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Abstract

Paleo-earthquakes recorded by pseudotachylytes have recently been discovered in the blueschist facies subduction complex of
Alpine Corsica. Pseudotachylytes occur in ophiolite gabbro and mantle peridotite belonging to the Schistes Lustrés of Cape Corse.
Ultramafic pseudotachylyte fault- and injection veins are found within well-preserved peridotite lenses and are progressively
hydrated together with the host rock along the margins of the lenses. Numerous pseudotachylytes ranging in thickness from less
than 1 to 380 mm have been identified. Veins thicker than 3 mm may show flow banded chilled glassy margins and cores with
dendritic to spherulitic quench textures. The newly formed minerals are zoned olivine (Fog;_g9), clino- and ortho-pyroxene with
compositions indicative of high crystallization temperatures (1300-1400 °C), zoned Cr-spinel, and a glassy to micro-vesicular
hydrous matrix showing that frictional melts contained up to 4% water. Frictional heating on co-seismic faults raised the
temperature from ambient blueschist facies conditions (450 °C and 1-1.5 GPa) to more than 1700 °C, which is required for
~75% disequilibrium melting of spinel peridotite at 1.5 GPa. The characteristic fault-vein thicknesses observed are 1 to 3 cm, but
several fault-veins are thicker than 10 cm. Co-seismic displacement of 1 m, a stress of 300 MPa, and seismic efficiency of 5%, may
melt ca 60 kg peridotite pr. m? fault surface corresponding to 20 mm thick layer of ultramafic pseudotachylyte. The ultramafic
pseudotachylytes described here formed by disequilibrium melting of peridotite in the upper part of the Alpine subduction zone. If
the interpretations of typical displacements of approximately 1 m are correct, the most common pseudotachylyte fault-veins are
related to magnitude ca. 7 or larger subduction earthquakes.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Subduction zones are the most seismically active
tectonic regime on Earth. A wealth of information
regarding the depth distribution of earthquakes has
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shown that segments of a subduction zone may change
from seismically active to aseismic and that the depth
distribution of seismicity may vary between subduction
zones and along strike within the same zone. This
variation may in some cases relate to age [1] and can
be correlated to temperature differences. However, the
existing complexity such as double seismic zones [2]
makes it obvious that temperature cannot be the only
parameter that controls depth distribution. Rocks cycled
through subduction zones not only vary in temperature
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but also in composition including water content and
metamorphic status. This variation may also influence
the mechanism and the depth distribution of the seismic
activity [3]. Peridotites and their hydrated equivalent
serpentinites are dominant rocks in subduction zones as
witnessed by their abundance in exposed subduction
complexes. These rocks have widely different petro-
physical properties and their distribution may influence
the location of epicentres. To better understand the
mechanism behind subduction earthquakes and their
distribution it is required that we understand the physics
on the fault planes transecting ultramafic rocks during
seismic events. A central question relates to the behav-
iour of dry peridotite. Is it possible that the high
strength and high melting temperature will prevent
faulting or is the strength a prerequisite for the build
up of stresses to be released as earthquakes?

In this study we describe ultramafic pseudotachy-
lytes recently discovered in mantle peridotites from the
Eocene Alpine subduction complex of Corsica [4]. The
pseudotachylytes and frictional heating associated with
ultra-fine-grained cataclastic rocks suggests that defor-
mation as well as metamorphic transformations at such
depths may be associated with short-lived brittle events.
Descriptions of ultramafic pseudotachylytes are rare in
the literature. We are aware of 3 previously described
examples of pseudotachylyte or pseudotachylyte-like
veins from peridotites. Obata and Karato [5], followed
by Jin et al. [6] documented frictional faulting at high
differential stresses (300-600 MPa) resulting in dis-
equilibrium melting of spinel peridotite from the
Ivrea—Verbano zone of the Italian Alps. Morishita, [7]
and Lund, [8] have provided detailed description and
fabric analyses of ultra-fine-grained, fault-related, veins
in spinel and garnet peridotite from Hokkaido, Japan
and from Holsney, western Norway, respectively. The
pseudotachylytes described in the present study from
Corsica are important because:

(1) They record paleo-earthquakes in oceanic mantle
lithosphere deformed at high-pressure and low-
temperature (HP-LT) conditions in a tectonic set-
ting similar to the subduction environment where
most of the energy generated by present-day seis-
mic faulting is released [9]. The blueschist facies
pseudotachylytes may therefore provide insight
into fault-plane processes on subduction earth-
quakes in the upper parts of Wadati—Benioff
zones.

(2) Disequilibrium melting as shown by a large num-
ber of mafic and ultramafic pseudotachylyte veins
in rocks with very high melting temperatures

documents that friction on faults is an extremely
effective way to transfer elastic energy into heat.
These rocks provide an avenue to understand
stress-release and the energy budget on deep
seismic faults.

(3) The ultramafic pseudotachylytes are preserved in
the least altered and hydrated peridotites and have
not been observed in the metamorphically equili-
brated serpentinites. Nevertheless the pseudota-
chylytes preserve evidence that some fluid was
available during their formation. Pseudotachylytes
and ultra-cataclastites provide an opportunity to
study feedback mechanisms between co-seismic
slip events and metamorphism, in particular the
relationships between frictional heating and dehy-
dration/hydration reactions.

Pseudotachylytes are products of extreme brittle
deformation, resulting in comminution and frictional
melting at high (>10" s~ ") strain rates [10]. Pseudo-
tachylytes generated by frictional melting in faults
commonly occur in crystalline rocks of intermediate
and granitoid composition, but may also be derived
from gabbroic, and ultramafic protoliths [5,7,11]. Fric-
tion on faults may be an efficient heat generating
process capable of transferring kinematic energy into
frictional heat and give disequilibrium melting of most
rock-compositions. On strong faults, by far most of the
kinematic energy is transferred to heat. The dynamic
coefficient of friction may, however, be greatly reduced
when seismic slip velocities are approached [12]. The
most effective transfer of kinematic energy to heat,
frictional fusion and generation of pseudotachylyte
may therefore be most common along fault tips and
fracture propagation fronts, and are not necessarily
associated with the maximum fault displacements (c.f.
[13]). The energy released during faulting (W) is most-
ly dissipated as heat ( Q) and depending on the seismic
efficiency () a very minor component is radiated as
seismic energy (£)):

