
Serpentinization, Deformation, and Seismic Anisotropy
in the Subduction Mantle Wedge
Charis Horn1 , Pierre Bouilhol2 , and Philip Skemer1

1Department of Earth and Planetary Sciences, Washington University in St. Louis, St. Louis, MO, USA, 2CRPG, Université
de Lorraine‐CNRS, UMR 7358, 15 Rue Notre Dame des Pauvres, Vandoeuvre‐les‐Nancy, France

Abstract Antigorite is a hydrous sheet silicate with strongly anisotropic seismic and rheological
properties. Hydrous minerals such as antigorite have been invoked to explain numerous geologic
observations within subduction zones including intermediate‐depth earthquakes, arc volcanism, the
persistent weakness of the subduction interface, trench‐parallel S wave splitting, and episodic tremor and
slip. To understand how the presence of antigorite‐bearing rocks affects observations of seismic
anisotropy, three mylonites from the Kohistan palaeo‐island arc in Pakistan were analysed using electron
backscatter diffraction. A fourth sample, which displayed optical evidence for crystallographically
controlled replacements of olivine, was also investigated using electron backscatter diffraction to identify
potential topotactic relationships. The resulting data were used to model the bulk seismic properties of
antigorite‐rich rocks. The mylonitic samples exhibit incredibly strong bulk anisotropy (10–20% for the
antigorite + olivine). Within the nominally undeformed protomylonite, two topotactic relationships were
observed: (1) (010)ant//(100)ol with [100]ant//[001]ol and (2) (010)ant//(100)ol with [100]ant//[010]ol.
However, the strength of a texture formed by topotactic replacement is markedly weaker than the strength of
the textures observed in mylonitic samples. Since antigorite is thought to be rheologically weak, we
hypothesise that microstructures formed from topotactic reactions will be progressively overprinted as
deformation is localised in regions with greater percentages of serpentine. Regions of highly sheared
serpentine, therefore, have the potential to strongly influence seismic wave speeds in subduction settings.
The presence of deformed antigorite in a dipping structure is one explanation for observations of both the
magnitude and splitting pattern of seismic waves in subduction zones.

Plain Language Summary Subduction zones are regions on the Earth's surface where one
tectonic plate sinks beneath another, generating large‐magnitude earthquakes and explosive volcanism.
Serpentine group minerals, due to their unusual material properties, are thought to play an important role in
the subduction system. Antigorite, a type of serpentine, has vastly different properties depending on the
orientation of the crystal. For example, the velocity at which a seismic wave can travel varies by as much as
66% between the fastest and slowest orientations of a single antigorite crystal. However, crystals of antigorite
can become aligned by deformation or by replacing other crystals that had themselves previously been
aligned, which complicates the interpretation of seismological data. This study analysed the orientations of
antigorite crystals in exposed mantle rocks from Pakistan in order to understand the difference between the
deformed and the substituted antigorite. We find that the pattern of seismic wave speeds at subduction
zones is difficult to replicate by antigorite that overgrew earlier crystals but that deformed antigorite could
explain some of the complexity observed in the distribution of seismic wave speeds at many subduction zones.

1. Introduction

Subduction zones are regions of complex deformation, with numerous interactions between metamorphic
reactions and the rheologies of the phases in the system. One mineral group that has risen to prominence
as a potential candidate to explain diverse observations of subduction zones is serpentine, a class of hydrous
layer silicates that form as water interacts with mantle rocks (e.g., Mével, 2003). Mid‐ocean ridge hydrother-
mal processes result in the formation of serpentine and other hydrous phases within the shallow slab mantle
(Bonatti et al., 1974; Guillot et al., 2015; Juteau et al., 1990; Viti & Mellini, 1998), and subsequent brittle
deformation allows for localised infiltration of water to depths of up to tens of kilometers (Cai et al., 2018;
Cannat et al., 1992; Francis, 1981; Lefeldt et al., 2012; Ranero et al., 2003; White et al., 1984). This
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structurally bound water is then carried along by the motion of the oceanic plates toward subduction zones.
Geological observations (Fryer, 1992; Guillot et al., 2009) as well as experimental phase relations (Evans
et al., 1976; Ulmer & Trommsdorff, 1995; Wunder & Schreyer, 1997) confirm that serpentine group minerals
are present in both the subducting slab and mantle wedge. As the hydrated slab subducts into the mantle,
H2O‐rich fluids are driven off into the overriding plate (Schmidt & Poli, 1998), thus contributing to the ser-
pentinization of the forearc. Consequently, serpentinites play a key role in the generation of arc magmas
(e.g., Grove et al., 2009) and the global water cycle (Magni et al., 2014; Rüpke et al., 2004). The effects of ser-
pentine minerals on the mechanics of the subduction zone system are still debated (Reynard, 2013). It has
been suggested that serpentinemay contribute to episodic tremor and slip/slow slip events (Abers et al., 2009;
Hilairet et al., 2006; Kaproth & Marone, 2013), intermediate‐depth earthquakes (Hacker et al., 2003; Jung
et al., 2004), and the apparent weakness of the subduction interface (Hirauchi et al., 2010; Hyndman
et al., 1997; Peacock & Hyndman, 1999).

