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Abstract

Our understanding of frictional melting that occurs during large earthquake slip events has been hampered by the
extremely fine-grain size of frictionally fused rock, and the lack of detailed high-resolution microscopy studies that
describe features at the crystal lattice scale. In such a study, we here report the complex nature of melting and
crystallization in a symmetrically layered, pseudotachylyte vein from the Alpine Fault, New Zealand. Two melt pulses
are recognized, attributed to successive, but rapid, injections of frictionally generated material. The initial injection,
preserved at the vein margins, was proximally derived and contains a high concentration of clasts and a Si-rich glass.
This was quickly followed by a second generation of a more distally derived, melt-dominated fraction, which was
injected into the weak vein center. Whereas fragments of wall-rock biotite are preserved in the marginal zones,
neocrystallized microlitic biotite characterizes both margins and center. The vein biotite is different in composition,
microstructure and polytypism from the metamorphic biotite of the wall rock. In all melt layers, newly formed biotite
shows notable signs of syn-flow crystallization, strain features and erosion at crystal^glass contacts, with breakdown
of neocrystallized microlites along both crystal edges and faces. These characteristics imply cyclic pulses of heating,
melting and crystallization occurred during a single, large earthquake episode, and probably reflects the stick-slip
propagation properties of coseismic faulting. 40Ar/39Ar total gas ages from the vein center give a 1.11; 0.04 Ma date
for cyclic melting which, based on current exhumation rates, occurred at a crustal of depth V11 km.
< 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

The coseismic frictional melting of the Earth’s
crust is now a widely reported phenomenon with-
in fault zones. It has been described in fused rocks
(pseudotachylytes) formed at various depths and
under a broad spectrum of P^T^X and £uid con-
ditions [1^3]. A variety of characteristics re£ect a
melt origin [4], which include quenched vein mar-
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gins, vesicles, amygdules and glass, as well as a
range of crystallization features, notably micro-
lites, dendritic laths and spherulites [5^8]. Study-
ing frictional melt processes is an essential part of
understanding fault mechanisms, thermal pertur-
bations and mass transfer during crustal displace-
ments. It is also necessary for the successful dat-
ing of prehistoric earthquakes, and to determine
the depths at which future catastrophic earth-
quakes may originate.
Our current understanding of frictional melting

during faulting is based on the study of natural,
experimental and theoretical properties of the
rock-forming minerals [9,10]. Results from exper-
imental simulations using friction welding appa-
ratus indicate the build up of melt layers with
characteristics suggestive of several cycles of me-
chanical breakdown, heating, melting and freezing
occurring during a single slip event lasting several
seconds [11]. The stick-slip motion of the sliding
interface has also been veri¢ed by high-precision
velocity monitoring [10]. Although multiple melt
layers have been described in some natural pseu-
dotachylyte veins [12], the recognition of cyclic
processes has been hampered by the extremely
¢ne-grain size of these rocks and their susceptibil-
ity to alteration reactions. To date, only few de-
tailed high-resolution microscopy studies have
been successfully conducted on such material
[13,14], and many features at the crystal lattice
level remain unresolved.
In this contribution, we present results of a de-

tailed high-resolution transmission electron mi-
croscopy (HRTEM) and 40Ar/39Ar isotopic study
of a layered pseudotachylyte vein. Evidence is pre-
sented for frictional melt pulses during a single
earthquake-faulting episode, characterized by cy-
clic stages of frictional melting and freezing which
varied in time and space. Furthermore, we dem-
onstrate that faulting was accompanied by rapid,
syn-£ow crystallization, enabling us to isotopi-
cally date the earthquake event. The sample in-
vestigated comes from the central section of the
Alpine Fault in New Zealand (Fig. 1). It is par-
ticularly suitable in lacking any mineralogical
signs of low-temperature alteration, cf. [15], con-
tains abundant biotite as the only K-rich mineral,
and displays a symmetrically layered zonation.

