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Abstract A new method to determine fluid flux at high pressures and temperatures has been developed and
used to study serpentinites at subduction zone conditions. Drill cores of a natural antigorite-serpentinite with a
strong foliation were used in multi-anvil experiments in the range of 2-5 GPa and 450-800°C. Fluids released
upon dehydration are fixed by the formation of brucite in an adjacent fluid sink. The amount and distribution
of brucite serves as a proxy for fluid flow. In our specific setup the sample reacted with the surrounding fluid
sink to form an additional layer of olivine, which has the potential to limit fluid flux within our experiments.
For conditions prior to serpentine dehydration we used Al(OH), as fluid source. Fluid in this experiment did
not migrate through the serpentinite, indicating that serpentine has a low diffusivity. The experiments also
show that small deviatoric stresses have an influence on the fluid flux and can cause an anisotropic fluid flux.
Comparison between the time scales of the determined fluid flux with fluid production rates indicates fluid
pressure buildup during dehydration reactions. Adjacent less permeable layers can inhibit fluid flux and cause
fluid pressure buildup even at conditions when an interconnected pore space formed.

Plain Language Summary Subduction zones are regions where tectonic plates are recycled into the
Earth's interior. Prior to subduction, the plates experienced extensive chemical interaction with the ocean water,
forming hydrous minerals. Serpentine is an important hydrous mineral that can transport significant amounts
of water into the Earth's interior. During subduction both pressure and temperature increase whereby hydrous
minerals break down and release their water. The fluid migrates into the overlying mantle wedge, where it
accounts for hydration as well as melting processes. The global flux balances would require this process to be
very effective. However, it was so far not possible to measure the fluid flux at the subduction zone conditions
in laboratories. In this study, we present a new method to determine the fluid flux prior and during dehydration.
We found that prior to dehydration, the fluid flux in serpentinites is small. During dehydration the rocks ability
to let fluids pass through increases. However, adjacent rocks with a low ability for fluid transport can further
inhibit a fluid flux at these conditions. Generally, our experimental setup can be used for any system that
immobilizes migrating fluids by hydration reactions.

1. Introduction

The transport of water in subduction zones from the Earth's surface into the interior plays an important role in
many arc-related processes. The release of water from the subducting lithosphere causes element mobility and
metasomatism of the overlying mantle wedge, lowers the melting temperature of mantle rocks, raises the degree
of arc mantle melting and may be involved in the origin of at least some intermediate-depth earthquakes (Grove
et al., 2006; Peacock, 1990; Reynard, 2013; Schmidt & Poli, 2014). The annual flux of subducted water has been
estimated in various studies and ranges between 0.1 x 102 and 3 x 10'2kg yr~! (Cai et al., 2018; Korenaga, 2017;
Magni et al., 2014; Riipke et al., 2004; van Keken et al., 2011). In order to balance global water fluxes about two
thirds of the subducted water is expected to be released from the slab into the mantle wedge and return back to the
Earth's surface (van Keken et al., 2011). It has been argued that such efficient recycling requires released fluids
to rapidly organize into channelized networks rather than undergoing unfocused grain scale pervasive fluid flow
controlled by rock permeability (Pliimper, Botan, et al., 2017; Pliimper, John, et al., 2017).

The nature of the fluid flux will also have implications for the removal through dissolution of important volatile
components including carbon and sulfur. For example, fluids released in subduction zones have the potential to
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transport significant amounts of dissolved carbonate species, from the slab toward the mantle wedge (Gorman
et al., 2006; Kelemen & Manning, 2015; Menzel et al., 2019; Tian et al., 2019). The extent of carbonate disso-
lution, however, will vary strongly depending on whether channelized or pervasive flow occurs, as a pervasive
fluid flux will affect a much larger rock volume. The mode of fluid flux will be influenced by mineralogical and
textural characteristics of the slab and overlying mantle. Deep-rooted normal faults, caused by bending of the
subducting plate, may form zones of distinctively higher permeability (Arnulf et al., 2022; Faccenda et al., 2009;
Korenaga, 2017). Certain lithologies may also be relatively impermeable or possess strong foliation that may
focus fluid flow between the foliated layers and limit the flux into the mantle wedge (Kawano et al., 2011). Exper-
iments performed at low pressures and temperatures, for example, indicate that strongly foliated serpentine leads
to an anisotropic fluid flux, where the flux parallel to the foliation direction is almost two orders of magnitude
higher than normal to the foliation (Kawano et al., 2011; Okazaki et al., 2013).

In order to understand the direction and magnitude of the fluid flux from subducting slabs it is necessary to be
able to determine the fluid transport mechanisms and magnitude through the respective lithological assemblages.
In low porosity rocks, the fluid transport may be described with respect to diffusion (Fick's first law):

g« = —DdC/dx, 1)

where ¢ is the fluid flux, D is the diffusion constant, and dC/dx is the concentration gradient. Alternatively, fluid
transport in porous media may be described by Darcy's law:

qx = —(k/n)dP/dx, 2)

which relates the fluid flux to the permeability k, the fluid viscosity 7, and the pressure gradient dP/dx. The
pressure range of conventional laboratory permeability measurements is limited to conditions at which a fluid
overpressure can be maintained, that is, a few hundred megapascal. Permeability measurements on high grade
rocks are consequently performed at pressures lower than peak metamorphic conditions (Kawano et al., 2011;
Okazaki et al., 2013; Tenthorey & Cox, 2003). At low pressures permeability depends on the pore space geome-
try, which in turn depends on rock texture and strength. Studies on continental drilling sites indicate a decrease in
permeability with increasing depth as porosity closes (Manning & Ingebritsen, 1999). Once metamorphic condi-
tions are reached permeability will depend strongly on the wetting behavior of grain boundaries but aside from
measurements of mineral-fluid dihedral angles (Huang et al., 2019, 2020) methods are lacking for determining
fluid fluxes at sub arc conditions.