In addition to the potential effects listed above, serpentine group minerals have also been observed to have a
distinct seismological signature (Christensen, 2004). All serpentine groupminerals are slow to seismic waves
(Bezacier et al., 2010; Horen et al., 1996). Single crystals of antigorite—the high temperature, high‐pressure
structure of the serpentine group—have also been shown to be extremely elastically anisotropic (66% aniso-
tropic to S waves) (Bezacier et al., 2010, 2013; Marquardt et al., 2015).

Over the last 30 years, shear wave splitting has been used to map out seismic anisotropy in the mantle and
infer from these measurements the deformation conditions inside the earth (Savage, 1999). In subduction
zones, where deformation conditions are complex, there has beenmuch debate over the origins of bothman-
tle wedge and subslab trench‐parallel S wave splitting (see Long and Wirth, 2013, and references therein). It
has been proposed that the anisotropy of antigorite could account for these observations of shear wave split-
ting at subduction zones that are difficult to explain by olivine anisotropy alone (Bezacier et al., 2013;
Jung, 2011; Katayama et al., 2009; Marquardt et al., 2015).

Observations of seismic anisotropy in the mantle are commonly used to infer patterns of flow in the upper
mantle by assuming they are the direct result of deformation of an anisotropic material (e.g., Long &
Wirth, 2013, and references therein). However, antigorite can also form anisotropic fabrics as it forms from
olivine by nucleation and growth that occurs in preferential crystallographic orientations, a phenomenon
known as topotaxy (Boudier et al., 2010; Morales et al., 2018). This introduces further uncertainty into the
interpretation of seismic anisotropy in subduction zones by removing the direct link between deformation
of the anisotropic medium and the associated observations of seismic anisotropy at the surface.

In order to better understand the influence of mantle serpentinization on deformation and how the presence
of both deformed and topotactic microstructures in antigorite affects seismic anisotropy in subduction zones,
four partially serpentinized rocks were selected for analysis from the mantle section of the Kohistan
palaeo‐island arc complex. The samples were investigated using electron microscopy and electron backscat-
ter diffraction (EBSD) to determine the relationships among serpentinization, deformation, and the asso-
ciated seismological properties (Figure 1).

2. Methods
2.1. Samples and Locations

The suite of rocks selected for analysis is from the ultramafic part of the Sapat Complex in northern Pakistan
(Jan et al., 1993). This peridotite body is a rare fragment of subarc mantle belonging to the Kohistan‐Ladakh
Palaeo‐island arc (Bouilhol et al., 2009), one of only two examples globally of subarc mantle exposed at the
surface (Mehl et al., 2003). The Sapat peridotite is a 12 × 1 km sized body of metaharzburgites, dunites, pyr-
oxenites, and metagabbros in the hanging wall of the Indus Suture Zone (Figure 2). Field relations, micro-
textures, bulk, and mineral chemistry document the formation of a crust‐mantle transition zone at the
expense of metaharzburgites by melt‐rock reactions and melt fractionation producing dunites and
olivine‐clinopyroxenites from the same melt type. Uncommon vein assemblages in the dunites that include
Cr‐clinochlore, calcite, and olivine document a late percolation of slab‐related, volatile‐rich fluids (Bouilhol
et al., 2012). Considering the highly refractory composition of the Sapat mantle, its structural position, the
evidence for interaction with highly depleted arc melts, and the subsolidus interaction with volatile‐rich
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arc fluids, the Sapat ultramafic rocks are interpreted as being derived from
the frontal Kohistan Arc (Bouilhol et al., 2012, 2009; Burg, 2011). The arc
mantle section of Sapat has recorded two main phases: (1) magmatic
activity and evidence for melt transfer (Bouilhol et al., 2011) followed by
(2) a subsequent cooling and hydration (serpentinization) of the fore‐arc
ultramafic rocks by a Tethyan slab‐derived fluid (Bouilhol et al., 2012).
As such the ultramafic rocks of Sapat have been used to investigate
fore‐arc mantle processes including fore‐arc serpentinization (e.g.,
Debret et al., 2018).

The sample set includes both highly deformed mylonites and more mod-
erately deformed tectonites. The locations of the samples used in this
study can be seen in Figure 2 (see also Bouilhol et al., 2009). From a larger
suite of Kohistani specimens, four specimens were selected for EBSD ana-
lysis: three mylonites and one minimally deformed sample (henceforth,
the “protomylonite”—Table 1). All four rocks are dunites that have been
largely altered to antigorite. Minor magnetite, pyroxene, and chlorite are
also present. The mylonites all display a very strong crystallographic
alignment of the antigorite grains, as is evidenced by similar angles of
extinction across an entire thin section when viewed optically in
crossed‐polarised light (Figure 3). Furthermore, the protomylonite (D9)
consists of cores of relict olivine grains surrounded by haloes of antigorite
grains. These surrounding antigorite grains are arranged into
domains that appear to have some degree of crystallographic
alignment (Figure 4).

