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Abstract Deep‐focus earthquakes occur at 300–660 km depth. Geophysical observations and deformation
experiments have proposed the olivine‐spinel (wadsleyite/ringwoodite) phase transformation as the source of
the mechanical instability. While geophysical observations indicate that fault geometry influences the b‐values
of the Gutenberg‐Richter law for transformational faulting, deformation experiments reveal that b‐values are
also influenced by rock properties, including structural heterogeneity. Grain sizes play a crucial role in the rate
of phase transformation, impacting the occurrence of faulting. Consequently, grain sizes may also influence
b‐values. We conducted deformation experiments on germanate olivine (Mg2GeO4), an analog to silicate
olivine, with various grain sizes to reveal the effect of grain size on b‐value during transformational faulting. We
used a Griggs‐type deformation apparatus and measured acoustic emissions (AE) with an AE transducer, which
was calibrated by laser‐doppler interferometry. This calibration enabled the acquisition of AE waveforms with a
unit of velocity (m/s), facilitating comparison to natural earthquakes. b‐values in the fine‐grained aggregates (a
few μm) are smaller than those in the coarse‐grained aggregates (hundreds of μm) at the same deformation
conditions. In coarse‐grained aggregates, heterogeneous formation of spinel aggregates contributes to high
b‐values. Conversely, in fine‐grained aggregates, homogeneous formation of spinel grains at the grain
boundaries results in lower b‐values. Therefore, the homogeneity (or heterogeneity) of spinel formation could
be one of the factors controlling the b‐values of deep‐focus earthquakes.

Plain Language Summary Deep earthquakes, occurring between 300 and 660 km beneath the
Earth's surface, are intriguing events. Geophysical observations and experiments point to mineral
transformation from olivine to spinel phase as the key mechanism behind these deep earthquakes. Geophysical
observations suggest that the shape of the fault influences the b‐values of the Gutenberg‐Richter law, which
expresses the statistical distribution of moment magnitude and the number of earthquakes. However,
experiments show that rock properties, such as its internal structure, may also play an important role. Grain size
affects how fast olivine‐spinel transformation occurs and, potentially, also influences the occurrence of
earthquakes. In our deformation experiments using germanate olivine, a phase that is isostructural with silicate
olivine, we varied grain‐size and measured the absolute magnitudes of acoustic emission, laboratory proxies for
natural earthquakes. Our findings reveal that b‐values are smaller in fine‐grained rocks than in coarse‐grained
rocks, as a result of homogeneous nucleation of spinel grains. Therefore, the homogeneity of phase
transformation could control b‐values. Understanding these processes provides valuable insights into the nature
of deep earthquakes.

1. Introduction
Earthquakes occur as deep as 660 km below Earth's surface (e.g., Frohlich, 1989, 2006; Gutenberg &
Richter, 1939;Wadati, 1928). Earthquakes at depths of 60–300 km and 300–660 km are called intermediate‐depth
earthquakes and deep‐focus earthquakes, respectively (Frohlich, 2006). At high temperatures, rocks present
ductile or semi‐brittle behavior (e.g., Byerlee, 1968; Proctor & Hirth, 2016; Scholz, 1988, 1998; Shiraishi
et al., 2022; Sibson, 1982; Simpson, 1985); therefore, a mechanism which must be different from that of shallow
earthquakes is required to explain the occurrence of intermediate and deep‐focus earthquakes.

Several mechanisms have been suggested: dehydration embrittlement (Hacker, Abers, & Peacock, 2003,
Hacker, Peacock et al., 2003; Omori et al., 2004; Raleigh & Paterson, 1965; Zhang et al., 2021), thermal
instability (Hobbs & Ord, 1988; John et al., 2009; Kanamori et al., 1998; Karato et al., 2001; Kikuchi &
Kanamori, 1994; Ogawa, 1987), and transformational faulting (Burnley et al., 1991; Gasc, Daigre, et al., 2022,
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Gasc, Gardonio, et al., 2022; Green & Burnley, 1989; Green et al., 1992; Incel et al., 2017; Riggs, 2005;
Schubnel et al., 2013; Tingle et al., 1993; Wang et al., 2017). Geophysical observations suggest that deep‐focus
earthquakes are caused by a combination of transformational faulting and thermal instability (Wiens &
McGuire, 1995; Zhan, 2017; Zhan et al., 2014) because only one mechanism by itself can not suffice in order to
explain the diversity of deep‐focus earthquakes (Jia et al., 2025; Suzuki & Yagi, 2011; Tibi et al., 2003;
Wiens, 2001). In the transformational faulting mechanism (Green & Houston, 1995; Zhan, 2020), faulting
occurs due to the phase transformation of one phase into another (e.g., from olivine to denser spinel phases:
wadsleyite and ringwoodite). In the thermal instability model (Karato et al., 2001), when deformation
occurs fast enough in comparison to the time scale of thermal diffusion, heat is accumulated in regions of
high strain, creating a positive feedback between deformation and heating that results in thermal runaway.
Zhan et al. (2014) and Zhan (2017) suggested that transformational faulting causes deep‐focus earthquakes
such as the 2013 Okhotsk earthquake with a magnitude Mw of 8.3 in a cold slab. Cold slabs contain a
metastable olivine wedge of tens of kilometers thick, which is enough to host large deep‐focus earthquakes
caused by transformational faulting (Kawakatsu & Yoshioka, 2011; Zhan, 2017). Meanwhile, a combination of
transformational faulting and thermal instability has been invoked to explain deep‐focus earthquakes such as
the 1994 Bolivia earthquakes with Mw 8.3 in a warm slab (Zhan et al., 2014). Warm slabs, in comparison to
cold slabs, contain only a thin –if one at all– metastable olivine wedge. In such slabs, the rupture of deep‐focus
earthquakes can therefore initiate within metastable olivine wedge by transformational faulting, but can only
further propagate outside the metastable olivine wedge by a different mechanism (Zhan, 2017). Zhan
pointed out that the latter mechanism would be thermal instability, considering high energy dissipation
(Kanamori et al., 1998). The possibility for such a dual mechanism, where rupture initiates via
tranformational faulting in the metastable olivine and then propagates within spinel domains via frictional
melting was recently confirmed by laboratory studies (Gasc, Daigre, et al., 2022). Furthermore, Zhan
reported that the b‐value of the Gutenberg‐Richter law, log10N = a − bMw (N: number of earthquakes with
magnitudes ≥Mw, a, b: constants), was close to 1 independent of magnitudes in cold slabs, whereas b was close
to 0.5 for intermediate magnitudes (Mw 5.3 − 6.5) and increased to 1 for large magnitude (Mw > 6.5) in warm
slabs. The author suggested that the difference in b‐values for intermediate magnitudes (Mw 5.3 − 6.5) be-
tween warm and cold slabs is caused by the difference in the rupture geometry (Aki, 1981; Kanamori &
Anderson, 1975). However, these estimations only provide average characteristics of deep‐focus earthquakes.
According to deformation experiments, the heterogeneity of rocks may also affect b‐values (Mogi, 1962).
However, the relationship between heterogeneous physical properties of rocks and seismic characteristics of
deep‐focus earthquakes remains unknown. In particular, grain size has a strong possibility of controlling
b‐values because it changes the rate of phase transformation, which in turn may affect the occurrence of
faulting (Burnley et al., 1991; Cahn, 1956; Kubo et al., 1998, 2004).

In this study, we conducted deformation experiments on germanate olivine aggregates (an analog aggregate of
silicate olivine) to determine the effect of grain size on b‐values during transformational faulting. First, we
conducted deformation experiments on aggregates of various grain sizes to reveal how phase transformation
kinetics and characteristics change with grain size. Second, we conducted similar deformation experiments using
an S wave transducer to detect acoustic emissions (AEs) during deformation. Finally, we calculated b‐values for
these experiments, and we relate the b‐values dependency on the grain size of germanate aggregates and discuss
the implications for structural heterogeneity in slabs.

