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Fluid-rock interaction on oceanic transform faults (OTFs) is important for both the deformation behavior
of the lithosphere and volatile cycling in the Earth. Rocks deformed and exhumed at OTFs preserve
information about the depth extent of fluid percolation and the nature of fluid-rock interactions within
these fault zones. In this study, we focus on five dredges from the Shaka and Prince Edward OTFs on
the ultraslow spreading Southwest Indian Ridge that recovered significant volumes of deformed mantle
rocks. Samples are predominantly mylonites that have been deformed to high strains in the fault zone,

Keywords: but also contain several generations of fractures. Based on the mineral assemblages in fractures and shear
fluid-rock interaction bands combined with thermobarometry analysis, we identified three distinct temperature ranges of fluid-
peridotite mantle interactions associated with deformation. At low temperature (LT), this leads to crystallization
mylonite of serpentine (& talc £ amphibole £ chlorite) at <500-550°C. At medium temperature (MT), chlorite

oceanic transform fault
Southwest Indian Ridge
serpentinization

and amphibole crystallized at ~500-750°C. At high temperature (HT), amphibole (4 second generation
peridotitic minerals) crystallized. The composition of minerals in HT fractures and shear bands indicates
that fracturing and fluid flow occur up to temperatures of at least 850-875 °C. Combining these results
with modeled geotherms for both faults suggests that seawater percolation extended to depths of 20-25
km and that serpentinization extended to ~11-13 km. The evolution of fault zone structure induced
by deep fluid-rock interaction and progressive formation of LT, MT and HT mylonites on OTFs results in
weakening and strain localization within the oceanic lithosphere, and suggests that the global transform
system may represent a large reservoir of volatiles in the Earth’s lithosphere.
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fluid flow and mantle hydration. Hydrothermal fluids have been
found to percolate down to 600-800°C (e.g., McCaig et al., 2010;
Miranda and John, 2010; Picazo et al.,, 2012), corresponding to
~7 km depth on the Mid-Atlantic Ridge (MAR) (e.g., Hansen et
al., 2013), resulting in mantle serpentinization up to ~400°C and
crystallization of amphibole-chlorite-talc assemblages at higher
temperatures (Picazo et al., 2012; Rouméjon and Cannat, 2014).
Observations from oceanic transform faults (OTFs) also sug-
gest the occurrence of enhanced hydrothermal circulation and
deep fluid flow within the fault zone. Seafloor exposures of ex-
humed mantle rocks along the Vema OTF on the MAR indicate that
the upper mantle can be highly serpentinized at shallow depths

1. Introduction

Fault zones serve as pathways for fluid migration through the
lithosphere owing to enhanced permeability caused by brittle frac-
turing (e.g., Caine et al., 1996; Sibson et al., 1975) and ductile flow
(e.g., Fusseis et al.,, 2009; McCaig, 1988). The resulting fluid-rock
interactions and metamorphic reactions are crucial controls on
the long-term mechanical behavior and composition of fault zones
(Faulkner et al., 2010). For oceanic faults, which have an unlim-
ited overlying supply of seawater, the extent of fluid flow controls
both fault rheology and volatile cycling between the Earth’s sur-
face and the mantle (e.g., Hacker et al., 2003; Riipke et al., 2004;

Scambelluri et al., 2004).
At slow-spreading mid-ocean ridges, studies of fluid-rock inter-
action have shown that detachment faults are sites of enhanced
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(Boschi et al,, 2013). The presence of syn-deformational amphi-
bole at Vema (Cannat and Seyler, 1995; Cipriani et al., 2009) and
at the Shaka OTF (Kohli and Warren, 2019) on the Southwest In-
dian Ridge (SWIR) suggests that seawater may percolate to even
higher temperatures. Geophysical observations also indicate that
some OTFs at intermediate and fast spreading ridges have nega-
tive gravity anomalies (Gregg et al., 2007; Pickle et al., 2009) and
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low seismic wave velocities compared to the surrounding litho-
sphere (Froment et al., 2014; Roland et al., 2012), both of which
are interpreted as evidence of high porosity and/or extensive ser-
pentinization of fault material. Studies of subduction zones where
oceanic fracture zones are subducting have also hypothesized that
higher slab seismicity (Paulatto et al., 2017; Schlaphorst et al.,
2016) and geochemical enrichments of arc volcano lavas erupting
above these faults (e.g., Manea et al., 2014) could be due to en-
hanced hydration of the mantle on OTFs and their fracture zones.

Despite the potential importance of hydration of the oceanic
lithosphere for OTF deformation and for the subduction zone wa-
ter budget, limited work has been done to systematically charac-
terize fluid-rock interactions on OTFs. Dredging campaigns along
the SWIR ridge-transform system have recovered significant vol-
umes of deformed mantle rocks (serpentinites and peridotite my-
lonites) in three dredges from the Shaka OTF and two dredges
from the Prince (Pr.) Edward OTF. Microstructural analysis of four
peridotite mylonites from Shaka (Kohli and Warren, 2019) revealed
that some of the mylonites underwent relatively high temperature
deformation and hydration within the fault zone prior to exhuma-
tion. In this paper, we focus on the full range of deformed mantle
rocks that were recovered in the five SWIR dredges. We charac-
terize sample mineralogy and chemistry to estimate the pressure-
temperature-fluid-deformation path of mantle rocks, understand
the nature of fluid-mantle interaction processes, and determine the
depth extent of fluid percolation on OTFs. Finally, we assess the
consequences of fluid-rock interaction processes for oceanic litho-
sphere composition and deformation.

2. Sample selection

The Shaka and Pr. Edward OTFs on the SWIR (Fig. 1) were sam-
pled during two cruises in the 1980s. Cruise 107, leg 6, on the
R/V Atlantis II in 1980 (Farmer and Dick, 1981) collected seven full
and one empty dredges (60-67) across the Shaka OTF (Fig. 1d).
The Protea expedition, leg 5, on the R/V Melville in 1984 (Fisher
et al., 1985; 1986; Scripps Institution of Oceanography, 1984) col-
lected four dredges (17-20) across the Pr. Edward OTF (Fig. 1e).
Large amounts of peridotite mylonites were recovered in the five
dredges that sampled the E-SE walls of each transform (60, 61, 63,
18 and 19), spanning a vertical distance of 1-3 km and a lateral
extent of ~25 km.

