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The maximum slip area of the 1960 Mw 9.5 Valdivia (Chile) earthquake has been investigated down to
100 km depth by a receiver function survey along two trench-perpendicular profiles at 39.3° and 39.5°S.
The data are compared with seismicity and local earthquake tomography. We find a slab of ca. 35° dip at
depths similar to what is observed to the north and south of the study area. The slab and the overlying mantle
wedge show a local decrease in seismic velocities possibly caused by hydration or underplating of sediments.
The presence of hydrated or sedimentary rocks would reduce plate coupling in this region in agreement with
recent GPS measurements. The Moho is found at depths of 30 to 40 km deepening from the coast to the
Andes. The Moho topography is close to isostatic equilibrium. Under the volcanic centre of Villarrica, Quetru-
pillán and Lanín the Moho conversion occurs about 10 km shallower than expected for a standard isostatic
model. This can be explained by a density reduction in the lower crust due to magmatic processes or by
non-compensated stress.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The Chilean Subduction Zone is one of the areas with the highest
seismic potential worldwide, which witnessed the largest earthquake
recorded in human history, the Mw=9.5 1960 Valdivia Earthquake
(Barrientos and Ward, 1990; Cifuentes, 1989). Only recently has this
region been hit by the Mw=8.8 Maule earthquake in 2010 (Delouis
et al., 2010); on average, an earthquake larger than magnitude 8 oc-
curs here approximately once every decade (Campos et al., 2002).

While many parts of this region have been investigated in detail
by a large number of international research projects, notably the
SFB 267, TIPTEC, ISSA, SPOC etc. (e.g., Asch et al., 2006; Gross et al.,
2008; Krawczyk et al., 2006; Lüth et al., 2003), the area of the maxi-
mum 1960 coseismic slip between 39° and 40°S has not been seismi-
cally imaged so far. This region is particularly interesting for a number
of reasons. The coseismic rupture propagation of the 1960 earthquake
suggests that the region to the south of the epicentre may be funda-
mentally different from that to the north, with the coseismic rupture
propagating almost exclusively southwards over more than 1000 km
until the edge of the Nazca Plate along the Chile Rise (Barrientos and
Ward, 1990; Moreno et al., 2009). Which properties of the plate inter-
face caused this rupture behaviour and the position of the slip maxi-
mum is still unknown.
: +49 431 880 4432.
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Most hypotheses suggest that plate coupling in this region is dif-
ferent from adjacent segments of the Chilean margin. On a regional
scale, this area is set apart from the adjacent parts of the subduction
zone both in geology and in gravity (Alasonati Tašárová, 2007;
Hackney et al., 2006; Rehak et al., 2008). The overriding plate is seg-
mented by a number of ESE trending fault zones, forming the Ara-
uco–Lonquimay–Segment to the north of the Gastre Fault Zone, the
Villarrica segment between 39° and 40°S, and the Biobio–Osorno
segment to the south. The Villarrica–Liquiñe segment stands out
among the others because it lacks a Central Valley between the
Coastal Cordillera and the Main Cordillera, which is identified every-
where else along the south Chilean margin (Charrier et al., 2007). In
gravity, this segment is characterised by a negative anomaly of 0 to
−50 mGal even in the coastal regions, whereas the adjacent seg-
ments have pronounced gravity highs of the order of 100 mGal
(Alasonati Tašárová, 2007; Hackney et al., 2006) as are usually char-
acteristic for subduction zones. This was tentatively explained by a
deeper subducting slab in this segment and differences in forearc-
thickness, but still needs to be confirmed by seismic imaging. Based
on a global correlation of negative gravity anomalies with subdued
forearc topography and high seismic moment release (Hackney et
al., 2006; Song and Simons, 2003; Wells et al., 2003), it was assumed
that the deeper position of the slab beneath the forearc would en-
hance plate coupling in this region. Conversely, GPS measurements
suggest that this segment is less locked today than the adjacent re-
gions (Moreno et al., 2011). Constraining the slab depth in this
segment therefore has important implications for our understanding
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of inter-plate coupling and the generation of large earthquakes along
this oceanic margin.

In the overriding plate, gravity modelling and analogy with the
north- and south-adjacent segments suggest that the crust is com-
posed of three layers, with a total thickness around 30 km
(Alasonati Tašárová, 2007; Tassara and Yañez, 2003). This result still
awaits confirmation by seismological measurements. In particular,
the seismologically determined position of the Moho in the tip of
the mantle wedge even north (36–39°S) and south (41.5–43.5°S) of
our study area suffers from the fact that the tomographic images
could not determine unequivocally where the transition from the
crust to possibly serpentinised mantle occurred and were therefore
unable to distinguish local changes in mantle velocity frommantle to-
pography (Bohm, 2004; Lange, 2008). In this work, we attempt to re-
solve these ambiguities; we furthermore aim to determine the
topography of the crustal layers. Although the Andes have compara-
tively low elevation along the Southern Volcanic Zone (in some places
less than 3000 km), some influence on Moho and crustal structure
might still be expected based on isostatic compensation.

We present the results from a receiver function study of a tempo-
ral network of 40 stations installed along this segment of the Chilean
margin, notably one transect of 15 broad-band stations through
39.4°S. The network was operated for one full year from November
2008 to November 2009 as part of the SFB 574 project “Volatiles
and Fluids in Subduction Zones”. Around the broad-band transect,
short-period stations were approximately equally spaced, covering
the area between 39° and 40°S (between Temuco and Valdivia), and
extending from the coast into Argentina. Seismicity recorded by the
local network has been shown in Dzierma et al. (submitted for
publication-a), and could well outline the Wadati–Benioff–Zone in
this region. We carry out the receiver function study in order to
image the dipping slab to almost 100 km depth, giving additional in-
sight into the velocity structure caused by the subducting slab. The re-
ceiver functions furthermore enable us to constrain the topography of
the crustal layers, which is found to be in excellent agreement with
absolute velocity contours from local earthquake tomography
(Dzierma et al., submitted for publication-b). We interpret the topog-
raphy by analysing isostatic compensation of the mountain range.
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Fig. 1. Tectonic overviewmap. Geologic units: CC— Coastal Cordillera, CP— Coastal Platform
Basin. Red contour lines indicate the slip distribution of the 1960 M=9.6 earthquake for 5 m
[Melnick and Echtler, 2006]. Major faults: LOFZ — Liquiñe–Ofqui-fault zone, MVFZ — Mocha–
Valdivia fracture zone. Main volcanoes: V — Villarrica, L — Llaima, P — Puyehue–Cordón Cau
The black arrow indicates the convergence rate of 73.7 mm/y and direction of the Nazca Pl
2. Tectonic and geologic setting and previous studies

The Chilean active margin (Fig. 1) is formed by the subduction of
the Nazca Plate beneath the South American Plate. Between 39° and
40°S, the convergence velocity is 73.7 mm/yr (DeMets et al., 2010),
at a slightly oblique angle of 77.5°. Between 39°S and about 40°S,
the downgoing plate was created ca. 26 Ma ago at the East Pacific
Rise; age jumps occur along the traces of the Mocha Fracture Zone
in the north and the Valdivia Fracture Zone to the south, which also
delimits the boundary towards younger crust created at the Chile
Rise (Tebbens et al., 1997).