2. The Alpine Fault and its pseudotachylyte

The Alpine Fault is an important segment of
the active Australian^Paci¢c plate boundary that
runs for V650 km through the continental crust
of the South Island. With an apparent dextral
displacement of at least 480 km, movement along
the fault has been accompanied by a component
of thrusting, which has exhumed pseudotachylyte-
bearing amphibolite facies rocks along the Paci¢c
plate margin. Motion along the central part of the
Alpine Fault has involved oblique-slip displace-
ment, with relatively constant late-Quaternary
strike-slip rates over the past 14 000 years of
27; 5 mm/yr and dip-slip (hanging-wall uplift)
rates reaching s 10 mm/yr [16,17]. The rapid up-
lift and exhumation of hanging-wall rocks along
the central section is evident from the abundance
of young, 6 5 Ma old, 40K/39Ar, 40Ar/39Ar and
¢ssion track cooling ages [18^20]. Young K-feld-
spar 40Ar/39Ar apparent ages (4.4^7.6 Ma) have
also been reported from nearby footwall rocks
[21].
Classic pseudotachylyte veins occur along the

central section of the Alpine Fault (Fig. 1), at
numerous localities between the Haast and Wan-
ganui rivers [22]. These veins cut all fault rocks
apart from the gouge and because of their glassy
appearance have been attributed to coseismic fric-
tional melting [22^24]. Previous attempts to date
pseudotachylyte reported a 9.8 Ma 40K/39Ar age
from Harold Creek, in the vicinity of the Wanga-
nui River [18], and a 0.43; 0.17 Ma ¢ssion track
age from NE of the Haast River [25]. The sample
described herein was collected by R. Sibson (Ota-
go University) from a fallen block along the south
bank of the Wanganui River, a locality where the
¢eld relationships and petrology of pseudotachy-
lytes are well documented [24]. Here, the frictional
melts were sourced preferentially along listric
faults and channeled into adjacent dilational frac-
tures, which acted as reservoir sites. The studied
vein is 6 1 cm thick and notably layered, with a
paler central portion surrounded by two, symmet-
rically distributed, darker margins originally inter-
preted as a quenching texture (S. Cox, personal
communication). Although the pseudotachlyte
largely parallels the foliation within the schist,
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there are portions of sample where the vein is seen
to cross-cut the main fabric.

3. Methodology

A number of sections were cut from the sample,
oriented perpendicular to the vein margins. From
this material, several polished thin sections were
prepared for optical and scanning electron mi-
croscopy (SEM) examination (using a Hitachi

S570 instrument). The remaining cut blocks were
used to prepare sections for X-ray texture goni-
ometry (XTG), HRTEM investigation and laser-
probe 40Ar/39Ar step-heating analysis. The analyt-
ical procedures used followed published method-
ology [26^28]. For HRTEM work, small, 3 mm
Cu rings with holes 2 mm in diameter were glued
onto thin sections of the rock sample then re-
moved with the attached portion of the thin sec-
tion and placed in an ion mill. More than four
ion-milled specimens were prepared for each seg-

Fig. 1. Locality map showing the distribution of pseudotachylyte along the Alpine Fault of New Zealand [22]. The sample
studied here comes from the Wanganui River locality. The distribution of shallow seismicity (6 14 km depth) between 1990 and
1994 is shown [45] and the relative motion between the Australian and Paci¢c plates (in mm/yr). HR=Haast River. WR=Wan-
ganui River.
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ment of the vein and adjacent wall rock. Micros-
copy was undertaken using a Philips CM12 scan-
ning transmission electron microscope at an oper-
ating voltage of 120 kV and a beam current of 20

WA, housed at the University of Michigan (Elec-
tron Microbeam Analysis Laboratory). High-
resolution imaging was conducted at a range of
magni¢cations betweenU50 000 andU350 000.