Wi =Q+E,. (1)

Although difficult to quantify in general, estimates
of (1) suggest that most of the energy (= 95-99%) is
transferred to heat [14]. The energy generated by fric-
tion in a single seismic event is essentially adiabatic
since the heat-transfer-distance (D) into the fracture
wall is very small during the seismic event:

D = ()" ( thermal diffusivity x~ 1.5 mm?s~',
t— time in sec). (2)
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Since the thermal transport in crystalline rocks is
extremely inefficient (2) most of the heat will be con-
centrated in the immediate vicinity (mm to cm) of the
fractures. It is therefore to be expected that all fault
zones record frictional heating [15]. Some faults, how-
ever, do apparently not record detectable frictional
heating, and carefully designed studies have failed to
document significant increased temperature, and heat-
flow measurements in drill-cores from the San Andreas
and associated faults in California have also had similar

paradoxical results regarding increased temperatures
[16]. Explanations of such observations may include
problems with accurate measurements of the tempera-
ture, very weak faults with corresponding low normal
stresses, dissipation of the heat across wider damage
zones, slow deformation and perhaps most importantly
advective heat transport by groundwater [17,18]. Many
fault zones, however, display dramatic illustrations of
how mechanical work has been converted to heat. The
most convincing products of frictional heating are pseu-
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Fig. 1. Simplified geological map and cross-section of the Patrimonio—Cima di Gratere area of the Cape Corse Region, Corsica. Notice that
pseudotachylytes are common along the contact between the gabbro and the structurally underlying ultramafic rocks, but also within preserved
peridotite lenses preserved within the serpentinite. Most of the detailed observations are from within the lower peridotite body close to A.
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dotachylytes such as described in a mostly ignored
short paper by Goldschmidt [19], where he interpreted
vesicular glass (‘friksjonsglass’) along faults in the
central Norwegian Caledonides as generated by fric-
tional fusion. Theoretical considerations [20,21] as well
as experiments [22], se also review [23] and a large
number of studies of natural examples show that fric-
tional heating may result in disequilibrium fusion of the
fault wall rocks. Frictional heating associated with large
mantle earthquakes will potentially melt any silicate-
rock composition from highly silicic to ultramafic [24].

We have recently discovered and described a large
number of pseudotachylytes in blueschist to eclogite
facies ophiolite gabbro and peridotite of Corsica [25].
The pseudotachylytes in the gabbro and the peridotite
are closely associated in space at-or in the vicinity of
the gabbro—peridotite contact. Both the mafic and the
ultra-mafic pseudotachylytes are precursors of the
blueschist facies ductile fabrics in the area, implying

that they are associated in both space and time and
therefore related to the same seismic events. These
pseudotachylytes are particularly interesting since they
provide an opportunity to study the relationships be-
tween extreme brittle deformation and the regional HP-
LT metamorphism and ductile deformation during buri-
al in a subduction complex [4]. In our pilot study of the
pseudotachylytes we documented crystallization and
quenching of frictional melts from the Cima di Gratera
gabbro (Fig. 1) [25]. The vein/quench mineralogy in-
cluded minerals such as highly aluminous fassaitic
clino-pyroxene, epidote, and edenite-to glaucophane
amphiboles suggesting that the seismic faulting and
crystallization occurred at a pressure compatible with
the regional blueschist facies conditions at ~1 to 1.5
GPa and ca 450 °C. Several previous workers have
described and calibrated the blueschist-to eclogite fa-
cies metamorphism of the Cape Corse region [26-29],
and we take these estimates to represent the ambient

Fig. 2. A) Ultramafic pseudotachylyte fault and injection veins in spinel peridotite. Notice that the veins form positive features on the surface, and
that the joints with serpentinisation weather out. Scale: 2-Euro coin. B) Thick segment of pseudotachylyte fault vein with maximum thickness of 38
cm. This fault can be traced almost continuously across the peridotite body (see Fig. 3). The stippled lines show the margins of the fault vein. C)
Highly fractured and net-veined fault-core in peridotite along a ca 4.5 m wide fault zone with pseudotachylytes. Framed detail shows well-preserved
glassy and unaltered pseudotachylyte vein that may constitute 30% to 40% of the several m-wide damage zone. Locality is near the faulted and
sheared contact between upper peridotite (see Fig. 1) and the Cima di Gratera gabbro. D) Fault zone with numerous anastomosing pseudotachylyte
veins. Notice the asymmetrical damage zone and that the fault veins are more frequent in the left (lower) part of the fault.
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pressure—temperature conditions during the seismic
faulting.

2. Geological setting

The studied pseudotachylytes in Corsica occur across
a several hundred meter thick section of gabbro and
ultramafic rocks within the Schistes Lustres nappes on
the SSW slope of Cima di Gratera at Cape Corse (Fig.
1). The HP-LT complex consists of thrust-stacked units
of the Ligurian oceanic lithosphere including plagio-
clase- and spinel-peridotites imbricated with slices of
European continental crystalline rocks with cover [4].
Both the continental and oceanic rocks contain evidence
for the late Cretaceous—Oligocene HP-LT metamor-
phism in the form of blueschists, eclogites and the
jadeite-bearing granitoids [28,30,31]. The HP-LT meta-
morphic rocks include a dismembered ophiolite domi-
nated by variably hydrated and metamorphosed
ultramafic rocks, gabbros, pillow lavas and metasedi-
mentary schists (the Schistes Lustrés units). HP-LT
metamorphism is also found in allochthonous blueschist
(Sera di Pigno and Tenda Units) and eclogite facies
(Monte Pinatelle- Farinole Unit) rocks developed from
the Hercynian continental basement [4,26,29,32,33].
The eclogites of the Cape Corse Region record peak
Alpine metamorphic conditions at pressures of 1.5 to 2
GPa and temperatures of 550 =50 °C. They were ex-

humed on a cold geotherm through the blueschist facies
at ca 1 GPa and temperatures of 450 to 500 °C and
eventually to greenschist facies [26]. Other units, with-
out eclogites reached P, at lawsonite—blueschist fa-
cies (P —1.3 to 1.5 GPa at T —350 to 400 °C) and
decompressed on a cold geotherm through the blues-
chist (P —1 GPa, T —350 °C) to greenschist facies
conditions [26]. The pressure—temperature conditions of
blueschist facies rocks of the more external Tenda mas-
sif have recently been calculated to 7 — 300 to 500 °C at
P —0.8 to 1.1 GPa [29]. Previous work in the Cape
Corse area suggest that the blueschist to eclogite facies
metamorphism was associated with top-to-the-west
and southwest Alpine subduction and thrusting, suc-
ceeded by the top-to-the-east extension at blueschist to
greenschist facies conditions, which eventually juxta-
posed the HP-LT rocks with the low-grade to un-
metamorphosed Balange and Nebbio units (tectonic
summary in [4]).