The overriding plate is morphologically divided into three main
NS-trending units, the Coastal Cordillera, Central Valley, and Main
Cordillera, where the active volcanic arc is located (for a recent intro-
duction, see, e.g., Charrier et al., 2007). South of 38°S, the volcanic arc
is aligned along the Liquiñe–Ofqui Fault Zone, a dextral strike–slip
system extending for more than 1000 km south to 46.5°S
(Cembrano et al., 2000; Rosenau et al., 2006).

Rehak et al. (2008) divide the region between 37 and 41°S into
three distinct geomorphologic segments with characteristic drainage,
topography and geomorphologic process which they argue to have
persisted over timescales of 0.1 to 1 Ma. The central Villarrica Seg-
ment furthermore lacks the positive gravity anomaly found to either
side along the rest of the margin (Alasonati Tašárová, 2007;
Hackney et al., 2006), presenting instead a negative anomaly. This
was explained by a slab depth increased by about 5 km relative to
the neighbouring areas (at distances of 100–130 km from the trench).
This was speculated to imply increased inter-plate coupling to ex-
plain why the maximum 1960 coseismic slip occurred just offshore
the Villarrica segment (Alasonati Tašárová, 2007; Barrientos and
Ward, 1990; Hackney et al., 2006). The proposed strong coupling,
however, is not observed in GPS measurements, which have a pro-
nounced reduction in present-day coupling in this segment
(Moreno et al., 2011).

A transect along 39°S was imaged using receiver functions by
Asch et al. (2006) and Yuan et al. (2006). They observe the oceanic
Moho down to depths of 110 km, where the Wadati–Benioff zone
terminates. The continental Moho is observed at a maximum
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Table 1
Velocity model used for the back projection.

Top of layer (km) S-wave velocity (km/s) P-wave velocity (km/s)

−3 2.825 5.0
32 3.955 7.0
40 4.124 7.3
130 4.520 8.0
260 4.633 8.2
600 5.085 9.0
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depth of 40–50 km below the Andes and shallows towards the
west (25 km beneath the Lanalhue Fault Zone) and east (35 km
depth in the area of the Neuquén Basin), which is in agreement
with results from S-receiver functions (Heit et al., 2008). This is
confirmed by a local earthquake tomography study in the region
between 36° and 39°S (Bohm, 2004; Haberland et al., 2009), who
observe the Wadati–Benioff Zone down to 120 km depth with a
dip of 30°E. Placing the crust–mantle interface along the 7.75 km/s
vp-velocity contour, Bohm obtains a similar Moho depth of 50 km
below the Andes and a thinner crust of ca. 40 km below the Longi-
tudinal Valley. Whether the tomographically observed lowering of
the 7.75 km/s velocity contour beneath the Coastal Cordillera
indicates an increased crustal thickness or serpentinisation of the
underlying mantle wedge was not resolved clearly by Bohm
(2004). Contrary to this, Haberland et al. (2009) call into doubt
the presence of a serpentinised mantle wedge, allowing only for
local serpentinisation. They image a low-velocity (6–7 km/s) fore-
arc prism above an easterly dipping low-velocity layer interpreted
as subducted sediments or forearc material. To the east, this gives
over to an up-domed region of higher-velocity (8 km/s) mantle,
thus creating an area of reduced crustal thickness (30 km) between
two regions of higher crustal thickness (>40 km) to the west and
east.

In the Chiloë region (41.0–43.5°S), Lange et al. (2007) observe
the Wadati–Benioff zone with similar dip of 30° down to 70 km
depth. Lange (2008) again identifies the 7.8 km/s vp-contour from
LET with the crust–mantle boundary and finds a similarly up-
domed region of 30 km depth below the Longitudinal Valley, be-
tween two areas of thicker (ca. 35 km) crust below the Coastal Cor-
dillera and Main Volcanic Arc. Similarly to Bohm (2004), Lange
assumes that the apparently deeper Moho below the Coastal
Range is in fact due to a serpentinised low-velocity mantle
wedge, with the petrologically defined Moho placed above the seis-
mically observed Moho and hence at a similar depth as observed
under the Longitudinal Valley.

While the interpretation of the main structural features observed
to the north and south of our study area is largely consistent, the
crustal thickness appears to decrease towards the south. Local varia-
tions in crustal thickness — although with no clear trend — are also
retrieved from gravity modelling (Alasonati Tašárová, 2007).
Alasonati Tašárová (2007) predicts the crustal thinning below the
Longitudinal Valley to be absent in the Villarrica Segment, where
the valley is interrupted. In this region, the gravimetric model is
unconstrained by seismological measurements.

3. Method

At any non-normal incidence of a seismic P wave at an interface,
part of the energy is converted into S waves to account for the com-
bined effects of Snell's law of refraction and continuity of the dis-
placements and stresses at the interface (Lay and Wallace, 1995).
The analysis of the converted waves is known as receiver function
technique, which today belongs to the standard seismological
methods for the investigation of crustal and mantle structure (e.g.,
Bostock, 1999; Jones and Phinney, 1998; Kind et al., 1995; Owens et
al., 1984; Vinnik, 1977). The fact that the converted S wave propa-
gates more slowly than the primary P wave allows for determining
the depth of the interface where conversion occurred from the obser-
vation of the delayed S-wave arrival. The polarity of the conversion
depends on the velocity contrast at the discontinuity, with positive
polarities corresponding to upwards-decreasing velocity discontinu-
ities such as expected for the Moho.

In addition to the primary conversions, multiple reverberations of
waves reflected at the interfaces occur, which can disrupt the receiver
function image at depths where multiples and primary conversions
coincide. However, moveout acts differently on primary phases and
multiples, which on the one hand permits to identify multiples and
on the other hand provides a means to jointly assess interface depths
and Vp/Vs velocity ratio (Zhu and Kanamori, 2000).

We perform the analysis along the usual lines explained in de-
tail, e.g., in Dzierma et al. (2010, 2011). After restitution, rotation
of the recorded three-component seismogram into the ray coordi-
nate system (L, Q, T) is made to confine the P onset to the L com-
ponent, with the converted SV onset visible on the Q component.
Water-level deconvolution with the L trace eliminates the source
and propagation effects from the converted signal, making it sensi-
ble to the structure between the conversion point and the
receiver.

For short-period stations, the receiver function technique can be
performed along the same lines; the main difference is that the fre-
quency content of the traces is more restricted. After restitution,
the traces are comparable with those of the broad-band stations
for periods shorter than about 1 s, the corner frequency of the
short-period Mark L-4C-3D stations. Therefore, the receiver func-
tions should not be filtered with a low-pass for frequencies lower
than 1 Hz. This is the reason why we choose this corner frequency
for filtering the receiver functions (both short period and broad-
band) for comparability. At higher frequencies, the noise content
of the traces is higher, making the interpretation of the conversion
signals more difficult. In fact, the short-period stations have a
somewhat worse signal-to-noise ratio than the broad-band stations,
and can only be used for the investigation of crustal and Moho
structure. For deeper levels in the mantle, it would be necessary
to filter for lower frequencies, which would only be possible for
broad-band stations.

