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Abstract. Intermediate-depth earthquakes are commonly linked to slab dehydration, with dehydration embrittlement of
antigorite proposed as a dominant mechanism of brittle failure. However, experimental results increasingly suggest that
classical dehydration embrittlement alone may not fully explain intermediate-depth seismicity. Recent work shows that
localized incipient dehydration can occur in antigorite due to chemical heterogeneities and stress, forming olivine-rich veins
that are also observed in natural serpentinites. These sites may represent regions of strain localization where failure can develop
as deformation proceeds. To determine whether deformation promotes localized incipient dehydration relative to hydrostatic
conditions, and whether this process contributes to antigorite brittle failure, we investigated the incipient dehydration of
antigorite using a six-ram multi-anvil apparatus under both hydrostatic and deviatoric stress conditions. Experiments were
conducted across the antigorite stability field at pressures of 3 GPa, temperatures of 530712 °C, and strain rates of 10-4- 10-
5 s-1. Localized incipient dehydration occurs within the antigorite stability field during both static and deformation
experiments. Nanocrystalline clusters, veins, and networks containing olivine and pyroxene are observed in all experiments.
Localized dehydration is enhanced during deformation experiments, leading to the development of distinct microstructures
relative to static conditions. However, this process promotes failure only at fast strain rates (~107*s™"), suggesting that incipient

or even complete dehydration alone is insufficient to cause embrittlement at laboratory conditions.

1 Introduction

Dehydration within subducting lithospheric slabs is considered to occur between ~50 and 300 km depth (Poli and Schmidt,
2002) and has been associated with intermediate-depth earthquakes that occur over a similar depth interval (Zhan, 2020).
Dehydration embrittlement is a leading explanation for brittle failure at these depths (Frohlich, 2009; Jung et al., 2004; Zhan,
2020). In this mechanism, shear fracturing develops through the linkage of tensile microcracks aligned perpendicular to the
tensile stress and kept open by elevated pore pressure generated during dehydration (Frohlich, 2009; Houston, 2015). This
reduces the effective normal stress required for brittle failure (Houston, 2015). This classical dehydration embrittlement
mechanism requires a net positive dehydration volume change and sufficiently rapid dehydration such that pore pressure
buildup is not relaxed by plastic flow (Gasc et al., 2011).

Dehydration embrittlement of antigorite has been studied extensively because it is stable at pressures and temperatures

consistent with intermediate-depth seismicity. Most experiments have been conducted in Paterson and Griggs apparatuses at
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pressures up to ~1.5 GPa, whereas a smaller number of studies have used deformation multi-anvil (D-DIA) systems to reach
~6 GPa under hydrostatic or deviatoric stress conditions (Chollet et al., 2011; Dobson et al., 2002; Eberhard et al., 2025,
Ferrand et al., 2017; Gasc et al., 2011, 2017; Jung et al., 2004; Okazaki and Hirth, 2016; Raleigh and Paterson, 1965). Despite
extensive experimental support for the dehydration embrittlement hypothesis (Dobson et al., 2002; French et al., 2019; Raleigh
and Paterson, 1965), several studies argue that dehydration embrittlement alone cannot fully explain intermediate-depth
seismicity (Ferrand et al., 2017; Gasc etal., 2011, 2017; Jung et al., 2004; Proctor et al., 2015). These studies show that acoustic
emissions (AE) generated during antigorite dehydration under deviatoric stress are weaker than expected for large seismic
events (Gasc et al., 2017), and that AE are produced even when dehydration occurs with a net negative volume change (Jung
et al., 2004). Alternative mechanisms have therefore been proposed, such as dehydration-driven stress transfer (Ferrand et al.,
2017). In this DDST mechanism, dynamic failure occurs in strong olivine surrounding weaker dehydrating antigorite. Another
model proposes that the separation of dehydration fluids and solid reaction products promotes local positive volume changes

and Mode I (tensile opening) crack propagation at pressures relevant to intermediate seismicity (Jung et al., 2004).

Recent experimental and modelling studies have emphasized that antigorite dehydration is influenced not just by temperature
and pressure but also by chemical heterogeneities and deviatoric stress, resulting in localized bands of dehydration under
pressure and temperature conditions that would otherwise lie within the antigorite stability field (Eberhard et al., 2025; French
etal., 2019; Huber et al., 2024; Pliimper et al., 2017; Schmalholz et al., 2023). This localized dehydration produces fine bands
of olivine in experimental samples and olivine vein networks in natural incipiently dehydrated serpentine (Eberhard et al.,
2025; Mufioz-Montecinos et al., 2024; Pliimper et al., 2017). However, the mechanism behind the localized dehydration
remains uncertain. Some authors propose that olivine veins may form through a passive process controlled by chemical
heterogeneity, in which porosity and olivine nucleation are localized due to different effective temperatures of dehydration
(Huber et al., 2024; Pliimper et al., 2017). On the other hand, it has been argued that the formation of olivine veins is a dynamic
process influenced by plastic deformation that promotes locally accelerated reaction kinetics (Eberhard et al., 2025).

These localized dehydration fronts are potential sites of strain concentration that might lead to brittle failure. In this study we
aim to investigate the role of deviatoric stress on the nucleation and spatial distribution of antigorite dehydration products
within the antigorite stability field (~530°C ; 3 GPa). We conduct experiments under hydrostatic and deviatoric stress

conditions in natural cores of antigorite with a six ram multi-anvil apparatus.

