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Impact of chlorite dehydration on intermediate-
depth earthquakes in subducting slabs

Dohyun Kim® "2, Haemyeong Jung® "™ & Jungjin Lee® '

Intermediate-depth earthquakes are common in the double seismic structures of many
subduction zones under high pressures (~1-4 GPa). Serpentine dehydration exhibits well-
established links with double seismic zone earthquakes. Additionally, dehydration of several
hydrous minerals including lawsonite and chlorite underlying the upper and lower layers,
respectively, may be responsible for intermediate-depth earthquakes. Here, we present
experimental evidence suggesting that chlorite dehydration can trigger intermediate-depth
earthquakes at the lower plane (~700°C). We conducted deformation experiments on
chlorite peridotite under high-pressure (0.5-2.5 GPa) and high-temperature (500-750 °C)
using a modified Griggs apparatus. Experiments revealed the presence of faults in samples
that had undergone partial chlorite dehydration with the presence of the dehydration product
Ca-amphibole along these faults. Our findings confirm, together with correlation studies
between seismicity and mineral stability, that a part of intermediate-depth seismicity in the
lower plane of double seismic zones can be attributed to chlorite dehydration.
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been documented in double seismic zones of many subduction

zones!~7. However, brittle deformation is rare in high-pressure,
high-temperature (P-T) conditions®-10. Several triggering and
rupture mechanisms have been proposed to explain intermediate-
depth earthquakes. Dehydration embrittlement!!-14, reaction-
induced grain size reduction!>!6, and stress transfer models
(dehydration-driven stress transfer: DDST, transformation-driven
stress transfer: TDST)17-19 are representative triggering mechan-
isms. Rupture mechanisms include self-localising thermal
runaway!®20-22)  melt-assisted  lubrication?>24,  thermal
pressurisation®>2%, and transformational faulting?”28. The trig-
gering mechanism involving dehydration of hydrous minerals such
as serpentine in the upper mantle!>!® and lawsonite in the sub-
ducting oceanic crust'® has been considered as a plausible expla-
nation for intermediate-depth earthquakes in subducting slabs of
double seismic zones®8:%:11,12,1417-19,29-32  Although intermediate-
depth earthquakes in the lower plane of the double seismic zone
(Fig. 1) can be attributed to serpentine dehydration mechanisms
(including DDST!%:33) at low temperaturel7-19-34, the seismicity in
this region, particularly at high temperature (~700 °C), may be
attributed to the dehydration of other hydrous minerals!%-34-36,

Chlorite exhibits a wide stability range in subduction zones
under high P-T conditions'’37 (Fig. 1). Chlorite peridotite is
stable in the lower layer of double seismic zones. Chlorite has also

I ntermediate-depth earthquakes at depths of 50-300 km have
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Fig. 1 Seismicity, stability fields of peridotite and serpentinite, and
experimental conditions in subduction zones. Two types of subduction
zones (modified after Hacker, et al."), and experimental conditions of this
study. a Cold (type 1) subduction zone of northern Honshu, Japan.
Seismicity is represented by black dots. The instability of chlorite would
explain a fraction of the seismicity (around the transition between the
yellow and red area zones). b Warm (type II) subduction zone of Costa
Rica. Black stars indicate where samples were faulted and partial
dehydration of chlorite was observed. Black stars for the condition of
P=15GPa and T=650 °C (samples JH138 and JH218) only match the
geotherm of warm (type I1) subduction zone (b)3°.

been identified as a key mineral for water transport to the mantle
and fluid transfer reactions in subduction zones33-42. Based on
laboratory experiments and seismicity correlation studies,
researchers have inferred that seismicity in the lower plane of
double seismic zones could be linked to the dehydration of
hydrous minerals, including serpentine and chlorite!117:37:39, In
this study, we aimed to understand the mechanism of
intermediate-depth earthquakes under high-temperature condi-
tions in subduction zones by conducting deformation experi-
ments on chlorite peridotite under the high P-T conditions of
subducting slabs. Previous studies have predominantly con-
centrated on serpentine dehydration to understand the
intermediate-depth seismicity of subducting slabs®121932, with
some also highlighting the role of chlorite in triggering such
seismicity">!”. Our experimental findings indicate that chlorite
peridotite dehydration causes intermediate-depth earthquakes in
the upper and lower plane of double seismic zones at high
temperatures.