If single traces are considered, normal-moveout correction must
be made to correct for the effect of the ray parameter on the con-
version delay time and make the receiver functions from different
events comparable with each other. This is also a prerequisite if
traces shall be stacked to improve the signal-to-noise ratio,
which is usually low in the single traces because of the small con-
version amplitudes.

If a combined picture of the discontinuities in the underground is
desired, backwards ray-tracing using a given velocity model is per-
formed to convert the conversion times into depths. We perform
this back projection based on a 1D model (Table 1) similar to the
observed velocities from a local earthquake tomography (Dzierma
et al., submitted for publication-b). Using the given back-azimuth
and angle of incidence, the rays are traced backward in three dimen-
sions, and the conversion amplitudes for each delay time are thus
associated with a given location. The subsurface volume crossed by
the rays was divided into grid cells of 0.1°×0.1°×1 km. The ampli-
tudes of all rays crossing a cell are averaged, so that a volume of
conversion amplitudes is created, which is then cut along profiles
(compare Dzierma et al., 2010, 2011 for details on the imaging algo-
rithm). While small deviations in retrieved depths (of the order of
2–5 km in the vertical) occur depending on the velocity model cho-
sen for imaging, these are of the order of the resolution of the re-
ceiver functions.

Low-pass filtering of the receiver functions with a low-pass of cor-
ner frequency 1 Hz is necessary to suppress high-frequency noise.
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This limits the vertical resolution (about ½ the S-wavelength
(Bostock, 1999)) to about 5 km in the mantle. The horizontal resolu-
tion, given by the first Fresnel zone, is of comparable magnitude.

4. Analysed data set

We analyse data from a transect of broad-band Güralp 3ESP-60s
stations from the coast through Villarrica Volcano (ca. 39.4°S), com-
plemented by a network of 32 short-period Mark L-4C-3D stations
distributed from the Chilean coast to the Argentinean border between
39° and 40°S (Fig. 2). The stations were continuously operated be-
tween December 2008 and November 2009 with a sampling rate of
100 Hz. For the receiver functions, teleseismic events with magnitude
above 5.5 from the global USGS NEIC catalogue in a distance range be-
tween 30° and 90° were cut around the theoretically predicted P-
wave arrival and analysed as explained above. The quality of the
each seismogram was visually checked, so only traces with clear on-
sets were processed further.
Fig. 3. Histogram of the P onset signal-to-noise ratio of the receiver function traces con-
sidered in this study. Since the P onset should be constrained to the L component, the
signal-to-noise ratio was calculated as the ratio of the peak-to-peak amplitudes on the
L trace in a 60 s time window around the theoretical onset and an equally long time
window 90–30 s before the onset.
We obtained 902 good-quality receiver functions with clearly de-
fined P onset and good signal-to-noise ratio (compare Fig. 3). Most
events occurred at a back-azimuth around 240°, with a few events
from other directions (Figs. 4, 5).

Piercing points are shown in Fig. 6 to show the coverage of the re-
ceiver functions at a depth of 50 km and the spreading-out of the rays
under the network. The region is reasonably well covered between
39.3 and 39.7°S, but best image quality is along the line of broad-
band stations at around 39.4°S.

5. Results

5.1. Examples of individual traces and semblance matrix

Although our interpretation will be based on the image sections,
we show examples of the single-trace receiver functions and their
ig. 4. Seismicity map. Gray dots indicate the earthquakes used in the receiver function
alysis and the white rectangle the region of the network.
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Fig. 5. Back-azimuth distribution of the receiver function traces of this study.
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stacks to give an impression of the overall quality, coherency, and az-
imuthal effects. The P-phases have good signal-to-noise ratio (Fig. 3);
however, the P-s conversions have only 3–20 % of the P amplitude and
may therefore be of the order of magnitude of the noise. Noise is ob-
served on the receiver functions, most evident at negative times (be-
fore the expected P onset). Stacking the receiver function traces
significantly improves the signal-to-noise ratio since converted phases
are coherent and hence add up constructively, while the noise does
not. Large amplitudes at the time of the P arrival are likely caused by
incorrect rotation angles in the transformation into the LQT-
coordinate system. Traces where this is observed are excluded from
the stack and the migration.

Fig. 7 shows moveout-corrected traces from coastal broad-band
station BB1 and those of the nearby short-period station ZZ2. The
main signals observed are similar on both stations. The most promi-
nent positive conversion, preliminarily interpreted as the Moho, oc-
curs at around 3 s, (ca. 23 km depth). In BB1, there appears to be a
crustal interface at around 1.6 s. This is also observed on ZZ2, which
additionally shows a very shallow positive conversion at 0.4 s. The co-
herence of the traces is good, and the signals are clearly retrieved in
the stacked traces.
Fig. 6. Piercing point map: Piercing points of all receiver functions at a depth of 50 km cover
Station BB1 and BB6.
At the eastern edge of the network, considerably larger Moho
depths are found, as shown for BB7 and NO5 (Fig. 8). The Moho con-
version at these stations is observed at 4.3 to 4.5 s (around 35 km).
Several crustal conversions occur at earlier times. Typically, the
Moho conversion is more clearly identified on the broad-band sta-
tions, which have lower noise levels in the high frequencies. The
short-period stations, in contrast, appear to provide better resolved
shallow structure.

Between these two end-points of the profile, an increase in Moho
depth is observed from BB2 (3.2 s, i.e., ca. 24 km) and CCC (2.8 s, ca.
21 km) through BB5 (3.8 s, ca. 30 km) to BB6 (4.4 s, ca. 35 km)
(Figs. 9, 10).

On all stations with a sufficient number of records, the individual
traces are well coherent and show only little azimuthal variability.
Azimuthally dependent receiver functions are usually observed in
the presence of anisotropy or dipping structures. Dzierma (2008) car-
ried out a modelling study for the effect of dipping structures on re-
ceiver functions and on the quality of back-projected images.
Although the dipping slab influences the receiver functions, the rela-
tively shallow dip of ca. 30° does not produce any pronounced effect
in the apparent depth of the primary conversions, so stacking the re-
ceiver functions from different back-azimuths does not suffer rele-
vantly from smearing of azimuthal effects. The most marked effect
of shallow dipping structures in the single traces is a polarity-
changing signal at zero delay time, which is observed for several sta-
tions, and a strong sinusoidal variation in the multiple arrival times,
which makes the identification of multiples difficult. For the imaging
algorithm, the shallow dip does not produce strong artifacts, and the
dip angle of the subducting slab can be well retrieved for angles not in
excess of 30°.