2. Method
2.1. Sample Preparation

Samples were synthetic sintered germanate olivine‐pyroxene aggregates (90 mol% Mg2GeO4 + 10 mol%
MgGeO3). Germanate olivine is an analog for silicate olivine (Vaughan & Coe, 1981), with which it is iso-
structural, and has been widely used in deformation experiments aiming at reproducing deep‐focus earthquakes in
the laboratory (e.g., Burnley et al., 1991; Green & Burnley, 1989; Schubnel et al., 2013; Wang et al., 2017).
Germanate powders were synthesized from MgO and GeO2 powder mixtures according to Vaughan and
Coe (1981), Shi et al. (2015), and Sawa et al. (2021). MgO and GeO2 powders were mixed in a 2:1.05 molar ratio
and homogenized by grinding in ethanol within an agate mortar. The powders were subsequently pressed into a
cylindrical shape using stainless steel dies. The samples were then heated in air at 1,473 K for 96 hr, yielding
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germanate olivine‐pyroxene aggregates powder after grinding. These germanate powders were then sintered at
1,413 K for 20 min using a spark plasma sintering method by SinterLand Inc. in Nigata, Japan to make fine‐
grained aggregates. The height and diameter of the sintered germanate aggregates (fine‐grained aggregates)
were approximately 15 and 30 mm, respectively. The average relative density was 95.6 ± 1.4%. Some of the
sintered specimens were annealed in air at 1,723 K for 6 or 8 hr to make medium‐ and coarse‐grained aggregates,
respectively. Electron backscatter diffraction (EBSD, Oxford instruments) showed the absence of initial crys-
tallographic preferred orientation (CPO) and allowed determination of mean grain sizes of fine‐, medium‐ and
coarse‐grained aggregates of 4.3 μm, 135 μm, and 233 μm, respectively (shown in Figure 1).

2.2. Procedure of Deformation Experiments

Axial deformation experiments were conducted using a Griggs‐type deformation apparatus. A schematic diagram
of the entire assembly is illustrated in Figures 2a and 2b. A sample assembly utilizing NaCl as both outer and inner
pressure media was used for the deformation experiments. After the target pressure and temperature conditions
were reached, axial compression experiments were immediately performed at a constant strain rate. Initially, Pb,
acting as a soft solid to seal the upper assembly portion between the sample and alumina pistons, was extruded
along the deformation piston. Subsequently, the piston made contact with the sample top, accompanied by a
abrupt increase in axial stress, known as the hit point (Holyoke & Kronenberg, 2010). All experiments were
conducted within the stability field of germanate spinel (Ross & Navrotsky, 1987). However, germanate olivine
retained a metastable state prior to axial compression due to the rapid heating rate (less than 1 hr) from 300° to the
target temperature. Force and displacement data were converted to differential stress and strain, respectively, with
corrections for the sample diameter changes and apparatus stiffness. The stress resolution of the Griggs‐type
apparatus is estimated to be 30–50 MPa (Hirth & Tullis, 1992; Kido et al., 2016). Experimental conditions are
listed in Table 1.

Figure 1. Inverse pole figure maps of germanate olivine and orthopyroxene, pole figures, and grain size distributions of germanate olivine in initial samples acquired by
EBSD: (a) fine‐grained aggregates (inset is the enlarged view), (b) medium‐grained aggregates, and (c) coarse‐grained aggregates.

Journal of Geophysical Research: Solid Earth 10.1029/2025JB031779

SAWA ET AL. 3 of 24

 21699356, 2025, 8, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2025JB

031779 by M
arie B

aïsset - U
niversité D

e R
ennes , W

iley O
nline L

ibrary on [06/08/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



2.2.1. Axial Deformation Experiments at Tohoku University

Experiments GO143, GO144, GO145, GO147, and GO148 were conducted using the Griggs‐type deformation
apparatus installed at Tohoku University, Japan. The procedure of the deformation experiments was based on
Kido et al. (2016) and Sawa et al. (2021). The construction of the assembly follows Post et al. (1996), Kido
et al. (2016), Fukuda et al. (2018), and Sawa et al. (2021). Cylindrical samples with a height of 13 mm and a
diameter of 6.25 mmwere cored from the sintered specimens. The samples were enclosed within a Pt jacket using
Pt discs at each end. They were subsequently inserted into an outer Ni jacket that slightly overlapped the end
pistons.

The temperature was measured using an S‐type thermocouple. Temperature and pressure were raised as follows:
from room temperature to 100°C at 300 MPa, to 200°C at 550 MPa, and 300°C at 1,050 MPa. Then, pressure and
temperature were elevated together to 1.2 GPa and to the target temperature, respectively. Axial compression was
started immediately after with a constant strain rate of 1.0 × 10− 4 s− 1. At the end of each experiment, the
deformation was stopped, after which temperature was lowered to room temperature within 1 min.

Figure 2. Schematic diagram of the whole sample assembly for the experiments (a) at Tohoku University and (b) at École
Normale Supérieure. (c) Acoustic set‐up modified after Moarefvand et al. (2021).

Table 1
Experimental Conditions and Results

Run No. P (GPa) T (K) ε̇ (s− 1) Grain size σ (GPa) t (min) Volume fraction of spinel AE count b‐value

GO143 1.2 1173 1.0 × 10− 4 medium 1.45 98 24 – –

GO144 1.2 1173 1.0 × 10− 4 coarse 1.59 71 9 – –

GO145 1.2 1173 1.0 × 10− 4 fine 1.72 51 <1 – –

GO147 1.2 9731 1.0 × 10− 4 coarse 1.87 54 0 – –

GO148 1.2 1073 1.0 × 10− 4 fine 2.06 68 0 – –

G116 1.5 1148 1.7 × 10− 4 fine 1.89 52 10 944 0.63 ± 0.04

G117 1.5 1148 1.0 × 10− 4 coarse 1.76 39 12 5,092 1.20 ± 0.03

G118 1.5 1265 1.5 × 10− 4 fine 0.46 34 22 258 1.16 ± 0.14

G120 1.5 1265 1.6 × 10− 4 coarse 0.34 42 21 21 4.11 ± 2.00

G123 1.5 1202 4.2 × 10− 5 coarse 0.43 168 28 20 –

Note. P: confining pressure, T: temperature, ε̇: strain rate, σ: peak differential stress, and t: duration under high temperature (T). 1: This temperature was estimated from
the power‐temperature relations of previous experiments because of thermocouple failure.
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2.2.2. Axial Deformation Experiments at École Normale Supérieure (ENS)

Experiments G116, G117, G118, G120, and G123 were conducted using the Griggs‐type deformation apparatus
installed at the École Normale Supérieure de Paris (ENS), France. These experiments were conducted with an S
wave transducer to detect AEs during deformation. The procedure of the deformation experiments was based on
Moarefvand et al. (2021). Cylindrical samples with a height of 8.9 mm and a diameter of 4.4 mmwere cored from
the sintered specimens. The samples were enclosed within a Pt jacket using Pt discs at each end. Temperature was
measured below the sample capsule using a K‐type thermocouple. This measurement was used to numerically
estimate the temperature inside the sample by solving the heat equation according to Moarefvand et al. (2021).
Detailed procedures and calculated results are available in Text S1 and Figure S2 in Supporting Information S1,
respectively. The calculated thermal gradients are similar to those observed by Kirby and Kronenberg (1984).
Pressure and temperature were elevated together up to the targeted conditions within 2h, and axial compression
was performed immediately after at a constant strain rate. At the end of each experiment, the deformation piston
was stopped and temperature was decreased to 873 K within 10 min. The experimental conditions are listed in
Table 1.

2.3. AE Setting

An ultrasonic transducer (Olympus V156, 5 MHz center frequency), which exhibits primary sensitivity to S
waves while maintaining capability to detect P waves, was used for experiments on G116, G117, G118, G120,
and G123. The transducer was glued on an alumina ceramic disk with a high temperature 2‐component epoxy,
then directly glued on the back of the WC base plate (Figure 2c; Moarefvand et al., 2021). The acoustic signals
were amplified and recorded both at 30 and 60 dB using a high‐frequency amplifier. Data recording was only
triggered when the acoustic signal rose above a certain threshold. 8,192‐point acoustic waveform data were
recorded at a sampling frequency of 50 MHz.