From available multibeam bathymetry data (GMRT basemap
v3.6), we constructed topographic profiles perpendicular to the
trace of each fault (Figs. 1d-e). These profiles show that dredges
containing peridotite mylonites were collected at distances rang-
ing from <1 km up to ~7 km away from the deepest point in
the transform fault valley. The mylonite-bearing dredges contain
29-100% ultramafic samples, with the remaining samples mainly
consisting of basalts, diabases and greenstones (i.e., altered mafic
rocks). We have not assessed the extent of deformation in the
crustal lithologies; the sample descriptions from the cruise reports
(Farmer and Dick, 1981; Scripps Institution of Oceanography, 1984)
indicate that they have only been affected by brittle deformation.
Among the ultramafic samples, 0-56% are porphyroclastic peri-
dotites, 25-96% are mylonitic peridotites and 0-17% are foliated
serpentinites (see Supplementary Table 1 for dredge sample de-
scriptions). Breccias make up 0 to 9% of the dredges and exhibit
either carbonate or serpentine matrices. All mantle rocks under-
went intense deformation, mainly through ductile processes, but
exhibit varying degrees of strain (i.e. grain size reduction). The pro-
portion of highly deformed peridotites compared to protogranular
and porphyroclastic peridotites decreases away from the center of
the fault zone for both OTFs (Figs. 1d-e).

The samples used in this study come from the seafloor sam-
ple repository at Woods Hole Oceanographic Institution. From the

five dredges that sampled the fault zones along the Shaka and
Pr. Edwards OTFs, we classified the textures of 34 deformed sam-
ples. These samples were chosen as representative of the range
of lithologies and textures found within each dredge (Supplemen-
tary Table 1). In the cruise reports, 10 samples were classified as
porphyroclastic peridotites (from dredges 61, 63 and 19), 22 as my-
lonites (from dredges 60, 61 and 18) and 2 as serpentinites (dredge
61). Based on analysis of hand samples and thin sections, we re-
classified all these samples as mylonites. Our updated descriptions
along with the original dredge descriptions are in Supplementary
Table 1. We then subdivided the samples into three groups based
on the intensity of grain size reduction through the proportion
of fine-grained matrix: <50% for protomylonites, 50-90% for my-
lonites and >90% for ultramylonites (e.g., Passchier and Trouw,
2005). In this classification, samples that were described as por-
phyroclastic are now termed protomylonitic. Photos of the different
mylonitic textures in hand sample and thin section are shown in
Figs. A1 and A2.

Of the 34 hand samples evaluated (Supplementary Table 1),
9 from Shaka and 4 from Pr. Edward were selected for detailed
geochemical analysis (Table 1). The samples represent four of the
five mylonite-bearing dredges and cover the range of observed tex-
tures. Samples from dredge 63 were not selected for further anal-
ysis because they are too weathered.

3. Methods
3.1. Sample mineralogy

We used a combination of optical microscopy and energy-
dispersive X-ray spectroscopy (EDS) analysis to determine sample
mineralogy and phase distribution. For EDS analysis, we used a
Zeiss Auriga 60 CrossBeam scanning electron microscope (SEM)
equipped with an Oxford Synergy X-MAX 80 mm? EDS detector
at the Keck Center for Advanced Microscopy at the University of
Delaware (USA). Measurements were made at an accelerating volt-
age of 15 kV, an aperture of 30 nm (which controls the beam
current) and a working distance of 8-10 mm. For EDS analyses,
dwell time and process time were set in order to get a deadtime
of ~20%. AZtec v3.3 software from Oxford Instruments (UK) was
used to collect and process EDS spectra and to construct phase
maps.

3.2. Mineral composition

Quantitative compositional analysis of minerals was performed
on two different electron microprobes: a JEOL JXA-8900R at the
Department of Earth Sciences, University of Minnesota (USA) and a
JEOL JXA-8230 at ISTerre, Grenoble-Alpes University (France). Data
are reported in Supplementary Table 2.

At the University of Minnesota, data were collected with an ac-
celerating voltage of 15 kV, a beam current of 20 nA on a tungsten
filament and beam diameters of 1 um. The on-peak counting time
was 20 s for all elements and mean atomic number (MAN) back-
grounds were utilized (Donovan et al., 2016). Standardization was
made using synthetic and natural oxides as well as natural min-
erals. Unknown and standard intensities were corrected for dead-
time and standard intensities were corrected for drift over time.
The matrix correction was calculated with a Phi-Rho-Z method us-
ing an Armstrong/Love Scott algorithm (Armstrong, 1988) and the
mass attenuation coefficients from the FFAST database (Chantler et
al., 2005). Oxygen abundance was calculated by cation stoichiome-
try and included in the matrix correction.

At ISTerre, data were collected with an accelerating voltage of
20 kV and a field emission gun with a beam current of 300 nA for
olivine (see detailed procedure in Sobolev et al., 2007), 20 kV and
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Fig. 1. Location (a) and bathymetric maps of the Shaka (b) and Pr. Edward (c) OTFs. (d-e) Map enlargements (left) and bathymetric profiles (right) of the Shaka and Pr.
Edward OTFs. (f) Bathymetric map (left), geological cross-section (right) of the Vema OTF. The cross-section is adapted from Cannat et al. (1991) based on observations from
dives 1 and 5. For all OTFs, the transects are shown by white lines on the bathymetric maps, which show the location of dredges that either recovered (red stars) or did not
recover (gray stars) peridotite mylonites. Bathymetric maps and profiles were constructed using GeoMapApp (Ryan et al., 2009). For the Shaka and Pr. Edward OTFs, dredge
numbers are shown on the enlarged maps and nearby dredge compositions are shown on the profiles. For Vema OTF, dredge locations and compositions are from Cannat et
al. (1991), Cipriani et al. (2009) and Boschi et al. (2013). (For interpretation of the colors in the figures, the reader is referred to the web version of this article.)

50 nA for spinel, and 15 kV and 12 nA for other silicates. Beam di-
ameters ranged from 1-5 pm depending on the target grain size.
Standardization was made using synthetic oxides and natural min-
erals. The matrix correction was calculated with a ZAF method
(e.g., Batanova et al., 2015).

