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The south-central Chilean subduction zone has witnessed some of the largest earthquakes in history, making
this region particularly important for understanding plate coupling. Here we present the results of a local
earthquake tomography study from a temporary local seismic network in the Villarrica region between 39
and 40°S, where the largest coseismic displacement of the 1960 Valdivia earthquake occurred. A low-
velocity anomaly and high Vp/Vs values occur under the coastal region, indicating mantle serpentinisation
and/or underthrusting of forearc material. Further east, a high-velocity anomaly is observed, interpreted as
“normal” high-velocity mantle. Under the active volcanic arc a low-velocity anomaly together with high
Vp/Vs ratios (1.8 and higher) likely images fluid ascent beneath the volcanoes. Close to the subducting
Valdivia Fracture Zone, the coastal low-velocity anomaly extends further inland, where it interrupts and
shifts the high-velocity anomalies associated with “normal” fast mantle velocities. This may indicate en-
hanced fluid presence along this part of the margin, probably caused by a stronger hydration of the incoming
plate along the Valdivia Fracture Zone. This is consistent with geochemical fluid proxies (U/Th, Pb/Ce, Ba/Nb)
in young volcanic rocks displaying peak values along the volcanic front at Llaima and Villarrica Volcanoes,
and with recent GPS measurements, which suggested a local reduction in plate coupling in this region. The
shift in the high-velocity anomaly underlying the central part may be caused by a north to south decrease
in plate age and hydration across the Valdivia Fracture Zone, and may explain why a Central Valley is absent
in this segment of the margin. The low La/Yb ratios in the volcanic rocks from Villarrica and Llaima suggest
that the high slab-derived fluid flux causes elevated degrees of melting beneath these volcanoes, providing
an explanation as to why these are amongst the most active volcanoes in South America.

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

Characterising the properties of subduction zones susceptible to
great earthquakes and tsunamis is a major challenge for the Earth sci-
ences. Over the past years, it has been established that the presence of
fluids at the plate boundary is a first-order process determining the
position and extent of the seismogenic zone (Hyndman et al., 1997;
Ranero et al., 2008). In this model, the plate interface down to depths
corresponding to 100–150 °C is well lubricated by fluids released
from sediment dehydration reactions; below these depths, the
amount of fluids declines and seismic coupling is increased, leading
to the onset of seismogenic behaviour. Along the trench, lateral
variations in the potential for generating large interseismic strain
: +49 431 880 4432.
Dzierma).
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accumulation (and hence high seismic moment release) are deter-
mined to a large degree by variations in the strength of interplate
coupling. In addition to fluid effects along the plate interface and in
the mantle wedge, this depends on a variety of properties of the
overriding and downgoing plate (age of the slab, subduction velocity
and slab dip, plate thickness, roughness and bathymetric features)
and sediment present in the trench and along the plate interface.
After initiation of an earthquake, the rupture propagation can also
be influenced by the presence or absence of bathymetric highs such
as ridges and seamounts on the subducting slab, which have been
observed to stall earthquake rupture (Robinson et al., 2006; Sparkes
et al., 2010).

Globally, megathrust earthquakes are observed to repeatedly
recur along the same margin segments (but not necessarily
equivalent in magnitude and/or in rupture areas), which appear to
be particularly prone to large seismic moment release (Beck et al.,
1998; Comte et al., 1986). Some of the largest recorded earthquakes
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on Earth have occurred along the Chilean margin (e.g., Barrientos,
2007; Lomnitz, 2004; Moernaut et al., 2007), making this region
particularly important for understanding the mechanisms and conse-
quences of plate coupling in subduction zones. The largest instrumen-
tally recorded earthquake, the Mw=9.5 1960 Valdivia earthquake,
occurred along the south-central Chilean subduction zone and rup-
tured more than 1000 km length of the plate margin (Barrientos
and Ward, 1990; Moreno et al., 2009). The northern part of this re-
gion was again recently ruptured during the 2010 Mw=8.8 Maule
earthquake (Delouis et al., 2010; Moreno et al., 2010). Along with
strong earthquakes, this region exhibits some of the most active
volcanoes of South America, Villarrica and Llaima (Dzierma and
Wehrmann, 2010; Stern, 2004). The particularly strong tectonic activ-
ity of this location of the Chilean subduction zone likely indicates a
special character of the processes of the coupling zone, which might
in turn be related to structural properties of the downgoing slab.

