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a b s t r a c t

This paper reports a detailed characterization of an antigorite-bearing serpentinite, deformed at seismic
slip-rate (1.1 m/s) in a high-velocity friction apparatus. Micro/nanostructural investigation of the slip
zone (200 mm thick) revealed a zonal arrangement, with a close juxtaposition of horizons with signifi-
cantly different strength, respectively consisting of amorphous to poorly-crystalline phases (with bulk
anhydrous composition close to starting antigorite) and of highly-crystalline assemblages of forsterite
and disordered enstatite (200 nm in size and in polygonal-like nanotextures). The slip zone also hosts
micro/nanometre sized Cr-magnetite grains, aligned at low angle with respect to the slipping surface and
inherited from the host serpentinite.

Overall observations suggest that frictional heating at asperities on the slipping surface induced
a temperature increase up to 820e1200 �C (in agreement with flash temperature theory), responsible for
serpentine complete dehydration and amorphization, followed by crystallization of forsterite and
enstatite (under post-deformation, static conditions). The results of this study may provide important
keys for the full comprehension of the mechanical behaviour and of the possible geodynamical role of
serpentinite-hosted faults through the seismic cycle.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Serpentinites, predominantly formed by chrysotileþ lizardite or
chrysotile þ antigorite associations, in pseudomorphic or inter-
penetrating textures, respectively (e.g., Wicks and Whittaker, 1977;
Viti and Mellini, 1998; Mevel, 2003) play a key role in oceanic lith-
osphere dynamics, particularly in subduction and shear/fault zones.

Due to their relatively low friction coefficient (down to 0.2 for
chrysotile; e.g., Reinen et al., 1991; Moore et al., 1996; Morrow et al.,
2000), deformation in the oceanic lithosphere may be preferen-
tially accommodated by serpentinitic rocks and serpentine-bearing
gouges, potentially resulting in aseismic fault creep, at least at
shallow conditions (Reinen et al., 1991; Moore et al., 1997; Escartin
et al., 2001; Andreani et al., 2005).

However, the mechanical behaviour of serpentinites is strongly
dependent on P/T conditions. In this regard, the most important
process is serpentine dehydration, occurring under elevated
temperature conditions. On one hand, serpentine dehydration is
responsible for significant fluid release in subduction zones, with
major consequences for partial melting and subduction-related
All rights reserved.
magmatism (e.g., Ulmer and Trommsdorff, 1995; Ulmer, 2001). On
the other hand, serpentine dehydration may result in a pore-pres-
sure increase (possibly attaining lithostatic pressure) and ultimately
in the formation of stronger anhydrous assemblages. As a conse-
quence, serpentine dehydration is responsible for the observed
temperature-dependent transition from ductile to brittle (“dehy-
dration embrittlement”; Raleigh and Paterson, 1965), possibly
leading to intermediate-depth seismicity (e.g., Peacock, 2001; Jung
and Green, 2004). The mechanical effects of deformation and
dehydration on serpentinites have beenwidely investigated both in
natural context (e.g., Wicks, 1984a,b; Hoogerduijin Strating and
Visser, 1994; Hermann et al., 2000; Reinen, 2000; Andreani et al.,
2005; Auzende et al., 2006) and under experimental conditions
(e.g., Raleigh and Paterson, 1965; Rutter and Brodie, 1988; Irifune
et al., 1996; Escartin et al., 1997; Jung and Green, 2004; Hirose
et al., 2006; Rutter et al., 2009; Viti and Hirose, 2009).

Serpentine dehydration can be also triggered by frictional heat-
ing during coseismic faulting, with possible consequences in fault
behaviour. To help understanding the mechanical behaviour of
serpentinites during the generation of earthquakes, Hirose and
Bystricky (2007) performed a high-velocity friction experiment on
a massive serpentinite, at conditions reproducing natural earth-
quake conditions, both in terms of slip velocity and displacement.
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This paper reports a detailed mineralogical and micro/nano-
structural investigation of the slip zone formed during the experi-
ment by Hirose and Bystricky (2007), focussing on serpentinite
dehydration mechanism and on resulting anhydrous products. The
paper aims to contribute to an increased knowledge of deformation-
induced processes within serpentinite-hosted faults.

