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Abstract

Pore fluid pressure generated by dehydration of hydrous minerals can trigger deep and intermediate-depth earthquakes. To
investigate its effect on frictional behaviors, we conducted friction experiments on simulated bassanite gouges and observed
the stress drops and recurrence intervals of stick-slip events decreased over time under 200 MPa and 110 °C. Microstructural
observations indicates that gouges deformed under room temperature shows the development of numerous shear bands including
Riedel shears. On the other hand, a sample deformed under 200 MPa and 110 °C had few Riedel shear planes, indicative of
the elevated pore fluid pressure suppressing the development of shear planes. We derived time function of dehydration-driven
pore fluid pressure evolution using Avrami kinetics. Because of the mathematical similarity of Avrami equation and the fractal
geometry, our result shows that the kinetics-driven pore fluid pressure evolution controlled the stick-slip behaviors of the basanite

gouges under dehydration.
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Key Points:

e During friction experiments on simulated bassanite gouges, pore pressure occurred due to
the dehydration of bassanite.

e The Avrami kinetics of dehydration bassanite represented the information on pore
structures.

e The amount of slip of deformation was controlled by dehydration kinetics of hydrous
minerals.
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Abstract

Pore fluid pressure generated by dehydration of hydrous minerals can trigger deep and
intermediate-depth earthquakes. To investigate its effect on frictional behaviors, we conducted
friction experiments on simulated bassanite gouges and observed the stress drops and recurrence
intervals of stick-slip events decreased over time under 200 MPa and 110 °C. Microstructural
observations indicates that gouges deformed under room temperature shows the development of
numerous shear bands including Riedel shears. On the other hand, a sample deformed under 200
MPa and 110 °C had few Riedel shear planes, indicative of the elevated pore fluid pressure
suppressing the development of shear planes. We derived time function of dehydration-driven
pore fluid pressure evolution using Avrami Kinetics. Because of the mathematical similarity of
Avrami equation and the fractal geometry, our result shows that the kinetics-driven pore fluid
pressure evolution controlled the stick-slip behaviors of the basanite gouges under dehydration.

Plain Language Summary

The dehydration of hydrous minerals is one of the mechanisms of deep and intermediate-depth
earthquakes in the subduction zone. We conducted friction experiments on simulated calcium
sulfate hemihydrate gouges. Pore fluid pressure was observed as a result of dehydration of
hydrous minerals. We showed that the dehydration kinetics of hydrous minerals controlled the
stick-slip behavior. We expect to estimate the seismogenesis of deep and intermediate-depth
earthquakes in the subduction zone based on dehydration kinetics.

1 Introduction

Reducing effective pressure, and resulting in dehydration embrittlement has been
proposed as one of the mechanisms of deep and intermediate-depth earthquakes in the
subduction zone (e.g., Raleigh & Paterson, 1965; Kirby, 1995; Brantut et al., 2012; Shiraishi et
al., 2022). This mechanism indicates that subducting hydrous minerals dehydrated at elevated
temperature and pressure generate pore fluid pressure, and reduce failure strengths (e.g., Raleigh
& Paterson, 1965; Yamasaki & Seno, 2003). However, whether dehydration of hydrous minerals
causes earthquakes is still under debate (Chernak & Hirth, 2011; Procter & Hirth, 2015).

Many deformation experiments for gypsum (CaSO,4 2H,0) have been conducted,
because it can dehydrate under relatively low temperature and low pressure and can easily
reproduce the dehydration process of hydrous minerals in the laboratory (e.g., Milsch & Scholz,
2005; Olgaard & Wong, 1995). Leclére et al. (2016) performed triaxial deformation experiments
using gypsum, and directly measured the variation of pore fluid pressure, which demonstrated
the decrease in strength due to dehydration-derived pore fluid pressure.

To study the dehydration kinetics of hydrous minerals, Perrillat et al. (2005) conducted
in-situ heating experiments using antigorite, a major mineral within subduction zones. The in-
situ analysis suggested that dehydration of antigorite obey the kinetic equation, Avrami theory.
Additionally, Chollet et al. (2009) also studied the dehydration kinetics of talc using dehydration
experiments conducted under high pressure and high temperature and showed that estimated
dehydration rate based on the kinetics data was greater than viscous relaxation rate of
surrounding materials. Since dehydration of hydrous minerals proceeds at a rate greater than the
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viscous relaxation rate, the released water generates pore fluid pressure, which can reduce
mechanical strength and trigger intraplate earthquakes.

