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Strain partitioning during oblique plate convergence
in northern Sumatra: Geodetic and seismologic

constraints and numerical modeling
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Abstract. Global Positioning System (GPS) measurements along the subduction zone of northern
Sumatra (2°S to 3°N) reveal that the strain associated with the oblique convergence of the Austra-
lian plate with Eurasia is almost fully partitioned between trench-normal contraction within the
forearc and trench-parallel shear strain within a few tens of kilometers of the Sumatran fault.
Kinematic analyses of interplate earthquake slip vectors provide slip rates on the Sumatran fault
within a few millimeters per year of GPS and geologic rates, giving us more confidence in the use
of slip vectors for inferring slip partitioning elsewhere. The inferred slip rate on the Sumatran fault
is ~1/3 less than the full margin parallel component of plate motion. An across-forearc rotation in
the slip vectors suggests that the missing arc-parallel shear occurs seaward of the geodetic net-
work, between the forearc islands and the trench. Simple finite element models are used to explore
the conditions under which the change in the principal strain rate directions between the forearc
and the arc region can occur. Modeling suggests that neither a preexisting strike-slip fault nor a
zone of thermally induced lithospheric weakness in the overriding plate is needed for strain parti-
tioning to occur. In general, forearc slivers form over the region of interplate coupling and are
driven along strike by the basal shear. A volcanic arc can help the partitioning process by localiz-
ing the margin-parallel shear strain in the upper plate if its crust and mantle are weaker than its
surroundings. Interplate slip vectors and geodetic results from Sumatra together suggest that the
highest coupling on the plate boundary occurs beneath and seaward of the forearc islands, consis-
tent with inferences about the rupture zones of great nineteenth century earthquakes there. The
Sumatra example suggests that geodetic measurements of interseismic, margin-parallel shear
strain at oblique convergent margins can be used to map the landward extent of the relatively high
basal stress beneath the overriding plate if one can correct for strain localization caused by weak

upper plate strike-slip faults.

1. Introduction

Owing largely to the early work of Fitch [1972], the accom-
modation of the oblique convergence between the Australian and
Eurasian plates at Sumatra has long been cited as the type exam-
ple of slip partitioning along a subduction zone. During slip par-
titioning, the oblique convergence between two plates occurs on
two separate, usually parallel, faults. Some or all of the margin-

parallel component of relative motion occurs on a strike-slip -

fault, while all of the convergence and the remaining shear occur
on a dipping thrust fault. Since that first description of slip parti-
tioning, it has been observed at numerous subduction zones and
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convergent margins [e.g., Jarrard. 1986; McCaffrey, 1994]. The
mechanics of the slip partitioning at subduction zones are fairly
well understood for very simple Earth models [Beck, 1983; Avé
Lallemant and Guth, 1990; McCaffrey, 1992; Platt, 1993] that
were adequate in the past given the type of data that were avail-
able to study the process. Specifically, information such as fault
slip rates and the deflection of subduction thrust earthquake slip
vectors reveal the large scale block motions but they are not par-
ticularly sensitive to short-term strains and their spatial variations
that occur during oblique convergence. Because oblique conver-
gence includes a component of interplate force that is parallel to
the trend of the margin, it provides a means to study subduction
dynamics that has not been exploited in two-dimensional models.
Moreover, modern geodetic techniques can reveal spatial strain
variations that should accompany oblique subduction [Walcott,
1978; Savage and Lisowski, 1988].

Inferences of slip partitioning were made initially from the
rotation of subduction zone thrust earthquake slip vectors away
from the plate convergence vector and toward the trench-normal
direction [Fitch, 1972, Jarrard, 1986]. Such slip vector rotation
is best explained by arc-parallel translation of the forearc in re-
sponse to the arc-parallel stresses of oblique subduction. At some
subduction zones, along-strike forearc stretching is also required
to explain the changes in slip vector orientations [Ekstrém and
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Engdahl, 1989; McCaffrey, 1991, 1992]. At several of these
forearcs, stretching has been confirmed by geologic and geodetic
observations (see McCaffrey [1996a] for a summary). Despite the
general practice of using interplate slip vectors to infer forearc
kinematics and slip partitioning, the relationship between the slip
vectors and partitioning has not been directly demonstrated,
leading to some suggestions that the slip vector deflections arise
from other causes, for example, from deformation of the sub-
ducting plate [Liu et al., 1995; Lallemand and Chemenda, 1999].
Here we show that the kinematic inferences derived from slip
vectors in northern Sumatra are entirely consistent with the upper
plate velocity and strain fields measured directly with geodetic
methods.

Strain partitioning at oblique subduction zones might also be
used to reveal some details of the stresses acting on the dipping
plate boundary. For example, Savage [1983] suggested that in
oblique subduction zones the downdip end of the plate coupling
zone should give rise to elastic shear strain in the overriding plate
very similar to the effects of a buried, trench-parallel strike-slip
fault. The Savage dislocation model and geodetic observations of
margin-parallel shear strain were subsequently used to infer the
landward extent of plate coupling in southern Alaska [Savage
and Lisowski, 1988; Sauber et al., 1997]. However, an opposing
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Figure 1. GPS-derived velocity vectors with 95% confidence el-
lipses relative to eastern Sumatra (SE Asia). Scale shown at
lower left. Arrows at trench are plate convergence vectors, the
more northerly of each pair (labeled L) are from the Australia-
Eurasia pole of Larson et al. [1997] and those labeled N are from
the NUVEL-1A Australia-Eurasia pole of DeMets et al. [1994].
NE trending dashed lines show boundaries of the subduction
zone segments labeled A, B, and C discussed in the text. Trian-
gles show locations of active volcanoes. Bathymetric interval is
1000 m. Dashed line labeled MF is the trace of the inferred
Mentawi fault [Diament et al., 1992]. Box in inset shows study
region. PSP, Philippine Sea plate.
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viewpoint holds that the location of the upper plate shear strain is
controlled by a zone of shear weakness in the overriding plate, a
volcanic arc, for example [Beck, 1983}, and provides little infor-
mation about interplate stress. Still a third possibility, a combina-
tion of the two previous cases, is that the stress distribution on the
plate boundary thrust fault leads to strain localization and forma-
tion of an upper plate strike-slip fault. If stress on the thrust fault
changes subsequently, the upper plate fault may continue to lo-
calize the shear strain and the information about stress is lost. The
distinction between the two types of upper plate strain can be
made on the basis of whether the strain is elastic and recovered
during plate boundary earthquakes or permanent and evident in
upper plate faults. Geodetic measurements by themselves made
over decade timescales often cannot distinguish elastic from per-
manent strains, and other indicators must also be used.

Global Positioning System (GPS) campaigns were initiated in
the northern Sumatra region in 1989 and were conducted annu-
ally until 1995 to explore the mechanics of strain partitioning at
an oblique subduction zone [Bock et al., 1990; McCaffrey et al.,
1990]. In this paper, we utilize strain rates estimated from the
GPS measurements along with finite element modeling to explore
the factors that control strain partitioning and also to elucidate
what details of the subduction process we can learn from such
geodetic measurements in obliquely convergent margins. Details
of the field work and data analysis in Sumatra are given by Gen-
rich et al. [this issue] who also model variations in slip rates on
the Sumatran fault in northern Sumatra and by Prawirodirdjo et
al. [this issue] who examine crustal deformation in Sumatra over
the last 100 years from a combination of historical triangulation
and GPS measurements.

