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[1] We track the temporal evolution of seismic wave speed to
detect changes in material properties at depth, driven by
deformation associated with the 2008 Mw 7.9 Wenchuan
earthquake. We analyze ambient noise correlation functions
to monitor seismic wave speed variations. The data were
continuously recorded during 2 years by 114 broadband
stations in a region that covers the southern two thirds of the
ruptured fault. We perform the analysis in the 12‐to‐20‐s
period band. By comparison with measurements in the band
1‐to‐3 s, we show that the seismic velocity changes cannot
be explained by a shallow perturbation but are related to
deformation at depth in the crust. The spatial and temporal
characteristics of these variations can thus be viewed as
reflecting the middle crust behavior. In particular, the results
suggest that the deformation in the middle crust is different
beneath Tibet and the Sichuan basin. Citation: Froment B.,
M. Campillo, J. H. Chen, and Q. Y. Liu, (2013), Deformation at
depth associated with the 12 May 2008 MW 7.9 Wenchuan
earthquake from seismic ambient noise monitoring, Geophys. Res.
Lett., 40, 78–82, doi:10.1029/2012GL053995.

1. Introduction

[2] Investigating the deformation processes occurring in
the deep crust is a key issue for developing a comprehensive
model of the seismic cycle in continental areas. In the
Tibetan region, this becomes even more relevant since
large‐scale deformation mechanisms are still widely debated.
In particular, questioning about the formation of the Longmen
Shan, which constitutes the eastern margin of the Tibetan
plateau, has led to two main contradictory models for
deformation in the area: a rigid block model in which the
deformation is explained by crustal faulting and shortening
[e.g., Tapponnier et al., 2001] and a channel flow model, which
is based on ductile deformation of the deep crust beneath the
Tibetan plateau in a weak (low viscosity) layer [e.g., Royden
et al., 1997; Clark and Royden, 2000; Burchfiel et al., 2008].
An important distinction between these two competingmodels

lies in the nature of deformation in the deep crust (i.e., ductile
versus brittle). In this context, we propose to use the response
of the crust after the major Wenchuan earthquake to provide
insights into deformation processes at depth in this region.
[3] On 12 May 2008, the Mw 7.9 Wenchuan earthquake

caused more than 80,000 fatalities, as well as widespread
catastrophic damage in the Sichuan province of China. The
Wenchuan quake is one of the largest continental thrust
events in the world and took place within the Longmen Shan
mountain range that showed limited seismic activity before
this event. In October 2006, the Institute of Geology of the
China Earthquake Administration deployed almost 300
broadband stations in western Sichuan province. In the pres-
ent study, we use data from the northern half of this array,
which covered two thirds of the fault system that was acti-
vated during the Wenchuan earthquake. This Western
Sichuan Seismic Array (WSSA) was operational for more
than 2 years and provides unique continuous recordings
from before, during, and after the Wenchuan quake. The
study of such a major earthquake through this very large
dataset (both in time and space) therefore presents a unique
opportunity to examine crustal deformation at different
stages of the seismic cycle.

2. Method and Data

[4] The deformation of the deep crust is poorly resolved by
surface geodetic measurements. Seismology is then particu-
larly useful since it gives information about material properties
at depth and can thus provide insights into deep processes. In
this study, we track the temporal evolution of the seismic wave
speed at depth to detect changes in crustal material properties
driven by deformation.We use the >2‐year continuous record-
ings to compute seismic ambient noise cross‐correlation
functions. These correlation functions are used to recover the
Green’s function between pairs of stations [e.g., Shapiro and
Campillo, 2004; Sabra et al., 2005] at different dates around
theWenchuan earthquake. The temporal evolution of the crust
is then tracked by measuring the seismic wave speed changes
between the correlation functions corresponding to different
dates [e.g., Sens‐Schönfelder and Wegler, 2006; Wegler and
Sens‐Schönfelder, 2007; Brenguier et al., 2008a; Brenguier
et al., 2008b].
[5] We use the seismic noise recorded by 114 stations

located in the fault region (Figure 1a) from 1 January 2007
to the end of 2008. Stations with instrumental timing errors
have been removed using a time symmetry argument for noise
cross‐correlations as introduced by Stehly et al. [2007]. Direct
waves reconstructed in the correlation functions are highly
sensitive to the azimuthal distribution of the noise intensity
[e.g., Froment et al., 2010]. We thus restrict velocity change
measurements to coda waves (see Supporting Information)
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to mitigate the effects of temporal variations in the distribu-
tion of the noise sources.
[6] Assuming the diffusion approximation for seismic