2. Experimental and starting sample

The starting sample was a natural serpentinite from Taiwan,
characterized by high crystallinity and predominantly consisting of
antigorite lamellae up to 80 mm in size. In order to simulate a seis-
mogenic slip, the sample was sheared by a high-velocity friction
apparatus (Hirose and Bystricky, 2007), basically consisting of a pair
of cylindrical specimens of massive serpentinite pressed together
with one specimen kept stationary while the other one rotated at
high speed (further details in Hirose and Shimamoto, 2005). The
experiment was performed at slip velocity of 1.1 m/s and normal
stress of 24.5 MPa with displacements of 3.6 m under nominally-
drained conditions and room temperature (run HVR694). Thus, the
experimental conditions are representative of natural earthquake
conditions, especially in terms of slip velocity and displacement.
Humidity measurements revealed that frictional heating produced
a fluid loss, soon after rapid slip initiated (run HVR694 in Hirose and
Bystricky, 2007).

The sheared serpentinite was observed by Scanning Electron
Microscopy (SEM) and Transmission Electron Microscopy (TEM).
SEM was performed using a Philips XL30, operating at 20 kV and
equippedwith an EDAX-DX4 energy dispersive spectrometer (EDS),
providing chemical analysis for atoms heavier than C. Counting rate
was kept close to 2200e2300 counts per second over the whole
energy spectrum. Analytical precision, checked by repeated anal-
yses, was better than 0.5 wt.% for major elements (on the absolute
value) and better than 20% relative for minor elements (i.e., those
with contents ranging from0.3wt.% up to 3e5wt.%). Back-scattered
electrons (BSE) were used for image formation.

The TEM investigation was performed using a JEOL 2010
microscope, working at 200 kV, with ultra-high resolution (UHR)
pole piece and point-to-point resolution of 0.19 nm. A TV-rate
charge coupled device camera (Lheritier S.A. LH 74 LL) with image
amplifier was used for focus and astigmatism corrections. The
microscope is equipped with semi-STEM control and ultra-thin
window energy dispersive spectrometer (EDSeISIS Oxford). TEM
grids were prepared from a thin section of sample HVR694,
sampling a) antigorite crystals far away from the slip zone, b) the
boundary between host antigorites and slip zone, and c) the slip
zone. Selected grids were thinned by Arþ ion milling (Gatan Dual
Ion Mill), from 5 to 1.5 kV and impinging angle from 20 to 12�.

3. SEM observations

Far away from the slipping zone, the starting serpentinite
preserves its mineralogy and textural characteristics, showing inter-
penetrating undeformed antigorite lamellae, w80 mm long, with an
average SEM/EDS composition Mg2.64 Fe0.11 Cr0.01 Al0.11 Si2.00 (atoms
per formula unit, a.p.f.u., on the basis of 7 oxygens). Antigorite
lamellae are associated with minor Cr-rich magnetite grains and
isolatedpodsofbrucite.Magnetite, up tomillimetre in size, hashighly
variable Cr contents (from1.4 to 14.8wt.%Cr2O3),with (FeOþ Cr2O3)/
FeO ratios variable from 81 up to 96 (average value of 91).

Fig. 1a shows a representative SEM/BSE image of the sample at
the slip zone, i.e., the light-grey sub-horizontal vein (double-
arrowed), with ultrafine grain size. The light-grey BSE colour
suggests the occurrence of a mineral association with average
atomic weight higher than starting serpentinite. The slip zone, here
cutting a large magnetite crystal (bright in BSE images), is charac-
terized by the occurrence of bright elongated features aligned at low
angle with respect to vein walls. The main discontinuity (broad
arrow in Fig. 1a) corresponds to the slipping surface and separates
the rotatory specimen (lower side in Fig.1a) from the true slip zone.
The serpentinite occurring within the rotatory side appears to be
unaffected by deformation-induced transformations, as testified by
its homogeneous dark-grey BSE contrast even at the boundary with
the slipping surface.