2. Strain Rate Tensors at Sumatra
from GPS Measurements

GPS vectors in Figure 1 are shown in the Eurasian reference
frame in which the back arc region is essentially fixed. However,
the reference frame is not important here because we are inter-
ested primarily in the strain rates that derive from the gradients in
the velocities. The area spanned by the GPS network is divided
into seven regions of roughly 150 km by 200 km each (Figure 2).
A deformation rate gradient tensor, rotation rate, and strain rate
tensor are calculated for each region (Table 1). The regions are
overlapped to improve estimates of strain rates at the expense of
resolution of their spatial variations. The SW coast of Sumatra
was taken as a boundary between regions because it coincides
with the landward extent of seismic activity on the thrust fault, as
shown by the distribution of interplate earthquake slip vectors
(Figure 2).

To estimate two-dimensional (surface) infinitesimal strain rate
tensors from the horizontal components (x=east, y=north) of the
estimated GPS-derived velocities, the velocity field V(x,y) is de-
composed as follows:

V(xy)=LX+ T+ EX) (€))
where L is the deformation rate gradient tensor.

L= |ov,/ox oV, /0y |
lov, 1ox oV, /ay |. 2)

X is a position vector, T is a position independent translation
vector (T, Ty), and E(X) is an error vector. Written out in its
components the velocity field is
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Table 1. Strain Rates and Deformation Gradients
Region 2, Azimuth £ Rotation N XZ L Ly Ly L,
of £, deg Rate

1 -0.16 £ 0.09 58 11 0.00+0.06 0.02+0.07 8 2.8 -0.11£0.09 -0.06 £0.07 -0.09£0.03 -0.04 £0.02
2 -0.06 £ 0.09 55 £11 0.06 £0.07 0.02+0.09 7 04 -0.02 £0.06 -0.04 £ 0.08 -0.08 £0.02 0.02+£0.02
3 -0.14+£0.14 48 11 0.08+0.08 0.02+0.10 8 0.9 -0.04+0.12 -0.09 £0.09 -0.13+£0.04 -0.02 £0.03
4 -0.10£0.04 25 +11 0.09+£0.07 0.10£0.06 16 2.1 0.06 £0.07 0.02 £ 0.06 -0.17 £0.02 -0.07 £0.02
5 -0.09 £0.03 13£10 0.09+0.06 0.08+£0.05 11 3.1 © 0.08%0.06 0.04 £0.05 -0.12+0.02 -0.08 £0.01
6 -0.15+0.09 12+12 0.17£0.17 025+0.14 9 2.6 0.15+0.17 0.19+0.14 -0.32+£0.05 -0.14 £0.04
7 -0.01 £0.03 168 £ 13 0.02+0.08 0.02+0.05 8 1.1 0.02 £0.06 0.03 +£0.04 -0.016£0.02 -0.01 £0.01

The x axis in the deformation rate gradient tensor is east; the y axis is north. The 1 axis used in the principal strain rate tensor is in the direction of the
maximum contraction. N is the number of GPS vectors in the region. y” is the sum of the residuals divided by their individual standard deviations squared, then
divided by the degrees of freedom, which is 2N-6. Normal strain rates are in microstrain per year. Rotation and shear rates are in microradians per year.

V, (X) = (0V, /0x) x + (0V, /0y) y + Tx + Ex(X)

V, (X)= (8Vy 10x) x + @V, 1dy) y+ Ty +E,(X)  (3)

Using the observed values of V, and V, from the GPS obser-
vations, the components of L and T are estimated by weighted
least squares (i.e., E(E,(/fc,()2 and EI(Ey/ft's,,)2 are minimized),
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Figure 2. Fault plane solutions, slip vectors, and principal strain
rates from GPS. Heavy solid lines show contraction and shaded
lines show extensional principal strain rates derived from all GPS
sites (large dots) within the boxes shown (strain rate scale at
lower left). Small arrows emanating from the fault plane solu-
tions show slip vectors of earthquakes due to the oceanic plate
thrusting beneath the forearc. All earthquakes shown are shal-
lower than 70 km depth; sources of quakes are given in text.
Sizes of focal spheres are scaled to log of seismic moment, which
range from 16.8 to 19.8. Arrows at trench show convergence
vectors as in Figure 1, with scale at left. Triangles show locations
of active volcanoes. Bathymetric interval is 1000 m. Dashed line
is the trace of the inferred Mentawi fault [Diament et al., 1992].

where 6, and o, are the standard errors of the east and north ve-
locity estimates, respectively. The estimated covariances between
the horizontal velocity components are negligible (<0.1) and are
ignored. The GPS-derived standard errors in velocities are multi-
plied by a factor f, here 3.0, to bring them in line with empirical
uncertainty estimates from repeatabilities [e.g., Feigl et al.,
1993]. This factor produces an overall x> misfit roughly equal to
the number of degrees of freedom for forearc sites (regions 1-3,
Table 1) where the strain is approximately uniform as assumed
by (1) but, as expected, results in a larger xz for land sites (re-
gions 4-6) where the strain is not uniform.
The strain rate tensor € is

&= |V /ox v (8V, 1By + BV, ox) |

[va 8V, 16x + 8V, 1dy) 8V, Jayl, )
and the rotation rate is é =4 (0V\/0y - 0V,/0x), where a positive
value is clockwise rotation about a vertical axis looking down
from above. The magnitudes and directions of principal strain
rate components are estimated from the strain rate tensor. Formal
uncertainties in the deformation rate gradients are used to esti-
mate uncertainties in the strain rate tensor and rotation rate by
propagation of errors. Uncertainties in the principal axes are es-
timated by Monte Carlo simulation.

Geodetic station positions (latitude and longitude) are con-
verted to two-dimensional Cartesian coordinates using a Univer-
sal Transverse Mercator projection. East and north velocity com-
ponents are used directly as V, and V, components, respectively.
We tested the impact of this planar transformation on the esti-
mated strain rates by calculating velocity vectors on a spherical
Earth at the GPS sites using both near and distant poles of rota-
tion that gave velocity magnitudes similar to the GPS rates shown
in Figure 1. Strains and rotations were then calculated for the re-
gions using these synthetic vectors. The correct rotation rates
were recovered, and the strain rates, that should be zero, were of
the order 0.001 pstrain/yr, i.e., considerably less than the uncer-
tainties in strain rates derived from the GPS data. Hence the con-
version to a planar system introduces no significant error in strain
rates.