coda waves, the equipartition principle implies that surface
waves dominate the seismic coda [e.g., Margerin et al.,
2009]. Therefore, our coda‐based measurements can be
considered as surface‐wave‐based measurements, which
leads to a relationship between the period band considered
and the depth investigated: longer periods are sensitive to
deeper structures. To study the behavior of the deep crust,
we thus focus on velocity changes for relatively long
periods. However, the longer the periods, the more difficult
the noise‐based velocity change measurements are tech-
nically. This is partly due to weaker scattering at long
periods which limits the duration of the meaningful coda.
We have therefore restricted our analysis to periods less
than 20s and consider the 12‐to‐20‐s period band centered
on the primary microseismic noise peak. In the region of
interest, this frequency band is mostly sensitive to the mid-
dle crust (maximum sensitivity for ~10–20km depth; see

Figure 2). Moreover, the longer the periods, the slower the
convergence of the noise correlations toward the Green’s
function is [e.g., Larose et al., 2007]. This slow conver-
gence is another difficulty in the consideration of long‐
period signals. We thus need to consider 100‐day stacked
noise correlation functions which will limit the temporal
resolution of our results. For each station pair, we then track
the temporal variations by comparing the stacked correla-
tion function at each date, to a reference correlation function
that is the average over the whole 2‐year period. The
seismic velocity variations are computed by the so‐called
stretching method [e.g., Lobkis and Weaver, 2003; Sens‐
Schönfelder and Wegler, 2006] (see Supporting Informa-
tion for processing details).
[7] The relatively large scale of the study region allows us

to investigate the temporal seismic velocity changes in
different sub‐arrays. In practice, this regionalization corre-
sponds to averaging the velocity change measurements over
station pairs that fall into 100‐km‐radius sub‐regions. To
consider only the reliable measurements, we select the

Figure 1. (a) Location map of the stations used in the present study (gray triangles). The beach ball indicates the epicenter
of the Wenchuan earthquake, and the red dots represent the aftershocks [Chen et al., 2009]. The black lines show the major
faults in the region. SB, SG, and LMS indicate the main geological units to which this study refers, that is, the Sichuan
sedimentary basin, the Songpan‐Ganzi block, and the Longmen Shan fault zone, respectively. Finally, the black circles
indicate the limits of five 100‐km‐radius sub‐regions considered in this study. (b–f) The temporal seismic velocity changes
in each sub‐region. The crosses and error bars correspond, respectively, to the average and standard deviation of the
measurements done at each date on the different station pairs that fall into each sub‐region. Only measurements with a
correlation coefficient higher than 0.9 are considered (see text for explanation). Red curves show the trend of the temporal
evolution by averaging measurements (crosses) over five dates. The vertical dashed line in each figure shows the date of the
Wenchuan earthquake, and the gray shadow zone around this illustrates the 100‐day stack window. Finally, Figure 1d shows
also the monthly accumulated rainfall in the entire region for the 2‐year period.
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data that correspond to a good correlation (>0.9) between
the current correlation function and the reference. This
correlation coefficient quantifies the resemblance between
the two correlation functions once the velocity change
effects have been corrected by the stretching technique,
and therefore, it can be viewed as a quality criterium of
the velocity change estimation.

3. Results

[8] Figure 1 synthesizes the temporal relative seismic ve-
locity changes for five sub‐regions.

[9] We observe a clear seismic velocity drop after the
Wenchuan earthquake around the fault zone where the after-
shocks were distributed and the rupture propagated
(Figure 1c).
[10] For the Songpan‐Ganzi area (Figure 1b), we identify

a smaller velocity drop after the main shock. Although the
error bars do not fall below zero, we note that the amplitude
of the drop is larger than the temporal fluctuations in the
period preceding the event. The results from the other side
of the rupture zone, that is, in the Sichuan basin sub‐region
(Figure 1d), are less clear. We observe a velocity drop after
the time of the earthquake, but Figure 1d shows also some
variations during summer 2007. They could be the mark of
a seasonal long‐term trend also visible after the Wenchuan
earthquake. The actual amplitude of a potential velocity
change associated with the earthquake is therefore difficult
to assess. Finally, the medium seems quite stable along the
2‐year period in the southern part of the region (Figures 1e
and 1f). Note that the 100‐day stack (illustrated by the gray

shadow zones in Figure 1) induces a temporal smoothing in
the δv/v(t) measurements.
[11] Figure 1c shows a velocity drop that reaches >0.2%.

