Evaluating slab-plate coupling in the Indo-Australian plate
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ABSTRACT

Distributed seismicity in the central Indian Ocean affords a unique opportunity to eval-
uate the extent of slab-plate coupling in the Indo-Australian plate. The mix of reverse-
fault and strike-dlip mechanisms in this region, with northwest-southeast to north-south
maximum horizontal stress, Symax implies that the effective dab pull is no more than
~10% of the total negative buoyancy operating on the subducting slab. Numerical models
of the intraplate stress field predict a slab-pull component along the Sumatra and Java
boundary segments of 2.82 + 0.82 and 0.89 = 0.35 x 102 N-m-1, respectively. Mantle
tomographic constraints coupled with insights from analogue modeling suggest that the
differences relate to variations in the depth extent of the slabs and the degree of dab
support provided by the transition zone. These results help resolve apparent contradic-
tions between insights from intraplate stress fields and plate dynamics; i.e., although plate
motion is dominated by subduction, slab pull is only poorly expressed in the intraplate

stress field because of low slab-plate coupling.
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INTRODUCTION

Subduction plays a key role in plate tecton-
ics, localizing the return flow of old oceanic
lithosphere to Earth’s convective interior and
thereby controlling the velocity field of most
of Earth’'s major plates (Lithgow-Bertelloni
and Richards, 1998). The negative buoyancy
within old subducting slabs provides the prin-
cipal source of energy driving plate motion.
Compared to other shallow density anomalies,
such as those produced by cooling of the
ocean lithosphere (~2-3 X 1022 N-m-1), the
negative buoyancy of subducting slabs (typi-
cally afew times 1013 N-m-1) is the dominant
shallow source of stress (e.g., Turcotte and
Schubert, 1982).

Since the classic study of Forsyth and Uye-
da (1975), the correlation between plate mo-
tion and net driving torques applied to plates
has been debated (Coblentz et al., 1994;
Lithgow-Bertelloni and Richards, 1998); there
is uncertainty about how the forces that drive
plate motion and those that maintain plate-
scale torque balance act together to produce
the various manifestations of the plate dynam-
ics such as the intraplate stress field (eg.,
Coblentz et a., 1994; Lithgow-Bertelloni and
Guynn, 2004). Of persistent concern has been
the degree of coupling between subducting
slabs and their trailing plates. For example,
Richardson (1992) and Coblentz et al. (1994)
argued that the intraplate stress field is largely
explicable in terms of a balance between lith-
ospheric potential-energy distribution (includ-
ing the so-called ridge-push force) and plate-
boundary resistance, implying that arelatively
low degree of dlab-plate coupling in plates is
the norm. This is supported by recent ana-

logue modeling studies (Schellart, 20044,
2004b) scaled to simulate oceanic lithosphere
subduction. These models show that as much
as ~10% of the negative buoyancy force of
the dab is transmitted to the trailing plate,
with the mgjority of the energy release from
subduction dissipated by exciting mantle flow
(~70%) and bending the plate at the trench
(~15%-30%). In contrast, Lithgow-Bertelloni
and Guynn (2004) found a relatively weak
correlation between lithospheric sources of
stress and observed stress indicators, but a
better correlation when lithospheric sources
are augmented with tractions imparted by a
mantle flow consistent with the Cenozoic his-
tory of subduction. By comparing predicted
and observed plate motions, Conrad et al.
(2004) argued that the degree of slab-plate
coupling varies from almost completely cou-
pled slab-plate systems to systems with vir-
tually no coupling. Conrad et a.'s (2004)
highly coupled systems include the Java
Sumatra slabs on the Indo-Australian plate. In
strongly coupled systems, the slab-pull force
should be strongly expressed in the trailing
plate, whereas in weakly coupled systems, the
density defect of the subducting slab is dissi-
pated through exciting flow in the adjacent
mantle that drives plate motion through basal
tractions.

The extent of slab-plate coupling has
proved difficult to establish, in part because
the general paucity of intraplate oceanic earth-
quakes means that the intraplate stress field is
poorly resolved in plates with significant
length of subducting slab. The Indo-Australian
plate provides an exception to this rule. The
earthquakes in the central Indian Ocean (e.g.,
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Bull and Scrutton, 1990; Fig. 1) provide un-
equivocal constraints on the nature of the in
situ stress regime in the oceanic realm of the
Indo-Australian plate. The deformation of the
central Indian Ocean testifies to the unusually
high stress levels associated with the progres-
sive fragmentation of the plate (e.g., Gordon,
2000) in response to forces arising mainly
along the plate boundaries, including the sub-
duction zones along its northern boundary
with Southeast Asia. In this paper numerical
methods are used together with inferences on
the in situ intraplate stress field in the central
Indian Ocean to constrain the magnitude of
stress transmitted from the Java and Sumatra
dabs. Insightsinto the inferred variation in the
degree of dab-plate coupling between these
slabs are provided by independent mantle to-
mographic and analogue modeling studies.