EPSL 6573 18-3-03

L.N. Warr et al. / Earth and Planetary Science Letters 209 (2003) 39^5242



Quantitative chemical analysis was performed in
scanning mode by energy-dispersive spectrometry
analysis over areas of 100 nm2 using a Kevex
Quantum solid-state detector [27]. HRTEM study
was based on examination of 124 lattice fringe
image negatives, 20 selected area electron di¡rac-
tion patterns and 223 chemical analyses. Laser
40Ar/39Ar step-heating [28] was undertaken on
6 4 mm long and V1 mm thick rock slices. Two
measurements were made on fragments from each
rock slice. As consistency was found between total
gas ages and the argon-retention ages for encap-
sulated pseudotachylyte samples [29], net loss of
39Ar recoil e¡ects was considered to be negligible.

4. Results

4.1. Mineral assemblage and fabric

The wall rock of the vein contains abundant
oligoclase, quartz, biotite and muscovite, with mi-
nor amounts of amphibole and garnet, character-
istic of amphibole facies Alpine Schist pelites (Fig.
2a). In contrast, the vein itself has a simpler min-
eral assemblage, lacking muscovite, amphibole

and garnet. The clasts consist only of oligoclase
and quartz, whereas the matrix is made up of
neocrystalline plagioclase, biotite and ilmenite,
with patches of an amorphous Si-rich glass.
The symmetrically layered zonation of the pseu-

dotachylyte specimen is largely de¢ned by di¡er-
ences in the proportion of clasts to matrix (Fig.
2a). The two, 1^3 mm thick, dark margins of the
vein are notably rich in clasts, constituting V50%
volume. In contrast, the 2^5 mm thick, paler cen-
tral layer is matrix dominated, and contains only
6 20% of visible clasts. The boundary between the
vein layers appears discrete both in hand speci-
men and by microscopic examination (Figs. 2a
and 4, top left). Signi¢cantly, no clasts are seen
to truncate the contact and, in places, the central
layer appears to have £owed around local ob-
stacles embedded in the marginal zone, implying
a viscosity contrast. The two types of layers also
show distinct di¡erences in clast size. Whereas the
average clast size appears to be generally smaller
in the marginal zones than in the central layer, the
largest clasts (s 1 mm in size) are located toward
the vein edges, and are locally derived from adja-
cent wall rock.
Variations in fabric between the host schist and

the vein are evident in both backscattered SEM
images and in XTG-measured pole ¢gures of mica
grains (Fig. 2b, Table 1). The orientation of mus-
covite and biotite grains in the schist are well
aligned parallel to the vein walls, with basal
planes having triaxial distributions (maximum in-
tensity of 6.87 multiples of a random distribution
(m.r.d.) ; X/Y=1.18, Y/Z=2.42). In contrast, bio-
tite grains in the vein margin has a weak uniaxial,
£attening fabric (maximum intensity of 2.61
m.r.d.; X/Y=1.01, Y/Z=1.57). Similarly, the cen-
ter has a near-uniaxial distribution (maximum in-
tensity of 2.61 m.r.d.; X/Y=1.09, Y/Z=1.61), but

Table 1
XTG (mica pole ¢gure) and biotite grain size data for vari-
ous segments of the Alpine Fault rock sample studied

Vein m.r.d. X/Y Y/Z L T AR
(Wm) (Wm)

Wall 6.87 1.18 2.42 83 17 4.9
Margin 2.61 1.01 1.57 0.26 0.08 3.3
Center 2.68 1.09 1.61 0.2 0.04 5

m.r.d. =multiples of a random distribution, X/Y and Y/Z are
ellipsoid ratios calculated as March values [18], L= length,
T= thickness and AR=aspect ratio.