Because of the progressive degradation of the glue under cyclic temperature loading, the sensitivity of the
transducer tends to decrease from one experiment to the next. We calibrated the sensitivity of the transducer at
room conditions before each experiment by recording several AE generated on the WC baseplate. We calculated
the average of the root mean square (RMS) of the recorded waveforms and used these averaged RMS values to
normalize the moment magnitudes of the AEs acquired during each experiment so that they can be compared
without bias from the decaying sensitivity of the transducer. The sensitivities of the S wave transducer St, relative
to that of experiment G116 (i.e., which has a sensitivity of 1), were, in each of the following experiment (G117,
118, 120, 123), 0.813, 0.768, 0.693, and 0.181. The particularly low sensitivity of 0.181 in experiment G123
caused by the reduced bonding strength of the adhesive between the WC baseplate and transducer prevents us
from using its results in our discussion. We used acoustic signals amplified to 60 dB but also used acoustic signals
amplified to 30 dBwhen amplitudes of the signals amplified to 60 dB were saturated. To compare acoustic signals
quantitatively, the amplitudes were all corrected to 0 dB.

P‐wave and S‐wave arrival times were picked manually (Figure S3 in Supporting Information S1). We could then
calculate S‐P travel time differences, Δt = ts − tp (Gasc, Gardonio, et al., 2022), which, for AEs occurring at the
bottom of sample are∼3.5 μs. The travel time difference, Δt, between the top and bottom of the sample is∼1 μs at
room temperature using the P‐wave velocity of germanate olivine. Therefore, δt for AEs occurring at the top of
samples is ∼4.5 μs. For the following analysis, we used the acoustic signals with Δt = 3.5 ∼ 4.5 μs, which
corresponds to a one‐dimensional location of the AE within the sample. The uncertainty of hypocenter locations
depends on the volume fraction of transformed spinel and the accuracy of S‐P intervals. An error of 0.1 μs in the
S‐P interval leads to an error of ∼1 mm in the hypocenter location.

Acoustic emission waveforms were initially acquired in Volts. The calibration procedure of Yoshimitsu
et al. (2014) and Marty et al. (2023) was followed in order to transform the signal in units of velocity (m/s), then
displacement upon signal intergration, so that common seismological parameters such magnitude, stress drop and
corner frequency could be estimated.

The sensitivity function of the transducer Sc( f ) was obtained by combining a laser‐doppler interferometry
(Figure 3) and an acoustic source, for which a second transducer was glued on top of the WC base plate. A step
voltage pulse was sent to the acoustic source, creating a ballistic wave for which surface vibrations were measured
at the same location both by the acoustic emission transducer and the laser velocimeter. The sensitivity function of
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the AE transducer Sc( f ) was obtained in the frequency ( f ) domain by the deconvolution of the waveform
measured by the AE transducer Ia( f ) out of the waveform recorded by the interferometry Il( f ):

Sc( f ) =
Ia( f )
Il( f )

. (1)

We obtained sensitivity functions (Figure 3b) for various input source voltages (50, 100, 150, 200, and 250 V) and
durations (0.4, 0.2, 0.1 μs, corresponding to 2.5, 5.0, 10.0 MHz, respectively) applied to the broadband transducer.
As observed by Marty et al. (2023), no significant difference was observed with respect to the amplitude and
duration of input voltage. We then calculated an averaged sensitivity function Sc( f ) by averaging the sensitivity
functions obtained. The uncalibrated acoustic waveforms were pre‐amplified at either 30 dB or 60 dB (for
detection purposes); therefore, de‐amplified waveforms, Id( f ), were first calculated to correct for the appropriate
amplification level. Then, calibrated acoustic waveforms Id́( f ), with a unit of velocity (m/s), were obtained in the
frequency domain by deconvolution of the waveforms measured by the AE transducer Id( f ) and the sensitivity
function, Sc( f ). These were also normalized using the transducer's sensitivity St:

Figure 3. (a) Schematic of the setup used to calibrate the acoustic emissions (AE) transducer. (b) Sensitivity function of the
AE transducer obtained from the waveforms measured by the AE transducer and recorded by laser‐doppler interferometry.
(c) Example of displacement spectrum fitting of an acoustic emission.
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Id́( f ) =
Id( f )
StSc( f )

. (2)

In order to estimate seismic parameters such as corner frequency and stress drop, we used S‐wave displacement
spectra, the transducer used being polarized for transverse motion, that is, for S‐wave detection. AE waveforms
were analyzed within a 27.5 μs time window beginning 2.5 μs before the S‐wave arrival times, which were picked
manually. This time window was then rescaled to a 50 μs time window centered on the S‐wave arrival time and
multiplied by a von Hann window. We obtained S‐wave displacement spectra Ωs( f ) by first deconvolution of the
AE waveforms Id́( f ) out of the sensitivity function Sc( f ). Final displacement spectra were thus obtained by
integration in frequency space. This takes the following form:

Ωs( f ) =
Id́( f )
Sc( f )

⋅
1

2πf
. (3)

S‐wave displacement spectra were then fitted with a Brune model corrected for attenuation (Brune, 1970). The
S‐wave displacement spectra Ωs( f ) were modeled as:

Ωs( f ) = Ω0 exp(πf t/Q) ⋅
1

1 + ( f /fc)
2 , (4)

where Ω0 is the long‐period amplitude, t is the S‐wave travel time, Q is the attenuation factor, and fc is the corner
frequency. Ω0,Q, and fc were estimated by a grid search over the three parameters. IfQ and fc were simultaneously
estimated from the spectrum, a trade‐off between Q and fc could arise. Therefore, we first estimated a unique Q
value by a pre‐grid search of Ω0 from 10− 22 to 10− 15 over intervals of 100.5 ms,Q from 10 to 200 over intervals of
5, and fc from 0.1 to 10MHz over intervals of 0.05MHz.We selected the most frequentQ value in aQ distribution
obtained from the S‐wave displacement spectra in each sample. The selected Q values are listed in Table S3 in
Supporting Information S1. Next, under these Q values, we estimated Ω0 and fc by a grid search of Ω0 from 10− 21

to 10− 16 over intervals of 100.01 ms and fc from 0.1 to 10MHz over intervals of 0.01MHz.We excluded results for
which the estimated Ω0 or fc reached the upper or lower limit for the search. The seismic moment (M0) was
calculated from Ω0:

M0 =
4πρV3

sRΩ0

Rθ,ϕ
, (5)

where ρ is the density, 3.97 × 106 g/m3 for germanate olivine (Liebermann, 1975), Vs is the S‐wave velocity,
4,220 m/s for germanate olivine (Liebermann, 1975), R is the distance between the source and the transducer, and
Rθ,ϕ is the averaged radiation pattern coefficient, 0.63 (Aki & Richards, 2002). The moment magnitude (Mw) was
calculated from the seismic moment (M0):

Mw = (logM0 − 9.1)/1.5. (6)

Eventually, b‐values of the Gutenberg‐Richter law were estimated by the maximum likelihood method
(Aki, 1965; Utsu, 1974), the Gutenberg‐Richter law being expressed as follows (Utsu, 1974):

log n(M) = a − bM. (7)

where n(M) is the number of earthquakes having magnitude over M. a and b are constants.

2.4. Microstructural Observation

All deformed samples and starting materials were cut in half along the direction of compression and impregnated
with epoxy to analyze the microstructures. Samples were polished with diamond paste and colloidal silica sus-
pension and observed with field‐emission scanning electron microscopes: JEOL 7001F (Tohoku University),
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electron backscatter diffraction (EBSD, Oxford instruments installed at Tohoku University), ZEISS Zigma
(ENS), and Zeiss Gemini 1530 (University of Bayreuth). The step size for EBSD maps varied from 0.5 to 10 μm
depending on grain size. EBSD data were analyzed using the MTEX MATLAB toolbox (Bachmann et al., 2010;
Hielscher & Schaeben, 2008). Grain boundaries were determined using a threshold misorientation angle of 10°.
Grain size distribution and CPO were constructed from one point per data.

Samples GO143, GO144, and GO145 were also observed with a scanning transmission electron microscope
(TEM, Philips CM20FEG, and FEI Titan G2 80–200 S/TEM) at University of Bayreuth with an accelerating
voltage of 200 kV. TEM analysis was made on a foil from a thin section of GO143, GO144, and GO145 obtained
with a dual‐beam focused ion beam milling machine (FIB, FEI Scios, University of Bayreuth).