In this work, we focus our seismic studies on the Villarrica region
between 39 and 40°S, which is where the largest coseismic displace-
ment of the 1960 Valdivia earthquake occurred (Barrientos andWard,
1990). Previous studies have expressed contrary opinions with re-
spect to plate coupling along this part of the Chilean margin. While
gravimetric results (Alasonati Tašárova, 2007; Hackney et al., 2006)
have suggested that coupling is particularly strong between 39° and
40°S due to an anomalous gravity signal observed in this segment of
the margin, recent GPS measurements (Moreno et al., 2011) observe
a local minimum in coupling between 39 and 40°S, interpreted as
aseismic slip. To resolve these contrasting views, we believe it is
vital to investigate this part of the margin by analysing the physical
structure in terms of P- and S-wave velocities (Vp, Vs) and Vp/Vs ve-
locity ratios. To this effect, we present a local earthquake tomography
study based on a temporary local seismic network to image the seis-
mic velocity structure down to 70 km depth, from the Chilean coast
into the back-arc in Argentina. Finally we also present geochemical
data from mafic to intermediate rocks erupted along the volcanic
front in the Southern Volcanic Zone (SVZ), in order to compare the
Fig. 1. Tectonic overview. Geologic units: CC — Coastal Cordillera, CP — Coastal Platform, CV
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 — Moch
main trace of the Valdivia fracture zone and VFZ b — northern branch of the Valdivia fra
Major cities shown: Te — Temuco, Va — Valdivia, Os — Osorno and Ba — Bariloche. The b
Plate relative to the South American Plate. (For interpretation of the references to colour in
fluid flux beneath the volcanic front in the study area (39–40°S)
with other parts of the SVZ (35–43°S).
2. Tectonic setting

In the study region (Fig. 1), the Nazca Plate subducts beneath the
South American Plate with a convergence velocity of 73.7 mm/yr
(DeMets et al., 2010). The oblique incidence at the NNE-trending
Chile Trench has created a 1100 km long trench-parallel slip system
running through the Andean chain, the Liquiñe-Ofqui Fault Zone
(LOFZ, Cembrano et al., 2000; Rosenau et al., 2006).

The subducting slab is cut by several transform faults, the most
prominent of which is the Valdivia Fracture Zone (VFZ) impinging
on the trench at 40°S. The VFZ constitutes the boundary between
~26 Ma oceanic crust produced at the East Pacific Rise and younger
(18–20 Ma) crust produced at the Chile Rise in the south (Tebbens
et al., 1997). Between 70 and 100 km depth, the VFZ is observed to
be seismically active, which we interpret as indications for fluid
release (Dzierma et al., submitted for publication).

The overriding plate along the South-Central Chilean margin is
segmented into three main morphotectonic units (from west to
east): the coastal Cordillera, Central Valley, and Main Cordillera,
where the active volcanic arc is located (Charrier et al., 2007). From
surface geology observations, the Central Valley seems to be absent
in the Villarrica region between 39° and 40°S. In addition to the
atypical surface geology (Rehak et al., 2008), the Villarrica region is
furthermore found to exhibit an unusual negative gravity anomaly
of 0 to −50 mGal (Alasonati Tašárova, 2007; Hackney et al., 2006),
which contrasts with the positive anomalies found to either side of
this region and along the rest of the margin. The boundaries of this
anomalous segment coincide with the Mocha-Villarrica Fault Zone
(MVFZ) in the north and along a number of smaller faults trending
towards the Puyehue-Cordón Caulle Volcano Complex in the south.
These WNW-trending fault zones, together with the NS-trending
— Central Valley, PG — Paleozoic Granites, MC — Main Cordillera and NB — Neuquén
, 15 m, 25 m and 35 m (Barrientos andWard, 1990). Black lines show crustal faults (CF)
a-Villarrica-fault zone, LFZ — Lanalhue fault zone, MFZ — Mocha fracture zone, VFZ —

cture zone. Main volcanoes: V — Villarrica, L — Llaima, P — Puyehue-Cordón Caulle.
lack arrow indicates the convergence rate of 73.7 mm/yr and direction of the Nazca
this figure legend, the reader is referred to the web version of this article.)
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Liquiñe-Ofqui Fault Zone, are major determinants for the position of
the active volcanic centres (Cembrano and Lara, 2009).

The area to the north (37°–39°S) was recently studied by Bohm
(2004) and Haberland et al. (2009) using local earthquake tomogra-
phy. They found a correlation of the location of the longitudinally
oriented Central Valley with high-velocity anomaly in the lower
crust and upper mantle. The Coastal Cordillera as well as volcanic
arc appeared to be associated with low-velocity anomalies. South of
42°S, Lange (2008) observed similar features. However, the region
between these studies has not been seismologically imaged, even
though this appears to be the key region for understanding the
singular characteristics of this subduction environment. Although
broad similarities are observed, the “gap” region is found to be very
different from the adjacent areas in geomorphology and gravity
(Alasonati Tašárova, 2007; Hackney et al., 2006; Rehak et al., 2008),
and has been speculated to present a different stress regime. The
processes dominating this environment can only be investigated by
establishing the link between these two regions, which is done in
the present study.

3. Data set and methods

A temporary seismic network consisting of 15 brand-band stations
(Guralp 3ESP-60s) and 40 short-period stations (Mark L-4 C-3D) was
operated fromDecember 2008 toNovember 2009 (Fig. 2, Supplementa-
ry Table ST1). All instruments were equipped with EarthDataLoggers.