2 Materials and Methods
2.1  Starting Material

The starting material is a natural serpentine rock, primarily consisting of a fine-grained serpentine matrix (~5 pm) containing

lenses of larger serpentine grains (>> 5 um), diopside porphyroblasts and minor magnetite and pentlandite. The average
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composition of antigorite is 23.23 wt.% Mg, 18.75 wt.% Si and 2.92 wt.% Fe. It contains a minor average amount of aluminium
(0.77 wt.%), which is heterogeneously distributed between antigorite grains with a maximum value of 1.35 wt.% (see Figure
S1 and Table S1). In the matrix, there are regions (Figure 1d) where aluminium concentration can reach an average of 6.97
wt.% and a maximum of 10.82 wt.%. These Al-rich regions are often localized near diopside or magnetite grains, with an
anhedral shape and an average area of ~200 pm2. Raman spectroscopy confirms that the serpentine is antigorite, with main
Raman peaks at 678.3 cm™, 519.7 cm™ and 369.6 cm™ (Figure S2).

Foliation is not observable at hand scale in the sample, however some light green layers containing aligned diopside
porphyroblasts are observed to alternate with dark green layers dominated by antigorite. Cores with a diameter of 2 mm and a
height of 3 mm were drilled parallel to these macroscopic layers, within the dark green regions to avoid diopside grains.
Nevertheless, some drilled samples still contained unavoidable heterogeneities. Cores that comprised at least 90% antigorite
were chosen for the experiments.

In thin section, serpentine is colourless and presents low relief. Under cross-polarizers serpentine shows maximum pale-yellow
interference colours. Extinction is parallel to the fibre length. The fine matrix has an interlocking microstructure containing
lenses of long fibres. Electron microscopy images of the fine matrix reveal that the serpentine has a radial growth habit (Figure
1).

Qualitative Electron Backscattered Diffraction (EBSD) analysis of serpentine orientation shows that it has a weak
crystallographic preferred orientation (CPO), with an M-index = 0.09. From the pole figures it is possible to observe that the
basal planes of antigorite (001) have maxima oriented at an oblique angle (SW-NE) relative to the drilling direction.
Additionally, the poles of the basal planes are dispersed along a great circle slightly inclined to the XY plane, reflecting the

radial growth microstructure (Figure S3).
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Figure 1- Microstructures of antigorite in the starting material. (a—b) Interlocked and fibrous microstructure in the fine matrix and
lenses of antigorite under polarized light. (c) Backscattered electron image of the antigorite matrix (Atg) showing Al-rich antigorite
(Al-Atg) regions near diopside grains (Di).(d) Band contrast image from EBSD analysis showing radial growth of antigorite crystals
in the matrix.

2.2  Experimental set up

The experiments were performed using a six-ram multi-anvil press located at the Bayerisches Geoinstitute (BGI). This large-
volume press uses six independently adjustable anvils to compress a cubic assembly, allowing for precise control over its
geometry or deliberate deformation under significant loads (Manthilake et al., 2012).

Five experiments were performed, three at static conditions and two under deviatoric stress conditions. The samples were first

compressed at room temperature up to 3 GPa, then brought to the target temperature and annealed for at least 30 minutes
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before the deformation (See Table 1). After completion of the annealing or deformation cycle, samples were quenched by
manually decreasing the power to zero over an interval of approximately 5 minutes to avoid formation of contraction cracks.
The experiment was then decompressed over 1000 minutes to avoid decompression fractures.

Experiments were conducted using a cubic Cr203-doped MgO assembly, of 12 mm edge length containing a stepped graphite
furnace. This assembly was compressed using square faceted WC anvils of 9 mm edge length. The antigorite cores were
wrapped in 25 pm thick platinum foil, folded at both ends, that were sealed against fluid loss once under pressure. For
hydrostatic experiments, the capsule was placed in an MgO sleeve and temperature was measured using a type D thermocouple
inserted within a 4-bore alumina thermocouple sleeve. An MgO disk protected the capsule from the thermocouple and the plug
below the sample consisted of both crushable and solid alumina (Figure 2). Pressure was estimated based on a calibration using
the Bi II-III transition.

Static dehydration experiments were conducted at temperatures within the stability field of antigorite (M910, M947) and above
it (M909). Power versus temperature curves were generated from experiments M909 and M910. Experiment M909 was
annealed above the antigorite stability field for 60 minutes, while M910 and M947 were annealed inside the stability field for
60 and 1260 minutes, respectively, to test the kinetics of the incipient dehydration reaction (see Table 1).

Deformation experiments were conducted in pure shear geometry by advancing one pair of rams (r3-r4) while simultaneously
withdrawing perpendicular rams (r5-r6 and keeping the third pair of rams (r1-12) stationary imposing a pure shear deformation
on the sample under constant volume conditions. Compression (rams r3-r4) was along the sample cylinder axis and extension
(rams r5-16) perpendicular to it. Confining pressure (rams r1-r2) was kept constant during the deformation cycle, which lasted
30 to 1260 minutes. The ideal strain rate (Table 1) was calculated from the expected shortening of the sample capsule over the
duration of the deformation cycle. The measured strain rate was obtained by displacement rate of anvils r3-r4, measured using
Heidenhain displacement sensors with a sensitivity of 0.1 pm. The displacement rate was then normalized to the initial sample
length to determine the strain rate.

