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Coseismic velocity variations caused by static stress changes
associated with the 2001 M,, = 4.3 Agios loanis earthquake
in the Gulf of Corinth, Greece
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[11 The analysis of temporal variations in the seismic velocity across faults can be used to
estimate in situ stress changes. Seismic velocity of propagation depends on the fault
stiffness, which is a function of stress. The coda wave interferometry technique is applied
to seven families of repeating earthquakes (multiplets) recorded on the southern shore of
the Gulf of Corinth, Greece, to estimate high precision velocity changes in the Earth’s
crust associated with the M,, = 4.3 Agios loanis earthquake. Results show that the Agios
loanis event causes a perturbation in elastic properties at seismogenic depth, resulting in a
reduction of 0.2% in the seismic velocity. The results are not consistent with either damage
induced by dynamic stresses nor a fluid transient origin. In contrast, both the spatial
distribution and magnitude of the velocity perturbation correlate well with modeled static
stress variations. This suggests that the measured changes in the mechanical properties of
the seismogenic crust can be attributed to a change in static stress field associated with the
M, = 4.3 Agios loanis earthquake. The velocity changes indicate an unclamping of the

Pyrgaki fault at depth, which has local hazard implications.

Citation: Cociani, L., C. J. Bean, H. Lyon-Caen, F. Pacchiani, and A. Deschamps (2010), Coseismic velocity variations caused
by static stress changes associated with the 2001 M, = 4.3 Agios loanis earthquake in the Gulf of Corinth, Greece, J. Geophys.

Res., 115, B07313, doi:10.1029/2009JB006859.

1. Introduction

[2] Faults and fractures play a critical role in controlling
many geological and geophysical phenomena, yet a basic
understanding of their fundamental in situ properties such as
strength, cohesion, hydraulic conductivity, or stress state is
still lacking. In particular, monitoring the evolution of stress
in deep fault zones is very important for an understanding of
how faults evolve through the stages of their earthquake
cycles. Stress-induced changes of fault compliance can alter
the effective mechanical properties of the fault zone and
hence the velocity at which seismic waves pass through the
medium. Recent controlled source experiments demonstrate
that tidal oscillations, changes in the barometric pressure,
and variations in the stress field in seismogenic areas can be
successfully monitored by measuring seismic wave veloci-
ties [Gret et al., 2006; Niu et al., 2008; Silver et al., 2007,
Yamamura et al., 2003a, 2003b]. However, the deep bore-
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holes required to study active fault zones have associated
high costs and logistical difficulties.

[3] A possible alternative to overcome these limitations is
the use of natural repeatable sources. Stress generated by
tectonic loading or by changes in fluid pressure can
repeatedly be concentrated and released at the same asper-
ities along faults and thus produces repeating earthquakes,
called multiplets [e.g., Bokelmann and Harjes, 2000]. These
events, having colocated sources and the same source
mechanism, have nearly identical waveforms when recorded
by the same fixed station [e.g., Geller and Mueller, 1980].
The precise measurement of wave traveltime delay for
identical sources yields accurate estimates of the changes in
the velocity of the medium in the time interval separating
the events of a doublet [e.g., Poupinet et al., 1984]. How-
ever, typical stress changes in rocks usually only cause
small variations in velocity (a fraction of a percent). There-
fore, since the direct (ballistic) arrivals only sample the
stressed region once, they are not very sensitive to such
small changes. Instead, waves multiply scattered in the
medium are increasingly more sensitive to these small
velocity changes since they repeatedly sample the same
area. The coda wave interferometry (CWI) method [Snieder,
2006] exploits this characteristic to determine velocity
changes with exquisite accuracy. The CWI technique has
been successfully used to detect temperature-related non-
linear behavior of the seismic velocity in granite [Snieder
et al., 2002], seasonal variations in seismic velocity at Fogo
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volcano [Martini et al., 2009], stress-related changes at
Vesuvius volcano [Pandolfi et al., 2006], stress changes in a
mining environment [Gret et al., 2006], and changes in the
compliance between synthetic seismic data generated in two
fractured models [Mollhoff and Bean, 2009]. Therefore, it is
well suited for monitoring stress evolution in heterogeneous
fault zones.

[4] Applying the simple concept of elastic rebound, the
temporal evolution of stress state of faults follows the two
main phases of the earthquake cycle: the elastic strain
energy accumulation stage arising from ongoing tectonic
loading and the stress release stage that follows rupture
nucleation. However, modification of the stress state of a
given fault can also be related to activity on neighbor-
ing faults, which may result in static (“permanent” loading)
and/or dynamic (transient oscillatory waves) stress changes
on the given fault.

[5] These coseismic stress changes can lead to either an
increase or decrease of the applied normal and shear stresses
on nearby faults, depending on their orientation with respect
to the stress tensor following the coseismic event. Variations
in the applied stress change the elastic moduli of rocks and
render fault zones either more or less compliant, thus also
affecting the seismic velocity of waves propagating across
fault zones. The strain amplitudes of seismic waves can also
alter the elastic modulus of fault gouge [e.g., Johnson and
Jia, 2005]. Both static and dynamic stress changes are
associated with alterations of fault properties and with an
increase in seismic activity.