By combining two important elements, pore fluid pressure and dehydration kinetics, that
have been studied based on dehydration reactions of hydrous minerals, it is expected that time
variation of dehydration-derived pore fluid pressure can be quantitatively described. In this study,
we represent time evolution of pore fluid pressure, based on shear deformation experiments of
simulated bassanite (dehydrated gypsum, CaSO4- 0.5H,0) gouges associated with dehydration
instability. Under the assumption that pore fluid pressure was linearly proportional to
dehydration ratio, the behavior of pore fluid pressure calculated from the experimental results fits
well with Avrami kinetics.

2 Materials and Methods

We conducted triaxial shear deformation experiments using the high pressure gas
confining apparatus (PRETECH Co., LTD., Japan) installed at Tohoku University (Onuma et al.,
2011; Hirata et al., 2014; Jayawickrama et al., 2021). Bassanite (CaSO,-0.5H,0) powders were
used as the starting materials. To begin with, we dried gypsum(CaS0O,) under 60 °C for more
than a month in order to eliminate humidity. X-ray diffraction (XRD) revealed that the sample
after drying turned into bassanite. As gypsum is no longer stable over 40 °C in the atmosphere,
the phase transition from gypsum to bassanite could have occurred. The samples were cylindrical
cores (radius, 10 mm; height, 40 mm) with bassanite gouges (thickness of gouge, 0.5 mm;
particle size, 63 ~ 125 um) sandwiched between gabbroic forcing blocks at an axial angle of 35
degrees. We covered the samples with a heat shrinkable tube indicating that the experiments
were conducted under undrained conditions. Before deformation experiments, all samples except
the one under 10MPa and room temperature (RT) were precompacted at room temperature for 30
minutes. In the precompaction, confining pressure was increased to 200 MPa without loading,
and then differential stress of 200 MPa was applied. In our experiments, we installed a load cell
on the lower piston of the assembly and a high-precision laser displacement transducer on the
upper piston to measure the load and displacement, respectively. The experimental conditions
were eight combinations of confining pressures and temperatures: 10 MPa and RT, 50 MPa and
RT, 100 MPa and RT, 150 MPa and RT, 200 MPa and RT, 200 MPa and 70 °C, 200 MPa and
110 °C, and 200 MPa and 110-180 °C (see Table S1 for strain rate). We set the 200 MPa and
maximum 180 °C condition to ensure that gypsum series can completely dehydrate. After the
experiments, we made thin sections using water-insoluble grinding oil to observe microstructures
using scanning electron microscope (SEM, JEOL 7001F).

3 Results

Figure 1 and S1 show stress-strain curves obtained from triaxial shear deformation
experiments on bassanite gouge samples under confining pressures up to 200 MPa and
temperatures ranging from room temperature to 180 °C. The experiments conducted under RT
with various confining pressures show the increase in peak strengths with confining pressures.
Moreover, periodic stick-slips occurred except for 10 MPa and RT condition (hereafter,
10MPa_RT), and the recurrence intervals of those slip events depended on confining pressures
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(Figure 2). Additionally, the experiment conducted under high temperature but within a stability
field of gypsum (200MPa_70°C) showed the similar behavior to the one conducted under RT.
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Figure 1. Stress-strain curve during triaxial shear deformation experiments under eight
conditions. Temperature conditions are (a) room temperature (denoted as RT), and (b) over 70
°C. The characters of legends are confining pressure (MPa) and temperature (°C). The results
under 70 °C or below showed almost constant differential stress, while the differential stress
under 200MPa_110°C (red plot) remarkably decreased with strain. The differential stress under
200MPa_110-180°C was relatively almost 0 MPa.
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relationship between confining pressure (MPa) and recurrence interval (s). Since no large
sharp stress drop event was observed under 10MPa_RT and under 200MPa_110-180°C and we
could not uniquely recognize recurrence interval under 100MPa_RT, we plotted the data under
other five conditions. The black curve is a quadratic fitting for RT and 70 °C conditions.
Regarding the data of 200MPa_110°C (diamond plot), we used gradient color scheme with black
for the first stress drop event data (corresponding to shear strain of about 1.9 in Fig. 1b) and red
for the last stress drop event data (corresponding to shear strain of about 5.9 in Fig. 1b). By
substituting each recurrence interval under 200MPa_110°C into the derived quadratic function,
we can estimate the effective pressure at each stress drop event.