We perform a grid search to determine Moho depth and crustal
Vp/Vs as introduced by Zhu and Kanamori (2000), using the algo-
rithm by Kieling et al. (2011). A set-back of this method is that it
works most stably for a single-layered crust, which is not given in
many realistic settings. For most of our stations, the relatively scarce
azimuthal coverage makes a robust retrieval of Moho depth and Vp/
Vs difficult, particularly since crustal interfaces above the Moho and
the subducting slab below the Moho complicate the geometry beyond
the region (red dots). Yellow and green lines indicate the piercing points at all depth for

image of Fig.�5
image of Fig.�6


Fig. 7. Single traces and stacked trace of receiver functions for stations BB1 and ZZ2 near the coast (kilometre 15 along the profile). The best quality traces with most reliable rotation
are displayed in black. White dots indicate epicentral distance and black stars back-azimuth, respectively. Labels give a tentative interpretation of the observed phases, which will be
refined by considering the migrated sections (Fig. 12): B′, B are intracrustal conversions.
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the simple geometry for which the algorithm is designed. We there-
fore present only two examples (Fig. 11). At BB2 (Fig. 11), the grid
search retrieves a Moho depth of 26 km, consistent with the single
traces, with a Vp/Vs ratio of 1.74, well within the usual range. For
most stations, however, the semblance matrix has several local max-
ima, of which some may correspond to real interfaces, others may be
influenced by noise and multiples. The reduced azimuthal coverage
makes the identification of multiples particularly hard and hinders a
sound interpretation of the individual traces as well as a stable per-
formance of the grid search algorithm. For example, at BB5 the grid
search returns an interface depth of 21–23 km, with largely uncon-
strained Vp/Vs between 1.6 and 1.77. A second maximum occurs
around 28 km, Vp/Vs~1.77, which agrees much better with the
individual-trace Moho estimate of ca. 30 km depth.

5.2. Imaged sections

We base our interpretation of the subduction zone structure on
the image sections after back propagation. In addition to producing
depth sections, this approach has the advantage that the changes
along and across 2D profiles through the study region can be easily
compared with each other and to results from different studies. The
best-quality depth sections are found close to the broad-band sta-
tions, not only because of the better signal-to-noise quality of the
deeper structure, but also because of denser station coverage in this
region of the network. We will hence consider two profiles along
39.3° and 39.5°S, respectively, plotted together with local seismicity
(Fig. 12).

In profile 1, along 39.3°S, the Wadati–Benioff-Zone seismicity be-
tween 50 and 100 km depth occurs at the boundary between a pro-
nounced negative conversion (above) and a positive conversion
(below) (A1, A2). This is the kind of conversion signal expected for
the subducting slab, where the negative conversion would be created
at the top of the subducting oceanic crust and the subsequent positive
conversion at the oceanic Moho. This signal cannot be observed clear-
ly in profile 2, where the region close to the coast is imaged mainly by
short-period rather than broad-band stations.

The crustal and Moho structure observed in both profiles is
similar, but with marked changes along each profile. Close to the
coast — and overlying the dipping slab signal in profile 1 — two pos-
itive conversions are observed, one occurring in the upper crust (B′)
and the other (B) around 20–25 km depth, in agreement with the
conversion times observed in the individual traces. This geometry
is changed at a distance of ca. 60 km along the profiles, where the
lower conversion is broken and jumps to greater depths of ca.
30 km (C). From this point on, the conversion dips slightly east-
wards, reaching depths of up to 45 km in profile 1 (D1); in contrast,
profile 2 shows no such dip but a relatively flat topography of the
signal (D2) well into the mountain range. Interpreting this signal
as the Moho conversion, the overlying crust has two additional
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Fig. 8. Single traces and stacked trace of receiver functions for stations BB7 and NO5 in the Main Cordillera (kilometres 140 and 160 along the profile, respectively). The best quality
traces with most reliable rotation are displayed in black. White dots and black stars indicate the epicentral distance and back-azimuth, respectively. Labels give a tentative inter-
pretation of the observed phases, which will be refined by considering the migrated sections (Fig. 12): E, F are intracrustal conversions, D denotes the Moho.
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interfaces with changing topography (E1, E2, F1, and F2). Crustal
multiples occur starting at a depth of ca. 60 km, as was determined
from forward modelling (compare, e.g., Dzierma et al., 2010, 2011,
where a similar scenario is presented).

Not surprisingly, profile 1 shows similar features as observed by
Yuan et al. (2006) along a neighbouring receiver function transect
at 38.8°S. They also observe the jump in the positive conversion, ob-
served at 60 km along profile 1 and at 72.5°W in the Yuan et al.
(2006) profile. Along both transects, the Moho conversion dips east-
wards from 25 km to ca. 40 km depth beneath the volcanic arc. As
pointed out above, profile 2 differs from profile 1 and the Yuan et
al. (2006) profile, with a major change in the structure under the
volcanic arc occurring between profiles 1 and 2. This point shall
now be discussed in more detail with regard to tomography and
gravity results.

6. Discussion

6.1. Comparison with local earthquake tomography

For the interpretation of the observed structures, we find it useful
to compare the results with vertical sections of the absolute velocity
retrieved by local earthquake tomography (Dzierma et al.,
submitted for publication-b). The length and scope of the present
study do not allow for a comprehensive overview of the lateral
changes in structure and local anomalies observed by tomography,
which is presented in Dzierma et al. (submitted for publication-a);
here we focus on only those results from local earthquake tomogra-
phy which are of relevance for the receiver function profiles.

In profile 1 (Fig. 13), the Vp=7.4 km/s and Vs=4.2 km/s velocity
contours match the Moho conversion D1 nearly perfectly. In profile 2
(Fig. 14), the same is true for the Vp=7.0 km/s and Vs=3.8–4.0 km/s
velocity contours, matching conversion D2. Where the Moho conver-
sion ends (jumps towards the shallower conversion B), the velocity
contours continue along a negative conversion underneath structure
B. Since this conversion overlies the subducting slab, we propose
that it is actually the negative conversion (G) which outlines the con-
tinental Moho in the part of the profiles. It has been observed in sev-
eral subduction zones that a velocity inversion occurs where the slab
directly underlies the continental Moho: in this case, the Moho would
present a velocity contrast towards lower velocities as found in the
subducting oceanic crust, and therefore appear as a negative conver-
sion (Li et al., 2003).

The topography of the crustal interfaces is equally reflected in the
velocity contours, e.g. structure F1 matching the Vp=6.6 km/s and
Vs=3.6 km/s contours and E1 the Vs=3.2 km/s contour. In profile
2, structure F2 is observed close to contours Vp=5.8 km/s,
Vs=3.2 km/s.

Taking into account the very different imaging principles of re-
ceiver functions and local earthquake tomography — the former
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Fig. 9. Single traces and stacked trace of receiver functions for stations BB2 and CCC in the coastal Cordillera (kilometres 35 and 45 along the profile, respectively). The best quality
traces with most reliable rotation are displayed in black. White dots and black stars indicate the epicentral distance and back-azimuth, respectively. Labels give a tentative inter-
pretation of the observed phases, which will be refined by considering the migrated sections (Fig. 12): B′, B are intracrustal conversions, A2 denotes the slab.
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being sensitive to abrupt discontinuities and the latter providing a
smoothed image of the velocity structure — the good agreement be-
tween the two methods is striking. In particular, the joint analysis
suggests that the mantle velocities below the Moho are still compar-
atively low, only reaching Vp=7.4 km/s shortly below the Moho. The
Moho upwarps slightly in the central part of the study area which is
where the highest mantle velocities occur. As in the northern and
southern adjacent segments, we assume that this part of the mantle
actually has “normal” velocities, whereas the slower mantle velocities
under the Andes reflect the ascent of fluids and presence of partial
melts under the active volcanic arc, which is also indicated by elevat-
ed Vp/Vs ratios observed both by receiver functions north of our pro-
file (Yuan et al., 2006) and in the local earthquake tomography
(Dzierma et al., submitted for publication-b). Close to the coast, the
Moho warps down again before changing polarization above the sub-
ducting slab. The upwarping structure can be explained by plate
coupling during the subduction process (cartoon in Fig. 17), in
which the overriding plate suffers some compressional deformation
due to the plate collision.

