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Key Points:

« The response amplitude of acoustic emissions is proportional to the amplitude of
the stress oscillations

« The response amplitude of acoustic emissions increases with both oscillation pe-
riod and background loading rate

e The Gutenberg-Richter b-value is modulated by stress oscillations
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Abstract

Small transient stress perturbations are prone to trigger (micro)seismicity. In the Earth’s
crust, these stress perturbations can be caused by various sources such as the passage

of seismic waves, forcing by tides, or hydrological seasonal loads. A better understand-
ing of the dynamic of earthquake triggering by stress perturbations is essential in order
to improve our understanding of earthquake physics and our consideration of seismic haz-
ard. Here, we study an experimental sandstone-gouge-filled fault system undergoing com-
bined far field loading and periodic stress perturbations (of variable amplitude and fre-
quency) at crustal pressure conditions. Microseismicity — in the form of acoustic emis-
sions (AE) — strains, and stresses, are continuously recorded in order to study the re-
sponse of microseismicity as a function of loading rate, amplitude and frequency of a pe-
riodic stress perturbation. The observed AE distributions do not follow the predictions
of a Coulomb failure model taking into account both constant loading and oscillation-
induced strain rates. A susceptibility of the system’s AE response to confinement pres-
sure amplitude is estimated, which showcases a linear relation between confinement pres-
sure amplitude and the AE response amplitude, observations which agree with recent
higher frequency experimental results on dynamic triggering. The magnitude-frequency
distribution of AEs is also computed. Oscillations in Gutenberg-Richter b-value are ob-
served on experiment catalogues but are not quantified. Our experiments may help com-
plement our understanding of the influence of low inertia stress phenomena on the dis-
tribution of seismicity, such as observations of dynamic triggering and seismicity mod-
ulation by solid earth tides or seasonal loading.

Plain Language Summary

Stresses exerted on faults are constantly subjected to fluctuations related to the
periodicity of external forces applied to the Earth’s crust, e.g., tidal forces, or seasonal
variations in water loads. These stress variations have been linked to time periods when
earthquakes are more likely to occur in some specific contexts, but the precise mecha-
nisms at play are not fully understood. Experimental work is here conducted to exam-
ine the influence of several key parameters, namely oscillation period and amplitude and
background tectonic velocity, on the occurrence of laboratory-scale microseismicity. Mi-
croseismicity periodicity is proportional to the stress oscillation amplitude, and both short
oscillation period and low tectonic velocity cause microseismicity to correlate less with
the stress oscillations, possibly explaining why short-period tides do not correlate well
with seismicity whereas long-periods seasonal variations in stress have been shown to cor-
relate with seismicity. The ratio between small and large events also appears to corre-
late with the stress oscillation, suggesting that stress oscillations might create conditions
during which large events are more likely to occur.

1 Introduction

Earthquakes originate from the sudden release of elastic stresses on faults. These
stresses are primarily built-up by tectonic processes over long periods of time. However,
transient and oscillatory stress phenomena such as tidal, hydrological or dynamic load-
ing due to seismic wave propagation also contribute to stressing faults. The existence
of these stresses leads to the question of their role on earthquake nucleation and trig-
gering. This question has historically been debated (e.g., Schuster, 1897; Davison, 1938;
Klein, 1976; Heaton, 1982; Hartzell & Heaton, 1989), with a number of studies claim-
ing either the existence or the absence of evidence of seismic periodicities at timescales
corresponding to the invoked phenomena, with statistical limitations due to catalogue
sizes, selection, and biases keeping the question from being settled. Recent rigorous stud-
ies have highlighted the existence of periodic variations in seismicity rates in various tec-
tonic settings, such as annual variations of seismicity in continental collision zones such
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as the Himalayas (Bollinger et al., 2007; Bettinelli et al., 2008; Ader & Avouac, 2013),
in faults located near subduction zones as in Taiwan (Hsu et al., 2021) and Japan (Heki,
2003), in non-deforming intraplate region such as the New-Madrid Seismic Zone (Craig
et al., 2017), and even in the case of deep-focus earthquakes (Zhan & Shearer, 2015). Ob-
servations of tidal variations of seismicity have also been made in shallow thrust faults
(Cochran et al., 2004), as well as in seismicity associated with geothermal (Wang et al.,
2022) and submarine volcanic activity (Tolstoy et al., 2002). Tidal forces have also been
linked to the triggering of tectonic tremors (e.g., Rubinstein et al., 2008; Ide & Tanaka,
2014; Chen et al., 2018) and slow slips (Hawthorne & Rubin, 2010). Moreover, the dy-
namic triggering of earthquakes by transient oscillatory stress changes caused by seis-
mic wave has largely been accepted (e.g., Hill et al., 1993; Anderson et al., 1994; Brod-
sky & van der Elst, 2014).

All these observations are difficult to interpret due to differences between studies,
with significant changes in tectonic contexts, fault geometry, and oscillation frequency
and amplitude. Theoretical and numerical studies have attempted to unify all these ob-
servations, invoking nucleation times relative to the period of the stress oscillations as
one of the factor differentiating a stress controlled regime from a stressing rate controlled
regime (Beeler & Lockner, 2003; Ader & Avouac, 2013; Heimisson & Avouac, 2020; Dublanchet,
2022), or suggesting magnitude-dependent and oscillation-geometry-dependent modu-
lation (Pétrélis et al., 2021). Experimental studies focused on the links between stress
oscillations and seismicity have investigated the increased synchronization of acoustic
emissions temporal distribution with periodic stress oscillations prior to macroscopic fail-
ure (Chanard et al., 2019; Noél, Pimienta, & Violay, 2019) and either the triggering or
the induced clock-advance of stick slips (Lockner & Beeler, 1999; Savage & Marone, 2007,
2008; Chelidze et al., 2010; Bartlow et al., 2012).