An important observational result is the change in the orienta-
tions of the principal strains between the forearc and the main-
land (Figure 2 and Table 1). Within the forearc (regions 1-3),
seaward of Sumatra’s SW coastline, the contractional strain di-
rections estimated from GPS are within 10° of being perpen-
dicular to the trench, even though the convergence direction be-
tween the Australian plate and Sumatra (Eurasia) makes an angle
of ~ 40° with the trench normal. The lack of long-term permanent
vertical motions in the forearc suggests that this arc-
perpendicular contraction is largely elastic strain accumulation
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Figure 3a. Diagram illustrating the relationship between the in-
terplate earthquake slip vector, convergence vector V, and mar-
gin-parallel slip rate V. N is north, T is the azimuth of the normal
to the trench, @ is the plate convergence azimuth, B is the slip
vector azimuth, v is the plate convergence obliquity (the angle the
convergence direction makes with the trench normal), and v is
the slip vector obliquity (the angle the slip vector makes with the
trench normal). V,, and V), are the margin-parallel and margin-
perpendicular components of the plate vector, respectively.

due to a temporal stress increase on the subduction thrust fault
[Prawirodirdjo et al., 1997; Zachariasen et al., 1999].

The extensional strain rate in the forearc is directed parallel to
the trench and is generally smaller than the contraction rate
(though poorly determined). This extension is probably caused by
subduction beneath the convex-seaward bend in the trench [Avé
Lallemant and Guth 1990; McCaffrey and Nabelek, 1998]. The

Table 2. Slip Vector Data
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lack of extension in region 1 is consistent with uniform slip rates
along the Sumatran fault adjacent to this section of the forearc
[Genrich et al., this issue; Sieh and Natawidjaja, this issue].

On the mainland and near the Sumatran fault the principal
strain rate axes rotate by 30° to 40° anticlockwise relative to their
orientations in the forearc, and the contractional and extensional
strain rates become nearly equal in magnitude. The on-land prin-
cipal strains indicate localized right-lateral shear strain parallel to
the margin. The shear strain occurs only within ~25 km of the
Sumatran fault and this width is likely due to elastic strain accu-
mulation near the Sumatran fault [Prawirodirdjo et al., 1997,
Genrich et al., this issue]. In region 7, the back arc, the strain rate
is an order of magnitude smaller than elsewhere. These observa-
tions of spatial variations in strain will be used with numerical
models to understand the causes of strain partitioning. Next, we
compare the kinematics of the slip partitioning based on GPS and
slip vectors.

3. Slip Vectors, GPS, and
Slip Partitioning

Slip vectors of interplate thrust earthquakes can be used to es-
timate the rate of forearc translation and will be compared to di-
rect measurements from GPS. Consider the three-plate system
comprising the subducting plate, the forearc sliver, and the over-
riding plate landward of the volcanic arc (Figure 3a). Knowing
the rate and direction of the subducting plate’s motion relative to
the overriding plate and the direction of motion of the subducting
plate relative to the forearc from the interplate earthquake slip
vectors and assuming a direction of motion of the forearc relative
to the overriding plate, we can completely describe the relative
motions of the three plates. Solving the three-plate velocity trian-
gle (Figure 3a), the slip rate V; on a strike-slip fault that is paral-
lel to the trench is

V.=V {(siny -cos ytan y), ©)

where V is the convergence rate,  is the slip vector obliquity
(i.e., the difference between the slip vector azimuth and the di-
rection perpendicular to the trench), and v is the plate conver-

Segment Trench Rake Angle, Dip Angle, Number of Slip Vector Slip Vector Azimuth,
Normal, deg deg deg Slip Vectors Obliquity, deg deg
A 54+10 84126 145 20 1815 3612
B 67t6 86+ 37 16 £10 8 27 £19 40117
C 5315 72137 19+8 7 10£17 4318
Segment  Plate Azimuth, Plate Rate, Slip Vector Plate Vo, Vp, Vi, GPS
deg mm/yr Residual, Obliquity, mm/yr mm/yr mn/yr Rate,
deg deg mm/yr
NUVEL-1A Australia - Eurasia Pole
A 191 66t2 18+12 3512 555 3810 20%3 235
B 18%1 65+2 22+17 4919 4314 49*6 277 24%3
C 171 6412 26 +8 36+17 52+8 38+16 28%1 25+2
Larson et al. Australia-Eurasia Pole
A 13+2 56+3 24+12 41112 4213 3710 231 23%5
B 123 55+3 29+17 55+9 31%3 4517 29+3 2413
C 10+3 54+3 33 £8 43+ 17 39+7 3614  29+2 2512

V, is plate motion rate normal to the trench, V, is plate motion rate parallel to the trench, V, is rate of forearc motion parallel to
trench derived from slip vectors, GPS rate is the slip rate on the Sumatra fault derived from GPS measurements [Genrich et al., this

issue].
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gence obliquity (i.e., the difference between the plate conver-
gence azimuth and the direction perpendicular to the trench).
To estimate the rates of forearc translation and their uncer-

tainties using slip vectors, we calculate means and standard de-

viations of azimuths of interplate thrust slip vectors, plate con-
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vergence vectors, and trench orientations (given by the normal to
trench) within each of the arc segments A, B, and C shown in
Figure 1 (Table 2). Slip vectors are taken from published first-
motion and body waveform fault plane solutions for quakes prior
to 1976 (citations listed by McCaffrey [1991]) and from the Har-
vard centroid moment tensor solutions from January 1976
through December 1998 [Dziewonski et al., 1981; Ekstrom and
Nettles, 1997]. We use slip vectors from earthquakes that are due
to thrusting of the Australian plate beneath the forearc. The se-
lection of earthquakes is based on location and depth of the
quake, strike of the landward dipping plane, dip of the landward
dipping plane, and rake angle. Plate convergence vectors are es-
timated from poles of rotation between the subducting Australian
plate and the Sunda Shelf. For this we use two poles: (1) the
NUVEL-1A Australia-Eurasia pole [DeMets et al., 1994] as-
suming that the Sunda Shelf is part of Eurasia and (2) the Austra-
lia-Eurasia pole estimated from global GPS by Larson et al.
[1997]. The Java trench outline is derived from the deepest points
in the ETOPOS seafloor database and smoothing with a polyno-
mial [McCaffrey, 1994).

The average azimuths of earthquake slip vectors are rotated
clockwise by ~20° relative to the plate convergence direction in
all three regions (Figure 3b). However, it appears that, at least in
segment A, slip vectors closest to the trench are nearly perpen-
dicular to it and rotate across the forearc (Figures 2 and 3b). If the
slip vectors are normal to the trench (i.e., y ~ 0), V; approaches
the full rate of trench-parallel plate motion given by V sin 7.
Hence the across-forearc rotation of the slip vectors may indicate
some trench-parallel right-lateral shear between the trench and
the outer coast of the forearc islands that might not be apparent in
the GPS results (the across-forearc extent of the GPS network is
shown by the darker shaded bars in Figure 3b).

