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INTRODUCTION
Shear-induced rock melting during earth-

quakes may occur at mantle depths, according 
to torsion experiments conducted under high 
confi ning pressure (Bridgman, 1936) and theo-
retical studies (e.g., Griggs and Handin, 1960). 
Kanamori et al. (1998) assumed extensive pro-
duction of seismic melts during the Mw = 8.3 
Bolivian 1994 deep-focus (~600 km in depth) 
earthquake to justify its low seismic effi ciency. 
The product of solidifi cation of seismic melts is 
pseudotachylyte, which allows us to study the 
earthquake source mechanics complementary 
to the conventional seismological method (e.g., 
Sibson, 1975; Di Toro et al., 2005).

Ultramafi c pseudotachylytes decorate exhumed 
faults cutting the subcontinental peridotite lenses 
of Balmuccia (Obata and Karato, 1995) in Italy 
and the oceanic peridotites in Corsica (Andersen 
and Austrheim, 2006). Common to these ultra-
mafi c pseudotachylytes is the presence of micro-
lites in a glassy matrix (Obata and Karato, 1995; 
Andersen and Austrheim, 2006). In contrast to the 
ultramafi c pseudotachylytes previously described 
from the same (Obata and Karato, 1995) and 
other areas, this study shows evidence for 

high-temperature  mylonitization (in the spinel-
lherzolite  facies, ~800 °C) of pseudotachylytes, 
among the highest ever reported. The sequence of 
events inferred from structural and mineralogical 
observations supports the possibility of frictional 
melting and will provide constraints on earth-
quake nucleation at mantle depths.

GEOLOGIC SETTING
The Balmuccia peridotite is a lenticular mass 

of spinel lherzolite of 5 × 0.8 km in size, which 
is enclosed in an upper amphibolite to granulite 
facies mafi c terrain—the Ivrea zone, northern 
Italy (see Fig. 1 of Obata and Karato, 1995; the 
geologic map is also in the GSA Data Reposi-
tory Fig. DR11). The main lithology of the 
peridotite massif is spinel lherzolite and spinel 
harz burgite with porphyroclastic to grano blastic 

textures (e.g., Rivalenti et al., 1981; Sinigoi 
et al., 1983). Layers or dikes of pyroxenite are 
locally abundant, some of which are folded and 
cut by faults associated with pseudotachylytes. 
The peridotite was primarily equilibrated in the 
mantle at temperature and pressure conditions of 
1100 °C < T < 1200 °C and 1.3 GPa < P < 2.0 
GPa, respectively (Shervais, 1979). Tectonic 
emplacement of the peridotite into the continen-
tal crust took place during the Carboniferous at 
300–320 Ma and was accompanied by high-
grade metamorphism at 720 °C < T < 900 °C 
and 0.9 GPa < P < 1.1 GPa (Schmid and Wood, 
1976; Handy et al., 1999). The peridotite–mafi c 
granulite complex was fi rst exhumed during the 
Permian transtension and the early Mesozoic rift-
ing of the Piedmont Ligurian Ocean (Handy and 
Stünitz, 2002) and then involved in the Tertiary 
brittle deformation along the Insubric Line dur-
ing the Alpine collision (Handy et al., 1999).

HOST PERIDOTITES AND 
PSEUDOTACHYLYTES

Pseudotachylytes, as commonly observed 
elsewhere (Sibson, 1975), occur as both fault 
veins and injection veins, locally forming com-
plex networks in the Balmuccia peridotite. 
The pseudotachylyte fault veins are typically 
1–10 mm thick, straight, and appear black and 
glassy on fresh surfaces and light yellow on 
weathered surfaces (see photos in Fig. DR2). At 
the banks along the Sesia River (45°49′12′′N, 
8°09′12′′E), the fault veins are subvertical 
and strike ~020° and 340°. The sense of shear 
and fi nite displacement on these faults may 
sometimes be determined by the offset of the 
 pyroxenite bands (Fig. 2 in Jin et al., 1998).