Tenthorey and Cox (2003) showed that during dehydration processes the permeability increases by two orders
of magnitude due to the formation of pore space. Dehydration reactions can also change the local pressure and
thereby suppress the progress of the reaction (Fusseis et al., 2012). On the other hand, mineral reactions can form
nanopores which, once filled with fluid, create a local chemical gradient that may drive the reaction forward
(Pliimper, Botan, et al., 2017; Pliimper, John, et al., 2017). Natural rocks are further affected by textural changes
that occur through retrograde processes (Li et al., 2004), including mineral reactions, metasomatism, and defor-
mation. The rocks texture observed in laboratories is thus different from its high pressure and temperature (P7)
texture so that permeabilities measured may not be applicable to their higher pressure origins. It is thus crucial to
have a method to determine the fluid flux in rocks at high PT conditions.

In this study, we present a new and simple technique to determine fluid flux at high PT conditions, from which
we can estimate both diffusivities and permeabilities (Equations 1 and 2). We employ this method to investi-
gate serpentinite rocks before and during dehydration at subduction zone conditions. Additionally, we use X-ray
micro computed tomography to analyze compaction due to fluid migration and verify our experimental results.
The results indicate that the fluid production rate during the dehydration of serpentinites will be significantly
higher with respect to both relaxation of the sample and the fluid flux. Our specific system also leads to inter-
action between the sample and the surroundings, revealing important effects of adjacent rock layers on the fluid
migration.
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2. Materials and Methods

The method relies on trapping the fluid released by a dehydration reaction at high PT conditions in mate-
rial surrounding the sample through the formation of a hydroxide, which is stable at the temperature of the
investigated dehydration reaction. We use adjacent serpentine (fluid source) and MgO (fluid sink) to evaluate
the fluid flux at elevated PT conditions. The stable serpentine polymorph at high PT conditions is antigorite
(Mg,Fe,Al),4(S1,Al),,045(OH),,. With increasing temperature, a series of dehydration reactions occurs in serpen-
tinites, which are at 3 GPa:

~ 450°C : brucite + antigorite = olivine + H,O 3)
~ 650°C : antigorite = olivine 4+ pyroxene + chlorite + H,O )
~ 800°C : chlorite = olivine + pyroxene + garnet/spinel + H,O ®))

In complex natural systems, which include aluminum and iron, reactions (3-5) are divariant and occur over a
temperature interval (Merkulova et al., 2016; Padr6n-Navarta et al., 2013), throughout which the fabric of the
sheet silicates, antigorite and chlorite, still have the potential to control the direction of the fluid flow. In our
experiments a cylindrical serpentinite sample is placed adjacent to sintered polycrystalline MgO. As the released
fluids infiltrate this material they are immobilized through the formation of brucite,

MgO + H,0 = Mg(OH),. 6)

The proportion of brucite can then be used to constrain the time-integrated fluid flux out of the sample. In
contrast to reaction (3), in the absence of other silicate minerals the brucite stability field extends up to 1,000°C
at 3 GPa (Johnson & Walker, 1993; Okada et al., 2002), well above the antigorite dehydration temperature at pres-
sures relevant for subduction zones. To determine the fluid transport through serpentinites prior to dehydration,
Al(OH), was employed as an external fluid source in a further modified experiment.

2.1. Starting Material

The starting material used in the experiments is an antigorite-serpentinite from Zermatt (45° 58.16” N, 7° 42.566’
E). The sample was characterized using optical microscopy, Raman spectroscopy, and electron microprobe anal-
yses (EMPA). The antigorite-serpentinite consists of >95% antigorite and <5% magnetite and minor sulphides
(<1%, not further distinguished). The presence of a few individual grains of Ti-clinohumite and clinopyroxene
was confirmed by EMPA. HCl-tests confirmed the absence of carbonates. Antigorite is fine-grained (<1 mm)
and shows a strong shape preferred orientation. The overall texture is similar to mylonitic serpentinites described
in Li et al. (2004), representing high strain rocks caused by deformation during subduction and obduction stages.

Drill cores of 1.5 mm radius and 1.5 mm length were prepared from the sample. The drill core axis was orientated
parallel or perpendicular to the serpentine foliation (Table 1). A first order quantification of the preferred orien-
tation of the drill cores was obtained using scanning electron microscopy (SEM) (see also Section 2.3) and later
confirmed on representative samples using electron back-scattered diffraction.

2.2. High Pressure Experiments

High pressure experiments were performed in a Walker-type multi-anvil apparatus at the Bayerisches Geoinstitut
(BGI) and a split-cylinder multi-anvil apparatus at Tohoku University (TU). The pressure was calibrated with
bismuth phase transitions at room temperature and the quartz-coesite transition at 700°C (Bose & Ganguly, 1995).
A type D-thermocouple was used to monitor the temperature and temperature-power correlations were used in
case of thermocouple failure. All experiments were ramped to target pressure within ~3 hr and subsequently
heated to the target temperature. The pressure was released after quenching within at least 15 hr.