3. Field description

In outcrop, the ultra-mafic pseudotachylytes form
orange to dark brown and occasionally grey to black
veins on weathered surfaces and may easily be mistak-
en for commonly present serpentinite veins. On weath-
ered surfaces they are, however, more resistant and
normally define positive features, contrary to most

Fig. 3. View showing outline of the lower peridotite body (Fig. 1), between the top and bottom black-dotted lines. Stippled white lines inside the
peridotite body show common occurrences and the principal orientations of the pseudotachylytes. The orientation of veins (n=55) is shown in the
stereogram as poles and great circles. They define a system of mutually crosscutting veins considered to represent a conjugate system.
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serpentinite veins, which are softer and weather to form
depressions (Fig. 2a). On fresh surfaces they are very
dark greenish grey to black aphanitic veins with vari-
able, but usually low content of wall-rock fragments.
Flow banding is occasionally visible in hand specimen
and commonly observed in thin sections. Most veins
are less than 2 cm thick, but occasionally they are much
thicker with an observed maximum thickness of 38 cm
(Fig. 2b). Hairline-thin veins and fractures are com-
monly associated with thicker veins (Fig. 2a and c).
The weathered surfaces of the wall rocks may be mas-
sive and smooth, but more commonly the wall rock
surfaces are rough with a fractured appearance formed
by better-preserved peridotite cut by abundant small
fractures and veins. The pseudotachylytes occasionally
occur as single or a few discrete injection veins but
more commonly they form networks along faults (Fig.
2). Reconnaissance mapping of pseudotachylytes with-
in two of the peridotite lenses at Cima de Gratera reveal
that the veins from which orientations have been mea-
sured (n=55) can be grouped in two systems. A prom-
inent system comprises laterally consistent and com-
monly 1-3 cm-thick veins with an average orientation
of 025/74 (Fig. 3). A second vein-system dips more
gently, is less well oriented but contains some very
thick (5-20 cm) fault veins. Near the upper contacts
of both peridotite lenses there are continuous and
thicker fault-veins that are sub-parallel with the contacts
to the serpentinite (lower peridotite) and the blueschist
facies foliation in the Cima di Gratera gabbro (upper
peridotite, see Fig. 1). Some fault veins are part of
systems that can be traced laterally for several meters
to several tens of meters, and in one case across most of
the lower peridotite body (Fig. 3). A characteristic
feature of individual faults with pseudotachylyte veins
is that they form an anastomosing network where indi-
vidual veins may vary in thickness from mm up to a
maximum observed width of 38 cm (Fig. 2). The
observation of thickness variations by as much as 2-
orders of magnitude along the same fault zone suggest
that the fault vein thicknesses are commonly secondary,
reduced by drainage and thickened by injection into
releasing-bend pull-apart segments. These observations
indicate that relating fault-vein thicknesses directly to
fault displacement [13,21] should be used with consid-
erable caution, since the width of individual pseudota-
chylyte veins on faults in many cases probably are
secondary. In spite of the uncertainty of relating fault
vein-thicknesses to displacement we have used the
observed characteristic fault vein thickness of ca 2 cm
because we lack other accurate displacement indicators
for the principal faults (see discussion below). The

peridotite wall rocks are mostly without obvious strat-
ification or banding. Attempts to determine throw or in
some cases even relative movement along the continu-
ous faults are therefore difficult. In some cases veins
occur within damage-zones that are several meters (max
5 m) wide. The geometry and distribution of fault- and
injection veins suggest that the faults constitute a con-
jugate system accompanied by mode-1 fractures.

Both field- and thin section observations show that
the brittle faulting generating pseudotachylytes in gen-
eral was a precursor of the ductile deformation (Fig.
4b). The pseudotachylyte veins are deformed into the
ductile fabric engulfing the lenses. Crosscutting pseu-

Fig. 4. A) Pseudotachylyte veins in gabbro near the sheared contact to
the upper peridotite and serpentinite at Cima di Gratera (see Fig. 1).
Notice the well-preserved igneous texture between the fractures and
fault/injection veins within the gabbro. B) Optical micrograph (par-
allel light) of fine-grained blueschist faces deformation zone devel-
oped in gabbro near at the contact between mafic and ultramafic rocks
at Cima di Gratera. Small glaucophane crystals, (10-30 pum, not
visible at this magnification), define a foliation of the fine-grained
fault rock. Notice the intrusive features (veins and horn) of the ultra-
fine-grained margin of the fault rock, suggesting that the fault-rock
intruded the wall rock. Notice also pinch and swell of the light-
coloured vein (see text for discussion of brittle—ductile relationships).
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dotachylytes indicating multiple seismic events along
the same faults are commonly observed (see also [25]).
Alteration of extreme brittle deformation and creep is
witnessed by pseudotachylytes overprinted by ductile
fabrics, which in turn are truncated by new fault and/or
injections veins (Fig. 5f). Pseudotachylytes truncated
by fractures associated with serpentinisation are com-
mon on all scales. Pseudotachylytes are, however, only
preserved within the least altered peridotite lenses,

which are engulfed within foliated serpentinites and
metamorphically more equilibrated rocks. The large
seismic events can thus be related to the earlier and
driest parts of the structural and metamorphic history.
This pattern is akin to brittle—ductile relationships in
other HP-LT metamorphic terrains such as the relative
timing of eclogite facies pseudotachylytes and shear
zones in western Norway [8,34-36]. Once the strength
of the peridotites and gabbros become sufficiently re-