In addition to the temporary network, we include data for 11 picked
events from the University of Chile Seismological Service (SSN) net-
work stations to extend the coverage of our network. Automatic event
detection in the continuous datawas carried out using a LTA/STA trigger
algorithm followed by a network trigger. P- and S-wave onsets were
manually picked in the SEISAN software package and located using
the optimum 1D velocity model by Bohm et al. (2002). The P phase
was picked on the vertical component, the S phase on the horizontal
components.

A total of 867 regional events were recorded with epicentral
distances less than 500 km, of which 630 events have a location
error less than 20 km (both horizontal and vertical) and an rms-
74°W 73°W

74°W 73°W

40°S

39°S

MVFZ

Va

Te

Fig. 2. Local seismic network. Seismic installations: BB-Ar — Array of broadband stations
volcanoes and towns are the same as in Fig. 1. The dotted blue line indicates the posit
references to colour in this figure legend, the reader is referred to the web version of this a
value≤1 s. To estimate the optimal reference velocity distribution,
we determined the preliminary locations of the sources using ten
1D velocity models and selected one that provided the minimum
value of the average residual (Table 1). The tomographic inversion
was performed using the LOTOS code (Koulakov, 2009), which uses
the observed P- and S-wave travel times (picks) to invert simulta-
neously for a 3D image of the P- and S-wave velocities, hypocentres,
and station corrections. LOTOS offers two options, inverting either
for the P- and S-wave velocities or for the P-wave velocities and Vp/
Vs velocity ratio. The presented results were obtained with the first
option except for the presented Vp/Vs velocity ratios, which were
inverted using the second option which relies on the differential
travel times.

Velocity anomalies were computed in nodes distributed inside the
study volume according to the ray density. The lateral grid spacing
was 5 km; with depth, the spacing was dependent on ray sampling,
but was not less than 5 km. The processing consisted of five iterations,
of which each contained a source location in the 3D velocity model,
matrix calculation and inversion. The inversion was performed simul-
taneously for the P and S velocities, source corrections (hypocentre
coordinates and origin time for each source) and station corrections.
The inversion showed convergence after five iterations. We use a
level of smoothing of 1.3 for P and 2.2 for S waves. For the 3D inver-
sion we used a total of 5781 P- and 3824 S-phases. The final residuals
after five iterations are 0.132 s for P and 0.166 s for S waves,
corresponding to a reduction of 35% and 41% in standard deviation,
respectively.

4. Ray coverage and resolution

Good ray coverage is generally found at depths between 10 and
40 km, and restricted to smaller areas at greater depth (Fig. 3). In
our presentation of the results, we apply a mask based on ray-
coverage to mark those regions that suffer from poorer coverage. As
all events below 40 km depth occur in or near the subducting slab,
we have only few crossing rays to determine the velocity structure
at sub-Moho depths. While it is still possible to determine slow- or
fast-anomalies from the arrival times, these tend to be smeared
72°W 71°W

72°W 71°W

LO
F

Z

Chile

Argentina

, BB-St — single broadband stations and SP-St — single short period stations. Faults,
ion of the vertical profile, with dots placed every 25 km. (For interpretation of the
rticle.)



Table 1
1D velocity model used as a starting model in the tomographic inversion.

Depth (km) Vp (km/s) Vs (km/s)

−3.0 5.0 2.8
30.0 6.7 3.8
50.0 7.8 4.4
130.0 8.0 4.5
240.0 8.2 4.6
600.0 9 5.1
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along the ray paths, so depth recovery is poor in the mantle and close
to the Argentinean border.

The resolution capacity of the inversion was tested by several che-
querboard tests (Fig. 4, Supplementary Fig. S1). Anomalies as large as
Fig. 3. Ray coverage. A) Rays crossing the 10, 30 and 50 km horizontal planes are displayed a
coverage of the vertical profile (blue line in Fig. 2).
20 km can be resolved nearly perfectly at depths down to 50 km.
Smaller-scale anomalies are not well resolved except at shallow
depths (Vs anomalies of 10 km scale can be resolved only in the cen-
tre of the network, down to 30 km depth). The vertical chequerboards
show the above-mentioned smearing effect and only retrieve the
integrated velocity effect along the ray path outside the centre of
the network.
5. Results

The main result of this study is the 3D distribution of the Vp and
Vs anomalies, several slices of which are presented in Fig. 5. A large
number of tests were performed to assess the reliability and
s black dots to visualise the ray coverage in the depth sections. Left: Vp, right: Vs. B) Ray