The slip zone has a relatively constant thickness of 200e250 mm
and often displays an asymmetric inner configuration (Fig. 1b and
c), with a gradual transition from the slipping surface to the host
serpentinite (stationary side). As shown in Fig. 1b, four main hori-
zons can be distinguished. Horizon 1 consists of homogeneous and
undeformed antigorite lamellae, that appear to be unaffected by
possible deformation-induced processes. In horizon 2, antigorite
crystals are associated with a light-grey material, occurring in thin
films at grain boundaries or parallel to (001)atg cleavage planes (e.g.,
arrow in Fig. 1d) and corresponding to incipient antigorite
decomposition. The boundary between horizons 2 and 3 is irregular
and ill-defined (Fig. 1d and e), due to the progressive decomposi-
tion of antigorite crystals. Horizon 3 (Fig. 1e; light-grey material) is
entirely formed by the antigorite decomposition products,
arranged in isotropic, fine-grained textures. Based on SEM/EDS
data, bulk (anhydrous) composition of horizon 3 is close to that of
starting antigorite. It is worth noting that the magnetite grains
occurring in horizon 3 are completely equivalent to those in the
host rock, as evident in Fig. 1d showing bright crystals with
unchanged size and shape. This evidence suggests that, at differ-
ence from antigorite, the Cr-rich magnetites are not affected by
major deformation-induced transformations.

Horizon 4 corresponds to the true slipping zone, characterized
by an ultrafine compact texture (Fig. 1f). SEM/EDS bulk data
(collected on homogeneous areas, without evident magnetite
grains) are equivalent to those of starting antigorite (at least, for
what concerns its anhydrous composition), with average compo-
sitionMg2.77 Fe0.11 Cr0.01 Al0.08 Si1.98 Al0.02 (calculated on the basis of
7 oxygens for easier comparison with antigorite a.p.f.u.). Due to
resolution limits, SEM investigation fails to determine the miner-
alogical and textural characteristics of the ultrafine-grained slip-
ping zone, but it provides some evidence concerning the
distribution of the oxide grains. As evident in both Fig. 1c and f,
magnetite grains in horizon 4 have size and shape different with
respect to the magnetite grains occurring within horizons 2 and 3.
In particular, they are smaller in size (down to SEM resolution
limits), rounded or elongated in shape, and they are aligned at low
angle with respect to the slipping surface, suggesting that they
were influenced by deformation. SEM/EDS data on magnetite
grains within horizon 4 reveal compositions close to that of the host
Cr-magnetite, with average (FeOþ Cr2O3)/FeO of 91; possibleminor
differences in MgO and SiO2 contents are probably related to
contamination problems.

4. Mineral reactions and nanostructures

Horizons 1e4 have been investigated by high-resolution TEM,
allowing accurate mineralogical and micro/nanotextural charac-
terization. Fig. 2a shows a representative image of preserved anti-
gorite from horizon 1 (in [010] projection), showing the recurrent
features of natural undeformed and unheated antigorites, i.e., pol-
ysomatic disorder, dislocations of modulation (arrowed in Fig. 2a)
and polysynthetic twinning, with typical chessboard-like texture.
The inset in Fig. 2a reports the corresponding a*c* selected area
electron diffraction (SAED) pattern, showing intense and sharp
reflections; measured average superperiodicity is 40 �A (ranging



Fig. 1. (a) Slip zone (double arrowed) formed by high-velocity deformation within antigorite-bearing massive serpentinite. The broad arrow indicates the slipping surface. (b) Zonal
arrangement of the slip zone with 4 main horizons consisting of un-reacted antigorite (1), partially decomposed antigorite (2), antigorite dehydration/decomposition product (3)
and compact ultrafine-grained slipping zone (4). (c) Detail of the slip zone (from horizon 2 to horizon 4). (d) Irregular boundary between horizon 2 and 3; the arrow indicates early
antigorite decomposition product (occurring as thin bright film parallel to (001)atg cleavage planes). (e) Detail of horizon 3, consisting of antigorite dehydration/decomposition
product, characterized by isotropic and porous texture. (f) Detail of horizon 4, consisting of an ultrafine-grained compact material and hosting micrometer-sized magnetite grains,
aligned at low angle with respect to the slipping surface. SEM/BSE images; sample HVR694.
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from 38 to 44 �A). Average TEM/EDS composition is Mg2.70 Fe0.11
Cr0.01 Al0.07 Si2.00, in good agreement with SEM/EDS results.

Moving to horizon 2, antigorite crystals appear to be partially
decomposed, confirming previous hypothesis based on SEM/BSE
observations. Fig. 2b displays the typical reaction boundary
between crystalline antigorite (right side, dark contrast) and its
decomposition product (left side), characterized by low crystal-
linity and high porosity. Even if irregular and undulating, the
reaction front is roughly parallel to (001)atg planes. The decompo-
sition product has a peculiar spongy-like texture, with fine asso-
ciation of thin elongated features (parallel to the original (001)
planes of antigorite), rounded to elongated rods (broadly perpen-
dicular to (001)atg) and a large amount of pores. Based on SAED
patterns, the antigorite decomposition product is predominantly
amorphous, giving rise to few, weak and broad reflections. Fig. 2c
shows a detail of the antigorite reaction front; the decomposition
product is predominantly amorphous, except for a few crystalline
portions (arrowed), with irregular 9 �A e spaced lattice fringes and
probably corresponding to a transient talc-like phase (as observed
in thermally-treated antigorites; e.g., Viti, 2010).