In a first set of experiments (SETUP I) an intrinsic fluid source was used to determine the fluid flux. In these
experiments the serpentine drill cores were placed inside an MgO sleeve prepared from sintered polycrystalline
MgO. The MgO sleeve consists of a hollow cylinder of 3.6 mm outer diameter covered at the top and bottom
with 0.8 mm thick MgO discs (Figure 1a). The samples were welded into 4 mm diameter gold capsules and run
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Table 1
Experimental Conditions and Run Product Mineralogy as Obtained From SEM Analyses
Sample T (°C) P (GPa) t (h) Orientation Phases Mechanism
V1149 550 2 24 L Atg, Mag -
V1152 700* 2 24 1 Atg, Mag Solid-state
ES367 800" 2.5 0.5 1 Chl, Ol, Opx, Mag Fluid-induced
ES369 700 2.5 1 1 Atg, (01, O), Mag Solid-state
ES372 800+ 2.5 0.5 1 Atg, Ol, Opx, Mag Fluid-induced
V1155 700* 2 6 1 Atg, (Ol, Opx), Mag Solid-state
V1156 800 3.5 6 1 Ol, Opx, Grt Fluid-induced
V1157 450+ 35 6 1 Atg, Mag -
V1163 650 2 216 1 Atg, (Ol, Opx), Mag Solid-state
V1165 650 2 96 1 Atg, (Ol, Op), Mag Solid-state
V1166 700 2 96 1 Chl, Ol, Opx, Mag Fluid-induced
V1167* 720 2 24 L Chl, Ol, Opx, Mag -
V1170%* 500" 2 96 I Atg, Chl -
V1171 650 2 96 I Atg, (01, Opx), Mag Solid-state
V1172 700 2 216 1 Chl, Ol, Opx, Mag Fluid-induced
V1175 700 2 96 I Chl, Ol, Opx, Mag, Cpx Fluid-induced
V1188 750 2 24 1 Chl, Ol, Opx, Mag Fluid-induced
V1189 700+ 2 48 1 Chl, Ol, Opx, Mag Fluid-induced
V1203 750 2 12 1 Chl, Ol, Opx, Mag Fluid-induced
V1210 700 2 1 1 Atg, Mag Solid-state
Vi211 750 2 72 1 Chl, Ol, Opx, Mag Fluid-induced
V1214 800 5 24 1 Ol, Opx, Grt Fluid-induced

Note. Time refers to time at target pressure and temperature conditions. The chemical compositions of phases are given in the supporting information S1 (Table A-1).
Orientation refers to the direction of the drill core axis with respect to the foliation of serpentine: L marks perpendicular, // marks parallel orientation. Mechanism
indicates whether brucite was formed through fluids released from antigorite (fluid-induced) or from the solid-state reaction described in the main text. Samples marked
with * are 18/11 experiments. Temperatures are based on thermocouple measurements and on power-temperature correlations in case of thermocouple failure, the latter
are marked with *. Phases in brackets were observed but were too small for chemical analyses. Mineral abbreviations after Whitney and Evans (2010).

in 25/17 (octahedral edge length/truncation edge length) standard BGI assemblies (Keppler & Frost, 2005). One
experiment, V1214, was run in a 25/15 assembly in order to reach a higher pressure. During the experiment fluid
released through dehydration reactions (4) and (5) migrated into the MgO sleeve and formed brucite all around
the serpentine drill core (compare Figures 4a and 4b). From the thickness of the brucite layer in axial and radial
directions, the fluid flux in the respective directions could be obtained.

In experiment V1167, the serpentinite drill core was welded in a 2 mm AuPd capsule without surrounding MgO
and run in an 18/11 assembly. The aim of this experiment was to keep the fluid inside the serpentine drill for
X-ray micro computed tomography (pCT) measurements. By comparing this experiment to experiments using an
MgO fluid sink, it is possible to explore the pore space reduction caused by the fluid migration.

To determine the fluid flux through serpentinites prior to the onset of dehydration an external fluid source was
used in experiment V1170 (SETUP II). The serpentine drill core was placed into a 2 mm AuPd capsule and run
in 18/11 assemblies (Figure 1b). Below the drill core gibbsite AI(OH), powder was placed. At ambient pressure
gibbsite, the most available AI(OH), polymorph, dehydrates gradually to AIO(OH) between 200°C and 400°C
and further to Al,O, between 450°C and 600°C (Mercury et al., 2006). It thus serves as an external fluid source
at conditions where antigorite is still stable. An MgO disc prepared from sintered polycrystalline MgO atop the
drill core serves as a fluid sink in this experiment.
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a) SETUPI b) SETUPII
f’/’—\ 1.5 mm
1.5 mm
Au / AuPd
T c) H,0
0.8 mm Atg + MgO = Ol + Br
1 Atg = Ol + Opx + H,0
1.5 mm H,O + MgO = Br
Br
0.8 mm Atg
1.05mm 1.5mm 1.05mm MgO Ol Opx SiO,

Figure 1. (a) First set of experiments (SETUP I): A serpentinite drill core is embedded into an MgO sleeve. The blue rectangle marks the position of secondary
electron images shown in Figure 5. Parallel lines through the sample indicate the orientation of the foliation, which in this example is perpendicular to the dril axis
(Table 1). (b) In SETUP II the serpentine drill core is sandwiched between an AI(OH), water source and an MgO water sink. The orientation in this experiment was
parallel (Table 1). The dotted line indicates position of the section prepared for further analyses. (c) General phase relations in the MSH-system. The three main
reactions are the solid-state reaction between antigorite and MgO (brown), the antigorite dehydration (green), and the MgO hydration (blue).

Experiments were carried out at pressures ranging from 2 to 5 GPa and temperatures from 450°C to 800°C. To
better understand reaction kinetics in our system, we also varied the time for experiments run at similar condi-
tions. The time at target conditions varied from 0.5 to 216 hr as indicated in Table 1. All recovered run products
were mounted in epoxy and polished for SEM and EMPA. During polishing care was taken to polish exactly to
the middle of the sample (indicated as a dotted line in Figures 1a and 1b) that is defined optically based on the
diameter of the drill core. Any assessment of the brucite layer thicknesses formed in the experiments using a
section other than from the middle of the sample would be significantly distorted due to the cylindrical geometry,
thus preventing a meaningful comparison between samples.

