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Abstract Oceanic transform faults represent abundant yet relatively unexplored components of the
hydrologic cycle in the mantle lithosphere. Current models limit fluid circulation to 600 °C, the thermal
limit of earthquakes recorded by teleseismic surveys. However, recent ocean‐bottom seismic surveys have
located earthquakes at depths corresponding to >1000 °C in modeled thermal structure. To constrain the
depth extent of brittle deformation and fluid infiltration, we analyzed peridotite mylonites dredged from the
Shaka Transform Fault, Southwest Indian Ridge. Samples range from high strain mylonites that preserve
ductile microstructures to lower strain mylonites that are fractured and overprinted by hydrothermal
alteration. Microstructural analysis of the high strain samples reveals brittle deformation of pyroxene
concomitant with ductile deformation of olivine and growth of amphibole. Porphyroclasts preserve healed
fractures filled with fluid inclusions, implying repeated episodes of fracture, fluid infiltration, and healing.
The association of hydration features with brittle structures points to seawater, rather than melt, as the
fluid source. Textural analysis indicates that strain localization was initiated by grain boundary pinning and
that olivine grain size was reduced to ~1 μm in the presence of amphibole. Comparing the amphibole
stability field to thermometry estimates for the limit of recrystallization suggests that fluid flow extended to
~650–850 °C. Our results indicate that the hydrologic cycle extends past the brittle‐ductile transition and
promotes strain localization via hydrolytic weakening and hydration reactions. We propose that seawater
infiltration on oceanic transform faults is driven by the seismic cycle and represents a first order control on
the rheology of the oceanic lithosphere.

Plain Language Summary Fluids strongly impact the behavior of faults in the Earth's
lithosphere. Faults often act as pathways for fluid flow, so transform faults that offset mid‐ocean ridges
may be potential conduits for seawater. To determine whether and how deep seawater circulates within
transform faults, we studied rocks dredged from a major transform fault in the southern Atlantic Ocean. We
identified water‐bearing minerals that form at high temperature through interactions of seawater and
mantle rocks, indicating that fluids circulated much deeper in the fault than previously thought. We also
found trapped fluids inside large mineral grains, which suggests that fluids entered the fault during brief
fracturing events, likely caused by deep earthquakes. Our results agree with recent seismic studiesthat have
located earthquakes on Pacific Ocean transforms within a similar temperature range to that recorded by the
hydrous minerals. We argue that earthquakes drive deep circulation of seawater on oceanic transform faults,
which strongly impacts their strength and seismic properties.

1. Introduction

Oceanic transform faults (OTFs) are the most abundant type of strike‐slip fault on Earth, yet little is known
about their mechanical and hydrologic properties. Given that faults in the Earth's crust often act as conduits
for circulation of surface water at depth (Barton et al., 1995; Lin et al., 2003; Sibson et al., 1975; Townend &
Zoback, 2000), OTFs may represent important components of the hydrologic cycle in the oceanic litho-
sphere. Due to the lack of easily accessible exposures and limited seafloor sampling, few geologic observa-
tions have been made to constrain the depth extent of fluid circulation on OTFs.

Current models limit fluid circulation in the oceanic lithosphere to the maximum depth of seismicity and
brittle deformation. Global teleseismic surveys of OTFs have concluded that seismicity is limited to depths
corresponding to temperatures <600 °C, based on numerical models of OTF thermal structure
(Abercrombie & Ekström, 2001; Chen & Molnar, 1983; Engeln et al., 1986; McKenzie et al., 2005).
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However, recent ocean‐bottom seismic surveys, in conjunction with revised thermal models, show seismi-
city extending to depths corresponding to ~600–1100 °C (Kuna et al., 2019; McGuire et al., 2012; Roland
et al., 2012; Wolfson‐Schwehr et al., 2014). These observations of deep seismicity indicate that the 600 °C iso-
therm is not the limit of brittle deformation but rather represents the upper extent of a brittle‐ductile transi-
tion zone. This suggests that fluids, in particular seawater, may infiltrate much deeper into the oceanic
lithosphere than previously estimated.

If fluids infiltrate the ductile part of OTFs, evidence of hydration during deformation may be preserved in
the mineral assemblages and deformation textures of fault rocks. Deformed rocks from OTFs have been
sampled in only a few locations by shipboard dredging (Cannat et al., 1990; Cipriani et al., 2009; Farmer
& Dick, 1981) and diving (Cannat & Seyler, 1995; Hekinian et al., 1992). While the full range of oceanic
lithosphere lithologies has been recovered, only a few dredges have recovered peridotite mylonites
(Farmer & Dick, 1981), which form by fault zone deformation to high strains (White et al., 1980). One
of the best preserved suites of mylonites comes from the Shaka Transform Fault, Southwest Indian
Ridge, where two dredges recovered large amounts of highly deformed peridotites (Jaroslow et al.,
1996; Warren & Hirth, 2006). In previous studies of peridotite mylonites from this and other OTFs, defor-
mation was interpreted to have occurred under dry conditions (Jaroslow et al., 1996; Linckens et al.,
2011; Matysiak & Trepmann, 2012; Warren & Hirth, 2006). In the Shaka peridotite mylonites, Jaroslow
et al. (1996) identified a hydrous mineral phase, amphibole, which occurs in fractures within orthopyrox-
ene porphyroclasts and in veins that crosscut the deformation fabric. In a follow‐up study, Warren and
Hirth (2006) determined that amphibole formation was not associated with the fine‐grained shear zones
within the mylonite and thus concluded that deformation occurred under dry conditions.

In this study, we use improved microanalytical techniques to re‐examine the Shaka mylonites for evidence
of hydration to evaluate the role of fluids in OTF deformation. We identify hydrous phases and determine
their relationship to the mylonite microstructure in order to estimate the conditions of strain localization.
We analyze samples ranging in strain and hydrous mineralogy to understand how strain localization
impacts fault strength and structure. By considering the mineralogy and deformation textures in the
context of the fault thermal structure, we place constraints on the depth extent of fluid infiltration and
brittle‐ductile deformation.

2. Oceanic Transform Fault Mylonites
2.1. Location

Samples were dredged from the SE wall of the Shaka Transform Fault, which is located at 9°E, 53°S on the
ultra‐slow spreading Southwest Indian Ridge (Figure 1). The fault slip rate at this location, calculated from
the GSRM v1.2 model, is 12.9 mm/year (Kreemer et al., 2003). Two dredges (AII107‐60, ‐61) collected highly
deformed peridotites along with minor amounts of basalt and diabase (Figure 1, grey stars), during
Cruise 107, Leg 6 of the R.V. Atlantis II in 1980 (Farmer & Dick, 1981). Two mylonites in this study, 60‐4
and 61‐83, were included in a survey of transform fault mylonites by Jaroslow et al. (1996).
Microstructures of 61‐83 were also studied in detail by Warren and Hirth (2006). In addition to these sam-
ples, we selected two other mylonites, 60‐5 and 60‐7, for analysis.

