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Abstract In this receiver function study we investigate
the structure of the crust beneath six seismic broad-
band stations close to the Sunda Arc formed by sub-
duction of the Indo-Australian under the Sunda plate.
We apply three different methods to analyse receiver
functions at single stations. A recently developed algo-
rithm determines absolute shear wave velocities from
observed frequency dependent apparent incidence an-
gles of P-waves. Using waveform inversion of receiver
functions and a modified Zhu and Kanamori algorithm,
properties of discontinuities such as depth, velocity con-
trast, and sharpness are determined. The combination
of the methods leads to robust results. The approach is
validated by synthetic tests.

Stations located on Malaysia show high shear wave
velocities (Vs) near the surface in the range of 3.4 to
3.6kms™! attributed to crystalline rocks and 3.6 to
4.0kms™! in the lower crust. Upper and lower crust are
clearly separated, the Moho is found at normal depths
of 30 — 34km where it forms a sharp discontinuity at
station KUM or a gradient at stations IPM and KOM.
For stations close to the subduction zone (BSI, GSI,
PSI) complexity within the crust is high. Near the sur-
face low Vg of 2.6 — 2.9kms~! indicate sediment lay-
ers. High Vg of 4.2kms™! are found at depth greater
than 6 km and 2 km at BST and PSI, respectively. There,
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the Moho is located at 37 and 40 km depth. At station
GSI, situated closest to the trench, the subducting slab
is imaged as a north-east dipping structure separated
from the sediment layer by a 10 km wide gradient in Vg
between 10 and 20km depth. Within the subducting
slab Vg ~ 4.7km. At station BSI the subducting slab is
found at depth between 90 and 110 km dipping 20° 4 8°
in approximately N60°E. A velocity increase in similar
depth is indicated at station PSI, however no evidence
for a dipping layer is found.

Keywords receiver functions - absolute shear wave
velocity - Sumatra - subduction zone structure
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1 Introduction

The Sunda (volcanic) Arc (Fig. 1) is caused by subduc-
tion of the oceanic Indo-Australian plate underneath
the Sunda plate, which started during the Cretaceous
i. e. ~ 100 Ma ago (Hamilton, 1979). It extends about
6000 km from the Andaman Islands in the north-west
to the Lesser Sunda Islands in the south-east. The re-
gion is a formidable natural geologic laboratories and
permits to study the behaviour of the lithosphere in
subduction zones, not least due to such extreme events
as the tsunamigenic 2004 earthquake or the Toba erup-
tion ~ 74,000 years ago.

Along Sumatra Baroux et al (1998) found a conver-
gence with obliquity of 20° up to 30°. Subarya et al
(2006) report a convergence rate of 65 mm/yr. The Re-
gional Upper Mantle (RUM) model by Gudmundsson
and Sambridge (1998) infers the geometry of the slab
from seismicity (see Fig. 1 for the western part of Suma-
tra). It shows that the depth of the slab varies from
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Fig. 1 A Map of Sumatra with considered stations (squares, compare Tab. 1) and major faults. Colours of isolines indicate depth of
the subducted slab (Gudmundsson and Sambridge, 1998). B Earthquakes (stars) used for receiver function analysis. Red lines show
epicentral distance from station PSI in degree. The central blue rectangle outlines the region shown in A.

600km in eastern Java to 300km in northern Suma-
tra. From tomographic studies of this and other sub-
duction zones and modelling (Widiyantoro and van der
Hilst, 1996; Gorbatov et al, 1999) it is known that the
subducting plate forms a cold, high-density slab with
P- and S-wave velocities 5-10% higher than in the sur-
rounding normal mantle. However, only little is known
regarding the crustal and upper mantle shear wave ve-
locity structure of the whole region from global sur-
face wave studies with rather limited resolution (e.g.
Ritzwoller et al, 2002). In recent years extensive reflec-
tion seismic studies of the region were carried out, e. g.
by Kopp et al (2001); Singh et al (2008); Franke et al
(2008) mapping the uppermost 10-20km of the crust
offshore Sumatra. Furthermore Wu et al (2005) stud-
ied the regional S-velocity of the South China Sea and
provides S-velocity maps in several depths.

The subduction has significant impact on the upper
mantle and the crust of the overriding plate. Increasing
pressure at depth causes slab dehydration (Riipke et al,
2004) and the transition from gabbro to eclogite. Fluids
are released in the lithosphere. They cause serpentinisa-
tion and reduce the melting temperatures of peridotite
rocks (Gill, 1981; Hacker et al, 2003). This leads to the
generation of low-density magma which rises and in-
trudes or extrudes on the upper lithosphere, forming a
chain of volcanoes. The significance of the volcanic ac-
tivity is demonstrated for example by the Toba caldera
(see Fig. 1). It is an ~ 30 x 100 km large topographic de-
pression in northern Sumatra which was formed during
several eruptions over the last 1.2 million years. Geo-
logic maps (e.g. Crow and Barber, 2005) show large
areas dominated by intrusive rocks such as granite or
gabbro as well as extrusive rocks such as andesite or
basalt. While those are often covered by a sedimentary

unit on Sumatra, the volcanic rocks are directly exposed
on the surface at the Malaysian peninsula.

The Malaysian peninsular is characterised by the
Betong-Raub suture zone (Metcalfe, 2000), which was
formed during the subduction of the Paleo-Thethys
Ocean beneath Indochina during the Late Paleozoic and
the collision of the Sibumasu Terrane with Indochina.

Receiver functions are widely employed to detect
P-to-S-converted waves and are especially useful to im-
age seismic discontinuities if dense networks of high-
quality three-component broadband stations are in-
stalled. However, in many regions of the Earth the only
available information regarding the shear wave velocity
depth profile is due to relatively isolated stations. Clas-
sical receiver function methods for single stations in-
clude picking of difference traveltimes for direct conver-
sions and multiples and estimation of the corresponding
discontinuity depth with an average background model
(e.g. Krueger et al, 2002); estimation of discontinuity
depth and Vp/Vs ratio by stacking direct Ps conver-
sion and multiple waveforms in a gridsearch procedure
(Zhu and Kanamori, 2000); inversion of stacked receiver
functions for 1D shear wave models (Ammon, 1991).
The retrieval of absolute shear wave velocities from re-
ceiver functions is still a major challenge. Several stud-
ies applied combined inversions of receiver functions
and phase-/group-velocity dispersion curves from sur-
face waves to stabilise the inversion (e.g. Julia et al,
1998; Chang et al, 2004). Recently Svenningsen and Ja-
cobsen (2007) proposed to use the frequency dependent
apparent incidence angle of receiver functions to esti-
mate absolute shear wave velocities as well as depths of
discontinuities. The latter method has the advantage
that local velocity models can be retrieved.



The aim of this study is twofold. First, crustal seis-
mic properties in the study region are investigated ex-
ploiting different single station receiver function tech-
niques. We use the method of Svenningsen and Jacob-
sen (2007) to retrieve initial absolute shear wave veloc-
ity models by a gridsearch technique. In a next step
this velocity model is used to invert for 1D models (see
e.g. Kind et al, 1995, Jacobsen and Svenningsen, 2008)
using receiver function waveforms and fixed Vp/Vs ra-
tios. We find the Vp/Vg ratio of the top layer and the
depths of discontinuities following the approach of Zhu
and Kanamori (2000) but fixing Vs instead of Vp, what
enables us to link the analysis of apparent incidence
angles directly to the technique of Zhu and Kanamori.
This modified algorithm is referred to as MZK from
hereon. Since all methods give the depth of disconti-
nuities the consistency of the results can be checked.
Furthermore we test the effect of velocity gradients on
the outcome of the different methods.