3. Results
3.1. Mechanical Data

Samples deformed at low temperatures (973–1,173 K) had high peak stresses above Goetze's criterion and large
subsequent strain weakening, whereas samples deformed at high temperatures and lower strain rates (1,202 and
1,265 K) had lower peak stresses and negligible strain weakening (Figure 4). Sample GO144 was quenched when
the thermocouple broke after approximately 30% shortening, while deformation of sample GO147 was stopped
because the axial stress reached the failure strength of the tungsten carbide piston (σ1 piston). During deformation
of both samples G117 and G120, the σ1 piston broke down, the stress at failure during G120 being much smaller
than that in G117. In sample GO148 (1,073 K, fine grain), stick‐slip behavior was observed at low differential
stress after reaching peak stress (ε> 0.2). Small stick‐slips were also observed after reaching peak stress in sample
G120 (1,265 K, coarse grain).

3.2. AE Event

Strain weakening of sample G116 corresponds to a series of rapid stress drops (Figures 5a and 5c). Before the first
stress drop (enlarged view in Figure 5c), only a few small AEs were collected. Then, after the first stress drop at
ε ∼ 0.24, a large number of AEs was recorded during the entire strain weakening phase (Figure 5c), resulting in
the increase in cumulative moment magnitude (orange dashed line in Figure 5a). AEs with large moment
magnitudes (Mw ≥ − 7.0) occurred over a wide range of S‐P intervals, although most of these events occurred in
the lower part of the sample (small S‐P intervals, Figure 5c). In experiment G117 (1,148 K, coarse grain), high AE

Figure 4. Stress‐strain curves of deformation experiments performed at Tohoku University (a) and École Normale Supérieure
(b). Dashed, dotted, and solid lines show experiments on fine‐, medium‐ and coarse‐grained aggregates, respectively. Black
dashed line shows Goetze's criterion. (a) Confining pressure and strain rate are 1.2 GPa and 1.0 × 10− 4 s− 1, respectively.
(b) The confining pressure is 1.5 GPa. Strain rate is 4.2 × 10− 5 − 1.6 × 10− 4 s− 1; see Table 1.
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activity started before peak stress (Figures 5a and 5e). The increase rate of moment magnitude was constant and
higher than that in experiment G116. In experiment G118 (1,265 K, fine grain), a few AEs occurred before peak
stress (orange dashed line in Figure 5b). The AE rate increased after peak stress, and relatively large AEs occurred
during strain hardening (approximately 0.07≤ ε≤ 0.10 in Figures 5b and 5d). Small AEs occurred upon the
second strain weakening (approximately ε = 0.10 in Figure 5b). In experiment G120 (1,265 K, coarse grain),
AEs were far less numerous than in G117. Most AEs occurred before peak stress (orange solid line in Figure 5b).
Only a few AEs were detected after peak stress, accompanying the small stress drops that took place (enlarged
view in Figure 5f).

The b‐values (i.e., the slope of the of the Gutenberg‐Richter power law distributions obtained in each experiment)
obtained depend both on grain size and temperature (Figure 6). We use Mw = − 10 as a magnitude of
completeness, which corresponds to a kink in the Gutenberg‐Richter distribution at smaller magnitude.

For experiments run at 1,148 K (Figures 6a and 6b), larger AEs occurred in the fine‐grained aggregate (G116).
Conversely, smaller AEs occurred more frequently in the coarse‐grained aggregate specimen (G117). Hence,
b‐values of 0.63 and 1.20 were in G116 and G117, respectively. At 1,265 K (Figures 6c and 6d), the b‐values of

Figure 5. Stress‐strain curves (blue lines) and the associated cumulative moment magnitude (orange lines) in the experiments
at low (a) and high temperatures (b). Stress‐strain curves, S‐P intervals (tS − tP [s]), and moment magnitudes of deformation
experiments (c) G116, (d) G117, (e) G118, and (f) G120. S‐P intervals of each acoustic emissions (AE) event are plotted as
circles at ranges from 3.5 μs to 4.5 μs. The size and color of the circles show the moment magnitudes of each AE event.
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1.16 and 4.11 were obtained for the fine‐ (G118) and coarse‐grained aggregates (G120), respectively, that is much
larger than the b‐values at lower temperatures (1,148 K). Note however that the standard error is large for the
b‐value of G120 because of the small number of AEs. The nomalized Mw distribution plot (Figure 6e), dem-
onstrates the combined effects of grain coarsening and temperature increase, both of which tending to inhibit the
nucleation of larger fractures. b‐values are summarized in Table 1.

Stress drops retrieved across all experiments combined (Figure 7) range from 1 kPa to 100 MPa. Stress drops Δσ
can be calculated from M0 and source radius r as Δσ = 7M0/16r3 (Eshelby, 1957), where r = 0.21Vs/ fc
(Madariaga, 1976). First, experiments performed at low temperature (G116 and G117) exhibit larger stress drops,
which is consistent with the fact that AEs were produced under larger macroscopic stress during these.
Conversely, AEs produced at higher temperature (G118 and G120) exhibit lower stress drop in average for a

Figure 6. (a–d) Frequency‐magnitude distributions (orange circles) for experiments G116, G117, G118, and G120 and
b‐values (slope of solid blue lines) estimated by maximum likelihood method for Mw ≥ − 10. Dashed lines show the 95%
confidence interval of the obtained b‐values. (e) Corresponding normalized frequency‐magnitude distributions.
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similar reason. Second, large AEs (i.e., with large seismic moments) tend to have larger stress drops, which might
either be real or an artifact due to a finite size effect of our specimen.

Corner frequencies ranges from 106 Hz to 107 Hz, corresponding to source sizes ranging between 90 and 900 μm.
Experiments at 1,148 K (G116 and G117) exhibit high corner frequencies (around 107 Hz, small source sizes)
with large stress drops. Meanwhile, the experiments at 1,202 and 1,265 K produced AEs with smaller seismic
moments and a wide range of corner frequencies with small stress drops.

3.3. Microstructure of Deformed Samples

3.3.1. SEM Analysis

Many faults containing fine‐grained germinate spinel show localized deformation (Figures 8 and 9). In sample
GO145 (1,173 K, fine grain), a fault (red arrows) with an offset of 70 μm is observed with spinel aggregates in the
lower right part of the sample (Figure 8a; Figure S5a in Supporting Information S1). A small fault sub‐parallel to
the large fault cut the pyroxene grain sharply (orange arrows in Figure 8a). In sample GO148 (1,073 K, fine grain),
bands of spinel near the fault sheared relatively coarse‐grained pyroxene (red arrows in Figure 8b, spinel bands,
discussion later in Section 3.3.2). These bands were composed of fine‐grained germanate spinel recrystallized
into small euhedral grains and cut through multiple germanate olivine grains (red arrows in Figure 8c). Many
faults with clear offsets composed of fine‐grained germanate spinel (orange arrows in Figure S5e in Supporting
Information S1 and red arrows in Figure 8d) cut/shear the pyroxene grains in sample G116 (enlarged view in
Figure S6 in Supporting Information S1). In sample G118 (1,265 K, fine grain), a fault was observed on the right
side of the sample (orange arrow in Figure S5g in Supporting Information S1), although platinum derived from
the capsule penetrated the lower part of the sample.

