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[1] A 1-month field experiment was conducted near Kunming in Yunnan Province,
China, to continuously monitor subsurface velocity variations along different baselines.
The experiment site is located 10 km west to the seismically very active Xiaojiang fault
zone. An electric hammer was used as a source to generate highly repeatable seismic
waves, which were recorded by 5 short-period seismometers deployed at ~10 m to 1.2 km
away from the source. Velocity variation was estimated by using coda wave interferometry
technique. The technique measures changes in differential time between the coda and the

first arrival, which is in principal insensitive to timing errors. We obtained a fractional
velocity perturbation (§v/v) of 107> to 10~2 with a precision of 10~*. The measured
velocity variation is consistent among different components and stations and appears to
well correlate with deep water level. The velocity variation is featured by a long-term
linear trend and well-developed daily cycles. The latter is interpreted as the velocity
response to the barometric pressure. A multivariate linear regression analysis of the data
indicates that the velocity change exhibits a negative correlation with barometric pressure,
with a stress sensitivity of 10~°/Pa at the experimental site.
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1. Introduction

[2] The time-varying stress state of fault systems at
seismogenic depths is perhaps the single most important
property controlling the sequencing and nucleation of
seismic events. The measurement of stress, however, is
notoriously difficult, particularly at seismogenic depths.
Numerous laboratory studies over the last several decades
have shown that the seismic velocity of crustal rocks clearly
exhibit stress dependence with a stress sensitivity of 10~ to
10°* Pa~' [e.g., Birch, 1960, 1961; Simmons, 1964]. Such
dependence is attributed to the opening/closing of micro-
cracks in response to changes in the stress normal to the
crack surface [e.g., Walsh, 1965; Nur, 1971]. Thus stress
changes can, in principle, be detected through measuring
changes of seismic velocity. Indeed there have been many
attempts to accomplish this goal [e.g., De Fazio et al., 1973;
Reasenberg and Aki, 1974; Leary et al., 1979; Yukutake et
al., 1988; Yamamura et al., 2003; Silver et al., 2007]. The
fractional change in seismic velocity with respect to stress
change appeared to spread over a wider range, from 10~ to
107°Pa".
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[3] The small change of seismic velocity is usually
estimated through measuring the subtle changes in absolute
travel time of the first arrival along a fixed source-receiver
path. Precisions in travel time measurement is thus of key
importance to the success of these field experiments. One
potential error source is timing. Using the first arrival time
to estimate velocity perturbation thus suffers from system-
atic timing errors in the digitizer’s base clock and in
triggering time. Temperature fluctuation is observed to have
notable effects on the measured travel time of the first
arrival [Leary et al., 1979; Silver et al., 2007].

[4] Coda waves in the later part of a seismogram are
generally considered to be generated by multiple scattering/
reflection in the crust [4ki and Chouet, 1975; Wegler, 2004].
Since the pioneering study of Aki [1969], decay of coda
waves has been extensively analyzed to study the attenua-
tion property of crustal rocks (see Herraiz and Espinosa
[1987] and references therein). Meanwhile coda waves are
also better tools to image subtle changes of crustal rocks as
they sample the medium multiple times which effectively
amplifies any small changes in the medium. More impor-
tantly the differential times between coda waves and the
first arrival are essentially insensitive to timing errors
discussed in the previous paragraph. Thus one can apply
the interferometry technique to the coda waves in the
consecutive recordings to detect subtle crustal changes. A
generalized theory of coda wave interferometry was recent-
ly proposed by Snieder et al. [2002] and Snieder [2006] and
its effectiveness has been well demonstrated in ultrasonic
experiments [Snieder et al., 2002; Grét et al., 2006b]. The
technique has been widely applied to field experiments
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Figure 1. Map of the experiment site. Locations of the

source and stations are indicated by solid star and open
triangles, respectively. The solid straight line shows the
geophone survey profile. The profile starts with an offset
of 15 m and extends to 250 m far away from the source,
which coincides with the 2nd station. Inset shows the major
earthquakes (open circles) occurred around the experiment
site, as well as the geodetic stations (solid triangles) that
measure ground water level (XS), gravity (KM), and
barometric pressures (KM, SM). Temperature is recorded at
stations SM and YL. The experiment site is indicated by a
solid square.