The slab itself, where it can be imaged in receiver functions, ap-
pears with a strong negative crustal conversion indicating a pro-
nounced low-velocity oceanic crust signal broadened further by
filtering. This may also account for the slow velocities observed in
the slab by local earthquake tomography. Usually, the subducting
slab would be expected to show increased velocities; in our case,
we believe it is the oceanic crust and possibly overlying sediments
or forearc material making up a low-velocity layer seen in tomogra-
phy, similar to observations by Haberland et al. (2009). Our observed
low-velocity conversion is most pronounced in a region correspond-
ing to particularly high reflectivity observed by Gross et al. (2008)
along the active seismic TIPTEQ line at 38.2°S. They interpreted this
high seismic reflectivity as fluid presence in a subduction channel
and along the top of the oceanic crust, which agrees perfectly with
our observations. The depth resolution of local earthquake tomogra-
phy does not allow us to clearly image the subducting oceanic mantle,
which would be expected to have high velocities. On the other hand,
if the oceanic slab (crust and mantle) were strongly fractured and hy-
drated, this might also decrease the observed seismic velocities.

The observed velocities in the continental crust and upper
mantle are in agreement with refraction seismic profiles from the
ISSA and SPOC projects (Krawczyk et al., 2006; Lüth et al., 2003),
which also have slow velocities of ca. 7.2 km/s directly beneath
the Moho, and velocity contrasts in the crust close to the Vp=
6.6 km/s velocity contour.

6.2. Moho topography and isostasy

Along profile 2 (39.5°S, P2 in Fig. 2) the Moho topography is rela-
tively flat from the central part (which would correspond to the Lon-
gitudinal Valley if it existed) into the volcanic arc, maintaining a
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Fig. 10. Single traces and stacked trace of receiver functions for stations BB5 and BB6 at the western edge of the Main Cordillera (kilometres 110 and 125 along the profile, respec-
tively). The best quality traces with most reliable rotation are displayed in black. White dots and black stars indicate the epicentral distance and back-azimuth, respectively. Labels
give a tentative interpretation of the observed phases, which will be refined by considering the migrated sections (Fig. 12): E, F are intracrustal conversions, D denotes the Moho.
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depth of ca. 30 km with one local maximum of 35–40 km west of
Villarrica Volcano (kilometre 110 in profile 2). In contrast, profile 1
(39.3°S, P1 in Fig. 2) shows an eastwards-dipping Moho from 30 km
in the central part to 45 km under the Andes. To understand the
Fig. 11. Estimation of Vp/Vs ratios and interface depths of crustal la
depth changes of the Moho, we estimate the effect of the overlying
surface topography based on the simplified assumption of Airy-type
isostatic compensation. We assume that the density differs between
the root and the surface mountain range. The strength of the crust
yers for stations BB2 and BB5 after Zhu and Kanamori (2000).
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Fig. 12. Vertical sections of receiver function images (back projections) along profiles 1 and 2 (location see Fig. 2). Right: plain sections. Left: sections with interpretation. Main
features are labelled by characters: A1, A2 — slab conversions; B′, B— intracrustal conversions near the coast; C, D1, D2 —Moho conversion; E1, E2, F1, F2— intracrustal conversion;
G —negative Moho conversion above the slab.
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and its resistance to bending are not included; to exclude small-scale
effects we smooth the topography by averaging within a moving
Gaussian window with a halfwidth of 1°.

The depth of the depression below a reference depth correspond-
ing to a crust without any topographic load is calculated as

b ¼ h � pUC
pM−pLC

where h is the topographic elevation and ρUC, ρLC and ρM are the
upper crustal, lower crustal and mantle densities, respectively. Gravi-
metric models (Alasonati Tašárová, 2007) indicate mantle densities of
ρM=3.23–3.28 kg/l, an upper crustal density of 2.7 kg/l and lower
crustal density of 3.1 kg/l.
Fig. 13. Comparison of results from local earthquake tomography (after Dzierma et al., subm
Vp-model. Top right: Vs-model. Bottom: back-projected receiver function section.
In profile 1 a reference depth of 32 km and a mantle density of
3.23 kg/l were used. The Moho conversion is in good agreement with
the calculated Moho depth (Fig. 15). For profile 2 a reference depth of
27 km and a mantle density of 3.28 kg/l were needed to fit the isostatic
Moho depth to the conversion west of the local maximum at kilometre
110. East of that maximum the conversion rises again up to a depth of
30 km while the calculated Moho depth is at 45 km depth.

An increased reference depth in profile 1 (33 km as the baseline
Moho depth for zero load) is in agreement with a southward decreas-
ing crustal thickness as observed along strike in the Southern Volca-
nic Zone. The only significant difference between the observed
Moho conversion and the isostatically calculated Moho depth occurs
below the volcanic centre of Villarrica, Quetrupillán and Lanín volca-
noes. Villarrica volcano is one of the most active volcanoes in South
America. Therefore, the Moho depth anomaly could be an expression
itted for publication-b) and receiver functions (profile 1 at 39.3°S, see Fig. 2). Top left:
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Fig. 14. Comparison of results from local earthquake tomography (after Dzierma et al., submitted for publication-b) and receiver functions (profile 2 at 39.5°S, see Fig. 2). Top left:
Vp-model. Top right: Vs-model. Bottom: back-projected receiver function section.

190 Y. Dzierma et al. / Tectonophysics 530–531 (2012) 180–192
of this major volcanic system. Lower crustal material could be altered
by partial melting or by intruded fluids and magma. This alteration
could shift the contrast in seismic velocity to a shallower depth and
could further decrease the crustal density at the Moho level. Indeed,
the seismic and isostatic Moho levels can be brought to coincide if
the density in the lower crust is set to 2.9 kg/l beneath the volcanic
centre.

Therefore, we see the volcanic activity as the most probable
cause of the observed Moho undulation along profile 2. The volcanic
activity centre coincides spatially with the intersection of the
Mocha–Villarrica and the Liquiñe–Ofqui fault zones (MVFZ and
LOFZ in Fig. 2). Both are deeply rooted major strike slip–slip faults
weakening the crust mechanically at their crossing point and provid-
ing possibly preferred fluid and magma pathways. The Liquiñe–Ofqui
Fault zone is 20 to 30 km wide and shows two parallel major
branches. One further cause of the local accumulation of magmatism
can be seen in the subducted branch of the oceanic Valdivia Fault
Zone (VFZ in Fig. 1) that shows seismic activity beneath the volcanic
centre and may provide an additional source of water (Dzierma et al.,
submitted for publication-a,b). Profile 1, which shows no indication of
an anomalous Moho behaviour, is located outside the volcanic centre
and crosses the MVFZ and the western most branch of the LOFZ only
at points where the fault zones are spatially well separated.