The mylonitic samples are all fine grained, with the size of both antigorite
and olivine grains between 1 and 10 μm. All three mylonites bear large
(~100 μm to 1mm) porphyroclasts of olivine and occasionally orthopyrox-
ene, with larger than average antigorite grains in the strain shadows of the
relict grains. There is some variation between samples in the percentage of
porphyroclasts and the extent to which the minerals in the sample are
layered or well mixed (Table 1 and Figure 3). Phase proportions
(Table 1) were estimated from backscatter electron image maps of the thin
section surface using the software package ImageJ (Figure 1).

In contrast to the mylonitic samples, the protomylonite (D9) is relatively coarse grained, with
millimeter‐scale olivine grains and well‐formed antigorite grains on the order of 100 μm long.

2.2. EBSD and Postprocessing

To perform microstructural analysis, thin sections were prepared for each specimen. Samples D3 and D6
exhibit a well‐defined foliation and lineation; thin sections were oriented perpendicular to the foliation
and parallel to the lineation. Sample D96 is foliated but does not show clear evidence for a lineation so
the thin section was only orientated with respect to the foliation. The protomylonite (D9) does not display
any clear indicators of prior deformation in hand specimen and was therefore cut in three orthogonal direc-
tions that were each analysed in order to avoid any orientation bias.

Thin sections were polished to EBSD standards with a final step of colloidal silica on a Vibromet polisher for
3 hr. Uncoated thin sections were examined under low‐vacuum conditions (20–30 Pa) using a JEOL
7001LVF FE‐scanning electron microscope equipped with Oxford Instruments' Symmetry EBSD Detector.
Several match units were evaluated to index the antigorite. The best results were obtained using amatch unit
for monoclinic antigorite created from the atomistic calculations of Capitani and Mellini (2004). This crystal
structure has a comparatively long a axis (43.505 Å), which is consistent with a metamorphic temperature of
approximately 435 °C (Mellini et al., 1987). Indexing rates were generally low and ranged between 13% and
63%. Map areas ranged between 2.765 and 63.806 mm2. This is inferred to be due to the difficulty in achiev-
ing an ideal surface polish (Inoue & Kogure, 2012), especially among the finer grained specimens. A

Figure 1. Stitched backscatter electron image of sample D3. Maps such as
this one were used for the determination of phase proportions by thresh-
olding the image into four distinct colour ranges: black = holes, dark
grey = antigorite, light grey = olivine, white = magnetite.
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maximum of 7 bands were detected and up to 50 reflectors used for indexing with a Hough space resolution
of 105 (following the recommendations of Brownlee et al., 2013).

EBSD maps were created by rastering the beam with step sizes of 7.7–25 μm. Due to the small grain size
of the mylonites, the step size was selected to be greater than the grain size so that each individual data
point represented the orientation of a single grain. The relatively coarse resolution of the map enabled
the collection of large sets of unique grain orientations. However, a potential consequence of this coarse
mapping scheme is that misindexed points will introduce some random noise into the orientation data.
As such the strength of the LPO reported in this study is considered to be a lower limit. In contrast, the
protomylonite, which has larger grains, was mapped at a resolution whereby each grain was sampled
multiple times.

Figure 2. Simplified geologic map of the Sapat peridotite, NW Pakistan, an approximately 12 × 1 km sized body of subarc
mantle in the hanging wall of the Indus suture. Kohistan is denoted by the purple region in the inset map. Locations of
samples used in this study are marked with yellow stars. Modified from Bouilhol et al. (2009).

Table 1
Samples Investigated in This Study

Sample Location Microstructure Mineralogy

Ant:Ol
(normalized
areal %)

Mylonites
D3 35°00′54.1″N

73°43′62.0″E
Ant and ol (~1–10 μm), few ~100 μm ol and opx
porphyroclasts, foliated with mgt lineation

Ant, ol,
mt + opx

74:26

D6 35°00′77.9″N
73°43′96.5″E

Ant and ol (~1–10 μm), few ~100 μm ol and opx
porphyroclasts, mgt lineation

Ant, ol,
mt + opx

64:36

D96 35°03′21.9″N
73°46′81.1″E

Ant and ol (~10 μm), ~1 mm ol and mgt
porphyrolasts, foliated

Ant, ol, mt 67:33

Protomylonite
D9 35°01′72.1″N

73°45′39.7″E
Altered ol (~1 mm), new ant (~100 μm) preserves
old ol domains

Ant, ol, mt,
cpx, chl

70:30

Note. Abbreviations are as follows: ant = antigorite; ol = olivine; opx = orthopyroxene; mt = magnetite;
cpx = clinopyroxene; chl = chlorite.
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Postprocessing of EBSD data was performed using the MATLAB toolbox MTEX, version 5.1.1. (Bachmann
et al., 2010, 2011; Hielscher & Schaeben, 2008; Mainprice et al., 2015). The seismic properties were computed
with the script written by Mainprice et al. (2011) using the elastic tensors of Abramson et al. (1997) (olivine)
and Bezacier et al. (2010, 2013) (antigorite) at ambient pressure and temperature. A Voigt‐Reuss‐Hill aver-
aging scheme was employed. For consistency, all orientation distribution function calculations were com-
puted using a de la Vallée Poussin kernel and half widths of 15°. Calculations were performed on
antigorite‐only end member and specimen specific mixtures of antigorite and olivine. Models of seismic ani-
sotropy were computed directly from the raw EBSD data without application of any smoothing algorithms.

