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Abstract

Repeated cross-correlations of ambient seismic noise indicate a long-term seismic velocity
change associated with the 2006 M7.5 slow-slip event (SSE) in the Guerrero region, Mexico.
Because the SSE does not radiate seismic waves, the measured velocity change cannot be
associated with the response of superficial soil layers to strong shaking as observed for
regular earthquakes. The perturbation observed maximized at periods between 7 s and 17 s,
which correspond to surface waves with sensitivity to the upper and middle crust. The
amplitude of the relative velocity change (~10°) was much larger than the volumetric
deformation (~10°) at the depths probed (~5-20 km). Moreover, the time dependence of the
velocity perturbation indicated that it was related to the strain rate rather than the strain
itself. This suggests that during strong slow-slip events, the deformation of the overlying

crust shows significant nonlinear elastic behavior.



Slow slip events (SSEs) recently discovered in many subduction zones are now considered as a
very significant component of the strain release process and the seismic cycle because they modify
the loading and releasing on the plate interface and can affect the recurrence of large thrust
earthquakes. Here we present a study of the deformation that the SSEs induce in the overriding
continental crust in the Guerrero segment of the Middle-America subduction zone (MASZ). In
contrast to the remaining part of the MASZ, this region has not experienced large subduction thrust
earthquakes for more than 100 years and, therefore, is referred as the Guerrero seismic gap [Suarez
et al., 1990]. At the same time, several large SSEs have been detected in Guerrero after installation
of continuous GPS receivers [Kostoglodov et al., 2003; Lowry et al., 2001; Vergnolle et al., 2010].
Those SSEs extended ~150km along dip, rupturing a significant part of both the dipping portion
and the 35 to 40km depth flat portion of the plate interface [Radiguet et al. 2010; Vergnolle et al.,
2010]. While the SSEs have significant seismic moment (e.g. Mw ~7.5 for the 2006 event,
according to [Larson et al., 2007; Radiguet et al., 2010]), they do not radiate seismic waves that
affect superficial soft soil layers by strong shaking [Peng and Ben-Zion, 2006; Rubinstein and
Beroza, 2004; Sawazaki et al., 2006]. Instead, they affect the Earth materials at depths only
through slow stress changes. Therefore, analyzing the response of the Earth to SSEs might provide
us with useful insights for understanding the deformation mechanisms within the deeper crustal

layers.

We used continuous ambient seismic noise recorded by stations of the Meso-America Seismic
Experiment (MASE), aligned along a North to South profile perpendicular to the coast (Figure 1),
to recover the Green functions [Shapiro and Campillo, 2004] between pairs of stations at

consecutive time intervals. The data recorded spans a 26-month period that included the 2006



Guerrero SSE (Figure 2). We computed cross-correlation functions (CCFs) between vertical
components over 60-day windows that overlapped every 10 days, from January 2005 to July 2007.
We repeated this computation for different period bands. The time delay between a reference
correlation function (RCF) stacked over the whole period and the 60-day CCFs can be related to
the velocity changes within the propagating medium [Brenguier et al., 2008a; Brenguier et al.,
2008b; Hadziioannou et al., 2009; Wegler and Sens-Schonfelder, 2007]. Under the first-order
assumption of a homogeneous perturbation in the crust, the relative time shift is related to the

relative seismic velocity change by dv/v = -dt/t.

To ensure measurements that are independent of noise source variations, we took into account the
travel-time changes only within the coda of the CCFs. The coda part of CCFs is made up of diffuse
waves that scattered on heterogeneities of the crust and thus tend to lose the source signature. As a
consequence travel time delay measured within the coda is less sensitive to source variations. For
periods between 4 s and 10 s we also measured the travel-time changes of a CCF at a given time
relative to the CCF at the previous time. We thus reduced the error related to the definition of a
global reference cross-correlation function, which was generally the average cross-correlation in
previous studies. For periods longer than 10 s, we also defined a seasonal reference by stacking the
daily CCFs of the 2005 summer season (May to September, 2005). Applying these procedures
allowed the seasonal bias to be limited, and thus revealed the robust features of the temporal

changes in the seismic speed (see Supplementary Material for more details).

Global positioning system (GPS) records in Guerrero show the onset of the SSE in May 2006

[Vergnolle et al., 2010]. The MEZC GPS station, which is located approximately in the middle of



the MASE profile, gave a good indication of when a perturbation in the crustal elastic properties
was expected (Figure 2A). Figure 2B shows the average velocity changes along the entire profile,
including all of the seismic stations, for periods ranging between 11 s and 15 s, which
corresponded to the Rayleigh waves essentially sensitive to the middle-crust structure. We
observed a rapid decrease in the seismic velocity starting in May 2006, with a maximum value of -
0.2% of the initial velocity in June 2006; this was followed by a return to the initial velocity within

2 months.

