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Abstract—A mylonitic thrust zone, at least 1.5 km thick, forms a sharp contact between granulite and
amphibolite facies gneisses in the eastern Musgrave Ranges, central Australia. The thrust dips gently to the south
and is interpreted as an extension of the Woodroffe Thrust, which was formed about 550 Ma ago. Mylonites at the
base of the thrust grade upwards into ultramylonites, which pass abruptly into a pseudotachylyte-bearing zone
approximately 1 km thick, containing approximately 4% of pseudotachylyte veining. The orientation of the veins
appears to be random. Pseudotachylytes occur only in the granulite facies rocks, and their precursors are felsic
pyroxene and/or garnet granofelses. Rotated blocks of ultramylonite are present in some of the pseudotachy-
Iytes, and some pseudotachylyte veins have been plastically deformed, suggesting nearly contemporaneous semi-
ductile and brittle behaviour.

The matrix of the pseudotachylyte shows spectacular examples of igneous quench microstructures, especially
skeletal and dendritic crystals of plagioclase and feathery pyroxene dendrites. Also present are glass devitrifica-
tion microstructures (spherulites), evidence of liquid flow, and partly melted residual grains with former glassy
rims showing different optical properties from those of the surrounding isotropic material. These features
confirm that the pseudotachylyte formed by melting in anhydrous conditions.

The matrix of the pseudotachylyte veins is less siliceous than the host rocks, owing to non-equilibrium melting
of pyroxene, garnet and plagioclase. The igneous assemblages of the melt, notably the crystallization of
pigeonite, are consistent with rapid cooling from very high-temperature (>1000°C). Melting and quenching is

probably due to very local, short-lived rises in temperature accompanied by dilation.

INTRODUCTION

Large volumes of pseudotachylytes have rarely been
described, apart from pseudotachylytes generated by
shock metamorphism during meteoritic impact. Most
workers have described thin sporadic veins associated
with mylonite zones (e.g. Philpotts 1964, Sibson 1975,
1977, Grocott 1981, Passchier 1984, Hobbs er al. 1986,
Maddock 1986, Passchier et al. 1990). Large veins in
granulite terranes from Proterozoic shield areas have
been described (e.g. Clarke 1990) but these are rarely
confined to a thrust plane. This paper reports on an
unusually large volume of pseudotachylyte in a major
Proterozoic intracontinental mylonite zone in the east-
ern Musgrave Block, central Australia. It is one of the
largest known thrust-related pseudotachylyte zones in
the world and shows unequivocally that melt was pro-
duced during deformation.

The significance and mode of formation of pseudota-
chylytes have been widely discussed, often controver-

sially (e.g. Sibson 1975, Wenk 1978, Passchier 1984,
Hobbs ez al. 1986). However, most workers have sugges-
ted that pseudotachylytes represent former melts gener-
ated by frictional heating (e.g. Philpotts 1964, Sibson
1975, Maddock 1986, Clarke 1990, Spray 1992). The
microstructures of many pseudotachylytes, especially
the occurrence of dendritic crystals and crystallites,
imply crystallization from a melt, as in the eastern
Musgrave examples. Many pseudotachylytes have the
same bulk chemical compositions as their parent rocks.
However, this paper will show that the eastern Mus-
grave pseudotachylytes have compositions different
from their host rocks, as also reported from some other
examples (e.g. Sibson 1975, Magloughlin 1989, Mad-
dock 1992). This is interpreted in terms of non-
equilibrium melting, with preferential dissolution of
pyroxene and plagiociase. The unusually large volume
of pseudotachylyte may be due to local zones of dilation
acting on material heated by friction to supersolidus
conditions.
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REGIONAL GEOLOGICAL SETTING