Using (5) and data compiled for the arc segments (Table 2),
calculated average arc-parallel slip rates range from 20 to 28
mnvyr using the NUVEL-1A pole and 23 to 29 mm/yr using the
Larson et al. [1997) GPS-based pole (Table 2). For comparison,
the Sumatra GPS measurements independently constrain slip
rates on the Sumatran fault [Genrich et al., this issue]. Two
forearc-to-fault transects contained in segment A give 23+5 and
2343 mm/yr, two in segment B give 2314 and 2442 mnvyr, and
two in segment C show 24+1 and 26+2 mm/yr (Table 2). Hence
estimates of Sumatran fault slip rates taken from deflections of
slip vectors (using either pole) are all within 5 mm/yr of the esti-
mates from GPS. The GPS and slip vector rates for the northern
region also agree with a slip rate of 28 mm/yr inferred from
stream channel offsets along the Sumatran fault near 2.2°N (in
segment C) [Sieh et al., 1994].

Figure 3b. Variations of slip vector azimuths across the forearc
for the three forearc segments, plotted relative to the plate con-
vergence azimuth. Dots show orientations of slip vectors. Lighter
shaded bars show the azimuth of the trench normal relative to the
plate convergence direction (the obliquity) and darker shaded
bars show the direction of contraction in the forearc from GPS
measurements. If no slip partitioning occurs, the slip vectors fall
along the “plate” line, whereas during full partitioning, vectors
fall along the “trench-normal” line. The decrease in the slip vec-
tor azimuths away from the trench, particularly for segment A,
suggests that partitioning decreases landward, indicating a land-
ward decrease in the margin-parallel velocity of the forearc.
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The trench-parallel component of relative plate motion SW of
Sumatra varies between 34 and 48 mm/yr depending on position
along the trench and the pole of rotation used (Table 2). Geo-
detic, seismological, and geological measurements agree that in
general ~60-70% of this motion is taken up by slip localized at
the Sumatran fault in segments A and B. In segment C, the Su-
matran fault takes up ~80% of it. The remaining 20-30% could be
accommodated by strike-slip faults east of the Sumatran fault, by
additional strike-slip faults in the forearc, or by oblique slip on
the thrust interface. East of the Sumatran fault we see little indi-
cation of a shear zone in the GPS results, and none has been re-
ported in the literature. Several GPS velocity profiles crossing the
Mentawai Islands in the forearc, the Sumatran fault, and the back
arc [Genrich et al., this issue] allow an increase in the margin-
parallel slip rate seaward of the Sumatran fault of at most 5
mm/yr, still short of the slip deficit in segments A and B. Beneath
the geodetic array in the forearc of segments A and B, earthquake
slip vectors show that there is sufficient oblique slip on the plate
boundary to accommodate the remaining 1/3 of the margin-
parallel motion. In segment C the slip vectors reveal much less
obliquity, but the Sumatran fault also takes up a larger percentage
of the margin-parallel slip. We conclude that the margin-parallel
slip component in the forearc islands section of the forearc is ac-
commodated fully by strike-slip on the Sumatran fault and by
oblique slip on the thrust plate boundary below the islands.

Slip vectors in segments A and B, though sparse, suggest that
convergence between the forearc and the subducting plate sea-
ward of the GPS array might be nearly normal to the trench.
Kinematically, this indicates that deformation in the leading edge
of the forearc above where these earthquakes are occurring takes
up all of the margin-parallel motion. Accordingly, slip vectors
suggest that there may be an additional margin-parallel shear
zone within the overriding plate between the SW coast of the
forearc islands and the trench. '

4. Finite Element Modeling of
Oblique Subduction

We are interested in exploring the causes of the partitioning of
slip and strain on separate, nearly parallel faults during oblique

Finite Element Mesh and Material Properties
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subduction. The GPS results from northern Sumatra indicate that
trench-normal contractions occur largely in the forearc, while the
trench-parallel shear strain is localized inboard of the forearc at
the Sumatran fault. The Sumatran fault at present generally,
though neither exclusively nor in detail, follows the line of active
volcanoes [Katili and Hehuwat, 1967; Page et al., 1979; Sieh and
Natawidjaja, this issue]. Despite the lack of surface correlation
between the fault and volcanic centers, it is possible that upper-
plate shear strain is localized by a hot, weak zone in the hanging
wall mantle. Following a global tendency, the Sumatran volcanic
arc overlies the 100-125 km contour of the subducted slab [Fauzi
et al., 1996], so its geographic position is clearly determined by
the slab and not by the presence of the Sumatran fault. However,
few subduction zones have clear, well-developed strike-slip faults
along volcanic arcs despite the ubiquity of volcanic arcs and con-
vergence obliquity. Therefore we seek to understand the evolu-
tion of strain partitioning in oblique convergent systems and
whether the arc-parallel strike-slip faults cause slip partitioning or
result from it.

An observation that we think might be diagnostic is that the
change in the pattern of strain in the forearc near the SW coast of
Sumatra coincides with the downdip (landward) extent of inter-
plate earthquakes (Figure 2). Accordingly, we will examine the
possibility that the distribution of stress on the dipping, thrust
plate boundary is a factor in controlling the pattern of strain par-
titioning in the overriding plate, as is inferred from dislocation
models [Savage, 1983]. However, in dislocation models, Earth
rheology is everywhere elastic and the resulting stresses are
questionable [Douglass and Buffett, 1995]. We use a finite ele-
ment model in which rheology can vary spatially and stress can
be controlled. Understanding the relationship between strain par-
titioning and interplate stress can be useful in places where the
downdip extent of possibly seismogenic interplate coupling can-
not be measured seismologically but could be revealed in geo-
detic data.

We approach the problem of strain partitioning during oblique
subduction by using a viscoelastic finite element model (FEM).
Our main motivation is to examine whether or not the observed
rotation of the principal strains in Sumatra can result from a sim-
ple model in which an oblique-slip thrust fault dips beneath the
overriding plate. We use a modification of the FEM program
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Figure 4. Cross section of 2-D mesh used in finite element modeling of oblique convergence in Sumatra. Models
A through D use a simple two-layer structure comprising “crust” and “mantle”. White region is crust of high effec-
tive viscosity (Tables 3 to 5). Dark region is the mantle and has moderately high effective viscosity in models A
and B and lower effective viscosity in models C and D. Vertical column of shaded elements at x=300-325 km are
assigned lower effective viscosities in models E and F to simulate a hot portion of the crust and mantle representing
the “volcanic arc.” The dipping boundary of the structure comprises 2-km thick elements that are assigned variable
viscosities and high power law exponents (n = 5) to simulate plastic behavior along a dipping thrust fault. The bot-
tom nodes of the dipping basal elements move with the convergence rate and include a component parallel to the
margin to simulate oblique convergence. Material properties are given in Tables 3 to 5.
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Table 3. Description of Finite Element Models Table 5. Parameters for Thrust Fault of
Model Mantle Coupling Weak Zone Finite Element Models
A strong deep no Depth, Distance, n Nerr T,
B strong shallow no km km Pas years
C weak deep no Deep Coupling on Thrust Fault
D weak shallow no 0-7.5 0-25 50  4.4621x 10" 35
E strong deep yes 75-13 25-50 50  2.6442x10% 209
F strong shallow yes 13-19.5 50-75 50  47926x 10" 38.0
Weak zone comprises “weak crust” and “weak mantle” as described in 19.5-26 75-100 5.0 6.9410 x 10" 55.0
Table 4. 26-33.5  100-125 5.0  9.0894x 10" 72.0
33.541 125150 50  1.1238x10° 89.0
41-49.5 150-175 50  1.3386x 10% 106.0
TECTON [Melosh and Raefsky, 1980] and model structure in two 49.5-58 175200 50  1.5535x ‘022 123.1
dimensions using a cross section perpendicular to strike of an in- 232773 3(2)(5)323 gg }gg? i :820 :‘;‘;?
finitely long subduction zone (Figure 4). To allow oblique con- 77-150 250450 34 59832x 10" 47
vergence, our implementation of the code, referred to as “2.5D”, Shallow Coupling on Thrust Fault
allows displacements and stresses in the along strike dimension. 0-7.5 0-25 50  4.4621x10* 35
While there are numerous studies of subduction using finite ele- 7.5-13 25-50 50 47926 10:; 38.0
ments, the reader is referred in particular to Wang et al. [1994], }‘3)51922 7550_'17050 28 iggg?: :gzo igg?
who use TECTON to model subduction in two-dimensions and 26335  100-125 50 13386 x 10® 106.0
give a nice overview of the impacts of various assumptions on 33.5-41 125-150 50  4.7926x 10" 38.0
the outcomes. Taylor et al. [1998] use a three-dimensional elastic 41-77 150-175 50  4.4621x 10" 35
77-150 175450 3.4  3.0836x 10 2.4