In a second step, based on the analysis of the crustal
properties, structures related to the subduction zone in
the upper mantle are investigated. With the help of
lateral and azimuthal variations of conversion depths
found from receiver functions, the dip of the subducting
plate is constrained beneath two stations.

2 Methodology

The receiver function method takes advantage of the
fact that a seismic compressional wave (P-wave) im-
pinging obliquely on a discontinuity is partly refracted
as a P-wave and partly converted to a shear wave (S-
wave) (see Fig. 2). Besides the direct P-to-S converted
Ps-wave there are also the multiple reverberations PpPs
and PpSs (see Fig. 2) that have a comparable ampli-
tude to the Ps phase. Delay times and amplitudes of
direct and multiple phases provide information about
the depth of a discontinuity and the impedance con-
trast. For a 1D structure traveltime differences depend
on wave type and slowness only.

The calculation of receiver functions mainly involves
two steps. First, seismograms are rotated to the LQT-
coordinate system of the ray assuming theoretical back-
azimuths and incidence angles (Kind et al, 1995). We
used incidence angles given by Hoang-Trong and Behe
(1972). By this rotation the P-wave signal should be
minimised on the Q-component. This improves visibil-
ity of shallow layers. However, artificial phases appear
on Q-components when incorrect angles are used for ro-
tation. The true azimuth deviates from the theoretical
value by less than 10°. Deviations in incidence angles
are larger. Most likely, these deviations in incidence an-
gle are due to erroneous assumptions on velocities of

seismic station
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Fig. 2 Ray diagram of phases used for receiver function analysis
in a two-layer model. The incident P-wave converts at depth H
into the refracted P- and S-waves and their multiples within the
horizontal layer.

shallow layers but not caused by distant deep struc-
tures. As we want to take these shallow layers into ac-
count during waveform inversion, we also want to con-
sider the phases at zero time. After rotation, a deconvo-
lution in the time domain is performed by Wiener filter-
ing (Kind et al, 1995). The deconvolution is stabilised
by adding a constant 0.1 to the diagonal elements of
the filter matrix. This corresponds to intermediate sta-
bilisation (Svenningsen, 2007). The calculation of the
inverse filter depends on the length of the source-time
function and the arrival time of later phases. In this
study we chose window lengths between 80 and 140s
following the direct P-wave. This inverse filter is ap-
plied to the Q- and T-components to obtain Q- and
T-receiver functions.

2.1 Investigation of apparent incidence angles

The apparent incidence angle of the incoming P-wave
results from the superposition of the incoming and the
reflected wavefield. It can be used to estimate absolute
S-wave velocities from receiver functions (Svenningsen
and Jacobsen, 2007) based on the relation

Sin‘gs%) _ sir;/(}z;p) :p W

given by Wiechert (1907). Here, p, ip, and ip are the
slowness, the theoretical incidence angle, and the ap-
parent incidence angle of the direct P-wave, respec-
tively. The latter can be measured. Hence, calculating
the slowness with the help of IASP91 reference model
(Kennett, 1991) and measuring ip, Vs underneath a
station can be retrieved. Typically the apparent an-
gle of incidence is determined by dividing the R- by
the Z-component of the receiver function (Svenningsen



and Jacobsen, 2007). In this study, we use the Q- and
L-component and add the theoretical incidence angle
which was used for rotation (see formula 2). Receiver
functions are convolved with a squared cosine of width
T, resulting in low-pass filtering. The convolution is
evaluated at time zero which results in an apparent
incidence angle dependent on the low-pass parameter
T,

T
f(—T)
f(:iT) rf, () cos?(

)dT
Ydr

rfq(7) cos?(

ip(T) = arctan

3SR

+iroT, (2)

where rfq and rf, are Q- and L-components of the re-
ceiver function and igor is the incidence angle which
was used for rotation to the LQT-system. Inserting (2)
into (1) gives a T-dependent Vg denoted as apparent
velocity Vs app

Vs,app(T) = (3)
With increasing T the calculation window increases
and direct conversions and their multiples affect ip (7).
Thus, for higher values of T', the apparent velocity can
be associated to a higher depth (see Fig. 3B,C). For a
detailed description of the method see Svenningsen and
Jacobsen (2007). For a model consisting of a layer over
a halfspace the S-wave velocities can be directly read
from the V5 app(T") curve. More complicated models re-
quire an inversion of the Vg .pp(T") curve.

Curves of Vg app(T) are similar for different slow-
nesses (Svenningsen and Jacobsen, 2007). In the pres-
ence of noise, mean curves, Vg app(7T), can therefore
be formed by stacking V5 app(7') curves for all receiver
functions at one station. They are modelled by the
Vg,app(T) curve for a mean slowness which is 6.4s/°
in this study. Models for Vg can be retrieved in a grid
search by forward modelling of V5 app, (T') from synthetic
receiver functions calculated by the Thomson-Haskell
method (Kosarev et al, 1987). The best fitting curve
was determined by minimising the misfit egq

T=Tmax [ ‘ 3

€sd = Z \/(VS>aPP(T) - VS,};.pp (T)) ’ (4)
7=0.5

where V57! is modelled from synthetic receiver func-

tions. In our study Tiax is the largest T° for which
Vs app(T) is below 5kms~t. This limit was chosen, as
Vg,app(T') tends to diverge for higher values of T, and
5kms~! is a reasonable upper limit for Vg of the up-
per mantle. To obtain receiver functions, the theoretical
seismograms are treated in the same way as the data.

2.2 Waveform inversion

Receiver functions can also be inverted for Vs-depth
models by linear inversion. This is non-unique (Ammon
et al, 1990) and depends on the starting model. In this
study we use the method by Kind et al (1995) and a
large number of thin layers which allows quasi-gradient
models. Jacobsen and Svenningsen (2008) show that
fine layering and a high number of iterations result in
more unique results.

2.3 Modified Zhu&Kanamori algorithm (MZK)

A widely used method to extract the depth of disconti-
nuities, H, and the Vp/Vs ratio from receiver functions
was introduced by Zhu and Kanamori (2000). This in-
volves stacking of receiver functions within time win-
dows according to predicted delay times of Ps, PpPs,
and PpSs and analysis of the stack amplitudes. We use
semblance analysis (Neidell and Taner, 1971) to im-
prove resolution. The semblance S within a time win-
dow is the energy of the stacked trace divided by the
sum of the energies of all traces that make up the stack,

SO, I wfi(tes) + tfi(tppps) + rfi(tppss)|

T, S (R (tes) P+ [efi(bpppe) [P+ [rfi(tppse) %)
(5)

where n equals the number of traces used, rf; is the re-
ceiver function ¢ and tp, tppps and tppss are the delay-
times of the conversion and its multiples. 7 is the time
window of 2 s length arranged symmetrically around
the considered times. Delay times and semblances are
usually computed in a grid search over H and Vp/Vg
by fixing Vp. Where semblance is at a maximum the
correct H and Vp/Vs ratio are assumed to be found.

Here, we make two modifications. The resulting al-
gorithm is referred to as MZK. First, we assume that Vg
is given instead of Vp, which permits the usage of Vs-
values as obtained from the analysis of apparent inci-
dence angle and the waveform inversion. Formulas used
for calculating delay times are:

tPs =H

e a— -2 6
thPs =H VS 7 - p2 + (%VS) _p2 ( )
tppss = 2H\/ Vg 2 — p2.