Figure 3. Photomicrographs in crossed‐polarized light of the three mylonitic samples (D3, D6, and D96). The panels on the left (a, c, e) and right (b, d, f) display the
same field of view but with the polarizers rotated by 45°. Low birefringence (grey to white) grains are antigorite, opaque grains are magnetite, and higher bire-
fringence (orange, pink and purple) grains are olivine. Fine‐grained olivine appears dark and occluded. It can clearly be seen that there is a strong
crystallographic alignment of the antigorite grains, since all become extinct at roughly the same angle. Larger grains are labeled by mineralogy: ol = olivine,
mt = magnetite.

10.1029/2020GC008950Geochemistry, Geophysics, Geosystems

HORN ET AL. 5 of 17



Percent S wave anisotropy is presented as peak‐to‐peak anisotropy: k = 200 * (VS1 − VS2)/(VS1+VS2), where
VS1 and VS2 represent the fastest and slowest S wave directions, respectively, through the whole rock.

3. Results
3.1. Crystallographic Orientation

The antigorite grains in the three mylonites (Figure 5) display a consistently strong texture with the (001)
planes oriented parallel to the plane of the mylonitic foliation. In samples D3 and D96, this is accompanied
by strong point maxima in the poles to the (100) and (010) planes, with (010) poles parallel to the lineation
and (100) poles perpendicular to the lineation in the plane of the foliation. This relationship is harder to
determine for sample D6, where the (100) and (010) poles appear to be more girdled. This orientation is con-
sistent with the “B‐type” antigorite LPO described by Nishii et al. (2011). This LPO could be explained by the
activation of the [010](001), as reported by Auzende et al. (2015) and Padrón‐Navarta et al. (2012). However,
in order to confirm this as the dominant slip system, amuchmore detailedmicrostructural study would have
to be performed. Nonetheless, this is inconsistent with the antigorite slip systems suggested by Amiguet
et al. (2014) and Van De Moortèle et al. (2010), who both reported apparent dominant slip systems of
[100](001). As in Nishii et al. (2011), there is trend in the relative strengths of the microstructure with
increasing percentage of antigorite, with sample D3 containing the highest volume percent of antigorite
and having the strongest clustering of crystal axes and sample D6 having the lowest percent antigorite
and exhibiting the weakest LPO (Figure 5).

In comparison, the olivine (Figure 6) has a weaker LPO. In both sample D3 and sample D6 there is a weak
point maximum of the [010] axes perpendicular to the foliation plane; this is not detected in sample D96.

The EBSD results of the olivine grains (Figure 7b) in the protomylonite reveal a weakly orthogonal micro-
structure. Without any indicators of a shear sense, it is impossible to classify this microstructure according
to the framework of Jung et al. (2006), other than to say that this sample has likely experienced some small
amount of deformation. Additionally, the LPO of the antigorite grains in this sample (Figure 7a) is much
weaker than the microstructures seen in the mylonites, with faint girdles seen in the poles to the (100)
and (010) planes.

3.2. Stacked Protomylonite

Orientation data were analysed to test for topotaxy by evaluating the crystallographic relationship between
adjacent grains of olivine and antigorite. In total, 690 olivine grains and 12,267 antigorite grains were ana-
lysed in this way. To identify common relationships between olivine grains with different orientations, all
data were rotated and stacked. Each olivine grain was rotated into a single orientation, and all spatially

Figure 4. Photomicrographs in crossed‐polarized light of the protomylonitic sample (D9). (a) and (b) display the same
field of view but with the polarizers rotated by 45°. Low birefringence (grey to white) grains are antigorite, and higher
birefringence (orange, pink, and purple) grains are olivine. Relict cores of olivine can be seen surrounded by haloes of
antigorite which become extinct at roughly the same angle, suggesting some degree of crystallographic alignment
(outlined in white dashed lines in panel b). Larger grains are labeled by mineralogy: ol = olivine, mt = magnetite,
chl = chlorite, cpx = clinopyroxene.
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associated antigorite grains were subjected to the same rotation. Figure 8 shows the orientation of the
stacked antigorite data. These pole figures show clearly that there is a nonrandom orientation relationship
between olivine and antigorite grains.