We then investigated the geographical extension of the velocity perturbation by considering
successive subsets of 11 neighboring stations from North to South. The result presented in Figure
2C shows that while the velocity perturbation related to the SSE affected all of the station subsets
and had a North-to-South extension of at least 250 km, it was most pronounced in the northern part
of the profile, rather far from the coast. We also observed the velocity change signature of the
Atoyac earthquake (Mw 5.9) that occurred on April 14, 2007, a few kilometers off the Pacific coast
[Singh et al., 2007], which was seen as a decrease in the seismic velocity solely in the southern part
of the MASE array (Figure 2C, D). These data demonstrate that noise-based measurements can
discriminate localized speed variations and thus provide reliable information about the
geographical extension of the velocity perturbation associated with the 2006 SSE. Our
observations show that the SSE produced detectable changes in the elastic properties in the middle
crust over a widespread area, which extended much farther inland than the slipping interface

segment of the SSE (Figures 1, 2C) [Radiguet et al., 2010].



To constrain the extension of the velocity perturbation at depth, we quantified the seismic velocity
changes in different frequency bands, from 5.0-6.9 s to 20-27 s (Figure 3B). It has been shown
both theoretically and observationally that the seismic coda is mainly composed of surface waves
[Hennino et al., 2001; Margerin et al., 2009]. We therefore expect that the sensitivity of coda
waves to velocity changes at depth depends on the period, i.e., shorter periods are sensitive to
shallower structures, while longer periods sample the deeper crust. Velocity variations were
measured between 1 s and 10 s during the Parkfield earthquake [Brenguier et al., 2008a] and the
Wenchuan earthquake [Chen et al., 2010], which indicated that they could be caused by
perturbations in the shallow crustal layers due to strong co-seismic shaking. Unlike the velocity
changes observed following regular earthquakes, we detected no measurable changes in velocity
for periods shorter than 5 s during the 2006 SSE, which suggests that the SSE did not affect the
superficial crustal layers. At the same time, we observed a strong perturbation of the velocity at
periods between 7 s and 20 s, which indicates that this perturbation was caused by changes in the
mechanical properties at depths ranging from 5 km to 20 km. The velocity change weakens at
longer periods (i.e. for larger penetration of the waves). This suggests that the increasing pressure

with depth reduces the sensitivity of the elastic waves to perturbation provoked by the SSE.

Our results show that recently developed noise-based passive seismic monitoring can detect
perturbations of the elastic properties caused by relatively slow crustal deformation at depth. The
period band in which we observed velocity changes associated with the SSE suggested a
perturbation in the middle crust, rather than a localized change at the plate interface. Moreover, the
perturbation of the velocity extended farther North than the SSE slipping zone at the interface

(Figure 2). To better understand the nature of this observation, we computed the static strain field



associated with the 2006 SSE. We used an elastic three-dimensional (3D) finite-difference code
[Olsen et al., 2009] with the following model settings: a 2D velocity structure below the Guerrero
province [Iglesias et al., 2010], the geometry of the subduction interface determined from receiver-
function analysis [Perez-Campos et al., 2008], and the final slip distribution of the 2006 SSE
[Radiguet et al., 2010]. Our numerical simulation shows that the SSE produced an extended
increase in dilation in the middle crust and North of the slipping interface, with a maximum
between the MEZC and IGUA GPS stations (Figure 2D). Both dilation and velocity changes
affected the middle crust with similar geographical extensions, which suggested that the velocity
change was related to a change in the dilation. The maximum relative change of dilation was,
however, several orders of magnitude smaller than the relative velocity change observed, i.e. ~10
versus ~107, respectively. The strain sensitivity of the seismic velocity change (dv/(v*de)) is thus
estimated as ~10°, which corresponds to a stress sensitivity of the velocity change of 7 x10~ MPa”
! assuming a bulk modulus of 5 x10* MPa. This ratio remains within the range estimated from
active seismic experiments in regions that have been affected by transient stress changes due to
tidal loading, i.e. between 5 x10° and 2 MPa™ [Furumoto et al., 2001; Nishimura et al., 2005;
Reasenberg and Aki, 1974; Yamamura et al., 2003]. Another important characteristic of the
observed crustal perturbation due to the SSE is that the seismic velocity change disappeared
relatively quickly after reaching its maximum (i.e. ~2 months later), as compared to the crustal
strain induced by the SSE. To better assess the temporal correlation between the strain and the
seismic velocity changes, we simulated the 3D quasi-static time evolution of the elastic strain field
in the crust using a SSE time-dependent slip model [Radiguet et al., 2010]. The results presented in
Figure 3 show that the maximum velocity perturbation reached in June 2006 occurred during the

phase of positive slip acceleration and was correlated with the maximum of the dilation rate.