[6] In the near field, static changes in the stress tensor
caused by coseismic deformation have been widely modeled
using the Coulomb failure criterion; this can also explain the
spatial distribution of the aftershocks [e.g., King et al., 1994;
McCloskey and Nalbant, 2009; Nalbant et al., 1998]. In the
far field, where static stress changes are considered too
small to trigger earthquakes, transient stresses caused by the
shaking of large-amplitude seismic waves can still trigger
earthquakes [e.g., Hill et al., 1993; Johnson and Jia, 2005;
Velasco et al., 2008]. In the near field, it is difficult to
separate the static from the dynamic effect, as they have
similar amplitudes.

[7] In order to better understand the physics of earthquake
nucleation and fault interaction and to forecast earthquake
probability, it is important to identify which mechanism is
predominant in the near field. Hitherto, this unresolved
problem has been tackled by analyzing the spatial and
temporal distribution of aftershocks. However, a consensus
on whether the dominant role in this process is played by
permanent or transient stress changes has not been reached
yet. In contrast, our approach to determine which physical
mechanism dominates the process of altering the mechanical
properties of a neighboring fault zone in the near field is
to exploit the stress dependence of seismic wave velocity
across faults. For this purpose, we study the static and
dynamic effect on the neighboring fault system of a M, =
4.3 event, the Agios loanis earthquake, which occurred in
April 2001 in the Gulf of Corinth, Greece.

[8] In this study, we pursue two main objectives: (1) the
assessment of the preseismic, coseismic, and postseismic
elastic properties of the crustal volume local to the M, = 4.3
event and (2) the determination of the main mechanism
causing the observed perturbations in the medium proper-
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ties. We use the CWI technique on families of repeating
earthquakes to detect sudden small velocity changes of the
medium caused by the Agios loanis event. A detailed
analysis of the CWI results, combined with normal stress
change calculations, are then applied to estimate the pre-
dominant mechanism causing the velocity variations in fault
zones neighboring the M, = 4.3 event.

2. Data

2.1.

[9] In this study, we use the microseismicity with mag-
nitudes between 0.5 and 4.3, belonging to the 2001 sequence
(Figure 1). The data were recorded by the Corinth Rift
Laboratory Network (CRLNET). This network consists of
12, three-component, short-period seismometers, and seven
of these are installed in boreholes 60-130 m deep. The
events were located [Lyon-Caen et al., 2004] using
HYPO71 [Lee and Lahr, 1972] with a 1-D velocity model
[Rigo et al., 1996]. Most events appear located underneath
the Pyrgaki fault zone almost directly below AIO station
(Figure 1). The largest event in this sequence was the
My, = 4.3 Agios loanis earthquake recorded on the 8 April
(Figure 2). Analysis of the seismicity rate and earthquake
magnitude evolution suggests a swarm rather than a main
shock-aftershock sequence [Pacchiani and Lyon-Caen,
2009]. This swarm is not associated with any of the main
north dipping normal faults mapped at the surface, such as
the Pyrgaki, Mamoussia, or Helike faults (Figure 1). The
preferred fault plane solution for the M,, = 4.3 event has a
strike of 220°, a dip of 40°, and a rake of —160° [Zahradnik
et al., 2004] in agreement with the seismicity and the relo-
cation analysis that indicates a similarly oriented fault plane
dipping NW [Pacchiani, 2006]. This suggests the existence
of a hidden transverse fault, named the Kerinitis fault, ori-
ented nearly perpendicular to the main normal faults of the
Gulf and, most importantly, active beneath the Pyrgaki fault
[Pacchiani and Lyon-Caen, 2009].

[10] Data mainly from station AIO were used in this work
as the station was installed in limestone bedrock in a 130 m
deep borehole, recording data with a high signal-to-noise
ratio. In addition, we also used data from DIM station, located
about 6 km north of AIO and installed in a borehole into
Pliocene Gilbert-type delta conglomerates [e.g., Giurgea
et al., 2004]. We analyzed about 1000 events that occurred
between 26 March and 18 April 2001, located in a volume of
~125 km?, between the Pyrgaki and Keritinis faults, at a depth
ranging from 5 to 10 km. The large number of events in the
swarm and the frequent occurrence of multiplets make this
area a natural laboratory for searching the temporal evolution
of fault properties associated with the M,, = 4.3 event. In fact,
we can use families of repeating events that belong to the
Keritinis fault to illuminate the medium above it and measure
possible changes in the effective seismic velocity caused by
alterations in the mechanical properties of the Pyrgaki fault
zone (Figure 1).