Fig. 4. Chequerboard tests. Chequerboards were calculated for 4% Vp and 7% Vs anomaly, with different board sizes: A) a 20 km wide horizontal board with 7.5 km gap between Vp
and Vs anomalies, which is constant at all depths, B) a 20 km wide vertical board with 5 km gap between Vp and Vs anomalies, which is constant in the direction perpendicular to
the profile.
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Fig. 5. P- and S-wave velocity anomalies and velocity ratios from tomographic inversion. In addition to the main faults shown in Fig. 2, we display the prolongation of the Valdivia
Fracture Zone (dashed line). The location of the Valdivia Fracture Zone is open to some uncertainty, since different positions are given in the literature. We have picked the bathy-
metric high and prolonged the subducted VFZ along a straight line on top of the slab, which is then projected onto the surface. This position agrees with gravity observations (Wells
et al., 2003). Relocalized earthquakes are plotted as grey dots. A) Absolute Vp and Vs velocities, velocity anomalies and Vp/Vs ratios along the profile shown in Fig. 2. The topography
and the volcanoes Villarrica, Quetrupillán and Lanin are displayed as reference. B) Vp and Vs anomalies and Vp/Vs ratios at 10, 30, 50 km depth. Values between 1.73 and 1.78 are
relatively “normal”, only values outside this range are interpreted in the text.
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resolution of the obtained model. To investigate the effect of random
noise on the result of the tomographic inversion, a bootstrap test
(odd/even test) was performed, which consists of performing inde-
pendent inversions for two different data subsets (here, subsets
with odd and even numbers of events). The result of this test
(Fig. 6) shows that the main features observed in the tomographic
inversion are robustly resolved in both cases. Thus, the random
noise in the data does not significantly affect the results.



Fig. 6. Bootstrap tests. Tomographic inversion for even vs. odd-numbered data subsets. A) Vp velocities, B) Vs velocities.
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We present the 10, 30 and 50 km depth sections for the Vp and Vs
anomalies, i.e. deviations from the 1D background velocity model,
and one vertical profile normal to the trench (Fig. 5). The deviations
from the 1D velocity model are rather small, not exceeding ±5%.
We first consider the main features in the vertical profile before
looking at lateral variations along the trench.

5.1. Vertical profile

In the continental crust, the absolute velocities are layered ap-
proximately horizontally, which mainly reflects the velocity gradient
of the backgroundmodel. At a distance of 75–150 km from the trench,
a high-velocity anomaly (A) is observed, which in absolute velocities
corresponds to fast mantle velocities and upwarping crustal velocity
contours. We believe that this part of the velocity model corresponds
to the “normal crust and mantle” scenario, with a comparatively fast
(Vp=7.6–7.8 km/s, Vs=4.4 km/s) mantle underlying the continen-
tal crust. This interpretation is supported by the fact that a similar ab-
solute velocity profile (again with a fast mantle and an associated
high-velocity anomaly) is again observed beyond the volcanic arc
(D, at 200–250 km distance along the profile), although ray coverage
in this region is poorer and S-wave velocities could not be reliably
recorded here.

Farther from the trench, the mantle velocities are lower down to
depths in excess of 100 km, reflected also by a negative velocity
anomaly (B) observed in the depth range from the surface to the
slab. The large depth extent of this feature is probably caused by the
limited vertical resolution; however, it is evident that the velocities
in this region are lower than in the adjacent area. This is explained
by the presence of fluids and melts beneath the active volcanic arc,
which was also observed as a high-conductivity structure in a
magnetotellurics study by Brasse and Soyer (2001).

In the coastal area, a second low-velocity anomaly (C) is observed
with low mantle velocities. In this region, the low-velocity contours
in the mantle dip slightly towards the east. This feature may be
associated with a serpentinised mantle wedge or underthrusting of
low-velocity fore-arc rocks as proposed by Haberland et al. (2009).

The Vp/Vs velocity ratio supports this general scenario. The
“normal” region (A) between the coast and the volcanic arc is
characterised by “standard” Vp/Vs ratio around 1.73, whereas those
features associated with possible fluid and melt effects (B and C)
have considerably higher Vp/Vs up to 1.8 and higher. Down to
70 km, the slab and possible subducting fore-arc material appear as
a low-velocity anomaly with somewhat elevated Vp/Vs ratio up to
1.8 (C). Below this depth, Vp/Vs ratio has an average value around
1.76, and the slab does not show particularly low or high velocities.
This might indicate that the main dewatering reactions of the upper
part of the slab are completed around this depth. However, the
resolution of the slab velocities is rather poor, since no events occur
below the slab. The low-velocity zone below the volcanic arc is also
characterised by increased Vp/Vs ratios, but the strongest increase is
more localised in the velocity anomalies (B′) and may be related
with fluids moving from the slab towards the volcanic arc. In general,
Vp/Vs values above 1.8 cannot be regarded as unique evidence of
dehydrating rock because they can be created by mineralogical
composition as well (e.g. Christensen, 1996). However, in the present
case there is no indication for a compositional change of the
subducting rock along the slab whereas it is commonly accepted
that the subducting rocks are dehydrated due to the changing
pressure–temperature conditions. This second view is supported by
the observation that the elevated Vp/Vs ratios are associated with
low-velocity anomalies in P and S. Therefore, we favour the interpre-
tation that the velocity anomalies and Vp/Vs ratios probably indicate
the presence of fluids although we must keep in mind that composi-
tional differences may provide an alternative interpretation which
cannot be ruled out.
5.2. Horizontal anomaly maps

The structures shown in the vertical profile are generally retrieved
in the horizontal sections. In particular, we observe the following
features:

A) A high-velocity anomaly associated with the crust and fast
“normal” mantle in the central region (A). In the north and
south adjacent regions, this fast anomaly was associated with
the Longitudinal Valley (Bohm et al., 2002; Haberland et al.,
2009; Lange et al.), which is disrupted in our study area
above the Valdivia Fracture Zone (compare Fig. 1). The tomo-
graphic maps at 30 km depth show that the high velocity
anomalies look as if they were displaced dextrally by ca.
30 km along the VFZ.