DEFORMATION AND GEODYNAMIC
SETTING OF THE CENTRAL INDIAN
OCEAN

The distributed seismicity in the central In-
dian Ocean (Fig. 1A) is unique, inasmuch as
this is the only part of the old ocean litho-
sphere accumulating strain at an appreciable
rate, and suggests that the Indo-Australian
plate is in the process of fragmenting into sep-
arate Indian, Australian, and Capricorn plates
(e.g., Gordon, 2000). The Indian Ocean earth-
quakes yield both reverse-fault and strike-slip
focal mechanisms (Fig. 1B) with a well-
defined maximum horizontal stress, Symax
trending northwest-southeast to north-south,
approximately orthogonal to the plate motion
vector and parallel to the oceanic trenches
(e.g., Sumatra) and associated subduction
complexes that separate the northeastern In-
dian Ocean from the Indonesian archipelago.
The active seismicity can be related to ongo-
ing deformation of the ocean lithosphere most
evident in the characteristic long-wavelength
gravity anomalies of thisregion (e.g., Bull and
Scrutton, 1990). These gravity anomalies re-
flect lithospheric-scale buckling with charac-
teristic wavelengths of several hundred kilo-
meters and amplitudes of several kilometers
(Bull and Scrutton, 1990; Martinod and Mol-
nar, 1995; Gerbault, 2000; Krishna et 4.,
2001). Severa genera insights relevant to our
discussion of the nature of the intraplate stress
field are provided by the earthquake mecha-
nisms and associated lithospheric deformation
of the central Indian Ocean.
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Figure 1. Distribution of
(A) seismicity (CMT—
Centroid Moment Ten-
sor), (B) inferred intra-
plate stress (WSM—
World Stress Map), and
(C) best-fit predicted
stress field for central In-
dian Ocean. Focal mech-
anisms are from CMT da-
tabase. Intraplate stress
indicators are from World
Stress Map database (Re-
inecker et al., 2003) and
include quality A and B
earthquake indicators
only. Symbols in B:
black—reverse-fault
stress regime indicators;
gray—strike-slip stress

regime indicators; and white—normal stress regime indicators.

Stress Magnitudes

The seismicity testifies to unusually high
stress magnitudes, constraints on which can be
gleaned from analysis of the associated buck-
ling phenomenon (e.g., Martinod and Molnar,
1995). While thin elastic plate theory suggests
stress levels on the order of 1 GPa, Martinod
and Molnar (1995) showed that with a yield
criterion appropriate to lithospheric plasticity,
buckling instabilities in the central Indian
Ocean may require horizontal compressional
stresses (Symax) @ low as ~44 + 12 MPa
(averaged over a 100-km-thick zone), com-
parable with those predicted by plate-scae
stress models (see following).

Qualitative Expression of Slab Pull

The seismically active region provides a
qualitative constraint into coupling between
subducted lithosphere and the trailing plate.
The expected expression of slab pull is
northeast-directed tension. The occurrence of
both strike-slip and reverse-fault mechanisms
indicates that the stress regime is on the cusp
of reverse- and strike-slip regimes with mini-
mum horizontal stress approximately equal to
vertical stress (Symin = S,)- Assuch, implying
that the effective slab pull in this part of the
Indo-Australian plate is comparable to other
sources of stress acting on the intraplate stress
field.

Temporal Evolution of the Stress Field
The central Indian Ocean deformation ap-
parently began in the late Miocene ca. 8-10
Ma, on the basis of stratal onlap sequences
imaged with seismic reflection profiling (e.g.,
Krishna et a., 2001). As such, it is just one
of a number of indications of an apparent in-
crease in Indo-Australian plate stress levelsin
the late Neogene (see also Sandiford, 2003),
reflecting the general increase in plate-
boundary resistance provided by the devel-
oping collisions between the Indo-Australian
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plate and the Eurasian and Pacific plates (e.g.,
Molnar et al., 1993; Sandiford et al., 1995,
2004).

