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Inelastic yielding and forebulge shape across a modern

foreland basin:

North West Shelf of Australia, Timor Sea

Juan M. Lorenzo', Geoffrey W. O’Brien’, Jonathan Stewart® and Kush Tandon'

Abstract. The Timor Trough is a modern ‘underfilled’ fore-
land basin created by partial subduction of the outer north west
continental shelf of Australia beneath Timor Island in the
Outer Banda Arc of eastern Indonesia during the Cenozoic. A
change of the effective elastic thickness (EET) of the continen-
tal foreland lithosphere from ~80 320 km to ~25 km over a
distance of ~300 km explains (1) the high curvature (~10” m™?)
on the outer Trough wall, (2) the low shelf forebulge (~200 m)
as measured along a reference base Pliocene unconformity, and
(3) observed gravity. An inelastically yielding quartzite—
quartz-diorite—~dunite continental rheology can explain the EET
gradient. New, shallow crustal (<8 km), seismic reflection im-
ages indicate that Jurassic basement normal faults are reacti-
vated during bending of the foreland.

Introduction

Relatively little attention has been paid to the effect of
shallow crustal normal faulting e.g., [Bradley and Kidd, 1991]
and deeper ductile yielding on the shape of continental fore-
land forebulges. Most previous studies explain the first-order
geometry of down-flexing continental basement in ancient,
mature foreland basins e.g., [Karner and Watts, 1983] and their
stratigraphic evolution e.g., [Coakley and Watts, 1991] using
thin, elastic plate models which predict an upwarp (forebulge)
of the order of 10' -10? km wide at the periphery of basins.
The net, effective lithospheric strength from foreland basins
worldwide commonly has been expressed as the effective elas-
tic plate thickness (EET) which appears to be bimodally dis-
tributed around either weak (10-20 km) or strong (80-90 km)
values [Warts, 1992]. Most of these studies have assumed a
homogeneous lithosphere of constant strength in space and
time.

When bending stresses exceed rock strength, the litho-
sphere can experience brittle and ductile failure (Fig. 1A-B).
For an initially strong foreland lithosphere, increased bending
toward the orogen can reduce EET by at least half [Waschbusch
and Royden, 1992]. Permanent deformation within the litho-
sphere, will modify the stress distribution and change the ob-
served deflection of the yielding basement. Another ~40% re-
duction may occur if the mantle is decoupled from a failed lower
crust [McNutt et al., 1988; Burov and Diament, 1995]. As a re-
sult of these rheological changes, the foreland basin can be-
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come narrower and deeper (Fig. 1A). If the Moho, a surface
within the elastic plate, parallels the surficial flexural topog-
raphy, then forward modeling of the free-air gravity field can
be used to verify the first-order geometry of the bending plate
at depth.

Few seismic images exist across modern forebulges.
Herein, we examine a foreland basin on the outer north west
continental shelf of Australia that has recently undergone shal-
low normal faulting (no more than 8 km) during partial subduc-
tion beneath Timor Island (Outer Banda Arc), eastern Indonesia
(Fig. 2). The foreland surface is interpreted from new seismic
reflection data correlated to commercial well data (Figs. 3 & 4),
[Boehme, 1996). Using constraints from gravity data we at-
tempt to explain the shape of a reference foreland surface and
presence of normal faults across the outer shelf and Timor
Trough by analogy to a yielding, flexing plate.

Inclastic Yielding and Mechanical Decoupling

We use a composite rheological model for continental
lithosphere [Burov and Diament, 1995] to determine the geo-
logical bounds of sustainable stresses (Fig. 1B) during bend-
ing. Brittle faulting occurs if stresses exceed a frictional fail-
ure criterion [Byerlee, 1978] which depends on confining
pressure and the presence of water. Yield strength in the lower
crust and lithosphere is predicted by temperature-sensitive duc-
tile flow relations that incorporate strain-dependence and rock
type [Brace and Kohlstedr, 1980]. We assume that once the
yield stress is reached, additional bending leads only to unre.
coverable strain. Under these circumstances, curvature can
continue to grow concentrating bending in weak yielding
zones without the increase in stress expected for a simple elas-
tic plate-- as a result, EET decreases.

