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Abstract

The kinematics and time-dependence of back-arc extension or compression is one of the most poorly understood aspects of
plate tectonics, and has nearly exclusively been studied from snapshots of present-day observations. Here we combine absolute and
relative plate motions with reconstructions of now subducted ocean floor to analyse subduction kinematics and upper plate strain
from geological observations since 80 Ma along the 3200 km long Sunda-Java trench, one of the largest subduction systems on
Earth. Combining plate motions and slab geometries enables us to reconstruct a time-dependent slab window beneath Sundaland,
formed through Wharton spreading ridge subduction. We find that upper plate advance and retreat is the main influence on upper
plate strain, but subduction of large bathymetric ridges, and slab-window effects, also play a significant, and at times dominant,
role. Compression in the Sundaland back-arc region can be linked to advance of the upper plate. Extension of the Sundaland back-
arc region correlates with two patterns of upper plate motion, (a) retreat of the upper plate, and (b) advance of the upper plate
combined with more rapid advance of the Sundaland margin due to hinge rollback. Subduction of large bathymetric ridges causes
compression in the upper plate, especially Wharton Ridge subduction underneath Sumatra over the period 15-0 Ma. Our
reconstructions unravel the evolving geometry of a slab window underlying the Java—South Sumatra region, and we propose that
decreased mantle wedge viscosities associated with this slab-window exacerbated Palacogene extension in the Java Sea region via
active rifting, and enabled Sumatran continental extension to continue at 50—35 Ma when upper plate advance would otherwise
have led to compression.
© 2007 Published by Elsevier B.V.
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1. Introduction

Numerous models have been proposed to account for
the time-dependence of extension and back-arc basin
formation in a subduction setting, including: (1) the
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extrusion model, where back-arc formation is related to
lateral absolute upper plate motion [1-3] (2) the sea-
anchor model, where back-arc formation is related to the
force generated by the down-going slab resisting lateral
motion [2], (3) magmatic models, where back-arc
formation is related to mantle flow in the wedge
overlying the slab [4—6], and (4) the slab pull model,
where back-arc formation is related to subduction hinge
rollback caused by negative buoyancy of the subducting
slab [7-9]. The “sea-anchor” model and the “extrusion”


mailto:j.whittaker@geosci.usyd.edu.au
http://dx.doi.org/10.1016/j.epsl.2006.12.031

446 J.M. Whittaker et al. / Earth and Planetary Science Letters 255 (2007) 445—-457

model are the more likely models for back-arc formation
according to analysis of recent mantle flow data from
the Mariana subduction system [10]. Strain in the “back-
arc” region of an upper plate in a subduction setting can
range from strongly compressional to seafloor spread-
ing. In order to examine relationships between various
plate kinematics parameters and a range of upper plate
strain regimes, we focus on the Sunda-Java subduction
zone through the Cenozoic. Excluding Andaman Sea
back-arc spreading from ~ 13 Ma to the present [11], the
Sundaland margin has experienced compression, non-
rift related subsidence, or crustal extension during the
Cenozoic [12].

In both the “sea-anchor” model and the “extrusion”
model a major parameter that influences upper plate
strain is upper plate motion. Upper plate motions have
long been associated with upper plate strain [1], with
extensional back-arcs correlating with retreating upper
plates, and compressional back-arcs correlating with
advancing upper plates e.g. [2,13—15]. We have
compared reconstructed absolute and trench-normal
upper plate motions with strain regimes known to
occur in the Sundaland margin to 60 Ma.

Recently, Lallemand and Heuret [13] observed a
correlation between present-day shallow slab dip angles
(0—125 km) and upper plate strain, with compressive and
extensional regimes correlating to low and high shallow
slab dips, respectively. Sdrolias and Miiller [14] found
that a combination of factors, including shallow slab dip
(0—100 km), influences the initiation of back-arc
spreading and that once initiated, back-arc spreading
continues regardless of upper plate motion. Sdrolias and
Miiller [14], also observed a correlation between age of
present-day, non-perturbed subducting lithosphere and
shallow slab dip angle (0—100 km), where older subduc-
ting lithosphere correlates with steeper shallow slab dip
angles and vice versa. We have utilised this relationship to
reconstruct shallow slab dips for the Sunda-Java trench
back to 80 Ma, using palaco-age grids. We then compare
the reconstructed shallow slab dips with mapped strain
regimes through time along the Sundaland margin.