Plate-scale modeling studies have shown
that the dominant northwest-southeast to
north-south S4 Orientation observed in the
central Indian Ocean reflects a balance be-
tween the plate-driving forces (subduction,
asymmetric distribution of gravitational poten-
tial energy associated with aging ocean litho-
sphere, tractions at the base of the plate) and
resistance provided primarily by the Himala-
yan and Papua—New Guinea orogenic systems
(e.g., Cloetingh and Wortel, 1986; Coblentz et
al.,, 1995, 1998; Reynolds et al., 2002;
Lithgow-Bertelloni and Guynn, 2004). In the
most recent incarnation of this modeling,
Reynolds et al. (2002) used a set of boundary
forces that best fit the Sy Orientation data
across the whole plate. The Reynolds et al.
(2002) solution yields a local maximum in
Simax N the central Indian Ocean where the
predicted stress levels (>30 MPa averaged
over a 100-km-thick lithosphere) are compa-
rable to Martinod and Molnar's (1995) esti-
mate for initiation of buckling instability.

NUMERICAL MODELING

To evaluate the sensitivity of the predicted
intraplate stress field in the Indo-Australian
plate to the magnitude of the boundary forces
acting along the Java Trench, we have used
the basis-function approach (Reynolds et al.,
2002) to compute variation in the goodness of
fit between the calculated and observed stress-
es. This approach works by exploiting the lin-
earity of the purely elastic model used in the
analysis. For each force acting on the plate the
balancing basal drag is computed and a
“basis-response”’  stress field is computed.
These results form a basis function for com-
puting the predicted stress field. The most im-
portant feature of this approach is that for any
combination of forces acting on the plate the

predicted stress field is simply a linear com-
bination of basis function stress fields, provid-
ing a way to explore the character of the so-
lution space in the vicinity of a best-fitting
model in a forward sense. Our modeling ap-
proach is subject to two important qualifica-
tions. First, tractions along the base of the
plate are treated implicitly. The basal tractions
are determined by balancing the plate-scale
torque subject to al other imposed plate
boundary loads. While the basal tractions are
therefore an important component of our best-
fit model, one limitation is that we consider
only the plate averaged basal traction, and do
not allow spatial variations as might apply to
complex flow patterns in the mantle. Second,
our treatment of the lithosphere as an elastic
plate is a simplification, since our information
about the stress state in the central Indian
Ocean derives from active deformation. The
resulting solutions we derive are therefore
only as robust as the elastic approximation.
Such an approximation is most likely to be
valid if the deforming region shows strong
stress coupling; anotion supported by the con-
tinuity in the Synax azimuths deduced from
focal mechanism solutions across the zone of
deformation in the central Indian Ocean (Fig.
1B).

Starting with the best-fitting model of
Reynolds et a. (2002), the magnitude of the
boundary forces acting along the Java Trench
was varied from —9 X 102 N-m-1 (here a
negative force is directed outward from the
center of the plate, i.e, a “pull’”) to +9 X
102 N-m~1 (push on the plate), with a reso-
lution of 0.1 X 102 N-m-1. Here we have
used a misfit measure that is the average dif-
ference for two quantities (the stress regime
and Sy Orientation) between the observed
and predicted stress field in the central Indian
Ocean where the former is determined by 52
intraplate stress indicators from the World
Stress Map Database (Reinecker et al., 2003)
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Figure 2. Estimates of goodness-of-fit of computed stress (S) field with observed stress
field, for stress indicators in central Indian Ocean where stress state is on cusp between
strike-slip and reverse-fault mechanisms (i.e., S, = S,). Variables are forces applied along
Sumatra and Java segments of Java Trench (positive for push inward on plate, negative for
pull outward on plate). A: Goodness-of-fit criterion incorporating both orientation (angle) of
Sumax and stress-state regime data. Best-fit solution constrains effective pull from Sumatra
and Java slabs of 2.82 + 0.82 and 0.89 + 0.35 x 102 N-m~1, respectively. Contours show
average S,.., values for region of central Indian Ocean encompassing stress indicators
shown in Figure 1B (S,,,,—minimum horizontal stress, S,,,.~—maximum horizontal stress,
S,—Vertical stress). B: Goodness-of-fit criterion for orientation (angle) data only. C: Good-
ness-of-fit criterion for regime data only. Scale bar shows computed goodness-of-fit

measure.

bounded by the geographic coordinates (75°E,
10°N), (112°E, 10°N), (112°E, 25°S), and
(75°E, 25°S) and the latter are the stresses
computed using a two-dimensional elastic
finite-element analysis of the intraplate stress
field (see discussion in Reynolds et a., 2002).

