which ey is a shortening strain (en<l) and ey a lengthening
strain (ey>1). However, models of transtension predict that there should be no
horizontal shortening during extenston dominated transtension. Transtensional folding
within the Nam Con Son Basin is therefore inconsistent with the basin model of
extension dominated transtension (chapter 5). Two alternative explanations can be put
forward. Firstly, the faults are not transtensional in origin. Specifically, they do not
accommodate a basin wide contraction but are a response to local stresses in the fault
hangingwalls. In this case, a mechanism would be needed to explain the occurrence of
the folds, including those in the horst (type 4 folds) that clearly do not accommodate
hangingwall deformations. It could explain why some folds are not E-W trending but
are instead sub-perpendicular to the adjacent fault surface, as seen in cases where the
fold hinges diverge or converge when adjacent to curved faults (Fig. 3.39).

Alternatively, the deformation could have a very mild wrench component, consistent
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with the subtle clockwise rotations discussed previously (chapter 5). The majority of
folding is very subtle relative to the extensional faulting and is local to the areas
immediately adjacent to fault surfaces. The models of transtensional folding show that
the amount of contraction and ergo the magnitude of the wrench component decreases
as the divergence angle increases. The folding could reflect a very faint wrench
component during a transtensional deformation that is barely within the extension
dominated domain. This suggestion is consistent with the interpretation in section 5.4.1
that the deformation plots close to Ocritical, the boundary between wrench and exte