There are two antigorite‐olivine relationships present in sample D9. In both these relationships, (010)ant//
(100)ol is a dominant feature. As in Morales et al. (2018), we observe (010)ant//(100)ol with [100]ant//[001]
ol. We also observe a peak of olivine [010] axes near to antigorite [100]. The calculated directions in contact

are [13 0 1]ant//[010]ol, which is very nearly equivalent to [100]ant//[010]ol. Given that this calculation
assumed antigorite to be orthorhombic (α = β = γ = 90°) whereas in reality β = 91.32° (Capitani &
Mellini, 2004), the comparatively long length of the a axes in antigorite (43.505 Å) will cause this approxima-
tion to break down for planes parallel to (100). Therefore, we take these relationships to be (010)ant//(100)ol
and [100]ant//[010]ol. We estimate that the proportion of the grain boundary length that is characterized by
these relationships is ~15%, respectively. A summary of other topotactic relationships that have been
observed in prior studies is shown in Table 2. We did not observe a significant contribution from any of these
other crystallographic relationships, save (010)ant//(100)ol & [100]ant//[001]ol as reported by Morales
et al. (2018).

Figure 5. Pole figures of antigorite from the three mylonitic samples plotted in a lower hemisphere, equal area projection. The pole figures are coloured according
the multiples of a uniform distribution (MUD) with individual grains plotted on top as black points. N is the number of grains sampled to create each set
of pole figures. The small stereonet to the lower right‐hand side shows the orientation of the shear plane (black line) with the lineation denoted by X. The normal to
the shear plane is Z. All three samples display similar LPOs, characterized by the poles to the (001) planes perpendicular to the shear plane and the poles to
the (010) planes parallel to the lineation.
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4. Discussion
4.1. Seismic Anisotropy in Subduction Zones

Patterns of upper mantle flow are commonly interpreted by assuming simple relationships among deforma-
tion of olivine, the resulting LPO, and the consequent seismic anisotropy (Karato et al., 2008; Skemer &
Hansen, 2016). While models of LPO evolution reproduce seismological observations with reasonable accu-
racy when considering the relatively simple deformation conditions beneath the centers of oceanic plates
(Becker et al., 2014), these same models are unable to reproduce observations in more complex kinematic
environments (Skemer et al., 2012). In subduction settings, large trench‐parallel S wave delay times (>1 s)
have been explained by changes in olivine microstructures caused by the increased levels of water in the
mantle wedge (Kneller et al., 2008). However, experiments and natural samples suggest that peak‐to‐peak
S wave anisotropy in deformed peridotites is between 1.1% and 14.6% (Jung, 2018; Mainprice et al., 2000).
Even if the whole of the mantle wedge was uniformly anisotropic in this way, it is difficult to accumulate
the observed splitting times from olivine microstructures alone (Katayama et al., 2009). Several authors
(Bezacier et al., 2010, 2013; Brownlee et al., 2013; Jung, 2011; Katayama et al., 2009) have suggested that anti-
gorite may contribute to the observations of shear wave splitting in the mantle wedge.

Figure 6. Pole figures of olivine from the three mylonitic samples plotted in a lower hemisphere, equal area projection. The pole figures are coloured according the
multiples of a uniform distribution (MUD) with individual grains plotted on top as black points. N is the number of grains sampled to create each set of pole
figures. The small stereonet to the lower right‐hand side shows the orientation of the shear plane (black line) with the lineation denoted by X. The normal to the
shear plane is Z. None of the three samples have well‐aligned olivine crystals, but samples D3 and D6 appear to have some clustering of the [010] axes
perpendicular to the shear plane.
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Figure 7. Equal area, lower hemisphere pole figures showing the bulk antigorite (top row) and olivine (bottom row) from the protomylonitic sample D9 (data from
the three orthogonal sections). The pole figures are coloured according the multiples of a uniform distribution (MUD) with individual grains plotted on top as
black points. N is the number of grains sampled to create each set of pole figures. The poles to the antigorite (001) planes roughly align with the olivine [010] axes,
with the poles to the antigorite (100) and (010) planes forming a patchy girdle. This sample was not oriented with respect to any kinematic reference frame,
due to the lack of an obvious microstructural fabric.

Figure 8. Equal area, lower hemisphere pole figures showing stacked antigorite grains from sample D9. Olivine grains were rotated into a reference orientation
(shown in the lower right‐hand corner); any antigorite grains that shared a grain boundary with this olivine were subjected to the same rotation. N is the
number of antigorite grains sampled to create these pole figures. The pole figures are coloured according the multiples of a uniform distribution (MUD) with
individual grains plotted on top as black points. Coloured circles surround the two inferred topotactic relationships: (1) (010)ant//(100)ol with [100]ant//[001]ol
(green) and (2) (010)ant//(100)ol with [100]ant//[010]ol (purple).
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To understand how the presence of antigorite affects observations of shear wave splitting, we calculated the
seismic anisotropy for each mylonite sample (Figure 9) using the code written by Mainprice et al. (2011). For
the strongest mylonitic antigorite fabric (D3, Figure 9a), the fastest P and S wave directions lie within the
shear plane. When the data are rotated to simulate looking down into the shear plane, appreciable shear
wave splitting that is perpendicular to the shear direction (X) only occurs when there is a relatively small
angle (less than ~30°) between the raypath and the shear plane. The strongest antigorite microstructure
formed by topotaxy (Figure 9b) generates a much weaker anisotropy in comparison to the mylonitic antigor-
ite. It also does not appear from this figure to exhibit significant variation in the orientation of shear
wave splitting.