Figure 2A shows the goodness-of-fit as a
function of the boundary forces acting along
the Java Trench, using a measure that com-
bines both orientation and regime data. Figure
2 shows a high degree of coherence between
the best-fit using the combined measure and
measures of best-fit using only orientation
data (Fig. 2B) and regime data (Fig. 2C). Our
best-fitting force magnitudes acting along the
Sumatra and Java boundary segments are
—2.82 = 0.82 and —0.89 + 0.35 X 1012
N-m-1, respectively, with the forces pulling on
the plate. Figure 1C shows the predicted stress
field for the region south of the Java Trench

Figure 3. Diagram illus-
trating magnitude of net
slab-pull force to buoy-
ancy force ratio (Fysp/Fg)
versus slab length for
five of Schellart’s (2004a)
analogue experiments
with different subduction
conditions. Curves illus-
trate that for wide range
of model conditions Fysp
reaches maximum value
equal to 8%-12% of Fg in
advanced stage of sub-
duction (equivalent to
slab length of ~500 km).

using (1) our best-fit forces for the Java
Trench and (2) the Reynolds et al. (2002) best-
fit boundary forces for all other boundary seg-
ments. Predicted Sy Magnitudes averaged
over a 100-km-thick lithosphere average ~40
MPa for the region of active Central Indian
Ocean deformation. The required balancing
basal traction exerts a torque of ~7.9 X 10%
N-m about a pole located at 15°S, 169°W, im-
plying that mantle flow acts as a mechanism
that at the plate scale resists Indo-Australian
plate motion.

VARIATION IN SLAB-PLATE
COUPLING

In this section we use insights from inde-
pendent analogue modeling studies to inter-
pret the variation in the slab-plate coupling in-
ferred for the Java and Sumatra slabs. Using
analogue models scaled to simulate oceanic

With further subduction Fygp/Fg ratio decreases due to interaction of slab tip with lower
boundary of model simulating upper-lower mantle transition zone. Boxes show estimated
upper mantle slab length of Java and Sumatra slabs as deduced from mantle tomography
(Replumaz et al., 2004), consistent with lower degree of slab-plate coupling that we infer for
Java slab on basis of our analysis of stress field data (Fig. 2A).
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lithosphere, Schellart (2004a, 2004b) derived
quantitative constraints on the relative mag-
nitude of the net slab-pull force (Fygp) and the
negative buoyancy force of the slab (Fg) dur-
ing progressive subduction. The results of five
experiments are reproduced in Figure 3 show-
ing the development of the Fygp/Fg ratio with
progressive subduction. In three experiments
(models 8, 9, and 10) the trailing edge of the
subducting plate is fixed while in the other
two (models 11 and 12) the trailing edge is
free, thereby simulating the full range of pos-
sihilities likely to be encountered in Earth.
Furthermore, some of the physical parameters
for the dlab differ for the individual experi-
ments, including slab width and slab thickness
(for details, see Schellart, 20044). |rrespective
of the different physical parameters and
boundary conditions, the experiments show a
progressive increase of Fygp/Fg to a maxi-
mum of 0.08-0.12 for a slab length equivalent
to ~500 km. Most of the energy released from
the subduction of the negatively buoyant slab
is utilized in stimulating mantle flow (~70%)
and bending the slab (~15%-30%). With fur-
ther subduction, Fyse/Fg decreases due to in-
teraction of the slab tip with the lower model
boundary (simulating the upper-lower mantle
transition zone).

The results summarized in Figure 3 can be
applied directly to the Indonesian subduction
system to quantify the net dlab-pull force
along the Sumatra and Java segments. The to-
tal negative buoyancy force per meter trench
length of the slab can be calculated by mul-
tiplying the density contrast between slab and
ambient mantle (Ap), the gravitational accel-
eration, the slab length (L) and the slab thick-
ness (T). The dab age at Sumatra is Late
Cretaceous—Eocene and at Java it is Creta-
ceous. For such slabs, Ap = 40-80 kg/m3
(Cloos, 1993) and T = 100 km. The dab
length is constrained by the mantle tomogra-
phy published in Replumaz et a. (2004),
whose data show that the Sumatra slab is 600—
700 km long (i.e., partly interacting with the
transition zone). Using the results in Figure 3,
with L = 600 km, then Fggp/Fg is about 0.10
(Fesp is effective slab-pull force), and Fygp
per meter trench length is ~2.4-4.7 x 1012
N-m-1, With L = 700 km, Fegp/Fg = 0.05,
and Fygp per meter trench length is ~1.4-2.7
X 102 N-m-1, The same tomographic data
show that the Java slab continues significantly
further into the transition zone to depths >700
km, where it shalows significantly. Such a
scenario suggests that the slab is being sup-
ported in large part by the lower mantle. With
reference to the results in Figure 3, taking L
= 750 km for the upper mantle slab length,
then we estimate Fygp/Fg = 0.02, and thus
Fnsp per meter trench length is ~0.6-1.2 X
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102 N-m-1. The Fygp values calculated here
for Sumatra and Java are very similar to the
numerical results for Sumatra (~2.8 x 1012
N-m-1) and Java (~0.9 X 102 N-m™1), and
suggest that the variation in slab-plate cou-
pling between the Sumatra and Java slabs in-
ferred from analysis of the intraplate stress
field relates to the degree of interaction with
the transition zone.