6

Fig. 2. (a) Low-magni¢cation backscattered SEM image of part of the pseudotachylyte vein showing wall rock, margin and cen-
ter. The vein wall consists of quartz (dark gray), oligoclase (medium gray), some larger muscovite crystals (lighter gray), and ¢ner
patchy grains of biotite (light gray). The marginal layer of the vein contains numerous clasts (V50% volume) of oligoclase and
quartz, which are signi¢cantly less abundance in the central layer. The ultra¢ne matrix is largely a mixture of plagioclase, biotite
and ilmenite. (b) Preferred orientation of mica grains from various segments of the sample measured by XTG using the (001) re-
£ection. Measurements are presented in the plane running parallel to the vein margins (showing the Z axis), but the direction of
the X and Y axes are not constrained. m.r.d. =multiples of a random distribution. (c) High-magni¢cation backscattered SEM im-
age showing the £ow fabric in the vein center marked by trails of biotite crystals.
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displays a weak £ow direction parallel to the vein
walls.
SEM images of the fabric in the central layer of

the vein show that an early generation of biotite
crystals forms haloes around quartz clasts (Fig.
2c), suggestive of rapid cooling of melt [8].
Some haloes also have tails, reminiscent of syntec-
tonic overgrowths in metamorphic rocks [30],
clearly indicating syn-£ow crystallization. The
tails are oriented parallel to the vein walls and
mark the direction of £ow. Subsequent crystalli-
zation appears to be dominantly post-£ow, and
consists of alternating spherulitic zones of bio-
tite^ilmenite-rich and plagioclase-rich ground
mass. At the highest magni¢cation, biotite is
seen to have a microlitic texture, de¢ned by sub-
micrometer interlocking laths, inferred to be
cross-sections of euhedral crystals.

4.2. Biotite^glass microstructure and chemistry

Microstructure, texture and composition of bi-
otite and glass in the wall rock and the various
layers of the vein were studied using a HRTEM.
Wall-rock biotite crystals are relatively large
(average length 83 Wm, aspect ratio 5) and show
only local strain features, with some partial break-
down to amorphous material along 00l crystal
contacts (Fig. 3a). Electron di¡raction patterns
of crystals indicate both 1M and 2M1 polytypes
coexist and display varying degrees of periodicity,
similar to features described in crystalline meta-
morphic and igneous rocks [31,32].
In the margins of the vein, irregular but small

grains of wall-rock-derived biotite are evident.
These grains are commonly surrounded by glass
(Fig. 3b), indicating rapid quenching along the
vein walls. Biotite crystals have been extensively
melted, particularly at grain edges, resulting in
particles, on average, over 300 times shorter

than those observed in the wall rock and with
notably lower length to thickness ratios (average
length 0.26 Wm, aspect ratio 3.3). Interlocking
crystals of neoformed biotite also occur in the
vein margins and in contrast to the wall rock
show more extensive signs of melting, numerous
stacking faults and poorly ordered 1M polytypism
(Fig. 3c,d). The stacking faults are considered to
be strain induced because of their association with
other deformation features, such as local kinking
and zones of lattice distortion, as well as their
resemblance to microstructures described in ex-
perimentally and naturally deformed biotite crys-
tals [33,34]. The areas containing high concentra-
tions of stacking faults also appear to have acted
as preferential sites for subsequent melting.
No biotite derived from the wall rock was de-

tected in the central layer of the vein. Only the
very ¢ne-grained neocrystalline biotite was ob-
served, with large aspect ratios (average length
0.2 Wm, aspect ratio 5) similar to unmodi¢ed bio-
tite of the wall-rock schist. This vein biotite com-
monly consists of single crystals with subrounded
ends, or as interlocking microlites. Di¡erent gen-
erations of biotite growth can be recognized in
high-resolution images (Fig. 3e). Interlocking
laths, with strained and kinked contacts (genera-
tion Bi-1), have overgrowths of unstrained biotite
(Bi-2), with both kinds showing signs of erosion.
Despite the di¡erences in composition, micro-
structure and polytypism, all generations of bio-
tite, including neocrystallized laths of the center
and margins of the vein, display clearly de¢ned
erosional and melting textures, with breakdown
of crystal structure at both crystal edges and
faces.
The average compositions of biotite and glass

determined by analytical electron microscopy (Ta-
ble 2) reveals the glass did not result from melting
of biotite crystals alone. Compositions also reveal