Fig. 5. A) Backscatter-electron (BSE) image of ultramafic pseudotachylyte with flow-banding (parallel dotted line), thermally rounded ol clasts and
newly formed ol, opx and cpx (light grey) crystals in darker glassy to fibrous hydrous matrix. The cpx crystals form dendritic to acicular poikilitic
crystals. Ol and opx are undistinguishable on the BSE images. Mineral abbreviations after [47] B) BSE image showing vesicle with idiomorphic cpx
crystals in ultramafic pseudotachylyte. Light mineral (left) is Cr-spl. C) BSE image showing detail of acicular cpx micro-phenocrysts (light) with
abundant (<5-micron) ol inclusions. Notice also chemical zoning, Fe-rim to Mg-core (darker) in the small ol crystals. D) BSE detail showing zoned
ol, opx, poikilitic cpx, zoned spl and the micro-vesicular and fibrous hydrous matrix. E) Optical micrograph (parallel light) showing quench texture
with spherulitic (sunflower-like) and acicular/dendritic cpx phenocrysts in ultramafic pseudotachylyte. F) Optical micrograph showing quenched
pseudotachylyte with micro-phenocrystic core and chilled margin. The vein cuts an older pseudotachylyte with ductile overprint (lower part of

photo). The framed area is shown in detail in Fig. SE.
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duced, primarily controlled by hydration of olivine and
pyroxenes, crystal—plastic deformation mechanisms and
ductile flow dominate and in turn enhance recrystalli-
zation and equilibration of tectonites.

The relationships between the pseudotachylyte in
peridotite lenses and the foliated serpentinites can be
studied along the margins of the lenses. The best-stud-
ied peridotite body has a width-thickness ratio of ca 1 to
6 and a maximum thickness ca 100 m. The upper
contact is marked by a sharp front of alteration and
intense foliation forming a break in the topography
(Fig. 3). The lower boundary is less pronounced and
less well exposed, with a transition from peridotite to
completely hydrated serpentinite over a distance of a
few meters. The pseudotachylytes near the contacts are
overprinted to obliterated by ductile deformation asso-
ciated with serpentinisation. Very fine-grained fault-
rocks, ultra-cataclastites or former pseudotachylytes,
are also overprinted by ductile deformation along the
tectonic contact between the Cima di Gratera gabbro
and the underlying ultramafic rocks (Fig. 1). Locally
the gabbro contains spectacularly preserved pseudota-
chylytes along this contact ([25] and Fig. 4a). Ductile
fabric overprinting former pseudotachylyte or ultra-cat-
aclastite characterizes fine-grained blue mylonites from
the contact zone. Well-oriented, small crystals (~0.1
mm) of glaucophane define a CPO fabric in the mylo-
nite (Fig. 4b).

4. Solidification, mineralogy and texture

The ultramafic pseudotachylytes are dark glassy
veins, which sharply crosscut individual mineral
grains, older veins or deformation zones in the peri-
dotite wall rock. Thin sections reveal that many veins
are hairline-thin and difficult to see in the field. Very
thin injection veins and grain-boundary wetting-like
features require extremely low viscosity for the melt.
High-pressure experiments show that ultramafic melts
(komatiites and pyroxenites) have very low viscosities
of 107" Pa s or less [37]. Such low viscosity is
consistent with the intrusive features associated with
the mm-thin ultramafic pseudotachylytes. The mm- to
cm-thin veins must have been emplaced and solidified
in seconds and ca 10—15 min respectively according to

Eq. 3).
ty = b* /412, (3)
where z, — time for solidification, » — vein thickness in

mm, k — thermal diffusivity (~1.5 mm?’s ™~ ]), 2~0.45, a
dimensionless variable depending on the latent heat

of fusion (8.6x10° J kg™ "), heat capacity (1150 J
kg~' °C™") and temperature difference (>1200 °C)
between melt and wall rock (see [38] for derivation
of Eq. (3)).

Most of the sampled veins are texturally zoned,
commonly with ultra-fine grained, colour banded glassy
margins and a banding defined by variable content of
porphyroclasts. In the best-developed pseudotachylytes,
the porphyroclasts are dominated by thermally rounded
olivine and minor ortho-pyroxene (Fig. 5a). Veins
thicker than 2-3 mm may contain micro-porphyritic
domains, mainly in the cores. The micro-phenocrysts
are clino-pyroxene crystallized directly from the fric-
tional melt. Other minerals crystallized from the melt
include olivine, ortho-pyroxene, chrome-spinel, and
nickel-sulphide. Combined optical microscopy, back-
scatter electron images (BSE) and X-ray element map-
ping on scanning electron microscope (SEM) and
electron microprobe (EMP) analyses show that the
minerals which crystallized are small, commonly less
than 10 um, zoned crystals of olivine (Foggg 93.9),
ortho-pyroxene (Woiy.7.3.0, Eng73 77.4,Fs14296) and
up to 300 pm long dendritic, spherulitic to acicular
clino-pyroxene (Wo3g9 243, Engs4-s3.0, Fs193-7.1) mi-
croliths (Table 1 and Fig. 5¢ and d). The olivine crystals
are consistently zoned with Mg-rich cores (Fog3) and
more Fe-rich margins (Fogg). The clino-pyroxene crys-
tals are strongly poikilitic to dendritic and may contain
more than 80% olivine inclusions in their cores (Fig.
5c, d and e). Pyroxene compositions from crystallites
that crystallized from the pseudotachylyte melt, as
well as the average wall-rock pyroxene compositions
are shown in Fig. 6a. The extreme composition of
both ortho- and clino-pyroxene require crystallization
temperatures in the range of 1300 to 1400 °C at a
pressure of 1 to 1.5 GPa, in accordance with the
ambient blueschist-to eclogite facies pressure condi-
tions [39]. Olivine crystallites in pseudotachylyte also
have unusual composition, particularly a high content
of CaO compared to the wall rock mineral composi-
tion (Fig. 6b).

The interstitial matrix contains small idiomorphic to
sub-idiomorphic chromite, chrome spinel and occasion-
al Ni-sulphide crystals (~1-2 pm), and larger chrome-
spinel crystals, which may be chemically zoned. The
zoned spinel crystals have slightly higher average atom-
ic number along the rims (Fig. 5b). These crystals may
be up to 10 pm across and may represent spinel por-
phyroclasts with a Fe-rich rim overgrowth. Veins thin-
ner than ~2 mm are generally without the micro-
porphyritic texture, but commonly have flow foliation
and folding.