model to focus on the impact of asperities on oblique subduction.
TECTON allows a range of viscoelastic materials with power
law rheology using the constitutive equation

&= 120" 0/, (6)

where é,,- is the strain rate tensor (units of s™), o;;is the stress ten-
sor (in Pa),

2 2 2 2 2 NI
Cetf = (2 (011" + 0'n" + 0'53°) + 02" + 013" + 023°) @)

is the maximum effective shear stress (Pa), and o'y is the mean
deviatoric stress:

Ok = O - 1/3 (011 + O + O33). (8

Maximum effective shear stress is the term used by Patterson
[1981] for the second invariant of the deviatoric stress tensor, Ne
is a user-specified coefficient related to viscosity, and n is the
power law exponent. Williams and Richardson [1991] define a
viscosity coefficient 1, = 1)," and a strain rate dependent effective
viscosity

N = %2 £ (Un-1) @n¢) In, )
Another useful measure of material behavior is the Maxwell time
T,. At times much less than 7, elastic strain rates dominate the

deformation, and at times much larger than T,, viscous strain
rates dominate.

Table 4. Parameters for Finite Element Models

Material Ne. Ne. Nett, T,
x 10" x 10* x 10" years
(Pas)"” (Pas)" (Pass)
Strong crust 227.38 68.324 136.37 2161
Weak crust 29.289 0.17925 17.566 278
Strong mantle ~ 10.757 32193 30.836 156
Weak mantle 1.0757 1.2816 3.0836 16

Crust has Young’s modulus of 5.0 x 10™ Pa, mantle has Young’s
modulus of 1.6 x 10" Pa; crust has Poisson’s ratio of 0.25, mantle has
Poisson’s ratio of 0.28; crust has power law exponent of 2.9, mantle has
power law exponent of 3.4; crust has rigidity of 2.0 x 10'° Pa, mantle has
rigidity of 6.25 x 10'° Pa.

n, power law exponent; ne; effective viscosity; 7,,, Maxwell time.
For all fault elements, Young’s modulus is 10'" Pa; Poisson’s ratio is
0.25; shear modulus is 40 GPa; and density is 3000 kg/m’.

Equation (6) was developed by Melosh and Raefsky [1980] for
finite element work and is based on equations for the behavior of
glacial ice [Patterson, 1981]. Laboratory work on rocks suggests
that their viscous behavior may also be described by such an
equation [Kirby and McCormick, 1990]. Melosh [1978] and Wil-
liams and Richardson [1991] show the correlation of power law
rheology to the dislocation creep mechanism.

For Newtonian viscosity (n = 1), (6) reduces to 5,,-]: Y2 65/ M
in which case the viscosity coefficient n, = 1, = Negr and is
equivalent to the viscosity n with units of Pa s. As pointed out by
Patterson [1981], as n approaches infinity, the viscous strain rate
approaches zero when 6;;/ 1, <1 and becomes infinite when
6i;/ e > 1. Thus a high n simulates brittle fracture with a shear
yield stress equal to m,. Elastic properties are specified by
Young's modulus and Poisson's ratio. We adopt power law expo-
nents and effective viscosities based on Williams and Richardson
[1991] (Tables 3 to 5).

One of us (P. Zwick) developed a function library for
TECTON to simulate 2-D structure with infinite length in the
third dimension and a full six-component stress tensor. Velocity
and stress gradients in the third dimension are constrained to be
zero. This hybrid “2.5D” routine yields a fast, close approxima-
tion to the results obtained in 3-D models. Calibration runs dur-
ing program development ensure consistency with analytical re-
sults as well as with earlier versions of the program. When a high
Young's modulus is used to minimize elastic strains, the 2.5D
model gives results that, in terms of slip vector direction at the
base of the forearc, agree with analytical solutions for rigid
blocks [McCaffrey, 1992] to the fourth decimal place for a range
of power law exponents ranging from 1 to about 50. Full 3-D
runs using TECTON of long, straight forearcs (trench-parallel
length is ~8 times forearc width) give stresses and strain rates in
the center cross section that agree with analytical and 2.5D solu-
tions to within ~0.5%.

For Sumatra we use a simple structure of the crust and mantle
(Figure 4 and Tables 3 to 5). In the wedge above the downgoing
plate, the cooler “crustal” layer is warped downward to simulate
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the effect of depressed temperature above the slab due to advec-
tive cooling by the subducting plate [Peacock, 1996]. The thrust
fault at the base of the forearc is modeled as a 2-km-thick layer
between the upper plate and subducting slab. We use a high ex-
ponent (n=5) in this layer to simulate plastic behavior along the
fault zone. Nodes at the base of the thrust fault are constrained to
move with the subducting slab at 70 mm/yr and obliquity of 40°
resulting in 45 mm/yr of along arc motion and 54 mm/yr of con-
vergence. The stress on the base of the hanging wall generated by
the motion of the subducting slab beneath it is determined by the
convergence velocity and the viscosity of the thin fault layer. We
increase viscosity with depth in the thrust fault layer to let stress
increase with depth within the shallow part of the “coupled
zone”. Viscosity is then reduced to a very low value at greater
depth to simulate a constant coefficient of friction at shallow lev-
els and then a decay of stress at depth due to increasing tempera-
ture (Figure 5a). The thrust fault continues past the coupled zone
with very low viscosity (and hence low stress) to a depth of 155
km at a distance of 450 km from the trench. The vertical edge of
the back arc 600 km from the trench is not allowed to move hori-
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zontally, while the base of the back arc in the mantle at 155 km
depth cannot move vertically (Figure 4).