3.3. Thermobarometry

To determine the P-T conditions during mylonite deformation,
we used empirical thermometers to evaluate temperature and con-
struct pseudosections to determine the stability fields of mineral
assemblages associated with deformation. We applied two ther-

mometers, both of which are based on orthopyroxene composition:
Tal-crin opx Of Witt-Eickschen and Seck (1991) and Tcain opx Of Brey
and Kohler (1990). Tcain opx reported in Table 2 was calculated for
a pressure of 5 kbars.

Pseudosections were constructed using Perple_X software (Con-
nolly, 2009) in the NCFMASH (Na,;0O-CaO-FeO-Mg0-Al;03-Si0;-
H,0) chemical system. As whole rock major element compositions
are needed to define the system composition, we obtained the
composition of one protomylonite, three mylonites, and three ul-
tramylonites through analysis of samples at the Washington State
University GeoAnalytical Lab (Table B.1). Details of the thermo-
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Table 1
Location of dredges, rock type and deformation features of selected samples.

OTF Cruise Dredge Sample Deformation®
# # Rock type HT MT IT
(Amp) (Chl + Amp) (Serp)
Shaka All107-6 60 4 MT mylonite B/D B
5 MT mylonite B/D B
7 MT mylonite B/D B/D B
68 MT mylonite B/D B
61 27 LT ultramylonite B/D
80 HT ultramylonite B/D B
83 HT ultramylonite B/D B
89 LT (ultra)mylonite B/D B/D
101 LT ultramylonite B/D
Pr Edward PROT5 18 10 HT mylonite B/D B
11 HT mylonite B/D B B
19 1 HT protomylonite B/D B B
8 HT protomylonite B/D B

D, B/D and B signify whether a sample deformed in the deformation domain by ductile, semi-brittle or brittle mechanisms, respectively. A blank means that the sample has
not experienced or has not preserved evidence of deformation within the corresponding deformation domain.

2 Some samples were previously studied: All107-6-61-83, PROT5-18-10 and PROT5-18-11 by Jaroslow et al. (1996), All107-6-61-83 by Warren and Hirth (2006), and
All107-6-60-4, All107-6-60-5, All107-6-60-7 and All107-6-61-83 by Kohli and Warren (2019).

b Low temperature (LT) deformation domain is characterized by the presence of serpentine (Serp). Medium temperature (MT) deformation is marked by crystallization of
chlorite (Chl) and tremolitic to Mg-hornblende amphibole (Amp). High temperature (HT) deformation is defined by crystallization of Mg-hornblende to pargasitic amphibole.

Table 2

Temperature estimates based on orthopyroxene (Opx) composition (Tcainopx Of Brey and Kohler (1990) and Taj.crinopx Of Witt-Eickschen and Seck (1991)). The average

temperatures are in °C and the number of averaged grains is in parentheses.

Sample Opx porphyrodasts Opx in shear zones
Core Rim
Tcain Opx Talcrin Opx Tcain Opx Talcrin Opx Tcain Opx Talcrin Opx
HT protomylonites PROT5-19-01 1033 £ 42 1047 £ 45 (4) 829 £ 76 919 + 142 (5) 727 £ 29 694 + 47 (11)
PROT5-19-08 988 + 41 1018 + 60 (4) 853 £+ 114 861 £ 197 (7) 733 £33 633 £ 29 (12)
HT mylonites PROT5-18-10 862 + 24 969 + 76 (5) 841 £ 26 920 + 43 (4) 807 + 38 786 £ 94 (15)
PROT5-18-11 893 £ 32 1022 £ 13 (5) 870 £ 29 887 £ 46 (5) 776 £ 35 681 £ 31 (15)
HT ultramylonite All107-6-61-80 984 + 115 989 + 50 (3) 812 + 84 796 + 218 (3) 738 £ 5 632 £ 15 (4)
MT mylonites All107-6-60-04 957 £ 178 1015 + 37 (3) 660 728 (1) 586 + 33 604 + 14 (7)
All107-6-60-07 827 1053 (1)
LT ultramylonite All107-6-61-27 858 + 37 1011 £+ 52 (2) 716 722 (1)

dynamic solid solution models used in Perple_X are provided in
Supplementary material Appendix B.

4. Results

All mylonites show both ductile and brittle deformation fea-
tures. We classified the samples into three categories based on
the mineral assemblages associated with their ductile deforma-
tion, which we interpret as representative of distinct tempera-
ture ranges of deformation (Table 1). We therefore term the cat-
egories as low-temperature (LT), medium-temperature (MT) and
high-temperature (HT) mylonites (Fig. 2). This classification scheme
is based primarily on mineralogy, so different rock textures from
proto- to ultra-mylonite may be grouped together.

4.1. Petrographic observations of ductile deformation

All samples in this study are composed of coarser-grained por-
phyroclasts and finer-grained material (rock matrix). Thin sections
were cut orthogonal to the foliation plane defined by alternating
coarse- and fine-grained layers, which we interpret as the shear
plane (Figs. 2a-c), and parallel to the lineation defined by the long
axis of porphyroclasts. The rock matrix consists of bands of very
fine-grained material that are oriented parallel to the interpreted
shear plane (Figs. 2d-i), which we will refer to as shear bands. In
higher strain samples (mylonites and ultramylonites), shear bands
alternate with coarser-grained olivine-rich domains within the ma-
trix. We classified samples as LT, MT, or HT based on the mineral-

ogy of the shear bands, as these features developed during ductile
deformation (Fig. 2).

Porphyroclasts of orthopyroxene (Opx1), clinopyroxene (Cpx1),
and Al-Cr spinel (Spl1) are present in samples from all three cat-
egories. In protomylonitic samples, olivine (OI1) is also present as
porphyroclasts, but is only present in the matrix in mylonites and
ultramylonites. In the two samples from dredge 19, plagioclase
(Plg1) is present as coronas around Spl1.

LT mylonites are characterized by serpentine-rich bands ori-
ented parallel to the shear plane (Fig. 2). The serpentine layers
occasionally contain talc, chlorite, amphibole, and oxides, in textu-
ral equilibrium with serpentine (Fig. 3). MT mylonites (Fig. 2e, h)
are characterized by amphibole and chlorite aligned and elongated
parallel to the shear plane. Amphibole-rich bands may be contin-
uous on the thin section scale, whereas chlorite is less abundant
and dispersed, usually forming coronas around Al-free Cr-spinel
(Figs. 2e and h). HT mylonites (Fig. 2) contain amphibole in their
shear bands (Fig. 2i), but otherwise have the standard anhydrous
mineral assemblage of peridotites. In contrast to MT mylonites,
chlorite is absent in HT mylonites, and spinel is unaltered and Al-
rich.