No through‐going faults were observed in sample GO143 (1,173 K, medium grain, Figure S5b in Supporting
Information S1). However, spinel bands align sub‐parallel to each other inside the same grain and cut through
pyroxene inclusions (red arrows in Figure 9a). Additionally, spinel lenses perpendicular to the maximum
compression direction were observed (red arrows in Figure 9b). These spinel lenses developed inside germanate
olivine grains. In sample GO144 (1,173 K, coarse grain), spinel bands were observed near the crack in the
center (red arrows in Figure 9c). These spinel bands also developed sub‐parallel to each other inside grains.
Furthermore, a thin spinel band cut through a pyroxene grain with an offset of 2 μm (orange arrow in
Figure 9d). In sample G117 (1,148 K, coarse grain), a large, oblique fault with a clear offset of 100 μm was

Figure 7. Relationship between seismic momentM0 and corner frequency f0. Dashed lines show stress drops of 0.01, 0.1, 1,
10, 100, and 1,000 MPa from Madariaga's source model (Madariaga, 1976). (a) Relationship between M0 and f0 estimated
from this study. The gray‐colored regions show an undetectable frequency range in our acoustic emissions setting (∼500 kHz
and ∼10 MHz). The same relationship is presented in greater detail, including error bars, in Figure S4 in Supporting
Information S1. (b) Relationship betweenM0 and f0 from this study and previous studies (Allmann & Shearer, 2009; Collins &
Paul Young, 2000; Domański & Gibowicz, 2008; Ide et al., 2003; Liu et al., 2020; Wu & Chapman, 2017; Yamada et al., 2007).
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observed (orange arrow in Figure S5f in Supporting Information S1). Spinel is present in shear bands where
shear is demonstrated by stretching of pyroxene grains (red arrows in Figure 9e). In sample G120 (1,265 K,
coarse grain), a thick oblique shear band with a clear offset of 150 μm can be observed at the upper part of the
sample (orange arrow in Figure S5h in Supporting Information S1), although platinum also penetrated the lower
part of the sample. The width of the shear band is approximately 60 μm (pink line in Figure 9f). The shear band
sharply cut surrounding minerals; it is composed of fine‐grained minerals, including many pyroxene grains that
were intensely sheared.

Final volume fractions of spinel estimated from SEM analysis are listed in Table 1. The distribution of spinel
grains is heterogeneous (e.g., in sample G116, the volume fraction of spinel is larger in the lower part). The
volume fraction reported here is calculated from SEM images with the highest fraction of spinel grains. Samples
held at a temperature of 1,148–1,173 K for 39–71 min have a volume fraction of almost 10%. Samples that
experienced 1,173–1,202 K for 98–168 min have 24%–28% spinel. At 1,265 K, the volume fraction of spinel for
34–42 min reaches 21%–22%.

3.3.2. TEM Analysis

Figure 10 shows scanning TEM images of FIB foils extracted from the locations shown by white rectangles in
Figures 8 and 9. In GO145 (1,173 K, fine grain), a fault was observed at the center of the FIB foil (Figures 10a and
10b). The germanate olivine grains across the fault have different crystallographic orientations, as demonstrated
when comparing the selected area electron diffraction (SAED) patterns from the two grains (Figure S7 in Sup-
porting Information S1). Fine‐grained minerals with a grain size of less than 50 nm were observed along the grain
boundary of germanate olivine (blue box in Figure 10a). SAED pattern taken from the fine‐grained core of the
fault shows that it is made of germanate spinel, as shown by the Debye rings of germanate spinel (red and green
arrows in Figure 10) corresponding to the {220} and {311} reflection with d‐spacings of 0.292 and 0.249 nm,
respectively (Dachille & Roy, 1960). In sample GO143 (1,173 K, medium grain), the high‐angle annular dark‐

Figure 8. Back‐scattered electron images of fine‐grained aggregates: GO145 (a), GO148 (b, c), and G116 (d). The maximum
compression direction is vertical on all of the images. The dark gray grains are germanate olivine, and the brightest ones are
germanate pyroxene. The light gray grains are germanate spinel bands (shown by red arrows). Orange arrows show small
faults. White rectangles show where FIB foils were cut. Images a, b, and d correspond to the blue box in Figures S5a, S5d,
and S5e in Supporting Information S1, respectively. (c) The image corresponds to the red box in (b). (d) The black box
corresponds to Figure S6 in Supporting Information S1.
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field image shows spinel lenses observed in Figure 9b (red arrows) and diagonally developed bands composed of
fine‐grained spinel (white arrows in Figure 10d). A close‐up view of these latter spinel bands is shown in
Figure 10e and reveals their extremely thin nature (orange arrows in Figure 10e). The SAED pattern reveals their
topotactic relationship to the host grain (Figure 10f): the weak diffraction spot with a d‐spacing of 0.462 nm
(white arrow in Figure 10f) can be indexed by 111̄ of germanate spinel (Dachille & Roy, 1960). The strong
diffraction spots from the host grains with d‐spacings of 1.02 and 0.480 nm (yellow arrows in Figure 10f) can be
indexed by the 010 and 100 of germanate olivine, respectively (Dachille & Roy, 1960). The strong diffraction
spots with d‐spacing 0.480 nm can also be indexed by 111 of germanate spinel (Dachille & Roy, 1960). It is
parallel to that of the (100) plane of germanate olivine. In sample GO144 (1,173 K, coarse grain), the dark‐field
(DF) image shows many spinel bands aligned parallel to each other (red arrows in Figure 10g). These fine‐grained
bands can be as thick as approximately 1 μm. The enlarged view of these spinel aggregates reveals their extremely
fine‐grained nature (approximately 100 nm, Figure 10h). Furthermore, the angle between the two sets of spinel
bands observed is ∼72° (Figure 10h). Figure 10i shows the SAED pattern of the host mineral (Figure 10g). The

Figure 9. Back‐scattered electron (BSE) images of medium‐ and coarse‐grained aggregates: GO143 (a, b), GO144 (c, d),
G117 (e), and G120 (d). The maximum compression direction is vertical on all of the images. In BSE images, contrast was
enhanced so that germanate pyroxene grains (as well as the platinum capsule) appear white. The gray regions are mostly
germanate olivine, with some spinel that appears in a slightly brighter shade of gray. Red arrows point toward strain
localization regions that contain spinel bands. Images a, c, e, and f correspond to the blue boxes in Figures S5b, S5c, S5f, and
S5h in Supporting Information S1, respectively. Image b corresponds to the red box in Figure S5b in Supporting
Information S1. (d) An enlarged view of (c). (f) Pink lines show the thickness of the shear band.
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spots with d‐spacings of 0.51 and 0.59 nm can be indexed by the 020 and 001 of germanate olivine, respectively
(Dachille & Roy, 1960). The split set of spots shown by a green arrow shows approximately 10° of angular
misorientation, while that shown by a pink arrow shows approximately 3° of angular misorientation.

Figure 10. Scanning transmission electron microscope images and electron diffraction patterns: (a) high‐angle annular dark‐
field (HAADF) image of GO145 in a FIB foil located by the white rectangle in Figure 8a. The right side of the foil
corresponds to the polished surface in Figure 8a. Gray and light gray minerals are germanate olivine and germanate
pyroxene, respectively. (b) HAADF image corresponding to the blue box in (a). The core of the fault, at the bottom of the
image, consists of extremely fine‐grained gouge made of brighter grains (c) Selected area electron diffraction (SAED)
pattern of the fault core in (b), which shows mostly germanate spinel. The rings shown by red and green arrows correspond to
the {220} and {311} reflections of germanate spinel, respectively. (d) HAADF image of GO143 in a FIB foil (white
rectangle in Figure 9b). Gray and light gray minerals are germanate olivine and germanate spinel (blue arrows), respectively.
White arrows point to the spinel lenses visible in Figure 9b. (e) Bright‐field (BF) image corresponding to the blue box in (d).
Orange arrows show stacking faults in an olivine grain. (f) SAED pattern corresponding to lamellae in (e), evidencing
topotactic coexistence of olivine (α, by greek symbol) and spinel (γ, by greek symbol). (g) Dark‐field (DF) image in a FIB
foil extracted from sample GO144 (white rectangle in Figure 9d). Red arrows show spinel bands in an olivine grain. (h) DF
image corresponding to spinel bands in (g). (i) SAED pattern corresponding to a host olivine grain in (g) and taken along the
[100] zone axis. Green and pink arrows show the split set of spots from olivine.
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4. Discussion
4.1. Mechanism of the Olivine‐Spinel Phase Transformational Faulting

During deformation experiments, phase transformation from germanate olivine to spinel occurred either at the
grain boundaries and within grains. At the scale of the sample, transformation is usually more advanced near the
top alumina piston, due to the stress concentration it creates in the sample (Cionoiu et al., 2019, 2022; Gasc,
Gardonio, et al., 2022). These large spinel‐rich regions largely contributed to the deformation of the entire sample
(e.g., Figures S5b and S5c in Supporting Information S1) and may have contributed to the eventual faulting of
some samples. Both volume reduction (8.1%) due to the phase transformation and a lower flow strength of the
newly created spinel compared to that of olivine may have enhanced the deformation of the samples observed in
the transformed regions. The microstructures observed therefore show a tendency for strain and transformation to
localize together, as previously reported in other experimental studies (Holyoke & Tullis, 2006) and numerical
simulations (Baïsset, Yamato, & Duretz, 2024). As a result of the stress relaxation experiment on sample G123
(Text S2 in Supporting Information S1), the stress exponent is 4.14, indicating that the deformation mechanism is
dislocation creep at high temperature. We hypothesized that the deformation mechanism was dislocation creep in
all samples and calculated the strength of germanate olivine and spinel based on the following flow laws for
dislocation creep (Shi et al., 2015):