To the best of our knowledge, no studies have investigated the influence of stress
oscillation parameters on acoustic emissions distributions in granular shear experiments,
such that observations of seismicity modulation in different natural tectonic contexts lack
experimental references. Furthering our understanding of the role of small periodic stress
changes on earthquake triggering could have implications for earthquake hazard assess-
ment. This has been highlighted by observations of magnitude-frequency distribution
(b-value) variations due to tides (Ide et al., 2016) as well as by observations of gradu-
ally increased correlation of seismicity with tides prior to large megathrust earthquakes,
which could signify that seismic response of faults close to failure grow more suscepti-
ble to stress variations (Tanaka, 2010, 2012). These latter observations have however been
called into question for their statistical significance (Wang & Shearer, 2015) although

experimental works lend credence to the soundness of the theory on which they are based(Chanard

et al., 2019; Noél, Pimienta, & Violay, 2019). These elements act as further motivation
to experimentally investigate the question.

In this study, we perform shearing experiments on a granular fault gouge analogue
at different strain rates, in order to mimic different tectonic loading rates. Confinement
pressure oscillations are applied and acoustic emissions within the gouge are monitored.
The magnitude and phase of these acoustic emissions is then computed and analysed.
We start by presenting our experimental set-up and the range of parameters explored
within our study. We then present experimental results in the form of temporal distri-
bution variations and magnitude properties of acoustic emissions. The modulation of the
temporal distribution of the acoustic emissions is then quantified, and both the influence
of the loading and oscillation parameters, and the variations of magnitude-frequency dis-
tributions with the stress oscillations are discussed. Finally, we consider an upscaled in-
terpretation of our results and address their implications for seismology.
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2 Experimental Setup
2.1 Material and Sample Preparation

Experiments were performed on matching aluminium cylindrical guide blocks 4 cm
in diameter — referred herein as saw-cuts — on the saw-cuts’ planar surfaces oriented
30° from the axial direction (Figure 1a). In order to mimic naturally occurring gouge-
filled faults, we placed 20 grams of gouge — the equivalent of a roughly 5 mm thick layer
— between the saw-cuts, which we enclosed with aluminium tape. The gouge was gen-
erated by crushing pieces of Fontainebleau sandstone — a well-studied sandstone known
for its purity and its homogeneous composition of quartz grains of characteristic size 250
nm (Bourbie & Zinszner, 1985) — down to a fine polydisperse gouge, with the largest
grain size matching the characteristic grain size (Figure 1b). The use of gouge to inves-
tigate microseismicity is not a novel idea The experiment was designed with an artifi-
cial fault with gouge to produce enough AEs for statistical significance of the AEs cat-
alogue analysis, a criterion not met by experiments using bare rocks as fault analogues.
The use of a gouge to investigate microseismicity experimentally is not a novel approach
(e.g., Mair et al., 2007; P. A. Johnson et al., 2013).

Double component strain gauges (FCB-2-11, 120 Q by Tokyo Sokki Kenkyujo Co.,
Ltd, Japan) were glued on each saw-cut to measure strain in both axial and radial di-
rections. The saw-cuts were then inserted into a neoprene jacket. Eight acoustic trans-
ducers, consisting of a piezoelectric (PZT) crystal (PI CERAMIC PI255, 5 mm diam-
eter, 2 mm thickness, 1 MHz central frequency) sensitive to P waves (normal to the sample-
sensor surface) encased within a brass holder, were glued directly onto the upper guide
block surface, in a wide formation depicted in Figure la. More information on the sen-
sors can be found in Brantut et al. (2011). The array was designed such as to have a ho-
mogeneous coverage, with sensors as close as possible to the gouge layer in order to de-
tect the smallest possible acoustic emissions. Finally, to ensure proper sealing from the
pressurized oil present in the confining chamber, a bi-component epoxy resin was applied
on the neoprene jacket around the holes punctured within the jacket for strain-gages and
acoustic transducers inserts.

2.2 Experimental Setup

The sample is inserted into a triaxial apparatus at the Ecole Normale Supérieure
in Paris. One important feature of this experimental system is the presence of an auto-
compensated confinement chamber, i.e., a chamber which counterbalances the confin-
ing pressure exerted on the piston. More details can be found in Schubnel et al. (2005).
The auto-compensation process requires changes in the confining pressure to be grad-
ual, as the pressure change needs a short amount of time to diffuse up to the compen-
sation chamber. The piston displacement is measured with a Linear Variable Differen-
tial Transformer (LVDT) placed atop the piston with a ~ 1um resolution. Piston dis-
placement, applied axial stress (o7), confining pressure (P.), as well as differential stress
(Ao = 01 — P.), radial and axial strains measured by strain gauges are recorded with
a sampling rate of 10 Hz with a digital encoder (HBM MGC Plus). Resolution on ac-
quired stresses is ~ 1073 MPa, on displacement 0.1xm and 10~° on strains.