6

Fig. 3. HRTEM images and electron di¡raction patterns of biotite in the pseudotachylyte vein. (a) Wall rock showing partial
breakdown along 00l basal planes and a mixture of 1M and 2M polytypes. (b) Vein-wall contact with irregular, melted wall-rock
grains surrounded by Si-rich glass. (c) Poorly ordered 1M polytypism in the vein margin. (d) Vein margin containing both melted
and eroded wall-rock grains and neoformed interlocking crystals. Note the abundance of stacking faults within microlites. (e) Vein
center showing a high-magni¢cation image of interlocking microlites (poorly ordered 1M polytype), with strained and kinked
contacts. A second generation of unstrained biotite overgrowth can be recognized along with local erosion at biotite^glass con-
tacts. Bi = biotite, Bi-1= ¢rst biotite generation, Bi-2 = second biotite generation.
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Fig. 4. Laser-probe 40Ar/39Ar step-heating spectra from ¢ve segments across the pseudotachylyte vein (detailed results listed in
Table 3). Increasingly younger dates are recorded toward the vein center, and the 39Ar release spectra become less complex.
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di¡erences between the host schist rock and the
layers of the pseudotachylyte. Biotite grains at the
margins of the vein are notably more Ti-, Cr-,
Mn- and Mg-rich, and Fe- and K-poor relative
to those of the wall rock, but Si and Al concen-
trations are not as variable. In contrast, the bio-
tite grains at the vein center are more Si- and Ti-
rich, and Fe-, Mn- and K-poor relative to biotite

of the wall rock, with Cr being notably absent.
Importantly, the average biotite composition for
the vein margin is not intermediate between that
of the wall rock and vein center, as would be
expected from a simple physical mixture. The de-
tectable concentrations of Ca and Na recorded in
the biotite may re£ect contamination of the anal-
yses from hidden feldspar grains or patches of

Fig. 5. Schematic reconstruction of the Alpine Fault [15,42] during the V1.1 Ma earthquake episode. The predicted location of
cyclic melting and crystallization during pseudotachylyte generation is placed at V11 km depth, corresponding to the base of the
present seismogenic zone.

Table 2
Average biotite and glass compositions determined by analytical electron microscopy analyses (wt% oxides, normalized to 100%)
in the wall, margin and center of the pseudotachylyte sample

Wall rock Margin Center Margin Center
Biotite Biotite Biotite Glass Glass

n 39 20 15 4 15
SiO2 35.81(3.26) 34.68(4.17) 42.83(5.19) 64.22(6.38) 72.17(6.78)
TiO2 1.47(0.67) 5.64(1.46) 1.92(0.54) 7.00(4.44) 0.46(1.15)
Al2O3 20.97(3.94) 19.32(1.21) 19.67(1.72) 16.42(2.94) 17.45(3.91)
Cr3O2 0.30(0.61) 1.02(0.19) 0.00 1.18(1.35) 0.00
FeO 22.06(4.36) 16.73(1.44) 17.67(2.69) 1.72(1.1) 0.67(0.69)
MnO 0.35(0.24) 1.63(1.85) 0.15(0.22) 0.33(0.24) 0.04(0.13)
MgO 8.27(2.49) 10.01(1.64) 8.21(1.63) 2.63(0.43) 2.95(0.54)
CaO 0.00 0.27(0.43) 0.06(0.27) 2.18(1.1) 2.32(1.54)
Na2O 0.61(1.68) 2.47(0.52) 0.63(0.65) 2.63(0.43) 3.73(2.05)
K2O 10.1(2.11) 8.11(1.25) 8.87(1.71) 2.64(0.4) 0.20(0.37)