Reformulation of Eqgs. (6) gives the general form H =

Hit, ‘é—ls’) For Ps the slope of the H (tps, %) is positive,

while for the first multiple the slope of H (tppps, “i—‘;)



is negative and for the second multiple H (tppss, %)
is constant (see e.g. Fig.3G). This results in a more
distinct semblance maximum in the Vp/Vs-H-plot and
higher resolution of Vp /Vs. Second, we replace the orig-
inal layer-over-halfspace model by a two-layers-over-
halfspace model. In our study this turns out to be more
appropriate because we can often constrain the upper
layer from the incidence angle analyses and waveform
inversion. Formulas for calculating delay times are given
in the appendix. In this study time windows of 2s
length centred around the predicted times tps, tppps,
and tppgs are used for stacking. All three phases are
equally weighted during the stacking.

3 Synthetic Examples

First we study the different effects on receiver functions
that can be expected due to sharp seismic discontinu-
ities compared to velocity gradients (Figs. 3C, 4C). For
this purpose synthetic seismograms are computed for
two simple layer-over-halfspace models. We chose for
the upper layer Vg = 3.2kms ™! and Vp /Vs = 1.73 over
a halfspace with Vs = 4.6kms™t, Vp/Vs = 1.79. The
discontinuity and the gradient are located at depths of
29km and between 25 and 33 km, respectively. Based
on these 2 models, receiver functions with a source
wavelet of 1s duration (Kiipper, 1958) are calculated
and stacked assuming epicentral distances between 27°
and 92° (Figs. 3A, 4A). For stacking, receiver functions
were moveout corrected assuming Ps, PpPs or PpSs
phases and a slowness of 6.4s/° (Yuan et al, 1997). In
the single traces we find that the converted phases are
broadened in the gradient model compared to conver-
sion at the sharp discontinuity. The effect is most pro-
nounced for the PpPs and PpSs multiples. In the move-
out stacked receiver functions the waveform of the refer-
ence phase retains its shape while the other phases are
artificially broadened. This effect is most pronounced
in the discontinuity model for the multiples when Ps is
assumed (Figs. 3A, top traces). Ignoring this distortion,
discontinuities may be misinterpreted as gradients. Re-
sulting Vs app(T) curves are only marginal different for
both models (Figs. 3B,C and 4B,C). Therefore, we can-
not expect to discriminate between a sharp discontinu-
ity and a gradient from Vg5 .pp (7). It turns out that
the short-period part of the V5 app(T") curve is usually
stable and equals Vg of the upper layer.

During waveform inversions mismodelling from
stacking was avoided by limiting the considered dis-
tance range to 47° — 67°, what corresponds to a slow-
ness range of 6.4—7.8s/° and allows to stack a sufficient
number of receiver functions at each station. For the
inversions synthetic receiver functions were calculated

for a slowness of 7.08s/° (57° epicentral distance), since
this is the mean slowness of the stacked receiver func-
tions. We invert receiver functions for Vs-depth mod-
els with Vs/Vp fixed at 1.73 in the crust and 1.79 in
the mantle. Densities in the crust are calculated using
Birch’s law (Birch, 1961), but fixed to 3.3 g/cm? in the
mantle. Because of their non-uniqueness, 200 inversions
with different starting models are performed. They are
randomly selected from a uniform distribution within
+0.75km~"! around the initial reference model which is
obtained from Vg .pp(T) analysis (see Figs. 3D-F and
4D-F). The distribution of the results is analysed. Out
of those, the model with the best misfit is searched.
For the calculation of a mean model only those models
with a misfit of maximal 4 times the global best misfit
are used. By this we correctly reproduce the position
of the discontinuity and of the gradient, the velocities
of both layers (see Figs. 3D, 4D), and the waveforms
(Figs. 3E,F and 4EF).

Major differences due to the model differences are
found by the MZK (Figs. 3G and 4G). As mentioned
before, the slopes H (¢, %) (coloured curves in Figs. 3G
and 4G) differ in sign depending on phase type. This
leads to a distinct intersection of the three functions
at the expected depth and Vp/Vs ratio and reduced
smearing along the curves (Fig. 3G). For the sharp dis-
continuity the depth can be found in the grid search at
29km and Vp /Vs = v/3. Both equal the original model.
In the case of the gradient, however, the method is al-
most insensitive to Vp/Vs. No single depth of conver-
sion can be found but the broad semblance maximum
resembles the location of the gradient. Therefore, fix-
ing shear wave velocities to values obtained in prior
inversions we expect to distinguish between sharp seis-
mic contrasts and gradient. The finding of Vp /Vg seems
promising for first order seismic discontinuities but not
in case of velocity gradients.

4 Application to stations along Sunda Arc and
Malaysia

4.1 Data and processing

We study crustal and upper mantle seismic structures
on northern Sumatra and the Malaysian Peninsula. Re-
ceiver functions were calculated at 6 stations that had
been in operation for several years (Fig. 1A, Tab. 1).
112 earthquakes within epicentral distances of 30° —96°
and magnitudes mp > 5.8 were chosen (Fig. 1B).
The resulting backazimuthal event distribution is un-
even with a majority in north-east (Japanese and Kuril
islands) and south-east (Kermadec-Tonga subduction
zone). The number of calculated receiver functions per
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Fig. 3 Analysis of synthetic receiver functions computed for a model consisting of a layer (thickness: 29km, Vg = 3.2kms™!,

Vp/Vs = 1.73) over a halfspace (Vg = 4.6kms™!, Vp/Vs = 1.79). A Synthetic receiver functions for events in different epicentral
distances (annotated on the left). Important phases also discussed in the text are highlighted. Blue, black, and green ticks mark
arrival of the primary Ps conversion and associated PpPs and PpSs multiples (compare G). Top three traces: summation with moveout
corrections for the Ps, PpPs, and PpSs phases assuming a slowness of 6.4s/° (67 © epicentral distance). B Synthetic receiver function
(6.4s/° (black), top) and derived Vg app(T) curve (bottom) with logarithmic time axes. For comparison, receiver functions and derived
Vs,app (T') curve for a slowness of 5.0 s/ are shown in green. C Vg-depth model corresponding to the Vg app(T) curve in B. D Density
function of the Vg-depth models from 200 inversions. For inversion, synthetic receiver functions in A were stacked within 47-67°
epicentral distance. White dashed lines: range limit of starting models around the Vg derived from Vg app(T') in B. Red solid and black
dashed lines: resulting medium velocities and standard deviations. E Receiver functions predicted by the models obtained from 200
inversions in D. Blue line: original receiver function, low-pass filtered at 1 Hz. It results from stacking receiver functions for epicentral
distances between 47 ° and 67 ° (without moveout correction). F Same as E but for receiver functions corresponding to the starting
models. G Results of MZK inversions assuming one layer (Vs = 3.2kms™!) above a halfspace. Thin black line indicates the area
with values greater than 75% of the semblance maximum. For comparison with receiver functions in A, delay times (right y-axis) are
calculated with Vp/Vg given at semblance maximum. Blue, black, and green lines show conversion depth curves H (Egs. 6) for given
Vp /Vs ratios and travel time differences. The latter correspond to the ticks in A (upper three traces) with the same colour.
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station varies with station operation time and due to
different data quality (Tab. 1). Data processing was car-
ried out manually. Erroneous and low-quality data were
rejected. Seismograms were processed in the same way
as the synthetics in section 3. Table 2 summarises the
results for the considered stations and methods.