2.3. Analytical Methods

First order phase identification of run products was performed by energy-dispersive X-ray analyses with a
GEMINI LEO 1530 scanning electron microscope at the BGI, operating at 20 kV. Most experiments showed a
double layer of monomineralic brucite and olivine surrounding the drill core, which will be discussed in detail in
Section 3.3. The thickness of these layers was determined from secondary electron (SE) images. The total area
of each layer was quantified with the histogram tool of the open source software GIMP 2.8.14. By dividing the
total area by the length, we obtained the mean thickness of each layer (Table A-3 in Supporting Information S1).
In order to obtain suitable statistics, several SE images on each side of the drill core were taken with different
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magnifications. The thicknesses obtained for the same sample using different magnifications were compared to
each other in order to exclude a magnification bias.

For two representative experiments, V1152 (hydrated) and V1156 (dehydrated), the crystallographic preferred
orientation (CPO) of the stable phases was analyzed by electron backscattered diffraction (EBSD). EBSD meas-
urements were performed at the University of Utrecht with a GEMINI 450 SEM, equipped with an Oxford Instru-
ments Symmetry detector. The sample surface was polished with a colloidal silica suspension for 15 min. Both
samples were measured in 20 Pa environmental pressure without coating. The antigorite sample was measured
employing a 20 kV acceleration voltage and 10 nA beam current. The dehydrated sample was measured at 25 kV
acceleration voltage and 20 nA. Indexing was performed with the AZTEC software from Oxford Instruments. For
antigorite, the lattice constant a was manually changed to 82 A to obtain the best possible matching. Data treat-
ment was performed with the CHANELS software package and polefigures were created using the open-source
Matlab code MTEX (Bachmann et al., 2010).

Quantitative EMPA were performed using a JEOL 8200 microprobe with an acceleration voltage of 15 kV. Cali-
brations were performed using silicates, oxides, and metals. A San Carlos olivine was measured in each session
for internal consistency. Operating conditions were tuned for each phase as follows: for antigorite and chlorite
a 10-15 nA beam current and a 3 pm beam diameter were used, while a 15 nA beam current and <1 pm beam
diameter were employed for olivine, pyroxene, garnet, and magnetite.

The pore space preserved within two recovered samples was measured using pCT-scans at the BL20XU experi-
mental hutch two of the SPring-8 synchrotron facility (Uesugi et al., 2012). The pCT-scans were taken on sample
ES376 (SETUP I) and V1167 (SETUP II without AI[OH], and MgO). We used the software GeoDict (Becker
et al., 2020) for data processing and permeability determination. Details on data collection and processing can be
found in the Text B-2 in Supporting Information S2.

Mass balance calculations were performed on the run products (Table 1) to determine mineral and fluid propor-
tions. Since magnetite, sulphides, the Mg-silicates diopside, and Ti-clinohumite were not observed in each
sample and did not contribute to the dehydration reactions, they were excluded from the mass balance. The
fluid is assumed to be pure H,O, given the generally low content of dissolved major elements in fluids released
from serpentinites at high PT conditions (Menzel et al., 2020). We used a Monte Carlo simulation to estimate
uncertainties. For this purpose 1,000 individual minimizations were performed with both the starting material
and run product composition randomly sampling around their normal distribution. Reported in the Table A-1 in
Supporting Information S1 are mean values and the 1o standard deviation of the simulations.

3. Results
3.1. Phase Relations

The run products obtained in each experiment are summarized in Table 1 and cover the temperature range of
antigorite dehydration to garnet + olivine + orthopyroxene + fluid. At the onset of dehydration, fine-grained
magnesium silicates (expected to be olivine and orthopyroxene based on thermodynamic calculations, see also
Figure 3) are formed along the grain boundaries of antigorite and around individual grains of magnetite and
clinopyroxene (Figure 2a). As dehydration proceeds, patches of olivine and orthopyroxene are observed with
antigorite flakes in between (Figure 2b). In experiment ES372, these patches formed mainly in an hourglass
shaped region at the rim of the drill core, whereas at the top and bottom antigorite remains the main phase. At
temperatures >650°C the fraction of olivine and orthopyroxene further increases and chlorite is observed instead
of antigorite (Figure 2c). At this stage of dehydration all phases are distributed homogenously and we could not
observe a gradient in reaction process over the samples. Fully dehydrated experiments performed at 7 > 800°C
and P > 3.5 GPa also contained garnet (Figure 2d), which is observed only along the interface of the drill core
and the MgO sleeve. These general phase relations are in agreement with previously published studies (Bromiley
& Pawley, 2003; Merkulova et al., 2016; Ulmer & Trommsdorff, 1995; Ulmer et al., 1994). In some experiments
(V1152, ES372, ES369, V1155, and V1210) antigorite appeared to remain stable above its predicted dehydration
temperature (Figure 3). Most of these experiments were run at 700°C for only 1, 6, or 24 hr, respectively. The
temperature overstep for the antigorite dehydration reaction in these experiments is in the range of 50°C-70°C
and the reaction kinetics are expected to be slow. Our experiments indicate that at least 48 hr are required for
complete dehydration at 700°C (cf. experiment V1189). However, <1 hr is sufficient at 800°C (cf. experiment
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a) V1165: 650 °C, 2 GPa b) ES372: 800 °C, 2.5 GPa |

Figure 2. (a) The onset of antigorite dehydration is marked by the formation of Fe-rich olivine along the grain boundaries. (b) Olivine and orthopyroxene grow to
large patches between antigorite crystals. Note the high temperature in experiment ES372, indicating metastability of antigorite (see also explanations in main text). (c)
Antigorite reacts to chlorite, while the patchy texture (Figure 2b) is preserved. (d) At high temperatures and pressures garnets with a poikiloblastic texture are observed.