Standard deviations (c1 con¢dence level) are presented in parentheses.
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glass, or alternatively could re£ect migration of
elements during the initial stages of melting and
mineral decomposition.
In addition to di¡erences in biotite composition

between the host wall rock and the pseudotachy-
lyte vein, grains in the center layer vary signi¢-
cantly from those in the margin, being more Si-,
Fe- and K-rich, and Ti-, Mn- and Mg-poor.
Although the glass di¡ers signi¢cantly in compo-
sition from the biotite, there are some similar
compositional trends between the vein margins
and its central layer. The glass of the central layer
is Si-rich but Ti-poor and also completely lacks
Cr. Another notable feature is the similarly high
Ti content of both glass and biotite in the vein
margins, which averages between 5% and 7%.

4.3. 40Ar/39Ar geochronometry

The 40Ar/39Ar results for the various segments
of the vein, its wall rock and the host schist yield
progressively younger total gas ages toward the
center of the structure (Fig. 4, Table 3). The
ages of the host schist and the two immediate
walls of the vein range between 7.2 and 13.3
Ma, notably older than published mica K/Ar
ages from the Alpine Schist adjacent to the Alpine
Fault, which range between 1 and 5 Ma [20].
Spectra are characterized by trough-shaped 39Ar
release patterns, and during degassing the Cl/K

ratio decreased and the Ca/K ratio increased.
These complex spectra can be partly attributed
to the diverse mineral assemblage of the schist,
which contains signi¢cant quantities of K-rich bi-
otite and muscovite, together with K-poor phases
such as amphiboles and plagioclase. However,
these samples also show clear signs of excess
40Ar, being very similar in appearance to pub-
lished 40Ar/39Ar spectra for biotite and muscovite
separates from the Mataketake Range to the
north of the Haast River [20]. Plotted graphically
on a 36Ar/40Ar against 39Ar/40Ar diagram, all
points of the wall-rock schist samples ¢t within
a three point mixing triangle bounded by air
and a V1.5 Ma closure age (see isochron plots
in the Background Data Set1).
The 39Ar release spectra of the vein margins

also show complex degassing patterns, but in con-
trast to the trough-shaped patterns of the schist
they generally step upwards. The low ages at low
temperatures could represent some loss of 40Ar
due to alteration and devitrication, whereas the
high ages at high temperatures probably represent
a small amount of inherited 40Ar from inclusions
that were not completely degassed. Both the Cl/K
and Ca/K ratios increased during release of 39Ar,
re£ecting the simpler mineral assemblage of the
vein as compared to its host, which is comprised
of plagioclase, biotite and glass but lacks musco-
vite and amphibole. The total gas ages for the
margins vary signi¢cantly, ranging from 1.73 to
3 Ma, which can be attributed to mixing of wall-
rock biotite and the neocrystallized biotite ob-
served in HRTEM images (Fig. 3d). The very
small-grain sizes of this kind of biotite and the
relatively young ages suggest that a high degree
of resetting occurred during frictional heating,
with the variability in ages indicating that com-
plete resetting was not achieved.
The youngest and more consistent total gas

ages were recorded from the center of the vein,
at 1.078; 0.012 and 1.131; 0.019 Ma. The 39Ar
release patterns increase stepwise, but are gener-
ally not as complex as those recorded for the vein
margin. A rough plateau is approached at V1.1

Table 3
40Ar/39Ar total gas ages for the various segments of the
pseudotachylyte vein and its wall rock

TGA-1 TGA-2
(Ma) (Ma)

Center-1 1.078; 0.012 1.131; 0.019
Margin-2 1.725; 0.020 1.734; 0.025
Margin-3 2.231; 0.050 3.008; 0.051
Wall-4 7.186; 0.020 9.100; 0.024
Wall-5 9.532; 0.023 11.473; 0.027
Host schist 11.920; 0.030 13.260; 0.040

Two sample fractions were measured for each segment (age 1
and age 2). The host schist sample was extracted 6 cm per-
pendicular from the vein margin (refer to Fig. 4 for location
of numbered segments). TGA= total gas ages. The isotopic
data, spectra and isochron plots are available in the Back-
ground Data Set1). All errors are at 1c and are relative to an
age of 27.99 Ma for biotite standard PCT-3 [46].