Long period noise may obscure the Vg app(T") curves
(Svenningsen and Jacobsen, 2007). The modelling of
Vs,app(T') was therefore refined to include only high
quality receiver functions. First, only receiver functions
with signal-to-noise ratio > 2 before and after low-
pass filtering at 0.2Hz are accepted. Vg app(T) curves
are calculated from the remaining receiver functions.
The mean and the standard deviation are computed
at every point of the curves. An improved mean curve
(Vs.app(T)) is found by rejecting again all curves, which
exceed the limit of one standard deviation in the range

1s < T < 7s. This selection of high-quality receiver
functions finally leads to stable mean curves. They are
used to find a Vg-depth model in a grid search. Stability
is tested by jack-knifing i.e. the grid search was repeated
160 times including only 60% of all available Vs app (T')
curves that were randomly selected to form Vg app (7).
For stations BSI and PSI observed Vg app(T) curves
cannot be explained by three-layer models. Therefore,
a fourth layer was added. The velocity of the upper-
most layer was always read directly from Vs app(T)
within the interval 0.2s < T < 0.5s. The velocities
of the following layers where allowed to vary between
3.0kms™! < Vg < 5.6kms™! in steps of 0.2kms™1.
Depths were searched from 0 to 60 km in steps of 1 km.
Density plots show the relative frequency of the ob-
tained models as well as the median model and the
standard deviation (e.g. Fig. 5¢). Waveform inversion



station RF RF(47-67°)  network seismometer latitude [°N]  longitude [°E]  starting date
BSI 64 29 JISNET CMG-3T/100 5.49 95.29 01-Jan-2000
GSI 65 23 GEOFON STS-2 1.30 97.57 02-Oct-2005
IPM 65 22 MY STS-2 4.48 101.03 29-Mar-2006
KOM 61 18 MY STS-2 1.79 103.84 29-Mar-2006
KUM 83 25 MY STS-2 5.29 100.65 17-Feb-2005
PSI 75 31 PS STS-2 2.69 98.92 29-Mar-1993

Table 1 Station specifications and total number of calculated receiver functions (RF) and for earthquakes within 47-67° epicentral dis-
tance (compare Fig. 1). Networks are: MY — Malaysian National Seismic Network, PS — Pacific21, GEOFON - GeoForschungsZentrum

Potsdam, and JISNET — Japan-Indonesia Seismic Network.

is limited to receiver functions within a slowness range
of 6.4 — 7.8s/°. Initial models are based on the out-
come of the Vg app (1) modelling. A mean model is cal-
culated based on the models with misfits smaller than
four times the best misfit in case of Malaysian stations
and twice the best misfit in case of Sumatran stations.
Observed Vs app(T') curves are compared with Vg app(T')
predicted from the outcome of the waveform inversions
(red lines in Figs. 5B-10B). Finally, the MZK is applied
by fixing Vg which was retrieved before. The thickness
of the uppermost layer H; is constrained by the pre-
ceding waveform inversions.

4.2 KUM

Receiver functions at station KUM (Fig. 5A) show pos-
itive signals at zero time as well as conversions from a
shallow interface at approximately 1s. The deviations
of the observed from the theoretical incidence angle
leading to phases at zero time are mainly due to shal-
low layers near the surface. The Moho conversion at 4s
appears relatively weak. However, corresponding PpPs
and PpSs multiples are clear at 13.5s and 17.5s. Mod-
elling of Vg app(T') (Fig. 5B,C) results in a shallow, 3km
thick layer with Vs = 3.3kms ™! followed by increased
velocities of Vg = 3.6kms™! down to a depth of 25km.
Velocities are well defined by this method. Depth reso-
lution turns out to be weaker and the variability of the
lower depth limit is high.

By waveform inversion the uppermost layer is unre-
solved (Fig. 5D) but a discontinuity at approximately
19km is indicated. For this upper layer Vg = 3.5kms~".
Below Vg = 4.0 kms™! down to the Moho which is found
as a sharp discontinuity at 34km. In the uppermost
mantle Vg = 4.7kms ™! is found.

An abrupt Moho discontinuity is also confirmed by
MZK (Fig. 5G). Semblance forms a pronounced and
distinct maximum indicating the Moho at a depth of
33km and a rather high Vp/Vs ratio of Vp/Vs = 1.84.
The discontinuity at 19 km is not resolved but increased
semblance is found at depths between 15 and 20 km. In

contrast we find very high semblance for shallow depths
between 2 and 4km which is consistent with the thin
shallow layer found from the modelling of the Vs app ()
curves (Fig. 5B,C).

4.3 IPM

Receiver functions at station IPM show a positive con-
version close to zero time (Fig. 6A), indicating high
near-surface velocities. This is indicative of imperfect
seismogram rotation. Furthermore, converted phases
are found at 2s and 3.5s corresponding to a conver-
sion at a crustal discontinuity and at the Moho, respec-
tively. The phases at 10 and 13.5s may be associated
to multiples, although arrivals are rather early if they
correspond to the direct conversion at 3.5s.

The Vg-depth models obtained from apparent inci-
dence angles (Fig. 6B) support these observations. Up-
per crust velocities (Vs = 3.6kms™!) seem to be sep-
arated by a discontinuity near 10km from the lower
crust where Vg = 4.2kms™!. The Moho is found at
24 km depth.

Waveform inversion (Fig. 6C) confirms the Vg =
3.6kms~! but shows a thickness of about 14km for
the top layer and Vg = 4.1kms™! for the lower crust.
The Moho is apparently formed by a velocity gradi-
ent between 25 to 35km depth where Vg increase by
0.06kms™! per km. However, scattering of the models
is rather high in this region. Within the upper mantle
Vg = 4.7kms ™! is found.

The MZK (Fig. 6G) shows increased semblance at
12 — 16 km depth corresponding to the crustal disconti-
nuity found before. Semblance is high within a broader
depth range from 24 to 33 km. Similar to the observa-
tions from synthetic examples sensitivity to Vp/Vs is
low (compare Fig. 4) confirming the velocity gradient
at Moho depth found by waveform inversion.



BSI GSI IPM KOM KUM PSI
1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
Va1 | 2.8 2.9 2.6 2.7 3.6 3.6 3.5 3.5 3.3 3.5 2.9 3.1
0.1 0.3 0.2 0.3 0.1 0.3 0.1 0.4 0.1 0.4 0.1 0.5
Vao | 3.4 0.17F 0.16* 0.13* 4.2 4.1 4.2 3.9 3.6 4.0 4.2 4.1
0.2 0.3 0.3 0.2 0.4 0.2 0.4 0.3 0.4
Vsz | 4.2 4.2 - 0.06* 0.14* 4.0 3.9
0.03*
0.3 0.5 0.2 0.5
Vss | (5.6) 4.8 (5.3) 4.7 (5.6) 4.7 (5.6) 4.8 (4.8) 4.7 (5.6) 4.7
(0.3) 0.4 (0.3) 0.4 (0.1) 0.4 (0.2) 0.4 (0.3) 0.4 0.3) 0.5
H, 1 at 5 7 10 14 14" | 10 12 12 3 4 1 10f
1 2 4 3 1 2 2 0
Hy 6 14 14 137 157 10f 19 6 25 24
3 3 8 4 2
Hs | (28) 37 36t 31T | (24) 30f 26" | (27) 34" 35" | (25) 34 33 (33) 4of
(4) (3) (3) 3 (4) 3 (3)

Table 2 Summary of parameters (bold numbers) and their standard deviation (values underneath) retrieved by three different
methods. 1=Results from modelling of the apparent incidence angle (Note that for stations BSI and PSI a fourth layer was introduced
during the grid search). 2=Results from waveform inversion. 3=Results from MZK. Vg is given in [km/s|, depths H in [km]. For
gradients, * denote their slope [s~1] and T denote their mean depth. Vg4 denotes mantle Vg. Hs denotes Moho depth. In brackets:
values obtained from modelling of ip which are insufficiently resolved (compare section 6.1).