Complicating kinematics at the Sunda-Java trench
has been the subduction of the active Wharton Ridge
from ca. 70 Ma [16], to 43 Ma [17], and the remainder of
the then extinct Wharton Ridge representing a bathy-
metric ridge from 43 Ma to the present. During
subduction of an active ridge, a slab window may
form under the upper plate [18,19]. A slab window
develops when down-going plates continue diverging
but trailing plate edges cease to grow and may even
become hot and begin to melt [19]. The slab window
widens as this process continues. Slab windows

occurring beneath the west coast of North America
(e.g. [20-24]), Central America (e.g. [25]) and South
America (e.g. [26,27]) have been well studied compared
to the Indonesian subduction zone. The palaeo-positions
of slab window are normally estimated using geological
data from the overriding plate, such as changes in
volcanism and tectonic events such as regional uplift.
For the Sunda-Java trench we have used time-dependent
plate motion vectors combined with reconstructed
palaco-age grids to compute the size and position of
the slab window beneath the southern Sundaland
margin.

2. Methods

In our study, we split the Sundaland margin into three
regions; the Andaman Sea, Sumatra, and Java (see
Fig. 1). For each region, we identified and summarized
different periods of upper plate strain from Morley [28],
Bishop [29], Hall [30], Letouzey et al. [12], Eguchi et al.
[31], and Curray et al. [11] (see Fig. 3) and categorised
each period based on the method of Jarrard [15].

We calculated shallow slab dip angles at each point
along the Sundaland trench for 5 million year time
stages from the present to 80 Ma, utilising the
relationship y=0.1961x+12.232, where x is age of
subducting lithosphere at the trench, and y is the shallow
slab dip angle [14]. We obtained the age of the down-
going lithosphere at the trench from revised versions of
oceanic palaco-age grids from Heine et al. [16]. From
the calculated shallow slab dip angles, average shallow
slab dip angles were computed for each region at all time
stages. Averaging the slab dip angles minimizes any
distortions in slab dip angle due to proximity to the edge
of the subducting plate, which can be around 10° steeper
close to slab edges [13].

For each stage we calculated absolute plate motion
vectors for four plates; the Sundaland plate (80—-0 Ma), the
Sumatra-Java plate (or Sundaland margin) (80—0 Ma), the
Indian plate (80—45 Ma), and the Australian plate (80—
0 Ma) (see Fig. 1). Vectors were calculated at points every
500 km along the Sundaland trench, which was digitised
for the present day then fixed to the Sumatra-Java plate for
rotation back through time. Our plate reconstructions used
the Heine et al. [16] and Gaina and Miiller [32] plate
kinematic models in a moving hotspot reference frame
from O’Neill et al. [33]. Absolute plate motion vectors
were used to calculate trench-normal vectors for each
plate, which are useful for examining the overall compres-
sional/extensional forces acting on the continental margin.

We reconstructed the position of the slab window
beneath Sundaland, using the method of Thorkelson
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Fig. 1. Topographic and bathymetric map of SE Asia, SF — Sumatra Fault, boundaries of the Sundaland margin (dashed) and the Sundaland core
(solid), small arrows depict motion of Sumatran fore-arc northwest and southeast of Batu Island from Prawirodirdjo et al. [48].