The exposure of peridotite mylonites on the seafloor means that mechanisms exist on OTFs by which
rocks can be uplifted from the high P‐T conditions of ductile deformation. We do not constrain the
mechanism at Shaka but acknowledge that a large amount of vertical motion (>10 km) was
necessary to expose the Shaka samples, similar to exposures of deformed peridotites at other OTFs
(e.g., Cannat et al., 1990; Cipriani et al., 2009; Maia et al., 2016). One possible mechanism for uplift
on OTFs is a change in the local ridge spreading direction that leads to transtensional or transpressional
motions, adding a dip‐slip component to the fault. This is observed at the Romanche and Vema trans-
form faults on the Mid‐Atlantic Ridge (Bonatti et al., 1994, 2005). Another example is the St. Paul trans-
form fault on the Mid‐Atlantic Ridge (Maia et al., 2016), where transpressional motion resulted in uplift
of mylonites from depth within a positive “flower” structure. On the Shaka transform fault, vertical
motion along the fault in response to oblique plate motion is also the most likely mechanism for uplift
given the obliquity of ridge motion on either side of the fault (Dick et al., 2003).
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2.2. Compositional Analysis

We selected four peridotite mylonites (AII107‐60‐4, ‐60‐5, ‐60‐7, and ‐61‐83) that are strongly foliated in hand
sample. We interpret this foliation to have formed as a result of ductile deformation to high strains in the
fault zone. The protolith of the mylonites was peridotite from the oceanic lithosphere, which consists of oli-
vine, orthopyroxene, clinopyroxene, and spinel (e.g., Bodinier et al., 2014; Dick et al., 1984). Analysis of hand
samples and thin sections also indicates the presence of additional phases that were deformed along with the
peridotite assemblage. Due to the fine‐grained nature of these minerals, we used bulk rock analysis by X‐ray
fluorescence (XRF) and X‐ray powder diffraction (XRD) to estimate sample mineralogy. We then used elec-
tron backscatter diffraction (EBSD) and energy dispersive spectroscopy (EDS) to further constrain the
mineralogy and characterize the deformation microstructures.
2.2.1. Bulk Rock Composition
Bulk rock major element data (Table A1) were collected by XRF at Washington State University
GeoAnalytical Lab, following procedures described by Johnson et al. (1999). Loss on ignition, the mass of
volatiles lost upon heating the sample powder to ~1000 °C, was used to estimate the hydrous phase

Figure 1. (inset) Location map of the Shaka transform fault on the Southwest Indian Ridge. (main) Bathymetry map
created from GeoMapApp (Ryan et al., 2009) using shipboard multibeam data (high resolution) overlain on satellite
altimetry data (low resolution). Full spreading rate at this location is 12.9 mm/year (Kreemer et al., 2003). Stars indicate
the location of the two dredges (AII‐60 and AII‐61) that recovered peridotite mylonites. Triangles indicate dredges that
recovered undeformed rocks, ranging from basalt to gabbro to peridotite (Farmer & Dick, 1981). Earthquake focal
mechanisms sized by magnitude (mb = 4.5–6.8) are shown from the Global CMT catalog for the period 1950–2019
(Dziewoński et al., 1981; Ekström et al., 2012). SHmax denotes the direction of the maximum horizontal compressive stress
determined by inversion of earthquake focal mechanisms (Heidbach et al., 2018).
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content in each sample. The altered mylonites have higher loss on ignition (4.7, 5.0%) than the higher strain
mylonites (2.0, 3.8%), consistent with observations of greater hydrothermal alteration in hand sample and
thin section.
2.2.2. XRD
XRD was performed on crushed, millimeter‐scale tablets cut from centimeter‐scale hand samples. Analyses
were conducted by XRD.us using a Shimadzu XRD6000 instrument. We fit spectra using the X'Pert software
suite and mineral data from the RRUFF database (Lafuente et al., 2015). Sample mineralogy varies system-
atically with the degree of deformation (Figure 2). The XRD spectra of the high‐strain samples (60‐4 and 61‐
83) are matched by forsterite (Mg‐olivine) and tremolite (Ca‐amphibole), while the spectra of the altered
samples (60‐5 and 60‐7) also show significant contributions from the three serpentine polymorphs (chryso-
tile, lizardite, and antigorite) and clinochlore (calcic chlorite). None of the analytical techniques used to
determine sample mineralogy allow us to distinguish between the serpentine polymorphs, so we only use
themineral group name hereafter. The strongest signatures of serpentine and chlorite are in alteredmylonite
60‐5, which also shows the least strain and most hydrothermal alteration in hand sample and thin section.
Although these results inform our understanding of the relative compositions of themylonites, it is clear that
the XRD samples do not fully capture themineralogy. No serpentine is detected in either the ultramylonite or
mylonite, although serpentine veins are visible in hand sample and thin section. This suggests that these
veins are too sparsely distributed to be adequately sampled by the small amount of powder (1‐5 g) used in
the XRD measurements.
2.2.3. EBSD‐EDS
Tomapmineral phase relationships and crystallographic orientations, we performed EBSD‐EDS analysis on
thin sections cut perpendicular to foliation and parallel to lineation (Figure 2). In the following sections, we
use directional terminology (vertical and horizontal) with respect to the thin section reference frame.

Figure 2. X‐ray diffraction spectra and petrographic images (cross‐polarized light) of peridotite mylonites. (top to bottom)
61‐83, ultra‐mylonite; 60‐4, mylonite; 60‐7, altered mylonite; 60‐5, altered mylonite. Major peaks in the spectra are
matched by forsterite (Fo) and tremolite (Tre) in all samples. Samples 60‐5 and 60‐7 have additional peaks that are
matched by the three polymorphs of serpentine (Srp) and clinochlore (Clc).
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Because these are dredge samples, we cannot definitively orient the thin sections with respect to the fault
zone at depth. However, assuming that the foliation and lineation resulted from strike‐slip deformation,
we interpret the thin sections to represent a “map view” of the fault, with the lineation (left to right in
Figure 2) representing the slip direction and the foliation (in and out of the page in Figure 2) parallel to
the vertical fault plane in the Earth.

Data were collected on Oxford Instruments Nordlys‐F+ EBSD and X‐Max 20‐mm2 EDS detectors on a FEI
Quanta 200 scanning electron microscope located in the Department of Plant Biology at the Carnegie
Institution at Stanford University. Data were processed using the AZtec 2.0 software package and phase
maps, and pole figures were created using the accompanying HKL Channel5 software package. We per-
formed mineral identification, orientation, and composition measurements at step sizes between 0.5 and
5 μm, depending on the smallest grains in the region of interest. Elemental compositions from EDS spectra
were used to constrain possible mineral match phases, followed by fitting the EBSD diffraction patterns to
quantify mineral abundance and crystallographic orientation.

Using improved detectors and software algorithms, we were able to achieve at least 90% indexed data
on the mylonites, compared to ~50–70% in the previous study of ultra‐mylonite 61‐83 (Warren &
Hirth, 2006). The quality of orientation data is assessed using the mean angular deviation, which quan-
tifies the misfit between the calculated orientation based on a crystallographic database and the digi-
tized diffraction pattern. With the AZtec 2.0 system, we were able to use a criterion of mean angular
deviation <0.5° for accepting indexed solutions, much stricter than the value of <1° used by Warren
and Hirth (2006). We processed the raw EBSD data by (i) removing wild spikes and (ii) extrapolating
null solutions based on neighboring orientations. Wild spikes are defined as solutions for which the
misorientation angle relative to the average orientation of the eight neighboring points exceeds 10° or
the maximum misorientation between any two neighboring points exceeds 10°. After removal of wild
spikes, we extrapolated iteratively to fill null solutions based on the most common neighbor orientation
at eight, seven, and six neighbors sequentially. The processed maps have ~99% data coverage. Grain
boundaries were defined by neighbor‐neighbor misorientations ≥10° and pole figures calculated based
on 1 point per grain. Grains with <3 data points were excluded from further data analysis as not being
sufficiently resolved.
2.2.4. Sample Mineralogy
All samples contain olivine, orthopyroxene, clinopyroxene, and Cr‐spinel and are comprised of a fine‐
grained matrix surrounding porphyroclasts of the coarse‐grained protolith. We assume that the protolith
of these deformed samples was a lherzolite assemblage with millimeter‐scale grain size, similar to the micro-
structure of typical abyssal peridotites (e.g., Achenbach et al., 2011; Warren et al., 2009). The mylonite folia-
tion is defined by relatively fine‐grained (<10 μm) and coarse‐grained (>100 μm) layers, which form an
anastomosing structure of sub‐horizontal shear zones.