Results

Table 1 presents the results of deformation experiments on
chlorite peridotite (as described in the Methods). Fourteen
simple-shear experiments were conducted (Supplementary Fig. 1)
in a modified Griggs apparatus under a high confining pressure of
approximately 2 GPa (pressure at a depth of ~60 km) and high-
temperature conditions (500-750 °C) at a constant longitudinal
strain rate of 2.7-6.9 x 1076 s~ 1. The previously known reactions
of chlorite (e.g., chlorite = forsterite + pyrope + spinel + H,O)
occurred with synthetic starting material*3>#4. In this study, the
theoretical stability fields and reaction formula of chlorite and
amphibole were calculated based on pseudosections using
Theriak-Domino software (Fig. 2a, b), considering the modal
composition of the natural starting material (chlorite peridotite).
The expected product of the dehydration reaction under these
conditions is amphibole: chlorite + pyroxene + Na-phlogopite +
vesuvianite = olivine + amphibole + H,0O. Minor minerals such
as vesuvianite and phlogopite were difficult to observe in the
starting material because of their extremely low volume percen-
tage (~0.5%). The fluid-dependent stability field change under the
temperature conditions of this study*> may explain why vesu-
vianite was not detected. In the five samples represented by red
stars in Fig. 2a, b, faults were observed within the coexistence
zone of chlorite and amphibole under high pressures
(1.5-2.5 GPa).

Fluid inclusion trails were observed in the faulted samples
(Fig. 2¢) for both positive and negative volume changes (Table 1).
Fluid inclusions, which were not observed in the starting material,
are interpreted as evidence of chlorite dehydration in the
experimentally deformed samples. Fluids from the dehydration of
chlorite left fluid inclusion trails inside olivine grains, and the
trails were aligned subparallel (<30°) to o;—the maximum
principal stress orientation of the deformation experiment
(Fig. 2c and Supplementary Fig. 1). The aligned fluid inclusions
were formed after Mode-I cracks that were subparallel (<30°) to
maximum principal stress orientation o; (Fig. 2d).

In samples in which no fault could be observed, strain locali-
sation resulted in the layering of the chlorite grains. The defor-
mation can be accommodated by shearing along the basal plane
of well-oriented chlorite crystals (Fig. 3a). However, for samples
with faults, chlorite sheets and olivine grains at three high-
temperature conditions were cut by a fault under high pressures
(1.5-2.5 GPa; Fig. 4a, b, and d; Table 1). A macroscopic fault is
shown in Fig. 4a; a fault gouge that developed at 2.5 GPa and
750 °C is shown in Fig. 4b. A fine-grained dehydration product of
chlorite was found along the fault gouge (Fig. 4c), as revealed by
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Table 1 Experimental conditions and results for deformation experiments on chlorite peridotite.

Sample Pressure Temperature (°C) Shear strain  Strain rate = Maximum differential Fault Inverse Clapeyron
(GPa) ) s stress (MPa) development” slope & volume change