The peak strengths, including the amount of stress drop and recurrence interval of slip
events, decreased over time in a sample deformed under 200MPa_110°C. Moreover, there was a
high positive correlation between recurrence intervals and the slip amounts of the preceding
events (Figure S2). This suggests that the stick-slip behavior under 200MPa_110°C follows
time-predictable recurrence model (Shimazaki & Nakata, 1980). Figure 2 shows the relationship
between confining pressures P. (MPa) and recurrence intervals At (s) for five experiments. We
excluded the data under 10MPa_RT and 200MPa_110-180°C because we could not recognize
any slip events with clear stress drops in those experiments, and we also excluded the data under
100MPa_RT because we could not uniquely recognize recurrence interval. As the experiments



173
174
175
176

177
178
179

180
181
182
183

184
185
186
187
188
189
190
191

192
193
194
195
196
197
198
199
200
201
202
203
204
205

206
207
208
209

manuscript submitted to replace this text with name of AGU journal

conducted under 70 °C or RT indicated a positive correlation between confining pressures and
recurrence intervals, we derived a regression curve from the data. Considering the negative
recurrence intervals extrapolated by a linear regression, we adopted a quadratic regression curve
and obtained the following equation:

At = aP? + bP,, #(1)

where a is 0.0195 s MPa, and b is 0.952 s-MPa™ (R? = 0.957). We set the constant to 0
as the minimum of recurrence interval should be 0, consistent with the experiment conducted
under 10 MPa.

X-ray diffraction (XRD) analysis for the starting material and recovered gouges revealed
that the sample deformed under 200 MPa and 110-180 °C was transformed to anhydrite
(dehydrated bassanite, CaSQ,); however, other samples including the one under 200MPa_110°C
remained bassanite (Figure 3).

Representative microstructures in the recovered samples are shown in Figure 4 and S3.
We recognized Riedel (R1) shear planes in samples deformed under 200MPa_RT and
200MPa_70°C (Figure 4a and 4b). In the sample deformed under 200MPa_110°C, despite
multiple large stress drops, most of the identified cracks were perpendicular to the shear zone
boundary (Figure 4c) and only a few Riedel shear planes existed (Figure 4d). In the sample
deformed under 200MPa_110-180°C, P shear planes (oblique in the opposite direction to the
Riedel shear planes) were confirmed in addition to Riedel shear planes, and some areas of the
slip boundary were found to be missing.
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Figure 3. The results of X-ray diffraction. The arrows and dots indicate the locations of
bassanite and anhydrite, respectively. The peak at about 15° of the sample deformed under
200MPa_110-180°C could not be identified. The sample under 200MPa_110-180°C was
revealed as anhydrite. However, the others, including the sample under 200MPa_110°C which
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210  showed the reduction in the amount of stress drop and recurrence interval with time, turned out
211  to be bassanite.

212

213

214  Figure 4. Microstructures of deformed samples under confining pressures of 200 MPa
215  obtained by scanning electron microscopy. The senses of shears are dextral. The temperature
216  conditions were RT (a), 70 °C (b), and 110 °C (¢ and d). Riedel shear planes have developed on
217  the microstructures under RT (a) or 70 °C (b). Commonly observed microstructures under
218 110 °C were cracks perpendicular to the shear plane (¢) although we were able to confirm a few
219  Riedel shear planes under 110 °C (d).
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4 Discussion

4.1 Dehydration triggering the reduction in frictional strength

In the experiment conducted under 200MPa_110°C, differential stresses and recurrence
intervals gradually decreased with strain (Figure 1b) despite that the experiment was conducted
under the constant confining pressure. The experiments conducted under RT showed that the
recurrence intervals were dependent on confining pressures (Figure 2), which implies temporal
change in effective pressure in the experiment conducted under 200MPa_110°C. XRD analysis
clarified that only the sample deformed under 200MPa_110-180°C was transformed into
anhydrite. In other words, the sample deformed under 200MPa_110°C did not dehydrate and
remained the same as the starting material after the experiment. However, among calcium sulfate
hydrates, anhydrite is the most stable above 75 °C under 200 MPa (Mirwald, 2008).
Additionally, it has been clarified that anhydrite can absorb water vapor in the air to form
bassanite (Tang et al., 2019). These imply that the sample deformed under 200MPa_110°C was
dehydrated under the experimental condition and rehydrated again into the bassanite. Therefore,
in the discussion, we first discuss the possibility of dehydration of bassanite gouges under
200MPa_110°C.