4.4 KOM

For all epicentral distances receiver functions for station
KOM show coherent signals between 0 and 10s (Fig.
TA). A positive amplitude at 0s indicates again imper-
fect seismogram rotation. The following two small posi-
tive signals probably originate from crustal discontinu-
ities. The large positive signal near 4 s indicates a strong
discontinuity in the typical depth region of the Moho.
Multiples are found at 13s (PpPs) and 17s (PpSs). The
pronounced negative signal at 7s is probably the PpSs-
multiple of the phase at ~ 2s, although it cannot be
excluded that it is a direct phase from a deep struc-
ture. The PpPs-multiple of this phase interferes with
the direct Moho conversion. Similar to station IPM,
the model obtained from Vg app(T) (Fig. 7B,C) starts
at high Vg = 3.5kms™! for the upper 10km followed
by Vs = 4.2kms ™! within the lower crust. The Moho is
indicated at a depth of 27 km.

Waveform inversion (Fig. 7D) confirms Vg =
3.5kms™! at the surface but shows the depth of the
intercrustal discontinuity slightly deeper at 12 km. The
second layer with Vg = 3.9kms™! is imaged down to
a depth of ~ 30km. The Moho is modelled as a gra-
dient between 30 and 35km with a velocity increase
of 0.14kms ™! per km and an additional velocity jump
at 35 km. Below, Vs = 4.8kms ™! indicates rather high
S-wave-velocity in the mantle.

The MZK (Fig. 7G) confirms depth of the crustal
discontinuity and of the Moho at 12 — 13km and at
33 — 40km, respectively. In both cases, Vp/Vs =~ 1.8
although resolution is low.

4.5 PSI

Receiver functions at station PSI are complex although
seismograms from 75 events could be included (Fig. 8A,
Tab. 1). A strong conversion from a very shallow inter-
face indicated at 0.5s is followed by a negative signal
at &~ 1s. The positive phase at 4.5s may correspond
to the conversion at the Moho. A clear identification of
its multiples is difficult. Thereafter, coherently signals
appear at 9 and 10.5s (positive) and at 12s (negative).
Either the phase at 9s or 10s may be indicative of the
slab, as the top of the subducted plate is found at ap-
proximately 100 to 150 km.

Three layers are insufficient to model Vg app (7)) (Fig.
8B,C) because a minimum is observed at T' = 4s indi-
cating a zone of decreased Vg. Therefore a fourth layer
was introduced. The resulting density-function shows
a 1km thick layer with Vs=2.9kms™!. Then, the Vg
increases at a sharp discontinuity to the high value of
Vg = 4.2kms ™! followed by a decrease at 6 km depth to
Vg = 4.0kms~". The third discontinuity indicates the
Moho at a depth of ~ 33 km.

The Vs-depth model obtained from waveform inver-
sion (Fig. 8D) starts at the surface with Vs=3.1kms~!.
The transition to high Vg of the next layer seems also
rapid. The mean velocity between 2 and 10 km depth is
4.1kms™!. Again, a velocity inversion is found between
10 and 25km depth, where Vg ~ 3.9kms~!. Velocities
increase again at 25 km depth to 4.2kms™! and at a
depth of 40km by 0.1kms~' per km. Mantle velocities
of Vg=4.Tkms ™! are reached at 45km. However, a low
velocity zone is again indicated in the mantle for depth
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Fig. 5 Analysis of receiver functions at station KUM (see with Fig. 3 for more details). A Receiver functions, stacked within bins of 5°
according to epicentral distance and low-pass filtered at 1 Hz. Distance ranges and number of stacked receiver functions are annotated

on the left. Notice complex waveforms also for bins with larger number of observations. Arrows mark delay times of important phases.
B Vg app(T) curves. Grey lines: 160 mean curves (Vs app (7)) from jackknifing. Black and red curves: synthetic Vg appsun (T') curves
predicted from retrieved Vg models and from the medium model resulting from waveform inversion in D, respectively. C Density

function of the Vg-depth models corresponding to the mean \757

app(T) curves in B. Black solid and dashed lines show the mean

and one standard deviation. D red solid shows mean and black dashed lines show one standard deviation. G Semblance from MZK

assuming 2 layers above a halfspace. Velocities of these 2 layers
uppermost layer is fixed at 19 km.

around 55km. It should be noticed that standard de-
viations are rather high for most part of the obtained
model. Therefore reliability of results from the wave-
form inversion is limited.

Due to the complexity of the receiver functions, the
MZK algorithm is not able to resolve all of these details
(Fig. 8G). Essentially, only the discontinuity observed
by waveform inversion at 25 km depth is indicated in the
semblance map. The more shallow discontinuity may be
weakly suggested by the high semblance at 2 km depth.
The velocity increase at great depth is not visible.

are Vg1 = 3.5kms™! and Vgy = 4.0kms—!. The thickness of the

4.6 GSI

The receiver functions of station GSI show pronounced
conversions at 2s but also conversions with smaller am-
plitude at 4, 5, 6.5, and 14s. The signal at 6.5s could
be the PpPs multiple of Ps at 2s. The signals at 14 and
18 s could be the PpPs and PpSs multiples of Ps at 4.

Resulting Vg app(T') curves (Fig. 9B,C) reveal Vg =
2.6kms™! for the uppermost 5km. Velocity and thick-
ness of the second layer are not well defined but a
velocity gradient seems to exist between 5 and 20 km
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Fig. 6 Analysis of receiver functions computed from data recorded at station IPM. For MZK the thickness of the uppermost layer is

fixed at 14 km. See with Figs. 3 and 5 for more details.

with 0.16 kms™' per km. During waveform inversion
(Fig. 9D) stacking was limited to receiver functions with
backazimuth between 30° and 60°, because azimuthal
variations of receiver functions are observed (see section
5). It confirms the velocity of the upper layer as well as
the velocity gradient that leads to Vg = 4.7kms™ ! at
a depth of only 20 km. However, the uppermost layer
appears thicker than observed from Vg ,pp (7). Between
20 and 40km depth the model shows a velocity inver-
sion. On average Vs decreases from 4.7 kms™! at 20 km
Vs to only 4.3kms™! at 30km depth. However uncer-
tainties are rather high in this part of the model (up to
0.75km/s). Upper mantle velocities of Vg = 4.7kms™!
are reached again at 40 km depth.

The MZK shows high semblance within a broad
band between 2 and 18 km depth without resolution

for the Vp/Vs. This is in accordance with the veloc-
ity gradient at this depth found before. Additionally,
a semblance maximum is found at 31km depth where
Vb /Vs=1.84. This corresponds to the depth of the low-
velocity layer found by the waveform inversion.

4.7 BSI

At station BSI the most prominent phases are the pos-
itive signals at approximately 1, 5, and 10s (Fig. 10A).
However, their corresponding multiples are difficult to
identify.

The Vg app(T) curves could not be sufficiently mod-
elled with only three layers. Therefore, a fourth layer
was introduced. The results (Fig. 10C) indicate a thin
top layer of 1km thickness with Vg=2.8kms~'. In the
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Fig. 7 Analysis of receiver functions computed at station KOM. For MZK the thickness of the uppermost layer is fixed at 12km. See

with Figs. 3 and 5 for more details.

following layer Vg = 3.4kms~! down to 6km depth.
Below this we find Vg = 4.2kms~! down to a depth of
28 km.