The changes in the elastic modulus (i.e. seismic velocity changes) are too large to be explained by
purely linear elastic behavior, as suggested by the large discrepancy between the values of the
relative velocity changes and the crustal dilation. By examining Figure 3, it can be seen that the
transient velocity perturbation did not occur at the maximum of the cumulative dilation expected
from the elastic model, but instead at the time of the maximum strain change. These observations
suggest that a non-elastic, or at least nonlinear elastic behavior, is reached at relatively low
deformation level. The onset of the velocity change, or of the non-linear regime, corresponds to
dilation of the order of 10°. This also implies that the linear elastic modeling of the crustal strain
associated with the SSE gives us only a rough approximation and that accounting for non-linear

effects could be important for accurate quantitative description of these phenomena.

While the rheology of rocks at depth is subject to debate, our data can be understood in the light of
recent theoretical and experimental studies. In particular, the dynamics of the rearrangement of
cracks and pores at scales smaller than wavelengths used in the measurements might have an
important role. This mechanism explains the strong decrease of elastic modulus observed in
laboratory experiments on crustal samples under dynamic loading. As with our in situ
measurements, the nonlinear elastic effects appear at strains as small as 10 [Johnson and Sutin,
2005; Johnson and Jia, 2005; TenCate and Shankland, 1996] with a strain sensitivity of velocity
change of the order of 10°. Laboratory experiments also showed that the initial and fast shear
modulus reduction (i.e. seismic velocity reduction) was followed by a slower modulus recovery to
its initial value, the so-called ‘slow dynamics’. At the same time this recovery in the experiment is

relatively fast (thousands of seconds) compared with the time resolution of our measurements, i.e.



60 days. The velocity reduction related to the SSE evolved through time very closely to the strain
rate, and there was no velocity relaxation (recovery) much longer than 60 days. The confining
pressure used in laboratory experiments was several orders below that expected in the middle crust.
However, the nonlinear elastic effects described above may be strongly enhanced by low effective
pressure. Evidence of fluid content in the crust of the Guerrero province due to metamorphic
dehydration of the subducting oceanic crust indicates a possible low effective pressure due to
highly pressurized fluids within the crust [Jodicke et al., 2006; Song et al., 2009]. Thus, the strain
sensitivity of the velocity changes and the duration of the velocity recovery associated with the
SSE suggest to interpret our observations in the framework of nonlinear mesoscopic elasticity, and

that seismological records provide valuable insights into the deformation process at depth.
Acknowledgements

Seismological data used in this study were collected during the Meso-American Seismic

Experiment (MASE, http://www.tectonics.caltech.edu/mase/). We thank Paul Johnson, Shri

Krishna Singh, Robert Clayton, Denis Legrand, Bérénice Froment, Céline Hadziioannou, Jean-
Pierre Vilotte and Dimitri Zigone for discussions. This work was supported by the Agence
Nationale de la Recherche (France) under the contract RAOO00CO69 (G-GAP) and by the

European Research Council (Advanced grant Whisper).

References
Brenguier, F., M. Campillo, C. Hadziioannou, N. M. Shapiro, R. M. Nadeau, and E. Larose
(2008a), Postseismic relaxation along the San Andreas fault at Parkfield from continuous

seismological observations, Science, 321(5895), 1478-1481.


http://www.tectonics.caltech.edu/mase/

Brenguier, F., N. M. Shapiro, M. Campillo, V. Ferrazzini, Z. Duputel, O. Coutant, and A.
Nercessian (2008b), Towards forecasting volcanic eruptions using seismic noise, Nature
Geoscience, 1(2), 126-130.

Chen, J. H., B. Froment, Q. Y. Liu, and M. Campillo (2010), Distribution of seismic wave speed
changes associated with the 12 May 2008 Mw 7.9 Wenchuan earthquake, Geophysical Research
Letters, 37.

Demets, C., R. G. Gordon, D. F. Argus, and S. Stein (1994), Effect of recent revisions to the
geomagnetic reversal time-scale on estimates of current plate motions, Geophysical Research
Letters, 21(20), 2191-2194.