Fig. 2d shows the typical texture of horizon 3, entirely formed by
antigorite decomposition products. Main differences with respect
to horizon 2 are the complete disappearance of antigorite crystals,
the decrease in porosity, the frequent union of nearby pores,
evolving to larger elongate pores (arrows in Fig. 2d), and the
occurrence of a weak anisotropy, due to the orientation of elon-
gated pores. SAED patterns confirm the prevalence of an amor-
phous to poorly-crystalline material, even if the occurrence of
weak, sharp reflections could suggest the occurrence of some
crystalline phase (possibly, the tiny dark crystallites in Fig. 2d).
Based on TEM/EDS data, the composition of the amorphous
decomposition product of antigorite is highly variable, with local
anomalous enrichment in silica (i.e., with tetrahedral/octahedral
ratios higher than 1).

The slipping zone (horizon 4) is completely different with
respect to previous horizons, being characterized by an extraordi-
nary crystallinity, with closely associated crystals, 200e400 nm in
size (Fig. 3aed; progressively approaching the slipping surface from
a to d). SAED patterns (collected in variable crystal orientations) and
TEM/EDS analyses reveal that horizon 4 consists of forsterite and
enstatite, with average a.p.f.u. Mg1.95 Fe0.06 Si0.99 and Mg1.71 Fe0.10
Al0.09 Si2.05, on the basis of 4 and 6 oxygens, respectively. Talc was
never detected. Rare relics of the poorly-crystalline antigorite
decompositionproduct can be preserved close to horizon 3 (e.g., the
ultrafine-grained lamellar features in Fig. 3a), but they disappear
moving towards the slipping surface (Fig. 3bed). Moving towards



Fig. 2. (a) Representative TEM image of un-reacted antigorite from horizon 1, with (001) polysynthetic twinning and dislocations of modulation (arrow); the inset reports the
corresponding a*c* SAED pattern. (b) Reaction front between preserved antigorite (dark contrast, right upper corner) and antigorite decomposition product (low contrast, left lower
corner), consisting of an amorphous porous material. (c) Detail of the reaction front; arrows indicate tiny crystalline packets, with 9 �A e spaced lattice fringes. (d) Representative
TEM image of the amorphous to poorly-crystalline material within horizon 3; arrows indicate elongated broad pores.
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the slipping surface, horizon 4 also displays a progressive reduction
in porosity and a considerable increase in grain size, evolving to
“mature” compact textures with polygonal-like grain boundaries,
that recall typical annealing textures (Fig. 3d).

Forsterite (slightly larger than associated enstatite) has a homo-
geneous TEM contrast, whereas enstatite is always characterized by
a lamellar inner structure (e.g., Fig. 4a), indicative of possible
structural disorder. Fig. 4b shows a detail of a forsterite crystal in
[100] projection (corresponding b*c* SAED pattern in the inset),
with sharp polygonal boundaries and defect-free structure. Only in
rare cases, forsterite crystals display strain contrast features, sug-
gesting limited occurrence of isolated dislocations or other struc-
tural defects (e.g., Fig. 4c and d).

At difference from forsterite, enstatite crystals are affected by
intense disorder, as testified by both SAED patterns (Fig. 5a and b)
and HRTEM images (Fig. 5c and d). In particular, SAED patterns have
intense and continuous streaking along a*, pointing to polytypic
disorder with random stacking of orthorhombic and monoclinic
polytypes. HR images confirm the occurrence of randomly-stacked
orthorhombic and monoclinic polytypes down to the unit-cell
scale; largest ordered domains are up to 20 nm (e.g., the arrowed
portion in Fig. 5c, showing a relatively ordered stacking sequence).