The grain sizes of serpentine and chlorite could not be deter-
mined microscopically. Other phases located in shear bands have
<20 pm mean grain sizes, with no clear relationship between
shear band grain size and rock texture. Shear bands in rocks with
protomylonitic and ultramylonitic textures have average grain sizes
of 5-10 pm, while mylonitic textures seem to have slightly larger
grain sizes, on the order of 10-20 pm.
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LT mylonites
Serp + Ox £ Tlc £ Amp = Chl

MT mylonites
Amp + Chl + Ox

HT mylonites
Amp =+ Sulf + Ol + Px + Spl + Plg

All107-6-60-04

Fig. 2. Texture and mineralogy of low-T (LT), medium-T (MT) and high-T (HT) mylonites in the left, middle and right columns, respectively. Hand sample photographs are
shown in (a-c) and optical photomicrograph in (d-f). The white squares show the location of EDS phase maps (g-i), which are colored to show the mineralogy. Samples have
been oriented with their shear planes (C, white line) horizontal. Fractures are indicated by yellow arrows for LT fractures and red arrows for HT fractures. Amp: amphibole,
Chl: chlorite, Ol: olivine, Ox: oxide, Plg: plagioclase, Px: pyroxene, Serp: serpentine, Spl: spinel, Sulf: sulfide, Tlc: talc. Amp, Chl, Serp, Tlc are hydrous phases.

4.2. Petrographic observations of brittle deformation

All samples underwent brittle deformation in addition to duc-
tile deformation, as evidenced by the presence of crosscutting
intra- and trans-granular fractures (Fig. 2). All three types of my-
lonites are crosscut by serpentine + magnetite =+ talc filled frac-
tures, which are classified as LT fractures based on their mineral
assemblage (Table 1). In addition, the MT and HT mylonites are
crosscut by chlorite + amphibole-filled fractures, which are classi-
fied as MT fractures (Table 1).

In addition to LT and MT fractures, we also identified HT frac-
tures in the microstructures of the HT mylonites. In these samples,
porphyroclasts are commonly fractured and fragmented (Fig. 4).
Many of these fractured grains show evidence of intra-crystalline
plasticity prior to fracturing, based on the occurrence of grains that
are elongated, bent, or have undulose extinction (Figs. 4a and c).
These intra-granular fractures are filled with the same mineral as-
semblage that is present in the shear bands in these rocks (Figs. 4b
and d): amphibole, sulfide, olivine, orthopyroxene (Opx2), clinopy-
roxene (Cpx2), spinel (Spl2) + plagioclase (Plg2). These minerals
are also found to have similar chemical compositions to minerals
in the shear bands (Supplementary Table 2).

HT mylonites also contain fractures that crosscut the samples
and are filled with amphibole + sulfides (Fig. 2c). We refer to these
as transgranular fractures, as they crosscut many grains without
following grain boundaries. We observed them in the four HT sam-
ples that have mylonitic and ultramylonitic textures (Table 1), and
in great number in mylonite PROT5-18-11. Interestingly, some of
these HT transgranular fractures were subsequently offset by duc-
tile deformation within shear bands (e.g., Fig. 5).

4.3. Amphibole composition

Amphibole is present in shear bands and fractures in all the
mylonites and has a wide compositional range that reflects a range
of formation conditions (Fig. 6). In HT mylonites, amphibole is
pargasite or Mg-hornblende in composition and no intragranular
zoning is observed (Fig. 6a). Amphibole composition varies be-
tween the proto- and ultra-mylonites (Fig. 6a), with the Si content
of amphibole increasing with increasing intensity of deformation.
However, amphibole composition does not vary between the frac-
tures and the fine-grained ductile shear bands (Fig. 6a).

In MT mylonites, amphibole is Mg-hornblende to tremolite in
composition (Fig. 6b) and has a Si content between 71 and 7.6
apfu. Only samples All107-6-60-07 (Si, 6.7-6.8 apfu) and All107-
6-60-68 (Si, 7.8-7.9 apfu) fall outside this range (Fig. 6b). In both
these samples, amphibole grains have concentric chemical zoning,
with the cores having lower Si and higher alkali contents (Fig. 6b),
as well as higher Al and Ti contents (Supplementary Table 2) than
the rims. The transition from core to rim composition is sharp, oc-
curring over a distance <3 pm (Fig. C.1). In All107-6-60-07, cores
and rims are both Mg-hornblende, but the core composition is
similar to amphibole in HT mylonites, while the rim composition
is similar to the majority of other MT mylonites (Figs. 6a-b). In
All107-6-60-68, cores are Mg-hornblende and rims are tremolite
in composition (Fig. 6b).

Amphibole was only analyzed in one LT mylonite (sample
All107-6-61-89). This sample has two generations of amphibole:
a first generation found in textural equilibrium with minerals in
the coarser-grained olivine-rich zones of the matrix, and a second
generation located in the shear bands in textural equilibrium with
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Fig. 3. Textures in shear zones of LT mylonites. Optical photomicrographs in cross-polarized light (a) without and (b) with the addition of a wave plate for sample All107-6-
61-27. The wave plate is used to reveal the alternating serpentine (Serp1)-rich (bright colors) and amphibole (Amp)-rich (blues and grays) bands that are wrapped around an
orthopyroxene porphyroclast. The mylonite matrix in this sample is composed entirely of serpentine and amphibole, which are interlayered, with neither phase replacing the
other, suggesting textural equilibrium between these two phases. A later generation of serpentine (Serp2) crystallized in cross-cutting fractures. Optical photomicrograph in
(¢) plane-polarized light and (d) cross-polarized with the addition of a wave plate of LT mylonite sample All107-6-61-89. Chlorite coronas are present around altered spinel
in entirely serpentinized zones, indicating that both chlorite and serpentine can be co-stable in LT mylonites. In contrast, olivine (dark layers) is being replaced by serpentine,

indicating dis-equilibrium between these phases.

serpentine (Fig. C.2). The first generation is of Mg-hornblende to
tremolite composition (Si, 7.4-7.6 apfu; Fig. 6b). The second gener-
ation of amphibole, associated with LT deformation, is tremolite in
composition and has Si contents of 7.9-8.0 apfu (Fig. 6b).