ε̇ = Aσn exp(−
Q
RT
), (8)

where A is a constant, σ is the flow stress, n is the stress exponent, andQ is the activation energy. According to Shi
et al. (2015), A = 105.01 MPans− 1, n = 3.1, Q = 441 kJ/mol for germanate olivine, and A = 10− 3.4 MPans− 1,
n = 2.9, Q = 228 kJ/mol for germanate spinel. For example, in GO143, strain rate and temperature were 10− 4

s− 1 and 1,173 K, respectively, and the corresponding strengths of olivine and spinel were estimated to be 3,380
and 2,510 MPa, respectively. This indicates that spinel is weaker than olivine under these conditions, in agree-
ment with the observed strain localization on large spinel‐rich regions. Therefore, the buckling observed in some
samples is likely the result of this local weakening as well as from the volume reduction associated with the
transformation. For instance, in sample GO143, shortening was the largest on the left side of the sample, where
the fraction of spinel grains is the largest. Spinel nucleation along the left side of the platinum capsule may have
started earlier than along the other side due to a slight temperature difference. Further development of spinel
aggregates was then promoted thanks to the latent heat release of the phase transformation itself, which tends to
initiate a positive feedback loop when far from equilibrium (Kirby, 1995). In sample G116, we observed rigid
body rotation caused by faulting that occurred at approximately 45° to the sample's long axis. After the initial
faulting, the stress was predominantly supported by one side of the sample, leading to subsequent rotation of the
faults. This rigid body rotation altered the contact area between the sample and the deformation piston, which
affects the axial stress measurements. Our AE data, demonstrate that faulting, and therefore sample rotation
occurred during the final stages of deformation. Therefore, although this does not impact our primary findings, the
mechanical part of the curve beyond the peak stress does not reflect the strength of the fault or of the bulk of the
sample.

In fine‐grained samples, phase transformation was observed in fault planes, where spinel did not have a specific
orientation to the maximum compression direction (Figure 10b). Meanwhile, two types of intracrystalline spinel
grains were observed, both preferentially elongated normal to the principal stress inside medium and coarse
olivine grains: lenses with lengths of a few microns (Figures 9a and 9b) and thin lamellae that cross entire grain
widths (l > 100 μm, Figures 9c and 9d). The first type is characterized by the incoherent growth already reported
by Burnley et al. (1991). We also noted the presence in the vicinity of the lenses of intracrystalline spinel lamellae
within the olivine grains, characterized by an alignment of the (111) plane of spinel parallel to the (100) plane of
the host olivine (Figures 10e and 10f). These features have been reported in silicate olivine by Kerschhofer
et al. (1996) who proposed that spinel (ringwoodite) lamellae coherently nucleated on stacking faults in olivine;
they were shown to be a martensitic transformation mechanism by Burnley (2005) in the germanate olivine‐spinel
transformation. The second type of transformation is characterized by fine‐grained spinel nucleation along (010)
and (011) of olivine (Figures 10g and 10h). Most of these fine‐grained spinel aggregates are sub‐parallel to the
(010) plane of the olivine host. Spinel grains were also formed along the (011) plane of olivine and show an
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apparent tilt angle of 72° relative to the (010) plane. This observed angle deviates from the theoretical crystal-
lographic angle of 59.7° between these planes in perfect olivine crystals. The discrepancy between 59.7° and 72°
may simply reflect the angular misorientation within olivine grains, which can reach approximately 10°
(Figure 10i). This mechanism of phase transformation is consistent with preferred spinel nucleation on the kink
bands described by Burnley et al. (2013) as well as with the one proposed by Riggs (2005). In the microstructures
taken along the [100] zone axis (Figure 10g), the crystal was slightly rotated around the [100] direction
(Figure 10i). This microstructure is similar to the kinked ones already shown by Burnley et al. (2013) in ger-
manate olivine. Burnley et al. (2013) reported that the kinks were formed by rotation about the [010] direction in
germanate olivine grains deformed at 1,000–1,473 K and 0.6–1.3 GPa. It is possible that olivine grains observed
in this study also deformed by kinking around the [010] direction and that spinel aggregates formed as a result of
dislocation pileups and kinks in these grains.

These fine‐grained spinel bands were observed in all coarse‐grained samples. Riggs (2005) and Wang
et al. (2017) reported these spinel bands as nano shear bands, and likely the growth products of slip bands in (010)
and (011) planes of olivine. Furthermore, they pointed out that nano shear bands also develop from the tips of
regions where localized volume reduction occurred, such as anticracks and spinel nucleation at the grain
boundaries. Meanwhile, Gasc, Daigre, et al. (2022) showed that these spinel bands can be the result of dynamic
fault propagation (rather than their cause), as suggested by the presence of frictional melt products. Their
microstructural observations showed submicronic euhedral spinel grains. Faulting generates additional heat that
can produce frictional melt. Pressure and temperature conditions were those of the spinel field. Consequently,
since high temperature conditions preclude quenching a glassy (i.e., amorphous) melt product, frictional melt
recrystallized as fine‐grained spinel. Ohuchi et al. (2022) performed deformation experiments on silicate olivine
at 11–17 GPa and 860–1,350 K and also reported melt microstructures in the fault gouge consisting of olivine and
wadsleyite. In the fine‐grained olivine of this study, fine‐grained spinel aggregates were observed at the grain
boundaries, whereas spinel was not observed inside olivine grains (Figure 10b). Therefore, fine‐grained spinel
aggregates at the grain boundaries act as localized volume reduction, conducive to faulting, which, in turn,
produces a local heat rise and in some cases frictional melting, responsible for the observed spinel bands
(Figures 8c and 8d). Sample G118 displays two distinct mechanical weakening events (Figure 5d). These events
appear to correlate with the development of a primary macroscopic fault (orange arrow in Figure S5g in Sup-
porting Information S1) and a secondary fracture zone. Although platinum intrusion partially obscured micro-
structural evidence, mechanical data and preserved structures suggest the sequential development of conjugate
faulting features. In the coarse‐grained samples, spinel aggregates were observed along (100), (010), and (011)
planes of olivine grains (Figure 10c). These spinel aggregates behave as localized volume reduction and result in
faulting. As a result, the spinel bands observed can be formed due to frictional heat.

Faulting occurs in germanate olivine aggregates at moderate temperatures (1,100 K < T < 1,200 K), while
deforming by semi‐brittle mechanisms (dislocation glide + cracking; Figure 11). This unusual behavior indicates
that strain localization, and eventual faulting, requires the olivine‐spinel phase transformation as proposed by
previous studies (Burnley et al., 1991; Gasc, Daigre, et al., 2022, Gasc, Gardonio, et al., 2022; Green & Burn-
ley, 1989; Green et al., 1992; Riggs, 2005; Schubnel et al., 2013; Tingle et al., 1993; Wang et al., 2017). Phase
transformation is a thermally activated process that promotes strain localization at high temperatures. At
>1,200 K faulting occurred despite low sample strength, although AE counts were far lower than at moderate
temperatures. At temperatures <1,200 K, brittle fracture is the dominant microscopic mechanism leading to strain
localization. These brittle fractures were observed as numerous AEs. The occurrence of phase transformation in
conjunction with brittle fractures generates a lot of latent and frictional heat, and strain (elastic strain energy)
around the localized region, which promotes further phase transformation and subsequent localization. Elastic
strain hinders phase transformations, but the plastic strain caused by the phase transformation itself releases the
elastic strain energy, keeping the progress of the phase transformation (Liu et al., 1998; Sawa et al., 2023). Finally,
this positive feedback results in macroscopic brittle faulting that produces frictional melting. Fine‐grained spinel
nucleates during the cooling of the frictional melt products, thus forming the long and thin spinel bands observed
(Figure 8c). At high temperatures, plastic flow is enabled and brittle fractures are inhibited (Figure 11). Therefore,
at >1,200 K, mylonites were observed instead of large faults with frictional melt (Figure 8d, resulting in a small
number of AEs.
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4.2. AE Activity and b‐Value Dependence on Olivine Grain Size