We use EBSD‐EDS analysis of the fine‐grained matrix and select porphyroclasts to further constrain miner-
alogy. In all samples, tremolite represents a significant fraction of the fine‐grained matrix, consistent with
the XRD data (Figure 2). In contrast, pyroxene occurs as sparsely distributed porphyroclasts and, in some
cases, is largely replaced by tremolite, which may explain why pyroxene was not represented in the XRD
data. In the high strain mylonites (61‐83 and 60‐4), only olivine, orthopyroxene (enstatite), clinopyroxene
(diopside), tremolite, and chromite (Cr‐spinel) were identified in the EBSD‐EDS maps. In the altered mylo-
nites, clinochlore was also identified.We were not able tomap the distribution and orientation of serpentine,
due to its fine grain size and tendency to polish to lower heights than the other phases. To estimate primary
and secondary mineral modes, we performed multiple millimeter‐scale, high‐resolution maps per sample
and integrated the results with the XRD and petrographic observations (Table 1).

3. Microstructural Analysis

While all samples could be termed peridotite “mylonites” due to the degree of grain size reduction, we adopt
a further classification to describe the observed variations in deformation and hydrothermal alteration fea-
tures. Sample 61‐83, previously analyzed by Warren and Hirth (2006), is termed “ultra‐mylonite” as it shows
the most grain size reduction (greatest strain) and the least alteration (Figure 3a). Sample 60‐4 is termed
“mylonite” as it shows intermediate grain size reduction and limited alteration along grain‐scale fractures
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(Figure 3b). Samples 60‐5 and 60‐7 are termed “altered mylonites” as they show the least grain size
reduction, relatively weak foliations, and significant areas of alteration within the peridotite matrix and
along centimeter‐ to millimeter‐scale fractures (Figures 2c and 2d). Although we cannot reconstruct any
spatial relationships between these dredge samples, all samples must have followed the same pressure‐
temperature path to the surface given their close proximity to each other. The variations in strain and
fracture density imply that the ultra‐mylonite likely originated closer to the core of the fault zone than the
altered mylonites. To place the microstructural and compositional variations of the four samples in the
context of fault zone deformation, we characterized the microstructures from the earliest to the latest
overprinting features through detailed optical petrography.

3.1. FIPs

The earliest evidence of fluid infiltration in the mylonites is fluid inclusion planes (FIPs) within porphyro-
clasts and larger recrystallized grains >100 μm diameter (Figure 4). FIPs are found in all major phases (oli-
vine, pyroxene, and spinel) as planar surfaces with approximately spherical fluid inclusions, each ~0.05–

Table 1
Sample Classification and Mineralogy

Mineral modes (wt%)

ID Classification Interpreted location Olivine Orthopyroxene Clinopyroxene Spinel Tremolite Serpentine Clinochlore LOI (wt%)

61‐83 Ultra-mylonite Fault core 50 30 <1% <1% 15 5 0 2.0
60‐4 Mylonite Fault core 45 25 <1% <1% 20 10 0 3.8
60‐7 Altered mylonite Damage zone 30 10 5 <1% 25 20 10 4.7
60‐5 Altered mylonite Damage zone 25 5 5 <1% 25 25 15 5.0

Note. LOI (loss on ignition) provides an estimate of the wt% volatiles present in each sample. The IGSNs for dredges AII107‐6‐60 and ‐61 are WHO000BT4 and
WHO000BT5.

Figure 3. Thin sections of peridotite mylonites cut perpendicular to foliation and parallel to lineation (plane polarized light). Mineral abbreviations: Ol—olivine,
Opx—orthopyroxene, Sp—spinel, Tre—tremolite amphibole; Srp—serpentine, and Clc—clinochlore.
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5 μm in diameter. Populations of aligned FIPs appear sub‐parallel and steeply dipping when viewed through
the thin section in 3‐D by varying focal depth on an optical microscope. In all samples, FIPs do not occur in
recrystallized grains <100 μm diameter and do not crosscut the mylonite fabric, but instead terminate at
grain boundaries.

In the mylonite and ultra‐mylonite, relic coarse grains often form the core of bands that did not fully recrys-
tallize compared to the rest of the matrix (Figure 4a). Finer grains (~10–100 μm) in these bands are free of
microfractures and contain only isolated fluid inclusions (Figure 4b). In contrast, larger grains (>100 μm)
show intragranular microfractures and multiple aligned FIPs that terminate at recrystallized grain bound-
aries (Figure 4c). The two altered mylonites contain large olivine porphyroclasts (1–3 mm) with very similar
FIP structures. The porphyroclasts contain more abundant sub‐parallel planes and microfractures
(Figure 4d), as well as larger individual fluid inclusions (Figure 4e). FIPs in all samples are crosscut by
sub‐horizontal serpentinized fractures that pervade the surrounding fine‐grained matrix.

3.2. High Temperature Hydrothermal Alteration

The next evidence of hydration in themylonites is the presence of amphibole within grain‐scale faults in por-
phyroclasts. All samples have foliations indicative of macroscopically ductile deformation, but the high
strain samples (61‐83 and 60‐4) also preserve evidence of brittle deformation at the grain‐scale. Olivine
and orthopyroxene porphyroclasts exhibit intragranular shear zones with offsets up to ~500 μm
(Figure 5a). In orthopyroxene, conjugate fault sets are often oriented parallel and perpendicular to clinopyr-
oxene exsolution lamellae (Figures 5a and 5c). These faults appear to incorporate and shear the surrounding
peridotite matrix and, in some cases, are associated with healed, sub‐vertical fractures (Figure 5a). The
matrix fill is composed of fine‐grained olivine and tremolite amphibole, with tremolite in some cases pre-
senting as euhedral, bladed crystals ~50–100 μm (Figures 5b and 5d).

Figure 4. Fluid inclusion microstructures (plane polarized light). (a) Mylonite 60‐4 shows alternating coarse‐ and
fine‐grained bands in a sub‐horizontal, anastomosing fabric. (b) A relatively large recrystallized olivine grain (~100 μm
diameter) contains multiple sub‐parallel FIPs that are truncated at the grain boundaries. This grain is surrounded
by a fine‐grained region that contains only sparse, isolated fluid inclusions. (c, d) Altered mylonite 60‐7 contains
pervasively fractured and partially recrystallized olivine porphyroclasts riddled with sub‐vertical FIPs and crosscut by
serpentine (Srp) fractures.
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The two alteredmylonite samples (60‐5 and 60‐7) do not preserve intragranular faults in porphyroclasts, pos-
sibly because they are relatively depleted in orthopyroxene and/or these features have been overprinted by
lower temperature hydrothermal alteration (e.g., Figure 3c). Dispersed porphyroclasts of clinopyroxene, up
to ~1 mm diameter, are present in relatively low strain regions and do not show any evidence of brittle defor-
mation (Figures 5e and 5f). Tremolite amphibole occurs in the altered mylonites as pseudomorphs after clin-
opyroxene (Figure 5f) and as fine‐grained, massive fill in the olivine‐rich regions but is difficult to identify
using optical petrography.

3.3. Low Temperature Hydrothermal Alteration

The latest evidence of hydration and brittle deformation is intergranular fracturing of the mylonite matrix
and formation of relatively low temperature hydrous phases. Hydrothermal alteration of the original

Figure 5. High temperature alteration microstructures (cross‐polarized light). (a, b) Ultramylonite 61‐83 shows grain‐
scale faults in orthopyroxene (Opx) porphyroclasts. These intragranular faults appear to incorporate and shear the
surrounding matrix of recrystallized olivine (Ol) and tremolite amphibole (Tre). (c, d) Mylonite 60‐4 shows conjugate
grain‐scale faults in orthopyroxene, filled by euhedral to subhedral grains of olivine and tremolite. (e, f) Altered mylonites,
60‐7 and 60‐5, are relatively depleted in orthopyroxene porphyroclasts but contain clinopyroxene (Cpx) porphyroclasts
within a fine‐grained matrix of olivine, tremolite, and serpentine (Srp). In (f), the clinopyroxene porphyroclast has been
completed altered to tremolite.
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peridotite matrix to serpentine and clinochlore (calcic chlorite) overprints all other microstructural features
(Figure 6). The degree of hydrothermal alteration varies inversely with the degree of grain size reduction,
such that the most deformed samples (61‐83 and 60‐4) have less of an overprint (Figure 3).