ten
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Figure 1 A. Schematic block diagram comparing an end-
loaded (vertical black arrows) broken plate of constant effec-
tive elastic thickness (dashed) versus one plate that has failed
inelastically (shaded regions) either under compression (-) or
extension (+) within the crust and mantle. Curvature is nega-
tive for convex upward geometries. B. Strength (MPa) for an
‘intermediate’ strength lithosphere. Thick lines mark stresses
at ot beyond which ductile yielding occurs.
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Figure 2. Outer North West Shelf of Australia (inset) in col-
lision with Southeast Asia along Timor Trough. Thick line
marks seismic track. Thin line spans region seen in Fig. 5.
Circles locate modern seafloor fault scarps —size is propor-
tional to vertical throw. Fault line barbs point to buried gra-
bens. Arrow indicates local Australia-Eurasia convergence di-
rection at 76.6 +/-1.1 km/my [DeMets et al., 1994].

[McNutt, 1984] shows that at a given position along the
plate EET can be obtained from curvature and stored moment.
For this study, curvature of the underthrust continent is calcu-
lated pointwise as the second derivative of the best-fitting
flexure curve through the base Pliocene surface. Within the
constraints of the rheological model we estimate the stored
moment by integrating bending stresses numerically to 100
km. At this depth, given the assumed strain rate and geother-
mal gradient below, the mantle has O strength (Fig. 1B). Be-
cause plate strength is sensitive to yield history, we also track
the stress distribution through time [Waschbusch and Royden,
1992] assuming that the present best-matched flexural profile
has remained constant. Further reduction of EET can occur if
during inelastic yielding the lithosphere becomes subdivided
into independently flexing sublayers which facilitate addi-
tional bending. These decoupled sublayers reduce lithospheric
strength approximately to that of the thickest competent unit
[Burov and Diament, 1995] which in our case is the competent
mantle.

Geological Background

The Timor Sea area is a modern analogue for ‘underfilled’
foreland basins [Shanmugan and Lash, 1982] which form on
the cratonward side of thrust belts above subducting plates. On
the island of Timor the oldest evidence for collision, dated ra-
diometrically at ~38 Ma (Late Eocene), is recorded as a pro-
grade metamorphic event in metasediments beneath an over-

thrust ophiolite complex {Sopaheluwakan et al., 1989]. Al-
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Figure 3. Line interpretation of Australian Geological Sur-
vey Organisation (AGSO) seismic reflection image. Ages of
units are correlated to nearby wells (thick black vertical lines).
Age  abbreviations: Plio(cene)-Q(Recent),  Mio(cene),
J(urassic)-K(Cretaceous), Tr(iassic), P(ermian). Depth scale
(km) below seafloor and true dips (°) are calculated from well
velocity logs.
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Figure 4. Uninterpreted migrated seismic image for Line 8
(Fig.2); abbreviations as in Fig. 3.

though the Australian Plate continues to subduct along the
Java Trench to the west of Timor, seismicity [McCaffrey,
1988] and GPS [Genrich et al., 1995] studies indicate that Aus-
tralia-Timor convergence has ceased and that Australia — Eura-
sia convergence is accommodated by backthrusting north of
Timor along the Flores and Wetar thrusts. Tensional earth-
quake events and the absence of compressional events
[Christensen and Ruff, 1988] support a regional tensional re-
gime in the Timor Sea.

Since the Paleozoic, the Australian continental shelf has
experienced multiple rifting events which created a series of
isolated sediment-starved platforms (Londonderry Arch, Ash-
more and Sahul Platforms) with intervening depocenters (e.g.,
Vulcan and Malita Grabens) (Fig. 2). Jurassic-age rift basins
trending ENE and NE on the outer shelf were developed at a
high angle to an older (Late Devonian—Early Carboniferous)
NW-trending fault system (Petrel Sub-Basin) [Gunn, 1988].
Potentially, such rifting could render the continental litho-
sphere weak for extended periods of time (>10° m.y.) [Watts,
1992]. However, seismic refraction measurements [Bowin -t
al., 1980] indicate that the range of crustal thickness values «:n
the shelf (~31-34 km) is spanned by those determined for the
Timor Trough (~27.5-36.5 km) and do not seem to reflect an
inherited rift structure that would significantly weaken the
lithosphere toward the Trough.