B) A low-velocity anomaly associated with the volcanic arc and
LOFZ in the east (B), which is also in agreement with
Haberland et al. (2009) and Lange (2008). It is particularly
pronounced beneath the Villarrica, Quetrupillán and Lanín
Volcanoes, which are aligned along the Mocha-Villarrica Fault
Zone. Near the crossing point of the LOFZ with the MVFZ and
the extrapolation of the VFZ, we find a distinct maximum of
Vp/Vs at lower crustal and upper mantle levels, the projection
of which lies next to the three volcanoes. We regard it as an
expression of the melt reservoir from which these volcanoes
are fed.

C) A low-velocity anomaly close to the coast (C), which we inter-
pret as serpentinised mantle and/or underthrust sedimentary
rocks. This structure trends approximately parallel to the
trench, but appears to extend further onshore in the central
part of the study area (C′), possibly related to the shift in the
high velocity anomalies (A1, A2).

While the main features linked with the subduction system are
consistent along the trench, a disruption occurs in the tomograhic
maps for 30 and 50 km depths in the region close to the continuation
of the Valdivia Fracture Zone. In particular, the high-velocity feature
interpreted as normal mantle wedge appears deformed and inter-
rupted by a low-velocity region. Along the same line, the Vp/Vs veloc-
ity ratio is increased to values close to 1.8. We infer from this that the
Valdivia Fracture Zone region on the subducting slab may bemore hy-
drated than adjacent regionswith normal, not-fractured oceanic crust.
This is supported by the observation of a seismicity cluster (Fig. 7)
found along the extrapolated trace of the subducting oceanic fracture
zone at 80 to 120 kmdepth (Dzierma et al., submitted for publication).
Most of the earthquakes of this cluster show a strike-slip movement
suggesting that the Valdivia Fracture Zone is reactivated at depth
probably triggered by dehydration. The subducted part of the Valdivia
Fracture Zone could represent a major heterogeneity along the
subduction zone, interrupting its basic 2D structure by creating the
observed low-velocity anomalies where larger amounts of fluids are
released in the overriding plate and mantle wedge.

At 30 km depth the central high velocity anomaly ends along the
extension of the VFZ. Beyond the VFZ another high velocity anomaly
is observed, but displaced by 30 km along the extrapolated fracture
zone. There is no doubt that the anomaly pattern as such is not an
effect of the inversion (see Synthetic models in the next section).
The correlation between the offset of the anomalies and the extrapo-
lation of VFZ suggests that the fracture zone may be the cause of the
anomalies.

6. Synthetic models

Several geometries of synthetic models were applied to test the
reliability of the inversion. One adequate model is shown in Fig. 8.
To reproduce the results, all models needed to include an offset



Fig. 7. Seismicity. Concept view of the local seismicity of the study area (presented in detail by Dzierma et al., submitted for publication). The downgoing plate is shown together
with the prolongation of the VFZ (blue dashed line). The slab seismicity is projected vertically onto the slab surface (white and red dots). The red events highlight the cluster of
seismicity observed close to the main trace of the VFZ. Villarrica volcano in red lies above a tomographic anomaly with reduced velocities.

172 Y. Dzierma et al. / Earth and Planetary Science Letters 331-332C (2012) 164–176
high-velocity anomaly between ca. 20 and 50 km depth, a slow
velocity anomaly near the coast down to at least 30 km depth (but
possibly 50 km), and a low-velocity anomaly under the active
volcanic arc, which we modelled at 20–50 km. In the upper crust, a
fast velocity anomaly in the central region (between the coast and
the arc) was also included to better retrieve the shallow structure. A
Fig. 8. Synthetic model. The Figure shows our preferred synthetic model with an extended lo
region. The colours of the synthetic anomalies are not scaled to match those of the tomog
reaching down to 15 km depth. All other anomalies are modelled from 20 to 50 km depth
central high-velocity anomaly is assumed to have magnitude 8% Vp and 6% Vs.
low-velocity zone aligned along the VFZ or a low-velocity region in
the mantle wedge above the VFZ both give good results, but are un-
necessary for a good model adjustment as long as some broadening
in the low-velocity coastal zone is included (as shown Fig. 8).

In general, we found that all input models – whether similar to
our preliminary interpretation or not – are well retrieved by the
w-velocity wedge close to the VFZ, and two offset high-velocity anomalies in the central
raphic inversion. The near-surface high velocity anomaly has 5% in Vp and 6% in Vs,
. Low-velocity anomalies are modelled with −6% both in Vp and Vs. The interrupted
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inversion. The form of the anomalies within the well-resolved region
as determined from ray coverage can be resolved well by the
tomography down to depths of 60–70 km, lending credibility to the
inversion results. The amplitude of the anomalies is slightly underes-
timated by a few percent at all depths. To reproduce the observed Vp
and Vs anomalies, we need to assume anomalies of the order of 6% in
both Vp and Vs.