DISCUSSION

The occurrence of widespread distributed
seismicity in the Central Indian Ocean affords
a unique opportunity to evaluate the influence
of subducting slabs on the intraplate stress
field. The occurrence of reverse-fault mecha-
nisms, along with strike-slip mechanisms, in-
dicates that the tension exerted by the dabs
along the northern margin of the Indo-
Australian plate is on the same order as other
sources of stress related to internal variations
of density within the plate and continental col-
lisions. As such the effective slab pull trans-
mitted to the trailing plate is required to be
about one order of magnitude lower than the
total negative buoyancy of the slab, implying
a rather weak dlab-plate coupling in the sense
of Conrad et a. (2004). Both the numerical
analysis of the intraplate stress field described
here and the results of independent analogue
models (Schellart, 2004a) provide a consistent
insight supporting the notion that no more
than ~10% of the negative buoyancy force of
the slab is transmitted to the trailing part of
the plate during subduction of the Indian
Ocean lithosphere beneath Indonesia. The an-
alogue models provide the possibility of fur-
ther insight into the energy balance in the sub-
duction process, with the observed variation
in the degree of dab-plate coupling between
the Sumatra and Java dlabs reflecting the
greater interaction of the Java dlab with the
mantle transition zone, as implied by available
tomographic data (e.g., Replumaz et a.,
2004). Our analysis provides an additiona in-
sight into the magnitude of stresses responsi-
ble for the active deformation in the central
Indian Ocean (e.g., Martinod and Molnar,
1995; Gerbault, 2000). As the most active
zone of diffuse deformation in the oceanic
realm, this region has long attracted attention;
the long-wavelength (~200 km) undulations
in topography and gravity are now generally
regarded as manifestations of lithospheric-
scale folding. The magnitudes of stress re-
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sponsible for this deformation have been con-
troversia (see Gerbault, 2000). Our best-fit
model solution shows Sy values of ~40
MPa averaged over a 100-km-thick litho-
sphere for the actively deforming region in the
central Indian Ocean (Fig. 1C). Given that the
thickness of the stress guide controlling such
buckling is ~20%—25% of the buckling wave-
length, then our predicted maximum stress
magnitudes associated with buckling equate to
~100 MPa

ACKNOWLEDGMENTS

We are grateful for the acute comments of Gene
Humphreys and an anonymous reviewer that helped
sharpen the focus of this manuscript.

REFERENCES CITED

Bull, JM., and Scrutton, R.A., 1990, Fault reacti-
vation in the central Indian Ocean and the rhe-
ology of oceanic lithosphere: Nature, v. 344,
p. 855-858.

Cloetingh, SA.PL., and Wortel, M.JR., 1986,
Stress in the Indo-Australian plate: Tectono-
physics, v. 132, p. 49-67.

Cloos, M., 1993, Lithospheric buoyancy and colli-
sional orogenesis: Subduction of oceanic pla-
teaus, continental margins, island arcs, spread-
ing ridges and seamounts: Geological Society
of America Bulletin, v. 105, p. 715-737.

Coblentz, D., Richardson, R.M., and Sandiford, M.,
1994, On the gravitationa potential of the
Earth’s lithosphere:  Tectonics, v. 13,
p. 929-945.

Coblentz, D., Sandiford, M., Richardson, R., Zhou,
S., and Hillis, R., 1995, The origins of the
Australian stress field: Earth and Planetary
Science Letters, v. 133, p. 299-309.

Coblentz, D., Zhou, S., Hillis, R., Richardson, R.,
and Sandiford, M., 1998, Topography, plate-
boundary forces and the Indo-Australian intra-
plate stress field: Journal of Geophysical Re-
search, v. 103, p. 919-931.

