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Abstract

Seismic waves carrying tiny perturbing stresses can trigger earthquakes in geothermal and
volcanic regions. The underlying cause of this dynamic triggering is still not well under-
stood. One leading hypothesis is that a sudden increase in the fluid-pore pressure in the
fault zone is involved, but the exact physical mechanism is unclear. Here, we report exper-
imental evidence in which a fluid-filled fracture was shown to be able to amplify the pres-
sure of an incoming seismic wave. We built miniature pressure sensors and directly placed
them inside a thin fluid-filled fracture to measure the fluid pressure during wave propa-
gation. By varying the fracture aperture from 0.2 to 9.2 mm and sweeping the frequency
from 12 to 70 Hz, we observed in the lab that the fluid pressure in the fracture could be
amplified up to 25.2 times compared with the incident-wave amplitude. Because an
increase of the fluid pressure in a fault can reduce the effective normal stress to allow
the fault to slide, our observed transient pressure surge phenomenon may provide the
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mechanism for earthquake dynamic triggering.

Introduction

Earthquakes can be triggered by passing seismic waves—a phe-
nomenon known as dynamic triggering. The underlying
mechanism behind dynamic triggering is still not well under-
stood (Hill et al., 1993; Prejean et al., 2004; Brodsky and van
der Elst, 2014; Hill and Prejean, 2015; Cattania et al., 2017; Li
et al, 2021). The stress amplitudes of the passing waves are
very low (on the order of kPa). The triggered occurrences
are often observed in geothermal or volcanic regions where flu-
ids and fractures are abundant and ubiquitous. Furthermore,
the triggering thresholds for these triggered events seem to be
more sensitive to long-period incident waves than short-period
waves of comparable amplitudes (Brodsky and Prejean, 2005;
Hill and Prejean, 2015).

Two hypotheses have been proposed to explain the cause of
dynamic triggering. The first one is the critical state hypothesis
(e.g., Zoback and Zoback, 2002). It says that the crust is close to
rupturing, and any stress perturbation, as small as the one
imposed by a traveling seismic wave, could cause failures.
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However, this explanation does not explain why these triggered
phenomena have an affinity with fluids. It also does not explain
the frequency dependence of the triggering and repeated trig-
gering (Peng et al., 2011). The second hypothesis says that pore
pressure may have increased locally to cause the dynamic trig-
gering (Hill, 2008; Brodsky and van der Elst, 2014), but the
mechanism is unknown. Recently, Zheng (2018) discovered
a transient pressure surge (PS) phenomenon in numerical
modeling of wave propagation using a 2D boundary element
method. He found that when a seismic wave interacted with a
fluid-filled fracture, the fluid pressure in the fracture could be
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amplified by 2-3 orders of magnitude compared with the inci-
dent-wave pressure. This amplification is a natural conse-
quence of solving the wave equation in the fluid and solid
media, and enforcing the fluid-solid boundary conditions at
the millimeter scale. No other exotic mechanism needs to be
invoked. It was suggested that the slow interface wave due to
the two fluid-solid boundaries (Krauklis, 1962; Ferrazzini and
Aki, 1987) was responsible for the pressure amplification. If the
fluid pressure can be transiently amplified in a fracture, we also
expect to see a local pressure gradient to activate fluid flow.
Observation of fluid flow in both laboratory (Candela et al.,
2014) and field (Bonini, 2020) due to dynamic stresses pro-
vided compelling evidence that the numerically observed PS
mechanism might be real. The question is: Can we see PS
in the laboratory?

Laboratory Setup and Methods

In this article, we performed lab experiments in a water tank
(Fig. 1) to investigate whether PS exists in a fluid-filled fracture.
We designed and built an experiment platform (Fig. 1a), includ-
ing a new low-frequency source and new pressure sensor (P1,
H1-H5 in Fig. 1b), to directly measure pressure changes. We
submerged all components underwater during the experiment.
The real picture of the whole low-frequency experiment plat-
form submerged underwater is shown in Figure 2a. Designing
the low-frequency seismic source and the new pressure sensor
that can be placed in a thin fracture are two challenges.