We tested whether different synthetic models from our preferred
interpretation can serve to reproduce the results. In particular, we
checked

1. anomalies located in the crust of the overriding plate (Fig. S2),
2. anomalies located in the subducting slab, with an unperturbed

upper plate (Fig. S3), and
3. linear anomalies in the upper plate without offset and without an

extended area of the low-velocity coastal region (in an attempt
to find whether the low-velocity disruption and offset in the
high-velocity anomalies might be artificially introduced as an
imaging artefact, Fig. S4).

The crust-only recovery test (first test scenario, S2) shows that the
crustal anomalies smear into the mantle in the sense that the image
occurring at 30 km is repeated at 50 km with 50% and partly more re-
duced amplitude. The real tomographic slices at 30 and 50 km are
indeed somewhat similar, but there are obvious differences, too.
First, the strength of the real anomalies does not diminish with
depth (as in the case of the crust-only scenario); second, the shape
and location of the anomalies and their extrema change (compare,
for example, C and C′ at 30 and 50 km). Since the synthetic and real
data have the same source-receiver configurations these differences
between the S2 scenario and the field tomograms are not likely to
be a result of the limited resolution. Therefore, we prefer to consider
the change of the anomalies from a depth of 30 to 50 km as evidence
that the tomographic patterns cannot be explained by crustal
structure alone but require some change in the mantle, too.

Besides the generally low resolution caused by the source-receiver
distribution, the anomaly images of the different depth levels grade
into each other because of the damping inherent in the tomographic
inversion. This circumstance superimposes a certain level of vague-
ness to any tomographic interpretation, which we tried to assess
with the synthetic scenarios in the Appendix (and a number of
other geometries not shown here). From these models we infer that

1. The high-velocity anomaly (A) observed in the horizontal sections
at 30 and 50 km depth and reaching down to 70 km in the vertical
section cannot be explained satisfactorily by crustal structure
alone, but points to an involvement of the upper mantle. However,
it has to be stated clearly that the exact depth extent cannot be
determined from the tomography.

2. The corresponding lithospheric structure has no surface expression,
3. The high velocity anomaly cannot be created only by an offset

high-velocity feature in the subducting slab, but must involve the
overriding plate lower crust and mantle, and

4. The observed abrupt anomaly offset is a real phenomenon not
introduced by the imaging process.

The modelling studies hence confirm the existence of low-velocity
anomaly close to the coast, which we interpret as a serpentinised
mantle wedge and/or underthrust forearc rocks in following the
previous work by Bohm (2004), Haberland et al. (2009) and Lange
(2008). The low-velocity anomaly extends farther inland in the
region close to the subducting Valdivia Fracture Zone, where it inter-
rupts and “shifts” the high-velocity anomalies associated with
“normal” fast mantle (and possibly lower crust) velocities. We inter-
pret this as an indication for enhanced fluid release along the trace of
the VFZ. The high-velocity anomalies are similar to what is observed
beneath the Central Valley to the north and south of our study area,
their interruption and shift may be linked with the absence of a
Central Valley in the Villarrica region. Under the volcanic arc, low
velocities are observed, which are linked with the presence of melts
and fluids under the volcanoes.

7. Discussion

7.1. Strong vs. weak slab interface coupling and the role of the Valdivia
Fracture Zone

On the basis of the anomalous gravity signature of this region, and
the global observations of a correlation of trench-parallel gravity
highs with areas of increase coseismic slip (Wells et al., 2003),
Hackney et al. (2006) speculate that the segment between 39 and
40°S is particularly strongly locked in comparison with the adjacent
subduction zone segments. The same conclusion is reached by
Alasonati Tašárova (2007) based on gravity modelling. Alasonati
Tašárová's subsurface model shows an increase of 5 km in slab
depth in this segment indicating an increased normal stress on the
slab interface. However, neither a receiver function study of this re-
gion nor a seismicity study can support the hypothesis of a deepening
of the slab (Dzierma et al., submitted for publication; Dzierma et al.,
in press). In contrast, Moreno et al. (2011) have shown that the
accumulated strain after the 1960 earthquake is particularly low in
the centre of this same segment of the subduction zone. They propose
that the incoming VFZ provides a localised line of weakness in which
plate coupling is low due to the larger amount of pore fluids carried
by the subducting plate along the fracture zone.

Our tomography results are in good agreement with the interpre-
tation by Moreno et al. (2011). The VFZ fault line marks the southern
edge of a forearc region of reduced seismic velocities, together with
increased Vp/Vs. This suggests that fluids are present in larger
amounts than south of the VFZ, which would explain a local reduction
in coupling strength. In this scenario it has to be considered that the
VFZ line shown in the figures is basically the prominent southern bor-
der of a ca. 50 kmwide fault system that can be recognized offshore in
the bathymetry of the incoming plate. Therefore, it can be assumed
that enhanced fluid release does not only occur along the VFZ fault
trace but also in a several 10 km wide swath north of it.