Amphiboles in LT to HT mylonites have chlorine concentrations
ranging from below the detection limit up to 0.67 wt.% (Fig. 6c).
Chlorine shows an overall trend of decreasing concentration with
increasing silica, i.e. from amphibole in HT to LT mylonites (Fig. 6¢).
In addition, chlorine decreases with increasing Fe#, Fe2*/(Fe?* +
Mg), (Fig. C.3). These variations are interpreted to reflect the struc-
tural control of Cl incorporation in amphibole (e.g., Campanaro and
Jenkins, 2017). The overall amount of Cl in the amphiboles is rel-
atively high, with up to 10° times the predicted concentration of
Cl in the Depleted Mantle (Clpyy = 0.14-0.38 pg/g; Urann et al.,
2017).

4.4. P-T-fluid conditions during deformation

To evaluate the P-T conditions during mylonitic deformation, we
used two empirical geothermometers that are based on the com-
position of orthopyroxene. Temperatures were calculated for por-
phyroclasts (cores and rims) for all categories of mylonites and for
matrix shear bands in samples where orthopyroxene was found,
totaling five HT and one MT samples (Table 2). Both Tca in-opx and
Tal-crin opx thermometers indicate that, in each sample, porphyro-
clast cores have higher temperatures than porphyroclast rims, and
that porphyroclast rim temperatures are systematically higher than
matrix grain temperatures (Fig. 7a). The composition of grains lo-
cated in HT shear bands imply higher temperatures than that of
grains located in shear bands of the MT mylonite samples (Fig. 7a).

Temperatures in HT mylonites range from 600 to 875°C with an
average of ~700°C for Taicrinopx, and range from 700 to 850°C
with an average of ~760 °C for Tca.in-opx (Fig. 7a). For the compo-
sition of 7 orthopyroxene grains found in the shear bands of one
MT mylonite sample, both thermometers give an average tempera-
ture of ~600°C (Fig. 7a).

P-T pseudosections were built using Perple_X and provide con-
straints on the stability of phases associated with LT, MT and HT
mylonite deformation. Fig. 7b shows the pseudosection of sample
All107-6-60-07 calculated under water-saturated conditions. We
also calculated pseudosections for six other samples (Fig. B.1) and
found that the compositional variations among peridotites in this
study do not significantly influence the stability fields of the ob-
served hydrous phases. The stability of hydrous phases (serpentine,
talc, chlorite, pargasite/Mg-hornblende and tremolite) is mainly
temperature-dependent and is only slightly sensitive to pressure
(Fig. 7b). The presence of syn-deformational serpentine suggests
that the LT mylonites formed at temperatures <500-650°C. This
corresponds to the upper stability limit of antigorite and thus
the highest temperature conditions at which any serpentine poly-
morph can be present (Guillot et al., 2015 and references therein).
The presence of chlorite in MT mylonites constrains their defor-
mation temperatures between 500 and 800 °C (Fig. 5b). In HT my-
lonites, the only hydrous phase is pargasite to Mg-hornblende am-
phibole, which implies deformation at temperatures >750-800 °C.

The pseudosection results agree well with the mineral ther-
mometry estimate of ~600°C for the deformation temperature
of matrix grains in MT mylonites (Fig. 7). For matrix grains in
the HT mylonites, thermometry suggests a temperature range of
600-700 to 850-875 °C (Fig. 7a). However, thermometric estimates
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Fig. 4. Evidence for HT fracturing of porphyroclasts in (a-b) protomylonite PROT5-19-08 and (c-d) ultramylonite AllI107-6-61-80. The white boxes on the polarized optical
photomicrographs (a and c) indicate the location of the EDS maps (b and d). Red arrows point to fractures. The phases sealing the fractures are shown in (b) by the Al
compositional map and in (d) by a phase map. Amp: amphibole, Ol: olivine, Opx: orthopyroxene, Plg: plagioclase, Px: pyroxene, Spl: spinel, Sulf: sulfide. Porphyroclasts and
minerals in HT shear bands and fractures of the same phase are identified by 1 and 2, respectively.

Fig. 5. Polarized optical photomicrograph showing transgranular fractures in a HT
mylonite (PROT5-18-11). High temperature amphibole-bearing fractures are indi-
cated by red arrows. These fractures subsequently underwent dextral shear offset,
as shown by the white arrows for one of the fractures. The relationship between the
shear plane (C, solid line) and the olivine (Ol) foliation (S, dashed line) also indi-
cates a dextral sense of shear. Dextral senses of shear are relative to the thin-section
structural reference frame.

below <750°C are not consistent with mylonite deformation un-
der water-saturated conditions because chlorite is expected to
form (Fig. 7b). These lower temperature estimates can be either
explained by continued subsolidus diffusive re-equilibration of or-

thopyroxene compositions after deformation or by deformation of
HT mylonites at water-undersaturated conditions (<0.5 wt.%; Fig.
B.2).

5. Discussion

Our petrological and geochemical observations indicate that
peridotite mylonites and serpentinites dredged from the Shaka and
Pr. Edward OTFs deformed by brittle and ductile processes within
three distinct temperature ranges, forming LT (<500-650°C), MT
(~500-800°C) and HT (>750-800°C) mylonites. The following
discussion focuses first on the evidence for seawater-peridotite in-
teraction during deformation from LT to HT conditions. We then
use our microstructural and chemical analyses of the mylonites to
evaluate the depth extent and mechanism of seawater percolation
and mantle hydration on OTFs. Finally, we discuss the implications
of fluid-mantle interaction for fault zone structure, rheology and
geochemistry.