From these measurements, the shear and normal stress applied on the gouge plane
of the sample can respectively be derived as

T= %Sin(%’) (1)

oN = % (14 cos(20)) + P. (2)
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Figure 1. Sample Setup. (a) Post experiment saw-cuts with gouge cased in aluminium tape
(left) and neoprene jacket with piezoceramic transducers (PZT) used as acoustic sensors (right).
The ellipse indicates the fault location. (b) Cumulative frequency of grain size and volume fre-
quency of grain size in the gouge. A close approximation of the power-law which the bulk of the
distribution obeys is supplied. The characteristic grain size of 250 pm is overwhelmingly present
in terms of volume, yet when considering the total number of grains only represents a small

fraction of all grains.

where Ao is the differential stress, 6 is the angle between the axial direction and
the gouge plane (here § = 30°) and P, is the confining pressure. The friction coefficient
u can thereafter be determined as,

N:E (3)

where 7 and oy are the shear and normal stresses applied to the gouge layer. A
change in the friction coefficient after a step in velocity, as displayed in Figure 2c depends
on the a — b parameter of the rate and state friction law:

1(0,V) = 1o + aln <¥) +b1n<‘gf) (@)

where during a velocity change from V, to V', u, the friction coefficient, is a func-
tion of its reference value u, measured at V,, the relative velocity increase, a state vari-
able 6 and the macroscopic critical slip distance D, over which the friction coefficient
reaches its new steady-state value. The fact that here a — b > 0 (2b) is important, as
it demonstrates that the system is frictionally stable and ensures the absence of macro-
scopic stick-slip events (Marone, 1998). The absence of stick-slips reduces the cluster-
ing of the acoustic emissions catalogue into simple foreshock — mainshock — aftershock
series, while allowing the presence of many smaller events, which lead to larger catalogues
more suitable for statistical analysis. Finally, the fact that a—b and D, remain approx-
imately constant throughout the test demonstrates that the system preserves its most
important mechanical properties during the experiment. Whilst the gouge itself also un-
dergoes strain, quantifying it precisely is not possible within our experiment. The gouge
is therefore assumed to not undergo major changes in thickness after an initial compaction
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regime visible in the first steps of our experiment (Figure 2a), both the friction coeffi-

cient and the acoustic emission rate reaching a plateau.
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Figure 2. Control experiment mechanical parameters. (a) Friction coefficient and acoustic
emission rate over a sliding window of 5*107° m of slip during the experiment. The last step
is twice shorter than in following experiments. (b) Rate and state a — b and D, parameters as
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parameter a-b corresponds to the non-transient change of friction coefficient at a velocity change.

D, is the macroscopic length of the friction coefficient transient state at a velocity change.

Throughout the experiments, the piston and aluminium saw-cuts undergo elastic
shortening. Thus, the measure given by the LVDT as the piston descends does not cor-
respond to the actual slip occurring on the gouge plane. Slip J is determined by correct-

ing for the elastic contributions of both the machine and the saw-cuts as:

5= (LVDT—kF— %L

where LV DT is the raw measure of displacement measured on the top of the pis-
ton by the LVDT, k (m/N) is the machine compliance, F' is the applied load (equal to

al

) cos 6

F = Aonr?, with r the sample radius), L and E,; the aluminium sample length and

Young’s modulus respectively and finally 6 the angle between the axial direction and the

gouge plane.

2.3 Experimental Procedure

Once sealed inside the confinement chamber, the confining pressure exerted on the
sample is raised to 90 MPa for several hours in order for the gouge to compact. During

(5)
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Table 1. Experimental velocity steps details for all oscillation experiments.

Step Order V,* (nm/s) V (am/s) tstep (himin)  d, b (mm)

1 1.0 1.2+0.1 00:20 1.5
2 0.2 0.32£0.05 00:30 0.5
3 0.04 0.069+0.004 02:10 0.5
4 0.008 0.0144-0.0003 22:10 1.0
) 0.04 0.0744-0.003 02:10 0.5
6 0.2 0.37£0.03 00:30 0.5
7 1.0 1.9£0.1 00:12 1.0

@ The difference in average slip velocity V for steps of identical injection rates are due
to the elastic response of the saw-cuts and apparatus, which accommodates much of the
displacement within the first steps. ® The displacements d, correspond to the LVDT
measurements without correcting for the elastic deformation of the apparatus.

this stage, several thousands of acoustic emissions are detected, showcasing the effective
compaction of the gouge via grain crushing and grain contact rearrangement. The con-
fining pressure is then lowered to 50 MPa — corresponding to depths of approximately

2 km under typical lithostatic pressure conditions — for the rest of the duration of the
experiment. The sample is then loaded uni-axially, the piston displacement being hy-
draulically servo-controlled via a high-pressure syringe pump. Displacement rate is con-
trolled as a proxy by oil injection rate into the piston upper pressure chamber. A high
injection rate step of 50 cc/h (i.e. corresponding to a piston velocity V of 1 um/s) is first
applied for 1.5 mm displacement, in order to elastically load the system, compact the
gouge further and reach a frictional steady-state. The piston velocity is then lowered sev-
eral times, by a factor of 5, to reach a minimum of approximately 10 nm/s. A displace-
ment of 0.5 mm is allowed at each velocity step and the step duration ¢, is therefore
increased by a factor of 5 at each step (see Table 1). At each step, the slip velocity V

is also computed. The piston displacement rate is then brought back up to its highest
value by inverting velocity steps.

The slowest step, which lasts approxiimately a full day, is not repeated twice but
is lengthened to insure the measured displacement during the step is twice that of faster
steps.