TEM investigation also allowed a full characterization of the oxide
grains, occurring in the low-angle alignmentswithinhorizon4. Based
on SAED and TEM/EDS data, these grains still correspond to Cr-rich
magnetites, with chemical composition equivalent to the Cr-rich
magnetites occurring in the host serpentinite. At the TEM scale, Cr-
rich magnetites within the slipping zone appear as elongated grains,
up to micrometric in size, with irregular boundaries, and character-
ized by several strain contrast features and subgrain boundaries (e.g.,
Fig. 6). Overall TEM observations suggest that Cr-rich magnetite was
inherited from the host serpentinite, being affected only by
mechanical deformation and subsequent subgrain movements.
5. Discussion

The detailed investigation of the slip zone down to the nano-
scale revealed several unexpected features that provide important
information on serpentine behaviour during seismic deformation
rate. Main features are summarized below.

5.1. Frictional heating and serpentine reaction

Mineralogical and micro/nanostructural observations indicate
that deformation at seismic slip-rates and consequent frictional
heating are responsible for serpentine decomposition. Deforma-
tion- and dehydration-induced transformations are strictly
confined to the slip zone, with little heat transfer to the host ser-
pentinite, as testified by the limited thickness of the slip zone
(never exceeding 250 mm), and by the occurrence of wholly-
preserved antigorite in horizon 1. Overall observations also point to
the occurrence of a thermal gradient, with highest temperature at
the slipping surface and progressively decreasing temperature
moving towards the host serpentine.

TEM observations on horizons 2 and 3 clearly suggest that the
predominant process is serpentine dehydration and amorphization.
This indicates that frictional heating has at least attained the
dehydration temperature of antigorite (i.e., 650e750 �C, see below).
However, the possible high-temperature evolution of this material
(i.e., within horizon 4, under extreme frictional heating) is not
completely clear. In particular, we cannot exclude the local forma-
tion of “true” melted layer (close to the slipping surface), since the
subsequent crystallization of forsterite and enstatite could have
hidden any possible evidence for a previous liquid phase. The rela-
tionships between dehydration, decomposition and melting in
natural pseudotachyliteswere previously discussed byMagloughlin
and Spray (1992), according to which ferromagnesian hydrated



Fig. 3. TEM images of horizon 4 (slipping zone). (a) Relatively porous association of nano-crystals and lamellar poorly-crystalline material, inherited from horizon 3. (bed) TEM
images showing the progressive textural evolution of the forsterite þ enstatite assemblage moving towards to slipping surface (in particular, decrease of porosity, grain size increase
and development of polygonal-like nanotextures).
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minerals are readily assimilated into the melt, but it is unclear to
what extent mineral decomposition occurs prior to melting, during
meltingor after incorporation into themelt. Our observationswould
point to a complete decomposition prior to melting (at least in the
case of serpentinitic protolites).

We also remark that, even though preserved antigorite lamellae
(horizon1)did not showclear evidences for crystal bending, subgrain
boundaries and grain size reduction, those originally occurring
within horizons 2 and 3 were probably affected by deformation-
induced defects, resulting in enhanced reaction kinetics and in
a further lowering of dehydration/decomposition temperatures (i.e.,
mechanochemical reactions). This hypothesis agrees with Spray
(1992), reporting that at high strain rates (typical of coseismic fault-
ing), the mechanical behaviour of minerals would be primarily
controlled by their fracture toughnesses (with progressive commi-
nution during slip), then favouring decomposition and/or melting
reactions.

5.2. Static vs. dynamic crystallization

TEM observations on horizon 4 revealed the occurrence of
a highly-crystalline assemblage of forsterite and enstatite. One
possible issue regards the temporal sequence of crystallization and
high-velocity deformation; in principle, the crystallization of the
forsterite þ enstatite high-temperature assemblage could have
occurred during or after the slipping (i.e., under dynamic frictional
heating or under static cooling, respectively), or in both conditions.

Except for the occurrence of oriented pores in horizon 3 and of
low-angle alignments of Cr-magnetites grains in horizon 4, the
overall slip zone appears to be dominated by isotropic textures, both
at SEM and TEM scales, and it is almost unaffected by deformation
micro/nanostructures. These evidences, togetherwith the polygonal-
like nanotexture observed in horizon 4, suggest that crystallization
predominantly took place under static conditions. In otherwords,we
suggest complete dehydration/amorphization of the starting ser-
pentinite by frictional heating during high-velocity slipping, followed
by structural re-arrangement with enhanced crystallization of for-
sterite and enstatite soon after the experiment end. Possible talc
crystallization (never detected in our sample) would be hampered
due to kinetic reasons, favouring fast and complete dehydration/
amorphization of antigorite, followed by forsterite þ enstatite crys-
tallization under completely anhydrous conditions.