Previous experiments of simulated gouges have reported the formation of continuous
Riedel (R1) shear planes (Lecleére et al., 2016; Gu & Wong, 1994; Onuma et al., 2011; Hirauchi
& Muto, 2015). From the friction experiment conducted under semi-undrained conditions using
gypsum gouge, Leclére et al. (2016) demonstrated few Riedel shear planes under the low shear
stress condition due to elevated pore fluid pressure by dehydration. Furthermore, they reported
the continuous development of Riedel shear planes under fully drained condition where the
elevated pore pressure escaped from the gouge and the shear stress reached its maximum. These
results suggest that the elevated pore fluid pressure within the gouges inhibits the development of
the localized shear planes in the gypsum gouge. Thus, scarce development of the Riedel shear
planes in the sample deformed under 200MPa_110°C supports the generation of pore fluid
pressure during the deformation experiment.

Since microstructural observations suggested that pore fluid pressure may have been
elevated during the experiment under 200MPa_110°C, we evaluated frictional coefficients with
and without pore fluid pressure. We calculated effective pressures under 200MPa_110°C by
assigning the recurrence intervals in Equation (1) and derived pore fluid pressure by subtracting
effective pressure from the experimental confining pressure of 200 MPa. If the pore fluid
pressure is not taken into account, the strength of the sample declining gradually with time shows
anomalously high frictional coefficient (> 1) with a negative cohesion (Figure 5a). However,
assuming the existence of pore fluid pressure, frictional coefficients were estimated to be
approximately 0.6 (Figure 5 and Table S2), which is consistent with that of previous study
(Scuderi et al., 2013). This also indicates that the temporal reduction in strengths of the sample
under 200MPa_110°C is attributed not to the change of physical property but the generation of
pore fluid pressure. Therefore, we conclude that the gradual change in slip behavior during the
experiment under 200MPa_110°C originated from the elevated pore fluid pressure controlled by
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dehydration kinetics of bassanite gouges. The crystalline system of anhydrite is hexagonal for
soluble anhydrite and orthorhombic for insoluble anhydrite (Freyer & Voigt, 2003). Under
200MPa_110-180°C, the crystalline system may have fully changed into insoluble anhydrite due
to the rapid dehydration reaction, leading to inhibition of rehydration after the experiment.
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Figure 5. Mohr circle and Mohr-Coulomb yield criterion. We compared frictional
coefficient a without pore fluid pressure and b with pore fluid pressure. First, we plotted Mohr
circle and points of normal stress and shear stress, using the data of experimental pressure,
differential stress and an axial angle of 35 degrees (see Table S2). Second, we fitted the points of
normal stress and shear stress to obtain yield criterion (assuming intercept is 0). The data for RT
and 70 °C conditions have a well-fitted yield criterion and the frictional coefficient is 0.54.
However, the trend for 200MPa_110°C without pore fluid pressure (red plots in a) differs from
that for RT and 70 °C conditions. Assuming pore fluid pressure calculated with equation (1) (red
plots in b), the data for 200MPa_110°C showed a similar trend to the data for RT and 70 °C
conditions, and frictional coefficient for 200MPa_110°C became 0.60. The analysis implies that
pore fluid pressure occurred during the experiment under 200MPa_110°C
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4.2 Time evolution of pore fluid pressure based on Avrami Kinetics

We calculated effective pressure at each stress drop event by assigning each recurrence
interval in equation (1), and plotted pore fluid pressures estimated by the difference between the
confining pressure and the effective pressure. In the plotting, we assumed pore fluid pressure was
linearly proportional to the volume fraction of transformed material. We used Avrami kinetics
(Avrami, 1940) for fitting as follows:

Pe(t) = A{1 — exp(=kt™)}, #(2)

where P¢(t) is pore fluid pressure in MPa and t is elapsed time in s (R? = 0.951). Figure 6
shows that Avrami equation represents the temporal evolution of pore fluid pressures much more
accurately. Notably, that we could not fit the pore pressure evolution by the first order reaction,
especially in the middle of the reaction.

We obtained two important parameters in Avrami equation: the reaction rate k = 9.15x10
572 and the exponent n = 3.72. According to Arrhenius equation, reaction rate decreases
exponentially with the reciprocal of temperature (Logan, 1982; Laidler, 1984), and also,
decreases exponentially with pressure (Zhang, 2008). Ballirano and Melis (2009) examined
dehydration kinetics of bassanite in air, and their reaction rate was 8.8x10 s at 398 K (the
same temperature with our dehydrated condition considering frictional heating (Sibson, 1975)).
Our reaction rate obtained under much higher confining pressure is smaller than the value of the
previous research, which is consistent with the dependence of reaction rate on pressure and
temperature.