For sample D3, which exhibits the strongest texture and hence represents an upper bound on the magnitude
of anisotropy generated by an antigorite‐rich rock, we calculate the three‐dimensional effect of the sample
orientation on the passage of a vertically incident S wave (Figure 10). Sample orientation is defined with
respect to the shear plane (plane normal to Z) and shear direction (X), which are assumed to be parallel
to the sample foliation and lineation, respectively. These models also assume that antigorite is the sole phase
present in the sample and that the shear direction is perpendicular to a hypothetical subduction zone trench.
In Figure 10a, colours correspond to the angle between the shear direction (X) and the horizontal projection
of the orientation of the fast S wave. Values approaching 90° correspond to splitting that is trench parallel;
values approaching 0° correspond to splitting that is trench normal. These calculations reveal that under
many conditions, antigorite microstructures can produce S wave splitting that is parallel or subparallel to
the trench. Themaximum delay time for trench‐parallel splitting is achieved when the shear plane is dipping
at greater than ~70° from horizontal (i.e., rotation about the Y direction is greater than ~70°). It is also
possible to generate smaller splitting times with the fast direction at an angle oblique to the trench for more
shallowly dipping shear planes and/or for shear planes that are rotated about the shear direction.

We performed similar calculations exploring the maximum shear wave splitting signature of antigorite
formed by topotactic substitution, rather than by deformation. Figure 11 shows that for the same model
assumptions, the maximum delay time is only ~25% of the maximum delay time generated by the mylonite.

Table 3
Vp and Vs Anisotropy Values for Samples in This Study

Sample Vp anisotropy (%) Max. Vs anisotropy (%) Vp anisotropy (%) Max. Vs anisotropy (%)

Antigorite Antigorite + Olivine
D3 34.2 43.3 24.7 30.9
D3 (Voigt) 34.6 40.8 21.5 23.9
D3 (Reuss) 33.9 46.5 28.4 39.8
D6 22.3 27.2 14.3 17.7
D96 17.4 18.2 12.1 12.3
D9 (bulk) 9.5 9.6 8.0 8.0
D9 (stacked) 13.7 11.8 — —

Bezacier et al. (2010) single crystal antigorite Polycrystalline antigorite
46 66 37 50

Olivine
D6 2.7 1.7 — —

Note. All calculations are VRH averages unless otherwise specified. See Bezacier et al. (2010) for details on the single
crystal and polycrystalline antigorite measurements.

Table 2
Topotactic Relationships Reported for the Reaction Olivine + H2O ➔ Antigorite

Planes Directions Reference

(001)ant//(100)ol [010]ant//[001]ol Boudier et al. (2010) and Morales et al. (2013)
(001)ant//(010)ol [010]ant//[001]ol Boudier et al. (2010) and Morales et al. (2013)
(210)ant//(010)ol [001]ant//[100]ol Morales et al. (2018)
(010)ant//(100)ol [100]ant//[001]ol Morales et al. (2018) and this study
(010)ant//(100)ol [100]ant//[010]ol This study
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Figure 10. The 2‐D representation of the 3‐D effect of the antigorite with the strongest LPO (D3) on a vertically incident S wave, after Skemer et al. (2012, their
Figure 5). A thickness of 10 km was used, and in all calculations it was assumed that antigorite was the only phase present. A–D correspond to the four
hypothetical raypaths shown in Figure 12. Rotations about X and Y from 0° to 90° can be visualized as a progressively more steeply dipping foliation plane with a
strike that is either parallel to the direction of plate motion (X) or to the strike of the trench (Y), assuming orthogonal convergence. (a) Contour plot showing
the change in angle between the polarization direction and the horizontal component of the shear direction (X) as the sample is rotated about X and Y. Colours
range from blue (trench‐perpendicular fast directions) through to red (trench‐perpendicular fast directions). The greyed‐out region corresponds to the model
space where the vertical raypath is parallel to X and thus the angle between X and the horizontal component of the splitting is undefined. (b) Contour plot showing
the effect of sample orientation on the magnitude of the delay time. Due to the symmetry of the effects, only part of the full angular spectrum is presented.
Colours range from blue (minimal delay times) to red (large delay times). (c) Schematic showing how the sample (lines = foliation, dots = lineation, grey
region = shear plane) is rotated with respect to the incoming S waves (thin arrow).