The deformation experiments (M923, M928) were performed at ~530 °C at different strain rates. These experiments were
conducted without thermocouples, following the power versus temperature curve determined from experiment M910. In these
experiments, the thermocouple, MgO, and alumina discs were replaced by hard alumina pistons on both sides of the capsule
(figure 2). The absence of crushable alumina in this assembly may have induced some deformation during the compression
stage before the deformation cycle. Experimental conditions are shown in table 1.

Recovered samples from deformation experiments were cut in half parallel to the plane containing the compression and
extension directions, whereas samples from static experiments were cut in half parallel to the heating direction. One half of
each sample was mounted in epoxy resin and polished using standard metallographic methods. Final chemical-mechanical

polishing was performed using colloidal silica in a semi-automatic rotary polisher for 2h per sample.
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Figure 2 - Ceramic assembly used in the static (a) and pure shear deformation (b) experiments.

Table 1 Experimental conditions. Temperatures marked with * are estimated from the power vs. temperature curve determined in
M909. L0 and Li are initial and final capsule length respectively. Li was measured from SEM images of polished sections of recovered
samples.

Defor Ideal Meas. 1.13_4
. Anneal Ideal Meas. . . displac
o Oil P m. Lo L . . strain | strain
Exp. T (°C) dur. strain | strain ement
(bar) (min) dur. (mm) (mm) (%) (%) rate rate rate
(min) ’ R R BN ) -
™
M909 712 52 120 NA 3.1 2.9 NA NA NA NA NA
M910 560 52 60 NA 3 2.8 NA NA NA NA NA
3.97E- | 5.56E- | 1.28E-
%
M923 534 52 50 1260 3.7 2.2 30 42 06 06 06
1.11E- | 2.56E— | 1.04E-
L3
M928 534 52 30 30 3.8 2.09 20 46 04 04 04
M947 529 52 1260 NA 3.2 2.9 NA NA NA NA NA

2.3  Analytical methods
2.3.1 Micro-Raman analysis

Micro-Raman analysis was performed on the starting material to characterize the serpentine minerals. Analyses were carried
out with a Horiba LabRam spectrometer equipped with a HeNe laser (wavelength = 632.82 nm) and an Olympus 50% objective.

The serpentine spectra were acquired for 30 s with an accumulation of 10 cycles in the Raman shift interval of 1200200 cm™.

6



140

145

150

155

160

165

https://doi.org/10.5194/egusphere-2026-3264
Preprint. Discussion started: 16 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Spectra were fitted using a MATLAB algorithm that corrected the baseline by combining asymmetric least squares (ASL) and

a polynomial fit. Peaks were fitted within a local window using a Voigt (pseudo-Voigt) peak detection function.

2.3.2  Scanning Electron microscopy

The starting material and experimental microstructures were imaged with a ZEISS (former LEO) GEMINI 1530 scanning
electron microscope (SEM) at BGI, operating at 20 kV and a beam current of 300 pA. Images were collected in back-scattered
electron (BSE) mode, which provides sufficient contrast between antigorite and its dehydration products.

Energy-dispersive X-ray (EDS) and electron backscatter diffraction (EBSD) analyses were performed simultaneously using
the same SEM, equipped with an X-Max EDS detector and a Nordlys EBSD detector from Oxford Instruments. The operating
voltage was 20 kV and a beam current of about 2 nA. Samples were coated with a 5 nm thick carbon layer before analysis to
avoid charging effects. Indexing and data treatment were performed with AZTEC software (Oxford Instruments).
Quantitative chemical analyses were performed with a JEOL JXA-8200 electron microprobe at an acceleration voltage of 15
kV. Calibration was carried out using silicates, oxides, and metals. A beam current of 15 nA and a beam diameter of 60 pm

were applied to all phases analysed.

2.3.3  Transmission electron microscopy

Thin foils measuring ca. 20 x 10 x 2 pm were cut out across the dehydration vein antigorite interfaces with the help of a focused
ion beam instrument (FIB; FEI Scios DualBeam) using a Ga+ ion beam at 30 kV and 3-30 nA. The foils were subsequently
thinned to a thickness of 100-300 nm using a low current of 45-100 pA. Energy-dispersive X-ray spectroscopy (EDXS) of the
thin foil was performed with a field emission scanning transmission electron microscope (FEI, Titan G2 80-200 S/TEM)
equipped with an EDXS system (4 silicon drift detectors, Bruker Quantax). The EDXS chemical maps were taken at a
resolution of 12-15 nm per pixel and a dwell time of 16 psec using a sub-nanometre-sized electron beam with less than 0.02

nA probe current at 200 kV acceleration voltage.

2.3.4 SEM image analysis

Images were collected systematically at different regions of the capsule with the same magnification of 800x. Three images
were taken at the top, centre, and bottom of the capsules, positioned between the two lateral edges and along the mid-vertical
axis of the capsules.

The SEM images were analysed with a MATLAB algorithm that segments and extracts the pixels associated with dehydration
products, which can be distinguished from the initial material by their brighter grey tones, related to their higher Si and Fe
contents.

Basic statistical measurements were performed on the segmented images of dehydration products, referred to as “clusters”,
which consist of one or more grains of minerals produced by dehydration of antigorite. The measurements include the number

of clusters, their area, length and orientation. Clusters smaller than 10 pixels were filtered out before statistical analysis of
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cluster area, as well as segments with less than 5 pixels. For shape orientation analysis, the image was skeletonized before
measurement using the MATLAB function “bwmorph” (MATLAB, 2010). This processing identified the mid-section of
clusters and reduces them to lines, considering a minimum of 8 connected pixels.