13

Regarding Avrami exponent n, we first used the first-order reaction equation (n =1 in
equation 2) as the fitting function. However, we found that Avrami equation (n = 3.72), rather
than the first-order reaction equation (n = 1), most accurately represented the time evolution of
pore fluid pressures. Therefore, there is a difference of 2.72 in the exponent n between the first-
order reaction model and Avrami theory. From the process of deriving Avrami equation, the
exponent n becomes the sum of fractal dimension on the surface of reaction products (water and
anhydrate) Dy and 1 (i.e., n = Ds + 1) (Shimakawa, 2012). Based on this, our fractal dimension on
the surface of reaction products becomes 2.72. It is considered that due to the involvement of
spatial parameters such as particle shape, a power of time appears in Avrami equation.
Additionally, when the fractal dimension 2.72 in space is converted to fractal dimension in the
two-dimensional space (2D cross-section) of the Euclidean geometry, the fractal dimension on
the surface of reaction products is estimated to be 1.72. This fractal dimension 1.72 represents
how water forms a network within the gouge. In other words, since water exists in the pores
between the gouge, the fractal dimension 1.72 has information on the pore structure within the
gouge. The fractal dimension on the fracture system of Riedel shear planes is known to be about
1.6 at the maximum (Hirata, 1989), which is smaller than that of the pore structure, 1.72. This
indicates that Riedel shear planes develop in some parts of the pore network, and the difference
in fractal dimensions (capacity dimension) on fracture systems between Riedel shear planes and
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pore network considered from water network has the information on pore structure originally
present in the gouge.
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Figure 6. Estimated pore fluid pressure evolution (black dots) and prediction by
Avrami equation (red).

4.3 Avrami kinetics and Weibull’s fracture progression rates

In addition to the discussion on Avrami exponent, for the obtained function, the time
function of pore fluid pressure indicates the kinetically controlled degree of strength reductions,
in other words, the fracture progression rate. Moreover, if we view the separation reaction of a
substance, such as dehydration reaction, as a destructive process called decomposition, Avrami
equation can be regarded as Weibull cumulative distribution function which is often utilized for
describing the failure rate. Hence, it is assumed that Weibull cumulative distribution function has
a meaning not only of the failure rate but also the fracture progression rate. During our
deformation experiment conducted under 200MPa_110°C, four stick-slip events with large stress
drops occurred by 1921 s (corresponding to shear strain of about 3.5 in Figure 1b) after the start
of the experiment (see Figure S1). By substituting t = 1921 s in equation (2), the reaction ratio
was estimated to be approximately 80 %. This indicates that the high reaction progress rate close
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to the completion of reaction controls the majority of the fracturing process, supporting that
Weibull cumulative distribution function also has a meaning of the fracture progression rate. In
other words, large stress drops were induced in the phase of the rapid increase in the reaction
ratio where the pore fluid pressure rapidly increased between 1360 and 1921 s in Figure 6
(corresponding to shear strain between 1.9 and 3.5 in Figure 1b). When the reaction progress rate
gradually decays where the rate of pore fluid pressure build-up decays after approximately 1921
s in Figure 6 (corresponding to shear strain of about 3.5 or greater in Figure 1b), slip events with
small stress drops dominated. This indicates that the reaction rate in Avrami equation also has a
meaning of the fracture progression rate via the Weibull function. The rate of increase in pore
fluid pressure affects the amount of stress drop, and therefore, we conclude that dehydration
kinetics of hydrous minerals control stick-slip behaviors.

5 Conclusions

We conducted deformation experiments using bassanite as an analogue material for
dehydrating system and reproduced dehydration instability in the laboratory. We demonstrated
the existence of dehydration-derived pore fluid pressure during our deformation experiment
under 200 MPa and 110 °C from the perspectives of microstructures and mechanical behaviors,
and derived the time function of pore fluid pressure based on Avrami kinetics. Moreover, the
Avrami equation provided the information on pore structures based on fractal geometry and
Weibull cumulative distribution function for the fracture progression rate. The analysis revealed
that the amount of slip was controlled by dehydration kinetics of hydrous minerals. The time
function of pore fluid pressure evolution derived from laboratory experiments contribute to better
understanding of the seismogenesis of deep and intermediate-depth earthquakes.

Data Availability Statements
The data in this study can be found in general repository.
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