The above discussion on theMoho depth undulation ismainly based
on the observation of spatial coincidences the causal interrelation of
Fig. 15. Back-projected receiver function depth sections and Moho depth in case of isostati
indicates the isostatic Moho depth with a reduced density of 2.9 kg/l in the lower crust. To
which has not been proved. Therefore, it has to be considered that the
Moho undulation could also be regarded as a local deviation from
isostasy that may be caused by non-compensated mechanical stresses
in the subduction zone — a sort of local upward buckling.

6.3. Slab depth and plate coupling

The depth of the slab observed in receiver functions (profile 1)
agrees perfectly with the Wadati–Benioff-Zone imaged in local seis-
micity (Dzierma et al., submitted for publication-a). It is compared
with the slab surface from gravity modelling (Alasonati Tašárová,
2007) in Fig. 16. The observed slab from receiver functions and seis-
micity is close to the gravity model. The absolute Moho depths deter-
mined by receiver functions depend strongly on the assumed average
seismic velocity the accuracy of which can be conservatively estimat-
ed to be in the order of ±5% corresponding to ±2 km at 40 km depth.
In contrast, relative depth variations and depth trends can be resolved
with higher precision. In our case the peak width of the deconvolved
arrivals is ca. 5 km. Assuming that the peak width represents half of
the dominant wavelength we end up with a vertical structural reso-
lution of ca. 2.5 km and a horizontal resolution of 12 km representing
the diameter of the first Fresnel zone at 40 km depth. Based on these
considerations we find the presented measurements precise enough
to contradict the hypothesis that the slab is deepening between 39°
and 40°S, which was set up on the basis of gravimetric modelling
c compensation for different density contrasts between crust and mantle. Dashed line
pography is plotted with an exaggeration of 10 above the profiles.
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Fig. 16. Back-projected receiver functions and seismicity along profiles 1 and 2 (location see Fig. 2). Orange lines indicate the slab surface based on receiver functions and seis-
micity, black lines are the slab surface derived from gravimetric modelling.
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(Alasonati Tašárová, 2007). In fact, the slab appears to be placed up to
5 km shallower under the coast and to dip slightly steeper under the
Andes than in the gravimetric model. Our slab structure agrees well
with the slab depths found by Bohm et al. (2002) and Lange et al.
(2007) to the north and south indicating that there is no geometrical
anomaly at the considered slab sector.

Differences in coupling may exist in this segment, independently
of whether the slab is placed a few kilometres deeper or not. The
low velocities observed in the slab and overlying plate close to the
coast may indicate the presence of fluids and reduce the densities rel-
ative to the non-serpentinised mantle wedge postulated in the north
(Haberland et al., 2009). This would also reduce the densities in the
overriding plate and might explain the observed gravity signal even
without the need to invoke a deeper slab. If we assume that indeed
mantle serpentinisation and/or sediment underthrusting is responsi-
ble for the observed decrease in velocities, this would rather invoke
weaker inter-plate coupling. While contrary to the present interpre-
tations of the gravity data (Alasonati Tašárová, 2007; Hackney et al.,
2006), this scenario would agree with the proposed weaker coupling
region as indicated by GPS measurements (Moreno et al., 2011).

7. Conclusions

Two receiver function profiles along 39.3° and 39.5°S are analysed
and compared with absolute velocity contours from local earthquake
tomography. The results from both methods, summarised in Fig. 17,
are in very good agreement, with velocity contours from local earth-
quake tomography matching closely the primary receiver function
conversions. In particular, the continental Moho is observed clearly,
with local topography outlined both in the conversion signal and by
the 7.2 km/s velocity contour.

We find a dipping slab signal under the coast in the northern profile
(where most broad-band stations were placed). The oceanic crust is
seen as a negative-polarity conversion overlying a positive conversion
corresponding to the oceanic mantle — the oceanic Moho is also seen
Fig. 17. Simplified interpretation sketch of the receiver functions results.
by local seismicity in excellent agreement with the receiver functions.
The slab depth is similar to the gravimetric model in this region, but
up to 5 km shallower under the coast (down to depths of ca. 50 km),
and dipping slightly steeper beneath. These depths are comparable to
what is observed to the north and south of the study area, and contra-
dict the previous hypothesis that the slab in this segment in noticeably
deeper than to the north and south of the considered segment.

In local earthquake tomography, both the slab and the overlying
mantle wedge show low seismic velocities compared to the normal
mantle and crust observed further inland. This can be caused by a hy-
drated slab and mantle wedge, or underplating of offscraped forearc
material as proposed by Haberland et al. (2009). Both processes
would reduce plate coupling in this region and confirm calculations
by Moreno et al. (2011) that suggest a local reduction in plate cou-
pling in the region between the Mocha Fracture Zone and Villarrica
Fracture Zone based on GPS measurements.

Where the slab directly underlies the continental crust, the Moho
conversion is negative because of an inverted velocity structure. Fur-
ther to the east, the Moho is observed as a pronounced positive con-
version. Between the coast and the Andean arc, the Moho is up-
domed slightly, with a “normal” high-velocity mantle underneath.
This upwarping structure may reflect compressional deformation by
plate collision. Under the Andean volcanic chain, the Moho is found
at greater depth. The Moho topography is close to local isostatic equi-
librium. Under the volcanic centre of Villarrica, Quetrupillán and
Lanín the Moho conversion occurs about 10 km shallower than the
depth expected for the case of an isostatically compensated laterally
homogeneous crust. Isostasy could be maintained if this difference
would be seen as an expression of a density reduction in the lower
crust caused by increased temperature and magmatic alteration, but
could also indicate non-compensated stresses of the subduction zone.

Acknowledgements

This is contribution number 217 of the General Research Centre SFB
574, “Volatiles and Fluids in Subduction Zones”, funded by the
German Research Association (DFG). The seismic stations were kindly
provided by the Geophysical Instrument Pool Potsdam (GIPP) of
the GeoForschungsZentrum Potsdam (GFZ), Germany. The normal-
moveout correction of the receiver functionswas performedusing the al-
gorithm kindly provided by Xiaohui Yuan. The local earthquake tomog-
raphy was calculated using the LOTOS code by Ivan Koulakov (2009).
We thank our partners in Chile, Diana Comte and Klaus Bataille, for
the support during all phases of this project, and our field workers
(C. Mora Stock, C. Siegmund, K. Lieser, F. Wittke, J. Karstens, E.
Contreras-Reyes,M. Jacques, R. Contreras) for their helpduring the instal-
lation andmaintenance of the stations. Zuzana Tasárová helped us greatly
in the comparison of our observations with the gravity model. We thank
the National Park, Cuevas Volcanicas, Fundos and all private landowners
for the permission to install the stations on their property.

image of Fig.�16
image of Fig.�17


192 Y. Dzierma et al. / Tectonophysics 530–531 (2012) 180–192
References

Alasonati Tašárová, Z., 2007. Towards understanding the lithospheric structure of
the southern Chilean subduction zone (36°S–42°S) and its role in the gravity
field. Geophysical Journal International 170, 995–1014 Doi: 10.111/j.1365-246X.
2007.03466.x.

Asch, G., Schurr, B., Bohm, M., Yuan, X., Haberland, C., Heit, B., Kind, R., Woelbern, I.,
Bataille, K., Comte, D., Pardo, M., Viramonte, J., Rietbrock, A., Giese, P., 2006. Seis-
mological Studies of the Central and Southern Andes. In: Oncken, O., Chong, G.,
Franz, G., Giese, P., Götze, H.-J., Ramos, V., Strecker, M., Wigger, P. (Eds.), The
Andes — Active Subduction Orogeny. Frontiers in Earth Science Series, Vol. 1.
Springer-Verlag, Berlin, Heidelberg, New York, pp. 443–457.