5.1. Seawater-mantle interaction from LT to HT conditions

Mylonites from the Shaka and Pr. Edward OTFs show evidence
of interaction with seawater over a wide range of temperatures.
The mylonite protolith is assumed to have been typical coarse-
grained upper mantle peridotite, which does not contain hydrous
phases (e.g., Dick et al., 1984; Warren, 2016). The absence of por-
phyroclasts of hydrous phases also suggests that no hydrous phase
was present in the protolith prior to deformation. In contrast,
fine-grained hydrous phases are systematically present, and com-
monly abundant, in the shear bands of the mylonites, indicating
that they crystallized during mylonite formation (Fig. 2). Serpen-
tine (+ talc, chlorite, amphibole) formed at LT conditions, chlorite
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Cl concentration of the Depleted Mantle is from Urann et al. (2017).

and amphibole at MT conditions, and amphibole at HT conditions.
Amphibole is present in LT to HT mylonites and has high con-
centrations of chlorine (Fig. 6¢), which in HT mylonites is up to
10° times the predicted concentration of the upper mantle (Urann
et al., 2017). At lower temperature, amphibole contains less chlo-
rine due to structural controls of Cl incorporation in amphibole
(e.g., Campanaro and Jenkins, 2017). The abundance of chlorine in
amphibole and the overall abundance of hydrous minerals suggest
that hydrous minerals within the shear bands formed as a result
of syn-deformational interaction of peridotite with seawater.

The continuous spectrum of amphibole compositions suggests
that mylonite formation and mantle hydration occurred over a con-
tinuous temperature range from LT to HT conditions. Experiments
have shown that the Si content of amphibole in peridotites is in-
versely proportional to its crystallization temperature (Fumagalli
et al., 2009). The continuous decrease in Si from HT pargasite to
LT tremolite (Fig. 6) is therefore consistent with continuous am-
phibole crystallization and mantle-fluid interaction from LT to HT
conditions. Some amphiboles have sharp zoning, with cores and
rims having distinct compositions (Fig. B.1), which suggests that
some rocks underwent two separate episodes of fluid/rock interac-
tion during deformation, at two distinct temperatures during rock
cooling and uplift to the seafloor.

Our thermometry estimates argue for formation of HT my-
lonites, and therefore seawater-mantle interaction, at temperatures
>850-875°C. The maximum temperature calculated for minerals
in HT shear bands using the Tcaiinopx and the Taicrinopx ther-
mometers is 850°C and 875°C, respectively (Fig. 7a). In each
sample, the estimated deformation temperatures of matrix grains
are lower than those estimated for both the cores and rims of
porphyroclasts (Table 2). This suggests that orthopyroxene ma-
trix grains chemically (re)equilibrated during deformation and thus
provide information on the temperature of HT mylonite deforma-
tion. Linckens et al. (2011) used a 1D diffusion model to esti-
mate a closure temperature of ~800°C for orthopyroxene major
element-based thermometers for a grain size of 50 nm. Our esti-
mates of 850-875 °C are above the closure temperature of the two

thermometers and thus represent minimum estimates of the max-
imum temperature of HT mylonite deformation.

Our results support seawater percolation and continuous fluid-
mantle interaction up to high temperature conditions on trans-
form faults. Analysis of rock samples from the Vema OTF on the
MAR (Fig. 1f) supports our interpretations as serpentinite (LT),
amphibole-chlorite (MT) and amphibole-bearing (HT) mylonites
have also been dredged in large proportions on the Vema south-
ern transform valley walls (Cannat et al., 1991; Cannat and Seyler,
1995; Cipriani et al.,, 2009). Amphibole in the Vema samples has
similar compositions (Cipriani et al., 2009) to SWIR mylonite am-
phiboles, suggesting a similar temperature range for fluid-mantle
interaction. Overall, observations of mylonites from OTFs indicate
that hydrothermal fluids interact with the mantle up to at least
850-875°C and that this might be a common process on OTFs.

5.2. Depth of seawater percolation and mylonite formation

The depth of LT, MT and HT mylonite deformation cannot be
directly estimated from our samples, as hydrous mineral stabil-
ity in peridotites is mainly temperature-dependent (Fig. 7b), and
mineral-based empirical barometers are not available for spinel-
bearing peridotites. Therefore, to convert temperature constraints
to depth, we use numerical models of fault thermal structure for
the Shaka and Pr. Edward OTFs (Fig. 8a).

To evaluate the thermal structure of these two SWIR OTFs, we
first use the results of a 3D viscoplastic, thermomechanical model
(e.g., Behn et al., 2007; Roland et al., 2010) of Shaka OTF. The
model is composed of two ridge segments offset by a transform
fault. Three-dimensional mantle flow is driven kinematically by
imposing a half-slip rate on either side of the transform fault at the
surface of the model. As Shaka and Pr. Edward faults have similar
slip rates and offsets and neither are segmented (e.g., Wolfson-
Schwehr and Boettcher, 2019), we consider their thermal struc-
tures to be similar (Fig. 8a) and calculate the Pr. Edward thermal
structure from the scaling relations developed by Wolfson-Schwehr
et al. (2017) based on fault slip rate. The full slip rates of the
two faults are from the NUVEL-1 model (Argus and Gordon, 1991)
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Fig. 7. Thermobarometry of HT, MT and LT mylonites. (a) Temperatures of porphy-
roclasts and grains in shear bands, based on orthopyroxene thermometry using
Tacrinopx of Witt-Eickschen and Seck (1991) and Tcainopx Of Brey and Kéhler
(1990). (b) Pseudosection constructed under water-saturated conditions using the
composition of sample All107-6-60-07. The colored curves mark the upper stability
limit of Pargasite to Mg-hornblende amphibole (red), chlorite (orange), tremolitic
amphibole (dashed orange) and serpentine (yellow). Stability fields of hydrous
phases in the OTF mylonites are mainly dependent on temperature. Conversion of
pressure to depth is based on an average lithosphere density of 2900 kg.m—3. Amp:
amphibole (tremolite), Amp*: amphibole (pargasite to Mg-hornblende), Br: brucite,
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and fault lengths are from the database of Wolfson-Schwehr and
Boettcher (2019).

Based on the thermal models of the two OTFs, serpentiniza-
tion and LT deformation occurs up to temperatures of 500-550 °C,
which corresponds to depths of ~11-13 km in the thermal model.
LT mylonites formed somewhere within this domain and charac-
terization of the serpentine polymorph (antigorite versus lizardite
and/or chrysotile) could provide more specific constraints on the

temperature of formation (e.g., Guillot et al., 2015). MT mylonite
formation occurs at up to 700-750°C (16-19 km). Finally, our
maximum estimate of >850-875°C for HT mylonite formation,
and the limit of mantle hydration on OTFs, corresponds to depths
>22-25 km. All together, these results prove that seawater can
percolate deep into OTFs.