Dataset Description

2.2. Extraction and Location of the Multiplets

[11] In order to facilitate the extraction of multiplets from
the 2001 swarm, we band-pass filtered all data from 1 to
10 Hz, recorded at station AIO, to eliminate incoherent
noise at higher frequencies. We aligned the waveforms to
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Figure 1. (top) Shaded relief map of the western Gulf of Corinth including the Corinth Rift seismolog-
ical network (represented by the diamonds), the seismicity recorded in 2001 (circles; data after Lyon-Caen
et al. [2004]), and major faults. The area related to the seismic swarm recorded in 2001 is located between
the surface expression of the Pyrgaki and Helike faults. The star indicates the M,, = 4.3 Agios loanis
epicenter location. The focal mechanism indicated normal faulting with a strong component of strike-slip
motion. (bottom) Vertical cross section as indicated by the thick straight line in the map view, showing
the location of the seismic swarm in relation to the Pyrgaki fault, the Agios loanis hypocenter, and the two

main stations used in this study, AIO and DIM.

the manually picked P arrival and cross-correlated the seis-
mic waveforms along a 15 s window starting 0.2 s before the
first arrival time. Only multiplets with a correlation coeffi-
cient greater than 0.9 between each event pair were consid-
ered, thus defining tight clusters in which all events correlate

well with each other. This resulted in 33 families of repeating
earthquakes with a minimum of six events in each family.
Among those, to ensure a good temporal sampling, we
selected only multiplets with a minimum of two events
occurring before and two events after the M,, = 4.3 event,
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Figure 2. Three component accelerograms for the Agios loanis earthquake recorded at station (top) AIO

and (bottom) DIM.

which reduced the number of families to 7. The choice of a
high-correlation coefficient for the multiplets search ensures
a high waveform coherency (Figure 3a), thus limiting dif-
ferences in the source mechanism and interevent distance. In
addition, we performed the same procedure using stations
LAK, DIM, and TEM (Figure 1); however, we were able to
identify, only at station DIM, the same multiplets recorded at

station AIO, as the signal-to-noise ratio at stations LAK and
TEM was poor for these events. Therefore only stations AIO
and DIM are used in the velocity analysis.

[12] In order to disregard events whose source offset was
greater than a quarter of the wavelength, Fresnel zone
[Geller and Mueller, 1980], we computed the relative
relocation of each of the seven multiplets using the double
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Figure 3. (a) Waveforms for the multiplet 4 (M4). Example of repeating earthquakes recorded by station
AlQO, extracted from the 2001 swarm, using a cross-correlation threshold of 0.9. Note the high similarity
of the waveforms through the entire coda. (b) Map view and cross sections of the relative hypocenter
locations for M4, obtained with relative relocation using a double difference algorithm (HypoDD), the
average uncertainty is less than 20 m in both vertical and horizontal directions, indicated by the size of
the crosses. Approximate rupture patch dimensions are also plotted as circles.

difference technique [ Waldhauser and Ellsworth, 2000]. By
cross-correlating windows containing P and S wave arrivals,
we obtained differential traveltime measurements for all
possible combinations of event pairs within an individual
multiplet. From these, we use the HypoDD algorithm to
minimize errors due to the velocity model and compute

the interevent distances of events within each multiplet, with
a reduced location error of an order of magnitude compared
with the catalog locations. Figure 3b shows the relative
hypocentral distance between events of a multiplet extracted
from the 2001 swarm. The event hypocenters are located
within an area of ~50 m? with an average uncertainty in
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Figure 4. (top) 3-D map of the southern shore of the Gulf of Corinth. The different symbols correspond
to the families of repeating earthquake extracted from the 2001 swarm after relocation. The rectangular
plane represents the Pyrgaki fault zone with respect to AIO and DIM stations. The two arrows indicate
the vectors between the Agios loanis earthquake and AIO and DIM stations, 7.1 and 9.2 km, respectively.
(bottom left) Map view and (bottom right) S-N cross section.

relative location of less than 20 m in both horizontal and
vertical directions. In addition, we estimated the earthquake
source dimension using the scaling relation for a circular
crack [Kanamori and Anderson, 1975] to limit our analysis
to families of event that are very close in space (Figure 3b).
All events rupture approximately the same fault patch, with

patch lengths ranging between 150 and 300 m for multiplet
events with magnitude ranging between 1.5 and 2.5.

[13] Although the events within a multiplet are relocated
relative to each other with high precision, the absolute
location of the multiplet itself still maintains the original
location error. The absolute positions of each multiplet
shown in Figure 4 were computed by Pacchiani [2006]
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Figure 5. Temporal distribution of all events belonging to the seven multiplets analyzed. The dashed
line marks the occurrence of the 2001 M,, = 4.3 event (8 April 2001 at 0612). The different symbols cor-
respond to different multiplets. (right) Representative focal mechanisms for families M1-M6, showing the
associated planes (data after Pacchiani et al. [2006]).

inverting with HypoDD, set to singular value decomposi-
tion mode, the delays of the absolute wave arrival times
for all pairs or reference earthquakes. The absolute position
of the multiplets show minimal spatial variability, in partic-
ular, the average distance between the centroid of each
family of repeating earthquakes, and the Agios loanis event
is around 1550 m for five multiplets (M1, M2, M3, M4, and
MS5) and around 2183 and 813m for M6 and M7, respectively
(Figure 4). The temporal distribution of the events within
each of the seven multiplets used in the CWI analysis is
shown in Figure 5.