In addition to a control experiment in which no oscillations are introduced, five ex-
periments with different oscillation periods and amplitudes are conducted, as detailed
in Tables 1 and 2. The investigated amplitudes correspond to 5%, 1% and 0.2% of the
imposed confining pressure.

Stress modulations are performed by oscillating the confining pressure via a sec-
ond servo-controlled hydraulic syringe pump. The oscillations are quasi-sinusoidal (by
setting separately the amplitude, rate, acceleration and period of the pressure oscilla-
tion). Three important experimental limitations need to be pointed out here: 1) The con-
fining pressure oscillations generate shear stress oscillations, albeit smaller, due to elas-
tic couplings and to the geometry of the experimental setup; 2) Unfortunately, it is im-
possible with our system to perform confining pressure oscillations, while also maintain-
ing it constant. In consequence, the experiments with oscillations were performed un-
der ”constant pressurized volume” conditions, which lead, because of oil leakage, to a
slow linear confining pressure drop of ~ 1.5MPa over the course of the experiments; 3)

the period of oscillation is limited as a lower bound by the presence of an auto-compensation

chamber, which precludes the investigation of very short periods. On the other hand,
there exists an upper bound to the oscillation periods we could impose given our exper-
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Table 2. Imposed oscillation parameters and acoustic emission statistics.

Exp# AP. (MPa) T (s) Acoustic Emissions

1 0.5 100 18152
2 0.1 100 15503
3 2.5 100 6358
4 0.5 20 19821
) 0.5 500 8742

imental procedure in order to allow multiple oscillation periods at the shorter experimen-
tal time steps.

Finally, the apparatus used to impose the stress oscillations does not produce os-
cillations of exactly the specified period. To improve the determination of the oscilla-
tion period, a Fourier Transform is applied to the confining pressure measurements. A
Gaussian fit is then applied to the power spectrum in a frequency range surrounding the
imposed period to determine the true oscillation period with improved precision (Gasior
& Gonzalez, 2004). When the confining pressure measurements displays discontinuities
due to erroneous values that require removing or to software restarts, the overall period
is determined by taking an average of the thus derived periods weighed by the length
of each segment. Calculations of the period over these segments give period estimate that
are in good agreement with one another.

2.4 Acoustic Emissions Detection and Treatment

Acoustic emissions (AEs) are detected in triggering mode, i.e., by applying a voltage-
threshold trigger logic, requiring at least 3 of the 8 acoustic sensors to reach a specified
voltage (typically 100 mV, once amplified at 45dB - x150) within a given time window
(typically 50 us for waveforms to be recorded) . Waveforms of 8192 data points are recorded
at 14bit, with a 10MHz sampling rate using an 8 channel digital oscilloscope. Record-
ing, storage, management and basic data processing are performed using a licensed soft-
ware (Insite, Applied Seismology Consulting Ltd.). The threshold trigger criteria were
set so that the AE productivity rate remained below the maximum triggering rate ca-
pability (~ 50 AE/s) of the hardware throughout the experiment at least after the first
velocity step.

Waveforms are first filtered with a two-pass low-pass filter of cut-off frequency 2
MHz in order to remove noise and better detect AEs. An STA/LTA auto-picking pro-
cedure is manually tuned to each sensor in each experiment after suppressing low signal-
to-noise records to precisely determine the arrival time of the P-waves resulting from the
AEs. In our catalogues, timing of AEs correspond to the P-picks arrival times as the travel
times within the sample (less than 10 ps) are negligible compared to the imposed stress
oscillations periods. Using the average Root Mean Square (RMS) of the AE waveforms,
relative magnitudes M, following Riviere et al. (2018):

MT = lOglo (w) (6)
n
with n the number of working AE sensors. Absolute magnitudes can also be de-
termined by fitting, after careful sensor calibration (Marty, 2020), the average displace-
ment spectrums for each AE using the Q=2 law (Madariaga, 1976). Absolute magnitudes
range roughly between -9 and -7 (Figure 3) and do not vary significantly in distribution
across experiments. Comparing both magnitude estimates for each AE shows a good agree-
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ment between magnitudes sets, both scaling linearly at the first order (Figure 3), thus
verifying the validity and reliability of the absolute magnitudes. This is important as ab-
solute magnitude could not be computed for all acoustic emissions due to numerical dif-
ficulties when fitting the Q=2 law in a reliable manner on waveforms with poor signal

to noise ratio. In the following, magnitude statistics are therefore computed using the
RMS method, and assigning to relative magnitudes the corresponding absolute magni-
tude obtained by calibration and the Q72 law fitting.
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Figure 3. Magnitude distributions in experiment n°l. a) Absolute moment magnitudes
against Root Mean Square (RMS) relative magnitudes. A line of slope 1 is provided for guidance
to show that both magnitudes evaluation are in agreement and are linearly bound. b) Cumula-
tive Frequency-Magnitude Distribution (FMD) of the RMS relative magnitudes (expressed as
absolute moment magnitudes considering the relation derived in figure 3.a), for acoustic emis-
sions for which the absolute magnitude was also calculated (closed black circles, N=17832 AEs),
and for acoustic emissions for which it was not possible to determine the absolute magnitude
(open grey circles, N=320 AEs). For other experiments, the amount of emissions for which the
absolute magnitude could not be calculated can reach represent a significant portion of the AEs.
The non-cumulative Magnitude Distribution of all events is also presented to illustrate the con-
servativeness of the completness magnitude estimate of -7.8. GR law fits obtained through the
least-square method (red) and maximum likelihood estimations (blue) and using the events for
which the absolute magnitude was calculated are also displayed. These are representative of all

experiments.