Ultra‐mylonite 61‐83 contains branching, sub‐horizontal serpentinized fractures, which appear to preferen-
tially cut regions of relatively coarse‐grained recrystallized olivine >100 μm (Figures 6a and 6b). These frac-
tures are relatively thin (up to 50 μm) and sparsely distributed within the fine‐grained matrix. Sub‐vertical
fractures are also present but appear mostly closed and unfilled. Similar features are observed in slightly
greater abundance in mylonite 60‐4. In contrast, the altered mylonites 60‐5 and 60‐7 exhibit thicker, more
abundant serpentinized fractures (Figures 6c and 6d) and contain wide bands (up to 3 mm) of massive ser-
pentine and chlorite, which completely overprint the peridotite matrix and obscure the high temperature
foliation (Figure 3d). In hand sample, the altered mylonites contain both sub‐horizontal and sub‐vertical
fractures that are filled with serpentine.

4. Textural Analysis

Since the deformation microstructures of the altered mylonites are mostly overprinted by low tempera-
ture alteration phases (serpentine and chlorite), we focus our analysis on the high strain mylonites
(61‐83 and 60‐4) in order to understand the impact of syn‐deformational secondary phases on fault
rheology. Warren and Hirth (2006) previously mapped ultramylonite 61‐83 and documented sub‐hori-
zontal, anastomosing bands of relatively coarse‐grained (10–100 μm) and fine‐grained (<10 μm) olivine.
Olivine exhibited a strong crystallographic preferred orientation (CPO) in the coarse‐grained bands, and
weak to no CPO in the fine‐grained bands. Their EBSD maps also indicated that secondary phases were
much more abundant in the fine‐grained bands of olivine. Due to limitations of their EBSD system,

Figure 6. Low temperature alteration microstructures (plane polarized light). (a, b) Ultramylonite 61‐83 contains sub‐
horizontal serpentine‐filled veins concentrated in regions of relatively coarse‐grained recrystallized olivine (Ol).
(c) Altered mylonite 60‐7 contains more abundant serpentine (Srp) veins, which are also concentrated in regions of
coarser‐grained olivine and relic porphyroclasts. (d) Altered mylonite 60‐5 contains sub‐vertical fractures filled with ser-
pentine and other hydrous alteration phases. Spinel (Sp) is surrounded by alteration halos of clinochlore.
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including the lack of an EDS detector, Warren and Hirth (2006) incorrectly mapped amphibole as
pyroxene and left many grains unindexed in the fine‐grained bands.

Our maps of samples 61‐83 and 60‐4 show that tremolite is in fact concentrated in the fine‐grained bands
identified by Warren and Hirth (2006). These bands are often continuous in the foliation plane with recrys-
tallized “tails” emanating from orthopyroxene porphyroclasts, as shown in Figure 7. The grain size within
the recrystallized tail appears to decrease with distance away from the clast, whereas grain size is relatively
constant within the coarse‐grained region below the clast (Figure 7a). The EBSD phase map shows that the

Figure 7. Deformation textures of mylonite 60‐4. (a) Photomicrograph of coarse‐ and fine‐grained bands adjacent to an orthopyroxene porphyroclast (cross‐polar-
ized light). (b) Electron backscatter diffraction (EBSD) color phase map overlain on a grayscale band contrast map, which represents relative EBSD pattern
quality. (c) Pole figures for the main silicate phases, plotted as equal area lower hemisphere projections and contoured using a 15° half width based on one point per
grain. N indicates the number of grains and M‐index (M) quantifies fabric strength (Skemer et al., 2005). Pole figures are plotted based on data from this and
an adjacent map, both collected with the foliation oriented horizontally. Data is contoured by multiples of a uniform distribution (MUD), where MUD = 1 cor-
responds to a random distribution of crystallographic orientations.
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rim of the porphyroclast is almost completely reacted to tremolite with only a small amount of
orthopyroxene and fine‐grained clinopyroxene (≤10 μm) remaining (Figure 7b). The surrounding region
is a fine‐grained aggregate of olivine, tremolite, and orthopyroxene, with a few larger grains of
orthopyroxene and spinel. Directly below the clast and the fine‐grained, tremolite‐rich band, olivine grain
size increases sharply and no tremolite is present. In this coarse‐grained band, grain size is greatest in
regions of pure olivine and decreases in regions adjacent to fine‐grained orthopyroxene and spinel
(Figure 7b). The grain sizes of tremolite and pyroxene within this map are <100 μm.

We analyzed olivine crystallographic textures in terms of the fine‐grained (≤10 μm) and coarse‐grained
(>10 μm) fractions (Figure 7c), following the convention of Warren and Hirth (2006). Fabric strength is
quantified by contouring pole figures in terms of multiples of a uniform distribution (MUD) and by the
misorientation index (M index or M), which compares the distribution of misorientation angles in the
data to a theoretical random distribution (Skemer et al., 2005). Fine‐grained olivine shows dispersed
crystallographic axis maxima, with MUD up to ~2 and M = 0.09. This near‐random CPO is similar
to that observed by Warren and Hirth (2006). Coarse‐grained olivine shows a [100] maximum subpar-
allel to the foliation and [010], [001] maxima perpendicular to the foliation with MUD > 8 and
M = 0.47. This CPO is similar to but stronger than that observed by Warren and Hirth (2006) and is
consistent with the olivine A‐type fabric, which implies slip on (010)[100] (Ben Ismaïl & Mainprice,
1998; Jung et al., 2006). Tremolite and clinopyroxene show very similar CPOs defined by [100] and
[010] girdles and a [001] maxima perpendicular to foliation. Orthopyroxene shows dispersed maxima
and no clear fabric, with MUD ≤ 3 and M = 0.11.

To determine the relationships between secondary phase abundance, grain size reduction, and olivine defor-
mation, we collected EBSD‐EDS profiles perpendicular to the mylonite foliation (e.g., Figure 8a). Across the
profiles, olivine grain size is inversely correlated with secondary phase fraction. The fine‐grained bands

Figure 8. Electron backscatter diffraction (EBSD) profiles collected to perpendicular to mylonite foliation. (a) Phase map
over greyscale band contrast map showing alternating layers of coarse‐grained olivine and fine‐grained olivine with
tremolite, orthopyroxene, and spinel. Only trace clinopyroxene was detected within this region. (b) Average olivine grain
size and secondary mineral fractions were calculated in 50 μm bins as a function of position along the profile. Olivine
grain size inversely correlates with secondary phase fraction. (c) M index for olivine, tremolite, and orthopyroxene,
where M = 0 is a random fabric and M = 1 is a single crystal fabric. Profiles of phase abundance and grain size were
calculated by parsing data across several adjacent maps into bins with at least 100 grains in each bin for olivine and at least
50 grains in each bin for tremolite and orthopyroxene. M index values were not calculated for tremolite and orthopyroxene
bins with less than the requisite number of grains.
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contain abundant secondary phases, mostly tremolite, which exceeds 50% abundance in several individual
bins (Figure 8b). The smallest average olivine grain sizes occur when total secondary phase fractions are
highest. The coarse‐grained bands show relatively consistent olivine grain size, with only local grain size
reduction in regions with minor amounts of fine‐grained orthopyroxene.

Olivine grain size is also strongly correlated with fabric strength (Figure 8c). The coarse‐grained bands show
relatively consistent fabric strength withM ~0.5, which decreases sharply with grain size at the transitions to
the fine‐grained bands. In the finest‐grained region with the most secondary phases, M reaches as low as
~0.1. Tremolite has a fabric strength of M ~0.3–0.4 in the finer‐grained bands, and it is essentially absent
in the coarser‐grained bands. Orthopyroxene fabric strength is relatively constant across the profile and does
not vary with grain size or secondary phase fraction.