Barrientos, S.E., Ward, S.N., 1990. The 1960 Chile earthquake: inversion for slip distri-
bution from surface deformation. Geophysical Journal International 103, 589–598.

Bohm, M., 2004. 3-DLokalbebentomographie der südlichen Anden zwischen 36° und
40°S, PhD Thesis, Freie Universität Berlin, Berlin.

Bohm, M., Luth, S., Echtler, H., Asch, G., Bataille, K., Bruhn, C., Rietbrock, A., Wigger, P.,
2002. The Southern Andes between 36° and 45°S latitude: seismicity and average
seismic velocities. Tectonophysics 356 (4), 275–289. doi:10.1016/S0040-
1951(02)00399-2.

Bostock, M.G., 1999. Seismic waves converted from velocity gradient anomalies in the
Earth's upper mantle. Geophysical Journal International 137, 747–756.

Campos, J., Hatzfeld, D., Madariaga, R., Lopez, G., Kausel, E., Zollo, A., Innacone, G.,
Fromm, R., Barrientos, S., Lyon-Caen, H., 2002. A seismological study of the 1835
seismic gap in south-central Chile. Physics of the Earth and Planetary Interiors
132 (1–3), 177–195. doi:10.1016/S0031-920(02)00051-1.

Cembrano, J., Schermer, E., Laveno, A., Sanhueza, A., 2000. Contrasting nature of
deformation along an intra-arc shear zone, the Liquiñe–Ofqui fault zone, southern Chil-
ean Andes. Tectonophysics 319 (2), 129–149. doi:10.1016/S0040-1951(99)00321-2.

Charrier, R., Pinto, L., Rodríguez, M.P., 2007. Tectonostratigraphic evolution of the An-
dean Orogen in Chile. In: Moreno, T., Gibbons, W. (Eds.), The Geology of Chile.
The Geological Society, London, pp. 21–114.

Cifuentes, I., 1989. The 1960 Chilean earthquake. Journal of Geophysical Research 94
(B1), 665–680.

Delouis, B., Nocquet, J.-M., Vallée, M., 2010. Slip distribution of the February 27, 2010
Mw = 8.8 Maule Earthquake, central Chile, from static and high-rate GPS, InSAR,
and broadband teleseismic data. Geophysical Research Letters 37. doi:10.1028/
2010GL043899 L17305.

DeMets, C., Gordon, R.G., Argus, D.F., 2010. Geologically current platemotions. Geophysical
Journal International 181 (1), 1–80. doi:10.1111/j.1365-246X.2009.04491.x.

Dzierma, Y., 2008. A Receiver Function Study of Souther Costa Rica: Indications of Steep
Cocos Ridge Subduction, PhD Thesis, Christian-Albrechts University, Kiel, Germany

Dzierma, Y., Thorwart, M., Rabbel, W., Flueh, E.R., Alvarado, G.E., Mora, M.M., 2010.
Imaging crustal structure in south central Costa Rica with receiver functions. Geo-
chemistry, Geophysics, Geosystems 11 (8). doi:10.1029/2009GC002936.

Dzierma, Y., Rabbel, W., Thorwart, M.M., Flueh, E.R., Mora, M.M., Alvarado, G.E., 2011.
The steeply subducting edge of the Cocos Ridge: evidence from receiver functions
beneath the northern Talamanca Range, south-central Costa Rica. Geochemistry,
Geophysics, Geosystems 12. doi:10.1029/2010GC003477 Q04S30.

Dzierma, Y., Thorwart, M., Rabbel, W., Siegmund, C., Comte, D., Bataille, K., Iglesia, P.,
Prezzi, C., submitted for publication-a. Seismicity near the slip maximum of the
1960 Mw 9.5 Valdivia earthquake (Chile): Plate interface lock and active faults
within the crust and subducted slab,J. Geophys. Res.

Dzierma, Y., Rabbel, W., Thorwart, M., Koulakov, I., Wehrmann, H., Hoernle, K.,
Comte, D., submitted for publication-b. Seismic velocity structure of the slab and
continental plate in the region of the 1960 Valdivia (Chile) slip maximum – in-
sights into fluid release and plate coupling,EPSL

Gross, K., Micksch, U., TIPTEQ Research Group, Seismics Team, 2008. The reflection
seismic survey of project TIPTEQ — the inventory of the Chilean subduction zone
at 38.2°S. Geophysical Journal International 172, 565–571. doi:10.1111/j.1365-
246X.2007.03680.x.

Haberland, C., Rietbrock, A., Lange, D., Bataille, K., Dahm, T., 2009. Structure of the seis-
mogenic zone of the southcentral Chilean margin revealed by local earthquake tra-
veltime tomography. JGR 114 (B01317), 17. doi:10.1029/2008JB005902.

Hackney, R., Echtler, H.P., Franz, G., Götze, H.-J., Lucassen, F., Marchenko, D., Melnick, D.,
Meyer, U., Schmidt, S., Tašárová, Z., Tassara, A., Wienecke, S., 2006. The Segmented
Overriding Plate and Coupling at the South-Central Chilean Margin (36-42°S). In:
Oncken, O., Chong, G., Franz, G., Giese, P., Götze, H.-J., Ramos, V.A., Strecker, M.R.,
Wigger, P. (Eds.), The Andes — Active Subduction Orogeny. Springer, Berlin, Hei-
delberg, pp. 355–374. doi:10.1007/978-3-540-48684-8_17.

Heit, B., Yuan, X., Bianchi, M., Sodoudi, F., Kind, R., 2008. Crustal thickness estimation
beneath the southern central Andes at 30°S and 36°S from S wave receiver
function analysis. Geophysical Journal International 174, 249–254. doi:10.1111/
j.1365-246X.2008.03780.x.

Jones, C.H., Phinney, R.A., 1998. Seismic structure of the lithosphere from teleseismic
converted arrivals observed at small arrays in the southern Sierra Nevada and vi-
cinity. Journal of Geophysical Research 103, 10,065–10,090.
Kieling, K., Roessler, D., Krueger, F., 2011. Receiver function study in northern Sumatra
and the Malaysian peninsula. Journal of Seismology 15, 235–259. doi:10.1007/
s10950-010-9222-7.

Kind, R., Kosarev, G.L., Petersen, N.V., 1995. Receiver functions at the stations of the
German Regional Seismic Network (GRSN). Geophysical Journal International 62,
191–202.

Koulakov, I., 2009. LOTOS Code for Local Earthquake Tomographic Inversion: Bench-
marks for Testing Tomographic Algorithms. Bulletin of the Seismological Society
of America 99 (1), 194–214. doi:10.1785/0120080013.