The E-W-trending Musgrave Block is a Middle to
Late Proterozoic mobile zone consisting of high-grade
metamorphic and intrusive rocks covering an area of
120,000 km? in the centre of the Australian continent
(Fig. 1). The eastern Musgrave Block consists of the
Middle-Late Proterozoic Fregon and Mulga Park ter-
ranes, which have distinct structural and metamorphic
histories (Edgoose er al. 1993). Both terranes are pre-
dominantly felsic gneisses, with minor horizons of mafic
gneiss and granites. However, the Fregon terrane
attained granulite facies conditions, whereas upper
amphibolite facies gneisses of the Mulga Park terrane
were unconformably overlain by the Dean Quartzite
(approximately 800 Ma) and subsequently metamor-
phosed to upper greenschist facies. The two terranes are
separated by a zone of mylonites and pseudotachylytes
known as the Woodroffe Thrust (Fig. 1).

The Fregon terrane

The precursors to the granulite facies gneisses were a
sequence of interlayered felsic volcanic rocks deposited
some time after 1600 Ma (Gray 1978, Edgoose et al.
1993). Sedimentary structures are not recognized. How-
ever, thick north-south compositional layering (up to 50
m wide) is inferred to represent original lithological
layering. Granulite facies metamorphism occurred at
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1200 Ma ago (Gray 1978, Maboko et al. 1991) during two
stages of deformation. F, folds trend N-S$, are isoclinal,
have a strong foliation, and overprint isoclinal F; folds.
Granite magmatism at approximately 1150 Ma was fol-
lowed by extension and emplacement of a dolerite dyke
swarm at about 1050 Ma (Edgoose et al. 1993).

The Mulga Park terrane

Porphyritic granites and felsic gneisses form the bulk
of the Mulga Park terrane. The precursors of the
gneisses are unknown, but they appear to have under-
gone a more complex structural and metamorphic his-
tory than the Fregon terrane (Collerson et al. 1972,
Bell 1978). The exact timing of the events is unknown,
but contemporaneous upper-greenschist to lower-
amphibolite facies metamorphism and thrusting
occurred about 550 Ma ago in the Mulga Park terrane
(Maboko er al. 1992). Lineations and anastomosing
foliations of newly crystallized muscovite and biotite
have similar orientations to structures in the Woodroffe
Thrust. Therefore, these are interpreted as representing
mylonitization and folding associated with thrusting.

The Woodroffe Thrust
The Woodroffe Thrust brought into contact structur-

ally simple granulite facies rocks with more complexly
folded amphibolite facies rocks (Collerson et al. 1972,
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Fig. 1. Generalized geological map of the central Musgrave Block, central Australia, showing the distribution and trends
of the granulite facies Fregon Terrane and amphibolite facies Mulga Park Terrane, as well as the major structural
discontinuities. The Mulga Park Terrane gneisses lic below the Woodroffe Thrust.
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Pseudotachylyte in the Woodroffe Thrust, Australia

Major 1973, Bell 1978) during the Petermann Orogeny
around 550 Ma ago (Forman 1972, Maboko et al. 1992).
The thrust forms a continuous east-west arcuate belt of
mylonite and ultramylonite beneath a zone of pseudota-
chylyte that extends for atleast 150 km and dips gently to
the south (Major 1973, Bell 1978). However, the thrust
may have been reactivated at several different times
(Bell & Johnson 1992).

THE WOODROFFE THRUST
Mpylonite—ultramylonite zone of the Woodroffe Thrust

A zone of mylonites and ultramylonites occurs at the
bottom of the sequence of highly deformed rocks that
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make up the thrust (Fig. 2) and has an E-W foliation
with a strong to extremely strong lineation that dips
gently (30°) to the south. The thickness of the mylonite
zone is unknown, as related anastomosing mylonitic
zones occur around less deformed gneisses and granites
throughout the Mulga Park terrane. Asymmetrical folds
and feldspar augen, fractured and faulted feldspar
grains, and the presence of granulite facies rocks over-
lying a lower grade terrane all suggest south over north
movement. This is consistent with the published dis-
cussions on the Woodroffe Thrust by Bell (1978) and
Bell & Johnson (1992).