5.3. Fracturing as a mechanism for deep hydrothermal fluid percolation

Our results highlight seawater percolation and mantle hydra-
tion up to at least 850-875°C on OTFs. As discussed in Kohli and
Warren (2019), this observation contradicts the traditional view
of the 600°C isotherm as the limit of brittle behavior in the
oceanic lithosphere (Abercrombie and Ekstrém, 2001; Boettcher et
al.,, 2007; Jaroslow et al., 1996; McKenzie et al., 2005), and thereby
the limit of seawater percolation on OTFs (e.g., Sibson et al., 1975).
In contrast, we show direct evidence of brittle deformation of peri-
dotites at higher temperature, which is consistent with observa-
tions of deep earthquakes from recent seismic surveys (Kuna et al.,
2019; McGuire et al., 2012; Wolfson-Schwehr et al., 2014).

Our microstructural observations of HT mylonites reveal HT
fracturing events coeval with mylonitic ductile deformation (Figs. 4
and 5). In every sample, some porphyroclasts are crosscut by
fractures (Fig. 4). These fractures are filled with the same min-
eral assemblage as observed in the mylonitic shear bands (Fig. 4)
and show similar chemical compositions (e.g., Fig. 6a). This high
temperature semi-brittle behavior is also shown by the offset of
amphibole-filled transgranular veins by HT shear bands in HT my-
lonites and ultramylonites (Fig. 5). This provides additional support
for the idea that fractures developed during ductile deformation
within the shear bands.

We propose that this HT fracturing process was the driving
force for the deep downward migration of hydrothermal fluids,
which resulted in HT mylonite hydration. Our results show that
amphibole systematically occurs in the sealing material of por-
phyroclast fractures (Fig. 4) and is the dominant phase sealing
transgranular fractures (Fig. 2i). This indicates that, at the sam-
ple scale, brittle failure locally enhanced rock permeability, driving
fluid flow and amphibole crystallization in HT mylonites. Accord-
ingly, we propose that this HT brittle behavior of peridotites leads
to the formation of hydrothermal fluid pathways, allowing for deep
seawater percolation and mantle hydration within the fault zone
(Fig. 8b). In HT and MT mylonites, amphibole is concentrated in
fine-grained shear zones and absent from coarser-grained zones
(Figs. 2h and i; Kohli and Warren, 2019). This might suggest that,
after fracturing and fluid flow, subsequent ductile deformation is
localized and possibly drives fluid flow preferentially through my-
lonitic regions (Fusseis et al., 2009; Précigout et al., 2017).

Brittle behavior of peridotites in fault zones is thought to
be limited to ~600°C, which corresponds to the temperature
of the brittle-ductile transition of olivine at tectonic strain rates
(10712 — 10713 s~1). This temperature was determined by extrap-
olating the results of deformation experiments on olivine aggre-
gates from laboratory strain rates (1074 — 10~7 s~!) to tectonic
strain rates (Boettcher et al.,, 2007). Here, we provide evidence
for brittle behavior of mantle peridotites at much higher temper-
atures. This suggests that the mechanism for HT fracturing of the
coarse-grained peridotite protolith is deformation at strain rates
higher than tectonic strain rates. The experiments of Boettcher et
al. (2007) show that brittle deformation in olivine at temperatures
up to ~900°C requires strain rates of 10~ s=1 or higher, which is
consistent with estimates from Kohli and Warren (2019) based on
rheological modeling of the Shaka mylonites.

Our observations of high temperature brittle failure in the my-
lonites agrees with the results of two recent ocean bottom seis-
mometer campaigns on the Gofar and Discovery OTFs on the fast
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slipping East Pacific Rise (McGuire et al., 2012; Wolfson-Schwehr
et al,, 2014) and on the Blanco OTF on the intermediate slipping
Juan de Fuca Ridge (Kuna et al., 2019). Based on similar thermal
models as in Fig. 8, earthquakes located within the mantle im-
ply brittle failure at temperatures above 600 °C on both faults, and
possibly up to 1000-1100°C on Gofar (Guo et al., 2018; Roland
et al, 2012). Brittle deformation of mantle peridotites at tem-
peratures above their long-term brittle-ductile transition therefore
seems to be characteristic of fast- to ultra-slow slipping OTFs,
which suggests that deep seawater percolation exists across the
global transform system.

5.4. Evolution of fault zone structure and slip behavior due to fluid-rock
interaction

In the ocean bottom seismometer campaigns, spatial variations
have been observed in the seismic behavior of the mantle. The
mantle at temperatures below 600 °C deforms by aseismic creep
or can slip seismically in either large, quasi-periodic mainshocks or
micro-earthquakes (Kuna et al., 2019). Above the 600 °C isotherm,
the mantle deforms aseismically in some sections of the faults,
while micro-earthquakes are recorded on other sections (Guo et
al., 2018; Kuna et al., 2019; Roland et al., 2012). Some of these
variations may be explained by spatial variations in the intensity
of mantle deformation and hydration.

An important implication of the fluid-mantle interaction re-
corded in mylonites from the Shaka and Pr. Edward OTFs is that
the structure and the rheology of the mantle evolves as a function
of time, strain and hydration. With increasing intensity of peri-
dotite deformation and hydration, mantle deformation transitions
from being accommodated by deformation of dry, coarse-grained

peridotites, mainly olivine, to being controlled by the rheology
of interconnected, weak LT, MT and HT mylonitic shear zones
(Fig. 8b).

In the LT domain, progressive accommodation of fault slip by
serpentinite shear zones on active OTFs is consistent with obser-
vations of the exhumed Southern Troodos Transform Fault Zone
(Cyprus). Studies have highlighted that the dominant structures in
the mantle section of this ~5 km wide fault zone are serpenti-
nite mélange (MacLeod and Murton, 1995), with the proportion
of serpentinite matrix to embedded blocs increasing with strain
(Fagereng and MacLeod, 2019). Serpentine is a mechanically weak
mineral and, in contrast to olivine, can steadily creep at tectonic
strain rates and LT temperature conditions (Guillot et al., 2015
and references therein). These observations recently lead Fagereng
and MacLeod (2019) to propose that spatio-temporal variations in
mantle serpentinization could explain lateral variations observed in
the seismic behavior of OTFs at temperatures less than 600 °C (e.g.,
Wolfson-Schwehr and Boettcher, 2019). Serpentinized segments of
the fault zone would have low seismic coupling and would creep
aseismically, whereas segments composed of dry peridotites would
be locked interseismically between seismic events.