JH101 0.5 650 +15 21+0.5 2,65 x 1076 254=15 X >0

JH127 1.0 650 +15 35+0.8 6.30 x 107 12020 X >0

JH100 1.0 720+20 21+0.5 548 x 1076 13120 X >0

JH138 15 650 +15 33+0.8 6.26 x 107® 352+35 0] >0

JH218 15 65015 31+0.8 6.03x 1076 41535 0] >0

JH146 2.0 500 £10 33+0.8 6.90 x 1076 35420 X 0

JH154 2.0 57010 28+0.6 6.41x 1076 259%15 X 0

JH139 2.0 60010 3.8+x0.9 619 x 106 34615 X 0

JH140 2.0 650 +15 3.8+x0.9 6.36 x 1076 173£20 e} 0

JH228 2.0 730+£20 35+0.8 733 x1076 489+35 6} 0

JH156 25 540 +10 1.6+0.3 6.53 x 1076 23820 X <0

JH152 25 63010 40+10 6.51x 106 17120 X <0

JH221 25 690 £15 21+0.5 6.81x10¢ 13020 X <0

JH225 25 750 +20 49+15 712 x10°© 169 £20 e} <0

"Faulted (O) or unfaulted (X) samples were determined by measurable displacements observed by optical and eletron microscope.

energy dispersive spectrometer (EDS) mapping of the deformed
sample. Ca was distributed along the fault. Figure 4d shows the
optical microscope image of the fault developed at 1.5 GPa and
650 °C. The EDS mapping images of the area (Fig. 4d) are shown
in Fig. 4e and f; chlorite was Al-rich (Fig. 4e). We found a thin
Ca-rich zone along the fault (Fig. 4f). The only mineral con-
taining Ca in the starting material was clinopyroxene, with a bulk
composition of 3%. Data from a field-emission electron probe
microanalyser (FE-EPMA) revealed that the dehydration product
containing Ca was amphibole (Supplementary Table 1), which
was classified as tremolite: Ca, ;(MgyoFey,)Sisg10,2(OH), (Sup-
plementary Table 1).

Herein, the stress—strain curves for experimental samples are
shown in Supplementary Fig. 2. The stress—strain curves for the
unfaulted samples showed a regular plastic deformation (e.g.,
samples JH146 and JH139). However, faulted samples showed
marked stress drop after peak stress at high temperatures of
650-750 °C (e.g., samples JH140, JH218, and JH225) (Supple-
mentary Fig. 2).

In summary, shear deformation experiments on chlorite peri-
dotite were performed under high P-T conditions in this study,
and faults were found (Fig. 4). At high pressures (1.5, 2.0, and
2.5 GPa) and temperatures (=650 °C), Ca-amphibole was found
along the faults, which is one of the dehydration products of
chlorite (Fig. 4c, f). The microstructures of the faults exhibited
slight differences in response to volume changes. Thin and sharp
faults were observed under positive Clapeyron slope (AV>0)
(Figs. 2a and 4f), while thick fault gouges developed under
negative Clapeyron slope (AV <0) (Figs. 2a and 4c).

Discussion

Despite the risk of two-dimensional observations of three-
dimensional structures and the inconsistency between theore-
tical pseudosections and experimental results!”-343746 (Supple-
mentary Fig. 3), faulted samples showed fluid inclusions, partial
chlorite dehydration, and a well identifiable dehydration product
(Ca-amphibole). Our results indicate that chlorite dehydration
likely contributes to seismicity under double seismic zone con-
ditions. Partial chlorite dehydration, resulting in stable chlorite,
could be explained by the other reactive phases in low fractions
before actual instability (T>850 °C under P=1.5-2.5GPa)!’.
Notably, no serpentine (antigorite) was detected in the starting
material or faults of the experimental samples. It might be present
as a minor mineral, akin to vesuvianite and phlogopite in the

starting material. Consequently, the influence of serpentine
dehydration was not a factor under consideration in this study,
given its absence in faults. However, considering the relatively low
temperatures in the vicinity of ~500 °C (Supplementary Fig. 4), it
is imperative to account for local equilibria within serpentinised
faults.