In the past, most physical modeling experiments in labs
(Nakagawa et al., 2016; Shih and Frehner, 2016) used ultra-
sonic frequencies of ~10°-107 Hz. Because the PS effect occurs
only in the low-frequency regime (f < 100 Hz) (Zheng, 2018)
for the materials we used, we could not use the commercially
available high-frequency laboratory systems in our experi-
ments. Our source is an electromagnetic acoustic source that
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Figure 1. Experiment setup. (a) Schematic of the entire experiment plat-
form in a water tank (box). The water tank is 4 m long, 1.9 m wide, and
1.5 m deep. The total water depth is 1.2 m. The water depth to the top of
the fracture model is 0.7 m. The experiment platform contains three
parts: a low-frequency acoustic source (circular gray object), a fracture
model made by two acrylic glass blocks stacked on top of each other, and
the six transducers measuring fluid pressure. (b) Schematic of the side
view of the geometry. There are six pressure transducers (P1, H1-H5)
installed on the fracture model. The horizontal distance from the source
to P1is 1.1 m.

can generate sinusoid waves from 12 to 70 Hz. The source
amplitude can be controlled by a signal generator.

The fracture model was built from two plexiglass blocks
stacked upon each other (Fig. 2b). We adjusted the fracture
aperture by changing the thickness of the washers inserted
between the blocks. Three sides of the fracture were sealed
by the neoprene sound insulation strip to prevent fluid leakage.
Only the front side facing the source was left open. Because the
fluid in the fracture could freely move into the water tank
from the front side, the observed pressure amplification in
the fracture was not caused by the weight of the upper
block. The fracture geometry was fixed during the experiment,
and the pressure amplification did not further rupture the
fracture.

To measure the fluid pressure inside the thin fracture
(<10 mm) directly, we needed high-sensitivity sensors of small
physical sizes. Commercially available hydrophones are too
large in dimension to be put into a thin fracture. We custom-
built six transducers and installed them on the upper block
(Fig. 2¢). Our transducer design was similar to the flexural
bender design (Lee et al., 2010) that can record in the fre-
quency range of 0.1-600 Hz. Five of them labeled, H1-HS5,
were installed inside the fracture and spaced at an equal dis-
tance to measure the fluid pressure. One transducer (P1) was
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installed on the front facade of the top block but outside of the
fracture, which measured the incident-wave amplitude.

To systematically characterize the PS effect, we need to com-
pare the wave amplitudes measured in the fracture and the inci-
dent-wave amplitude measured outside the fracture. Therefore,
we first calibrated the six transducers to the same sensitivity. We
purchased the commercial scientific hydrophone AS-1 from
Aquarian Audio company for calibration. AS-1 has a stable lin-
earity response from 1 Hz to 100 kHz with a sensitivity
—208 dBV/1yPa. The diameter of the AS-1 is 12 mm. We set
up a calibration experiment for which schematic is shown in
Figure 3a. The fracture aperture is set to 15.5 mm such that we
can put the AS-1 hydrophone inside the fracture next to H1-H5.
We used both our low-frequency sinusoid source and the air-
bubble source to calibrate the pressure sensors (H1-H5). In
the bubble source cases, we blew air through a tube into the water
tank to create bubbles to excite the acoustic waves. For both types
of sources, we recorded the waveforms simultaneously using our
transducer and the AS-1 hydrophones. A band-pass filter (3-
150 Hz) was applied to the raw data to remove the shallow water
wave and highlight the low-frequency signal of interest.
Figure 3b,c shows comparison of recorded waveforms between
our transducers and AS-1X (inside fracture) and AS-1F (outside
the fracture) using our new low-frequency source. Figure 3d and
3e shows waveform comparison for two different sets of air bub-
bles, respectively. These tests (Fig. 3) showed that our transduc-
ers under both broadbands (bubbles), and our mono-frequency
sources can be used to study the PS effect.

We conducted PS measurements for six different fracture
apertures: 9.2, 4.7, 1.7, 0.95, 0.4, and 0.2 mm. Our low-frequency
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Figure 2. Picture of the low-frequency platform. (a) Finished low-frequency
experiment platform submerged in the water tank. (b) Fracture model
and the locations of the six installed transducers (P1 and H1-H5). P1 is
installed on the front facade of the top block. The other five (H1-H5) are
in the fracture. The physical dimensions of the two blocks are labeled. The
black line between the blocks is the seal material. (c) Real picture of the
top block with our high-sensitivity transducers installed.

sinusoid source was set to vibrate at one frequency at a time, in
the frequency range of 12-70 Hz, at every 1 Hz interval. For each
experiment (frequency, aperture), we recorded 10 s of wave-
forms. We then band-pass filtered the recorded waveforms
(passband: 3-150 Hz) and analyzed the PS effect.