Orientation measurements were performed on the skeleton segments with a custom MATLAB function. This function first
extracts the (X, y) coordinates of each connected skeleton segment, then applies Principal Component Analysis (PCA) to
determine the cluster principal elongation axis, which is then used to determine the cluster orientation. The length of the cluster

is then defined by the end points of this best-fit line.

3 Results

Dehydration experiments were conducted under different stress conditions and at pressures and temperatures within the
antigorite stability field, leading to distinct microstructural changes and mechanical responses. Under incipient dehydration
conditions, the resulting clusters are primarily composed of nanocrystalline olivine, orthopyroxene and relict antigorite. The
microstructures of these clusters differ between static and deforming dehydration scenarios. Complete dehydration of antigorite
results in the formation of porous aggregates of olivine, orthopyroxene and garnet. The following sections present the main

microstructures observed under different experimental conditions.

3.1  Microstructures produced during static antigorite dehydration

Despite the formation of dehydration products and increased porosity, evidence for mechanical failure was not observed during
incipient or complete antigorite dehydration. The capsules themselves were not deformed, except for an upward bending of
the fully dehydrated sample (Figure 5 a). This bending likely developed during the decompression step. Transgranular fractures
with evidence of displacement are not observed in the samples, indicating that static dehydration did not promote deformation
or embrittlement of the samples and that the sample column was not disproportionately loaded during compression.

At 560 °C, static dehydration of antigorite for 60 minutes (M910) resulted in the formation of clusters consisting of nano- to
micro aggregates of olivine and possibly enstatite, within and at antigorite grain boundaries (figure 3 b-h). The aluminium-
rich antigorite areas remained stable at this temperature and pressure; clusters formed around these regions, but not within
them (Figure 3 g). Locally, clusters are aligned along antigorite cleavage planes and fractures, however, they do not form veins
(figure 3-e) but are aligned on the grain boundaries of the antigorite crystals. These clusters have a median area of 0.47 + 0.2
pm? (n=2072), reaching a maximum of 14 + 0.2 um? (n=2072). The clusters in the experiment M910 have a modal abundance
of 1.5% in the whole sample, which corresponds to a porosity of ~1.7% at this stage. Enstatite is observed together with olivine
(Figure 3 h); it has a slightly darker grey colour in the backscatter images and a fibrous habit.

The sample annealed for 1260 minutes (M947) at 530 °C and the same pressure shows similar microstructures (Figure 4 a-g)

to those of the sample annealed for 60 minutes at higher temperature. The clusters have a median area of 0.51 + 0.2 pm?
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(n=2759) and a maximum area of 32.4 + 0.2 um? (n=2759). However, veinlets are observed locally (figure 4 b and d), which
were absent in the previous experiment. These veinlets are common at capsule edges and at boundaries of long antigorite grains
and they are up to 29.1£ 0.5 um in length. The modal abundance of the clusters in the whole sample is 1.6%, thus, no significant
increase in dehydration products is observed, despite the longer annealing time. Growth of olivine surrounding magnetite
205 grains is not observed in these experiments.
At 712 °C, the antigorite core formed a fully dehydrated porous aggregate (Figure 5). Consequently, the porosity of the sample
increased to approximately 18%, with the phases present being olivine (~67%), garnet (~10%), pre-existing diopside (~4%),
and magnetite (~1%) porphyroblasts (Figure 5 f,g). Enstatite and/or chlorite may be present in the matrix; however, their
compositions could not be measured with the electron microprobe due to their small grain size.
210

Figure 3 SEM-BSE images of static dehydration of antigorite at incipient conditions (M910 - 3 GPa ; 560°C; 1h). a) Overview of the
sample recovered. Yellow squares are the regions show in the insets b-h. Olivine is not visible at this scale. Atg = Antigorite;
Di=Diopside; Mag= Magnetite. b-g) Detail of the incipient dehydration microstructure in different regions of the sample. In f the
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region marked by yellow polygons are patches where antigorite is richer in aluminium (darker grey tones). Note that olivine is absent
inside these areas. h) detail of region in b showing the presence of nano olivine or enstatite.

Figure 4: SEM-BSE images of static dehydration of antigorite at incipient conditions (M947 -3 GPa ; 530°C; 21h). Overview of the
sample recovered, the yellow squares are the regions in the insets a-g. Olivine is not visible at this scale. Atg = Antigorite;
Di=Diopside; Mag= Magnetite. b-g) Detail of the incipient dehydration microstructure in different regions of the sample. A) Detail
of olivine veinlet formed at capsule edge. b) Microstructure of clusters of olivine. ¢) Clusters of olivine where antigorite grains are
shorter. d) Olivine veinlets near long antigorite grains.

10
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225 Figure 5 SEM-BSE images of microstructures after complete dehydration of antigorite (M909 — 3 GPa, 712 °C). a) Overview of the
sample recovered, Black regions are pore space, dark grey is olivine (Ol), brighter grey is garnet (Grt)/diopside (Di) and white
magnetite (Mag). Yellow squares mark regions shown in the insets b-h. b-c) Microstructures of olivine matrix at regions far from
sample edges. e-g) Microstructures near sample edges where garnets are abundant. h) Detail microstructure of the olivine matrix
showing olivine and needle like crystals.