Host Peridotites
The host rock, away from fault veins, is 

proto granular coarse-grained spinel lherzolite 
(with average modal composition, olivine 
[~60%], orthopyroxene [~25%], clinopyroxene 
[~10%], and Cr-Al spinel [~5%]; Obata and 
Karato, 1995). Approaching the fault, wall rocks 
are progressively deformed and recrystallized 
(Jin et al., 1998): They form a protomylonite-
mylonite consisting of plastically deformed 
porphyroclasts of olivine, pyroxene, and 
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ABSTRACT
We report a new type of ultramafi c pseudotachylyte that forms a fault- and injection-vein 

network hosted in the mantle-derived Balmuccia peridotite (Italy). In the fault vein the pseudo-
tachylyte is now deformed and recrystallized into a spinel-lherzolite facies ultramylonite, made 
of a fi ne (<2 µm) aggregate of olivine, orthopyroxene, clinopyroxene, and spinel, with small 
amounts of amphibole and dolomite. Electron backscattered diffraction study of the ultra-
mylonite shows a clear crystallographic preferred orientation (CPO) of olivine. The fault vein 
pseudotachylyte overprints a spinel-lherzolite facies amphibole-bearing mylonite, indicating 
that shear localization accompanying chemical reaction had taken place in the peridotite before 
seismic slip produced frictional melting. The occurrence of amphibole in the host mylonite and 
that of dolomite as well as amphibole in the matrices of ultramylonite and pseudotachylyte may 
indicate that fl uid was present and had evolved in its composition from H2O-rich to CO2-rich 
during ductile deformation with metamorphic reactions, which may account for the observed 
rheological transition from ductile to brittle behavior. The spinel-lherzolite facies assemblage 
in mylonites, P-T estimations from pyroxene geothermometry and carbonate reactions, and 
the type of olivine CPO in deformed pseudotachylyte indicate that both the preseismic and the 
postseismic ductile deformations occurred at ~800 °C and 0.7–1.1 GPa.
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spinel  immersed in a fi ne-grained (10–50 µm) 
matrix of recrystallized olivine, orthopyroxene, 
clinopyroxene, spinel, and pargasitic amphi-
bole (Fig. 1A). Within ~20 cm of the fault, 
the porphyro clasts are elongated and defl ected 
toward the fault (see a photomicrograph in 
Fig. DR3). Electron microprobe analyses show 
that recrystallized neoblastic pyroxenes are dis-
tinctly less aluminous than the porphyroclastic 
ones, while olivine is homogeneous (Fo89–90) 
throughout (Table DR1, Fig. DR4). The amphi-
bole is titaniferous pargasite and typically 
occurs in fi ne-grained parts (<60 µm, neoblasts) 
along grain boundaries of primary large crystals 
of olivine and pyroxenes.

Pseudotachylyte Fault (i.e., Ultramylonite) 
and Injection Veins

The fault vein pseudotachylyte is foliated 
and mylonitized into a fi ne-grained (<2 µm) 
poly mineralic matrix and is formally “ultra-
mylonite” (Fig. 1A). The contact between 
the wall rock mylonite and the ultra mylonite 
is typically sharp because of the abrupt 
reduction in grain size and the color contrast 
(the  pseudotachylyte-derived ultramylonite 
being more brownish in transmitted light; 
Fig. 1C). Some porphyroclasts in the host 
mylonite are truncated by the ultramylonite 
fault vein (Fig. 1A). The ultramylonite con-
tains porphyro clasts of olivine, spinel, ortho-
pyroxene, and clinopyroxene. The sense of 
shear deduced from the δ-type porphyroclasts 
(e.g., dextral in Fig. 1B) in the fault vein is con-
sistent with that deduced from dike separations, 
with shape-preferred orientation (SPO) in the 
ultramylonite matrix and with the defl ection 
in the host mylonite.

The presence of an injection vein connected 
to the main ultramylonite shear band (Fig. 1C; 
Fig. DR2) does suggest that the ultramylonite 
was originally a pseudotachylyte of melt origin . 
While the main shear zone is foliated, the injec-
tion and the pockets are largely massive but 
locally contain a weak foliation defi ned by 
the alignment of elongated olivine clasts, sub-
parallel to the injection wall and at high angles 
to the main fault vein.