Due to the lack of clear multiples, waveform mod-
elling at this station is difficult (Fig. 10D). The density-
function of Vg-depth models confirm the low velocity of
2.9 kms~! near the surface and a rapid increase in Vg
to Vg=3.9kms ! on average at a depth of 6 km. Within
the following layer between 14 and 37km depth the
mean velocity is 4.1kms ™!, but rather high uncertain-
ties are observed. The mantle velocity of 4.8kms™! is
reached below a discontinuity at 37 km depth. The pro-
nounced phase at 10s is modelled by a clear velocity in-
crease at 95 km depth. Although this phase, which can
probably be associated with a direct conversion from
the slab (see next section), shows azimuthal variations,

we decided to include receiver functions of all azimuths
in the stack, as the slab is found in great depth and
does not have influence on the results for the shallower
layers.

The MZK shows regions of high semblance between
2 and 4km and between 6 and 8km depth confirm-
ing the increases in velocity found before. Highest sem-
blance are attained between 12 and 17 km depth. How-
ever, this zone of high semblance is probably caused by
a misinterpretation of the phase at 10s as a multiple.
We have reasonable evidence that this phase is a direct
phase. This will be discussed in the next section. Here,
the location of the Moho is not resolved by MZK.
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Fig. 8 Analysis of receiver functions computed from data recorded at station PSI. For MZK the thickness of the uppermost layer is

fixed at 6 km. See with Figs. 3 and 5 for more details.

5 Structures related to the subduction

Due to their proximity to the Sunda trench we pay spe-
cific attention to inclined structures possibly related to
subduction at the stations BSI, PST and GSI (Fig. 1A).
There, the slab is subducted at a low angle and still
rests at relatively shallow depth of less than 150 km
at PSI, 100km at BSI and less than 50km at GSI
(Gudmundsson and Sambridge, 1998). Synthetic re-
ceiver functions show that amplitudes and delay times
of phases generated by conversion at inclined struc-
tures are sinusoidal and 360° periodic with backaz-
imuth (e.g. Cassidy, 1992). On the Q-component small-
est and largest amplitudes and delay times are expected
in up-dip and in down-dip direction, respectively. Al-
though delay times are equal on the Q- and on the

T-component, amplitudes on the T-component vanish
and reverse in up-dip and down-dip directions. In down-
dip direction, amplitudes on the T-component change
clockwise from negative to positive polarity.

Fig. 11 shows the receiver functions of station GSI as
a function of backazimuth. Two important conversions
in the receiver functions, possibly related to inclined
structures, are highlighted. For backazimuths between
0° and 180° the first conversion is found with positive
amplitude on the Q-component at ~ 2s (Fig. 11A). At
the same time on the T-component (Fig.11B), phases
with positive amplitudes are found for north-eastern di-
rections and negative phases are found for south-eastern
directions. The transition from positive to negative am-
plitudes is found near 90° backazimuth indicating an
inclined interface with dip in N90°E direction. This in-
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Fig. 9 Analysis of receiver functions computed from data recorded at station GSI. In D, stacking of receiver functions was limited
to those with backazimuths between 30° and 60°. In C and D a clear velocity gradient above 20 km depth followed by a pronounced
low-velocity zone (D) is visible. For MZK the thickness of the uppermost layer is fixed at 10km. Notice the broad band of high
semblance near 30 km supporting the observations of the velocity gradient. See with Figs. 3 and 5 for more details.

terface corresponds to the apparently gradual velocity
increase between 10 and 20 km inferred from waveform
inversion and can be associated to the top of the sub-
ducting slab. The depth location is in agreement with
findings from reflection seismic surveys (Kopp et al,
2001). Franke et al (2008) image the top of the sub-
ducting oceanic plate at ~ 16 km beneath the outer-arc
high on which station GSI located.

On the T-components, an additional phase with a
similar behaviour is found at 4s. There, amplitudes re-
verse at 60° backazimuth from positive in northern di-
rection to negative in south-east. This indicates an in-
clined interface dipping N60°E. On the Q-component,
this phase is generally positive. Phase identification is
however difficult in up-dip direction which might be

attributed to the low number of observations. This
phase can be associated to the second velocity increase
found by waveform inversion between depths of 35 and
40km (Fig. 9D) and may correspond inclined structures
within the subducted slab.

At station BSI clear evidences for the subducting
slab can be found. A pronounced positive phase was
found before at 10s (Fig. 10A). In north-east direc-
tions the delay times of this phase depend clearly on
the distance of the trench to their piercing points at
100km (Fig. 12A,B). This again indicates an inclined
interface with dip to the north-east. Fig. 12C,D shows
that the delay times of this phase vary strongly with
backazimuth. The highest delay time is found for the
60 — 75° backazimuth bin. The change in polarity is
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Fig. 10 Analysis of receiver functions computed from data recorded at station BSI. For MZK the thickness of the uppermost layer is

fixed at 6 km. See with Figs. 3 and 5 for more details.

found on the T-component at N60°E constraining the
dip direction of the discontinuity. The negative phase
at 8 — 9s preceding the positive phase indicates a low
velocity zone related to the slab. Yuan et al (2008)
and Tibi et al (2008) suggested that such a low ve-
locity zone may correspond to the subducted oceanic
crust that has not yet eclogised. The following velocity
increase represents the Moho of the subducted plate.
On the other hand, Peacock (1993b) states that the
slab can transport large amounts of water to depths
of ~ 100km. Released water will migrate upward into
the mantle wedge causing hydration reactions or partial
melting (e.g. Peacock, 1993a,Kawakatsu and Watada,
2007), causing decreased seismic velocities.

To estimate the dip of the interface, the delay
times of the signal near 10s on moveout-corrected re-

ceiver functions are converted to location of the pierc-
ing points and their shortest distances to the trench
x. An upper mantle velocity of Vp = 8.1kms~! and
Vp/Vs = 1.8 is used to calculate relative depths of
conversion H. Hereby it is assumed that the slab is at
100km depth at station BSI (see Fig. 1). The dip « of
the inclined interfaces is retrieved assuming the linear
relation

H(x) = tan(a) z + Hy. (7)

In (7) Hy is the depth of the interface at the piercing
point closest to the trench. The solutions and the re-
sulting uncertainties are found in a linear least square
sense (Menke, 1989).

From the single receiver functions in Fig. 12B a dip
of a =20° 4 9° at a depth of Hy = 99 km is found (see
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azimuth. A Q-component, B T-component. Traces are corrected
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15° backazimuth. Blue and red ticks mark phases generated at
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data A in Fig. 13). Using the stacked receiver func-
tions in Fig. 12C, a similar dip angle @ = 21° 4+ 8° is
obtained (see data B in Fig. 13). Assuming other P-
wave velocities the variations are negligible (variations
smaller than the accuracy).

From the distance of station PSI to the trench, we
would expect to see a slab phase at this station as well.
There are strong signals in the receiver functions at
9s and 10.5s which may correspond to direct phases
from a structure as deep as the slab (= 100km) at this
station. However processing the receiver functions in a
similar way as for station GSI and BSI did not reveal
any evidence for inclined interfaces. This may point to
a locally flat slab surface.