The observed low velocities possibly related to serpentinisation
would imply some related reduction in density. It would have to be
tested in a future modelling study whether the observed gravity
low could be explained by a reduced mantle wedge density as well
as with a local increase of the depth of the subducting slab.

The local weakness of plate coupling along the VFZ may explain
why the 1960 coseismic slip maxima occurred just to the north and
south of the fracture zone, with a reduction of slip in between them
just along the line of the VFZ. Possibly, interseismic strain build-up
along this line was weaker due to aseismic creep; this would be an
analogous situation to the one observed today after the 1960 earth-
quake. This heterogeneity of preseismic strain build-up could greatly
influence the rupture behaviour of future large earthquakes along this
part of the margin.

7.2. Geochemical evidence for enhanced fluid release from the slab along
the Valdivia Fracture Zone beneath the volcanic front

Geochemical characteristics of volcanic rocks from Llaima and
Villarrica Volcanoes compared with the rest of the volcanic front
between 35 and 43°S confirms a greater fluid flux from the slab
above the subducting VFZ. Ratios of trace elements of different
fluid-mobility are typically used in subduction zone volcanic rocks
to trace the role of fluids in magma generation (e.g., Elliott et al.,
1997; Patino et al., 2000). Fluid-mobile elements, such as U, Ba and
Pb, are more strongly enriched than the less mobile elements, such
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as Th, Nb and the rare earth elements (REE) in the presence of sub-
duction zone fluids. Ratios of more to less fluid mobile elements,
such as U/Th, Pb/Ce, and Ba/Th, can be used as proxies of fluid flux
from the subducting slab beneath volcanic centres. For relatively
fluid immobile elements, ratios of more to less incompatible
elements, for example La/Yb and La/Sm, correlate inversely with the
degree of melting. Volcanic rock samples from Llaima and Villarrica
Volcanoes generally have the highest U/Th, Ba/Nb, Pb/Ce and Pb/Nd
and lowest La/Yb of volcanic rocks from the volcanic front between
35 and 43°S (Fig. 9), implying the greatest fluid flux and degrees of
melting beneath the volcanic front volcanoes between 39 and 40°S.
The addition of slab-derived fluids to the mantle wedge was also
observed to peak beneath Villarrica by Morris et al. (1990) and
Sigmarsson et al. (2002) based on correlations between U-series
disequilibria, 226Ra/230Th and 238U/230Th, with 10Be/9Be isotope
ratios. These geochemical variations therefore link the high fluid
flux to the VFZ. Hydrous fluids/melts serve to lower the solidus
temperature in the mantle, which results in greater degrees of
melting when the fluid flux is higher. Hence the high fluid flux from
the subducting fracture zone system bounded by the VFZ line in the
south appears to have caused higher degrees of melting beneath
Villarrica and Llaima Volcanoes, providing a possible explanation for
why these two volcanoes are among the most active ones in South
America.
Fig. 9. Geochemical proxies. (A) Pb/Ce versus Ba/Nb and (B) U/Th versus La/Yb of mafic
to intermediate volcanic rocks along the Southern Volcanic Zone between 35 and 43°S.
Volcanic rocks from Llaima and Villarrica Volcanoes generally show the highest U/Th,
Pb/Ce, and Ba/Nb, implying the highest fluid flux beneath these volcanoes. The low
La/Yb ratios imply that the highest degrees of melting also took place beneath these
volcanoes, as a result of the high fluid fluxes.
7.3. Change of seismic anomalies across the extrapolated VFZ line

The 30 km shift of the Vp and Vs anomaly patterns north and south
of the extrapolated VFZ line, visible in the horizontal slices between 30
and 50 km depth, corresponds to the lower continental crust and the
upper mantle wedge. It provokes a number of questions:

– Can this anomaly shift be interpreted as the expression of right-
lateral displacement along the oceanic subducted Valdivia fracture
zone that has coupled into the overriding continental plate? This
suggestive idea seems to be supported by the geometrical coinci-
dences and by the orientation of the fault movement offshore
that would correspond to the displacement of the tomographic
anomaly patterns. The following arguments speak against this
view: (1) There is no obvious surface expression of a correspond-
ing strike slip movement; (2) a decoupling of strike-slip move-
ment in the deeper crust from the upper crust, which would
solve this problem, does not appear likely because other strike-
slip faults, such as the MVFZ, encounter all depth levels of the
crust. (3) It is difficult to imagine a coupling mechanism at the
plate interface that is strong enough to break the overriding
continental plate.

– Can the agreement between the extrapolated VFZ line and the
“shift line” of the anomalies be a random coincidence? This possi-
bility cannot be ruled out. The basement of our investigation area
might be heterogeneously composed comprising, for example, a
boundary between two proterozoic terranes such as the Chiloé
Block (Moreno et al., 2008), which is supposed to terminate ca.
100 km south of our area. Also, one has to take into account that
the deep crust and upper mantle may have been altered by
intrusions and metamorphism in a heterogeneous way along the
margin.