Scanning electron microscope (SEM) inves-
tigations of the pseudotachylyte revealed that 
both the fault and injection vein materials are 
holocrystalline, very fi ne-grained (<2 µm) and 
equigranular to subequigranular, consisting 
of olivine, orthopyroxene, clinopyroxene, and 
spinel, with small amounts (a few volume per-
cent) of amphibole and dolomite. Dolomite and 
amphibole were identifi ed by a combination of 
electron backscattered diffraction (EBSD) pat-
tern and semiquantitative X-ray spectroscopy. 
Dolomite is ubiquitous in the pseudo tachylyte, 
both in the fault vein and in the injection vein; it 
appears as the dark phase in backscattered elec-
tron (BSE) images (Figs. 2A and 2B). An accu-

rate modal amount of the amphibole is diffi cult 
to estimate in BSE images but is probably less 
than a few percent according to EBSD analy-
sis and compositional mapping by X-ray spec-
troscopy. Olivine, pyroxene, amphibole, and 
dolomite are texturally and thus chemically in 
equilibrium (Fig. 2A). In addition, the injection 
veins contain numerous nanoparticles of Fe-Ni 
sulfi de (as identifi ed by energy-dispersive  
X-ray spectroscopy [EDS]) along the grain 
boundaries, while the sulfi de grains are sparse 
and coarser-grained in the mylonitized fault 
vein. A shape-preferred orientation (SPO) was 
observed in an injection vein at high magnifi -
cation (Fig. 2A). The lack of obvious SPO in 
the fault vein may be ascribed to more exten-
sive recrystallization during the postseismic 
shear. The SPO is subparallel to the wall of the 
injection vein and at high angles to the fault 

vein. Furthermore, the fault vein has a clear 
crystallographic preferred orientation (CPO) 
of olivine as described below.

CRYSTALLOGRAPHIC PREFERRED 
ORIENTATION (CPO) OF OLIVINE

Crystallographic orientations of olivine in the 
fault vein pseudotachylyte (i.e., ultra mylonite) 
were studied using the EBSD technique. 
Measure ments were made on a thin section cut 
orthogonal to the fault foliation and parallel to 
the lineation, using a JEOL JSM-6460 SEM 
(Chiba University) and a JEOL 7000F FE-SEM 
(University of Tokyo) operating at 15–20 kV 
and 5–9 nA. Data were processed using HKL 
Channel-5 software (Flamenco). Because of 
the small grain size (mostly less than 1 µm 
in diameter), indexing of electron diffraction 
pattern together with phase identifi cation was 

Figure 1. Optical images 
of the mylonitized pseudo-
tachylyte. A: The wall rock 
protomylonite (bottom) 
truncated by the ultra-
mylonite (= mylonitized 
pseudo tachylyte fault vein, 
top). Cross-polarized light. 
B: Porphyroclastic system 
of spinel in the myloni-
tized pseudotachylyte. The 
wings of stable spinel 
indicate high-temperature  
deformation during post-
seismic deformation (see 
text). Fault plane is hori-
zontal. Plane-polarized 
light. C: Injection vein and 
pockets (black arrows) 
originated from myloni-
tized pseudotachylyte fault 
vein. Pseudotachylyte 
pockets probably con-
nected to the fault vein, 
judging from observa-
tion of multiple thin sec-
tions of the same sample. Thin white “ribbon” (white arrow) in the fault vein is elongated 
tail of clasts. Light-colored thick bands labeled “Cl.” are slices of host protomylonite. Red 
ellipse indicates the layer from which CPO data (Fig. 3) were obtained. Sinistral shear. Plane-
polarized  light. Sample VS14.
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Figure 2. BSE image of an injection vein (A) and a fault vein pseudotachylyte (B) (sample 
VS14) obtained at 15 keV. The direction of the fault plane is parallel to the short side of photo-
graphs. Dol—dolomite; Sp—spinel; Sul—sulfi de.
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made manually on each beam spot. The results 
are plotted in Figure 3.