[18] which calculates the slab-window position using
ridge-transform geometry and convergence vectors. Our
absolute plate motion vectors were used to calculate
convergence vectors, which were used in conjunction
with the reconstructed location of the Wharton Ridge
through time from the palaco-age grids to establish the
shape and size of the slab window. Vectors used to
calculate the shape of the slab window are presented in
velocity—space diagrams in Fig. 2 for time slices where
there was an active triple junction at the Sundaland
margin. Generally, the geometry of a slab window is
affected by relative plate motions, pre-subduction ridge-
transform fault geometry, subduction angles, thermal
erosion, deformation caused by spherical shell stress and
lateral and down-dip changes in the angle of slab dip
[18]. In our approach, we have assumed, a horizontal
subducted slab, no thermal erosion of the diverging plate
edges, and no deformation from spherical shell stress.
Due to these assumptions we have calculated a

minimum slab window, as adding the effects of a
dipping slab and thermal erosion of plate edges would
likely lead to a larger extent for the slab window. We
have also limited the lateral extent of the slab window to
1000 km perpendicular to the trench because at this
point the slab can be assumed to have reached the
660 km mantle discontinuity and the slab window
would no longer have a discernable affect on the
overriding plate.

3. Plate kinematics and overriding plate deformation
3.1. Plate motions

Fig. 2 illustrates that from 80 Ma to the cessation of
Wharton Ridge spreading (~43 Ma [17]), the Australian
Plate moved at a much slower rate than the Indian Plate
(Fig. 2(i—vii)). Initial plate and margin geometry and
kinematics of the India—FEurasia collision remains
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controversial [34], but it is generally accepted that an
India—Eurasia related collision slowed northward Indian
Plate motion from 60—55 Ma (e.g. [34—36]). Fig. 2(i—viii)
shows the Indian Plate moving rapidly from 80 Ma until
absolute plate motions dropped from an average of
120 mm/yr at 60—65 Ma to 81 mm/yr by 45-50 and
26 mm/yr by 40—-45 Ma. Indian plate motion increases
from the low at 40—45 Ma to an average of 69 mm/yr at
30-35 Ma decreasing to 63 mm/yr at 15-20 Ma.

An advancing upper plate is expected to cause com-
pression in the upper plate margin. Our reconstructions
show two different types of advancing upper plate motion.
The first type, where both the upper margin and upper
core advance at the same rate, we call “‘uniform upper plate
motion’. Uniform upper plate motion occurs for Java from
15 Ma to the present (Fig. 3(viii—x)), which corresponds
with compression that is known to have affected Java
from ~ 15 Ma to the present day. This type of upper plate
advance also occurs at all points along the Sunda-Java
trench from 80 Ma to ~60 Ma, so it is possible that the
entire Sunda-Java margin was affected by compression
during the period 80-60 Ma. However, the presence of an
underlying slab window due to the subduction of the then
active Wharton Ridge from 70 Ma may have had an effect
on the southeastern portion of the margin.

The second, where reconstructions show the upper
margin advancing more rapidly than the upper core, we call
‘differential upper plate motion’. Differential upper plate
motion occurs for the Andaman Sea at 30—15 Ma (Fig. 3
(i—iii), Sumatra, strongly at 30—15 Ma (Fig. 3(iv—vii)),
southern Sumatra, weakly at 50-30 Ma (Fig. 3(vi—vii)),
and Java at 45—15 Ma (Fig. 3(viii—x)). The upper margin is
known to have experienced extension during all of these
periods, which is expected to occur on the upper plate as
the margin draws away from the core. Subduction hinge
rollback, where the retreating hinge draws the margin away
from the core, is the most likely explanation for this pattern
of upper plate behaviour. Subduction hinge-roll has pre-
viously been suggested as the major mechanism causing
Malay—Thai basin extension at 30—15 Ma [28]. Non-rift

related subsidence, observed in Java and Sumatra from
15-20 Ma can be explained as the period of change over
from extension to compression.