5. Discussion

The Shaka peridotite mylonites preserve a complex history of hydration and brittle‐ductile deformation,
including FIPs, syn‐deformational hydrous phases, and crosscutting fractures. Here, we argue that FIPs
and syn‐deformational amphibole represent evidence of fluid infiltration in the brittle‐ductile transition
zone. Next, we compare the stability fields of hydrous phases to a modeled fault geotherm to constrain the
pressure‐temperature conditions of mylonite formation and the brittle‐ductile transition zone. We use these
constraints, combined with our observations of mylonite grain size, to estimate the stress‐strain rate condi-
tions on the fault. Finally, we assess the potential for deep seismicity to drive fluid infiltration on OTFs via
brittle fracturing in the ductile regime.

5.1. FIPs: Evidence for Deep Fluid Infiltration

We interpret the FIPs as evidence of transient episodes of fracturing and fluid infiltration under nominally
ductile conditions. FIPs represent the earliest evidence of brittle deformation, as they are crosscut by both
grain‐scale faults in orthopyroxene (Figure 5) and serpentinized fractures (Figure 4c). Porphyroclasts con-
tain numerous sub‐parallel FIPs, possibility indicating multiple episodes of fracturing and healing under
similar stress conditions (Figure 4d). FIPs are only present in the coarse‐grained bands (>100 μm) and in
porphyroclasts (Figure 4a), while only a few, isolated fluid inclusions are observed in grains <100 μm
(Figure 4b). These observations suggest that FIPs predated development of the fine‐grained bands and that
they were destroyed by recrystallization during mylonite formation.

FIPs are thought to originate as mode I (tensile) cracks that open perpendicular to the least compressive
stress (Lespinasse, 1999; Tuttle, 1949). Healing of fluid‐filled cracks by diffusion‐ or dislocation‐
accommodated processes causes fluids to be trapped as inclusions within the fracture plane (Wanamaker
et al., 1990; Wanamaker & Evans, 1985). One potential mechanism for producing fluid‐filled tensile cracks
in a nominally ductile rock is lithostatic pore pressure. If fluids were present on grain boundaries during duc-
tile deformation, pore pressure may have built up enough to cause intergranular hydraulic fracturing. In this
case, we would expect the fractures to trend in the direction of the maximum compressive stress, which is
~60° from the strike of the fault (Figure 1). Assuming that the mylonite foliation is parallel to the transform
fault, the FIPs in porphyroclasts and large recrystallized grains trend at slighter higher angles, approximately
normal to the fault strike. This does not necessarily invalidate lithostatic pore pressure an explanation for the
FIPs, as the local stresses in fault zone may differ from the regional state of stress reflected by earthquake
focal mechanisms.

Another possible mechanism for forming tensile cracks is earthquake rupture propagation. Theoretical
and laboratory studies of earthquake rupture propagation on transform faults show that coseismic stress
fields can generate sub‐vertical, mode I fractures at a high angle to the fault strike (Griffith et al., 2009;
Rice et al., 2005). Field studies of fault damage zones indicate that these features often act as transient
pathways for fluids or melt (Di Toro et al., 2005; Mitchell et al., 2017; Mitchell & Faulkner, 2009).
Mitchell and Faulkner (2009) documented abundant, sub‐vertical FIPs in a continental transform fault
system, which Mitchell et al. (2017) attributed to repeated cycles of coseismic damage, fluid flow, and
healing. We propose that the FIPs in the Shaka mylonites also formed through coseismic damage,
which implies that stress perturbations due to earthquakes on the transform fault were sufficient to
fracture peridotite in the ductile regime.
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The association of FIPs with brittle structures and lack of evidence for melt in these samples suggests that
seawater is the fluid source. If FIPs were formed by coseismic damage, this implies that a fluid percolation
network extends from the ocean floor to the brittle‐ductile transition zone and is controlled by the seismic
cycle. Coseismic fluid infiltration therefore may be responsible for initiating hydrolytic weakening of olivine
and syn‐deformational growth of tremolite. Deformation experiments on analog materials indicate that fluid
inclusions in contact with grain boundaries during recrystallization can empty into grain boundaries
(Schmatz & Urai, 2010, 2011). This represents a potential positive feedback mechanism between hydration
and grain size reduction in the mylonites.

5.2. Syn‐Deformational Hydration Reactions

Tremolite is present in the mylonites in fine‐grained bands (Figure 8), recrystallized tails of orthopyroxene
porphyroclasts (Figure 7), and grain‐scale faults (Figures 5a and 5b). In ultramafic systems, tremolite and
olivine form in a hydration reaction between orthopyroxene and clinopyroxene. For the Mg end‐member
minerals, the reaction is : 5En + 2Di +H2O= Tre + Fo, where Di is diopside, En is enstatite, Tre is tremolite,
and Fo is forsterite (Chernosky et al., 1998). The microstructural relationships between tremolite and the
peridotite matrix suggest that tremolite formed during dynamic recrystallization and promoted strain
localization. In the high strain mylonites, we observe an inverse correlation between tremolite fraction
and olivine grain size and fabric strength (Figures 8b and 8c). The destruction of the pre‐existing CPO in
the fine‐grained bands implies that the hydration reaction promoted grain size reduction and a transition
in olivine deformation mechanism to diffusion creep. We also observe a similar relationship between the
fine‐grained orthopyroxene fraction and olivine grain size and fabric strength, which suggests that any
secondary phase can promote grain size reduction through grain boundary pinning.

Deformation experiments on amphibole and pyroxene have found that these phases are significantly stron-
ger than olivine (Bystricky et al., 2016; Hacker & Christie, 1990; Hitchings et al., 1989), meaning that the pre-
sence of secondary phases does not directly weaken the rock. Rather, pinning of olivine grain boundaries by
secondary phases promotes weakening through grain size reduction, creating the positive feedback loop
necessary for intense strain localization (Poirier, 1980). Numerical modeling of deformation of two phase
mixtures has shown that relatively weak, fine‐grained layers tend to form in regions of phase mixing
(Gardner et al., 2017). In these models, strain localization occurs when an increasing proportion of weak
layers becomes interconnected, resulting in an anastomosing pattern of shear zones, similar to the texture
of the high strain mylonites (Figure 3a).

The fine‐grained bands in the mylonites are enriched in tremolite (Figure 8a), which suggests that hydration
reactions were favored in zones of strain localization, likely because these areas contained the necessary
reactants. Since fine‐grained orthopyroxene is observed across both the fine‐ and coarse‐grained bands
(Figure 8a), the fine‐grained layers must have also contained the other reactants, clinopyroxene and water.
Hence, the distribution of pyroxenes in the proto‐mylonite may have determined the pattern of strain loca-
lization. The sharp boundaries of the tremolite‐rich zones also suggest that water was concentrated in zones
of strain localization, which is consistent with the lack of tremolite outside the fine‐grained bands.

Tremolite and clinopyroxene show similar CPOs (Figure 7c), which could indicate that the CPO was first
formed in clinopyroxene and inherited by tremolite. Inheritance of a pre‐existing CPO (mimetic fabric)
has been documented in eclogites during the static phase transformation of pyroxene to amphibole
(McNamara et al., 2012). The shared, monoclinic crystal structure of tremolite and clinopyroxene may allow
tremolite to grown into (topotactic) or on top of (epitactic) the existing CPO (Putnis et al., 2006). Typically,
tremolite and clinopyroxene in shear zones show CPOs with slip in the [001] direction (Díaz Aspiroz et al.,
2007; Godard & van Roermund, 1995; van Roermund & Boland, 1981). In contrast, we observe slip in the
[100] and [010] directions on (001). Similar textures have been interpreted to reflect syn‐deformational for-
mation of tremolite in peridotite mylonites from the Oman ophiolite (Prigent et al., 2018).