The extraordinary crystallinity of horizon 4 is quite unexpected,
since it derives from a sample that have experienced an almost



Fig. 4. (a) Close association of forsterite (homogeneous TEM contrast) and enstatite (lamellar inner nanostructure) crystals, with polygonal-like grain boundaries. (b) High-
resolution detail of a forsterite crystal, showing ordered and defect-free structure; the inset reports the corresponding b*c* SAED pattern. Nearby grains correspond to forsterite in
different crystallographic orientation. (c) Forsterite crystals with strain contrast features, possibly corresponding to dislocations or other structural defects; light-grey portions
correspond to voids, produced by ion milling. (d) Dislocation-like defect within forsterite structure.
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complete amorphization, followed by fast cooling. We suggest that
crystallization and growth could be favoured by the occurrence of
crystallization “seeds”, corresponding to crystalline nanograins
that escaped amorphization by frictional heat (i.e., the dark-
contrast nanograins in Fig. 2d).

5.3. Temperature constraints

Static heating experiments on serpentine minerals (e.g., Viti,
2010; heating step of 10 �C/min and 0e1000 �C temperature
range) show that antigorite dehydrates in a broad range, between
650 and 750 �C. Forsterite crystallization starts close to 750 �C
(when antigorite dehydroxylation is not yet completed), whereas
enstatite crystallization occurs at an extremely constant tempera-
ture of 820e830 �C (from a completely dehydrated material). The
size of forsterite crystals in horizon 4, slightly larger with respect to
associated enstatite, would agree with the above crystallization
sequence. The occurrence of enstatite also suggests that within the
slip-localized zone (i.e., within horizon 4), temperature was at least
820 �C. We remark however, that in fast heating experiment, like
the one described in this paper, the estimated temperature should
be considered as not-equilibrium temperature, with possible large
thermal overstep.
Further temperature constraints could be provided by enstatite
polytypism, in particular by the occurrence of both monoclinic and
orthorhombic polytypes. In most natural occurrences, enstatite has
an orthorhombic cell (space group Pbca), whereas clinoenstatite
(P21/c) appears to be favoured in highly-sheared samples or in
meteorites, due to possible shock effect (Raleigh et al., 1971; Smith,
1974; Iijima and Buseck, 1975; Coe and Kirby, 1975; Boland, 1977;
Bozhilov et al., 1999); in addition, clinoenstatite can result from
a high-Torthorhombic polytype (protoenstatite, Pbcn), stable above
w1000e1200 �C (e.g., Buseck and Iijima, 1975; Boysen et al., 1991).
In our sample, clinoenstatite could be due to a Pbca (enstatite) to
P21/c transformation by high-shear strain (>10000) or to a Pbcn
(protoenstatite) to P21/c transformation by rapid quench from the
high-T polytype. The observed nanotextures (pointing to static
crystallization) indicate that clinoenstatite was probably formed by
transformation from the high-temperature polytype, thus shifting
our previous temperature estimation (i.e., w820 �C) to w1200 �C.

The uppermost thermal limit can be fixed on the basis of
magnetite melting temperature. In fact, the occurrence of pre-
served magnetites within the slip zone suggests that they were not
affected by decomposition or melting reactions, i.e., that the
temperature locally attained by frictional heating never exceeded
1550e1590 �C (e.g., Lindsley, 1991; Deer et al., 1992).



Fig. 5. (a) and (b) SAED patterns of disordered enstatite crystals, with intense a* streaking due to polytypic disorder. (c) Lamellar nanostructure in enstatite, due to randomly-
stacked orthorhombic and monoclinic polytypes; relatively ordered domains can be up to 20 nmwide (double arrowed), but in most cases disorder is down to the unit-cell scale. (d)
High-resolution image, showing the irregular sequence of stacking vectors in enstatite.
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Overall, we conclude that the temperature within the slip zone
was probably close to 1200 �C, in agreement with previous esti-
mations (w1250 �C) based on flash temperature theory at asperity
contacts and calculated by Hirose and Bystricky (2007), although
their flash temperature calculation took no account of the effect of
heat loss due to the endothermic reaction of serpentine dehydra-
tion and vaporization of expelled water. We also remark that the
dehydration temperature of antigorite is higher than that of other
phyllosilicates (e.g., clayminerals, commonly occurring alongmajor
faults), thus indicating that dehydration reactions are probably very
common processes during coseismic faulting within several fault
zones (e.g., Brantut et al., 2008).
5.4. Role and behaviour of Cr-rich magnetites