3. Method: Coda Wave Interferometry

[14] The late part (coda) of a seismic signal is composed
of multiply scattered waves that repeatedly sample over an
expanding region around the source. The coda wave inter-
ferometry (CWI) method exploits this multiple-sampling
characteristic to infer small changes in the velocity of the
medium. The CWI theory is based on path summation; the
total wavefield is expressed as the superposition of the waves
that propagate along all scattering paths [Snieder, 2006;
Snieder et al., 2002]. A homogeneous change in the seismic
velocity of propagation affects the time lag (7) between two
seismic traces recorded before and after the perturbation
occurred. The longer the waves travel within the medium, the
more they are affected by the velocity variations. The
changes in the waveforms u(¢") and #(¢') can be quantified by
computing the time-shifted cross correlation,
T u(ya(t + 7)de’

Ji-r U

127
( w2 eyde [ itz(t’)dt’)

R(T) =

for windows centered at time ¢ with a window length of
2T. The CWI technique involves comparing small parts of
the two aligned signals by calculating the time lag (7)
corresponding to the maximum of the cross correlation for
sliding windows. The relative velocity change for each time
window is given by the formula,

dv T

VT @
In the case of a homogeneous velocity change, the lag time
varies linearly with time and the mean velocity variation is
proportional to the slope %. For each pair of repeating events,
we aligned the two seismograms at the P arrival and visually
inspected the waveforms to asses the similarity of the first
arrivals. Using nonoverlapping moving windows of eight
cycle lengths with respect to the central frequency (~8 Hz),
the time lag (7) was computed along the length of the wave-
forms. The percentage of velocity variation between two
waveforms was retrieved by fitting the slope with a linear
regression curve through a least squares solution. The oper-
ation was performed through the correlated waveforms until
the variance of the travel time perturbation for waves arriv-
ing within the time window [Snieder et al., 2002] becomes
unstable. The error of the line fit (regression error) is esti-
mated by computing the root mean square over the residuals.
The CWI technique was applied to all possible combinations
of doublets within each multiplet recorded by stations AIO
and DIM, thus obtaining over 340 values of velocity change.

4. CWI Results

4.1.

[15] To investigate the preseismic and postseismic effect
of the M, = 4.3 earthquake on the surrounding medium, we

Preseismic and Postseismic Velocity Changes
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Figure 6. (a) The results of CWI analysis applied to all the doublets recorded before the M,, = 4.3 event
for the seven families of repeating earthquakes. Symbols correspond to those used in Figure 5 for each
family. There is no trend in the velocity variation, values are around 0 + 0.05%. (b) (top) Doublet
belonging to M3, the two waveforms are extremely similar and show high coherency. (bottom) Result
from an application of the CWI to the same doublet: the dots represent the time lag corresponding to the
maximum cross correlation for each time window. The thin solid line shows the calculated slope. The

events indicate no velocity change.

analyzed the velocity variations between all possible com-
binations of repeating earthquake pairs recorded by station
AIO, before and after its occurrence, for all seven multiplets.
Figure 6a shows the percentage variation in the seismic
velocities between two event pairs for each family, where
both events in the family occur before the Agios loanis
earthquake. Figure 6b shows the application of CWI to a
doublet of M3. The two earthquake waveforms are very
similar, even in the late coda. The similarity in the direct
arrivals suggests that the two earthquakes have virtually
identical source location and focal mechanism. The absence
of any significant time shift between the late coda of the two
waveforms qualitatively indicates that the elastic properties
of the medium remained unchanged during the inter-event
time interval. This is quantitatively confirmed by the sta-
bility around zero of the measured time lag (7), for all the
windows along the coherent signal. The slope is zero within

measurement error. None of the doublets in Figure 6a show
any significant change in the mean velocity of propagation.
This suggests that no significant preseismic change occurred
in the medium sampled by the coda waves and precludes the
presence of any quantifiable precursor signal.

[16] While the multiplets M3 and M7 only cover a tem-
poral window of 4 days after the M, = 4.3 event (Figure 5),
M1, M4, M5, and M6 enable us to monitor the postseismic
velocity of the medium up to 9 days following the Agios
lIoanis earthquake (Figure 7). The application of CWI to a
doublet within M6 is shown in Figure 7b. As in the case of
doublet pairs occurring before the M,, = 4.3 event, doublets
in which all event pairs occur after the Agios loanis event
show no significant velocity changes. Thus, for at least 9
days after the M, = 4.3 event, no measurable postseismic
changes in the sampled medium occurred. Unfortunately,
AlO station failed 10 days after the Agios loanis event.