Absolute cumulative moment magnitude provides a more direct measure of the total energy released during
deformation. While AE counts give insight into the frequency of microcracking events, the moment magnitude
better reflects the mechanical significance of these events. A few high‐magnitude AEs can release equivalent or
greater energy than numerous small‐magnitude events, and this energy release directly correlates with observed
stress drops in our mechanical data. Some AEs may originate from cell parts such as fired pyrophyllite and
graphite. However, Baïsset, Labrousse, et al. (2024), using identical cell assemblies and AE settings, reported
minimal AE activity at high temperatures when their samples deformed in a ductile manner (e.g., <23 events at
1,073 K). Given that our experiments were conducted at even higher temperatures (≥1,148 K), we expect the
contribution from cell parts to be negligible. Therefore, we conclude that the vast majority of detected AEs in this
study originate from the olivine sample. The observed AEs likely originated from both phase transformation‐
induced faulting and cracking processes that occurred at peak stresses above the Goetze criterion. In experi-
ment G116, some AEs were generated immediately after reaching the Goetze criterion, suggesting a crack‐related
origin. However, AE activity continued even after the stress dropped below the Goetze criterion. This sustained
AE generation suggests that the majority of AEs originated from phase transformation‐induced faulting. Also, the
effect of Pt intrusion into the samples on the AE measurements can be considered negligible. Pt intrusion was
observed only in samples where the deformation pistons were broken. AE measurements were immediately
arrested after piston failure. We can detect AEs with seismic moment >10− 6 Nm. Using stress drop relation
above, we can detect the crack with r≃ 35 μm for 10 MPa stress drop and M0 = 10− 6 Nm.

The b‐values in the coarse‐grained aggregates are larger than those in the fine‐grained ones at the same pressure,
temperature, and strain rate conditions (Figure 6). This indicates that b‐values depend on the grain size of ger-
manate olivine. According to Mogi (1962), in a heterogeneous medium, fault propagation is readily arrested,
resulting in a relatively large number of earthquakes with smallMw. Consequently, the b‐value tends to be high in
a heterogeneous medium. Therefore, the span in b‐values obtained in this study likely reflects variations in
heterogeneity of the stress field due to grain size, which also causes differences in phase transformation mech-
anisms. Spinel grains in the fine‐grained samples grow at olivine grain boundaries and develop homogeneously
throughout the aggregate. On the other hand, spinel grains in the coarse‐grained olivine aggregates do not develop
at olivine grain boundaries but appear heterogeneously inside olivine grains at dislocation pileups along (100),
(010), and (011) planes or kinking. These observations suggest that spinel bands were formed heterogeneously
throughout the sample, reflecting the Schmid factor distribution. The spatial distribution of these spinel grains

Figure 11. Plots of sample strength versus temperature in this study and previous ones (Burnley et al., 1991; Gasc, Gardonio,
et al., 2022). Open symbols show ductile behavior; Filled symbols show faulting. Blue and purple dashed lines showGoetze's
criterion at confining pressures of 1.2 and 1.5 GPa, respectively (Kohlstedt et al., 1995). Blue and purple dotted lines show
Byerlee's law at confining pressures of 1.2 and 1.5 GPa, respectively (Byerlee, 1978). The red and black solid lines show flow
laws for dislocation creep of germanate olivine and spinel (Equation 8) at a strain rate of 1.0 × 10− 4 s− 1 (Shi et al., 2015).
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determines the distribution of subsequent brittle fracture that accompanies the phase transformation. Therefore,
the heterogeneous growth of spinel bands in coarse‐grained olivine aggregates produces b‐values approximately 2
times higher than those from homogeneous spinel distribution in fine‐grained aggregates (in the case of low T,
0.63 and 1.20, respectively).

At higher temperature, b‐values are higher in both fine‐ and coarse‐grained aggregates in this study, consistently
with previous results (Gasc, Daigre, et al., 2022, Gasc, Gardonio, et al., 2022). The rate of phase transformations
increases dramatically with temperature (Cahn, 1956; Kubo et al., 2004). As a result, in the high‐temperature
experiments, phase transformation was likely completed before strain localization took place, resulting in the
lack of large faulting events (small number of AEs with large Mw) and, increasingly larger b‐values with
increasing temperature.

The differences in phase transformation mechanisms, which depend on grain size, control the transformation
kinetics, and therefore, the timing of AE activities. In the fine‐grained aggregates, AE activities began before peak
stress at high temperature, and continued as the deformation progressed (G118, Figure 5b), whereas, at low
temperature, AE activities did not start until after peak stress (G116, Figure 5a) despite much higher stress levels.
The temperature‐dependent timing of AE activities is a direct consequence of AEs being related to strain
localization, which is enabled by the phase transformation. Because the transformation progresses more rapidly at
high temperature, strain localization occurs at lower strains and stresses, resulting in a myriad of early small AEs
(Figures 5b, 5d and 5f). However, in the coarse‐grained aggregate and at low temperature, AE activities did start
before peak stress (G117, Figures 5a and 5e), that is, sooner than they did in the fine‐grained counterpart (G116,
Figures 5a and 5c). According to Riggs (2005) andWang et al. (2017), spinel lenses (localized volume reduction)
preferentially develop in large olivine grains. It is therefore likely that in the fine‐grained aggregates, localized
volume reduction did not occur until the deformation had progressed to a greater amount of strain. AE activities,
which are derived from the appearance of these localized volume reduction patches due the local mechanical
instability they cause, were consequently delayed until after the peak stress. In coarse‐grained olivine aggregates,
spinel bands (associated with faulting) were formed as a result of dislocation pileups and kinks along the (010)
and (011) planes of olivine grains. These features developed immediately after deformation progressed into the
plastic domain, generating AEs during the early stages of deformation.

Differences in P‐ and S‐wave arrival times demonstrate that AE activities concentrated in the center and lower
parts of the samples (Figures 5b–5d). This is a consequence of the vertical temperature gradient in the assembly
causing the center and lower end of the sample to sit at slightly higher temperatures than the top (Figure S2 in
Supporting Information S1). Transformation rates are therefore higher in the center and lower parts of the sample
(in sample G116, the volume fraction of spinel is the largest in the lower part of the sample). The highest AE rate
was observed slightly below the central portion of the sample, indicating that the temperature at which defor-
mation preferentially localizes could be lower than the calculated peak temperature at the sample center (Table 1).

The relationship between seismic moment and corner frequency obtained from Equations 4 and 5 is reported in
Figure 7 along with those of natural earthquakes and previous experimental studies. Stress drops (equivalent to
seismic moments under a given corner frequency) at low temperatures tend to be larger than those at high
temperatures (Figure 7). The wide range of stress drops calculated does not result from a change in the phase
transformation mechanism, which did not change upon temperature. However, the difference in sample strength
due to temperature probably caused the observed range of seismic moment and stress drop. We presume that high
temperatures decrease the magnitude of stress drops through stress relaxation mechanisms.