The increase in rate of advance of the Sundaland core
at 30—20 Ma at almost all reconstructed locations shown
in Fig. 2 is likely to be a product of extrusion caused by
India—Eurasia collision. Southeasterly extrusion of
Sundaland from 40 Ma caused by the India—Eurasia
collision are supported by mantle tomography images
showing a change in present-day slab structure at 700
and 1100 km depth [37,38]. ‘Hard’ collision between
India and Eurasia is thought to have caused the slow-
down in northward Indian motion at 30—20 Ma [39—41].
Morley [28] shows that more southerly blocks of
Southeast Asia were “squeezed out faster than their
more northerly neighbours”. This pattern fits increased
rates of upper plate advance observed at ~50 Ma and
30-20 Ma (Fig. 3), which subside following the initial
extrusion related increase.

Our reconstructions (Fig. 3(i—iii)) show retreat of the
Andaman Sea upper plate at 15-0 Ma. This correlates
with Andaman Sea back-arc spreading that has occurred
from ~ 13 Ma [11]. This correlation has previously been
observed by Sdrolias and Miiller [14], who also found
that once initiated back-arc spreading is not affected by
motion of the upper plate and noted that it is believed
that spreading in this location is controlled by India—
Eurasia related extrusion tectonics.

Figs. 2(v—vi) and 3 show a reversal in Sundaland core
motion, from retreating at 55 Ma to advancing by
~47 Ma. This change in motion is a consequence of
extrusion tectonics caused by the India collision. Upper
plate retreat occurs at all points along the Sunda-Java
trench except the northern Andaman Sea at 60—50 Ma
(Fig. 3). In the Java region this corresponds with a
known period of extension. Retreating upper plates have
long been associated with extension in back-arc areas
[2,13—15]. To initiate, back-arc spreading requires not
only a retreating upper plate but age of down-going
lithosphere at the trench >55 Myr, and a shallow slab

Fig. 2. Reconstructed absolute plate motions of the overlying Sundaland plate, and the down-going Indo—Australian plate from 80 Ma to the present.
Arrows represent stage (5 Myr) motions of the Sundaland margin (blue arrows), and Indian (Australian) plate (red arrows), and correspond to; (i) 80—
75 Ma (ii) 75—-70 Ma (iii) 70—65 Ma (iv) 65-60 Ma (v) 60—55 Ma (vi) 55-50 Ma (vii) 50—-45 Ma (viii) 45-40 Ma (ix) 40—35 Ma (x) 35-30 Ma (xi)
30-25 Ma (xii) 25-20 Ma (xiii) 20—15 Ma (xiv) 15-10 Ma (xv) 10-5 Ma, and (xvi) 5—-0 Ma. Tectonic regimes shown by compressional (black
centred ‘beachball’), extensional (white centred ‘beachball’) and subsidence (denoted by ‘sub.”) symbols (symbols are not oriented, symbolic only)
for the Java, south Sumatra and Andaman Sea regions where information was available from the literature [12,29-31]. The location of the mid-ocean
ridge and velocity—space diagrams (upper right of each figure) are shown for time slices when there was an active triple junction at the Sundaland
Trench, and hence a growing slab window. In the velocity—space diagrams; I — Indian Plate; R — Ridge; S — Sundaland Plate; A — Australian
Plate; H — hotspot; J — previous ridge—trench intersection location. The reconstructed positions of the slab window due to the subduction of the
Wharton Ridge (active until 43 Ma) are shown by thick black lines, dashed sections where slab window cut off at distance 1000 km from the trench.

Thin black line represents our Sunda-Java trench location.
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dip >30° [14]. Fig. 2(v—vi) shows that from 60—50 Ma, at this time. Therefore, we predict that crustal extension
the age of subducting lithosphere at the trench was affected the southeastern Sundaland back-arc east of
<55 Myr at all points on the trench southeast of point point 1500 for the period 60—50 Ma. For the southern
1500, which is insufficient to initiate back-arc spreading Andaman Sea section of the trench (points 1000—1500
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Fig. 2 (continued).
Fig. 2(v—vi)) the age of subducting lithosphere at the conditions were not conducive to back-arc spreading
trench was >55 Myr, and Fig. 3(ii—iii) shows upper initiation in the Andaman region at this time.
plate retreat. However, our reconstructed slab dip for the Central and northern Sumatran upper plate retreat

Andaman Sea for 60—50 Ma is ~22°, suggesting that suggests that the Sumatra back-arc should have
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Fig. 2 (continued).

experienced extension from 15 Ma to the present (Fig. 3 presence of the subducting Wharton Ridge and
(iv—vii)). However, compression is known to have Investigator Fracture Zone (IFZ) are responsible for
affected this area during this period. It is likely that the this deviation from the expected upper plate regime.