In comparison, the seismic velocity drop observed at shorter
periods (between 1s and 3s) is less than 0.1% (see Figure 3
and Chen et al., [2010]). According to the sensitivity
shown in Figure 2, a shallow perturbation cannot explain
larger measured velocity changes at longer rather than at
shorter periods. This observation is particularly relevant since
physical mechanisms that cause seismic velocity variations as-
sociated with earthquakes remain under debate. In particular, it
is often discussed whether these variations are associated
with the response of superficial soil layers to strong shaking
or with static stress changes and deformation at depth.
[12] This amplitude argument allows us to consider that

the seismic velocity variations observed in Figure 1 are
representative of a perturbation extending at depths larger
than the penetration of the short period waves. According
to Figure 2, our measurements have their stronger sensitivi-
ties between 10 and 20 km. They therefore likely reflect the
deformation in the intermediate crust around the Wenchuan
earthquake.

Figure 2. Sensitivity of the Rayleigh phase velocity c, to a
shear velocity perturbation dVs. A perturbation in a 4‐km‐thick
layer is considered, and the sensitivity of c to this perturbation
is computed as a function of the depth of the perturbed layer
(Huang and Van der Hilst, personal communication, 2010).
The sensitivity analysis was carried out: (1) for different
periods, as 5s (left), 12s (middle), and 20s (right); and (2)
considering velocity models for both sides of the Longmen
Shan fault zone, that is, the Songpan‐Ganzi block (gray dashed
line) and the Sichuan basin (black line). Note that we consider
Rayleigh waves since they are supposed to dominate the coda
of the vertical‐vertical correlation functions used in this study
[Margerin et al., 2009].

Figure 3. Comparison of the temporal seismic velocity
changes in the LMS sub‐region (see Figure 1a) measured
in two different period bands: between 1s and 3s (top) and
between 12s and 20s (bottom). Note that the bottom figure
corresponds to the measurements shown in Figure 1c. The
crosses and error bars correspond, respectively, to the
average and standard deviation of the series of measure-
ments on the different station pairs at each date. The vertical
dashed line shows the date of the Wenchuan earthquake, and
the gray shadow zone around this illustrates the 100‐day
stack window. Note the different vertical scales in the two
figures. As discussed in the text, shorter periods converge
faster toward the Green’s function and the analysis could
thus be done using a shorter stack window (30 days in
Chen et al., [2010]). For the sake of simplicity, we
compare here measurements in the two period bands using
the same 100‐day stack duration.
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4. Inferences about the Deformation at Depth

4.1. Different Behaviors on Both Sides of the
Longmen Shan

[13] The spatial and temporal characteristics of these
variations can thus be viewed as reflecting the middle crust
behavior around the Wenchuan earthquake. Figures 1b and
1d show a different behavior on both sides of the fault, with
an apparent seasonal trend beneath the Sichuan basin well
correlated with the rainfall in the region (Figure 1d). This trend
is not visible beneath the Tibetan plateau, where the only seis-
mic velocity drop is observed after the Wenchuan earthquake.
[14] Note that in view of the amplitude of these seasonal

fluctuations and the measurement uncertainties, they must
be discussed cautiously. The difference between these two
areas makes us suggest that the seismic velocity variations
measured beneath the thick (>10km) sedimentary Sichuan
basin could be influenced by an external seasonal process.
The hypothesis that this seasonal pattern is an artefact due to
variations in noise source location [e.g., Stehly et al., 2006;
Landès et al., 2010; Froment et al., 2010] is unlikely for two
reasons. First, because wemeasure velocity variations on coda
waves that are expected to be less affected by changes in
seismic ambient noise sources. Second, at the periods consid-
ered, the noise sources are produced by swell in distant oceans
[e.g., Gutenberg, 1951; Stehly et al., 2006]. The sources
involved, and their effects on velocity change measurements,
are thus likely to be similar from the Sichuan basin to the
Songpan‐Ganzi block. By contrast, this specific signature
could reflect the response of the thick sedimentary basin to
strain at depth induced by a seasonal surface process, such
as changes in surface temperature or rainfall. Note that the
seasonal pattern observed here cannot be trivially related to
changes in surface temperature or water table that affect
directly only very superficial parts of the crust, since it is not
observed at short periods [Chen et al., 2010]. The satellite
data from the Gravity Recovery and Climate Experiment
(GRACE) allow to evaluate the water loading due to the
monsoon and to estimate the induced deformation (Chanard,
K., J.‐P. Avouac, J. Genrich, and G. Ramillien, Modeling
deformation induced by seasonal variations of continental
water in the Himalaya region: Sensitivity to Earth elastic
structure, submitted to Earth and Planetary Sciences Letters,
2012). Applied to our region of interest, this approach leads
to an estimation of seasonal normal stress fluctuation at 10
km depth beneath the Sichuan basin, of the order of 104Pa
[Chanard and Avouac, personal communication, 2012]. This
value can be compared to the static co‐seismic stress change
induced by theWenchuan earthquake at a regional scale (Shao
and Ji, personal communication, 2010). When considering the
rupture obtained by Ji and Hayes [2008] and averaging the
normal stress at 10km depth in a 100‐km extended zone
around the fault, we find 1‐to‐1.5×105 Pa. Note that the
change in stress due to the earthquake is indeed smaller in
the basin. Comparing these values suggests that the effect
of continental water loading at depth is not negligible in
comparison to the earthquake and thus could be significant
for our measurements.