8 of 16



B07313

COCIANI ET AL.: STRESS-INDUCED VELOCITY VARIATIONS

B07313

After M = 4.3 event station AIO

0.1 T T T T T T T
a T
bR Bt o o
LR (A O A
0 o1 i1t B = T 4
e s %
2 01f .
C
S b,
3 )
S -02F g .
> <C O’W / | A NWANAANNAANAAN ~A
> 3 | -
©
o 1o 5 10 15 20
O 03+ cross correlation moving window .
> = 01 : :
= slope = At/t = (0.001 +/- 0.008)%
= A R .
-04 .qé .
015 5 i 10( ) 15 20
ime(s
_0-5 1 1 1 | 1 1 1 1
0 10 20 30 40 50 60 70 80

Doublet Number

Figure 7. (a) Velocity variation, computed with CWI on doublets post-Agios Ioanis event. No signifi-
cant trend in velocity variation was found. Combining M1, M2, M4, M5, and M6 gives the good temporal
sampling in the 9 days following the Agios Ioanis event. (b) (top) Event pair post-Agios loanis event
showing an exceptional high coherency up to 20 s. (bottom) CWI on the doublet pair, the time lag (dots)

is stable around zero.

4.2. Coseismic Velocity Changes

[17] To complete the assessment of temporal variations of
the medium velocities, we analyzed all doublets where one
event in the pair occurs before and one occurs after the M,, =
4.3 event. The corresponding CWI results, summarized in
Figure 8a, show that five multiplets (M1, M2, M3, M6, and
M7) were clearly affected by a consistent decrease in the
seismic velocity. The mean velocity decrease for these
multiplets ranges between —0.1% and —0.3% (Figure 8a).
Analysis of two multiplets, M4 and M5, yields an order of
magnitude smaller velocity changes (—0.02%) than the one
experienced by the other multiplets; we consider them to be
at the limit of significance yet still exhibiting a general
negative trend. Figures 8b and 8c show a comparison
between two doublets, belonging to M5 and M2, considered
representative of a insignificant and significant velocity
change, respectively. While events in M5 (Figure 8b) show
no temporal “stretching” in the coda, implying no changes
in the mechanical properties, there is an unambiguous time
shift in the waveforms for the events in Figure 8c,
corresponding to a change in wave speed estimated to be
—0.19% =+ 0.03%. The different coseismic velocity varia-

tions sampled by the seven multiplets imply that the caus-
ative perturbation is spatially variable.

[18] To temporally constrain the period in which changes
in the velocity of the medium occurred, and therefore con-
strain the interpretation of the mechanism causing the
change, we exploit M7. This multiplet was chosen because
it has a good temporal resolution around the occurrence time
of the Agios loanis earthquake (Figure 5). The inset in
Figure 8 shows the velocity variation between each indi-
vidual earthquake in the M7 multiplet family and the first
event of the multiplet. The earthquakes that nucleated up
to 1 h prior the Agios loanis event experienced a velocity
change with respect to the first event in the family, which is
approximately zero. Hence no preseismic change is evident.
However, the first postseismic event, which occurred 18 h
after the Agios loanis event, shows a 0.2% decrease in the
seismic velocity. Applying the same analysis to the M2
multiplet constrains the velocity reduction to have occurred
within 5 h after the M, = 4.3 event.

[19] Therefore, we conclude that the temporal window in
which the velocity perturbation occurred is from 1 h before
to 5 h after the main shock. This suggests that the Agios
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Figure 8. (a) Variations in the seismic velocity between paired sets of repeating earthquakes where one
event in the doublet nucleates before and one after the Agios loanis event. The average velocity variations
detected by five of the seven multiplet families (M1, M2, M3, M6, and M7) ranges between —0.1% and
—0.3%. The average velocity variation detected by two families (M4 and M5) is around —0.02%. Inset, the
temporal evolution of multiplet 7 (M7) relative to the first event in the multiplet shows a clear coseismic
signal. (b) A pair of repeating earthquakes belonging to M5 superimposed and aligned at the P arrival and
waveform cross correlation of pairs. (c) A pair of repeating earthquakes belonging to M2 and waveform
cross correlation, the lag time (dots) linearly increase with time. A decrease in the seismic velocity of

about 0.2% is estimated based on the slope.

loanis earthquake is highly likely to be the source of the
perturbation in the medium properties, causing the co-
seismic decrease in the seismic velocity of propagation ex-
hibited in the Keritinis multiplets. All the earthquakes
belonging to the seven multiplets, previously analyzed with
CWI at station AIO, were also recorded at DIM station, and
most of them, with good signal-to-noise ratio, were ana-
lyzed for velocity changes at DIM. Figure 9 shows the
velocity changes for events spanning the time of the Agios

loanis earthquake recorded at the station DIM. None of the
multiplets recorded by station DIM exhibit a coseismic
decrease in the seismic velocity (Figure 9).