A line interpretation of new seismic data collected to the SE
of Timor (Fig. 2) shows many shallow normal faults that were
created by reactivation of deeper Jurassic rift-bounding faults.
Some faults appear to detach within Cretaceous units (Figs. 3
and 4). Most reactivated faults terminate above, or near, a re-
gional Base Pliocene unconformity [Boehme, 1996] (Fig. 3),
which constrains the end of the extension to latest Mio-
cene/earliest Pliocene. Characteristically, in seismic images
(e.g., Fig. 4), the latest Miocene faults are steeper than the
underlying planar-normal Jurassic faults with which they link,
and together produce an apparent listric geometry. Jurassic
faults are often traceable into the Triassic section and sole out
into a discontinuous high-amplitude "top-Permian" reflector.

The base Pliocene unconformity provides a potential pre-
flexural reference surface for forward modeling EET. Based on
present-day convergence rates between Australia and Eurasia
(Fig. 2) in the early Pliocene the current shelf/slope transition
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would have been located ~350 km further south and therefore
would not have been significantly affected by flexure at the
time of its formation. ‘

Determining EET

Similar to previous workers, we employ a broken elastic
plate analog which has a laterally variable EET embedded in a
fluid mantle [Bodine et al., 1981; Stewart and Watts, 1997].
We tested separately EET gradients north and south of the
Trough axis, and then adjusted the northern limit of the broken
plate to improve the fit of the model to both the island topog-
raphy and the Pliocene reference surface (Fig. 5A). A broken
plate agrees with deep seismic reflection images east of Timor
{Richardson and Blundell, 1996] that show highly disrupted
upper continental crust under the center of the orogen. At
greater depths, lithospheric break-off has also been proposed
to explain a vertical zone of weakness inferred from earthquake
fault plane solutions in the Savu Sea [McCaffrey et al., 1985].
The end of the elastic plate does not correspond necessarily to
a physical boundary but is where the elastic lithosphere may
be effectively decoupled from deeper lithosphere and or where
it has begun to lose significant rigidity. The resultant flexural
geometry is loaded vertically by the forearc north of the Timor
Trough, the Pliocene-Recent sediments south of the Trough,
and infilling seawater. The net effect of hidden loads [Karner
and Watts, 1983] such as residual slab pull forces is approxi-
mated by additional vertical end forces.

Figure 5A displays the lateral range of EET values (~25 km
to 80 + 20 km over 300 km) estimated by modeling the base
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Figure 5 A. Base Pliocene foreland surface (thick line)
along Line 8 (Fig. 2) compared to a range of flexural
geometries (gray region) predicted using laterally variable ef-
fective elastic thickness (EET). For the same load, dashed
lines show flexural shape using a constant EET. B. Estimates
for EET based on modeling base Pliocene surface (Fig. 5A)
compared to predicted changes in EET caused by inelastic
yielding and mechanical decoupling (thick black and dashed
lines). All-olivine lithosphere is ‘strong’. Decoupling is re-
quired for both ‘weak’ and ‘intermediate’ lithosphere to match
, low EET values. Peaks in predicted EET are caused by unbend-
ing lithosphere. C. Gravity data fit by preferred density model
D. Preferred density (g/cm3) model using a flexed Moho with
shape from average modeled estimate in Fig. 5B. Regions pre-
dicted to fail in extension (+) and in compression (-) are calcu-
lated using an ‘intermediate’ strength rheological model (Figs.
1A-B, 5B).
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Table 1. Model Parameter Values
Rheology Activation energy (J mol™) n A(Pa"sh)
Quartzite 1.9 x 10° 3 501x10M
Quartz-diorite 2.12x 10° 24 501x10%

52 x10° 3 7 x10™
5.35 x 10°, 6,=8.5x10° MPa, g,=5.7 x 10" 5!

Olivine-dunite
(0,-0, 2 200 MPa)

Young's modulus:  0.5-5.0x 10 N m?

Pliocene surface. Constant-EET models only match segments
of the base Pliocene surface. For example, in the Trough, an
EET = 25 km matches the curvature (~2-6 x107 m™) but a
larger EET = 60 km is needed over the shelf. We have consid-
ered the effect of in-plane extensional stresses which could de-
crease the forebulge amplitude, but our models suggest that the
necessary force (10" N m") is greater than expected from slab
pull [Jarrard, 1986] and would fracture the entire continental
shelf [Bowin et al., 1980], in contradiction of observations
from the seismic profile (Fig. 3). Resolution of EET estimates
decreases with decreasing curvature toward the shelf. Individ-
ual EET values can have uncertainties of at least 25% for rea-
sonable rheological parameter values during flexure modeling
[Burov and Diament, 1995]. All models shown here require a
vertical end force ~ 0.5 x10” N m™ to fit the observed flexural
profiles.