4.2. Post‐Seismic Response

[15] Besides highlighting characteristics of the different
structures on both sides of the Longmen Shan, the signature
of the middle crust also presents a specific temporal

characteristic since the seismic velocity drop following the
earthquake is delayed relative to the time of the main shock
(Figure 1). This delay is not due to the temporal smoothing
caused by the 100‐day stack: a co‐seismic velocity drop
would present its minimum at the beginning of July 2008
(i.e., the right limit of the shadow zone). In contrast, Figures 1b
and 1c correspond to a velocity drop delayed by 1 month (to
one and a half months) after the main shock. Note that we
do not discuss this delay in the Sichuan basin since some sea-
sonal effects may be added to the earthquake signal, making it
equivocal. This delay is not observed in the response of the up-
per crust as indicated by measurements in the 1‐to‐3‐s period
band (Figure 3). These results show that the deformation
induced by the earthquake in the middle crust is primarily
post‐seismic, while the upper crust is characterized by a co-
seismic response (Figure 3 and Chen et al., [2010]).
[16] Three main processes are usually mentioned to explain

post‐seismic deformation: (1) visco-elastic relaxation of the
deep crust, (2) poro-elastic relaxation in the upper brittle crust,
or (3) post-seismic slip. To explain the post-seismic signal
observed corresponding to a change at depth, we favor
visco‐elastic and post‐seismic slip hypotheses. The character-
istic time in our post‐seismic signal is ~1–1.5months. This is
much shorter than the one deduced byRyder et al. [2011] from
the geodetic observations following the Kokoxili earthquake,
a strike slip event which occurred in Tibet with a magnitude
similar to the Wenchuan event. These authors proposed a
visco‐elastic process with a viscosity of the crust of about
1018–1019 Pa·s to explain their post‐seismic observations.
Our observations would require much smaller viscosity
values. Royden et al. [2008] proposed values as low as
1016–1017Pa·s for the deep part of the crust beneath the
Tibetan plateau, suggested weak by low velocity layers
revealed by tomography and receiver function analysis [e.g.,
Yao et al., 2006; Yao et al., 2008; Xu et al., 2007]. However,
the tomographic study by Li et al. [2010] suggested that the
12‐to‐20‐s period band is mostly sensitive to layers located
above the weak deep crust, making these low values of
viscosity irrelevant to our measurements. The value of the
observed delay is therefore not easily understandable in terms
of visco‐elastic response, according to evaluation of the
viscosity in the region. As for the second hypothesis, since
the Wenchuan earthquake occurred on a listric reverse fault
system dipping toward the northwest, post‐seismic slip would
affect preferentially the Songpan‐Ganzi block. Again, because
of likely seasonal fluctuations in the Sichuan basin, it is diffi-
cult to demonstrate an asymmetric behavior and therefore to
unambiguously support the hypothesis of post‐seismic slip.

5. Conclusion

[17] This study allows us to examine the spatial and
temporal speed changes at depth, which are related to
the deformation of the intermediate crust around the
Wenchuan earthquake. We have seen that different beha-
viors show the difference in deformation at depth on both
sides of the Longmen Shan. Moreover, this analysis
allows us to examine the response of the crust associated
with various mechanisms, such as tectonic (during differ-
ent stages of the seismic cycle) and probable non‐tectonic
seasonal processes. These results show that noise‐based
seismic velocity variations constitute an observable that
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gives insights into deformation at depth and that appears
to be an important tool in the difficult task of investigating
deep processes.
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