Dehydration embrittlement was linked to positive volume
change (AV>0) in dehydration reactions?’#%, Jung, et al.l2
demonstrated experimentally, at high pressures up to 6 GPa, that
dehydration of serpentine can make a fault under the negative
volume change (AV <0), which could be applied under the depth
great enough for intermediate-depth earthquakes. DDST/TDST
could be a possible dehydration-induced mechanism under the
conditions in which dehydration embrittlement is not
plausible!7-1934, Notably, pseudosections of our starting material
revealed a transition from a positive to negative volume change in
the chlorite dehydration reaction at approximately 2 GPa
(~60 km depth) with increasing pressure (Fig. 2a). Our experi-
mental results validate that chlorite dehydration and fault for-
mation occur both under positive (P <2 GPa) and negative
(P >2 GPa) volume change (Table 1). The occurrence of negative
volume change can facilitate the creation of fluid pathways, fur-
ther promoting dehydration®’.

Extreme deformation localisation involves both seismic and
aseismic faulting events, including earthquakes, tremors, and slow-
slips. The observed mobility of Ca ions and the formation of
Ca-amphibole within faults, as a product of metamorphic trans-
formation, can be attributed to increased diffusivity within trans-
forming aggregates. Alternatively, transient melting and rapid
crystallisation, phenomena expected during dynamic ruptures
under pressurel>19:23:50-34 could be other possibilities. In both
natural and experimental analogues, seismic ruptures under high
pressures consistently exhibit transient lubrication, often mani-
fested as dynamic melting and preserved as pseudotachylytes, along
with the emission of elastic waves. Although there was no acoustic
recording in this study, some melts may have solidified into glassy
materials near faults. Notably, we identified such glassy materials
(Supplementary Fig. 5a) adjacent to faults that exhibited no
Kikuchi bands in the electron backscattered diffraction pattern
(EBSP) (Supplementary Fig. 5b). This observation would be con-
sistent with the rapid diffusion of large cations such as Ca.

Our observations revealed the presence of fine-grained dehy-
dration products, specifically Ca-amphibole (Fig. 4). The presence
of Ca-amphibole in faults documents coeval fluid percolation and
faulting. Consequently, it becomes evident that intermediate-
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Fig. 2 Stability fields of minerals and fluid inclusion trail in olivine. a, b Stability fields and volume percentages of chlorite and amphibole using Theriak-
Domino software®8, based on the starting material (chlorite peridotite®’). O(?) in bulk represents auto calculation of oxygen content in Theriak-Domino
software. The contour numbers on the figure represent the volume percentages of minerals. Stars represent experimental conditions of this study, and a
fault and dehydration product of Ca-amphibole were observed on red stars. Fourteen experiments are represented by thirteen stars because samples JH138
and JH218 share the same P-T condition (1.5 GPa and 650 °C). Backscattered electron images (BEls) show ¢ a fluid inclusion trail and d Mode-I crack in
olivine in a faulted sample deformed at 2.0 GPa and 730 °C (sample JH228). White arrows indicate orientation of maximum principal stress (6+y, and the
yellow arrow indicates a Mode-I crack that left a fluid inclusion trail. Ol: olivine.

depth earthquakes may be triggered not only by conventional
dehydration embrittlement but also by stress transfer mechan-
isms such as DDST/TDST via chlorite dehydration. Additionally,
the phenomenon of thermal runaway instability!6-20-22:5 with its
potential to induce local dehydration, emerges as a plausible
rupture mechanism. This inference aligns with our observations
of fine-grained Ca-amphiboles following the dehydration of
chlorite.