To examine whether expected changes in EET caused by ine-
lastic yielding and decoupling can explain interpreted EET lat-
eral gradients we employ two end-member and one intermedi-
ate-strength continental rheologies (Fig. 5B) (Table 1, e.g.,
[Burov and Diament, 1995]). Our preferred rheological model
which best predicts the EET gradient trend is of ‘intermediate’
strength (assumed strain rate=5x10"" s'). Conservatively, we
assume that the geothermal gradient is at least equal to that of
the thermally older Precambrian Central Australian Shield,
which has been theoretically estimated at ~13°C/km
[Lachenbruch and Sass, 1977]. We fix the pore-to-lithostatic
pressure ratio: A=0. Our ‘strong’ lithosphere uses an all-
olivine-dunite rheology for the crust and mantle, a low geo-
thermal gradient (10°C/km) and an assumed strain rate of 10"
s'. Our ‘weak’ case uses a quartzite crust, a high crustal geo-
thermal gradient (20°C/km), a high A (0.7) and a lower strain
rate (107 s™). In this case, high pore pressures facilitate brit-
tle failure [Brace and Kohlstedt, 1980]. Figure 5D shows that
decoupling is needed for the weak case, to match the estimated
EET gradient and values. The homogeneous ‘strong’ case does
not fail internally into necessary independent layers.

Although various models can be used to fit the gravity field,
a flexural shape for the seafloor and Moho most simply ex-
plains the observed free-air anomaly (Fig. 5C). In the model,
the underthrust plate dips north ~ 3° under the island load and
ends ~70 km north of the Timor Trough, just north of the is-
land center (Fig. 5D). Greater dips (>30°) are interpreted from
seismic images east of Timor [Richardson and Blundell, 1996]
but this geometry can not be reconciled with gravity field data.
Poorer fits to the data occur over the island load where the ge-
ametry of the structure is unconstrained seismically.

Discussion and Conclusions

In the Timor Sea, the shape of the base Pliocene surface may
be explained by a lateral reduction in the EET through inelastic
yielding and mechanical decoupling within the crust and be-
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tween the crust and mantle. In contrast, EET gradients across
foreland basins have generally been attributed to inherited
compositional and thermal differences [Wx, 1991] or inherited
long-term weakening of the lithosphere by previous rifting
episodes [Watts, 1992]. Horizontal gradients in EET across
the Australian continental lithosphere (0.12-0.25) are either
comparable to other foreland basins (Alberta foreland basin
(0.16-0.25) [Wu, 1991] ; Romanian Carpathians (~0.23)
[Stewart and Watts, 1997] ) or slightly greater (Brazilian An-
des (~0.10), [Stewart and Watts, 1997] ).

Our results rely on the accuracy of the known stratigraphic
history of the foreland reference surface. For example, erosion
can lower the forebulge amplitude (Fig. SB) and lead to over-
estimation of EET. Undocumented erosion in the Timor
Trough could also improve the fit to our flexure model. Al-
though we can not totally quantify erosion of the forebulge
area, the Miocene sediment units underlying the foreland sur-
face increase in apparent thickness toward the Trough (Fig. 3)
and thus do not support extensive erosion in the forebulge re-
gion. By contrast, in many ancient systems forebulge uplift
has usually been inferred indirectly from the presence and na-
ture of erosional surfaces, or interpreted changes in sedimenta-
tion rate, e.g., [Shanmugan and Lash, 1982]. Moreover in
these cases, the influence of ancestral topography on the posi-
tion and shape of the forebulge, is critical and remains unclear.

Our results may have implications in oceanic zones of con-
vergence where the commonly assumed rheology is homoge-
neous, olivine-rich and strong so that the degree of inelastic
yielding should be smaller [Brace and Kohlistedt, 1980]. How-
ever, plate curvatures can be large (e.g. > 5 x 107 m" [Judge
and McNuzt, 1991]) and inelastic yielding can also suppress
forebulge height by a factor of 2 or 3 [McAdoo et al., 1978].
Kao and Chen [1996] correlate large (M,, or M, = 7.6) normal
fault earthquakes fracturing the entire brittle lithosphere to
partially collapsed forebulges.
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