Effects of gravity on the model are not included directly as
body forces acting on the elements. Instead, surface nodes in the
forearc of the model are constrained to move in a plane that is
parallel to the thrust fault directly below them. This constraint
minimizes volumetric changes in the forearc due to motion across
the forearc. It simulates the gravitational effects of changes in to-
pography by allowing the development of vertical normal stresses
near the surface. However, it does not model deformation that
can arise from topographic gradients. Note that such topographic
gradients can only form in the across-strike direction because the
2-D model does not permit velocity gradients (strain rates) along
strike.

We explore the influence of plate coupling variations, mantle
viscosity variations, and a weak zone in the upper plate (a “vol-
canic arc”) with six models (Tables 3 and 4). Two variations in
the downdip distributions of viscosities along the thin thrust fault
elements are used to test the effects of “shallow” and “deep”
coupling along the thrust plane (Table 5). Temporal and downdip
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Figure Sa. Across-strike profiles of basal effective stresses for the six finite element models, shown at times of 50,
210, 1000, 3000, 6000, and 9000 years (times are designated by differing line types as shown at bottom). Basal
stress and transverse velocities increase with time at short times due to the time-dependent elastic part of the defor-
mation and then reach steady state at about 3000 years when the viscous component dominates. The basal stresses
in models A and B show the difference between the shallow- and deep-coupling models. The shallow-coupling
model at short times shows a steady increase in stress to about x = 150 km (depth of 41 km) and at longer times the
stress becomes symmetric about x=90 km (depth of 25 km). The deep-coupling models shows an increase in stress
to x=250 km (depth of 75 km) and a sharp decrease deeper where the more ductile mantle forms the upper plate.
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Figure 5b. Same as Figure Sa, except profiles of transverse (trench-parallel) surface velocities are shown. The label
EOC shows the distance at which basal stress diminishes to near zero, and WZ represents the position of the weak

zone of elements in models E and F.

variations in basal effective stress are shown in Figure 5a for the
two coupling models. The shallow and deep coupling models are
then run with both weak and strong mantle structures. Finally, in
the final two models we place a weaker zone within the upper
plate to simulate the thermal weakening effects of a volcanic arc.

We present the results for the six models for two times, 210
years and 3000 years. Although we do not model the earthquake
cycle by imposing slip events and stress drops, we use the defor-
mation pattern at 210 years as indicative of the interseismic pe-
riod because it is dominated by elastic loading of the crust. The
repeat time of great quakes in Sumatra is not known; in the past
300 years, there have been two great earthquakes at adjacent but
not overlapping segments of the Sumatran subduction zone (both
in the mid-1800s) [Newcomb and McCann, 1987]. At 210 years
the crust has elastic behavior (T,, = 2160 years) and the strong
mantle has a larger viscous component (7, = 156 years). At 3000
years, elastic strain rates are small in all regions, and stresses and
deformation rates are approaching steady state (Figure 5). We
view this time as indicative of the long-term permanent deforma-
tion pattern.

Models A and B both have a strong mantle and no upper plate
weak zone but differ from each other in the depth extent of the
coupling. The resulting contraction in the forearc over the cou-
pled plate interface at 210 years is perpendicular to the trench and
rotates anticlockwise near the downdip end of the stressed section
of the thrust fault (EOC shows the end of coupling; Figures 6a

and 7a). In these models the contraction rate is low in the outer
50 km or so of the upper plate probably because the basal stresses
are low at shallow depths on the thrust fault (Figure 5a). Between
50 and 100 km distance from the trench, the contraction rate in-
creases and is nearly perpendicular to the trench. Approaching
the EOC point, the contraction direction at the surface rotates an-

ticlockwise by tens of degrees and the magnitude of the extension
increases. The extension rate does not become as large as the
contraction rate as in Sumatra. Nevertheless, the rotation of the
contractional axis appears to be signaling the presence of the end
of plate coupling beneath it. Comparing model B to model A
shows that the rotation of the principal axes occurs closer to the
EOC region than to the contact between the crust and mantle that
intersects the fault plane at x=250 km. The increase in the mar-
gin-parallel shear strain above the EOC can also be seen in the
profiles of the margin-parallel velocities (Figure 5b). We see that
for most of the models and times the curves are fairly flat sea-
ward of the EOC region and then start to slope downward in the
vicinity of the EOC. The transition from purely arc-normal con-
traction to a notable increase in the amount of arc-parallel shear
strain occurs even though a strike-slip fault is not included as a
zone of weakness in models A and B. The surface strains appear
to be sensitive to the distribution of stress on the dipping plate
interface. Hence strain partitioning might occur even if the Su-
matran fault is strong, that is, if its vertically averaged yield stress
were similar to that of the surrounding rock.
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Figure 6. Map view of principal surface strain rates at (a) 210
and (b) 3000 years for the six models. Thick lines show contrac-
tions, thin lines are extension, and scale is given in box. Vertical
dashed lines show the surface projection of the downdip end of
interplate coupling (EOC) and the location of the weak zone
(WZ) in models E and F. At short times most models show rota-
tion of the contraction axes and growth of the extension axes
away from the trench, with or without the weak elements in mod-
els E and F. This rotation occurs closer to the trench (left side) for
the shallow-coupling models (B, D, and F) than for the deep-
coupling models. For longer times (Figure 6b) the weak elements
along the “volcanic arc” in models E and F take up most of the
margin-parallel shear strain.

In models A and B that have a high-viscosity mantle, margin-
parallel surface strain rates reach a maximum above the EOC and
decrease landward. Models C and D are similar to models A and
B except that the effective viscosity of the mantle in models C
and D is decreased by a factor of 10. The effect of the lower-
viscosity mantle is to spread the margin-parallel shear strain out
more across the back arc. Figure 7a shows that the more viscous
mantle in models A and B resists deformation and helps to local-
ize the shear strain near the EOC, while the less viscous mantle in
models C and D allows strain to be distributed across the back
arc. Still the shear strain is low over the region seaward of the
EOC. With a weak mantle and shallow coupling (model D) we
continue to see a rotation of the principal strains over the
downdip edge of the high coupling zone (Figure 7a).

MCCAFFREY ET AL.: OBLIQUE SUBDUCTION IN SUMATRA

Models E and F are similar to models A and B but have a ver-
tical column of elements from 300 to 325 km from the trench that
have been assigned lower viscosity than adjacent elements (ef-
fective viscosity is factor of 8 lower for crust and factor of 10
lower for mantle; Table 4). This localized decrease in viscosity
simulates a hot zone in the crust and upper mantle along the vol-
canic arc. It is not obvious how much weaker the volcanic arc
might be than the surrounding lithosphere, and we suggest that an
order of magnitude is an extreme. In the deep coupling model E,
margin-parallel shear strain quickly localizes along the weak
zone, probably in part because it is near the region above the
EOC where strain tends to localize even without the weak zone
(compare model E to model A in Figures 6a and 7a). For the
shallow-coupling model F the principal strain directions start ro-
tating above the EOC and remain rotated landward to the upper
plate weak zone (Figures 5b, 6a, and 7a).