ES367). The presence of antigorite in experiment ES372, run at 800°C for 0.5 hr (the same nominal conditions
as ES367) thus likely arises from a slightly overestimated temperature. Nevertheless, due to the reliability and
extensive use of this type of graphite heater assembly at the BGI uncertainties in temperature estimation are
expected to be within 50°C.

Antigorite in the run products has an Al,O, content of 2.6(2) wt% and an Mg# (molar MgO/(MgO + FeO),
with FeO being total Fe as FeO) of 0.94(1), similar to the starting material. Chlorite has generally a higher Mg#
with respect to Atg of 0.96(2) and a temperature-dependent Al,O, content. Sample V1170 run at 500°C, using
SETUP II, shows the formation of a 100 pm thick layer of chlorite as a result of interaction between the antigorite
and Al,O, layers. This chlorite has a significantly higher Al,O, content of 21.2 wt% due to interaction with the
Al-rich fluid source. The Mg# of olivine in the run products is 0.93(2), whereas a layer of olivine that formed
through interaction between the drill core and the MgO sleeve has a higher Mg# of about 0.96(1). Orthopyrox-
ene coexisting with olivine has a slightly higher Mg#. The Mg-Fe exchange between newly formed olivine and
orthopyroxene appears to reach equilibrium as it is in agreement with experimental data from von Seckendorff
& O’Neill (1993).

Figure 4 summarizes the EBSD results of samples V1152 and V1156. Both samples were drilled perpendicular
to the macroscopic preferred orientation of antigorite (Table 1) and we assume that the initial antigorite preferred
orientation was similar prior to the experiment. Sample V1152 did not show any dehydration products and
preserved this initial texture of serpentine, assuming no recrystallization took place. The two areas mapped consist
mainly of antigorite and magnetite and show that the indexing rate of the antigorite was 80%—90% (Figure 4a).
The pole figures of antigorite confirm a strong preferred orientation (Figures 4c and 4d). The antigorite platelets
show a crystallographic-preferred orientation with the ¢ axis at an angle of ~45° oblique to the drill core axis. At
elevated temperature experiment V1156 consists of olivine, orthopyroxene, and garnet (Figure 4b). All phases,
including the brucite-layer and the MgO sleeve could be indexed in the EBSD measurements. The two mapped
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Pressure (GPa)

experiments
®% Atg

®% Chl
o+
500 6

Temperature (°C)

Figure 3. Pseudosection calculated with Perple_X for the composition SiO, = 42.81 wt%, Al,O, = 2.04 wt%,

FeO = 4.49 wt%, MgO = 38.43 wt%, and H,0 = 12.23 wt% (version 6.8.1, HP11 database and CORK EoS for fluids). The
composition was changed with respect to the starting material composition (Table A-2 in Supporting Information S1) in order
to match the observed phase modes in run products. Stars mark experiments used to determine the fluid flux. Circles mark
experiments without fluid-induced brucite formation. The black cross indicates a conservative standard error of 30°C and
0.25 GPa.

areas indicate that olivine has a preferred orientation direction related to the precursor antigorite (Figure 4e),
assuming the latter was similar to antigorite in V1152. Brucite has a slightly stronger preferred orientation than
olivine and is aligned with the c¢ axis parallel to the contact with the drill core (Figure 4f).

3.2. Brucite Formation

Brucite layers were formed in the MgO surrounding the serpentine drill core in all experiments run at tempera-
tures above 550°C, whereas at lower temperatures antigorite and MgO did not react (Figure 5a). Adjacent to the
brucite layer surrounding the drill core an additional olivine layer formed within the drill core (Figures 5b—5d).
It is important to note that these double layers already start to form below the antigorite dehydration temperature.
In these experiments the brucite layer is found to be thinner than the olivine layer (Figure 5b). On the other hand,
in experiments showing evidence for partial or complete dehydration, that is, the presence of olivine + orthopy-
roxene + garnet, the brucite layer is significantly thicker with respect to the adjacent olivine layer (Figures 5c
and 5d). A full list of brucite and olivine layer thicknesses can be found in the Text A-3 in Table S1.

The thicknesses of both brucite and olivine layers are also strongly time-dependent (Figure 6). The largest
increase in layer thickness is observed within the first 24 hr. Below the dehydration temperature the maximum
thickness of the brucite layer, 5-10 pm, is reached within these 24 hr. In experiments exceeding the dehydration
temperature significantly more brucite is formed. A maximum thickness of 30—40 pm is also reached after ~72 hr
at 700°C. The data indicate that at higher temperatures the maximum is reached already after 24 hr. The brucite
layer is always thicker in the radial direction of the drill core axis with respect to the axial direction, regardless of
the orientation of the serpentine foliation with respect to the drill core axis.