1 http://www.elsevier.com/locate/epsl
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Ma, which steadily decreases below 30% 39Ar re-
lease, with a gradient very similar to theoretical
models for volume di¡usion [35]. Changes in Ca/
K and Cl/K ratios are comparable to those of
the vein margins, re£ecting the same assemblage
of plagioclase, biotite and glass. As these ages
come from the vein segment that is not contami-
nated by wall-rock biotite, or any other K-rich
minerals, and not in£uenced by the e¡ects of ex-
cess argon, they represent the date of the friction-
al melting event, and the time at which the newly
formed crystals cooled through their closing tem-
perature following frictional heating. Combining
the two ages from the center of the vein, we pro-
pose a date of 1.11; 0.04 Ma.

5. Discussion and conclusions

Based on the collective data presented, the fric-
tional melt history of the studied Alpine Fault
pseudotachylyte is outlined and discussed in terms
of spatial and temporal variations during earth-
quake faulting. Although quenching was an im-
portant process in£uencing the variety of textures
that developed across the vein, there are a number
of features which indicate that the symmetrical
arrangement of layers was not formed simply by
quenching of a single generation of melt. Firstly,
the pseudotachylyte sample contains two distinct,
relatively homogeneous types of layers that varied
in viscosity, separated by a discrete boundary.
Each melt fraction di¡ered distinctly in its clast
to melt ratio, with no transitional zone occurring
between clast- and melt-dominated fractions. Sec-
ondly, there are notable di¡erences in both biotite
and glass compositions of the layers, suggestive of
varying source areas and/or P^T^X conditions of
formation. Whereas the marginal layer biotite and
glass is high in Ti, Cr and Mn, central layer com-
positions are notably high in Si and contain no Cr
(Table 2). Thirdly, despite di¡erences in quench-
ing textures observed between the margins and
center, the average size of vein biotite microlites
does not signi¢cantly di¡er between these layers
(0.2 and 0.26 Wm, respectively), as would be ex-
pected from the quenching of a single melt layer
[4].

We propose that the symmetrically arranged
layers were formed by two successive injections
of friction-generated melt, each 4^5 mm thick.
The initial stage of formation involved cataclasis
and frictional melting at the walls, with preferen-
tial breakdown of the hydrous minerals biotite,
muscovite and amphibole. As some wall-rock
crystals are fragmented and can be traced into
the pseudotachylyte margin, frictional melting oc-
curred along a source plane, probably a listric
fault or splay^fault junction [24]. The mixture of
wall-rock biotite and neocrystallized microlites in
this layer explains the younger, but variable total
gas ages, and indicates that complete resetting of
the isotope system was not achieved. The relative
abundance of glass in this layer also suggests rap-
id quenching of this clast-dominated viscous melt.
The material resulting from the second injection

of melt into the center of the vein contains lower
concentrations of glass and a higher proportion of
neocrystallized biotite, ilmenite and plagioclase.
No brittle fracturing of the outer melt layer oc-
curred during its intrusion, implying the process
was rapid and the center of the vein was still soft
and therefore weak. The low abundance of clasts
and the observed £ow textures imply that this
melt was less viscous than the initial injection.
This resulted in the improved alignment of biotite
grains, as seen in SEM images and XTG pole
¢gures (Fig. 2), although the general lack of a
good mica fabric does imply the viscosity rapidly
declined as the main volume of biotite microlites
crystallized from the melt. The injection of this
late-stage melt was likely responsible for remelting
of neocrystallized biotite that is observed in the
marginal areas of the vein. Additionally, the pres-
ence of a weak £ow fabric, the £ow tails of early
crystallized biotite aggregates around clasts, the
strain features of neocrystallized laths, and their
partly eroded crystal surfaces, all of which occur
in the youngest melt fraction, indicate that fric-
tional heating, melting and solidi¢cation/crystalli-
zation were cyclic processes. These features are
comparable to the conditions induced in frictional
welding experiments [10,11].
The central vein segment has characteristics