Furumoto, M., Y. Ichimori, N. Hayashi, Y. Hiramatsu, and T. Satoh (2001), Seismic wave velocity
changes and stress build-up in the crust of the Kanto-Tokai region, Geophysical Research Letters,
28(19), 3737-3740.

Hadziioannou, C., E. Larose, O. Coutant, P. Roux, and M. Campillo (2009), Stability of
monitoring weak changes in multiply scattering media with ambient noise correlation: Laboratory
experiments, Journal of the Acoustical Society of America, 125(6), 3688-3695.

Hennino, R., N. Tregoures, N. M. Shapiro, L. Margerin, M. Campillo, B. A. van Tiggelen, and R.
L. Weaver (2001), Observation of equipartition of seismic waves, Physical Review Letters, 86(15),
3447-3450.

Iglesias, A., R. W. Clayton, X. Perez-Campos, S. K. Singh, J. F. Pacheco, D. Garcia, and C.
Valdes-Gonzalez (2010), S wave velocity structure below central Mexico using high-resolution
surface wave tomography, Journal of Geophysical Research-Solid Earth, 115.

Jodicke, H., A. Jording, L. Ferrari, J. Arzate, K. Mezger, and L. Rupke (2006), Fluid release from

the subducted Cocos plate and partial melting of the crust deduced from magnetotelluric studies in



southern Mexico: Implications for the generation of volcanism and subduction dynamics, Journal
of Geophysical Research-Solid Earth, 111(BS).

Johnson, P., and A. Sutin (2005), Slow dynamics and anomalous nonlinear fast dynamics in
diverse solids, Journal of the Acoustical Society of America, 117(1), 124-130.

Johnson, P., and X. Jia (2005), Nonlinear dynamics, granular media and dynamic earthquake
triggering, Nature, 437(7060), 871-874.

Kostoglodov, V., S. K. Singh, J. A. Santiago, S. I. Franco, K. M. Larson, A. R. Lowry, and R.
Bilham (2003), A large silent earthquake in the Guerrero seismic gap, Mexico, Geophysical
Research Letters, 30(15), 4.

Larson, K. M., V. Kostoglodov, S. Miyazaki, and J. A. S. Santiago (2007), The 2006 aseismic slow
slip event in Guerrero, Mexico: New results from GPS, Geophysical Research Letters, 34(13).
Lowry, A. R., K. M. Larson, V. Kostoglodov, and R. Bilham (2001), Transient fault slip in
Guerrero, southern Mexico, Geophysical Research Letters, 28(19), 3753-3756.

Margerin, L., M. Campillo, B. A. Van Tiggelen, and R. Hennino (2009), Energy partition of
seismic coda waves in layered media: theory and application to Pinyon Flats Observatory,
Geophysical Journal International, 177(2), 571-585.

Nishimura, T., S. Tanaka, T. Yamawaki, H. Yamamoto, T. Sano, M. Sato, H. Nakahara, N.
Uchida, S. Hori, and H. Sato (2005), Temporal changes in seismic velocity of the crust around
Iwate volcano, Japan, as inferred from analyses of repeated active seismic experiment data from
1998 to 2003, Earth Planets and Space, 57(6), 491-505.

Olsen, K. B., et al. (2009), ShakeOut-D: Ground motion estimates using an ensemble of large
earthquakes on the southern San Andreas fault with spontaneous rupture propagation, Geophysical

Research Letters, 36.

10



Peng, Z. G., and Y. Ben-Zion (2006), Temporal changes of shallow seismic velocity around the
Karadere-Duzce branch of the North anatolian fault and strong ground motion, Pure and Applied
Geophysics, 163(2-3), 567-600.

Perez-Campos, X., Y. Kim, A. Husker, P. M. Davis, R. W. Clayton, A. Iglesias, J. F. Pacheco, S.
K. Singh, V. C. Manea, and M. Gurnis (2008), Horizontal subduction and truncation of the Cocos
Plate beneath central Mexico, Geophysical Research Letters, 35(18).

Radiguet, M., F. Cotton, M. Vergnolle, M. Campillo, B. Valette, V. Kostoglodov, and N. Cotte
(2010), Spatial and temporal evolution of a long term slow slip event, the 2006 Guerrero Slow Slip
Event., edited, Geophysical Journal International

Reasenberg, P., and K. Aki (1974), A precise, continuous measurement of seismic velocity for
monitoring in situ stress. , edited, pp. 399-406 Journal of Geophysical Research.