The fluid flux through antigorite prior to dehydration was probed in experiment V1170 (Figure 7) using SETUP
IT and an Al(OH), fluid source. Although antigorite did not start to dehydrate in this experiment, chlorite is
observed at the bottom of the drill core (Figure 7¢) resulting from reaction with the fluid source. Quantita-
tive SEM analyses on the AI(OH), dehydration product shows it to be corundum. Previous experimental and
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Figure 4. Electron backscattered diffraction measurements. (a) Sample V1152 consists of antigorite with magnetite. Two areas were mapped and indicated with the
band contrast. (b) Sample V1156 represents a completely dehydrated serpentinite. All phases could be indexed, including the brucite layer and the MgO sleeve. (c—d)

Polefigures (lower hemisphere) of antigorite in the two areas shown in (a), colored for multiples of uniform distribution (MUD). (e, f) Polefigures (lower hemisphere) of
olivine and brucite of the two areas shown in Figure 4b.

thermodynamic studies predict the formation of corundum at 2 GPa and 550°C (Fockenberg et al., 1996; Grevel
etal., 2000), which probably implies a slight underestimate of the run temperature of 500°C. In experiment V1170
a thin double layer of olivine and brucite formed at the top of the drill core, similar to what is observed in the
other experiments. Nonetheless, the majority of brucite formed at the junctions between the antigorite, MgO and
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d) V1214: 800 °C, 5 GPa
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Figure 5. Evolution of the brucite layer as a function of temperature. The right side of the serpentine drill core is shown (the
dark blue rectangle in Figure 1a). (a) At low temperatures no reaction is observed. (b) A double layer of brucite and olivine
forms at temperatures where antigorite is still stable. The brucite layer is thinner with respect to the olivine layer. (c) As soon
as antigorite dehydrates, the brucite layer grows thicker than the adjacent olivine layer. (d) An anomalously thin brucite layer
formed at elevated pressure. The grain size within the brucite layer reaches up to 20 pm.
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Figure 6. The brucite layer thickness as a function of experimental run time. Blue symbols show the thickness of brucite
layers formed in experiments at temperatures or time scales below antigorite dehydration. Warm colors indicate the brucite
layer thickness in experiments above the antigorite dehydration temperature, color coded for temperature. It can be observed
that the brucite layer growth ceases after 72 hr at 700°C and after 24 hr at 750°C. * marks experiment V1156 (3.5 GPa)

and ** marks experiment V1214 (5 GPa). The brucite layer is always thicker in the radial direction compared to the axial
direction.

Figure 7. (a) Experiment V1170 used to probe the fluid flux through antigorite prior to dehydration. SETUP II (Figure 1b)
is used with a fluid source at the bottom and a fluid sink on top of the serpentinite drill core. Rectangles mark the positions
of subfigures (b) (red) and (c) (orange), showing details of the top and bottom. Blue arrows mark the fluid flow path as
described in the main text. (b) On top of the drill core a region of brucite formed at the triple junction antigorite-MgO-
capsule. (c) A chlorite-ric layer formed from the interaction between the Al-rich fluid source and antigorite.
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respect to the potential brittle failure of subducted serpentinites.

Figure 8. The volume of olivine versus brucite monomineralic layers in

experimental run products. Prior to antigorite dehydration (blue symbols) the

volume ratio between the two monomineralic layers is 0.5144, as predicted 4.1. Brucite Formation Mechanism
by the solid reaction (Equation 7). The brucite layer in experiments showing

prominent dehydration (yellow to red symbols) exceeds this ratio. * marks

In all experiments performed at temperatures >500°C, a brucite layer formed

experiment V1156 (3.5 GPa) and ** marks experiment V1214 (5 GPa). around the drill core adjacent to an inner monomineralic layer of olivine

(Figure 5). These double layers even formed at temperatures below antigo-

rite dehydration (Equation 4). Brucite formation can thus be divided into a
solid-state reaction that also occurs prior to dehydration and a fluid-induced reaction at temperatures exceeding
dehydration (Equation 4) (Figure 1c). The solid-state reaction is

antigorite + 51 MgO = 34 olivine + 31 brucite. @)

This reaction does not involve a free fluid phase. Thus, the growth of brucite from this reaction does not record
a fluid flux. The thickness of the olivine layer, which has a higher Mg# compared to olivine formed through
antigorite dehydration, provides an indication of how much brucite has been formed through this solid-state reac-
tion. In reaction (Equation 7) brucite and olivine are formed in the molar ratio 31:34. Using the molar volumes
for brucite and olivine of 24.63 and 43.66 cm3/mol (Holland & Powell, 2011), respectively, we obtain a volume
ratio of 0.5144. The volumes of each phase formed during the experiments can be calculated directly from layer
thicknesses. The total volume of brucite is given as

Vorucite = Vradial + Vaxial, 3

with V... and V. being the volume of brucite formed in radial and axial direction given by
Viadgial = [(r + dragia)’ —1?] 7 h ©
Viial = 27 70 daiats (10)

with r and h being the radius and the height of the drill core, respectively, and d is the thickness of the brucite
layer in the axial or radial direction. The calculation for the volume of the monomineralic olivine layer is similar,
although it must be considered that the layer formed inside the drill core.

Figure 8 shows the measured volumes of olivine versus brucite in each experiment. Indeed, experiments not show-
ing prominent antigorite dehydration (blue symbols) fall onto the expected stoichiometric ratio from solid-state
reaction (Equation 7) indicating that only solid-state brucite formation occurred. In experiments where dehydra-
tion of antigorite occurs (yellow to red symbols), the brucite layer is thicker than expected from the solid-state
reaction alone. The fluid produced in the dehydration reactions (Equations 4 and 5) thus migrated toward the
MgO sleeve where hydration (Equation 6) results in additional growth of the brucite layer.
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The release of fluid decreases over time and then finally ceases as observed

Figure 9. The experimental fluid flux calculated as a function of temperature. ~ in long duration experiments (Figure 6). The mean fluid flux calculated for
The time period over which fluid flows out of the cylinder is shorter than longer experiments is thus expected to be smaller with respect to short exper-

the run time in long duration experiments. We used a temperature-dependent
maximum time to calculate the fluid flux as explained in the main text. Open
symbols mark experiments performed at 3.5 and 5 GPa. The inset shows the

iments. However, if the fluid flux ceases during the experiment, the mean
fluid flux is considerably underestimated by using the total run time in Equa-

fluid flux in the axial and radial directions for experiments performed at 2 and tion 11. Assuming experiments that run sufficiently long (>12 hr) at similar
2.5 GPa (filled symbols in main figure), indicating a slightly larger fluid flux conditions will result in a similar mean fluid flux, we can estimate the time

in the radial direction.

t* of active fluid flux, by minimizing the difference in the calculated fluid
flux at fixed temperature. Estimated ¢* is 72 hr for 700°C experiments and
24 hr for experiments at >750°C. These values are also in agreement with
results from Figure 6. Consequently, all experiments with 7 > ¢*, have to be
restricted to £*.