Olivine exhibits a CPO with [100] axes 
sub parallel to the lineation and [010] axes sub-
perpen dicular to the foliation (Fig. 3) rather 
similar to the A-type fabric of Jung and Karato 
(2001), which may indicate an activation of 
the (010)[100] slip system in olivine (Carter 
and Avé Lallemant, 1970), suggesting a sig-
nifi cantly high-temperature ductile deformation 
within the fault vein.

The host, coarse-grained peridotite, remote 
from the fault vein, also has the A-type CPO pat-
tern, but with a distinct orientation of maxima 
from that of the mylonitized pseudo tachylyte 
(see Fig. 8 in Jin et al., 1998). The olivine CPO 
of protomylonite becomes diffuse as the fault is 
approached, a result of the recrystallized fi ne-
grained olivine having a different CPO pattern 
from the porphyroclasts as seen in Figure 8B of 
Jin et al. (1998), i.e., a strong [001] maximum 
and diffuse [100] and [010] peaks. The latter 
is distinct from the CPO we observed in the 
myloni tized pseudotachylyte.

DISCUSSION
Sequence of Deformation and 
Crystallization Events

From textural observation the sequence of 
events in the shear zone is inferred as follows: 
(1) shear localization and recrystallization of 
host peridotite (that involve hydration, i.e., the 
amphibole formation), producing a narrow 
mylonite zone, (2) a seismic rupture and slip 
in or around the mylonite zone, which resulted 
in frictional melting and the formation of 
pseudo tachylyte, and (3) a further shear within 
the pseudotachylyte vein, producing an ultra-
mylonite. The defl ection of the ultra mylonite 
foliation at the mouth of the injection vein 
(Fig. 1C) may indicate that fl owing material 
was still hot and fl uidal during a residual shear 
of the main seismic slip and melting. The high-
temperature CPO (Fig. 3) is consistent with this 
inference. Petrological and mineralogical obser-
vations indicate that this sequence of event took 
place under spinel-lherzolite facies conditions.

The preseismic ductile shear that produced 
the host mylonite was probably a slow and 
long-lasting ductile deformation event, because 
the dominant mechanism of the deformation is 
thought to be the dislocation creep coupled with 
metamorphic reactions, which are governed by 
diffusive processes both in the solid and along 
grain boundaries. Seismic rupture, on the other 
hand, involves rapid displacement (of the rate 
1–5 m/s) and rupture velocities (1–4 km/s; 
Scholz, 2002).

The observed transition from ductile shear 
to seismic rupture is puzzling because ductile 
shear localization suggests strain softening (e.g., 
Jin et al., 1998), while seismic rupture indicates 
a substantial stress accumulation. The associa-

tion of pseudotachylyte and mylonite has been 
observed in many localities (e.g., Sibson, 1980; 
Passchier, 1982; White, 1996, 2004), for which 
different interpretations have been proposed 
(e.g., Sibson, 1980; Hobbs et al., 1986; White, 
1996, 2004; Kelemen and Hirth, 2007). Because 
of the occurrence of amphibole in the neoblasts 
in host mylonite and the ubiquity of dolomite 
in the pseudotachylyte, we infer that fl uid had 
evolved in composition during the preseismic 
ductile shearing and played an important role in 
such a rheological transition.

Fluid Chemistry Evolution and 
Consequences on Rock Strength

We suppose that a fl uid introduced in the shear 
zone originally contained CO2 as well as H2O. 
The introduction of fl uid and the progress of 
shear deformation may have occurred concomi-
tantly and cooperatively because metamorphic 
reactions and recrystallization would enhance 
the rock ductility (e.g., White and Knipe, 1978). 
The formation of amphibole in metamorphic 
reactions consumes H2O, making the residual 
fl uid progressively enriched with CO2 if the 
supply of a new fl uid is limited or delayed. 
The CO2 enrichment in the fl uid would reduce 
the connectivity of the fl uid because of the 
increase of fl uid dihedral angle, thereby reduc-
ing the permeability (Watson and Brenan, 1987; 
Riley and Kohlstedt, 1990), thus impeding an 
external supply of additional H2O-rich fl uid. 
The fl uid-circulating system thus becomes 
unstable and will eventually become closed 
due to the permeability loss. Once the system 
becomes closed, it will continue being so until 
some catastrophic structural change such as 
rupture occurs. The ubiquity of dolomite in the 
pseudotachylyte can suggest that the activity of 
H2O was not internally buffered during the pre-
seismic metamorphism. The reduction of H2O 
activity will cause a hardening of olivine due to 

reduction of point defects (Karato et al., 1986). 
Thus the reaction-controlled chemical evolution 
of the fl uid from H2O-rich to CO2-rich likely 
results in a strain hardening in the shear zone.