230 3.2  Microstructures of long and short duration deformation experiments

In the long duration deformation experiment (M923 - (¢ )~ 10~° s7!) under incipient dehydration conditions, the observed

capsule strain was 42%, which is 12% more than the apparent strain estimated from the ram displacement. The additional

strain may have been applied during compression, since this assembly did not have crushable alumina on both ends. The

recovered capsule has bulged (Figure 6 a), resulting in a total sample length decrease of 1.53 + 0.1 mm in the vertical direction
235 and an increase of 1.00 + 0.1 mm in the horizontal direction.

Deformation was homogeneous in the antigorite core (Figure 6 a). At the sample's top corners, short shear fractures contain

olivine crystals with an apparent rotation microstructure (Figure 6 h). Antigorite crystals are bent near shear fractures and the

sample centre. Dehydration clusters evolved into connected vein networks featuring rounded antigorite fragments (Figure 6

11
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d). The median area is 0.65 + 0.4 um? (n=4930), and the modal abundance of clusters increased from 1.6% in static dehydration

to 17.1%. The occurrence of clusters is much reduced in the top and bottom regions between the sample diagonals (Figure 6

Figure 6 SEM-BSE images of incipient dehydration of antigorite deformed at the slower strain rate (M928 — 3 GPa, 529°C £ ~10~*
s7') . a) Overview of the sample. Letters in yellow correspond to locations of images b-h. Atg= antigorite, Ol=olivine.

At incipient dehydration temperatures and short deformation duration (M928 - £*~ 10** s™), the antigorite core showed a strain
of 46%, which is 16% more than the apparent strain estimated from the ram displacement. This can again be attributed to
deformation during compression. As in the slow strain rate experiment, the capsule bulged horizontally. The total capsule
shortening is 1.75 +0.2 mm, with total increase in the horizontal direction of 0.72 = 0.1 mm.

A prominent fracture with an angle of 39.9° + 10° relative to the compression axis extends from the top left to the bottom right
of the sample (Figure 7 a), indicating mechanical failure of the sample and possible embrittlement. Secondary fractures are
also present in the top right and bottom left regions, though they do not cross the entire sample (figure 7 b,g). Both sets of
fractures intersected regions containing dehydration clusters and the orientation of the fractures does not always coincide with

the orientation of the clusters (figure 7 b,f).
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The microstructure of clusters differs from the static (M910, M947) and long deformation experiment (M923). Clusters are
now connected and form veins (Figure 7 ¢, g) but not connected networks. They concentrate along sample diagonals and the
central horizontal axis; between these regions they are scarce or absent, as observed in the slow strain rate experiment (Figure
6 c). The cluster area increased from 0.47 + 0.2 um? in the static experiment to a median of 0.76 = 0.4 pm? (n = 5793).

- B \ A RSy (

Figure 7- SEM-BSE images of incipient dehydration of antigorite deformed at fast strain rate (M928 -3 GPa ,529°C, & ~ 10-*s™"). a)
Overview of the sample, Mag=magnetite. Letters in yellow correspond to locations of images b-h. Dark grey phase inside the capsule
corresponds to antigorite, light grey consists of dehydration clusters.

Detailed TEM analysis of a dehydration vein from this experiment (M928) shows that it consists of a polymineralic aggregate
(Figure 8). The phases identified are olivine (59%), orthopyroxene (36%) and relicts of Al-rich antigorite (6%). Grain sizes of

these minerals are mostly in the nanometre range and a few relict antigorite grains reached the micron scale (Figure 8).

13
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SAED from the center area

Figure 8 — TEM analysis of a dehydration vein in the experiment M928. A) Bright field TEM image of the dehydrated vein and
surrounding antigorite crystals. Selected area diffraction patterns from the center of the dehydrated area, showing the

270 polycrystalline nature of the vein. Yellow insets are regions where EDS maps were performed. b) Large area EDS map of the
dehydration vein .c) Smaller area EDS map of same_dehydration vein shown in b. Atg=antigorite; Al-Atg = Aluminium rich
antigorite; Ol=Olivine; Opx= Orthopyroxene.

3.3  Cluster orientation analysis

275 Shape orientation of clusters differs between static and deformation experiments. Figure 9 shows the orientations in a polar

histogram weighted by cluster length, defined as the distance between the end points of their principal elongation axis. In the
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static experiments (Figure 9 a,b), most elongated clusters are oriented at angles between 15-25° relative to the sample
horizontal axis. The major difference resulting from the longer static run is an increase in the maximum cluster length, from
8.6 um to 215.8 um, within the same angle range. When deformation is applied, the clusters become oriented in the range of
140°-175° (Figure 9 c¢,d), which corresponds to 50° - 85° relative to the main stress direction. As in the static experiments, the
longer run duration results in an increase of the maximum elongation from 25 pm to 58 pm. It can also be observed that the
longer deformation experiment (M923) tends to contain more clusters that are parallel to the horizontal axis than in the short

deformation experiment (M928).

Length-Weighted Shape Orientation
a) 1h static dehydration b) 21h static dehydration C) 21 hdehydrationat 10°5? d) 30 min Dehydration at 10* S
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Figure 9 - Length-weighted shape orientation of clusters for the whole capsule in different experiments. The radius corresponds to
the sum of the cluster lengths in microns, the colour corresponds to the maximum cluster length the bin, which spreads over 5 °. A)
Shape orientation of the static experiment annealed for 1 hour (M910). B) Orientation of clusters produced after annealing for 21
hours (M947). C) Orientation of clusters from long deformation experiment (M923). D) Orientation of clusters in the short
deformation experiment (M928). Arrows indicate compression direction in ¢ and d.