Krawczyk, C., Mechie, J., Lütz, S., Tasárová, Z., Wigger, P., Stiller, M., Brasse, H., Echtler,
H.P., Araneda, M., Bataille, K., 2006. Geophysical signatures and active tectonics at
the south-central Chilean margin. In: Oncken, O., Chong, G., Franz, G., Giese, P.,
Götze, H.-J., Ramos, V., Strecker, M., Wigger, P. (Eds.), The Andes — Active Subduc-
tion Orogeny. Frontiers in Earth Science Series, Vol. 1. Springer-Verlag, Berlin, Hei-
delberg, New York, pp. 171–192.

Lange, D., 2008. The South Chilean Subduction Zone between 41° and 43.5°S: Seismic-
ity, Structure and State of Stress, PhD Thesis, Universität Potsdam, Potsdam.

Lange, D., Rietbrock, A., Haberland, C., Bataille, K., Dahm, T., Tilmann, F., Flüh, E.R., 2007.
Seismicity and geometry of the south Chilean subduction zone (41.5°S–43.5°S):
Implications for controlling parameters. Geophysical Research Letters 34, L06311.
doi:10.1029/2006GL029190.

Lay, T., Wallace, T.C., 1995. Modern Global Seismology. International Geophysics Series,
v. 58. Academic Press.

Li, X., Bock, G., Vafidis, G., Kind, R., Harjes, H.-P., Hanka, W., Wylegalla, K., van der
Meijde, M., Yuan, X., 2003. Receiver function study of the Hellenic subduction
zone: imaging crustal thickness variations and the oceanic Moho of the descending
African lithospheres. Geophysical Journal International 155 (2), 733–748.
doi:10.1046/j.1365-246X.2003.02100.x.

Lüth, S., Wigger, P., Research Group, I.S.S.A., 2003. A crustal model along 39°S from a
seismic refraction profile-ISSA 2000. Revista Geologica de Chile 30 (1), 83–101.
doi:10.4067/S0716-02082003000100006.

Melnick, D., Echtler, H.P., 2006. Morphotectonic and geologic digital map compilations
of the south-central Andes (36–42°S). In: Oncken, O., Chong, G., Franz, G., Giese, P.,
Götze, H.-J., Ramos, V.A., Strecker, M., Wigger, P. (Eds.), The Andes – Active Subduc-
tion Orogeny. Frontiers in Earth Science Series, Vol. 1. Springer-Verlag, Berlin,
Heidelberg, New York, pp. 565–568.

Moreno, M.S., Bolte, J., Klotz, J., Melnick, D., 2009. Impact of megathrust geometry on
inversion of coseismic slip from geodetic data: application to the 1960 Chile earth-
quake. Geophysical Research Letters 36, L16310. doi:10,1029/2009GL039276.

Moreno, M., Melnick, D., Rosenau, M., Bolte, J., Klotz, J., Echtler, H., Baez, J., Bataille, K.,
Chen, J., Bevis, M., Hase, H., Oncken, O., 2011. Heterogeneous plate locking in the
South-Central Chile subduction zone: Building up the next great earthquake.
Earth and Planetary Science Letters 305 (3–4), 413–424.

Owens, T.J., Zandt, G., Taylor, S.R., 1984. Seismic evidence for an ancient rift beneath the
Cumberland Plateau, Tennessee: a detailed analysis of broadband teleseismic P
waveforms. Journal of Geophysical Research 89 (B9), 7783–7795.

Rehak, K., Strecker, M.R., Echtler, H.P., 2008. Morphotectonic segmentation of an
active forearc, 37°–41°S, Chile. Geomorphology 94 (1–2), 98–116. doi:10.1016/
j.geomorph.2007.05.002.

Rosenau, M., Melnick, D., Echtler, H., 2006. Kinematic constraints on intra-arc shear and
strain partitioning in the southern Andes between 38°S and 42°S latitude. Tecton-
ics 25. doi:10.1029/2005TC001943 TC4013.

Song, T., Simons, M., 2003. Large trench-parallel gravity variations predict seismogenic
behavior in subduction zones. Science 301, 630–632. doi:10.1126/science.
1085557.

Tassara, A., Yañez, G., 2003. Relación entre el espesor elástico de la litósfera y la seg-
mentación tectónica del margen andino (15–47°S). Revista Geologica de Chile
32, 159–186.

Tebbens, S.F., Cande, S.C., Kovacs, L., Parra, J.C., LaBrecque, J.L., Vergara, H., 1997. The
Chile ridge: a tectonic framework. Journal of Geophysical Research 102 (B6)
12,035-12,059.

Vinnik, L.P., 1977. Detection of waves converted from P to SV in the mantle. Physics of
the Earth and Planetary Interiors 15, 294–303.

Wells, R.E., Blakely, R.J., Sugiyama, Y., Scholl, D.W., Dintermann, P.A., 2003. Basin-cen-
tered asperities in great subduction zone earthquakes: a link between slip, subsi-
dence, and subduction erosion? Journal of Geophysical Research 108 (B10),
2507. doi:10,1029/2002JB002072.

Yuan, X., Asch, G., Bataille, K., Bock, G., Bohm, M., Echtler, H., Kind, R., Oncken, O., Wöl-
bern, I., 2006. Deep seismic images of the Southern Andes. In: Kay, S.M., Ramos,
V.A. (Eds.), Evolution of an Andean margin: a tectonic and magmatic view from
the Andes to the Neuquen Basin. Geological Society of America, Special Paper
407, Boulder, Colorado, pp. 61–72.

Zhu, L., Kanamori, H., 2000. Moho depth variation in southern California from teleseis-
mic receiver functions. Journal of Geophysical Research 105, 2969–2980.

http://dx.doi.org/10.1028/2010GL043899
http://dx.doi.org/10.1028/2010GL043899
http://dx.doi.org/10.1111/j.1365-.2009.04491.x
http://dx.doi.org/10.1029/2009GC002936
http://dx.doi.org/10.1029/2010GC003477
http://dx.doi.org/10.1111/j.1365-.2007.03680.x
http://dx.doi.org/10.1111/j.1365-.2007.03680.x
http://dx.doi.org/10.1029/2008JB005902
http://dx.doi.org/10.1007/978-540-8_17
http://dx.doi.org/10.1111/j.1365-.2008.03780.x
http://dx.doi.org/10.1111/j.1365-.2008.03780.x
http://dx.doi.org/10.1785/0120080013
http://dx.doi.org/10.1029/2006GL029190
http://dx.doi.org/10.1046/j.1365-.2003.02100.x
http://dx.doi.org/10,1029/2009GL039276
http://dx.doi.org/10.1016/j.geomorph.2007.05.002
http://dx.doi.org/10.1016/j.geomorph.2007.05.002
http://dx.doi.org/10.1029/2005TC001943
http://dx.doi.org/10.1126/science.1085557
http://dx.doi.org/10.1126/science.1085557
http://dx.doi.org/10,1029/2002JB002072

	Moho topography and subducting oceanic slab of the Chilean continental margin in the maximum slip segment of the 1960 Mw 9.5 Valdivia (Chile) earthquake from P-receiver functions
	1. Introduction
	2. Tectonic and geologic setting and previous studies
	3. Method
	4. Analysed data set
	5. Results
	5.1. Examples of individual traces and semblance matrix
	5.2. Imaged sections

	6. Discussion
	6.1. Comparison with local earthquake tomography
	6.2. Moho topography and isostasy
	6.3. Slab depth and plate coupling

	7. Conclusions
	Acknowledgements
	References