Deeper on the OTFs, deformation in hydrated shear zones is
mainly accommodated by chlorite and amphibole assemblages at
MT conditions (Fig. 2h) and by fine-grained, amphibole-bearing as-
semblages at HT conditions (Fig. 2i). The mechanical behavior of
such assemblages has not been studied experimentally. We know,
however, that chlorite is a mechanically weak phyllosilicate ow-
ing to its planar crystallographic structure, and the presence of
chlorite can therefore trigger peridotite weakening (e.g., Amiguet
et al., 2012). In contrast, Tommasi et al. (2017) found no evidence
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of peridotite weakening associated with increasing amounts of am-
phibole in a study of a natural upper mantle shear zone containing
pargasitic amphibole. However, this result may not be applicable
to the MT mylonites where tremolitic amphibole forms continuous
bands at the sample scale. In addition, Kohli and Warren (2019)
found that the presence of amphibole promoted olivine grain size
reduction and thus weakening through a transition from grain-
size insensitive to grain-size sensitive creep. In this study, we also
found that the grain size reduction associated with both MT and
HT mylonite deformation provides a weakening mechanism. Kohli
and Warren (2019) noted that this switch causes a shallowing of
the brittle-ductile transition in the mantle lithosphere. Variations
in the depth extent of microseismicity in the mantle on OTFs (Guo
et al., 2018; Kuna et al., 2019; McGuire et al., 2012; Roland et al.,
2012) could therefore be explained by variations in the degree of
strain and hydration within the fault zones, with aseismic (ductile)
zones being more deformed and hydrated than seismic (brittle)
patches.

We conclude that increasing hydration and strain of mantle
rocks on OTFs leads to weakening from LT to HT conditions and
changes in seismic behavior. Lateral variations in mantle seismic-
ity may thus be explained by lateral variations in the intensity of
mantle deformation and fluid-rock interaction.

5.5. Implications of deep fluid-rock interaction for volatile cycling and
subduction zone dynamics

Oceanic fracture zones (OFZs) are the relict trace of OTFs that
extend beyond mid-ocean ridge offsets and eventually enter the
mantle at subduction zones (e.g., Manea et al.,, 2014). The depth
and extent of hydration of the lithosphere at OTFs is therefore
important to the global volatile cycle and the geochemical bud-
get of subduction zones. Phases precipitating after hydrothermal
fluid-mantle interaction, especially serpentine, chlorite and amphi-
bole, are able to host large amounts of volatiles in their mineral
structures. This includes water (~13 wt.% for serpentine; e.g., Ul-
mer and Trommsdorff, 1995) and fluid-mobile elements such as
boron, chlorine, strontium (e.g., Scambelluri et al., 2004; Urann
et al, 2017). Our observations of deep and intense mantle hy-
dration on OTFs indicate a depth range of 11-13 km for serpen-
tinization on ultra-slow slipping OTFs, which has important im-
plications for subduction. At slab deserpentinization temperatures
(~600-700°C; e.g., Ulmer and Trommsdorff, 1995), higher water
flux into the overlying mantle wedge would be promoted in re-
gions of subducting OFZs compared to the surrounding oceanic
lithosphere. This could explain the overall higher rate of seismicity
(Schlaphorst et al., 2016) and clustering of deep intra-slab seismic-
ity (Paulatto et al., 2017) observed in sub-arc regions along the
Lesser Antilles subduction zone where several MAR OFZs are sub-
ducting.

In addition to water, modeling results of McCaig et al. (2018)
suggest that the process of deep and intense hydrothermal fluid
flow on OTFs, as we observe in this study, is needed to add sig-
nificant boron to the mantle. On fault systems which are not
long-lived and/or permeable (e.g., bending faults found in the
outer rise of subduction zones), boron is completely consumed
through crustal alteration before hydrothermal fluids reach the
mantle. Deep fluid flow and mantle serpentinization on OTFs, as
well as deserpentinization at sub-arc depths, therefore could ac-
count for the observation that volcanoes located above subducting
OFZs along the Aleutian and Andean margins have lavas relatively
enriched in boron compared to other arc volcanoes (Manea et al.,
2014).

6. Conclusion

Our study of deformed peridotites and serpentinites dredged
from the Shaka and Pr. Edward OTFs indicate deep and intense
fluid-rock interaction during deformation of peridotites on OTFs.
By combining observations of the mineral assemblages present
in fractures and shear bands with thermometric and thermody-
namic calculations, we identified three domains of deformation
corresponding to different temperature conditions. They are char-
acterized by crystallization of (i) serpentine (£ talc & tremolitic
amphibole + chlorite + oxides) at <500-550°C (LT domain), (ii)
chlorite, Mg-hornblende to tremolitic amphibole and oxides at
~500-750°C (MT domain), and (iii) pargasitic to Mg-hornblende
amphibole, sulfides and new peridotitic minerals at >750°C (HT
domain). The crystallization of Cl-rich amphibole in each domain
indicates that the peridotite reacted with seawater-derived fluids
during deformation.

In each domain, samples record evidence of deformation by
both brittle and ductile mechanisms, with fracturing and fluid-
mantle interaction leading to the progressive formation of LT, MT
and HT mylonites. Empirical thermometers indicate HT semi-brittle
deformation and mantle hydration extended to temperatures up to
at least 850-875°C, beyond the long-term brittle-ductile transi-
tion of olivine, and likely results from high strain rates in the fault
zones. We applied our temperature constraints on the mylonites to
modeled geotherms of Shaka and Pr. Edward OTFs, which indicates
that mantle serpentinization extends to ~11-13 km and deep sea-
water percolation extends to ~20-25 km.

The evolution in fault zone structure induced by progressive
fracturing and fluid-rock interaction leads to the crystallization of
weak phases at shallow levels and grain size reduction deeper
on the fault, providing mechanisms to account for weakening and
strain localization processes within the hydrated portions of the
mantle on OTFs. Due to intense and deep fluid-rock interaction, the
mantle lithosphere on OTFs also likely represents very large reser-
voirs for volatiles and are thus important elements of the Earth’s
volatile cycle.
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