3.4  EBSD analysis of dehydration products

EBSD analyses shows evidence of topotactic growth of olivine in experiments after complete dehydration and after long
deformation (figure 10). In the starting material, the poles of the basal planes {001} of antigorite show a broad girdle
distribution dipping slightly to the NW direction of the pole figure (Figure 10a). {010} poles form a broad maximum in the
SE quadrant indicating an axially symmetric CPO pattern around (010). After complete dehydration (M909, Figure 10d) there
is some parallelism in the weak CPO of the resulting olivine: the {001} poles form a maximum parallel to {010} of antigorite
and the {100} poles have a maximum parallel to {001} of antigorite. After 1 h of static, antigorite and olivine do not show a
clear topotactic relationship (Figure 10 b,e).

In the long deformation experiment with incipient dehydration (M923, Figure 10 c,f), basal planes of antigorite form an

extended maximum between the compression (Y) and intermediate (Z) direction of the pole figure, combined with a maximum
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of {010} in the extension (X) direction (Figure 10 c). In the same sample the olivine CPO is rather weak with concentration

of {100} poles along the compression (Y) and intermediate (Z) directions as well as a concentration of {010} poles in the

extension direction (X). Even though there is some correspondence between crystallographic directions in the two phases (e.g.

antigorite and olivine {100} and {010} respectively) it is not clear if this is caused the transformation or the concurrent

deformation.

Antigorite
a) Starting material

{100} Fx=0.351
Fy=0.351
F2=0.298

{001} rx=0.407
Fy=0.385
F2=0.208

{010} Fx=0242
Fy=0.264

Fz=0.494

6.93
Measurement
Counts:65032
Projection
Type:Equal Area
Lower Hemisphere

0.00
Y Y Y

b) 1h static incipient dehydration (M910)

{100} {010}
Fx=0.407
Fy=0.342

Fz=0.251

Fx=0.382
10.72
Measurement
Counts:25398
Projection
Type:Equal Area
Lower Hemisphere

0.04

Y Y Y

c) 21h incipient dehydration + deformation (M923)

{100}

Fx=0.307
Fy=0.420
F2=0.274

{010} rx=0.580
Fy=0.228

Fz=0.192

{001} mx-0.113

Fy=0.354

15.78
Measurement
Counts:4524
Projection
Type:Equal Area
Lower Hemisphere

0.02

2=0.533

Olivine
d) 1h complete dehydration (M909)
{100} Fx=0.333 {010} Fx=0.336

Fy=0.389 Fy=0.313

Fz=0.278 Fz=0.351
X| X|
Y

{0013 o35

Fy=0.298
Fz=0.371

Y Y
e) 1h static incipient dehydration (M910)
{100} {010} {001}

Fx=0.328 Fx=0309

Fy=0343

F2=0.348
X X
Y

f) 21hincipient dehydration + deformation(M923)
{100} Fx=0.256 {010} Fx=0.382 {001} Fx=0.361
Fy=0.365 Fy=0.329 Fy=0.306

F2=0.379 72-0.289 220332
X X
Y Y

Y

Y

Y

2.29

Measurement Counts:
72418
Projection Type:Equal
Area

Lower Hemisphere

0.35

4.51
Measurement
Counts:4821
Projection
Type:Equal Area
Lower Hemisphere

0.14

2.13

Measurement
Counts:32842
Projection
Type:Equal Area
Lower Hemisphere

0.25

Figure 10 - Pole figures of antigorite and olivine before and after dehydration experiments. X axis correspond to core short axis, Y
axis to the core longer axis which is parallel to compression direction in M923 . Equal area projection of the lower hemispheres. a)
Pole figures of antigorite in the starting material, grain count = 1328. b) Antigorite pole figure after 1 h of static incipient

dehydration(M910), grain count =

611. ¢) Antigorite pole figure after 21 h deformation under incipient dehydration

conditions(M923), grain count = 30. d) Olivine pole figure after complete dehydration(M909), grain count = 2346. e) Olivine pole
figure after 1 h static incipient dehydration(M910), grain count = 123. f) Olivine pole figure after 21 h deformation under incipient

dehydration conditions(M923), grain count = 975.

4 Discussion

This study is aimed at investigating the deformation behaviour of antigorite under different temperatures and strain rates at

pressures relevant to intermediate-depth earthquakes (~3 GPa = ~90-100 km). Specifically, we have examined which

conditions might lead to the mechanical failure of serpentine and whether the dehydration products influence deformation
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behaviour. Our experimental results indicate that nucleation and microstructural development of dehydration products in
antigorite are controlled by its microstructural characteristics, chemical heterogeneity and deformation conditions.

Under static conditions, dehydration proceeds through dispersed olivine nucleation on grain boundaries at incipient
dehydration temperatures, whereas complete dehydration leads to increased porosity at higher temperatures. In contrast,
deformation imposes a first-order control on the localization of the dehydration reaction and the formation of olivine veins and
networks. In this section, we discuss these results in the context of previous studies on antigorite dehydration, as well as their

implications and current limitations.