4.3. Outliers

[20] Two of the studied multiplets recorded at AIO, M4
and M5, were found to be insensitive to the coseismic
perturbation associated with the Agios loanis event, even
though the relative position of the seven families is only a

10 of 16



B07313

COCIANI ET AL.: STRESS-INDUCED VELOCITY VARIATIONS

B07313

Spanning M = 4.3 event station DIM

015 T T T T T T T T T T
0.1} -
2 o005t
m
.S 1)
©
c o
>
2
G
o
D - L
2 -0.05
0.1} -
1 1 1 1 1 1 1

0 10 20 30 40

50 60 70 80 90 100

Doublet Number

Figure 9. Velocity analysis carried out on doublets, M1, M2, M3, M6, M7, spanning the time of the
Agios loanis earthquake, recorded by station DIM. There is no a significant change in the velocity of

the medium for events recorded at DIM.

few hundred meters apart (Figure 4). A different radia-
tion pattern and hence different volume sampled by the
coda waves, compared to the other families, might be a
possible reason for this observation. All the events of each
multiplet have virtually colocated sources and similar rup-
ture mechanisms, therefore only one event is necessary to
describe the focal mechanism of the whole family. The
representative focal mechanism for six families (M1-M6)
[Pacchiani, 2006] is shown in Figure 5. Multiplets M1, M2,
M3, and M6, which were found to be sensitive to the co-
seismic change, have very similar focal mechanisms while
the two multiplets, M4 and M5, unaffected by the velocity
perturbation, show different focal mechanisms.

5. Constraining the Physical Mechanism

[21] To understand which mechanism possibly caused
the measured coseismic velocity variations induced by the
Agios loanis earthquake, we tested several hypotheses. The
decrease in the seismic velocity of propagation may have
been caused by (1) an increase in the crack density in the near
surface because of strong ground motion (dynamic effect),
(2) a decrease in the fracture stiffness caused by a reduction
of the normal stress applied to the fault zones in the neigh-
borhood of the Agios loanis event (static effect), and (3) a
variation of the pore pressure in neighboring fault zones,
which may have been generated by both static and dynamic
stress changes.

5.1.

[22] Recent studies have successfully detected perturba-
tions generated by seismic transient oscillations and show
common and persistent characteristics. These consist of (1) a
systematic behavior of the temporal changes affecting dif-
ferent stations, (2) increase of time delays with increasing
peak ground acceleration [e.g., Peng and Ben-Zion, 2006],
(3) greater changes observed at soft rock sites, and (4) a very
fast (days) post-main shock recovery of the damaged shal-
low rock [e.g., Rubinstein and Beroza, 2004; Vidale and Li,
2003]. In order to determine whether the dynamic effect is
the cause of the observed changes in the seismic velocities,
we analyzed the main characteristics described above, which
are usually associated with this mechanism.

[23] Using the information extracted from the seismic
waves of multiplets, we compare the dynamic effect of the
M,, = 4.3 Agios loanis earthquake at stations AIO and DIM.
They are located 7.1 and 9.2 km from the Agios loanis
earthquake, respectively (Figure 4), and they are subjected
to the same order of magnitude of peak ground acceleration
(PGA) up to 0.1 g (Figure 2). While station AIO is installed
directly in limestone bedrock, station DIM is buried in a
softer subsurface characterized by Pliocene delta conglom-
erate. We cannot test hypothesis (1) and (2) as we only use
two stations, AIO and DIM, and the subsurface geology of
these two sites are different and therefore not comparable.

[24] According to hypothesis (3), a change in the shallow
crust caused by dynamic shaking should have predomi-
nantly affected the multiplets recorded at station DIM as it is

Dynamic Stress Changes
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Figure 10. (a) Relative velocity changes calculated from AIO data with the PII technique. The error bar
corresponds to the uncertainty of the linear slope estimation. (b) (top) Averaged autocorrelation function
(ACF) before (blue) the M, = 4.3 event (87-97 Julian days) superimposed to the averaged ACF after (red)
the Agios loanis earthquake (98—108 Julian days). (bottom) Time shift-averaged measurement between
the pre-“main shock” ACF and post-“main shock” ACF. The color of the dots (time lag) indicate the
maximum cross-correlation values for each time window.

installed in softer material. However, while we do detect
velocity changes between doublets recorded at station AIO
(Figure 8a), we do not detect any significant coseismic
velocities changes recorded at station DIM (Figure 9). These
results do not support hypothesis (3) and indicate that the
volume of crust between the source region and station DIM
is not affected by any significant coseismic change in elastic
properties. However the same multiplets were sensitive to
a decrease in the seismic velocities.

[25] There is, however, a more robust way of assessing the
dynamic shaking hypothesis. If we assume that the dynamic
shaking is the main cause of a change in the crack density in
the near surface around, this should have similarly affected
all the multiplets recorded at the station. This assumption
however is not supported by our observations; in fact, event
pairs belonging to two multiplets (M4 and M5) recorded at
station AIO do not detect any significant change, as shown
in Figure 8a.