Intermediate-depth seismicity in subducting slabs has been
observed in the double seismic zones of many subduction zones,
including north-eastern Japan, Tonga, northern Chile, Alaska,
Kamchatka, the Marianas, New Britain, Costa Rica, and the
Kuriles, as well as within the remnants of subducted
slabs?11:31,34,49,56-58 Type T double seismic zones are defined by
a layer separation of ~20-40 km, which converges at a depth of
~200 km>7>%. This type of double seismic zone can be found in

regions such as north-eastern Japan, Kamchatka, the Kuriles, the
Marianas, and Tonga®”>°. In contrast, type II double seismic
zones are characterised by a layer separation of less than 15 km,
which converges at a depth of ~150 km°”>°. Examples of type I
double seismic zones include northern Chile, Alaska, New Britain,
and Costa Rica®”*%. The upper-plane seismicity of double seismic
zones has been attributed to the dehydration of hydrous minerals
such as serpentine of the upper mantle!-2%-31:34 and lawsonite of
the subducting oceanic crust!3. Similarly, the lower-plane seis-
micity within the double seismic zone has also been linked to
dehydration mechanisms involving serpentine!81934, However,
the potential for dehydration of other hydrous minerals has been
proposed in the context of the lower-plane seismicity of the
double seismic zone®%11:13,31,57-59,

Subduction zones that are categorised as “warm” or type II
double seismic zones are known to release fluids at great
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Fig. 3 BEIl and energy dispersive spectrometer (EDS) mapping of an
unfaulted sample. a Representative BEI of the sample without a fault
deformed at 2.5 GPa and 540 °C (sample JH156). b Energy dispersive
spectrometer (EDS) mapping image of the same area in a showing Mg and
Al distribution, but no Ca distribution in the sample. Chl: chlorite; Ol:
olivine.

depths3>41,59. This characteristic makes it more likely for these
zones to experience dehydration of hydrous minerals at larger
depths. In addition, subduction zones that are considered “cold”
or type I double seismic zones may still be able to deliver fluids to
the deep mantle38. There have been suggestions that this could
occur in rock compositions that are rich in chlorite?3. Studies
have proposed that the dehydration of chlorite can be a source of
seismicity in cold (type I) subduction zones*30-318, Mineral
dehydration has been suggested for both types of subduction
zonesh17,

The stability field of chlorite peridotite corresponds to the area
of the lower plane of the double seismic zone (Fig. 1)47-11. The P-
T conditions of faulted chlorite peridotite samples in this study
(1.5-2.5 GPa and 650-750 °C) correspond to both cold (type I)
and warm (type II) double seismic zones, similar to the behavior
of serpentine®”-11,17.18:34 (Fig. 1). North-eastern Japan is the
representative cold (type I) subduction zone®!1°6-38:60, and
Costa Rica is the representative warm (type II) subduction
zone®11,57, Thus, most intermediate-depth earthquakes in double
seismic zones can be explained by the dehydration of chlorite,
serpentine, and other hydrous minerals!®17-34-36 in both the
north-eastern Japan and Costa Rican subduction zones.

The samples that underwent deformation had ~31 vol.% of
chlorite before deformation. After deformation, the samples had
~30 vol.% of chlorite and ~1 vol.% of dehydration product.
Hacker, et al.4® theoretically estimated a fraction of 10-35 vol.%
of chlorite in peridotites of subducting slabs. Kim and Jung®!
reported the presence of natural chlorite peridotites from Norway
originating in the subduction zone, containing approximately 35
vol.% of chlorite. Similarly, Morales, et al. reported ~22 vol.% of
chlorite in erupted mantle fragments, and Alt, et al.% also
reported ~20 vol.% of chlorite in chlorite harzburgite that was
exhumed from the subduction zone. Furthermore, Lee, et al.t4
reported an ultrahigh-pressure tectonic mélange from central
Asia, which contained ~30 vol.% of chlorite. Therefore, in addi-
tion to serpentine dehydration, some subducting slabs with a
chlorite volume percentage of approximately 30% may also
undergo chlorite dehydration, potentially contributing to seis-
micity via mechanisms such as dehydration embrittlement and
DDST/TDST.