Table 1

Mineral composition from Ultramafic pseudotachylytes and wall-rock peridotite, Corsica

99

PST ol

Zoned ol crystallite

Wall rock olivine

Sample Cor9-3 Cor9-3 Cor9-3 Cor9-3 Cor9-3

Cor9-3 Cor9-3 Cor9-3 Cor9-3 Cor9-3

Cor9-3 Cor9-3 Average ol core ol inter ol margin

Cor10-03 Corl0-03 Corl0-03 Corl10-03 Corl0-03 Average Corl1-03 Corll-03 Corll-03 Average

TL=86 (9002) T#T $4012T 292108 Luv1dUD]d PUD YIDF / WIdYLISNY “H “UdSIOpUY g ]

SiO,  40.66 4133 41.55 4249 41.85 40.77 40.53 40.18 40.82 40.55 40.18 39.93 40.90 4234 4158 4171 40.53 40.82 40.63 40.98 40.86 40.76 41.53 40.91 40.95 41.13
Na,O 0.00 0.00 000 000 0.00 000 0.00 000 0.00 000 000 000 0.00 0.00  0.00 0.00 0.00 0.00 0.04 0.00 0.00 0.01 0.00 0.03 0.00 0.01
NiO nd nd nd nd nd nd nd nd nd nd nd nd nd 0.40 0.34 0.33 nd nd nd nd nd nd 0.39 0.03 0.32 0.25
MgO  49.10 50.60 49.62 47.27 47.11 4885 4896 49.16 48.06 4848 48.88 49.02 48.76 51.95 4898 48.02  49.09 49.06 48.98 48.93 48.74 48.96 49.42 45.68 48.40 47.83
ALO; 0.09 008 009 029 064 031 000 000 0.02 001 0.00 0.01 0.13 0.00  0.03 0.12 0.02 0.01 0.03 0.00 0.00 0.01 0.00 0.01 0.00 0.00
K,0 0.00 000 0.00 000 001 001 002 000 000 003 000 0.00 001 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.01
CaO 022 0.5 020 099 095 0.66 001 0.00 004 041 0.03  0.00 0.30 0.13  0.05 0.10  0.04 0.04 0.11 0.01 0.06 0.05 0.03 0.14 0.03 0.07
TiO, 0.05 0.04 000 003 004 001 0.00  0.01 0.01 0.00  0.03  0.01 0.02 0.02  0.00 0.00 0.00 0.00 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01
Cr,0; 020 023 029 020 026 026 000 0.02 000 006 0.00 003 0.3 0.18 0.07 017  0.02 0.01 0.05 0.00 0.00 0.02 0.00 0.00 0.00 0.00
MnO  0.14  0.11 0.10 0.5 012  0.11 013 0.11 0.18 0.16 012 013 013 0.07 020 0.14 0.12 0.15 0.14 0.20 0.13 0.15 0.13 0.35 0.14 0.21
FeO 9.56 779 798 933 928 819 997 10.32 10.55 1048 10.62 10.87 9.58 593 1051 1036 991 9.84 9.57 10.05 10.01 9.88 10.39 14.06 11.17 11.87
Total ~ 100.02 100.33 99.83 100.75 100.26 99.18 99.62 99.80 99.68 100.17 99.86 100.00 99.96  101.02 101.76 100.95 99.73 99.93 99.56 100.19  99.81 99.84  101.90 10122  101.04 10139
Fo 90.02 9195 91.63 89.89 89.93 9130 89.63 8936 88.87 89.04 89.03 88.82 89.96 93.92 89.07 89.07 89.72 89.55 89.33 84.96 88.41 87.57
Fa 983 794 827 995 994 859 1024 10.52 1094 1080 10.85 11.05 9.91 6.01 10.72 10.78 10.16 10.32 10.53 14.67 11.44 12.21
PST cpx PST opx Wall rock cpx Wall rock opx

Sample corll  corll#6 corll#7 Cor6#19 Cor6#26 #29  #34  Average Corll#9 #21 #24  Cor6#22 Cor624 Cor6#25 Average Corl0#6 Corl0#7 Corl0#5 Corl0#4 Average Corl0#8 Corl0#10 Corl0#9 Corl0#17 Average
SiO, 52.11 5491 5238 53.68 5247 52,01 51.69 52.75 56.52 5494 5415 54.80 56.93  56.20 5520 51.17 50.86 51.38 51.08 51.12 54.27 54.81 54.72 53.16 54.24
Na,O  0.00 0.02 0.05 0.01 0.06  0.00 0.00 0.02 0.00  0.00  0.00 0.00 0.01 0.04 0.00  0.16 0.09 0.12 0.24 0.15 0.01 0.02 0.00 0.00 0.01
NiO nd 0.10 0.11 0.09 0.11  nd nd 0.10 0.06 nd nd 0.16 0.17 0.11 0.06  0.12 0.05 0.01 0.00 0.05 nd nd nd nd nd
MgO  20.60 2329 2040  20.71 18.94 2253 24.14 21.52 31.88 3436 2944 35.09 3292 32.63 31.89  17.46 17.36 17.36 17.00 17.30 32,59 3247 3240 32.05 3238
ALO; 322 2.32 3.64 312 4.02  3.07 384 3.32 1.46 141 1.81 0.70 2.05 1.95 1.56 3.41 3.41 3.51 3.23 3.39 2.56 2.64 2.57 4.87 3.16
K,0 0.02 0.00 0.01 0.00 0.00  0.02 0.00 0.01 0.00  0.00  0.00 0.00 0.00 0.01 0.00  0.01 0.01 0.02 0.00 0.01 0.01 0.00 0.01 0.00 0.01
CaO 17.55 13.94 16.61 18.11 1935  15.03 1248 16.15 313 1.66 617 2.83 1.84 2.35 3.65 2262 22.61 2243 22.87 22.63 1.36 1.47 1.35 1.03 1.30
TiO, 0.12 0.11 0.24 0.13 0.18 0.18 0.20 0.17 0.02  0.02 0.04 0.00 0.03 0.02 0.03 0.36 0.35 0.34 0.32 034 0.19 0.18 0.16 0.11 0.16