Serpentinitic rocks are characterized by the almost ubiquitous
occurrence of spinels (usually, peridotitic Al-rich spinels or meta-
morphic magnetites, with variable amounts of Cr; e.g., Mellini et al.,
2005 and references therein). Thus, the comprehensive knowledge
of serpentinite evolution within a seismogenic fault should also
take into account the behaviour and the possible role of spinels.
TEM observations on Cr-magnetites within horizon 4 reveal that
the temperatures induced by frictional heating were not high
enough to activate magnetite decomposition/melting reactions.
Instead, we suggest 1) crystal deformation with formation of sub-
grain boundaries; 2) fragmentation at subgrain boundaries and
subsequent grain size reduction; 3) “rolling” and orientation of the
fine-ultrafine subgrains with formation of the low-angle align-
ments (e.g., Fig. 1a and f). The resulting texture may have important
implications in high magnetic susceptibility observed within slip-
ping zones of natural seismic faults (e.g., Enomoto and Zheng,1998;
Ferré et al., 2005; Mishima et al., 2006).
5.5. Mechanical and geodynamical implications

One of the most interesting features is the close association of
horizons having significantly different strength, in particular by the
juxtaposition of horizons 2e3 (i.e., amorphous, partially dehydrated
materials, with possible weak behaviour) and horizon 4 (i.e.,
compact, crystalline assemblage of relatively strong minerals such
as forsterite and enstatite). This peculiar micro/nanostructure could
represent a driving force to a progressive inward shift of the slipping
surface (preferentially located within weak horizons). The slipping
surface shift would result in a progressive thickening of the slip
zone, in agreement with the observed thickness of natural pseu-
dotachylite veins (up to centimetre thick) and with their common
zonal arrangement. The overall picture suggests a cyclic process
with repeated stages of cataclasis e frictional heating e dehydra-
tion/melting e cooling/crystallization. The occurrence of cyclic
events was already reported by Spray (1992), for which “several
cycles of mechanical breakdown e heating e melting e freezing
may occur within a single slip event of several seconds duration”
and “re-fracturing need not to be confined to the melted layer but
may occur in the wall rock, resulting in a fault surface migration”.



Fig. 6. Representative TEM image of large polycrystalline association of Cr-rich
magnetites within horizon 4 (from low-angle alignments; e.g., Fig. 1f), showing several
strain contrast features, subgrain boundaries and subgrain mis-orientations (leading to
the variable TEM contrast).
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The transformation of serpentine to forsterite þ enstatite
assemblage affects themechanical behaviour of serpentinite-hosted
faults not only during rapid sliding but also during post-sliding
recovery. In particular, once rapid coseismic sliding take places in
a serpentine body, the initially weak-serpentine fault (e.g., Escartin
et al., 1997, 2001) could strengthen due to the formation of stronger
mineral assemblage just after seismic events. Although forsterite is
quite unstable at the shallowcrustal depths and reactswithwater to
yield serpentine again (e.g., Seyfried et al., 2007), the transient
formation of the relatively strong mineral assemblage in the slip-
localized zone may contribute to rapid strength recovery and stress
accumulation of the fault. Alternatively, at the deep crustal depths
where forsterite and enstatite aremineralogically stable, transiently
fine-grained products formed by a coseismic dehydration reaction
may drastically release remaining stress of a main event due to
grain-size sensitive plasticity processes, leading to slow earth-
quakes (e.g., aseismic afterslip), as observedalong subduction zones.
6. Conclusions

Nanoscale investigation of slip zones (especially in the case of
seismic slip-rate)may reveal unexpected features, showing complex
and heterogeneous textures (more than assumed on the basis of
optical microscopy or SEM observations). Seismic deformation-
rate of serpentinitic rocks (and subsequent frictional heating) is
responsible for important mineralogical and micro/nanotextural
reactions, with complete dehydration/amorphization of serpentine,
followed by crystallization of relatively strong anhydrous minerals.
Theoverall picture (that also includes significantfluid loss, localfluid
pressure increase, juxtaposition of weak and strong horizons)
provides important keys for the full comprehension of serpentine
behaviour in fault zones.
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