PS Results in the Time and Frequency
Domains

We first show time-domain waveforms recorded by P1 and
H1-H5 (Fig. 4) at two sinusoidal source frequencies, 35 and
29 Hz, for a fracture aperture of 0.95 mm. We use the wave-
form recorded by P1 as a proxy for the incident-wave ampli-
tude. To quantify PS, we define a pressure surge factor (PSF) as
the ratio of the spectral amplitude of Hn (n =1, 2, 3, 4, 5)
waveform to that of P1. At 35 Hz, we observe no obvious
amplification for H1-H5 (Fig. 4). On the other hand, if the
source frequency is 29 Hz, the recorded wave amplitudes of
H1-HS5 are greatly amplified compared with P1. In addition,
PSF appears to vary within the fracture: H3 has the smallest
PSF, H1 and H2 are intermediate, and H4 and H5 have the
two largest PSFs (25.2 and 19.9, respectively). The drastic
increase of wave amplitude at a certain frequency may imply
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Figure 3. Pressure sensor calibration and benchmark test. AS-1F is the our low-frequency source (22 Hz). (c) Comparison between the calibrated
hydrophone placed in front of the fracture model. AS-1X is placed close H2 and AS-1X waveforms using our low-frequency source (22 Hz).
to H1-H5 inside the fracture. (a) Source and receiver geometry. Here it (d) Comparison between the calibrated P1 and AS-1F waveforms using
shows our sinusoidal low-frequency source. For the broadband test, the air-bubble source. (e) Comparison between the calibrated H2 and AS-1X
sinusoidal low-frequency source is replaced by air bubbles. using the air-bubble source.

(b) Comparison between the calibrated P1 and AS-1F waveforms using
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Figure 4. Waveforms recorded by P1 and H1-H5. The fracture aperture is
0.95 mm, and two source frequencies, 35 and 29 Hz, are used. The left
panels, (a1)—(a5), show the waveforms measured in Volts by H1-H5 and
P1 at 35 Hz. The right panels, (b1)~(b5), show the waveforms recorded by
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H1-H5 and P1 at 29 Hz. The fluid pressure was linearly proportional to
voltage. All waveform amplitudes are calibrated, so their magnitudes can
be compared.
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resonance caused by the Krauklis wave due to the fluid-filled Figure 5. Pressure surge factors (PSFs) at receivers H1-H5 (columns) for six
fracture (Liang et al, 2020). different fracture apertures (rows) as a function of frequency.
We also computed the frequency-domain PSF for the five
receivers, H1-H5, and for six fracture apertures from 12 to
70 Hz. As a result, we have a total of 30 (= 5 x 6) PSF curves
as a function of frequency (Fig. 5). The maximum PSF (25.2)
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occurs at H4 at a fracture aperture of 0.95 mm. The experiment
results clearly verify the claim that the dynamic pressure in a
fluid-filled fracture can be amplified relative to the incident-
wave pressure. There are several salient features in Figure 5.
The frequency of the highest PSF appears to be around
29 Hz for most of the 30 cases. For HI, the frequency location
of the highest PSF peak shifts from 25 to 29 Hz, and the PSF
monotonically increases from 3.3 to 12.0 with a decreasing
aperture from 9.2 to 0.2 mm. Similarly, the highest PSF peak
frequency shifts from 22 to 29 Hz for H5, and PSF increases
from 3.6 to 19.9, as the aperture decreases from 9.5 to 0.95 mm.
Furthermore, as the fracture aperture decreases from 9.2 to
0.95 mm, the PSF of H4 steadily increases from 10 to 25.2
—the highest PSF in all our experiments. Given the limitations
of our experimental conditions, ambient noise might influence
our results. When we turned off the source and measured the
noise, the ambient noise was not able to cause PSF > 2.

Discussion

Our lab observations of transient PS in a fluid-filled fracture
can have a range of implications and applications. First, the
existence of PS needs presence of fluids and fractures. PS is
consistent with the important role of fluid and fractures in
earthquake dynamic triggering, in both extensional (Hill, 2008)
and compressional (Wang et al., 2018) tectonic stress regimes.
Second, PS is a frequency-dependent phenomenon. The fre-
quency-dependent amplification explains why frequency is
more important than the peak ground velocity in triggering
natural earthquakes (Brodsky and Prejean, 2005; Aiken and
Peng, 2014; Pankow and Kilb, 2020) and inducing seismicity
in hydraulic-fracturing settings (Wang et al., 2018). In natural
earthquake triggering, the triggering frequency (<1 Hz) is
much lower than the frequency (~29 Hz) we obtained here.
This discrepancy could be explained by the length scale differ-
ence between the lab fracture and the field fracture. According
to the 2D numerical modeling (Zheng, 2018), for a 8 m long
granite fracture filled with water with a 2 mm fracture aperture,
PS can happen at <0.5 Hz. Tary, van der Baan, and Eaton
(2014) and Tary, van der Baan, Sutherland, and Eaton (2014)
observed discrete resonance frequencies (tens of Hz) in
hydraulic stimulation and monitoring in Canada.