Shear strain rates at 210 years

a0 MAX: 204 300

2

Figure 7a. Cross-section of shear strain rates across vertical
planes perpendicular to the page (margin parallel shear strain) at
210 years. Darker shading indicates higher strain rates. Maximum
values (MAX) are given in microstrain per year. EOC shows the
location of the downdip end of interplate coupling, and WZ
marks the location of the weak zone in models E and F. Strain
rates are highest at the downdip edges of the thrust interface cou-
pling regions at x=250 km for the deep-coupling models (A, C,
and E), at x=125 km for shallow coupling (B, D, and F), and near
the weak volcanic arc zone near x=300 km in models E and F.
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In the long-term deformation, which is dominated by the vis-
cous response of the model, the major feature that develops is
margin-parallel shear strain localization at the weak zone in the
crust and mantle for both the deep- and shallow-coupling models
(models E and F; Figures Sb, 6b, and 7b). The overall strain rates
in the forearc are smaller than in the short term due to cessation
of elastic strain increase, but still the EOC region appears to be
accompanied by a rotation of the principal axes and some in-
crease in the extension rates (Figure 6b). In models E and F, high
shear strain rates at the weak zone reduce the amount of strain
that is required in the forearc and back arc regions. The small
amounts of long-term localization of shear strain above the EOC
in models A through D might result in further strain localization
by reduction in strength through the generation of faults [Buck
and Poliakov, 1998]. This weakening would then lead to an evo-
lution of the system similar to that in models E and F except that
the high strain regions would be spatially controlled by the EOC
instead of by a preexisting weak zone or volcanic arc. Even
model F, with a weak zone and shallow coupling, shows a local
increase in margin-parallel shear strain above the EOC for as
long as 6000 years (Figure 5b). Such models suggest that in re-
gions of oblique convergence, even in the absence of a volcanic
arc, the localization of margin-parallel shear strain and the devel-
opment of trench-parallel strike-slip faults may be controlled by
the downdip distribution of stress on the dipping plate interface.
However, as such systems evolve through time and strike-slip

Shear strain rates at 3000 years
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Figure 7b. Same as Figure 7a, except at 3000 years.
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faults form, the downdip end of coupling may produce a less ob-
vious shear zone in the upper plate seaward of the major, fault-
controlled shear.

We can also compare the observed interplate slip vector direc-
tions to those predicted by the models. Slip vectors complement
the surface geodetic data because they provide information about
deformation rates at the base of the forearc. Slip vectors are cal-
culated from the model by subtracting the velocities of the over-
riding plate just above the fault zone (nodes at the top of the thin
“fault zone”) from the velocities of the downgoing plate (the
bottom nodes). Figure 8 shows the predicted slip vector direc-
tions for the six models at 210 and 3000 years compared to ob-
served slip vectors from the Sumatran forearc. The observed slip
vectors rotate from being nearly trench-normal at the trench to
being nearly parallel to the convergence direction within a dis-
tance of 200 km from the trench. As pointed out earlier, this slip
vector rotation can be explained by roughly 2/3 of the margin-
parallel slip occurring on the Sumatran fault and roughly 1/3 of it
between the forearc islands and the trench.

The FEM models that do the best job of predicting this short-
scale rotation of slip vectors at 210 years are models B and F
(and model D to some degree) (Figure 8a); these models have
only shallow coupling on the thrust fault (Figure 5a). It appears
then from the across-arc rotation of the slip vectors that the
downdip end of the strong interplate coupling could occur at
~125 km from the trench. Newcomb and McCann [1987] used a
value for the landward extent of rupture in the 1833 and 1861
great subduction events of 100 km from the trench noting that the
1861 event produced a large tsunami on the SW coast of Nias,
suggesting a large amount of rupture between Nias and the
trench. Zachariasen et al. [1999] place the end of coseismic slip
during the 1833 event at a distance of ~170 km from the trench
on the basis of dislocation modeling of coseismic coral emer-
gence in the outer forearc islands. Interplate quakes presently oc-
cur farther landward, reaching 200 km from the trench (Figure 2),
indicating that there is some level of stress and stick-slip behavior
on the plate boundary this far from the trench. It is probable that
the magnitude of the stress on the thrust fault between the forearc
islands and the coast of Sumatra is lower than that below and
seaward of the forearc islands.

5. Discussion

Dislocation models suggest that during oblique subduction,
margin-parallel shear will concentrate in the upper plate roughly
above the downdip limit of plate coupling [Savage, 1983]. If
zones of weakness are present in the overriding plate near this re-
gion of increased shear stress, then such zones may serve to lo-
calize the shear strain and form faults. The factors that govern
where the upper plate will ultimately fail include how rapidly the
shear stress decays spatially away from the highest stress region,
the orientations and locations of the preexisting planes of weak-
nesses, and the yield stresses on such weak planes. In nature,
these factors are probably impossible to evaluate with much con-
fidence. Nevertheless, to the degree that the Earth, at the scale of
overriding plates at subduction zones, is sufficiently heterogene-
ous that it approaches a continuum, we might expect to see mar-
gin-parallel strike-slip faults forming generally above the
downdip limit of the largest interplate stress.

An alternative explanation is that forearc slivers detach from
the upper plate along the weak volcanic arc independently of the
landward extent of coupling on the dipping plate boundary [Beck,
1983]. Some examples of strike-slip faults passing through or
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Figure 8. Profiles across the forearc showing the predicted slip vector directions at (a) 210 and (b) 3000 years.
Curves are labeled by the model letter, and shaded curves correspond to the deep-coupling models (A, C, and E).
Observed slip vectors are plotted relative to the trench-normal direction; dots from segment A, squares from seg-
ment B, and diamonds from segment C. EOC shows the location of the downdip end of interplate coupling for the
shallow- and deep-coupling models, and WZ marks the location of the weak zone in models E and F. The rapid ro-
tation of the slip vectors landward from the trench appears to be matched better by the shallow-coupling models.

close to the volcanic arc are the Sumatran fault, the Philippine
fault [Barrier et al., 1991], the Liquine-Ofqui fault in southern
Chile, and the Guayanquil fault in Ecuador and Colombia.

However, narrow sliver plates in oblique subduction zones
with bounding strike-slip faults that cut through the forearc sea-
ward of the volcanic arc are equally common. In the Aleutians
the Hawley Ridge fault parallels the trench ~50 km landward of it
and appears to detach a westward moving forearc sliver [Scholl,
1999]. Similar faults are found along the southern Ryukyu arc
[Lallemand and Chemenda, 1999] and north of Puerto Rico
[Grindlay et al., 1999]. The Atacama fault in northern Chile falls
about halfway between the trench and the volcanic arc. Infer-
ences of thin forearc slivers have also been made for the San
Cristobal and northern Tonga trenches based on observations of
slip vector deflections [McCaffrey, 1996b].