Cr,0;  1.03 0.63 0.53 0.71 0.97 0.66 039 0.70 .19 112 092 0.72 1.57 1.43 1.08 1.20 1.14 1.19 1.05 1.15 0.77 0.74 0.69 1.01 0.80
MnO  0.14 0.16 0.14 0.16 0.12  0.13 0.15 0.14 0.15  0.13 0.18 0.17 0.11 0.17 0.15 0.09 0.16 0.12 0.10 0.12 0.14 0.16 0.13 0.15 0.15
FeO 5.70 5.96 6.05 4.43 494 572 6.66 5.64 6.68 670 727 6.73 6.04 6.42 6.88 3.28 3.18 3.17 3.21 3.21 6.70 6.83 6.94 6.94 6.85
Total 100.49 101.44 100.16 101.15 101.16  99.35 99.54 10047 101.09 100.32 99.99 101.20 101.67 101.33  100.47 99.88 99.22 99.65 99.10 99.46 98.60 99.32 98.97 99.32 99.05
Wo 3458 2724 3328 3584 3889 29.52 2431 3195 593  3.03 11.66 5.14 4.44 6.87 45.66 2.51
En 56.58 6334  56.88  57.04 5297 61.58 6543 59.12 83.98 87.33 7743 80.55  85.73 82.91 48.58 86.95
Fs 8.93 9.34 9.65 7.09 792 890 1026 887 10.09  9.64 10.91 14.26 9.71 10.92 5.22 10.51
Low total glassy/fibrous PST matrix Srp vein Cr spl Wall rock pl
Sample corl1#10 corll#11 #23 #7 #9 #18 #8 #7 #8 #9 corl1#10 corll#11 corll-#12 corll1#13 corl1#14 Average Corl0 Corll Corl0 Average Corl0 Corl0 Corl0 Corl0  Corl0
SiO, 42.35 40.42 4229 4235 40.17 37.16 4043 4296 41.24 41.53 50.57 53.39 46.52 41.31 38.72 42.76 40.89  40.16 40.96 40.67 0.01 0.00 4440 4451 4478
SrO nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd 0.18 0.22 0.00
BaO nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd nd 0.02 0.00 0.04
Na,0  0.36 0.18 0.09 037 002 0.02 019 000 000 000 043 0.76 0.26 0.00 0.00 0.18 0.00  0.01 0.00  0.00 0.00  0.00 0.70  0.69 0.66
NiO 0.12 0.05 034 012 009 0.10 0.06 nd nd nd nd nd nd nd nd 0.13 nd 0.09 nd nd nd nd nd nd nd
MgO 35.71 36.51 42,55 3572 38.66 3528 36.51 40.98 3820 38.08 28.17 25.00 31.81 36.41 38.21 35.85 37.99 38.65 37.68 38.11 11.34  10.83 0.05 0.07 0.09
ALO; 889 8.99 1.1I9 890 1.05 11.92 899 1.06 346 280 3.04 2.98 4.49 6.99 7.23 5.46 2.30 1.04 265 2.00 2541 24.59 3491 3519 3493
K,0 0.08 0.04 0.04 008 0.00 0.02 004 002 002 0.01 0.01 0.03 0.03 0.02 0.00 0.03 0.02  0.00 0.00 0.01 0.00  0.00 0.00  0.00 0.00
CaO 0.03 0.08 0.64 004 019 0.10 008 144 0.8 0.8 791 10.27 4.57 1.60 0.06 1.87 0.05 0.19  0.02 0.09 0.02 0.01 1941 19.66  19.52
TiO, 0.04 0.00 0.02 004 0.01 0.00 000 003 0.02 0.03 012 0.12 0.08 0.02 0.01 0.03 0.01 0.00  0.00  0.00 0.35 0.38 0.04  0.02 0.00
Cr,0;  0.05 0.08 092 006 006 1.64 009 025 047 030 0.19 0.10 0.12 0.20 0.24 0.32 0.04  0.06 0.00 0.03 37.11  37.99 nd nd nd
MnO 0.03 0.01 0.12 003 0.09 0.01 002 009 0.04 0.02 0.09 0.08 0.06 0.03 0.02 0.05 0.15 0.09  0.09 0.11 020 024 0.01 0.00 0.00
FeO 2.77 3.22 811 277 10.05 349 323 683 3.63 314 337 3.43 3.30 3.08 2.97 423 3.90 10.05  3.81 5.92 2351 2415 024 025 0.21
Total 90.43 89.58 96.32 9048 90.38 89.74 89.63 93.65 87.26 86.80 93.90 96.15 91.23 89.67 87.46 90.84 8535 90.34 8521 86.97 97.95 98.19 99.96  100.61 100.23
An 9400 94.00 94.00

Representative electron microprobe analyses (UCSB and UiO) of glassy to fibrous matrix (low-totals) and micro-phenocrysts (ol, opx, cpx, Cr-spl) from the ultramafic pseudotachylytes (PST), srp from serpentine vein, and magmatic minerals (ol, opx, cpx, pl)
from wall-rock peridotite. Solid-solution end-member contents are shown for minerals with significant compositional variation. Mineral abbreviations are after [47].
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Fig. 6. A) Pyroxene compositions from peridotite wall rock (squares) and from ultramafic pseudotachylyte micro-crystals (circles). Isotherms are
from [37]. See text for discussion. B) MgO—CaO composition of ol from pseudotachylyte micro-crystals (circles) and from the wall-rock peridotite

(squares) showing high content of CaO in ol from the pseudotachylyte.