Figure 9 shows that the fluid flux increases by almost two orders of magnitude from 700°C to 800°C in partially
dehydrated experiments conducted at 2-2.5 GPa. Completely dehydrated experiments V1156 (3.5 GPa) and
V1214 (5 GPa), conducted at 800°C, show a gradual decrease in the fluid flux with increasing pressure. A
slightly larger fluid flux is observed in the radial direction with respect to the axial direction, that is, direction of
the thermocouple, in all experiments. Since this observation is independent of the orientation between the drill
core axis and the serpentine foliation direction, we interpret this to result from a small deviatoric stress in the axial
direction, likely resulting from the use of a relatively hard alumina thermocouple tube.

4.3. Fluid Transport Processes

The partially and completely dehydrated serpentinite samples do show a high porosity (Figures 2, 4 and 5).
pCT-scans on the recovered samples indicate a porosity of >20% and a high connectivity of the pore space. In
such a texture the fluid can be expected to be transported via a darcian fluid flow. Although thin (3-26 pm), the
olivine layer is compact and does not show a high porosity (Figure 5). In this very dense layer diffusion is the
expected transport mechanism. To interpret the experimental results it is important to consider both the fluid flux
through the permeable partially to completely dehydrated serpentinite and diffusion through the olivine layer (see
Text B-3 in Supporting Information S2 for an additional experiment demonstrating that the brucite layer does not
limit the fluid flux).

The calculation of the permeability in serpentinites is derived from the fluid pressure upon dehydration reaction
(compare Text B-1 in Supporting Information S2 for detailed description). However, permeabilities calculated
for our experiments are far below the percolation threshold, despite the highly connected pore space. Potential
error sources include the calculation of the fluid pressure as well as neglecting pressure imposed from the newly
formed brucite layer onto the cylinder. This latter effect could decrease the pressure gradient across the sample.
Furthermore, elastic behavior of the assembly could also decrease the pressure gradient and thus cause an under-
estimation of the permeability. It is also possible that the pore space is less connected than assumed. Small pores
and small pore throat diameters, that might not be resolved in pCT-scans, combined with a high tortuosity, could
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cause an overestimated connectivity. However, it is also likely that the fluid flux is mainly controlled by the
slower diffusion process. This is further supported by experiment V1214, performed at 5 GPa. In this sample a
brucite layer formed despite the fluid underpressure at these conditions. We can, however, not exclude that the
positive excess pressure up to 600 MPa in most experiments affects the fluid transport.

To examine fluid diffusion through the olivine layer we obtain the concentration gradient from the amount of
fluid produced within the serpentine (compare Text B-1 in Supporting Information S2). The calculated diffusion
constants of H,O in olivine are in the range 6.8 x 107*~1.4 x 10~'2 m?/s. Demouchy (2010) obtained a diffusion
constant for hydrogen in olivine, which is significantly higher with respect to the data obtained here, although
it must be considered that our experiments employed higher pressures. Furthermore, the MgO hydration results
in a positive volume change, so that the newly formed brucite may impose stress on the olivine layer and further
decrease grain boundary width.

Finally an estimate on the fluid flux through serpentinite prior to dehydration can be determined from experiment
V1170 (500°C, 2 GPa), which employed an Al(OH), fluid source. Since in experiment V1170 only a minor fluid
flow between the serpentinite and the capsule wall was observed, it seems that serpentine prior to the onset of
dehydration is quite impermeable. However, we can estimate an upper limit for the fluid flux by assuming that
the sample was on the verge of producing a brucite layer of infinitesimal thickness. Considering a high pressure
porosity of 4 x 107 (Kawano et al., 2011) the total water volume in the serpentinite sums up to 1.06 X 10~ m?3,
Within 96 hr of run time this amount of fluid passed through the bottom area A, giving rise to a fluid flux of
1.74 x 10~ kg/(m? s). The fluid pressure gradient through the capsule can be estimated from the dehydration of
gibbsite to corundum:

2 AI(OH); — ALOs + 3 H,0. (13)

The bulk modulus of gibbsite is given as 49 GPa (Liu et al., 2004). The thermal volume expansion coefficient
determined from the data of Mercury et al. (2006) is 5.5 x 10~ K~!. Using data for corundum from Holland
and Powell (2011), the solid volume change in reaction (13) based on the modified tait EoS is —42 c¢m?. This
corresponds to a molar fluid density of 0.07 mol/cm?, which yields an overpressure on dehydration of 1.0 GPa.
Using the same approach of transforming a pressure gradient into a concentration gradient as explained in B-1
in Supporting Information S2, we obtain a diffusion coefficient for serpentine of 1 X 10716 to 5 x 1077 m? s},
significantly lower with respect to olivine. A porosity change of one order of magnitude causes a change in diffu-
sivity of the same order. However, as the porosity of rocks under the experimental conditions likely tends toward
zero (Plimper, Botan, et al., 2017; Pliimper, John, et al., 2017), the value employed is quite conservative.