5.3. Pressure‐Temperature Conditions of Ductile Deformation

The temperature conditions of mylonite deformation can be constrained from the hydrous mineralogy, but
determining the pressure (depth) requires a model of the fault thermal structure as none of the minerals in
spinel peridotites are pressure sensitive. The geothermal gradient of the Shaka transform fault and the faster‐
slipping Gofar transform fault were calculated from 3‐D thermal models (Figure 9), based on the models of
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Behn et al. (2007) and Wolfson‐Schwehr et al. (2017). We estimate a mini-
mum upper bound for mylonite deformation from the intersection of the
experimental reaction curve for tremolite with the fault geotherm, which
gives 800 °C–850 °C and 0.45 GPa (Table 2).

To estimate a lower bound for mylonite deformation, we use a geotherm-
ometer based on the closure temperature for Fe‐Mg exchange between
olivine‐spinel pairs (Sack & Ghiorso, 1991). In previous analyses of the
Shaka mylonites, Jaroslow et al. (1996) estimated a temperature range of
580–670 °C from olivine‐spinel neoblasts, which represents the low tem-
perature limit of recrystallization . The calculation by Jaroslow et al.
(1996) used an earlier version of the Sack and Ghiorso (1991) thermo-
meter with a pressure of either 1 bar or 1 kbar (0.1 GPa), which is too
low for an oceanic crust geotherm. We used the Jaroslow et al. (1996)
mineral compositions and the Sack and Ghiorso (1991) thermometer to
recalculate temperature as a function of pressure. In Figure 9, we use this
thermometry estimate to a lower bound of 650–750 °C and 0.35‐0.4 GPa
for ductile deformation on the fault. This constrains the conditions of
mylonite formation (strain localization) to ~650–850 °C and 0.35–
0.45 GPa, which corresponds to ~15 to 21 km depth on the fault.

5.4. Deformation Mechanism Maps

The microstructures of the Shaka mylonites record the deformation
mechanisms and stress‐strain rate conditions of the fault. To understand
deformation within the brittle‐ductile transition zone, we consider the
evolution of the fault microstructure from protolith to mylonite. We
assume that the protolith is a typical upper mantle peridotite, which field

studies indicate has an olivine grain size of ~0.5–5 mm (Achenbach et al., 2011; Hansen & Warren, 2015;
Warren et al., 2009). This is consistent with the size of porphyroclasts in the Shaka mylonites (Figures 3a
and 3b). Assuming that shear zone deformation extends to the base of the lithosphere, the high P‐T limit
for deformation is constrained by the mantle potential temperature. For the ridge segment adjacent to the
Shaka Transform Fault, Dalton et al. (2014) estimated a potential temperature of ~1380 °C, which corre-
sponds to a pressure (depth) of ~1.5 GPa (70 km) based on the fault thermal structure (Figure 9). For the
mylonites, the average deformation conditions estimated in 4section 5.3 are 750 °C and 0.4 GPa (18 km),
slightly revised from the previous estimate of 700 °C and 0.4 GPa from Warren and Hirth (2006).

Figure 10 shows olivine deformation mechanism maps for the protolith and mylonite, calculated using the
flow law constitutive equations and parameters given in the Appendix (Table A2). Although we interpret
deformation in the mylonites as a multiphase process, with secondary phases playing an important role in
strain localization, these calculations only consider a pure olivine system. At present, flow laws for
olivine‐pyroxene and/or olivine‐amphibole mixtures are not available, though experiments have been

Figure 9. Pressure‐temperature conditions of hydration reactions and strain
localization in the Shaka mylonites (see Table 2 for details). Red lines are
geotherms calculated from 3‐D thermal models of the Shaka transform fault
and the faster‐slipping Gofar transform fault on the East Pacific Rise
(Roland et al., 2012). Colored areas represent the ranges for the upper sta-
bility limits of tremolite (Tre) and antigorite serpentine (Atg) based on
experimental data (Chernosky et al., 1998; Guillot et al., 2015). The grey
area represents geothermometry estimates from Jaroslow et al. (1996),
recalculated as a function of pressure.

Table 2
Estimated P‐T Conditions for Ductile Deformation in the Shaka Transform Fault Mylonites

Constraint Basis Temperature Pressure Reference

Antigorite-in Experimental reaction
curve

450 °C–550 °C 0.25 GPa Guillot et al. (2015)

Lower bound for
recrystallization

Geothermometry, fault
geothem

650–750 GPa 0.35 GPa Jaroslov et al. (1996)
This study (Figure 9)

Upper bound for
mylonite deformation

Tremolite-in, fault
geotherm

800 °C–850 °C 0.45 GPa This study (Figure 9)

Tremolite-in Experimental reaction
curve

800 °C–850 °C 0.45 GPa Chernosky et al. (1998)
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conducted for olivine‐pyroxene mixtures that are more iron rich than the
mantle (Tasaka et al., 2013). As the extrapolation of this flow law to man-
tle compositions is unknown, the pure olivine flow law remains the best
option for assessing the impacts of strain localization and hydration on
fault rheology. For the protolith, we assumed dry conditions
(Figure 10a) and for the mylonite we assumed that olivine was saturated
with water (Figure 10b). We used a water content (COH) of 2,175‐ppm
H/Si, calculated from the experimentally defined relationship for the sto-
rage capacity of olivine as a function pressure and temperature
(Hirschmann et al., 2005). A key difference between the wet and dry maps
is that the dislocation‐accommodated grain boundary sliding (GBS) field
is replaced by diffusion creep and low‐temperature plasticity (LTP) at
the conditions of mylonite deformation. While GBS is active at grain sizes
~100 μm to 5 mm at the protolith conditions, when olivine is hydrated,
diffusion creep is the weakest deformation mechanism at grain sizes
~1 μm to 1 mm.

To estimate the differential stress during deformation, we use the recrys-
tallization piezometer for olivine, which provides an empirical relation-
ship between stress and grain size, based on experimental observations
(Karato et al., 1980; Van der Wal et al., 1993). The protolith grain size
(0.5–5 mm) corresponds to low differential stresses of <10 MPa, which
plots at the intersection of the GBS and dislocation creep fields, indicating
an equal contribution from both mechanisms and a strain rate of ~10−8–
10−12 s−1 (Figure 10a).

In the mylonites, olivine grain size varies from ~100 μm in the coarser‐
grained bands to ~1 μm in the tremolite‐rich, fine‐grained bands. At
100 μm, the recrystallization piezometer plots in the diffusion creep field,
close to the field boundary with dislocation creep (Figure 10b). This
implies deformation at moderate differential stresses of ~40–60 MPa and
a similar strain rate as the protolith, ~10−12 s−1. The recrystallization
piezometer is only calibrated for monophase olivine aggregates, so we
assume grain size reduction occurred under iso‐stress conditions in order
to estimate the strain rate in the fine‐grained, multiphase bands. If directly
applied to fine‐grained bands, the recrystallization piezometer predicts
unreasonably high stresses (>1 GPa) and strain rates (>10−5 s−1). At the
differential stress estimated for the coarse‐grained bands (40–60MPa), oli-
vine in fine‐grained bands (1–10 μm) is expected to deform at a fast, but
plausible, strain rate of ~10−7–10−9 s−1 (Figure 10b). The 2 orders of mag-
nitude reduction in grain size between the fine‐ and coarse‐grained bands
result in an increase in strain rate of approximately 5 orders of magnitude.

5.5. Feedbacks Between Hydration, Strain Localization, and
Olivine Deformation Mechanisms

Constraints from the mineralogy, microstructures, and deformation tex-
tures of the mylonites enable us to develop a model for hydration and
strain localization on the Shaka transform fault. Previous analysis of
ultra‐mylonite 61‐83 by Warren and Hirth (2006) focused on three micro-

structural observations to explain the ductile deformation of the mylonites: (i) absence of a CPO in the finest
recrystallized grains; (ii) presence of a CPO in relatively coarse recrystallized grains; and (iii) preservation of
porphyroclasts. Our analysis confirms these observations and also reveals syn‐deformational hydration in the
form of FIPs and amphibole. We hypothesize that fluid infiltration into the brittle‐ductile transition zone
initiated a positive feedback loop between hydration and deformation that promoted strain localization
through hydrolytic weakening and amphibole formation (Figure 11).