Figure 1 shows representative examples of double seismic
zones: north-eastern Japan for type I and Costa Rica for type II.
The different depth limits of the two types can be attributed to the

subduction angle, oceanic plate age, slab temperature, plate
thickness, convergence velocity, back-arc deformation patterns,
and other factors”-17>7>%, The P-T conditions, which exhibited
partial dehydration of chlorite and faulting (1.5-2.5 GPa and
650-750 ° C), agreed with the conditions observed in areas of
seismicity in both the upper and lower planes of double seismic
zones in cold (type I) north-eastern Japan and warm (type II)
Costa Rica (Fig. 1) and are also applicable to other subduction
zones! 13758 In contrast, dehydration of chlorite under low-
pressure condition (1.5GPa and 650 °C) was applicable to the
high-temperature geotherm?®® of the warm (type II) double seis-
mic zones (Fig. 1b).

Conclusions

In this study, deformation experiments of chlorite peridotite were
conducted under high P-T conditions (0.5-2.5 GPa and 500-750
°C), representative of subduction zones. Faults developed and are
filled with a dehydration product (Ca-amphibole) and an amor-
phous material suggesting dynamic melting of the chlorite peri-
dotite. The results support that dehydration-induced faulting
mechanisms (e.g., dehydration embrittlement or DDST/TDST)
are applicable to not only well-known serpentine minerals, but
also to chlorite to explain intermediate-depth earthquakes within
subducting slabs.

Methods

Starting material. Chlorite peridotite®! from Almklovdalen,
Western Gneiss Region, southwest Norway, was used as the
starting material. The modal composition of the starting material
was olivine (60%), chlorite (31%), orthopyroxene (5%), clin-
opyroxene (3%), and garnet (1%). The chemical composition of
chlorite was clinochlore (Mg, ¢Fe?t,;Cro ;)Al(SizAl)O,o(OH)s,
analysed using a JEOL JXA-8900R electron probe microanalyser
(EPMA) at the National Center for Inter-university Research
Facilities (NCIRF) at Seoul National University (SNU). For the
EPMA setup, the acceleration voltage, working distance, current
probe, and beam diameter were 15kV, 10 mm, 20 nA, and 3 um,
respectively. The peak time was 10 s for Na and K and 20 s for the
other elements. The background time was 5 s for Na and K and
10's for the other elements.

Deformation experiment at high-pressure. Deformation
experiments of chlorite peridotite were conducted under simple
shear at high pressure (0.5-2.5 GPa) and temperature (500-750 °C)
using a modified Griggs apparatus at the Tectonophysics Labora-
tory, School of Earth and Environmental Sciences (SEES) in SNU.
Supplementary Fig. 1 shows the sample assembly used for shear
deformation. The samples were core-drilled with a diameter of
3.1 mm and cut at 45°. They were placed between Al,O; pistons
inside the nickel capsule. A nickel foil was inserted in the middle of
the sample—perpendicular to the shear plane—to measure the
shear strain. An extremely weak solid (CsCl and NaCl) was used as
a pressure medium to minimise the friction of the apparatus. The
temperature was measured using two thermocouples (Pt-30%, Rh-
70% and Pt-6%, Rh-94%) close to the top and bottom of the
sample. The temperature differences recorded by the two ther-
mocouples imply uncertainties of 10-20 °C. We used the tem-
perature reading close to the bottom of the sample as an estimated
sample temperature. Temperature was reported without correction
for the pressure effect on the thermocouple electromotive force
(emf). The pressure effect on thermocouple emf is less than ~10 °C
at 2 GPa%. Pressure was raised first to a desired value in ~12 h and
kept constant. The uncertainty in pressure estimation is caused by
the friction®® and the application of a deviatoric stress and is less
than ~10%. Confining pressure during experiments was constantly
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Fig. 4 BEI, EDS mapping, and optical photomicrograph of faulted samples. a BEI of deformed sample JH228 (2.0 GPa and 730 °C) showing a fault in
chlorite peridotite (yellow arrows). b BEl and ¢ EDS mapping image of deformed chlorite peridotite JH225 (2.5 GPa and 750 °C). Fault gouge (yellow
dashed lines) and Ca distribution in Ca-amphiboles are shown in the same area. d Optical photomicrograph of deformed chlorite peridotite JH138 (1.5 GPa
and 650 °C) with fault (yellow arrows) and e EDS mapping showing Al concentration-chlorite. f Magnified view of black dashed box in e showing Ca

distribution in Ca-amphibole along the fault. Chl: chlorite; Ol: olivine.