3 Experimental Results
3.1 Acoustic Emission Rate and Mechanical properties

All stress modulation experiments demonstrate the same evolution in acoustic emis-
sion rate and friction as the control experiment (Figure 2). An initial compaction regime
characterized by high AE rates and low friction coefficients progressively transitions into
a stable regime with consistently low emission rates and high friction coefficients in the
later steps.

The imposed stress oscillations induce fluctuations in the AE-rate (see subsection
3.2), slip velocity (Figure SI), friction coefficient, and shear and normal stress on the fault
plane (Figures 2 and 4). The amplitude of the friction coefficient oscillations remain ap-
proximately constant throughout all velocity steps within an experiment. The amplitude

Magnitude Distribution
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of the shear stress and normal stress oscillations however are highly dependent on the
slip velocity and on the imposed stress oscillation parameters. Most notably, the shear
stress oscillations are of the highest amplitude for the highest average slip velocities.

3.2 Acoustic Emission Temporal Distribution Relative to the Stress Os-
cillation

In order to determine whether discrete AEs are correlated with the applied stress
oscillations over the many periods present in each velocity step, a coherent mean distri-
bution of acoustic emissions is calculated by considering where each AE lies relative to
the phase of the stress oscillation :

= <2ﬂ't_Tto> mod 27 (7)

where ¢ is the phase at which the AE occurs within the oscillation, ¢ is the time
at which the acoustic emission occurs, tq is the reference time of the oscillations defined
as the time of a stress oscillation maximum, and 7T is the stress oscillation period.

As illustrated in Figure 4, AEs are not distributed uniformly over the stress oscil-
lation but occur preferentially around specific phases, save for the lowest stress oscilla-
tion amplitude. This non-uniformity of the AE distributions is herein referred to as the
modulation of the AE distribution. The influence of the oscillation amplitude on the dis-
tribution is greatly noted, the influence of the average slip velocity is also apparent. The
higher the stress oscillation amplitude and the higher the average slip velocity, the more
AEs are modulated. The influence of the period seems less significant.

3.3 Acoustic Emission Magnitudes

The magnitude distribution of AEs in laboratory experiments has repeatedly (e.g.,
Kiyoo, 1962; C. Scholz, 1968; Marty, 2020) been shown to follow the same distribution
as earthquakes, i.e., the Gutenberg-Richter (GR) law:

N(M) = 10"M (8)

where N is the number of events of magnitude greater than M that occur, a and
b being constants. The b-value of the GR-law describes the ratio of occurrence of large
to small magnitude emissions and corresponds to the slope of the magnitude distribu-
tion above a certain cut-off magnitude M, under which catalogues are deemed incom-
plete. The b-value is calculated using both a least-squares method and a maximum like-
lihood estimate (Aki, 1965), the latter being considered more accurate when estimating
the b-value. Indeed, larger magnitude ranges are given less weight, thus accounting in
some measure for the uncertainty linked to the small sample size of larger magnitude emis-
sions. The b-values calculated in our experiments are relatively high, with little varia-
tion being noted from one experiment to the other.

The maximum likelihood estimations consistently yield smaller values between 2.8
and 3.3 whilst the least-square fits range between 3 and 4.5. This larger spread of b-values
produced by the least-square method is expected due to its reliance on large emissions,
of which the amount is highly variable due to the stochastic nature of AEs. Though rarely
found associated with natural background seismicity of which b-values typically fall around
1, high b-values have been observed in seismic swarms (Adhikari et al., 2021) as well as
in the presence of fluids (Murru et al., 1999; Bachmann et al., 2012). Such high b-values
estimates could also in part be due to the relatively small dynamic range between the
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Figure 4. Acoustic emission phase distribution (¢ = 0 corresponds to the phase of maximum

confining pressure), and detrended confining stress and Coulomb Failure stress perturbations at
corresponding phases averaged over the velocity step. The velocity steps presented herein corre-
spond to the the fused catalogues of AEs of steps of similar velocities, except for the 1um/s step
for which only the second step is presented as the first step corresponds to a transient state of
the system wherein the gouge is not yet fully compacted. The graphs are disposed to illustrate

the influence of oscillation amplitude, and the influence of the oscillation period.
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completeness magnitude and the maximum magnitude which can cause overestimation
of b-values as discussed in Marzocchi et al. (2020) and Geffers et al. (2022).

4 Discussion
4.1 Theoretical Coulomb Failure Model Framework

When considering the effect of periodic stress on seismicity modulation and trig-
gering, Coulomb Failure stress is often times invoked (e.g. , C. W. Johnson et al., 2017;
C. H. Scholz et al., 2019). Assuming a stable mechanical regime and according to (Knopoff,
1964) and (Beeler & Lockner, 2003), at oscillation periods larger than the nucleation time
of microseismicty, Mohr-Coulomb theory should explain the distribution of the nucle-
ation of microseismicity which should occur when specific stress thresholds are reached,
whereas at oscillation periods smaller than the nucleation time, microseismicity should
show reduced correlation with the oscillations. Within the context of the Coulomb Fail-
ure Model, assuming that these stress thresholds are on average uniformly spread out,
the situation is equivalent to that of randomly spread out starting Coulomb stresses which
lead to AEs when reaching a constant stress threshold. The constant background load-
ing rate imposed on our sample induces a constant uniform stressing rate (Figure 5). Har-
monic stress oscillations in turn induce harmonic oscillations in the stressing rate. In this
theoretical framework, the phase distribution of events is controlled by a single param-
eter c:

AS
X n (9)

where AS is the Coulomb stress oscillation amplitude, V' the loading rate and T
the oscillation period. The parameter c is hereafter called the Coulomb stiffness because
of its unit in MPa/m. If stress reversal, i.e., negative stress rate, occurs during the stress
oscillation, the phases during which it occurs will exhibit quiescence, i.e., an absence of
acoustic emissions, as the stress threshold will never be reached, thus preventing any nu-
cleation from occurring. If the stress rate remains positive, however, the average theo-
retical distribution of AEs is sinusoidal. An important assumption made here is that the
shear and normal stresses at a macroscopic scale apply at a microscopic scale.

Due to the complex geometry of our experimental system and to the oscillations
of both normal and shear stresses on the fault, the notion of stress reversal relates to os-
cillations of the Coulomb failure stress defined as :

S=1—ploy (10)

where 1/ is the static friction coefficient . Assuming p/ = 0.4, a value close to that at which
the effective friction coefficient arrives by the end of each of our experiments and com-
parable to that reported by the literature, the Coulomb stress oscillates and displays stress
reversal at almost every velocity step, which is inline within the stress oscillation at short
periods such as at tidal periods. The amplitude of the Coulomb stress oscillations is pro-
portional to the amplitude of the imposed confining pressure such that AS = 0.4AP,.
Therefore, the Coulomb control stiffness can be expressed as:

AP,
VT (11)

Cc X

This change allows the comparison with other experiments for which the Coulomb
stress oscillation amplitudes is not known by using the imposed stress oscillation ampli-
tudes. Some experiments also use imposed pore fluid pressure ps oscillations. Consid-
ering constant values of shear and normal stress the resulting Coulomb stress oscillations
are derived (Beeler et al., 2000), such that :
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Figure 5. Coulomb Failure Model representation for acoustic emission triggering and asso-
ciated modulation of acoustic emission distribution (modified from Beeler and Lockner (2003)).
Coulomb stress is distributed randomly in the medium. A positive stress rate corresponding to
a loading velocity V causes the Coulomb stress to increase throughout the medium. Once the
Coulomb stress reaches a stress threshold the stress is released through an AE . Left : A con-
stant loading rate results in a homogeneous distribution of events. Right : A modulation in the

Coulomb stress (or stress rate) results in a modulation of the distribution of AEs.

372 AS = ,u’Apf (12)
373 Thus, considering a static friction coefficient of 0.4, the Coulomb stiffness can be
374 generalized as:
A&
375 Cc X W (13)
376 with Aé the imposed stress oscillation amplitude.
a7 The theoretical response amplitude directly correlates with the Coulomb stiffness,
378 such that first order theoretical predictions can be derived :
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1. For a given value of the Coulomb stiffness, regardless of stress reversal, the response
amplitude should be constant;
2. The response amplitude increases with the Coulomb stiffness, regardless of stress

reversal;

3. Quiescence should be observed whenever stress reversal is present.

0.25
@ AP_=05MPa,T=100s
. APC=0.1 MPa, T=100s .
® AP =25MPa,T=100s v, =1pmis
@ AP =05MPa,T=20s
02l| ® AP =05MPaT=5005
: @ Unfused steps
) °
°
[] V_=0.2um/s
Soas} P
=
°a
£
<
[
(7]
c
[*]
Q.
8 01
[v4 Vp =0.04 ym/s
°
®
e e ° 8
0.05 | - . O
: RO
-~1l__ & -0\ V_ =0.008 um/s
~ '/ o N o . P
L] O
S SN -
0 1 1 1 1 1 ° 1 1 1
10% 104 10° 108
AP_/VT (MPa/m)
Figure 6. Response amplitude of the AE distribution at each velocity step as a function of

the Coulomb stiffness. Small symbols correspond to the response amplitude of AE catalogues at
each velocity step. Larger symbols linked by dashed lines correspond to the response amplitude
of AE catalogues for which ascending and descending velocity steps were merged. Due to its
transient nature, the very first step of each experiment is always excluded, thus the 1pm/s data
points corresponds to the the final experimental step only. Error bars correspond to the standard
deviation of the response amplitudes when calculated for AE catalogues divided into equal thirds,

representative of each velocity.

Interestingly, our experimental results (Figure 6) do not match these predictions.
The response amplitude is not directly correlated to the Coulomb stiffness, the influence
of the stress oscillation amplitude being much greater than the influence of the oscilla-
tion period for instance, with increases in oscillation amplitude resulting in very large
increases in response amplitude. Moreover, the influence of velocity is the opposite of
the model prediction, as increasing velocity leads to increases in response amplitude. Fi-
nally, no consistent period of quiescence was observed in our AE distribution catalogues
despite most of our experimental steps occurring under conditions of stress reversal. More-
over, the velocity steps where stress reversal occurs the most correspond to the lowest
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velocity steps which also happen to be the steps where the response amplitude is at its
lowest within each experiment. This implies that at lower velocities, the AE rate becomes
oscillation-independent. This could be due to the complex geometry of the stress field
within the gouge, stress oscillations may induce local stress heterogeneities which may
promote nucleation during macroscopic stress reversals. At larger periods and slower ve-
locities, greater visco-elastic relaxation of stress through creep may also take place. Such
creep could in turn lead to increased background AE-rates that would also work against
any shear stress build-up. This could also be due to the lower phase clustering of AEs

at low velocities, which could allow less shear stress build-up throughout the oscillation
(Figure 7). These observations could also signify that our experiments were mostly con-
ducted in the high frequency regime described earlier.