– Can the N–S change in the anomalies of the overriding plate be
explained by N–S changes in the downgoing plate? Across the
VFZ the incoming plate changes significantly in age from 26
Myrs in the north to 18 Myrs in the south (at the trench,
Tebbens et al., 1997). This age change may be connected with a
change in temperature and composition as well. For example,
Ruepke et al. (2002) estimated a temperature difference of ca.
100 °C down to 100 km between slabs of similar ages in Central
America. Therefore, the phase changes and dehydration of the
subducted sediments and oceanic crust and the related hydration
of the overriding mantle wedge may take place at shallower
depths in the south than in the north of the VFZ. The same
argumentation applies also to the VFZ as such. Differences in the
depth levels of dehydration and hydration would translate into
an apparent horizontal “displacement” of the corresponding to-
mographic anomalies because the subducting interface is inclined.
The line across which this displacement occurs corresponds to the
extrapolated VFZ line. The position of this line as well as the shape
of the tomographic anomalies will change with time because the
incoming plate subducts obliquely under the continent. This
implies that the extrapolated VFZ line and all features connected
with it will move to the north over time.

This last scenario appears us to be the most plausible explanation
of our observation.

7.4. Termination of the Central Valley

The Central Valley terminates in the north of our investigation
area approximately at the Mocha-Villarrica Fault Zone, and starts
again south of the extrapolation of the Valdivia Fracture Zone. The
movement along the MFVZ and the Lanalhue Fault Zone (LFZ),
which splits off the MVFZ near Llaima volcano and runs NW towards
Arauco Peninsula, has to be seen in a larger continent scale context.
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Both geodetic measurements (Moreno et al., 2008) and geological
field evidence (Aragón et al., 2011; Rosenau et al., 2006) indicate
that the forearc south of 38°S, the Chiloé Block, is being displaced
north along the LOFZ as a consequence of the oblique subduction
to the Nazca Plate. This movement is blocked between 38 and
39°S and converted into a complicated transpressional system
including block rotation. Based on Aragón et al. (2011) and
Rosenau et al. (2006) the termination of the Central Valley can be
regarded as a consequence of the compressional components of
this movement that counteract subsidence south of the MVFZ. The
tomography can confirm this plate kinematic model insofar as
there is a change of crustal P- and S-wave velocity structure across
a part of the MVFZ, the image of which might tentatively be inter-
preted as evidence of lateral displacement along the MVFZ. This
velocity change is found in the horizontal sections at 10 km depth
near the splitting point of MVFZ and LFZ (between 39.3 and
39.4°S and 72 to 72.3°W). The strike of this structure is parallel to
the MVFZ and follows this lineament over 30 km. Whether or not
the change in lithospheric structure across the extrapolated VFZ
(and possibly plate coupling due to enhanced fluid release) has
influenced the formation of the complicated deformation pattern
in the LOFZ-MVFZ-LFZ-Arauco zone will have to be investigated
by modelling in the future.
8. Conclusions

Based on local earthquake tomography, we observe the follow-
ing main velocity structure along the south-central Chilean sub-
duction zone (39–40°S): a low-velocity anomaly and high Vp/Vs
values under the coast indicates a serpentinised mantle wedge
and/or underthrust forearc sediments. The central region (which
corresponds to the Longitudinal Valley to the north and south of
the study area) is underlain by a high-velocity anomaly, inter-
preted as “normal” fast mantle. Further towards the east, fluid re-
lease under the active volcanic arc is expressed by a negative
velocity anomaly linked with high Vp/Vs ratios (up to 1.8 and
higher). Geochemical proxies confirm a higher fluid flux and de-
grees of melting beneath the volcanic front in this region, which
could lead to greater volcanic activity in this part of the volcanic
arc.

Along the trace of the subducting Valdivia Fracture Zone, the
coastal low-velocity anomaly extends further into the central re-
gion, where it interrupts and shifts the high-velocity anomalies as-
sociated with “normal” fast mantle velocities. We interpret this as
an indication for enhanced fluid release along the trace of the VFZ,
consistent with geochemical results and recent GPS measurements
suggesting reduced plate coupling and aseismic slip (Moreno et
al., 2011). These results suggest that due to enhanced hydration,
the VFZ is indeed a line of weakness in the plate coupling, where
less strain accumulates in the interseismic period. The subduction
of the VFZ may also provide the ultimate explanation for why
Villarrica and Llaima are among the most active volcanoes in
South America.

A shift in the high-velocity anomaly underlying the central part
may be explained by a N–S change in plate age and hydration across
the VFZ. Assuming a temperature increase of the order of 100 °C,
dehydration reactions would take place at shallower depth and
hence closer to the trench.

The displacement of crustal velocity anomalies along the MVFZ
agrees with a plate kinematic model, derived from GPS and geologic
observations, that results in a transpressional tectonic regime. This
transpressional model is capable to explain the termination of the
Central Valley near the MVFZ.

Supplementary materials related to this article can be found
online at doi:10.1016/j.epsl.2012.02.006.
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