Figure 9. Pole figures showing the seismic wave speed as a function of direction in equal area, lower hemisphere projections. (a) Seismic wave speeds (Vp and Vs1
(the fast S wave polarization)) of the antigorite from the strongest mylonitic fabric (sample D3—compare with Figure 5). The plot to the furthest right shows
the Vs data again, rotated by 90° about the X direction, as though looking down into the shear plane. Black bars overlying the Vs1 plot indicate the polarization
direction of the faster S wave. (b) Seismic signature of the stacked antigorite (compare with Figure 8) from the nominally deformed sample D9. This is the
upper limit to the seismic anisotropy that could be generated by a topotactic substitution. In particular, the P wave anisotropy calculated for the topotactic
overgrowth is around 1.5–2.5 times weaker than the P wave anisotropy calculated for the mylonites. Similarly, the S wave anisotropy for this theoretical maximum
topotactic microstructure is 2–3.5 times weaker than the S wave anisotropy for the mylonites. Therefore, a thickness on the order of 100 km of the topotactic
antigorite found in this sample (D9) would be required to generate splitting times on the order of 1 s. Along with olivine microstructures, the anisotropy
generated by the topotactic microstructures is too weak to account for a large proportion of observed trench‐parallel anisotropy without making assumptions that
are geologically unreasonable.
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In addition, in order to generate trench‐parallel splitting with measurable delay times, the original [100] axes
of the olivine would have had to have been parallel to the trench prior to the reaction which formed the anti-
gorite. Olivine microstructures with the [100] axes parallel to the trench are generally interpreted as occurring
due to elevated water contents in the wedge resulting in a change in olivine slip systems (Kneller et al., 2008)
or patterns of mantle flow which run parallel to the trench (Mehl et al., 2003). These phenomena can explain
trench‐parallel S wave anisotropy without considering the presence of antigorite. If topotactic growth of
antigorite is occurring in areas affected by either of these processes, it is possible that the small amount of
anisotropy afforded by the presence of the topotactic antigorite could add to any anisotropy from the
olivine microstructures. However, this effect would be minor and not distinguishable seismologically.

While this study and others have confirmed that topotactic substitutions occur during the hydration of peri-
dotite, the textures produced by this process are weak and are therefore unlikely to modify existing interpre-
tations of anisotropy. Significant contributions to subduction zone anisotropy will only occur if a peridotite
metamorphosed to serpentinite is subsequently deformed.

4.2. Interpretation of 3‐D Seismic Signature

As a preliminary framework with which to interpret these data, we assume that the downgoing slab induces
shear on a narrow band of antigorite in the mantle wedge that is parallel to the slab surface. It should be
noted that no subducting slab exceeds a dip of 70° close to the trench (Syracuse et al., 2010). Moreover,
few subduction zones exhibit significant along‐strike changes in dip that might induce some rotation of
the antigorite texture about the shear direction (X). However, not all S wave raypaths used in studies of ani-
sotropy at subduction zones are exactly vertical, with many studies taking waves from a cone with an inci-
dence angle of less than 30° (see Long &Wirth, 2013, and references therein). Consequently, an S wave that
traverses the shear plane at an angle less than vertical could easily achieve shallow angles relative to the slab
geometry that are sufficient to produce these patterns. For example, a local earthquake occurring in a slab
which dips at 60° from the horizontal (e.g., Nicaragua) will generate raypaths in a variety of directions
(Figure 12). An S wave that leaves the source at an angle of 20° from the slab surface and arrives at the seis-
mic station at an angle of 10° from the vertical (see raypath A in Figure 12) should be split such that the fast
direction is now oriented at ~15° to the trench (assuming the sense of convergence is trench normal). The
magnitude of the splitting time should be large—~0.5 s for a 10 km layer of antigorite. Similarly, an S

Figure 11. The 2‐D representation of the 3‐D effect of the stacked antigorite from the protomylonitic sample (Figure 8) on a vertically incident S wave, after Skemer
et al. (2012, their Figure 5). This is the hypothetical strongest signature which can be generated from an antigorite serpentinite which developed as a result of the
topotactic growth described herein. A thickness of 10 km was used, and in all calculations it was assumed that antigorite was the only phase present.
“Horizontal component of shear wave splitting” refers to the calculated split projected into the original X‐Y plane. (a) Contour plot showing the change in angle
between the polarization direction and the horizontal component of the shear direction (X) as the sample is rotated about X and Y. Colours range from blue
(fast directions parallel to X) through to red (fast directions parallel to Y). The greyed‐out region corresponds to the model space where the vertical raypath is parallel
to [100]ol, and thus, the angle between [100]ol and the horizontal component of the splitting is undefined. (b) Contour plot showing the effect of sample
orientation on the magnitude of the delay time. Due to the symmetry of the effects, only part of the full angular spectrum is presented. Colours range from blue
(minimal delay times) to red (large delay times). (c) Schematic showing how the original olivine crystal is rotated with respect to the incoming S waves (thin arrow).
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wave that leaves from the same source at an angle of 60° from the slab in the vertical plane (rotation about
Y = 30° on Figure 10) will generate a fast seismic direction that is ~30° from the shear direction. The
magnitude of the splitting time in this orientation should also be ~0.5 s for a 10 km thick layer. In
summary, it is plausible that the combination of a nonvertical raypath and a dipping shear zone could
generate large‐magnitude trench‐parallel S wave splitting within the mantle wedge (Figures 10 and 12). It
has been suggested recently that many subduction zones worldwide are too cold to fully hydrate the nose
of the mantle wedge (Abers et al., 2017). However, these calculations demonstrate that only a very thin
layer of deformed antigorite would be required to generate shear wave splits that are on the order of 1 s,
provided that the geometry of the shear plane and the raypath are correct.