Conrad, C.P, Bilek, S, and Lithgow-Bertelloni, C.,
2004, Great earthquakes and slab-pull: Inter-
action between seismic coupling and plate-
slab coupling: Earth and Planetary Science
Letters, v. 218, p. 109-122.

Forsyth, D., and Uyeda, S., 1975, On the relative
importance of the driving forces of plate mo-
tion: Royal Astronomical Society Geophysical
Journal, v. 43, p. 163-200.

Gerbault, M., 2000, At what stress level is the cen-
tral Indian Ocean buckling?: Earth and Plan-
etary Science Letters, v. 178, p. 165-181.

Gordon, R.G., 2000, Diffuse oceanic plate bound-
aries. Strain rates, vertically averaged rheolo-
gy, and comparisons with narrow plate bound-
aries and stable interiors, in Richards, M.A.,
et d., eds,, The history and dynamics of global
plate motions: American Geophysical Union
Geophysical Monograph 121, p. 143-159.

Krishna, K.S,, Bull, JM., and Scrutton, R.A., 2001,
Evidence for multiphase folding of the central

Indian Ocean lithosphere: Geology, V. 29,
p. 715-718.

Lithgow-Bertelloni, C., and Guynn, J.H., 2004, Or-
igin of the lithospheric stress field: Journal of
Geophysical Research, v. 109, B01408, doi:
10.1029/2003JB002467.

Lithgow-Bertelloni, C., and Richards, M.A., 1998,
The dynamics of Cenozoic and Mesozoic plate
motions: Reviews of Geophysics, v. 36,
p. 27-78.

Martinod, J., and Molnar, P, 1995, Lithospheric
buckling in the Indian Ocean and the rheology
of the oceanic plate: Bulletin de la Société
Geéologique de France, v. 166, p. 813-821.

Molnar, P, England, P, and Martinod, J., 1993,
Mantle dynamics, the uplift of the Tibetan pla-
teau, and the Indian monsoon: Reviews of
Geophysics, v. 31, p. 357-396.

Reinecker, J., Heidbach, O., and Mueller, B., 2003,
The 2003 release of the World Stress Map:
http://www.world-stress-map.org (last ac-
cessed June 2004).

Replumaz, A., Karason, H., van der Hilst, R.D.,
Besse, J., and Tapponnier, P, 2004, 4-D evo-
lution of SE Asia's mantle from geological re-
constructions and seismic tomography: Earth
and Planetary Science Letters, v. 221,
p. 103-115.

Reynolds, S.D., Coblentz, D., and Hillis, R., 2002,
Tectonic forces controlling the regiona intra-
plate stress field in continental Australia: Re-
sults from new finite-element modelling: Jour-
nal of Geophysical Research, v. 107, no. B7,
doi: 10.1029/2001JB000408.

Richardson, R.M., 1992, Ridge forces, absolute
plate motions and the intraplate stress field:
Journal of Geophysical Research, v. 97,
p. 11,739-11,748.

Sendiford, M., 2003, Neotectonics of southesstern
Augtrdia Linking the Quaternary faulting record
with seismicity and in Stu gtress, in Hillis RR.,
and Muller, D., eds,, Evolution and dynamics of
the Audrdian plate: Geologica Society of Aus-
tralia Specia Publication 22, p. 101-113.

Sandiford, M., Coblentz, D., and Richardson, R.M.,
1995, Focusing ridge-torques during continen-
tal collision in the Indo-Australian plate: Ge-
ology, v. 23, p. 653-656.

Sandiford, M., Wallace, M.W,, and Coblentz, D.,
2004, Origin of thein situ stressfield in south-
eastern Australia: Basin Research, v. 16,
p. 325-338.

Schellart, W.R, 20044, Quantifying the net slab pull
force as a driving mechanism for plate tecton-
ics: Geophysical Research Letters, v. 31,
L07611, doi: 10.1029/2004GL019528.

Schellart, W.R, 2004b, Kinematics of subduction and
subduction-induced flow in the upper mantle:
Journal of Geophysical Research, v. 109,
B07401, doi: 10.1029/2004J8002970.

Turcotte, D.L., and Schubert, G., 1982, Geodynam-
ics: Applications of continuum physics to geo-
logical problems: New York, John Wiley and
Sons, 450 p.

Manuscript received 8 June 2004
Revised manuscript received 6 October 2004
Manuscript accepted 7 October 2004

Printed in USA

GEOLOGY, February 2005