more typical of reservoir frictional melts than
those formed along source planes, with a high
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proportion of melt and a low clast content, a low-
er viscosity, and no preservation of wall-rock bio-
tite. The composition of the microlitic crystals of
biotite also di¡ers both from that of the vein mar-
gins and that of the wall rock, implying an exter-
nal origin. In fact, there is a surprising lack of
evidence for any comminution processes pre-
served in this portion of the vein. These character-
istics are ideal for 40Ar/39Ar dating of the age of
frictional melting. The degassing spectra are gen-
erally less complex than those of the margins and
wall, and the total gas ages provide consistent
results (1.078; 0.012 Ma and 1.131; 0.019). As
these ages primarily represent crystallization and
cooling ages of the small biotite crystals, which
have closure temperatures of 6 300‡C, the age
of frictional melting and subsequent cooling is
placed at 1.11; 0.04 Ma.
The time period required for biotite crystal

growth from the melt can be estimated by assum-
ing typical rates of crystal growth to range be-
tween 1037 and 1038 cm/s, as derived from fast
cooling magma experiments [36] and 1035 and
1036 for rapidly cooling pegmatite^aplite [37]. Be-
cause of the small size of crystals, the average-
sized biotite (0.2 Wm) in the center of the vein
would require only 2^2000 s to crystallize. It has
been shown that rates of crystal growth can be
enhanced by melt movement in partially molten
rock [38], and a balance may have existed between
growth rate and the rate of surface erosion during
shearing of the melt [39]. It is therefore reasonable
to suggest that some crystallization from the fric-
tional melt occurred during a single earthquake
episode.
Combining our textural, microstructural, chem-

ical and isotopic constraints, we conclude that the
two generations of melt, and the pulsed and cyclic
nature of frictional heating, melting and crystalli-
zation described above, re£ect both spatial and
temporal variations linked to the propagation
properties of a single episode of earthquake fault-
ing. Whereas the main seismic events of earth-
quake faulting often last for the duration of just
several tens of seconds, aftershocks may continue
for some days. For example, the magnitude 6.7
Arthur’s Pass earthquake of 1994, the largest
event in the region for 65 years, consisted of

3 days of coseismic activity, with one foreshock
and three large aftershocks [40]. This event, which
was focused at V15 km, can be taken as a direct
analogue of the type of earthquake episode re-
sponsible for the described frictional melting.
The rapid, but multiple injection of melt layers
and the cyclic melting and freezing occurred dur-
ing the stick-slip behavior of initial faulting or
shortly afterwards during an aftershock.
Taking 1.10; 0.04 Ma for the age of coseismic

melting and cooling of the Alpine Fault pseudo-
tachylyte vein studied here allows us to predict the
depth at which frictional melting occurred (Fig.
5). The current rate of uplift and exhumation
along the central region of the Alpine Fault is
V10 mm/yr [17]. This implies a depth of V11
km for vein formation, which corresponds to the
base of today’s seismogenic zone [41]. Adopting
modeled isotherms [42] indicates regional rock
temperatures at this depth of 250^300‡C, which
accords well with biotite isotopic closure, follow-
ing frictional heating. As hydrothermal alteration
appears to post-date frictional melting along the
Alpine Fault [15], and there is little evidence for
the presence of signi¢cant volumes of hydrous
£uids during the generation of this pseudotachy-
lyte vein, we agree with the view of Bossie're (see
[24] that pseudotachylytes from the Wanganui
River locality formed in a relatively water-free
environment. This is in contrast to the regional
predictions of current models based on oxygen
isotope or magnetotelluric data, which propose
£uids of meteoric or metamorphic origin to be
present or nearby [43,44].
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