Stress drops of deep‐focus earthquakes (Liu et al., 2020) are larger than those of shallow ones (Allmann &
Shearer, 2009; Collins & Paul Young, 2000; Domański & Gibowicz, 2008; Ide et al., 2003; Wu &
Chapman, 2017; Yamada et al., 2007). Some shallow earthquakes reported in Allmann and Shearer (2009)
have large stress drops, but they occur in an intraplate context. Unlike large shallow earthquakes, which occur
at the decoupled plate interface, deep‐focus earthquakes occur in a context where the subducted plate and the
overriding mantle are fully re‐coupled, which may be one of the reasons why they also display particularly large
stress drops (e.g., Frohlich, 1989; Fukao & Kikuchi, 1987; Wyss & Molnar, 1972).
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4.3. Implication for the Deep‐Focus Earthquakes in the Subducted Slab

According to Zhan (2017), in warm slabs with thermal parameters lower than 8,000 km, b‐values are 0.49 in the
range 5.3≤Mw ≤ 6.5, and 0.95 for 6.6≤Mw ≤ 7.3. In cold slabs with thermal parameters larger than 8,000 km,
b‐values are 1.21 for 5.3≤Mw ≤ 6.5, and 1.04 for 5.3≤Mw ≤ 6.5. To explain the difference in b‐values between
warm and cold slabs, the author proposed a dual‐mechanism hypothesis. In this hypothesis, transformational
faulting causes most deep‐focus earthquakes in cold slabs, because they contain a thick metastable olivine wedge
where rupture by transformational faulting can propagate across large distances two‐dimensionally. Conse-
quently, deep‐focus earthquakes resulting from transformational faulting alone may explain even the large
earthquakes observed in the coldest slabs (e.g., Tonga). The scenario is different in warm slabs, which contain a
thin metastable olivine wedge in which deep‐focus earthquakes can only propagate by transformational faulting
along‐strike (1‐D rupture geometry). The rupture may continue to grow outside the metastable olivine wedge if
the energy released by the rupture is enough to initiate a thermal instability mechanism. The geometry of this
thermal‐instability rupture would no longer be controlled by the 1‐D rupture along‐strike the metastable olivine
wedge and would thus propagate two‐dimensionally. This difference in the rupture geometry affects b‐values
(Aki, 1981; Hanks & Kanamori, 1979; Kanamori & Anderson, 1975; Wang et al., 2017). However, as Gasc,
Daigre, et al. (2022) pointed out, the core of metastable olivine wedge in cold slabs may be too cold to produce
transformational faulting deep‐focus earthquakes. This is consistent with the observation of a double seismic zone
in cold slabs, where ruptures may also be confined to 1‐D propagation in thin olivine‐ringwoodite transformation
fronts surrounding the metastable olivine wedge (Gasc, Daigre, et al., 2022; Wiens et al., 1993). As discussed
above, b‐values are impacted by grain size (homogeneity) and temperature. In addition to the geometrical con-
straints on deep‐focus earthquake rupture processes proposed by Zhan (2017), we suggest that the homogeneity of
the stress field, which tends to increase with temperature, can also control b‐values in deep‐focus earthquakes.
Gasc, Daigre, et al. (2022) indicated that temperature controlled b‐values in deep‐focus earthquakes. They
showed that transformational faulting is controlled by the ratio between strain rates and the transformation rates.
As a result of the extrapolation of this relationship to the natural slab conditions, cold slabs with fast subduction
rates produced transformational faulting at higher temperatures.

Here, we hypothesize that the metastable olivine wedge of subducted slabs, when present, has intrinsically large
stress heterogeneities due to the cold nature of this region, and that the magnitude of these heterogeneities control

Figure 12. Predicted grain growth curves in fine‐grained olivine aggregates using the grain‐growth parameter calculated by
Speciale et al. (2020). The initial grain size is set to be 1 μm at a pressure of 15 GPa.
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b‐values. In warm and cold slabs alike, the metastable olivine wedge is possibly made of both fine‐ and coarse‐
grained olivine, with grain sizes ranging from a few μm to a few mm derived from outer‐rise faults (e.g., Jiao
et al., 2000; Silver et al., 1995) and thermal cracks (e.g., Korenaga, 2007). To confirm whether fine‐grained
olivine derived from outer‐rise faults and thermal cracks can be preserved in a metastable olivine wedge, we
calculated the grain size evolution of fine‐grained olivine based on Speciale et al. (2020) (Figure 12). In grain
growth experiments on natural olivine aggregates, Speciale et al. (2020) made the aggregates undergo dynamic
recrystallization prior to grain growth. As a result, they revealed that grain boundary migration driven by strain
energy due to the deformation delayed the onset of grain growth driven by interfacial energy. In the following,
parameters used in the grain growth equation for olivine are a grain growth exponent ( p) of 3.2, an activation
energy (EG) of 620 ± 145 kJmol− 1, an activation volume (VG) of 5 × 10− 6 m3mol− 1, and a rate constant (k0)
of 1.8 × 103 mps− 1, respectively. The grain growth equation is the following (e.g., Atkinson, 1988):

dpf − d
p
0 = kt, (9)

where d f is the mean grain size at time t, d0 is the initial mean grain size, and the growth rate k follows the
relationship:

k = k0 exp(−
EG + PVG

RT
), (10)

where P is the pressure (Pa), R is the gas constant ( JK− 1mol− 1) , and T is the absolute temperature (K).
Considering that the highest estimate of temperature inside the metastable olivine wedge of a warm slab to be
approximately 1,073 K (e.g., Negredo et al., 2004; Schmeling et al., 1999), 1 μm initial grains of olivine will only
reach a radius of approximately 10 μm after 10 Ma (yellow curve in Figure 12), that is, the time required for a
warm slab to subduct from the surface to 600 km depth under reasonable subduction rates (∼6 cm/year). In
addition, fine‐grained olivine derived from outer‐rise faulting and thermal cracking will likely have high dislo-
cation density due to the high stress levels and brittle history they were subjected to. Therefore, fine‐grained
olivine will not only be preserved within metastable olivine wedges in former outer‐rise faults for example,
but they will also remain weaker regions. Meanwhile, the grain size outside the faults and cracks will become
large following the normal grain growth law. Consequently, metastable olivine wedges likely present large
strength –and stress– contrasts, resulting from the coexistence of fine‐ and coarse‐grained regions. Gerya
et al. (2021) also mentioned that fine‐grained regions derived from outer‐rise faults can be preserved in the mantle
transition zone. Guest et al. (2003, 2004) also evidenced a highly heterogeneous stress field inside the metastable
olivine wedge caused by the phase transformation of olivine. Therefore, stress heterogeneities are more than
likely generated in all MOW as a result of grain size heterogeneities. This study reveals that transformational
faulting occurs independently of grain size, but that the heterogeneity due to the spatial distribution of spinel
grains affects b‐values. In the subducted slab, b‐values would be controlled not only by temperature (Gasc,
Daigre, et al., 2022) but also by how heterogeneous the stress field is. In particular, stress heterogeneity in the
metastable olivine wedge is expected to be smaller in warm subducted slab; thus yielding low b‐values. Mean-
while, cold subducted slabs likely contain more weak damaged regions. This yields both higher stresses and stress
heterogeneities in the metastable olivine wedge and results in high b‐values.

5. Conclusions
We conducted deformation experiments on germanate olivine aggregates containing a small amount of ger-
manate pyroxene with various grain sizes, ranging from a few micrometers to a few hundreds of micrometers.
In the fine‐grained aggregates, spinel grains at olivine grain boundaries resulted in faulting, forming homo-
geneous recrystallized spinel bands. In the coarse‐grained aggregates, spinel aggregates along (100), (011), and
(010) planes of olivine resulted in faulting, forming heterogeneous spinel bands. Thanks to calibrated AE
measurements, the scaling law of the phase‐transformational faulting observed could be assessed and was
shown to follow that of large natural earthquakes. The b‐values obtained depend on the grain size of olivine; b‐
values in the fine‐grained aggregates are smaller than those in the coarse‐grained ones at the same deformation
conditions. In the coarse‐grained aggregates, heterogeneous intracrystalline growth of spinel aggregates leads to
high b‐values. Meanwhile, in the fine‐grained aggregates, homogeneous, that is, distributed, growth of spinel
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grains at the grain boundaries leads to lower b‐values. We infer from these observations that the homogeneity
(or heterogeneity) of the stress field in which transformational faulting occurs impacts the resulting b‐values. At
the scale of subducted slabs, this is consistent with the range of b‐values observed, which are correlated to the
thermal parameter of the slab (b‐values being higher for high thermal‐parameter slabs). In cold slabs, that is,
with high thermal parameter, stresses and therefore stress heterogeneities, are expected to be higher, thus
probably contributing to higher‐b‐values. Furthermore, we showed that the preservation of outer‐rise faults and
thermal cracks as fine‐grained regions in the metastable olivine wedge of cold slabs would tend to favor large‐
scale stress heterogeneities, thus, leading to high b‐values. In contrast, in warm subducted slabs, faults and
cracks from the early stages of subduction are easily healed through recrystallization. The metastable olivine
wedge is therefore likely more homogeneous in terms of strength and stress, which, according to our results
would promote lower b‐values.

Data Availability Statement
The data on which this article is based are available in Sawa et al. (2025).
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