The location of the upper plate strike-slip faults in all these
cases could be arising from the downdip distribution of interplate
coupling stress. By careful study of earthquake depths at 13 se-
lected subduction zone segments, Tichelaar and Ruff [1993]
found that the downdip limit of seismic slip ranges generally
from 40 to 50 km depth, with the exceptions of Mexico at 20-25
km and Hokkaido at 55 km. Pacheco et al. [1993] studied 23
subduction zone segments using the less reliable centroid depths
from the routine Harvard centroid moment tensor solutions and
found the downdip limit ranging from 33 to 70 km, but most
were in the 40 to 50 km range (three were <40 km and four were
>50 km). Because subducting plates dip below trenches at a very
low angle and then steepen as they approach the volcanic arc, the
40- and 50-km depth contours of the top of the slab, in map view,

will be closer to the volcanic arc than to the trench. For example,
Ruff and Tichelaar [1996] measured the horizontal distances
between the trench and the landward end of interplate seismic
slip and between the trench and the volcanic arc for their 13 sub-
duction segments. Their average trench-to-arc distance is 270 km,
and the average trench-to-edge of coupling distance is 170 km.
Hence the downdip edge of plate coupling generally comes
within 100 km of the volcanic arc, which we suggest is in some
cases sufficiently close to localize shear on a fault cutting through
the arc. In Sumatra the seismogenic section of the subduction
thrust fault comes to within 50 km of the volcanic arc (Figure 2)
although it appears that the larger stress occurs on the outer half
of the thrust fault.

Arc-parallel shear in the Sumatran forearc may be taken up on
more than one strike-slip fault or shear zone, as suggested by
Diament et al. [1992], although we disagree with them that the
10-15 mm/yr of missing strike-slip from the Sumatran fault oc-
curs on the Mentawi fault [see also Genrich et al., this issue). The
trace of the Mentawi fault, as mapped by Diament et al. [1992],
is along the landward edge of the forearc islands south of Nias
and then comes on land on Nias. The GPS network crosses the
northern third of the Mentawi fault, and we see no clear indica-
tions of large transverse motions [Genrich et al., this issue].
Where the Mentawi fault comes on land on Nias, it is interpreted
to be a reverse fault [Samuel and Harbury, 1996].

Instead, the obliquity of the slip vectors beneath and landward
of the forearc islands suggests that there is considerable margin-
parallel shear strain in the forearc seaward of the forearc islands
(and seaward of the geodetic network). If our inference that this
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shear strain is caused by high interplate coupling seaward of the
forearc islands is correct, then this suggests that it might be pos-
sible to assess stress distributions on dipping plate boundaries in
regions of oblique convergence even when the upper plate shear
strain is dominated by a major strike-slip fault. While we are un-
able to measure the strain seaward of the Sumatran forearc is-
lands with geodetic methods, some subduction zones allow more
dense spatial coverage and greater proximity to the trench or the
strain may occur farther from the trench in more accessible re-
gions.

Most subduction and convergent margins are convex toward
the downgoing plate, and many reveal margin-parallel stretching
[Ekstrom and Engdahl, 1989; McCaffrey 1992, 1996a]. Such
margin-parallel stretching occurs in the Sumatran forearc as well
(Figure 2). From the numerical results above, we can make infer-
ences about the relationship of the stretching regions to the cou-
pled plate interface. Specifically, in the case of a curved, convex-
seaward subduction zone it is likely that the upper plate margin-
parallel extension occurs over, and therefore reveals, the region
of interplate coupling. In the 2-D numerical models, margin-
parallel shear strain is seen to increase above the downdip edge
of plate coupling. Seaward of the upper plate shear zone the
forearc moves rapidly relative to the back arc (e.g., Figure 5b)
and is driven by the basal shear of the dipping plate boundary. As
the convergence obliquity increases along strike of a curved mar-
gin, the rate of forearc motion relative to the rest of the overrid-
ing plate may also increase because obliquity largely controls the
fraction of the margin-parallel component of forearc motion
(Figure 3a). Hence margin-parallel gradients in the margin-
parallel velocity (i.e., along—strike extensional strain) in the
forearc will be largest over the coupled plate boundary where the
basal driving forces are acting. This process can be shown with a
simple experiment using blocks arranged on the perimeter of a
moving, curved board [Avé Lallemant and Guth, 1990; McCaf-
frey and Nabelek, 1998]. The basal drag on the blocks and the
curvature of the backstop cause the blocks to move laterally
along the curved edge and to separate as they are pushed along.

Accordingly, there should be a spatial correlation between in-
terplate coupling and forearc extensional deformation. In the
Aleutians the forearc deformation occurs without a clear strike-
slip fault along the volcanic arc [Geist et al., 1988] despite
oblique convergence in the Aleutians being strongly partitioned
[Ekstrom and Engdahl, 1989; McCaffrey, 1992]. Interplate thrust
earthquakes occur only beneath the deforming forearc region
[Tichelaar and Ruff, 1993]. In the Oregon segment of Cascadia,
where there are no interplate earthquakes, the plate coupling is
thought to be largely offshore [Hyndman and Wang, 1995],
where the most obvious upper plate deformation is located
[Goldfinger et al., 1992]. In the Himalayas and southern Tibet,
active normal faulting extends the upper plate parallel to the de-
formation front. The normal faults continue at least 500 km north
of the deformation front where they are largely, but not com-
pletely, truncated by a set of E-W striking strike-slip faults, called
the Karakorum-Jiali fault zone (KJFZ) [Armijo et al., 1986,
1989]. Interplate thrust earthquakes extend only to about 150 km
north of the deformation front [Molnar and Lyon-Caen, 1989],
yet seismic data suggest that the Indian lithosphere extends be-
neath southern Tibet as far north as the KJFZ [Owens and Zandt,
1997]. The modeling presented in this paper supports the notion
that the extension and shear deformation in southern Tibet and
the Himalayas could be driven by basal shear of India sliding
obliquely beneath it [McCaffrey and Nabelek, 1998] as an alter-
native mechanism to gravitational collapse of an overly thickened
lithosphere [England and Houseman, 1989].
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6. Conclusions

GPS results from northern Sumatra show that upper plate
strain associated with the oblique convergence there is partitioned
into trench-normal contraction across the forearc and trench-
parallel shear strains within a few tens of kilometers of the vol-
canic arc. Earthquake slip vectors, used to infer that strain parti-
tioning is quite common at subduction zones and other conver-
gent margins, are shown to be reliable indicators of the kinemat-
ics of slip partitioning. GPS and slip vectors together suggest that
about two-thirds of the margin-parallel component of relative
plate motion in northern Sumatra occurs on the Sumatran fault
and a third occurs in the forearc seaward of the forearc islands.
Numerical models demonstrate that a preexisting zone of weak-
ness within the overriding plate, such as a strike-slip fault or vol-
canic arc, is not necessary for strain partitioning to develop, al-
though they can enhance it or localize the strike-slip component.
The downdip distribution of stress on the subduction thrust alone
can cause the stresses in the overriding plate that lead to strain
partitioning. In fact, strain partitioning that occurs initially due to
oblique subduction may determine where the strike-slip fault
eventually develops within the overriding plate. Accordingly, not
all margin-parallel strike-slip faults need occur at the volcanic
arc. Finally, geodetically measured contemporary margin-parallel
shear strains in the overriding plates at oblique subduction zones
can be useful in outlining the distribution of shear stresses on
dipping thrust plate boundaries.
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