6 Discussion
6.1 Potential and impact of combining the methods

P-to-S converted phases show complexity of the litho-
sphere underneath stations located on the Sunda plate.
To analyse receiver functions we combined three differ-
ent methods. They include the modelling of Vg app(T'),
waveform inversion, and MZK which is a modification
of the algorithm after Zhu and Kanamori (2000). Their
combination results in an improved definition of Vg vs.
depth. Studies of synthetic receiver functions show that
Vs of the uppermost layer equals Vs app (1) for low T
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Fig. 12 Receiver functions at station BSI. A Piercing points
(red points) corresponding to the conversions near 10 s in receiver
functions (B). B Receiver functions as a function of distance to
the trench. Traces are bandpass filtered (2 - 30s) and corrected
for moveout. Delay times of the signal near 10s (blue ticks) in-
crease with distance. C, D Q- and T-components of the receiver
functions in Fig. 10 stacked within 15° wide backazimuth bins.
The azimuthal dependence of arrival times of the phase near 10 s
(red ticks) and polarity reversal on the T-components suggest a
N60°E dipping interface.

where Vg app(T') is constant. Depth resolution depends
on data quality at long periods.

The modelling of Vs pp (1) provides stable velocities
and depth estimates for the upper layers of the model.
The resolution for discontinuities deeper than 20 km de-
creases because Vg app(T') tend to diverge for high val-
ues of T due to limited data quality at long periods.
This reduces the upper limit of T" for the calculation of
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Fig. 13 Depth of conversions derived from the delay times ob-
served at station BSI. Delay times corresponding to data A and
B are marked in blue and red, respectively, in Fig. 12. For depth
calculations Vp = 8.1kms~! and Vp/Vs = 1.8 were assumed for
the upper mantle. Regression lines correspond to a dip of 20°
(blue, data A) or 21° (red, data B).

the misfit down to 7s at some stations. As a result the
depth of the Moho is often underestimated compared to
the results of the other methods used (compare Tab. 2).
Additionally, there is little resolution for upper mantle
velocities which requires data with high signal-to-noise
at long periods. Therefore, we base the discussion of
Moho depth and mantle velocities mainly on the re-
sults obtained by waveform inversion and MZK. For
synthetic data, V5 app(7T') is stable even for larger 7.
The solutions are also affected by the parameterisation
of the model in the grid search approach. The data
sometimes demand up to four layers to increase the
resolution in Vg and in depth.

The obtained Vs-depth models provide reference
models for subsequent waveform inversions. During pro-
cessing, we note that single waveform inversions are
non-unique. However, a large number of inversions with
different initial models results in convergence to sta-
ble final Vg-depth models at greater depths. They con-
firm the results of the Vg app(T") modelling for shallow
depths.

Retrieved shear wave velocities are used as input
to MZK. For simple receiver functions, MZK provides
good definitions of the depth limits of discontinuities.
For sharp discontinuities also Vp/Vgs can be retrieved.
However, Vp /Vs cannot be resolved in the case of veloc-
ity gradients. This poses problems to the application of
the algorithm in general, as natural discontinuities are
often formed by gradients. Additionally, we find that
for complex receiver functions, individual phases may
be misinterpreted which leads to obscured discontinu-
ities.

In this study receiver functions are analysed for 6
stations on the Sunda plate (compare Tab. 2). The com-
bination of modelling of Vg app(T') with waveform in-
version provides reasonable constraints for the crustal
Vs-depth models. The application of MZK reveals the
depth of the Moho. Waveform modelling was also ap-
plied to constrain Vg for the upper mantle. Caused by
the presence of gradient zones instead of sharp discon-
tinuities or missing of clear multiple conversions, Vp /Vs
is generally not well resolved.

It should be emphasised, that all methods used in
this study are local methods. They can be applied to
single stations where dense networks are missing.

6.2 Methodological limits and approximations

The combination of the different methods balances
weaknesses of the single methods and misinterpreta-
tions can be corrected. We found that modelling of
Vs,app(T') needs high quality data even at long periods.
Furthermore complex structures are difficult to model,
as a high number of layers is needed and the results
may even become non-unique. The waveform inversion
turned out to be meaningless for only one single in-
version. Only a statistic over a lot of trials with dif-
ferent initial models provides a sufficiently stable mean
model. Its standard deviation serves as an estimate for
uncertainties. However this method still makes some
approximations which are not correct in reality. First
we fixed the densities in the crust according to Birch’s
law. Mantle densities are fixed to 3.3 g/cm?. Second the
Vp /Vg-ratio is fixed to 1.73 in the crust and 1.79 in the
mantle. For the MZK we tried to visualise uncertainties
by the 75% contour line of the semblance maximum. It
turned out that plotting curves correspondent to delay
times of the direct conversion and the multiples facili-
tates understanding of the plot.

6.3 Crust and upper mantle structures in Indonesia
and Malaysia

Stations on the Malaysian peninsula (KUM, IPM,
KOM) all show relatively high near-surface Vg of 3.3 —
3.6 kms~! which are typical for plutonic rocks (Schén,
1996) exposed in the region (Pubellier et al, 2005).
These three stations show one major intracrustal dis-
continuity where Vg increases to 4.0 — 4.2kms™! at
depths of 12 km (KOM, =~ 2 arrival time), 14 km (IPM,
~ 3s), and 19km (KUM, = 35s). It seems to correspond
to a Conrad discontinuity separating the upper from the
lower crust. The Moho discontinuity is a sharp disconti-
nuity only at station KUM at 34 km depth, represented
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by a phase at ~ 4. At station IPM and KOM it forms
a gradient between 25 — 35 km (~ 3s arrival time) and
at 30 —38km (= 45) depth. Obtained Moho depths are
in accordance with the crustal thickness of 30 — 35km
found by Wu et al (2005). Vs in the crust is on aver-
age near to the values given by Wu et al (2005). The
Vs velocities found for the uppermost mantle in this
study are higher by 0.1 — 0.3kms~! than the velocities
given by Wu et al (2005). It should be noted however
that in the surface wave tomography of Wu et al (2005)
the typical resolution length is on the order of several
100 km, while it is on the order of a few 10km for the
receiver function study presented here.

The stations on Sumatra (BSI, GSI, PSI) generally
indicate more complex structures. They all show signif-
icantly lower near-surface Vg in the range of 2.6kms ™!
at GSI and 2.9kms~! at PSI. At station PSI the low
velocities at the surface are immediately followed by
high Vg velocity of about 4.1kms™! down to 10km
depth and a complex layer with decreasing velocities
down to about 3.5kms™! in 25km depth where veloc-
ity increases abruptly. This unusual structure may be
explained by the proximity of the station to the Toba
caldera. Partial melting underneath the caldera due to
active volcanism (Masturyono et al, 2001) seems to re-
sult in reduction of shear wave velocities, explaining
the decreasing velocities in the middle crust. The abso-
lute value of Vg in the depth range from about 2 km to
about 10km are very high compared to normal conti-
nental upper crust making a mainly felsic composition
unlikely (Christensen and Mooney, 1995). In the lower
crust below 25km depth Vg increases again to normal
values of 4.2kms™!, a velocity increase which is visible
in the receiver functions by a phase at 3s. Wu et al
(2005) find low crustal velocities to the Northwest of
PSI more or less halfway to station BSI but average
values for the region around PSI. The Moho is formed
by a gradual velocity increase between 35 and 45km
depth, causing a phase at &~ 4.5s. This is in accordance
with the deep Moho at ~ 38km found by Sakaguchi
et al (2006) in the area. A low velocity zone in the man-
tle around 55 km depth may also be caused by partial
melting in the upper mantle. At station GSI Vg is low
within the upper 5km, indicating a thick sedimentary
layer. This seems reasonable since GSI is situated on
the island Nias which is part of the accretionary wedge
formed by marine sediments scraped-off the subducting
oceanic plate. The gradual velocity increase between
10 and 20km probably images the top of subducting
oceanic plate and is represented in the receiver func-
tions by a broad phase around 2s. Azimuthal depen-
dence of delay times of converted phases and polarity
reversal on the T-components provide evidence for dip

of the subduction to the north-east. This is in accor-
dance with the direction of subduction at the Sunda
Arc and recent observations (Kopp et al, 2001; Franke
et al, 2008; Singh et al, 2008). Within the slab another
north-east dipping structure is indicated. For the cor-
responding observed converted phases the dip is also
expressed in azimuthal variation of times and their po-
larity reversal on the T-components (Fig. 11). In both
cases an exact quantification of the dip is difficult due
to interference of different phases in receiver functions.
It follows a low-velocity zone near 30 km depth and a
velocity increase at 35 — 40 km depth, causing a phase
at &~ 4 delay time. This low-velocity zone might be in-
dicative of serpentinisation due to water intruding the
oceanic plate through faults related to bending of the
slab (Ranero et al, 2005; Hacker et al, 2003). The sub-
sequent positive conversion indicates a velocity increase
and the lower limit of the serpentinised zone.