Even “typical” subduction zones exhibit complex patterns of shear wave splitting. Many authors have sought
to explain these observations through the lens of complex mantle flow patterns (e.g., Nakajima et al., 2006).
For example, in the Mariana and Caribbean subduction zones, trench‐parallel fast directions have lead
authors to conclude that there must be some component of trench‐parallel mantle flow
(Piñero‐Feliciangeli & Kendall, 2008; Pozgay et al., 2007). Toroidal flow around slab tears and between
different slabs has also been suggested (Léon Soto et al., 2009), as has oblique plate convergence (Hall
et al., 2000). However, even for relatively simple deformation kinematics, the calculations presented herein
could also explain the strong variability in the direction and magnitude of the S wave splitting observed
within a single subduction zone and even a single study. If deformed antigorite is abundant within a subduc-
tion zone, it should generate a complex pattern of shear wave splitting, such as those observed by Abt
et al. (2009) in Central America. Furthermore, it may be possible to explain the transition observed in some
subduction zones (e.g., Tonga (Smith et al., 2001), Hikurangi (Morley et al., 2006), Mexico (Léon Soto
et al., 2009), and NE Japan (Huang et al., 2011)) from trench parallel to trench perpendicular simply by
considering the relationship between the raypath and the orientation of the serpentinite body (Figure 12).

4.3. Implications for the Evolution of Mantle Shear Zones

In the samples investigated herein and throughout the broader suite of samples described by Bouilhol
et al. (2009), there is a strong correlation between serpentine abundance and microstructure: All the mylo-
nites collected from this region contain abundant antigorite, whereas the undeformed rocks are relatively

Figure 12. Schematic showing how the angle of the raypath within a subduction zone affects the magnitude and
orientation of seismic anisotropy observed at a seismic station, assuming an antigorite‐bearing shear plane that is parallel
to the slab surface (compare Figure 10). For a local earthquake (yellow star), four different raypaths are shown.
Coloured lines on the surface of the plate give the predicted fast splitting directions and relative magnitudes for a constant
thickness antigorite layer that is sheared parallel to the slab surface. Colours denote the angle between the horizontal
component of shear direction and the fast polarization direction (Figure 10a). The lengths of the lines are roughly
proportional the magnitude of the delay times.
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unaltered. While topotaxy and weak antigorite LPOs are clearly observed in the protomylonitic sample, the
mylonites themselves exhibit no discernible topotactic or epitactic signature. Therefore, we infer that any
preexisting texture was overprinted by deformation. Laboratory experiments have shown that small volume
fractions of serpentine can reduce significantly the strength of typical mantle rocks (Escartín et al., 2001).
Moreover, the viscously anisotropic nature of serpentine (Chernak & Hirth, 2010) will promote a positive
feedback between the strengthening of LPO and a reduction in shear viscosity. Due to the correlation among
serpentine volume fraction, mylonitic fabrics, and antigorite LPO strength, we conclude that serpentiniza-
tion and shear localisation are genetically related. Indeed, it is plausible that serpentinization enabled the
initial localisation of deformation, producing zones in the mantle that are both viscously and seismically
anisotropic.

5. Conclusion

Through comparison of microstructures from protomylonitic and mylonitic samples from the Kohistan arc,
we show that serpentinization plays a number of important roles in the evolution of the fore‐arc
mantle wedge.

In the nominally undeformed protomylonitic sample, we observe at least two topotactic relationships
formed during the initial stages of the serpentine reaction: (1) (010)ant//(100)ol with [100]ant//[001]ol
and (2) (010)ant//(100)ol with [100]ant//[010]ol. In addition, there appears to be a girdle of directions within
the plane (010)ant//(100)ol that do not fall into either directional category described above. In contrast, the
mylonite samples exhibit extremely strong LPOs that are aligned with the sample foliation and are no longer
related texturally with the peridotite protolith.

Modeling the seismic anisotropy reveals that antigorite in the mylonites produces extremely strong aniso-
tropy that is on the order of tens of percent for both P and S waves. Furthermore, these microstructures
are capable of generating large‐magnitude S wave splitting when the shear plane and the incident shear
wave cross at sufficiently shallow angles. This geometry may occur due to steeply dipping slabs or seismic
waves that traverse the mantle wedge at shallow angles relative to the surface. Consequently, serpentiniza-
tion of the fore‐arc mantle can help to explain the complex patterns of S wave splitting observed in many
subduction zones.

Stacking of the antigorite grains enabled us to calculate the maximum hypothetical seismic signature for
crystallographically controlled growth. Even with this upper limit approximation, the magnitude of the
anisotropy for both P and S waves is similar to the anisotropy generated by typical peridotites and is
1.5–3.5 times smaller than the anisotropy generated by the LPO in the mylonite samples. As such,
deformation and overprinting of the initial antigorite LPO is needed to significantly alter the anisotropic
signature of serpentinized mantle.

Therefore, serpentinization, localised deformation, and progressive LPO strengthening form a positive
feedback that will affect both the rheology and seismological signature of subduction zones.
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