® AP_=05MPa, T=100s
® AP_=0.1MPa, T=100s
- - °
10°H @ AP_=25MPa, T=100s Vp=1“m/s
[| ® AP =05MPa,T=20s
® AP_=05MPa, T=5005s
e ()
0.5 MPa
® P V, =02 pmis
_ ) ///./ e
© S -
o - -
g . -
10 - _-
4 500 s o .
e .7 0.1 MPa
s
- e - s - Vp =0.04 pm/s
7 _ -
7 // )
P _
100 s o - -®
-7
-7 /
- /
— - /
o / V,, = 0.008 pmis
2L /
107 /
20s /
N d P 1 N N P 1 L
1078 107 10°®
V (ms™)

Figure 7. Evolution of the shear stress oscillation amplitude with slip velocity. Shear stress
oscillation amplitude is derived by fitting the mean shear stress over one oscillation by a sinusoid
of fixed period. The shear stress oscillation amplitude increases with velocity, and with both
pressure oscillation amplitude and period, indicating that the imposed stress oscillations do not

overall translate to equivalent shear stress oscillations on the fault plane.

This hypothesis is also supported by the phase of AEs. In most experimental steps,
the preferential occurrence phase of AE correlates positively with the phase of greatest
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Coulomb stress. This is in not in line with the Mohr-Coulomb failure mode which pre-
dicts that AEs should nucleate preferentially at phases of greatest stressing rate. The
only steps for which such a correlation occurs are the highest velocity steps in the ex-
periments with either the largest oscillation amplitude or the largest oscillation period.
These results are in line with the theory of two nucleation-time-dependent regimes as
initially described by Dieterich (1987). Both experimental (Beeler & Lockner, 2003) and
numerical (Dublanchet, 2022) observations reproduce these behaviours. Likewise, our
experiments straddle the line between the two nucleation regimes.

4.2 Susceptibility to Stress Oscillation Amplitude

Sinusoidal least-square fits of fixed periods of the AE phase histograms are calcu-
lated, the amplitudes of which are used as proxies for the response amplitude. For mod-
erate stress oscillation amplitudes, numerical simulations (Pétrélis et al., 2021) observe
a linear relation between the response amplitude and the oscillation amplitude such that:

s x Ao (14)

Calculating the susceptibility of the response amplitude to the confining pressure
amplitude, i.e., the response amplitude divided by the stress oscillation amplitude,

Susceptibility to AP, = (15)

AP,

a collapse of our experimental data onto a single curve is observed when plotted
against the Coulomb stiffness (Figure 8), confirming as a first-order approximation the
linear scaling of the response amplitude with the oscillation amplitude.

Furthermore, data from studies involving competition between fluid-induced pore
pressure oscillations and axial loading with different experimental conditions and setups
to this study’s (Chanard et al., 2019; Noél, Passelegue, et al., 2019; Noél, Pimienta, &
Violay, 2019) follow the same trend when the susceptibility of their response amplitudes
to the pore pressure oscillation amplitude is plotted against Coulomb stiffness. The re-
sponse amplitude for these experiments was derived following the same procedure as for
this study’s experiments.

4.3 b-value modulation

The magnitude distribution of natural seismicity having been observed to be im-
pacted by stress oscillations (Ide et al., 2016), an analysis of the maximum likelihood b-
value variations was undertaken. In order to have large enough catalogues for b-value
estimates to be statistically relevant, all acoustic emissions except those contained in the
first 1mm of displacement of each experiment were here considered. AE sub-catalogues
were divided for each experiment by selecting events that fell in a specified phase win-
dow, the width of which was either set to 7 or 7/2 (Figure 9). This procedure was repli-
cated by moving the phase window across the phase space.

Oscillations in b-value are observable regardless of the imposed phase window width
for most experiments save for the lowest stress oscillation amplitude experiment (see SI).
The amplitude of oscillation of the b-value increases with the stress oscillation amplitude,
as observed in natural settings (e.g., C. H. Scholz, 2015; Tan et al., 2019). The effect of
oscillation period on the b-value modulation, though a phase shifts between the differ-
ent observed b-value oscillations could indicate a role of the oscillation period in the b-
value oscillations.
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Figure 8. Susceptibility of the response amplitude of the AE distribution to the imposed
stress oscillations amplitude (either pore pressure or confining pressure amplitude), as a func-
tion of the Coulomb Stiffness. Experimental results using data from Chanard et al. (2019), Noél,
Passelégue, et al. (2019), and Noél, Pimienta, and Violay (2019), are also presented.

The width of this window has an influence on the observed oscillation b-value and
on the uncertainties associated to them. Larger phase windows reduce uncertainty linked
to the b-value estimation due to the increased number of AEs considered when comput-
ing them, thus also reducing the uncertainty linked to the oscillation of the b-value.