[26] We also tested whether our data support the
hypothesis of a postseismic healing of the crust, which is
often an observed consequence of strong ground motion-
induced near-surface damage [e.g., Li et al., 2006; Peng and
Ben-Zion, 2006; Vidale and Li, 2003]. In studies with good
postseismic temporal sampling, changes in the medium
velocity caused by moderate to large earthquakes have been
seen to start recovering after only a few days [e.g., Li et al.,
2006; Peng and Ben-Zion, 2006]. In some cases, the healing

process lasts up to years revealing a logarithmic time sig-
nature [e.g., Schaff and Beroza, 2004; Vidale and Li, 2003]
which has been interpreted as the closure of near-surface
crack opened during the main shock [e.g., Li et al., 2006;
Peng and Ben-Zion, 2006]. In our case, however, we do not
detect any postseismic variations in the seismic velocity
of propagation in the first 9 days after the main shock
(Figure 7a), indicating that the rapid or logarithmic healing
process observed in other localities did not occur.

[27] To further investigate the possibility of a change in
the shallow crust and thus better constrain the causative
mechanism for the measured seismic velocity variations, we
utilized the passive image interferometry (PII) technique
[Sens-Schonfelder and Wegler, 2006; Wegler et al., 2009;
Wegler and Sens-Schonfelder, 2007]. This method is based
on the idea that the average cross-correlation function
(CCF) between random fields, such as ambient seismic
noise and scattered coda waves, recorded at two stations,
differ from the Green’s function between these two points
solely by an amplitude factor [e.g., Paul et al., 2005; Sabra
et al., 2005]. We extracted daily source-receiver colocated
Green’s functions from the averaged autocorrelation func-
tion (ACF) of seismic noise recorded at station AIO. The
ACF is representative of the state of the medium, near the
station, and can be thought of as a zero offset Green’s
function. We searched for temporal changes of the elastic
properties of the shallow crust by comparing (using CWI
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Figure 11. Static stress changes induced by the M, = 4.3 earthquake calculated on planes parallel to
Pyrgaki fault. (a) Mean values of normal stress changes computed between 3 and 5 km and projected

on the surface, the red color corresponds to the unc

lamping of the faults parallel to Pyrgaki. The star

represents the epicenter of the Agios loanis earthquake, and the two green lines correspond to the inter-
section with the surface of the two modeled faults, Pyrgaki and Keritinis. (b) Vertical cross section along
the dashed line showing values of normal stress changes.

analysis) a reference ACF function, defined as the average
ACF function for the whole period (22 days), with each
daily computed ACF function. Figure 10a shows the evo-
lution of the obtained relative velocity change measured at

AIO station. No coseismic change is observed, indicating
that the coseismic perturbation observed with the CWI
analyzes of the multiplets (Figure 8a) is not likely to occur
in the shallow crust. In Figure 10b (inset), we show the
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superimposed averaged ACF generated for noise data before
and after Agios loanis earthquake. The two signals are very
similar, and the waveform cross correlation shows a near-
zero slope, indicating the absence of a coseismic change in
the seismic velocity of the shallow crust.

5.2. Static Stress Changes

[28] In the previous section, we argued that the near-
surface effect caused by the dynamic shaking associated
with the Agios loanis earthquake is not the main cause of
the measured velocity changes. Our objective in this section
is to determine whether the observed coseismic decrease in
the seismic velocities might have been caused by a change
in the static stress field generated by the coseismic defor-
mation following the M,, = 4.3 earthquake. Therefore, we
modeled the normal stress changes induced by the Agios
Toanis earthquake on planes that are oriented parallel to the
Pirgaki fault (Figure 11a), using the Coulomb 3.1 software
[Lin and Stein, 2004; Toda et al., 2005]. The orientation of
the source fault is taken from Zahradnik et al. [2004]. The
model predicts that faults and fractures that are parallel
to the dominant fault trend on the southern shore of the
Gulf (e.g., Pirgaki fault) and located in the volume of crust
between the main shock rupture and station AIO, are
expected to be unclamped as a consequence of a reduction in
normal stress (Figure 11b). Unclamping the neighboring
fault system would increase its compliance reducing seismic
waves velocities. According to the modeled stress changes,
the fractured volume of medium between the Agios loanis
event and station DIM is subjected to an increase in the
applied normal stress (Figure 11b), and therefore, it is
expected to be stiffer. As a consequence, one would expect to
measure a positive change in the seismic velocities between
postseismic and preseismic events recorded at DIM, in
contrast with our results (Figure 9), which show no change.
However, the stiffness is not a linear function of the normal
stress [Pyrak-Nolte and Morris, 2000; Pyrak-Nolte et al.,
1990] and, therefore for the same absolute stress change, it
is more difficult to stiffen a fractured rock than it is to
increase its compliance. Importantly Figure 11a highlights
that stations AIO and DIM are located in areas of decreased
and increased normal stress, respectively. However in the
cross sections (Figure 11b), it is clear that stress changes in
the shallow crust underneath AIO and DIM stations are either
very small or negligible. This is an indication that the
observed velocity variations are not caused by a static near
surface change in the elastic properties of the medium but
more likely in the seismogenic zone. Data from Figure 10
also favor a deeper origin.