452 J.M. Whittaker et al. / Earth and Planetary Science Letters 255 (2007) 445-457

d
(xiii) 90 100 110 120 130 (xiv) 90 100 110 120 130
0 40 80 120 160 200 0 40 80 120 160 200
20-15 Ma 15-10 Ma
(xv)
Fig. 2 (continued).
3.2. Bathymetric ridge subduction to rotate clockwise about a rotation pole close to the area

at this time. Presently, the Wharton Ridge and Investigator
The Wharton Ridge first subducts beneath eastern Java Fracture Zone IFZ subduct beneath northern—central
[16], at 70 Ma, which likely caused the Sundaland margin Sumatra (Fig. 1). The subduction of bathymetric features
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Fig. 3. Trench-normal component of the reconstructed absolute plate velocity plotted for the Sundaland core and margin for the period 0—80 Ma at
points every 500 km along the Sunda-Java trench (see Fig. 2). Positive values indicate advance (oceanward motion) and negative values indicate
retreat (landward motion) of the upper plates. Background shading represents known tectonic regimes for the Sundaland back-arc summarised from
Morley [28], Bishop [29], Hall [30], Letouzey et al. [12], Eguchi et al. [31], and Curray et al. [11], where (1) compression is represented by crosses,
(2) subsidence is represented by dots, (3) extension is represented by light shading, and (4) spreading is represented by dark shading.
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is widely accepted to cause broadly distributed deforma-
tion in the fore-arc [42,43]. Geodetic strain and rotation
rates show that the northern Sumatran region currently
endures a highly compressive regime [44]. Rates of
seismic deformation are at a maximum offshore Sumatra
near Nias Island (5.2+0.65 mm/yr) and progressively
decrease northward (1.12+0.13 mm/yr) [45]. Due to
oblique subduction and extension to the north, Sumatra,
and the Sumatran fore-arc, are divided into a series of
NW-SE striking slices that move towards the northwest,
separated by right-lateral faults [46]. Most displacement
on these faults occurs in northwest Sumatra and dissipates
towards the southeast [47]. Geodetic observations from
GPS data [48] reveal an interesting change in Sumatran
fore-arc motion centred around Batu Island (Fig. 1).
Southeast of Batu Island, the Sumatra fore-arc moves
northeast, roughly parallel with the motion of the Indian
plate, while northwest of Batu Island the Sumatran fore-
arc moves to the northwest [48]. This change in fore-arc
motion has been ascribed to decoupling between the
northern fore-arc and mantle wedge due to increased pore
pressures in the fore-arc thrust fault due to subduction of
thick Nicobar fan sediments [48].

The Wharton Ridge subducts beneath Nias Island
where seismic deformation is highest and the IFZ
subducts directly beneath Batu Island where the Sumatran
fore-arc begins to move in a northwest direction. Thus,
subduction of the Wharton Ridge and IFZ is another
mechanism causing the high seismic deformation rates,
change in fore-arc motion, and concentration of strike-slip
motion that occurs in northern Sumatra. Fig. 3(iv—vii)
shows that rate of Sumatran upper plate retreat at 15-0 Ma
is not rapid (0—5 mm/yr), so it is likely that extension
experienced by the Sumatra back-arc from this mecha-
nism is relatively small. It is possible that present-day
compression from subduction of the Wharton Ridge and
Investigator Fracture Zone dominates over extension
resulting from the retreating upper plate. It is likely that
this domination of compressive strain related to bathy-
metric ridge subduction has dominated over upper plate
motion related extension since 15 Ma.