involving both active and passive source data. For example,
it has been used to monitor in situ velocity changes caused
by artificially controlled stress in mining environments
[Grét et al., 2006a], as well as to detect velocity changes
along fault zones [Poupinet et al., 1984] and volcanic areas
[Ratdomopurbo and Poupinet, 1995; Matsumoto et al.,
2001; Wegler et al., 2006]. It has also been successfully
used to image changes in the scattering field associate with
aseismic events [Niu et al., 2003] and to monitor magma
propagation in an active volcano setting [Grét et al., 2005].
In this study, we applied the coda wave interferometry
technique to monitor in-situ seismic velocity variations
caused by natural loadings (e.g., solid earth tide and
barometric pressure).

[5] Ground water levels in the deep wells were observed
to respond to stress changes caused by solid earth tide,
barometric pressure [e.g., Spane, 2002] and large earth-
quakes [e.g., Montgomery and Manga, 2003). Silver et al.
[2007] suggested that the water levels affect pore pressure
of subsurface rocks and further affect the seismic velocity.
Sens-Schéonfelder and Wegler [2006] found that fluctuation
in ground water level caused by precipitation appears to be
able to qualitatively explain the seasonal variation of the
subsurface velocity field. In this study, a field experiment
was conducted close to a deep well with continuous ground

B12313

water level record, which allows us to calibrate the velocity
more precisely than most of the previous studies.

2. Field Experiment

[6] The field experiment was conducted near Kunming in
the southeast China, during the period from 22:30 pm of
7 April (local time) to 23:30 pm of 8§ May 2006. We selected
the site for several considerations. The experiment site is
located at a peak of anticline about 10 km west to the
Xiaojiang fault (Figure 1), an active fault zone with high
seismicity. More than six earthquakes with magnitude >5
occurred within the fault zone from 1 January 2005 to
25 August 2006. There are plentiful outcrops of highly
fissured Devonian lime stones [Song et al., 1998] in the
experimental site, and the overburden unconsolidated sedi-
ments there is no thicker than 2 m. The site possesses
various geodetic records so that we can obtain observations
of tidal and barometric strains as well as tectonically related
strains. A 2000-m deep water well can be found about
1.2 km south from the experiment site (solid triangle labeled
with XS in Figure 1). There are temperature recording in YL
station, precipitation and barometric pressure recordings in
SM station, and temperature, barometric pressure and grav-
ity data in KM station. All stations are located within 30 km
from the experiment site. Barometric pressure, temperature
and gravity measurements are sampled continuously every
one hour, and the water level is recorded once every one
minute.

[7] We used the ESS200 electronic hammer (manufac-
tured by GISCO) as the seismic source to generate highly
repeatable shots. When detonated, the hammer hits on a
square iron plate with a dimension of 30 cm x 30 cm X
2 cm that was fixed on the ground surface. To minimize the
noises caused by seasonal wind during the day time, our
regular experiment was conducted in the night time from
7 April 2006 to 5 May 2006. The source was detonated
6 times a day at 00:30, 01:30, 06:30, 07:30, 22:30 and 23:30,
respectively. During the last two days of the experiment
(between 10:30 am of 5 May to 01:30 am of 7 May) we
repeated experiment once per hour, hereafter referred as a
densely sampled experiment. For each recording, a total of
30 and 10 shots, respectively, were fired within 12 minutes
for the regular and densely sampled experiments. Their
records were linearly stacked to enhance the signal-to-noise
ratio (SNR).

[8] Two types of recorders were deployed: a surveying
line (thick line in Figure 1) consisting of 48 geophones with
offset ranging from 15 m to 250 m at 5 m spacing; and 5
three-component short-period seismometers (open triangles
in Figure 1) in the distance range of ~10 m—1.2 km from
the source. The geophones have a dominant frequency of
around 60 Hz and have a relatively flat response in the
frequency range of 10 Hz to 200 Hz. The “StrataVisor NZ”
manufactured by Geometrics was used as the acquisition
system for the geophone line. The geophones and seis-
mometers were deployed on the sediments and the outcrops
of bedrock, respectively. For each recording, individual
traces of the 30 or 10 shots were aligned with the triggering
time and linearly stacked in the acquisition system. The data
were collected at a sampling rate of 32,000 samples per
second with a record length of 0.512 second. The digitizer is
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