4.1  Antigorite dehydration in static experiments at 530-560°C and 3 GPa

Incipient antigorite dehydration at temperatures below the nominal stability field has been reported in both experimental and
field-based studies, indicating that the breakdown of antigorite begins progressively at temperatures significantly below the
bulk reaction to form olivine + enstatite + H,O (Eberhard et al., 2025; Huber et al., 2024; Merkulova et al., 2016). The presence
of dehydration products at <600 °C in our experiments may therefore reflect the early stage of this distributed breakdown.
Proposed mechanisms for this early olivine formation primarily invoke local chemical heterogeneities either within the
serpentine mineral itself or due to coexisting phases. One possibility is the reaction brucite + antigorite = olivine + water and
another involves redox reactions with magnetite (Eberhard et al., 2025; Merkulova et al., 2016). Neither mechanism is
consistent with our observations. In the first case, no brucite was detected in the starting material plus the clusters generally
contain orthopyroxene. In the second case, clusters do not form preferentially adjacent to magnetite grains and no reaction
rims are observed.

Heterogeneities in FeO, SiO; and Al,Os, have also been proposed to influence the dehydration temperature of serpentinites.
(Huber et al., 2024) demonstrated that regions of serpentine with higher FeO contents dehydrate at lower temperatures and
increased SiO» levels control the extent of the brucite-out reaction. In contrast, higher Al,O3 levels shift the antigorite-out
reaction to higher temperatures(Bromiley and Pawley, 2003). However, our starting material does not contain significant
heterogeneities in either Fe or Si content, at least not at the fine scale that would implicate them in cluster formation. The
aluminium heterogeneity in the samples is also unlikely to be relevant to the low temperature incipient dehydration, although
it does explain the formation of garnet regions after complete dehydration.

A final possibility is that other volatile components (e.g., C-, S-, or Cl-bearing species) reduce the effective activity of H,O,
thereby broadening the temperature interval over which serpentine destabilizes. While speculative, this mechanism is
thermodynamically plausible and would require only trace concentrations of additional volatiles.

The lack of fractures and displaced faults, which would be indicative of dehydration embrittlement, in the static dehydration
experiments indicates that dehydration alone does not trigger brittle failure. Although fast fluid escape is expected during
complete dehydration, fluid pressure under our experimental conditions was insufficient to produce embrittlement. In both
incipient and complete dehydration scenarios, the resulting material appears mechanically weaker than the starting material

due to grain size and modal contrasts between olivine and antigorite, as well as the increased porosity. This weakening
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represents a mechanical preconditioning of the aggregate rather than failure itself. Thus, subsequent changes in pressure,
temperature and deviatoric stress may promote failure in a material that has already been weakened by dehydration.
Preferential shape orientation of clusters during incipient static dehydration may indicate that antigorite anisotropy plays a role
in the nucleation of olivine. Antigorite in the starting material shows an interlocking microstructure with radial growth, as
indicated by the dispersion of basal planes in the pole figure (Figure 10 a), with crystal elongation parallel to the a<100> and
b<010> directions. Although weak, the basal planes of antigorite display a CPO oriented at + 40° from the longer core axis.
The apparent preferential shape orientation may reflect topotactic growth of olivine a(100) or b(010) parallel to antigorite
¢(001) planes.

The images used for determination of cluster shape orientation show elongated crystals in which antigorite elongation-
cleavage planes are oriented at an angle similar to the cluster shape orientation (~15-25°). Such shape orientation relationships
are not observed when antigorite grains are not elongated, and cluster orientations appear more random (Figure 11). Previous
studies have shown that olivine can share a topotactic relationship when precipitating from antigorite in natural and
experimental conditions (Padron-Navarta et al., 2015), where olivine a or b planes grow parallel to the basal planes (001) of
antigorite. In summary, these results show that incipient dehydration occurs at temperatures within the antigorite stability
field. Although the causal by process is unclear, it does not appear to require deformation to initiate. The incipient reaction is

spatially distributed, anisotropy-controlled, and most likely mechanically weakening, but insufficient on its own to produce

embrittlement.

1.39 5.90
Max. Length(um) in the bin

Figure 11- Individual images of sample M910 and its corresponding cluster shape orientation. A) Sample region in the center of the
capsule where atigorite grains are elongated. b) Sample region in the center of the capsule where antigorite grains are not elongated.

4.2  Modulation number in antigorite

Changes in the polysome type of antigorite might offer an explanation for continuous incipient dehydration with increasing
pressure and temperature (Wunder et al., 2001). However, single crystal X-diffraction(XRD) of the starting material shows it
to have the length of the a unit cell with a-axis is 38.304(17) A, corresponding to a polysome of m = 15 (Capitani and Mellini,
2007). HR-TEM of a vein from the short deformation experiment (M928) also showed a modulation m = 15 for one antigorite
crystal analysed (Figure S4). Thus, the localized incipient dehydration observed in our experiments is unlikely to be due to

changes in polysome type.
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4.3  Incipient dehydration under deviatoric stress

The microstructures produced in our deformation experiments at 3 GPa and ~530 °C are consistent with previous studies
performed at confining pressures of 1-1.5 GPa (Eberhard et al., 2025; French et al., 2019). Although clusters are found in static
experiments, in fast and slow deformation experiments these clusters present distinct microstructures. They are bigger, more
abundant and with higher connectivity than in static experiments. Additionally, they are localized in the more deformed regions
of the sample.

Our experiments indicate that deviatoric stress influences the development of antigorite dehydration at different strain-rate
conditions. Increased localized dehydration is unlikely to be related to chemical or mineralogical heterogeneities, since the
shape-preferred orientation of veins correlates with the orientation of high strain domains. Deformation likely enhances
porosity connectivity and promotes formation of veins instead of dispersed clusters. The contrast in grain size between new
olivine grains (<2 pm) and antigorite (>20 um) may promote strain localization, resulting in brittle failure at fast strain-rate
and homogeneous deformation at slower strain-rate.