Subduction of the Wharton Ridge initiated at
~70 Ma ([16], (see Fig. 2(ii)) and has migrated
~2400 km (30 km/Ma) along the Sunda-Java trench
to its present-day location. During the period 50—15 Ma,
the upper plate adjacent to the location of Wharton
Ridge subduction is both observed and predicted (using
upper plate motions) to have experienced extension.
Plate motions were generally stronger at this time
compared with those affecting Sumatra over the past
15 Myr and so dominated over the compressional effects
of the subducting Wharton Ridge.

The Roo Rise (Fig. 1) is presently being subducting
adjacent to Java. Subduction of this major bathymetric
feature is currently causing deforming the Javanese fore-
arc [49]. Roo Rise subduction is likely to be contributing
to Javanese compression in addition to compression
caused by upper plate advance since ~ 15 Ma. Onset of
Roo Rise subduction is unknown so the period over
which it has influenced Javanese upper plate strain is
unknown.

3.3. Slab window

A slab window may form between the diverging
plates of a subducting active mid-ocean ridge. Due to
the hotter mantle wedge temperatures expected in
conjunction with a slab window, the viscosity may be
decreased in the mantle wedge and a low viscosity
mantle wedge can lead to horizontal extension in normal
subduction zones [18,24,50,51]. Our reconstructions
show that a slab window was underlying southern/
central Sumatra at 45-35 Ma (Fig. 2). Our reconstruc-
tions show a minimum slab-window extent as the effects
of slab dip and thermal erosion of plate edges are
excluded, both of which result in increasing the lateral
extent of the slab window. Fig. 2(v—vii) shows the
western edge of the slab window in a stationary position
at the southern tip of Sumatra from 60—45 Ma. It is
likely that thermal erosion of the Indian plate edge over
this 15 million year period would have progressively
shifted the slab-window edge across southern Sumatra
earlier than 45—40 Ma shown in Fig. 2(vii—viii). Plate
motion reconstructions from 50 Ma (Fig. 3) show an
advancing upper plate in Sumatra suggesting that a
compressive regime should have existed, however
extension is observed from geological evidence. The
underlying slab window may have enabled extension to
continue from ~50 Ma until the onset of subduction
hinge rollback at 35 Ma.

An underlying slab window can also lead to cessation
ofarc volcanism [ 18], while the progression of a slab edge
across a region can change chemical signatures, increase
volume and extend the range of volcanism [18].
Plutonism occurred in Indonesia from 60 Ma but was
restricted to Sumatra (and further inland from the trench)
and ceased at around 50 Ma [30,52]. In general, this
Palacogene volcanic activity was much more prominent
in south and central Sumatra than northern Sumatra [30]
and it has previously been noted that this pattern of
volcanism may be related to subduction of the Wharton
Ridge [16]. It is possible that this underlying slab window
was responsible for the burst of volcanic activity in south
and central Sumatra from 60 to 50 Ma as thermal erosion
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caused progression of the Indian plate edge across south-
ern Sumatra. Cessation of volcanism at ~ 50 Ma suggests
that the slab window was established beneath southern
Sumatra causing volcanic activity to halt. Subduction
related plutonism, focussed along the Sumatran Fault
Zone from the Mid-Miocene [52], re-established in
Sumatra at around 30 Ma, when that the slab window
was no longer positioned beneath this region.

The slab window underlies Java at 70-40 Ma (Fig. 2
(iii—viii)). At 60—45 Ma extension occurred across
southern Kalimantan and the Java Sea, as well as some
spreading in the Makassar Straits [12,53,54]. Extension
caused by the presence of the underlying slab window
may have exacerbated Javanese back-arc extension,
already induced by a retreating upper plate, enabling
spreading to occur in the Makassar Strait. It is also
possible that the underlying slab window was responsible
for inhibited Javanese volcanism prior to ~42 Ma [55].