BSE images show that the interstitial matrix between
porphyroclasts and new-formed crystallites has a low
average atomic weight. EMP analyses give a range of
ultramafic compositions with SiO, and MgO contents
from 37.2% to 53.4% and 25% to 42.5%, respectively.
The analyses give low totals ranging from 86.8% to
96.5% (see Table 1). Variations between individual
nearby analyses points are, however, difficult to recon-
cile with real mineral compositional variations. We
therefore interpret the analyses to represent mixed,
non-stoichiometric data and not to represent well-de-
fined individual serpentine crystals. This is supported
by the BSE images, which show that the matrix may be
glassy homogeneous- to micro-fibrous and micro-po-
rous. Cavities are normally smaller than 1 um across. In
one sample (Cor7b-03), however, a few larger cavities
up to 20 um across have been observed. These probably
represent vesicles present at the melt stage since idio-
morphic clino-pyroxene crystals have crystallized into
the cavity (Fig. 5b). The presence of a micro-vesicular
interstitial matrix suggests that the frictional melting
was accompanied by high fluid-pressures, which at

least locally was sufficient to release a free gas phase
from the melt. The fibrous domains of the matrix
probably formed by devitrification of original glass to
serpentine, whereas the homogenous domains may be
sub-micron scale mineral intergrowths or possibly still
glass.

5. Conditions for formation of ultramafic
pseudotachylyte

The texture and mineralogy described above show
that the pseudotachylyte veins formed by near complete
melting of the wall rock composed of olivine (Fog7_o0),
ortho-pyroxene (Eng7), diopside-rich clino-pyroxene
(Woy4e, Engg, Fss) and Cr-rich spinel. Some studied
samples also contain minor plagioclase (Ang4), and all
samples have alteration represented by grain-boundary
fringes, veins and fracture networks of serpentine. The
pseudotachylytes contain small, variably idiomorphic to
sub-idiomorphic zoned olivine grains (~10-15 pm)
with Mg-rich cores and higher Fe-content along the
margins (see above). The compositional range of ana-
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lyzed wall rock olivine crystals is more restricted
(Fog7_9¢). The small olivine crystals in the pseudotachy-
lyte also have higher Cr,O3, Al,O5; and considerably
higher CaO contents than the wall rock olivine (Fig. 6b).
We interpret them to be micro-phenocrysts crystallized
directly from the friction melt. The zoning patterns as
well as the compositional variations between the wall
rock-and the pseudotachylyte minerals are very similar
to the pseudotachylyte described from the Balmuccia
peridotite [5]. The pseudotachylyte pyroxenes have ex-
treme compositional variation and reduced opx—cpx
immiscibility indicative of high-temperature crystalliza-
tion (Fig. 6, Table 1, and [39]).

The micro-vesicles observed with SEM (see above)
and the low-total-oxide analyses (~90%) of the intersti-
tial matrix suggest that the melt had a high fluid-content
and that the melt became fluid-saturated as the water-
free micro-phenocrysts formed. Image analyses (Matlab
script, written com., Dani Schmid, 2004) from two
high-magnification SEM micrographs show that typical
pseudotachylyte is composed of 56.4% to 59.2% crys-
tals (ol, cpx, opx, opaques), 39.4% to 41.6% matrix and
1.4% to 2.0% micro-porosity interpreted to represent
vesicles (Fig. 5b). The preservation of the primary
texture and mineralogy of the micro-phenocrysts sug-
gest that the fluid was originally dissolved in the melt
and that the matrix was not hydrated by introduced
water at a later stage. The original peridotite must
therefore have had an appreciable content of water
before it melted by frictional heating. Based on the
fluid content of the matrix (low total analyses and
micro-porosity) the friction melt contained approxi-
mately 12% by volume of a hydrous fluid, or close to
4% by weight assuming an ultramafic melt with density
of 2.85 [40]. Experiments and theoretical estimates of
water-saturation in a melt at 1 GPa give 13% water by
weight [41,42].

The fluid-composition in the studied rocks was most
likely dominated by water since carbonates have not
been identified in our thin sections. Idiomorphic diop-
side crystals in vesicles suggest that clino-pyroxene
crystals grew after vesiculation (Fig. 5b). Assuming a
H,O fluid content of 4 wt.%, a pressure of 1 tol.5 GPa
as suggested by the ambient blueschist facies regional
metamorphic conditions, solidification of the pseudota-
chylyte melts may have occurred at ca 1200 °C [42].
Based on these observations and the published experi-
mental and theoretical parameterization of peridotite
melting by Katz et al. [42], we estimate that friction
on the co-seismic faults producing pseudotachylytes in
the peridotite must have raised the temperature from the
ambient metamorphic conditions of 400 to 450 °C by at

least 1250 °C (8T in Eq. (4)) to a melting temperature of
1650-1700 °C or more.

Paleopiezometry from studies of grain-size and dis-
location density (4 to 5x 10" m™?) in olivine associat-
ed with pseudotachylyte in peridotite, compared with
experimental results, indicate that peridotites may sus-
tain extreme differential stresses of ca 3—600 MPa [5,6].
We have not been able to able to measure exact dis-
placement on the studied main faults in the field be-
cause well-defined, offset markers have not been
identified. However, if we assume that there is a char-
acteristic relationships between energy pr m? fault sur-
face and the volume of melted peridotite, and that fault
veins with consistent pseudotachylyte thicknesses rep-
resent faults with a minimal leakage of melt into the
wall-rocks or releasing bends, we can use the volume of
melt to estimate displacement [13]. A magnitude ~7
earthquake with displacement — d~1 m [43] and a
differential stress of 300 MPa in mantle peridotite [5]
will release energy according to Eq. (1): W=Q+E,;
which is equal to: Wiy=dxXo,=d X(0,—03)/2=1
m % (300 MPa)/2 = 1.5x10® Jm 2. If the seismic
efficiency () is ~5%, the radiated seismic energy E,
is 7.5x10° Jm 2 the remaining energy (Q=
1.425x 10° Jm?) turns to heat and surface energy
along the fault. The process is adiabatic since the
fault movement occurs in seconds and no heat is lost
by conduction (thermal diffusivity x~1.5 mm?s~ ).