Localized incipient dehydration of antigorite within its nominal stability field during deformation has been attributed to
enhanced reaction kinetics due to plastic deformation (Eberhard et al., 2025), local increase in temperature due to shear heating
and local increase in fluid pressure (French et al., 2019). An increase in dislocation density or decrease in grain size due to
grain comminution can influence thermodynamic stability of antigorite by lowering the activation energy necessary for
dehydration (Eberhard et al., 2025; French et al., 2019). However, in our fast strain rate experiments, dehydration veins form
with small grain sizes that, with time, anneal without significant grain comminution of antigorite, which occurs during the
brittle fracturing stage.

The localization of dehydration clusters may also reflect the topotactic relationship between olivine and antigorite, combined
with anisotropy in antigorite strength and permeability (Kawano et al., 2011; Shao et al., 2025). Experimental results show
that antigorite has strong mechanical anisotropy, with the highest strength for loading normal to the foliation (approximately
parallel to the c-axis) and a pressure-dependent change in anisotropy within the foliation plane: at low pressure, the a-axis
corresponds to the hard-friction direction, whereas at higher pressure, the b-axis becomes the hard-slip direction (Shao et al.,
2025). These authors also observe dehydration products formed during deformation, although they do not attribute dehydration
to the relationship between the hard friction axis and stress field. Our experiments seem to indicate that dehydration bands
preferentially develop along mechanically strong orientations, where stress concentrations are greatest. Alignment of basal
planes perpendicular to the principal stress may therefore promote precipitation of dehydration products and explain the sub
horizontal orientation of veins in deformed samples.

Newly formed olivine grains are much smaller than antigorite (Figure 7b) and have higher density, which could create potential
regions of strain localization. Pore space generated during this stage provides pathways for fluid migration, which may locally

increase fluid pressure. The volume fraction of the weaker phase in an aggregate strongly influences deformation style (Ferrand
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et al., 2017; Hilairet et al., 2024). These studies show that small amounts of antigorite (5 vol%.) lead to hardening of olivine-
antigorite mixtures, whereas higher antigorite fractions weaken the aggregate and concentrate strain in the weaker phase. In
our fast strain-rate experiment, newly formed olivine veins may behave as mechanically weak zones due to fine grain size and
fluid presence, promoting strain localization and brittle fracture. At slower strain rates, interconnected olivine vein networks
may accommodate deformation through grain-boundary rotation and dislocation creep at ~530°C, while residual antigorite
deforms plastically, resulting in more homogeneous bulk deformation.

One could speculate that if deformation proceeds at slow strain rates, dehydration is enhanced by ductile deformation of
residual antigorite, forming more olivine and fluid, which could reverse the phases that control deformation behaviour (Hilairet
et al., 2024). The new fluid-rich peridotite could undergo brittle failure due to reduced strength in the presence of trapped

fluids, or strain hardening due to the decreased amount of antigorite.

4.4  Implications for intermediate seismicity/subduction zones

Antigorite dehydration is commonly invoked to explain intermediate depth seismicity in subduction zones (Houston, 2015).
Numerous studies show that increases in pressure, temperature and deviatoric stress enhance antigorite dehydration, while
chemical heterogeneities promote reaction over a range of temperatures (Eberhard et al., 2025; Huber et al., 2022; Padron-
Navarta et al., 2010; Pliimper et al., 2017; Schmalholz et al., 2023). Our experiments demonstrate that, although initial olivine
nucleation may occur passively in heterogeneous serpentinite, the formation of interconnected veins requires dynamic
deformation.

Dehydration embrittlement is one of the mechanisms proposed to be responsible for intermediate-depth earthquakes; however
detailed microstructural evidence remains lacking. At strain rates applicable to subduction zones, antigorite and olivine may
deform in the plastic regime. However, serpentine is unlikely to occur as a continuous layer in the subducting slab; instead it
probably forms mechanically weaker patches embedded in a stronger peridotite matrix dominated by olivine. Thus, serpentine
is the weaker phase in the subduction slab. Experimental and natural observations indicate that serpentine dehydration proceeds
in multiple stages (Eberhard et al., 2025; Huber et al., 2022; Muiioz-Montecinos et al., 2024; Pliimper et al., 2017), releasing
fluid and generating olivine veins that may evolve toward reduced permeability and strain hardening. As these patches progress
through successive dehydration stages under increasing pressure and temperature, the resulting composite material may
ultimately approach mechanical instability.

We therefore suggest that intermediate-depth seismicity may reflect a continuum of dehydration-assisted mechanical processes
rather than a single embrittlement event. Early fluid-release stages could contribute to episodic tremor, whereas larger
earthquakes may occur when weakened serpentinite domains reach critical stress conditions near the limits of antigorite

stability.
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5 Conclusions

Localized dehydration of antigorite within its stability field can initiate under hydrostatic conditions but is markedly enhanced
by deformation. Although dehydration alone is insufficient to cause embrittlement under typical conditions, stress-enhanced
dehydration, evolving microstructures, and fluid production progressively modify the mechanical behaviour of serpentinite.
As residual antigorite dehydrates and fluid-rich peridotite develops, deformation mechanisms may shift, potentially leading to
brittle instability. Intermediate-depth earthquakes are therefore more likely to reflect a continuum of dehydration-assisted
mechanical processes rather than a single classical dehydration embrittlement event. Future experiments with acoustic
emission monitoring may elucidate whether localized incipient dehydration has seismogenic potential and clarify the failure

observed at faster strain rates.
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