controlled using a computer program installed at the Tectono-
physics Laboratory, SEES, SNU. The uncertainty was less than
~50 MPa. The temperature was raised over ~1 h. After temperature
stabilisation, a piston was advanced at constant rates of 2.7-6.9 x
10~6s~! using a stepping motor for a constant strain-rate defor-
mation. Stress was measured with a load cell external to the
apparatus; total friction in the system was measured by the force
level on the moving (deformation) piston before it encountered the
specimen. As a consequence, the reported strengths are upper
bounds. Stress accuracy is estimated to be +35 MPa. After each
deformation experiment, the sample was quenched to 27 °C by
shutting off the power and the pressure was decreased for 12 h.
Detailed procedures of the deformation experiments using this
apparatus are presented in Ko and Jung®’.

Stability field and modal abundance. The stability field and
volume percentage of chlorite and amphibole were calculated
using an internally consistent dataset built from our up-to-date
knowledge on mineral phases. We used Theriak-Domino
software®®, which can manage thermodynamic data of mineral
phases and can estimate their stable modal proportions and/or
solid solutions in a given P-T range and a given bulk chemical
composition, for the composition of the starting material (chlorite
peridotite). In this study, for P=0-3 GPa and T =400-900 °C,
the bulk composition of Na,0O =0.1, CaO = 1.5, FeO = 94,
MgO = 39.6, AL,O; = 5.8, Si0, = 37.6 (wt. %) was used for the
calculation assuming water saturation. The calculation was based
on the modal composition of the starting material and the Na,O-
Ca0O-FeO-MgO-AlL03-5i0,-H,0 (NCFMASH) model system,
using the thermodynamic database of Holland and Powell®®
(tc55MnNCKFMASH file). The mineral phases considered in the
model were chlorite”0, olivine”!, antigorite”!, diopside’?, garnet’3,
amphibole’4,  orthopyroxene’,  phlogopite’!,  pargasite’!,
brucite’], hercynite’!, clinohumite”!, monticellite”!, vesuvianite”!,
and phase A7L.

Analytical methods. After the experiments, the samples were cut
along the x-z plane (x: shear direction, z: normal to the shear
plane). The samples were polished with Syton 0.06 um colloidal
silica and observed using both an optical microscope and a field-
emission scanning electron microscope (FE-SEM; JEOL JSM-
7100F) housed at the SEES in SNU. EDS mapping attached to the
FE-SEM equipment was used to visualise the element differences
of the minerals. The acceleration voltage was 15kV, and the
working distance was 10 mm for FE-SEM. The step size of the
EDS mapping was approximately 45-200 nm. AZtec software
(Oxford Instruments) was used for the EDS analysis. A JEOL
JXA-8530F FE-EPMA at the NCIRF at SNU was used to analyse
the chemical composition of the minerals produced by the
deformation experiments in the samples. For the FE-EPMA
setup, the acceleration voltage, working distance, probe current,
and beam diameter were 15kV, 10 mm, 20nA, and 3 um,
respectively. The peak time was 10 s for Na and K and 20 s for the
other elements. The background time was set to 5s for Na and K
and 10 s for the remaining elements. Amphibole, the dehydration
product of chlorite, was classified using an Excel spreadsheet of
Locock”®, based on the chemical composition analysis of FE-
EPMA.

Data availability
Data presented in the paper can be accessed via figshare at https://doi.org/10.6084/m9.
figshare.24495166.
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