At station BSI we find Vg = 2.8kms™! at shal-
low depth corresponding to sedimentary rocks (com-
pare Crow and Barber, 2005). Below, Vs increases to
3.8kms™! at a depth of 6km, indicating basement
rocks. Vg increases to 4.1 kms ™! at 14km depth. Similar
to the stations on the Malaysian peninsula this corre-
sponds to the transition to the lower crust. This obser-
vation is mainly supported by waveform inversion and
MZK. The Moho is found at a depth of 37 km, which is
similar to station PSI and causes a phase at the rather
high delay time of ~ 5s in the receiver functions. Evi-
dences for inclined structures related to subduction are
also found at BSI. A discontinuity displayed by a phase
around 10s and dipping at 20° & 8° to the north-east
indicates the subducting oceanic slab at 90 — 110 km
depth and confirms earlier results (Gudmundsson and
Sambridge, 1998; Widiyantoro and van der Hilst, 1996).

6.4 Comparison to other island arcs

The structure beneath the stations in Malaysia shows
a clear separation between upper and lower crust and
overall crustal thicknesses between 30 to 35km com-
parable to continental average structure. The revealed
models beneath the stations in Indonesia show over-
all more heterogeneity, a thicker crust and high veloci-
ties in the upper and lower crust. These characteristics
are typical for island arc models (Rudnick and Foun-
tain, 1995; Christensen and Mooney, 1995). However,
the crustal Vg velocities are high in comparison to other
island arcs and indicate an enhanced mafic contribution
to these layers (Rudnick and Fountain, 1995). However,
without knowledge of Vp and density structure a de-
tailed association with specific rock types is not possi-
ble. The crustal structures found here are quite compa-
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rable to the one observed by Azano et al (1985) for the
Japanese Archipelago close to Izu Peninsular. They de-
termined P-velocities but S-velocities are comparable if
Vp /Vs-ratios of 1.73 and 1.78 are assumed for the crust
and mantle, respectively. They observed Vp & 6.0km/s
(accordingly Vs ~ 3.5km/s) for the upper crust and
Vp &~ 6.8km/s (accordingly Vs ~ 3.9km/s) for the
lower crust. Both values compare well to the S-velocities
of 3.3—3.6km/s (upper crust) and 4.0—4.2km/s (lower
crust) found for the Malaysian stations and BSI in this
study. Additionally, Azano et al (1985) also observed
the Conrad discontinuity at a depth of 15 to 20km
beneath Honshu and the Moho at the relatively great
depth of 35 — 40km. Therefore, the characteristics of
the crustal structure of the Japanese island arc and the
Sunda arc show similarities.

7 Conclusions

Receiver functions are often stacked to increase the sig-
nal to noise ratio with respect to single traces. How-
ever, the summation may obscure and broaden wave-
forms mainly of multiply converted phases when a large
range of epicentral distances are included. As a result
converted phases generated at sharp discontinuities and
at gradients may have similar behaviour.

The combination of the different methods to analyse
receiver functions, i.e. the modelling of Vg app (1), wave-
form inversion and MZK, results in Vg-depth models
and resolved non-uniqueness of the individual methods.
We propose that Vg is initially retrieved by modelling
of Vg,app(T') and used as input to waveform inversion.
The resulting Vs-depth model is delivered to our mod-
ification of the common grid search approach by Zhu
and Kanamori (2000) to compute Vg /Vp.

To estimate the depth of discontinuities and
Vp /Vs the common grid search approach by Zhu and
Kanamori (2000) was modified (MZK). The grid search
approach by Zhu and Kanamori (2000) was extended to
multiple layers. Semblance analysis was applied to re-
trieve model parameters. Constraining Vg instead of Vp
increases resolution. In case of velocity gradients sem-
blance is high over a broad depth range and insensitive
to Vp/Vs. This may help to discriminate between sharp
seismic discontinuities and gradients.

We conclude that modelling Vs app, is a useful tech-
nique to reveal local absolute S-velocities. This can be
especially useful at isolated stations where no other in-
formation are available. Furthermore, we found that the
MZK significantly improves the widely used algorithm
of Zhu and Kanamori (2000). Therefore, future receiver
function studies may benefit from the proposed modi-
fications.

The crustal and upper mantle seismic structure of
the Sunda plate is only partly constrained from previ-
ous studies. We study the shear wave structure under-
neath six permanent seismic broadband stations along
the Sunda Arc on Nias and Sumatra and on Malaysia
by means of receiver functions. The analysis of re-
ceiver functions reveals consistent local crustal and up-
per mantle Vs models for the different stations. High
shear wave velocities near the surface for stations on
Malaysia are indicative of crystalline rocks. At near-
trench stations on Sumatra low near-surface Vg corre-
spond to thick sedimentary layers.

In general stations on Malaysia reveal crustal struc-
tures comparable to other island arcs (compare Miller
and Christensen, 1994), i. e. an upper crust divided from
a lower crust by the Conrad discontinuity and the Moho
in relative great depth between 30 and 38 km. Stations
on Sumatra and Nias show more complex crustal struc-
tures. A division in upper and lower crust as for the
Malaysian stations is not identified. In contrast differ-
ent low velocity zones are observed. Close to the trench
those may be due to serpentinisation of the subduct-
ing slab. At distances of 120 to 150 km from the trench
low S-velocities may be related to partial melting of
crustal material and to volcanic activity. Additionally,
the Moho is found at greater depths for stations close to
the trench (35—45km) than for the Malaysian stations.

Receiver functions of station GSI, located closest to
the trench, show evidences for north-east dipping struc-
tures formed by subduction. Here, the top of the sub-
ducting plate is found between 10 to 20 km depth. Near
station BSI the subducting slab was observed. Here, a
dip of 20° + 8° to the north-east at depths between 90
and 110km was retrieved from delay times of the Ps-
converted phase. We conclude that receiver functions
can be used to observe the slab and even to retrieve the
local inclination of the slab surface. Again, this provides
a mean to infer information about the slab in regions
where seismic stations are too isolated for the applica-
tion of other geophysical methods such as tomography.
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A MZK: delay times of converted phases in the
case of two layers over a halfspace

In the case of two layers over a halfspace delay times of P-to-
S-converted phases are calculated and used in the MZK. The
following formulas which are an extension to Eqs. (6) apply:

Vp1
(\/VM - p? —\/ 7‘/81 —p2>
tppps = (H1 — Ha) (\/ngz—ilﬂ-l-\/ 7Vs2 —p2>

tppss = (H1 — Ha) \/Vg 3 — p? + 2H1\/V5 | — p2. (8)

Quantities Vp i, Vs i, H; denote velocities and depth of the lower

boundaries, respectively, for layer .