Ambient Conditions During Deformation
The temperature of the preseismic deforma-

tion was estimated to be ~800 °C by applying 
the Ca-Mg exchange pyroxene geothermometer 
(Taylor, 1988) to the microprobe analyses of 
the neoblastic pyroxenes in the host mylonite 
(Table DR1), and we consider this represent-
ing the ambient condition of the seismic event. 
Given the grain size (<2 µm) of the mylonitized 
pseudotachylyte vein, too small for microprobe 
analyses, we used the dolomite-enstatite equi-
libria to estimate the postseismic ambient con-
ditions. The dolomite-enstatite stability fi eld 
is bounded at high temperatures by the decar-
bonate reaction (Fig. 4) (Brey et al., 1983),

 enstatite + dolomite = 
 diopside + forsterite + CO2, 

(1)

and at the low temperature by the reaction,

 diopside + magnesite = 
 enstatite + dolomite. 

(2)

Note that reaction 2 is a CO2-conserving 
reaction, and therefore it is independent of the 
activity of CO2. Considering the variability of 
the activities of H2O and CO2, it is conceivable 
that the preseismic and postseismic recrystal-
lizations share the same P-T regime. It follows 
that pseudotachylytes were produced at ambient 
conditions of ~800 °C and 0.7–1.1 GPa (Fig. 4). 
Given the exhumation history of the Balmuccia 
peridotite, this P-T estimate would correspond 
to continental, lower-crust, or, probably (e.g., 
Fig. 11 in Handy and Stünitz, 2002), upper-
mantle deformation conditions.
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Figure 3. Pole fi gures of crystallographic orientations of olivine (axes [100], [010], and [001]) in 
a mylonitized pseudotachylyte, obtained by EBSD. The data were obtained from another thin 
section of the same sample (VS14); red ellipse in Figure 1C indicates the relevant layer from 
which the EBSD data were obtained. Foliation is horizontal (XY plane, solid line) with lineation 
(X). The shear sense is indicated by arrows on the top right. Equal-area, lower-hemisphere pro-
jections. The gray shading is calculated with Gaussian half-width of 15° referring to the density 
of data points (n = 164); the numbers in the legend are the multiples of uniform distribution 
density. A color version of the same diagram is given in Fig. DR4 (see footnote 1).
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CONCLUSIONS
Microstructural and mineralogical obser-

vations of an ultramafi c mylonitized pseudo-
tachylyte have provided information about the 
seismic cycle at lower-crust or upper-mantle 
conditions. The cycle includes initial fl uid-
assisted ductile shear localization (produc-
ing host mylonite), followed by a seismic 
slip (producing pseudotachylyte), and further 
ductile shear (producing ultramylonite). All 
these deformation events took place in the 
spinel-lherzolite stability fi eld (~800 °C and 
0.7–1.1 GPa). Such high-temperature defor-
mation conditions preclude the formation or 
the preservation of glasses or quench textures 
typically observed in more common shallow-
seated pseudotachylytes, which makes the 
recognition of pseudotachylytes diffi cult in 
high-grade terrains. Identifi cation and detailed 
study of such mylonitized pseudotachylytes 
remains an important task for further study of 
earthquake mechanics in the upper mantle.
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Figure 4. Ambient P-T condition for defor-
mation of the wall rock (gray band) and of 
the pseudotachylyte vein (area between 
thick lines; see text). Temperature obtained 
by pyroxene geothermometer is indicated 
by a dashed line (the gray band includes 
the error). Lherzolite facies boundaries (for 
CaO-MgO-Al2O3-SiO2 system) after Gasparik 
(1984). Reaction lines of carbonate (see text) 
after Brey et al. (1983). Di—diopside; En—
enstatite; Fo—forsterite.