[29] The question arises as to whether the small coseismic
changes in the static stress could have caused the observed
0.1%—-0.3% decrease in the seismic velocity. Stress changes
in compliant material can, in theory, be estimated at depth
by combining very precise fractional velocity measurements
(dv/v = év) and a sensitivity factor of the velocity (1) [Silver
et al., 2007]. Niu et al. [2008] measured the stress sensitivity
factor in the SAFOD drill site, California, at a depth of
1 km, using known atmospheric stress loading. Applying the
relation o = 6v/n, where o is the stress perturbation, they
determined stress changes caused by two earthquakes from
fractional observed velocity variations. Here we used the
same approach to estimate the amount of stress change
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needed to cause the measured velocity reduction and thus
check if the modeled static stress changes are in agreement
with the measured velocity variations. Although the stress
sensitivity factor will likely be site dependent, we used
the value obtained by Niu et al., as it is the only available
estimate at depth (1 km). Using the stress sensitivity mea-
sured by Niu et al. (2.4 x 1077 Pa') and the precise
measurements of fractional velocity changes determined in
the Gulf of Corinth using CWI (0.001-0.003), we pre-
dicted stress changes that range from 0.04 to 0.12 bars.
These values correspond to the stress changes modeled
for a depth range of 3-5 km on faults with orientations
parallel to Pyrgaki fault. This indicates very good agree-
ment between stress changes predicted by the static stress
model and inferred stress changes from the observed velocity
variations.

5.3. Static Stress Effect

[30] In the previous sections, we showed that the mea-
sured velocity changes in the medium elastic properties are
likely unassociated with damage of the shallow crust caused
by the transient oscillations generated by the M,, = 4.3 earth-
quake. The source of the observed velocity reductions are
therefore probably located deeper within the volume of the
medium between the repeating earthquakes and station AIO.
Preferred hypotheses for the velocity changes are therefore
(1) a change in the pore pressure or (2) an increase in the
fracture compliance.

[31] The possibility of a coseismic perturbation in the
velocity caused by changes in the pore pressure in the
Pyrgaki fault zone is considered. Pacchiani and Lyon-Caen
[2009] strongly suggested the involvement of fluids in the
2001 earthquake swarm by showing that the observed
earthquake migration is explained by pore pressure diffusion
[Pacchiani and Lyon-Caen, 2009]. However, a coseismic
alteration in the pore pressure caused by a transient stress
change should be accompanied by a rapid postseismic
change in the medium properties. We have shown in Figure
7a the absence of a postseismic signal affecting the multi-
plets, and therefore, we infer that the mechanism for the
coseismic change is probably not attributable to a fluid
pressure variation in the Pyrgaki fault zone caused by
dynamic shaking. However, since we do not have data after
18 April 2001, any variation occurring beyond this date is
unknown and we cannot conclusively rule out changes in
fluid pressure caused by static stress changes as the mech-
anism for the observed velocity variations.

[32] However, the very good agreement between the stress
changes predicted from the seismic data and those predicted
by modeling stress redistribution following the Agios
Ioanis event favor the role of solid-mechanical compliance
changes.

6. Conclusions

[33] The occurrence of families of very similar earth-
quakes on the southern shore of the Gulf of Corinth, Greece,
enabled us to study in detail the temporal evolution of the
seismic wave velocities in the rock volume neighboring the
M, = 4.3 Agios loanis earthquake. Using the coda wave
interferometry (CWI) method, we obtained information
about high-precision velocity changes, enabling us to
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measure a very clear coseismic reduction of the path-
averaged seismic velocity in the medium of about 0.2%
following the Agios loanis event. The temporal resolution
of the repeating events constrains the perturbation to have
occurred within 1 h before and 5 h after the Agios loanis
earthquake, indicating that the M, = 4.3 ecarthquake is
highly likely the cause of the changes. The absence of
preseismic and postseismic variations indicates that the
changes are neither due to an accumulated effect of many
small events nor caused by a change in fluid pressure in the
Pyrgaki the fault zone, which sits above the Agios loanis
hypocenter.

[34] Careful analyzes of the nature of the changes, com-
bined with a temporal study of the source-receiver colocated
Green’s functions, revealed that the perturbation causing
the velocity variations is spatially localized at depth. More-
over, the observed changes do not show characteristics
compatible with a transient stress change. Therefore, dynamic
shaking, a very commonly observed source of coseismic
changes in the crust, is probably not the cause of the
reduction in seismic velocity. Instead, a change in the nor-
mal stress applied to the Pyrgaki fault zone explains the
coseismic decrease in seismic velocity very well. The
magnitude, spatial distribution, and temporal evolution of
velocity variations observed support the hypothesis that the
static stress change induced by the Agios loanis earthquake
is the causative mechanism. As large faults are more com-
pliant than small faults [Worthington and Lubbe, 2007] and
thus more sensitive to changes in the applied stress, we
expect that the measured velocity changes are biased toward
the biggest fault closest to the seismogenic depth. Therefore,
we suggest that a deep part of Pyrgaki fault zone (3—5 km)
was unclamped by a static stress change induced by the
Agios loanis earthquake. These observations complement
dynamic and static stress modeling as a means of tracking
the temporal evolution of stress on fault systems. They also
have specific implications for seismic hazard in the Gulf
of Corinth.
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