Figure 10. Olivine deformation mechanism maps calculated using the flow
laws and parameters in Table A2. Colored regions separated by black lines
indicate the dominant olivine deformation mechanism for a given combi-
nation of grain size and differential stress. Light grey lines represent con-
tours of constant strain rate. (a) Protolith conditions — dry deformation at
1.5 GPa and 1380 °C. Grain size is estimated as 0.5–5 mm (grey box), which
implies deformation at low differential stress by a combination of grain
boundary sliding and dislocation creep. (b) Mylonite conditions — wet
deformation at 0.4 GPa and 750 °C. Grain size in the coarse‐grained,
monophase olivine layers is ~100 μm, which implies deformation by a
combination of diffusion creep and dislocation creep. The formation of the
fine‐grained, tremolite‐rich bands (1–10 μm) through strain localization is
assumed to have occurred under iso‐stress conditions (arrow in grey box).
LTP — low temperature plasticity.
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The first stage of our model is based on the assumption that fracturing and fluid infiltration were responsible
for initial hydration of the protolith (Figure 11a). The presence of FIPs in both olivine and pyroxene porphyr-
oclasts (Figures 4 and 5) suggests that fluid‐filled fractures formed and healed prior to grain size reduction,
particularly since FIPs are largely absent in recrystallized grains (Figure 4b). If fractures extended across
grains, fluids may have been transported into grain boundaries and triple junctions (Figure 11a, inset).

In the second stage, deformation of the protolith by GBS (Figure 10a) causes fluids to be transported through
a network of local dilatant zones (Figure 11b). This process, termed “creep cavitation,” occurs when grain
boundary slip cannot be fully accommodated by other deformation mechanisms, resulting in the opening
and closing of intergranular pathways for fluid flow (Kassner & Hayes, 2003; Fusseis et al., 2009; Condit
&Mahan, 2018; Figure 11b, inset). The tendency of GBS to promote fluid flow via creep cavitationmay result
from fluids being drawn into rapidly deforming zones, making them weaker and thus causing them to
deform faster.

In the final stage, fluid flow into rapidly deforming zones and porphyroclast pressure shadows results in
hydrolytic weakening and tremolite growth, creating a positive feedback loop for strain localization
(Figure 11c). Recent studies of natural and experimental mylonites also indicate that fluid flow and hydra-
tion reactions are concentrated in porphyroclast pressure shadows, causing weakening and grain boundary
pinning of olivine (Précigout et al., 2017; Précigout & Stünitz, 2016; Spruzeniece & Piazolo, 2015). In the
Shaka mylonites, coupling between fluid flow, hydration reactions, and deformation may explain the sharp
transitions in olivine fabric and grain size at the boundaries of the fine‐grained bands (Figure 8). If strain
localization was driven by a gradient in fluid content, alternating high‐ and low‐strain layers at various
length scales (Figures 3 and 8) may represent relatively water‐rich and water‐poor zones.

GBS may be responsible for initiating strain localization in the protolith by promoting phase mixing and
fluid flow into rapidly deforming zones. Prior to hydration, strain localization was likely initiated by grain
boundary pinning of olivine by pyroxene. Once water was added to the peridotite, tremolite may have pre-
ferentially formed in the rapidly deforming, pyroxene‐rich zones, resulting in additional grain boundary

Figure 11. Model for fluid infiltration, strain localization, and hydrous phase growth. (a) Stress perturbations induce frac-
ture of millimeter‐scale grains of olivine and pyroxene (protolith) at nominally ductile conditions, resulting in fluid
infiltration. Healing between brittle events may push fluids into grain boundaries (inset), while fluids within grains are
preserved as fluid inclusion planes (FIPs). (b) Further deformation of the protolith by grain boundary sliding (GBS) may
direct fluid flow through dilatational spaces into rapidly deforming layers. (c) Fluid flow into the pressure shadows of
pyroxene porphyroclasts results in hydrolytic weakening and tremolite growth, creating a positive feedback loop for strain
localization. Deformation in diffusion creep may facilitate tremolite growth through solution transfer along olivine‐pyr-
oxene phase boundaries (inset).

10.1029/2019JB017751Journal of Geophysical Research: Solid Earth

KOHLI AND WARREN 16 of 23



pinning of olivine. Tremolite growth may have also been enhanced by solution transfer at olivine‐pyroxene
phase boundaries (Figure 11c, inset). The negative correlation of olivine fabric strength and hydrous phase
fraction (Figure 8b) suggests an increasing contribution of diffusion creep in the fine‐grained bands, as defor-
mation in diffusion creep yields randomly oriented grains. Similar patterns of grain size reduction, fabric
evolution and amphibole growth have been observed in peridotite mylonites from the Ronda massif
(Précigout et al., 2017). In these samples, the fine‐grained bands are relatively clinopyroxene‐rich and
amphibole‐poor compared to equivalent features in the Shaka mylonites, possibility indicating a lesser
degree of hydration.

In summary, we propose that the Shaka mylonites formed by a feedback between hydration, strain localiza-
tion, and olivine deformation. Grain boundary pinning of olivine by pyroxene was likely responsible for
initiating strain localization in the dry protolith. Fracturing and fluid infiltration under ductile conditions
resulted in the formation of FIPs and distributed fluids along grain boundaries. Fluid and mass transfer into
rapidly deforming zones and porphyroclast pressure shadows set up the conditions for hydrous phase forma-
tion and grain size reduction, causing a transition in olivine deformation mechanism from GBS to diffusion
creep. Solution transfer during diffusion creep may have promoted tremolite growth, which is responsible
for additional grain boundary pinning of olivine in relatively water‐rich zones.

5.6. Implications for the Strength and Seismicity of OTFs

The presence of syn‐deformational and post‐deformational hydration features in the Shaka mylonites has
important implications for the strength and seismic properties of OTFs. Our results suggest that brittle fail-
ure occurred on the Shaka transform fault at temperatures typically associated with ductile deformation of
peridotite. The association of hydration with brittle structures (FIPs) suggests that coseismic damage may
have been responsible for deep fluid infiltration into the brittle‐ductile transition zone. This runs counter
to conventional models of OTFs but agrees with recent observations of deep seismicity on faster
slipping OTFs.

Estimates of the depth extent of brittle deformation on OTFs have previously been derived from several lines
of evidence. Global teleseismic surveys of earthquake focal depths in conjunction with numerical models of
fault thermal structure have concluded that earthquakes are confined to depths shallower than the 600 °C
isotherm (Abercrombie & Ekström, 2001; Chen & Molnar, 1983; Engeln et al., 1986; McKenzie et al.,
2005). Laboratory deformation experiments on olivine aggregates also indicate that the transition from brit-
tle to ductile behavior occurs around 600 °C at lithospheric strain rates (Boettcher et al., 2007). Finally,
Jaroslow et al. (1996) estimated ~600 °C for the lower temperature limit for ductile deformation based on
mineral thermometry of OTF mylonites. Together, these constraints underlie the assumption that brittle
deformation and seawater infiltration on OTFs are limited to depths shallower than the 600 °C isotherm.
However, the lower temperature limit for ductile deformation in the mylonites is not necessarily the same
as the upper temperature limit for brittle deformation, as demonstrated by the presence of FIPs in the por-
phyroclasts. This may be explained by strain rate dependence of the thermal limit of brittle deformation
observed in laboratory deformation experiments (Boettcher et al., 2007). Brittle failure is limited to
600 °C at lithospheric strain rates, 10−12–10−15 s−1, but occurs at ~900 °C at the strain rates estimated for
the mylonite, ~10−7–10−9 s−1 (Figure 10b).