3.4. Shallow slab dip angle

Fig. 4 shows our reconstructed shallow slab dips
(SSD) plotted against upper plate strain obtained from the
literature for the Indonesian margin. Computed SSD in
the ‘slightly extensional’ category, that fall outside the
present-day relationship of Lallemand and Heuret [13],
represent subduction of young (<23 Ma) lithosphere.
Mid-ocean ridge subduction was excluded from the stud-
ies of Lallemand and Heuret [ 13] and Sdrolias and Miiller
[14]. Fig. 4 shows that, if these values are excluded, our
reconstructed regional SSD fall within the pattern ob-
served for the present day by Lallemand and Heuret [13].

Observed SSD (0—125 km) for the Andaman, Sumatra
and Java regions are 24.6°, 23.9°, and 22.7°, respectively
[56], while our calculated SSD are 29°, 25.5°, and 36°,

respectively. The deviation between observed and
calculated clearly shows that the age of subducting
lithosphere alone cannot be used to reconstruct shallow
slab dips, and that further parameters need to be
incorporated into the calculations, such as horizontal
and vertical mantle flow, and down-going plate motions.
Therefore, due to errors in the estimation of SSD from the
age of subducting lithosphere, as well as the broad nature
of'the relationship between upper plate strain and SSD it is
not possible to use the age of subducting lithosphere to
predict palaco-upper plate strain regimes.

4. Conclusions

Upper plate strain expected for Sundaland back-arc
regions from reconstructed trench-normal plate motions of
the Sundaland core and margin correlate well with known
upper plate strain regimes. The three types of upper plate
motion to affect the Sundaland margin since 80 Ma are:

(1) A consistently advancing upper plate corresponds
to compression in the overriding back-arc, caused
by the collision between the down-going Indian
plate and the advancing Sundaland plate,

(2) An advancing upper plate, where the Sundaland
margin advances more rapidly than the Sundaland
core, correlates with extension in the upper plate e.g.
southern Andaman Sea, Sumatra and Java at 30—
15 Ma, 35-15, and 45-15 Ma, respectively. The
only mechanism for the margin to advance faster
than the core is pulling by subduction hinge rollback,

(3) Uniform upper plate retreat correlates with
extension in the upper plate in two cases, Javanese
crustal extension 60—50 Ma, and spreading in the
Andaman Sea 15-0 Ma.
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Fig. 4. This figure shows our shallow slab dip angles plotted against back-arc tectonic regime [11,12,28—31]. The black lines indicate the envelope of
the present-day relationship for worldwide subduction zones from Lallemand et al. [13]. Light grey diamonds represent shallow slab dips for which
the age of subducting lithosphere is <23 Ma. Dark grey circles are all other data points.
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Periods where predicted upper plate strain from upper
plate motions does not match observed upper plate strain
can be explained by forces arising from the slab window
and subduction of large bathymetric ridges. In present-
day Java, compression is enhanced by subduction of the
Roo Rise, while in Sumatra, 15—0 Ma, compression from
Wharton Ridge and IFZ subduction overrides induced
extension forces from upper plate retreat. The underlying
slab window, formed through subduction of the Wharton
Ridge, may have exacerbated extension in the Java Sea
and south Kalimantan region and possible seafloor
spreading in the Makassar Strait at ~ 60—45 Ma. The slab
window may also have enabled extension to continue in
Sumatra from ~50 Ma until the onset of subduction
hinge rollback at 35 Ma when a uniformly advancing
upper plate could have otherwise led to a compressive
regime. The progression of the slab window across Java
and southern Sumatra also appears to have some
correlation with Indonesian volcanic activity with the
presence of the underlying slab window corresponding
with an absence of Javanese volcanism until ~42 Ma
[55], and the progressing edge of the slab window
corresponding with an episode of volcanism from 60—
50 Ma in southern Sumatra.

The relationship between our reconstructed shallow
slab dips and known Sundaland upper plate strain
regimes falls within the envelope of observed slab dips
for the present day. However, due to the errors
associated with calculating shallow slab dips from age
of subducting lithosphere, and the broad nature of the
relationship between present-day dips and upper plate
strain, our reconstructed shallow slab dips are not useful
for predicting palaco-upper plate strain regimes.
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