Rubinstein, J. L., and G. C. Beroza (2004), Evidence for widespread nonlinear strong ground
motion in the M-W 6.9 Loma Prieta Earthquake, Bulletin of the Seismological Society of America,
94(5), 1595-1608.

Sawazaki, K., H. Sato, H. Nakahara, and T. Nishimura (2006), Temporal change in site response
caused by earthquake strong motion as revealed from coda spectral ratio measurement,
Geophysical Research Letters, 33(21).

Shapiro, N. M., and M. Campillo (2004), Emergence of broadband Rayleigh waves from
correlations of the ambient seismic noise, Geophysical Research Letters, 31(7).

Singh, S. K., M. Ordaz, J. F. Pacheco, L. Alcantara, A. Iglesias, S. Alcocer, D. Garcia, X. Perez-
Campos, C. Valdes, and D. Almora (2007), A report on the Atoyac, Mexico, earthquake of 13

April 2007 (M-w 5.9), Seismological Research Letters, 78, 635-648.

11



Song, T. R. A., D. V. Helmberger, M. R. Brudzinski, R. W. Clayton, P. Davis, X. Perez-Campos,
and S. K. Singh (2009), Subducting Slab Ultra-Slow Velocity Layer Coincident with Silent
Earthquakes in Southern Mexico, Science, 324(5926), 502-506.

Suarez, G., T. Monfret, G. Wittlinger, and C. David (1990), Geometry of subduction and depth of
the seismogenic zone in the Guerrero gap, Mexico, Nature, 345(6273), 336-338.

TenCate, J. A., and T. J. Shankland (1996), Slow dynamics in the nonlinear elastic response of
Berea sandstone, Geophysical Research Letters, 23(21), 3019-3022.

Vergnolle, M., A. Walpersdorf, V. Kostoglodov, P. Tregoning, J. A. Santiago, N. Cotte, and S. L.
Franco (2010), Slow slip events in Mexico revised from the processing of 11 year GPS
observations, Journal of Geophysical Research-Solid Earth, 115.

Wegler, U, and C. Sens-Schonfelder (2007), Fault zone monitoring with passive image
interferometry, Geophysical Journal International, 168(3), 1029-1033.

Yamamura, K., O. Sano, H. Utada, Y. Takei, S. Nakao, and Y. Fukao (2003), Long-term
observation of in situ seismic velocity and attenuation, Journal of Geophysical Research-Solid

Earth, 108(B6).

Figures Captions

Figure 1. Map of the Guerrero region and the 2006 SSE final slip distribution on the plate
interface, as obtained from the inversion of the GPS cumulative displacements (8). Red triangles,
positions of the Meso-America Seismic Experiment (MASE) broad-band stations. Blue triangles,
positions of the permanent GPS stations. Gray patches, rupture zones of major earthquakes that

have occurred in the last century. Black dashed line, the Middle America Trench. Thick gray

12



arrow, convergence rate between the Cocos and North America plates [Demets et al., 1994].

Yellow dashed line, position of the velocity change and dilation profiles in Figures 2B and 3.

Figure 2. Correlation in time and space between the observed velocity changes and the SSE. (A)
MEZC GPS station daily displacement time series for the West-East (WE) and South-North (SN)
components. Yellow box, period of the 2006 slow-slip event. (B) Seismic velocity changes
measured from the cross-correlation functions of the vertical-component continuous seismic
records of the 26 MASE seismic stations at a period range of 11-15 s. (C) Seismic velocity changes
at a period range of 11-15 s, as measured from the records of a North-to-South moving subset of 11
stations along the MASE array. Seismic velocity changes are represented as a function of the coast-
perpendicular distance of the center of the subset. (D) Map of the MASE array and dilation at 15-
km depth calculated from the 2006 SSE slip model. Black box, top north-moving subset of 11
MASE stations that corresponds to the first raw in panel (C). Gray dashed line represents the coast-

perpendicular distance in km.

Figure 3. Comparison between the observed velocity changes computed from the entire seismic
array and the modeled dilation. (A) Seismic velocity changes (red curve) measured in the period
range of 10-13.6 s. Dilation (black curve) and dilation rate (increment over 20 days) (blue curve)
computed at 15-km depth where the surface waves at periods of 10-13.6 s are mostly sensitive. (B)
Seismic velocity changes measured at different period ranges; from 5-6.9 s to 20-27 s. (C)
Increment of dilation over 20 days, and (D) total dilation, computed below the MASE array and
averaged between 85 km and 220 km from the coast. (C) and (D) were computed from the SSE
slip-propagation model, taking into account the secular inter-seismic slip model that tended to

reduce the dilation with time.
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