PS also provides a natural mechanism to elevate the fluid-
pore pressure abruptly, as the triggering wave passes by to trig-
ger earthquakes. In the Coulomb failure (Kilb et al., 2000; Hill,
2008), the shear stress, 7, acting on the fault shall be greater
than the resistance force, F = (0, — p) + C, in which y is the
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coefficient of internal friction, ¢, is the normal stress in the
rock, p is the fluid pressure, and C (nonnegative) is the cohe-
sion of materials. Obviously, if p increases, F will decrease, so
the failure criterion, |7| > F, is more likely to be met.

Because the perturbing stress level of the incident wave is
extremely low (several kPa to tens of kPa), previous researchers
thought that the pore pressure must be very close to (more
than 99% of) the lithostatic pressure in locations of dynamic
triggering (Brodsky and Prejean, 2005). This stringent require-
ment may be relaxed, if PS plays a role. For example, taking a
typical incident stress ~0.1 MPa (Hill, 2008), a PSF of 25 can
cause a fluid pressure change of ~2.5 MPa transiently. In real-
ity, we might be able to achieve PSF > 100, if the fracture were
longer and the corresponding amplification frequencies could
be much lower (<0.5 Hz) (Zheng, 2018). Therefore, a subli-
thostatic pore pressure that is not close to the failure stress
can still be amplified to cause the Coulomb failure to trigger
earthquakes by PS. Zoback and Gorelick (2012) argue that
large-scale geologic storage of carbon dioxide can cause earth-
quakes due to pore pressure increase to cause CO, leakage. PS
may exacerbate the situation.

From an observational point of view, precise determination
of the frequencies of the triggering seismic waves coming from
different directions can be used to constrain subsurface the
fracture geometry and fracture hydraulic transmissivity. PS
can also be used to understand how hydrogeological per-
meability changes are associated with seismic waves. PS causes
localized pressure gradient to drive fluid flow that may unclog
the fracture and cause the permeability changes observed both
in laboratory experiments (Elkhoury et al, 2011) and in the
field (Manga et al., 2012).

Although we clearly observe the PS effect in the lab, more
experiments using larger fracture blocks of real rocks or even in
the field are necessary to further explore this phenomenon.
Future studies that use different fracture sizes will help us bet-
ter understand these findings. We observed in many cases
(Fig. 5) that the highest PSF value appears around 29 Hz, even
for different fracture apertures. We used the dispersion
equation (Korneev, 2008) to estimate the resonance frequency.
The resonance frequency of our 0.95 mm aperture model is
~24 Hz, which is not exactly the same as our measured peak
frequency but in a similar order of magnitude. A possible
explanation for this frequency discrepancy could be that in
3D settings the resonance frequency might also be controlled
by the length and width of the fracture, not just the aperture for
this small-size model (Ferrazzini and Aki, 1987; Korneev et al.,
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2014). If the width has a greater influence on the resonance, it
is possible that peak frequency does not change much with
aperture. This hypothesis should be verified by 3D numerical
modeling in the future.

Our experiment results provide important evidence toward
understanding the underlying mechanism in earthquake
dynamic triggering. The transient PS effect can simultaneously
address several robust observational aspects of the remote trig-
gering: low-stress perturbation of the incident seismic waves, the
frequency dependence, and the affinity to fluids. PS may also
play a role in triggering near-field aftershocks in geothermal
and volcanic regions observed notably after the Landers earth-
quake (Hill et al., 1993; Kilb et al., 2000). The observation of PS
may not have solved the puzzle of dynamic earthquake trigger-
ing, but it seems to be an important step toward this goal.

Conclusions

We invented a low-frequency experimental platform that is able
to excite low-frequency sinusoid waves in the frequency range of
~12-70 Hz and directly record fluid pressure in thin fractures
using our newly custom-built transducers (~0.1-600 Hz). We
have demonstrated in the lab that a fluid-filled fracture can
indeed cause localized transient pressure amplification, which
provides a plausible explanation for the dynamic earthquake
triggering by the passage of seismic waves. The maximum
observed PSF is 25.2 using our lab fracture model, and larger
PSF could be obtained for larger fracture sizes. This newly
observed transient PS phenomenon may also open a new
research direction that can potentially present us with new
opportunities to develop novel subsurface sensing techniques
or control the hydraulic-fracturing process in unconventional
and enhanced geothermal energy development.
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