4.4 Relevance to natural oscillatory stress phenomena

Our experimental observations show an increase of microseismicity modulation pri-
marily with increased stress oscillation amplitude as well as with both oscillation period
and background loading rate. The increase of modulation with stressing amplitude is in
line with the natural case, where seismicity has robustly been shown to be triggered by
large stress variations caused by seismic wave propagation (Brodsky & van der Elst, 2014),
and more modestly modulated at longer periods by smaller amplitude of stress varia-
tions (e.g., Bollinger et al., 2007; Métivier et al., 2009). Moreover, the increase of mod-
ulation with loading period could explain why despite tidal and seasonal or multi-annual
stressing being of comparable amplitudes, tidal modulation is less commonly observed
than seasonal and multi-annual modulation. Interestingly, our experimental results also
show the role of background loading rates in modulating seismicity which seems consis-
tent with larger scale observations. Indeed, natural faults appear to express different lev-
els of sensitivity to oscillating stresses, for example at seasonal periods with the best con-
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strained modulations being witnessed in tectonic contexts with large strain rates such
as the Himalayas (Bollinger et al., 2007) or Alaska (C. W. Johnson et al., 2020). In fact,
similarly to experimental results, natural observations of triggered or modulated seis-
micity by various transient and oscillatory phenomena can be represented by the Coulomb
stiffness as a function of the oscillation period, covering more than 10 orders of magni-
tudes (Figure 10). Within this framework, natural observations and experimental results
of this study roughly fall in a range of constant Ao /V, whereas previous experiments
performed under creep conditions explored higher Ao /V ratios with little resemblance
to natural phenomena. However, the scaling of these observations is to be considered with
caution. Indeed, the largest tectonic loading rates correspond to highly seismogenic zones
(Ide, 2013) which deliver larger seismic catalogues and thereby make them more stud-
ied. Additionally, the seasonal modulation of seismicity in the New Madrid Seismic Zone
(Craig et al., 2017) remains a troubling observation, as regional Global Navigatio Satel-
lite System (GNSS) observations do not indicate any large scale deformation (Craig &
Calais, 2014), although the seismicity could be explained by the presence of localised stress
on and around specific faults not captured by the sparse GNSS network.

Experiments also show that an increase in the GR b-value increase is correlated
with an increase in stress oscillation amplitude, but experimental limitations preclude
the quantification of a phase link between stress and b-value. Yet, this link is coherent
with the few natural observations of b-value modulation by stress oscillations (C. H. Scholz,
2015; Tan et al., 2019). Given that larger magnitude events have larger nucleation times
(Ohnaka, 2000), it would be expected that the response regime of earthquakes to stress
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oscillations would be magnitude dependent. This is could explain the b-value variations
with stress oscillations and is inline with observations in the natural case where differ-
ential stress variations are linked to the b-value.

Some limitations of our experiments include assuming a fault geometry which is
akin to that of thrust faults, these being the faults on which the modulation of earth-
quakes by periodic loading seems to be the most readily observed (Cochran et al., 2004;
Ide et al., 2016; C. W. Johnson et al., 2017). It would be of interest to also consider the
case of strike-slip geometries in the laboratory with an appropriated experimental de-
vice, to explore their response to different stressing conditions. Another experimental
limitation of this work is the use of oscillation periods corresponding to the range be-
tween dynamic triggering and tidal characteristic Coulomb stiffness. The large oscilla-
tion periods of most natural oscillatory stress phenomena make experimental work with
those periods difficult.

Table 3. Considered range of parameters for oscillatory natural phenomena.

El Nino Loading Seasonal Loading Tidal Loading® Seismic Wave Loading

T 2 - 10 years 1 year 6 hours - 1 year 1 - 10 seconds
maz(Ac)® 5 kPa 5 kPa 25 kPa 100 kPa

@ Including both Solid-Earth tides and water-loading due to ocean tides. ® Orders of
magnitude of the stress oscillation amplitudes upper bounds from C. W. Johnson et al.
(2020), Anderson et al. (1994), Cochran et al. (2004).

5 Conclusions

Experiments were conducted to determine the modulation of microseismicity by
stress oscillations in tectonic contexts. The resulting response amplitude of the micro-
seismicity distribution is linearly susceptible to oscillation amplitude and increases with
velocity. Our results mostly do not conform to the low frequency Coulomb-failure regime,
indicating that the considered oscillation periods are smaller than the nucleation times
of microseismicity (here recorded in the form of acoustic emissions). The susceptibility
to stress amplitude does however scale with the Coulomb stiffness. Moreover, we show
that experimental results tend to follow the same Coulomb stiffness - Period scaling law
as natural seismicity linked to oscillatory phenomena. We experimentally confirm the
absence of quiescence during stress reversal, probably linked to complex stress hetere-
ogeneities and visco-elastic relaxations taking place in our granular fault gouge medium.
We also confirm the possibility of small oscillatory perturbations modulating the b-value,
which is relevant to observations of tide-based modulation of seismicity b-value (Ide et
al., 2016). Further investigation of the influence of stress oscillations on b-value could
be useful for earthquake hazard assessment, as well as more experimental work to as-
sess the response of acoustic emissions in both the high-frequency nucleation-driven regime
and low-frequency threshold driven regime. Finally, one important perspective of this
work is to address the specific case of the response and susceptibility of a system under-
going stick-slip motion, for which the microseismicity might be clustered into foreshock-
mainshock-aftershock sequences, in order to investigate further how the susceptibility
evolves during the seismic cycle at the laboratory scale.
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Figure 10. Coulomb stiffness as a function of oscillation period for experimental data and se-
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the figure. Periods and stress variations are given in Table 3.
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