Taking heat capacity of peridotite:
Cp=1150 T kg ' °C';
Heat of fusion of peridotite:
H=8.6x10 Jkg~'
Temperature increase:
06T=1200 °C

The thermal energy (Q) required to melt 1 kg of
peridotite according to Eq. (4) is:

0 = C,(8T) + HQ = 1150 Jkg~'°C~'(1200°C)
+8.6 x 10° Jkg !
=224 x 10° Jkg™". (4)

A magnitude-7 mantle earthquake at these condi-
tions may therefore melt ca 63.6 kg peridotite pr m? of
the fault plane, corresponding to ca 2 cm thick layer
of ultramafic pseudotachylyte. This estimate is consid-
ered to be a reasonable based on the field observations
where 1-3 cm-thick pseudotachylyte fault veins are
common. The heat of fusion (H) for peridotite is not
well determined. Here we use a value of H for olivine
given by [44] and a stress of 300 MPa in the calcu-
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lation. This is close to an order of magnitude higher
than stress-drops commonly measured by seismology
[9]. The high stress value was chosen from a minimum
estimate based on paleopiezometric measurements in
the seismically faulted Balmuccia peridotite, where a
stress of 3-600 MPa was obtained from detailed
micro-textural studies of olivine dislocation-densities
and olivine re-crystallized grain size distribution [5,6].
Extremely high stresses are also implied by the system
of apparently conjugate fault veins (Fig. 3) and the
high-pressure mineralogy of the pseudotachylytes [25].
We therefore prefer the high stress values derived
from the combined geological/mineralogical criterion
rather than those suggested by seismology. Alterna-
tively, if the stresses were closer to those suggested
from seismology, the near complete melting of peri-
dotite would require larger displacement (closer to 10
m rather than 1 m suggested here) at lower stresses,
implying much larger magnitude-9 earthquakes. It is
suggested that several magnitude 7 or larger paleo-
earthquakes generated the common 1-3 cm-thick
pseudotachylyte fault veins in a close to conjugate
fault system preserved in the mantle peridotite at
Cima di Gratera.

6. Relationships between co-seismic slip, ductile
fabric and metamorphism

It follows from the descriptions and interpretations
above that co-seismic faulting at blueschist facies pro-
duced pseudotachylytes in the studied mantle rocks.
The brittle faulting was in general a precursor to ductile
deformation, although pseudotachylytes cutting small-
scale shear zones and foliations can be observed (Fig.
5f). Pseudotachylytes were only generated in rocks
retaining their mechanical framework supported by
pyroxene and olivine (+plagioclase in gabbro). The
ductile ultramafic rocks are dominated by serpentine,
requiring introduction of vast quantities of water to
form (~100 g H,O kg™ '). Similarly, hydrous minerals
including amphibole, epidote and sheet-silicates char-
acterize the foliated mafic rocks. In detail, the better-
preserved rocks with pseudotachylytes also display
evidence of minor hydration predating generation of
pseudotachylyte and ultra-cataclastite (Fig. 5f) [25].
Serpentine micro-veins and/or grain-boundary alter-
ation textures have been observed in the wall rocks of
pseudotachylyte. Previously described textures within
pseudotachylyte veins from the gabbro also show re-
placement of ortho-pyroxene by talc prior to pseudo-
tachylyte formation, and frictional heating in ultra-
cataclastite associated with pseudotachylyte veins has

dehydrated serpentine to olivine (see Fig. 3 in [25]). If
co-seismic faults truncated zones of serpentinisation,
significant volumes of water may have been released
by the dehydration reaction of serpentine to olivine
[25,45]. Release of water may in turn have caused
new seismic events by reducing the effective stress
and may potentially have created swarms of earth-
quakes similar to those related to the release of CO,
[46]. Indeed multiple events generating pseudotachy-
lyte are common in all fault vein complexes observed in
the present study.

The relationship and interdependence between fric-
tional heating releasing water by dehydration reac-
tions, frictional melting and hydration reactions
related to ductile deformation may be more compli-
cated. Evidence for dehydration reactions has so far
only been observed at a small-scale in our previous
study [25]. If seismic faults produce frictional melts,
the water released may have been dissolved in the
melt since silicate melts may contain very large
amounts of water at high pressure [41]. It is therefore
possible that significant frictional melting may reduce-
rather than increase local fluid pressure, whereas fric-
tional faulting without melting may release water and
increase the local fluid pressure. In spite of the limited
observation of frictional-heat driven dehydration tex-
tures we suggest that local frictional heating may be a
potentially important water-release mechanism in ser-
pentine bearing rocks for reducing the strength and to
trigger earthquakes.

7. Conclusions

The field, micro-textural and mineralogical data pre-
sented here documents that large paleo-earthquakes
(magnitude-7 or larger?), from the Alpine HP-LT com-
plex in Corsica resulted in common frictional fusion in
both gabbro and mantle peridotite. The frictional heat-
ing on co-seismic faults in peridotite resulted in near
complete disequilibrium melting, and raised the tem-
perature by more than 1200 °C to over 1650 °C. Micro-
phenocrysts of olivine, ortho-, and clino-pyroxene and
spinel crystallized directly from the friction melts, and
veins thicker than ~5 mm commonly have acicular
clinopyroxene forming radiating single crystals or dis-
order dendrites, which may have idiomorphic crystal
habit adjacent to vesicles. This demonstrates that micro-
phenocrysts crystallized directly from the melt and were
not formed by later devitrification of a solidified glass.
Solutions of Eq. (3) show that mm-thin veins solidified
in seconds, whereas thicker melt pockets and veins (>2
cm) may have preserved liquid cores for minutes, hours
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and in some cases days (38 cm thick vein solidified in
ca 33 h). The characteristic fault-vein thicknesses, the
mineralogy and micro-textures of the pseudotachylyte
veins developed in a conjugate fault system within
peridotites at blueschist facies pressure conditions sug-
gest that the stress associated with the faulting was
extremely high; alternatively the displacement and the
paleo-earthquakes must have been much larger than
magnitude-7.

Even though the co-seismic fault products are only
preserved in the least hydrated rocks of the subduction
complex, it is important to note that all the studied
rocks preserve evidence of some earlier serpentinisa-
tion. Micro-porosity and chemical analyses of the most-
ly devitrified (?) interstitial matrix show that the fluid
content of the ultramafic melt was up to 4%. The
generation of pseudotachylyte may dehydrate wall
rocks, whereas shear heating on seismic slip-zones
without melting may release fluids by localized shear-
heat-driven prograde reactions [25,45]. This may in
turn locally lower effective stresses and trigger swarms
of new co-seismic slip-events [46]. Frictional heating
on shear zones and faults may therefore be important
for seismic stress-release in adjacent drier rocks. Care-
fully designed studies are necessary to further assess
and quantify the feedback mechanism between ductile
deformation and earthquakes at HP-LT metamorphic
conditions such as those prevailing in subduction
zones.
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