Brittle failure at >600 °C is also observed geophysically. Recent ocean‐bottom seismic surveys of trans-
form faults on the East Pacific Rise have documented earthquakes extending to depths beyond the
1000 °C isotherm in modeled thermal structure (Froment et al., 2014; McGuire et al., 2012; Roland et
al., 2012; Wolfson‐Schwehr et al., 2014). On the Gofar transform fault, Roland et al. (2012) found that
large mainshock events and associated aftershocks are restricted to temperatures <600 °C, while fore-
shocks extend to depths corresponding to ~1100 °C. This suggests that the depth of the brittle‐ductile
transition varies during the seismic cycle of OTFs. In the context of the Shaka mylonites, the deep fore-
shocks provide a potential mechanism for fluid infiltration, in which preseismic and coseismic brittle
deformation create a transient fluid percolation network that is healed by ductile deformation during
interseismic periods (Figure 12).

Evidence of seismicity at equivalent temperatures to our estimates for FIP formation and hydrous phase
growth suggests that the processes recorded by the Shaka mylonites may be characteristic of OTFs in
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general. Ocean‐bottom seismic data are not available for Shaka, so we need to consider differences in
thermal structure in order to connect observations of deep seismicity to mylonite deformation. The lateral
offsets of the Shaka (210 km) and Gofar (190 km) transform faults are similar, but Shaka has a slip rate of
~13 mm/year, whereas Gofar slips nearly an order of magnitude faster at 124 mm/year (Wolfson‐Schwehr
& Boettcher, 2019). As a result, the faults have very different thermal structure as a function of depth
(Figure 9). At Shaka, 600 °C–1100 °C corresponds to ~14‐30 km depth, compared to ~4‐8 km at Gofar.
This implies that the equivalent brittle‐ductile transition zone at Gofar occurs over a much narrower and
shallower depth range. If temperature is in fact the primary control on fault zone rheology, Shaka and
Gofar may undergo similar deformation and hydration processes at different depths.

Our estimates of the mylonite deformation conditions also provides insights into the relationship between
fault zone structure and OTF seismicity. The estimated strain rate in the fine‐grained bands deforming by
wet diffusion creep is ~10−7–10−9 s−1 (Figure 10b), which falls within the range for estimates of post seismic
creep in the oceanic lithosphere (Montési & Hirth, 2003; Warren & Hirth, 2006). If we assume that the fine‐
grained bands in the ultra‐mylonite and mylonite represent the rheology of a high‐strain fault core, these
high strain rates would allow stress to relax continuously through creep, while the surrounding coarse‐
grained material accumulates stress (Bercovici & Ricard, 2016). Repeated fracturing of the coarse‐grained
material would result in the formation of a fault damage zone, which may be represented by the two altered
mylonites. At >600 °C, the fault core is unlikely to accumulate sufficient elastic strain energy for brittle fail-
ure, which implies that episodes of fracturing and fluid infiltration must have occurred before strain locali-
zation (i.e., Figure 11a). Therefore, we consider the fault core as the narrowest and shallowest extent of the
brittle‐ductile transition zone (Figure 12a).

Our results demonstrate that deep fluid infiltration on OTFs strongly impacts fault zone rheology.
Comparing ductile flow flaws with the relationship for fault frictional strength suggests that the brittle‐
ductile transition zone represents the evolution of fault zone deformation from the protolith to mylonite
(Figure 12b). This implies that the change in olivine deformation mechanisms due to hydration and strain
localization determines the structure of the brittle‐ductile transition zone. Therefore, along‐strike variations
in the depth extent of OTF seismicity (e.g., Froment et al., 2014; McGuire et al., 2012) may be explained by
differences in fault hydrology, which result in differences in fault rheology.

6. Conclusions

Peridotite mylonites from the Shaka transform fault preserve evidence of fluid infiltration and syn‐
deformational hydration reactions. FIPs contained within relic coarse grains record repeated cycles of

Figure 12. Hydrologic and deformation processes on oceanic transform faults based on constraints from the Shaka mylonites. (a) Coseismic damage from deep
earthquakes creates a fluid infiltration pathway that connects shallow hydrothermal circulation to the brittle‐ductile transition zone. Seawater in the fault zone
promotes strain localization through hydrolytic weakening and hydrous phase growth. (b) Hydration and strain localization results in a transition in olivine
deformation mechanism from dry dislocation creep and grain boundary sliding (GBS) at the deepest extent of the brittle‐ductile transition to wet diffusion creep at
the shallowest extent.
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fracture, fluid infiltration, and healing. The mylonite fabric is defined by anastomosing bands of
extreme grain size reduction, which show syn‐deformational growth of tremolite amphibole and loss
of the pre‐existing CPO. The association of FIPs with brittle structures and the abundance of amphibole
suggest that seawater is the fluid source. Olivine grain size and fabric strength vary inversely with sec-
ondary phase content across the deformational banding, indicating that grain boundary pinning by both
pyroxene and tremolite were responsible for strain localization and a transition in the olivine deforma-
tion mechanism from GBS to diffusion creep. Comparing conditions of tremolite stability and geother-
mometry estimates on recrystallized grains to the fault geotherm indicates that strain localization
occurred at ~650–850 °C (15‐21 km). For the mylonite grain sizes (1–10 μm), the olivine recrystalliza-
tion piezometer predicts rapid strain rates of 10−7–10−9 s−1, which is on order of what is expected
for postseismic creep in the oceanic lithosphere.

Our analysis of the mylonites has several important implications for the behavior of OTFs. First, estimates
for the thermal limit of brittle deformation and hydration in the mylonites are consistent with observations
of earthquakes on EPR transforms at >600 °C, which suggests that the deep hydrologic cycle on OTFs is dri-
ven by seismicity. Observations of brittle deformation and hydration at temperatures where ductile deforma-
tion is expected suggests that seawater infiltration extends to much greater depths than previously thought.
Second, the rapid strain rates estimated for the mylonites imply that the high strain regions of the fault may
be able to continuously relax stress through diffusion creep at hydrous conditions. Finally, the relationships
between hydration, strain localization, and olivine deformation indicate that the depth of the brittle‐ductile
transition zone on OTFs is spatially dependent on fault zone rheology and temporally dependent on the
seismic cycle.

Appendix A.

Table A2 provides the flow law constitutive parameters used in the deformation mechanism maps
(Figure 10). The form of the flow laws for diffusion creep, GBS, and dislocation creep (Hirth & Kohlstedt,
2003) is:

_ε ¼ AσndpCr
OHe

−EþPV
RT½ � (A1)

where A is the combined pre‐exponential factor, σ is the differential stress, n is the stress exponent, d is grain
size, p is the grain size exponent, COH is water concentration and r is the water concentration exponent, E is
the activation energy, V is the activation volume, and R is the universal gas constant. The value ofA has been
adjusted from the original references to account for updated estimates of the water content in the experimen-
tal samples (i.e., Bell et al., 2003). The flow law for dry LTP (Mei et al., 2010) is:

_ε ¼ Aσne
− E
RT 1−

ffiffiffiffiσ
σP

p� �h i
(A2)

where σP is the Peierels stress. The flow law for wet LTP (Katayama & Karato, 2008) is:

_ε ¼ AσnCr
OHe

− E
RT 1− σ

σP

� �ph iq

(A3)

where p and q are nondimensional parameters that describe dislocation motion.

Table A1
Bulk Rock Compositions for Shaka Peridotite Mylonites

Unnormalized Major Elements (wt%)

ID SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Loss on Ignition (wt%) Reference

61‐83 43.35 0.03 2.07 8.22 0.13 41.27 1.90 0.10 0.01 0.00 2.0 Craddock et al. (2013)
60‐4 43.16 0.041 2.04 7.88 0.127 40.14 1.99 0.18 0.01 0.006 3.8 This study
60‐7 42.72 0.032 2.09 7.88 0.117 39.50 1.74 0.16 0.02 0.017 4.7 This study
60‐5 43.80 0.094 3.00 7.01 0.121 37.63 3.02 0.24 0.01 0.006 5.0 This study
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