4.4. pnCT-Scans

pCT analyses and flow simulation were performed on two samples (ES367 and V1167) using the software GeoD-
ict, version 2,021. For segmentation of the data Otsu's method (Otsu, 1979) was used. More detail on data reduc-
tion can be found in the Text B-2 in Supporting Information S2. Sample ES367 yields a total porosity of 22%,
whereas the porosity in experiment V1167 is higher with 33%. Mass balance indicates 5 wt% chlorite in sample
ES367, whereas about 13 wt% fluid is released. In sample V1167 the remaining chlorite mass is higher with
approximately 12 wt% but the released fluid mass is similar with 12 wt%. Consequently, any difference in poros-
ity, given a similar progress in dehydration, is caused by the loss of fluid and subsequent compaction. In experi-
ment V1167 all fluid remained in the drill core because the serpentinite sample was welded, without surrounding
materials, into an AuPd capsule. The amount of brucite formed in experiment ES367, however, shows that about
30% of the total fluid was lost to the MgO sleeve and is thus in very good agreement with a porosity reduction by
33% as obtained from the pCT-scans.

The permeability at room PT conditions determined from pCT scans is of the order of 10~!> m2. This value is
significantly higher with respect to the permeabilities calculated for high PT conditions (Table A-4 in Supporting
Information S1), and slightly higher with respect to permeabilities obtained by Ganzhorn et al. (2019) extrapo-
lated to room pressure. This indicates that partially dehydrated serpentinites indeed have a higher permeability
than pure serpentinites, in agreement with the study by Tenthorey and Cox (2003).
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4.5. Influence of Serpentine Dehydration on Subduction Zone Fluid Flux

Intermediate-depth earthquakes appear to be organized in a double seismic zone, where the seismicity is thought
to be thermally activated and may be, particularly in the lower seismic zone, related to the dehydration of
serpentine (Ferrand et al., 2017; Jung et al., 2004). Several studies that have analyzed dehydration kinetics have
shown that the dehydration of antigorite has a fluid production rate of the order of 107* to 1078 mf.]ui o (mfccks)
(Chollet et al., 2011; Perrillat et al., 2005), similar to the fluid production rate for brucite dehydroxylation (Liu
et al., 2017). This rate is found to be significantly faster with respect to the relaxation time of the solid rock and

hence, brittle fracturing is likely to occur (Schwartz et al., 2001).

We could not determine the fluid flux through partially dehydrated serpentinites due to the formation of an
olivine layer. However, we could determine the fluid flux through olivine and give an upper estimate of fluid
flux through serpentine prior to dehydration. The fluid flux in serpentinites at conditions of brucite dehydration
(Equation 3) is extremely low in the order of 10~'* m3/(m? s). Thus, a large fluid overpressure can build up during
brucite dehydration and might cause brittle failure of the rock.

When the serpentinites dehydrate (Equations 4 and 5) a large open pore space forms. Since the pore space is
highly connected, as shown by our pCT-scans, and percolation is expected to be fast, the fluids are likely to
dissipate. However, the oceanic lithosphere is often only partially serpentinized and it is not uncommon to find
fresh peridotites in the vicinity of serpentinites. If the serpentinite is adjacent to a unaltered peridotite, the fluid
cannot escape fast enough through percolation due to the large fluid production rate, similar to our experiments
in which the fluid flux is inhibited by the surrounding olivine layer. Consequently, even if a connected pore space
evolves, an adjacent low permeable lithology has the potential to inhibit the fluid flux and brittle fracturing may
occur due to fluid pressure build up at conditions of positive volume change.

5. Conclusions

We have developed a new experimental method that enables fluid flux to be determined at high PT conditions.
The method uses the dehydration of a fluid source, both external and internal, and formation of hydrous minerals
in the fluid sink to immobilize the migrating fluids. Combined with estimates of pore fluid pressure, this method
can be used to place constraints on mineral and rock permeabilities or diffusivities.

The technique is used here to study the fluid flux during dehydration of serpentinite where the serpentinite itself
provides the fluid source (SETUP I). Fluid flowing into MgO surrounding the serpentinite drill core produces
brucite and the volume of brucite in the recovered experiments provides an estimate for the volume of fluid
that has flown out of the drill core. A correction must be made for a small volume of brucite formed through a
solid-state reaction, which also creates a dense olivine layer. With an additional experiment we could show that
the formation of brucite does not limit the fluid flux into the unreacted MgO. However, the dense olivine layer
lowers the fluid flux into the MgO. pCT-scans performed to analyze the pore space, showed that fluid flux within
the partially dehydrated serpentinite is expected to be significantly higher with respect to the observed fluid flux
in our experiments. Consequently, fluid flux within subduction zones can be high at dehydration conditions, if
the fluid is not bound by an adjacent impermeable lithology.

We also performed experiments with an external fluid source (SETUP II), which can be used to study fluid
flow at conditions prior to dehydration or also through dry samples. Careful analyses of the run products
revealed that the fluid likely migrated around the sample and thus only allows for an upper estimate of the
fluid flux of 1.74 x 10" kg/(m? s). Our results show that serpentinites are an impermeable layer within
subduction zones. As a consequence, small amounts of fluid released early within serpentinites, that is,
through dehydration of brucite, will result in fluids trapped in the serpentinite. This can result in considerable
overpressures.

The experimentally determined fluid flux was found to differ slightly between axial and radial directions, although
this was found to not be influenced by the orientation of the serpentinite foliation. This difference most likely
arises from a small differential stress in the axial direction of the multianvil assembly. This highlights the impor-
tant influence of deformation on fluid flow. Deformation modifies the local stress distribution, the development
of preferred orientation and can additionally open or close existing pore space. Extensive shear deformation in
subduction zones could have an effect on the fluid flux if it persists during dehydration.
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