The mylonites predominantly occur in the amphibo-
lite facies rocks of the Mulga Park terrane. The ultramy-
lonites are more common towards the top of the
mylonite zone and grade into progressively finer grained

Mulga Park A
terrane

(not exposed) m/

Mylonite-Ultra-
mylonite zone
Pseudotachylyte
zone

:

g (=]
s
TN

3JJOIpOO M

:
;
(-9

Dolerite dyke

Dominantly felsic granulites
(Fregon terrane)

Late
Proterozoic

Thrust fault

Inferred continuation of the
thrust fault

Strike and dip of foliation
showing plunge of mineral
lineation

\, Trend of foliation

A

Mulga Park \\ N

terrane \\\\ N
(Amphibolite facies) \\\E\
Anastomo@l:ear

zones

Fig. 2. (a) Geology of the Woodroffe Thrust, central Australia. The pseudotachylyte zone comprises granulite facies rocks

with approximately 4% pseudotachylyte veining. (b) Schematic cross-section of the Woodroffe Thrust. The anastomosing

foliations shown in dashed lines in the Mulga Park terrane represent shear zones that are related to the formation of the

Woodroffe Thrust. The mylonite—ultramylonite zone is located against the amphibolite facies gneisses, whereas the
granulite facies rocks do not show this ductile deformation.
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mylonites and then into ultramylonites over a distance of
40 m. The ultramylonites show the same shear-sense
evidence as the mylonites and form a narrow zone, up to
60 m wide, consisting of a sequence of very fine-grained,
black, strongly foliated rocks. Quartz and biotite are
extensively recrystallized, whereas K-feldspar, horn-
blende, pyroxene and garnet are not recrystallized.

Dolerite dykes in this zone are commonly boudinaged
parallel to the mylonitic foliation. A mylonitic fabric is
strong at the margins of the dykes and becomes pro-
gressively weaker towards the centre. Small veins of
undeformed pseudotachylyte in the ultramylonite zone
cut across the mylonitic foliation and commonly occur
with rotated blocks of mylonite, suggesting that at least
some pseudotachylyte production continued after cess-
ation of mylonitization. In fact, the only development of
pseudotachylyte in the mylonite—ultramylonite zone is
confined to the dolerite dykes and transects the myloni-
tic fabric.

Deformed pseudotachylytes occur only in the narrow
ultramylonite zone. Several criteria may be used to
distinguish pseudotachylytes from ultracataclasites (e.g.
Sibson 1975, Passchier 1984). Their massive and dark
appearance, relative to the ultramylonites, their cross-
cutting relationships and the occurrence of injection
veins are the dominant identifying criteria.

The granulites also show evidence of mylonitic defor-
mation. Normally, these occur as blocks within pseudo-
tachylyte veins near the mylonite—ultramylonite zone.
Above the thrust, the granulites are rarely mylonitic.
However, where shear zones are present in the granu-
lites, pseudotachylyte veins occur.

Pseudotachylyte zone of the Woodroffe Thrust

The ultramylonites pass abruptly into a zone rich in
pseudotachylyte, approximately 1 km thick, that forms
the top of the Woodroffe Thrust (Fig. 2). The dip of the
pseudotachylyte zone is unknown, as no foliations or
stretching lineations associated with formation of the
pseudotachylyte are visible. The thickness was inferred
by assuming the pseudotachylyte zone has the same
attitude as the ultramylonites. The zone is confined to
the granulite facies rocks and contains approximately
4% pseudotachylyte veining. The dominant precursors
of the pseudotachylytes appear to be felsic granofelses.
Generation surfaces are commonly difficult to recognize
for the larger veins. However, pencil-thin shears com-
monly contain lens-shaped pockets (Sibson 1975, Mag-
loughlin 1989) of pseudotachylyte with a geometry akin
to dilational jogs in fault gouges described by Sibson
(1985).

The veins are characterized by sharp contacts, com-
monly at an angle to layering (S,), and by the absence of
a lineation on the vein surface. They range in width from
afew centimetres up to 4 m and can be traced for up to 10
m. Larger veins could not be observed, owing to the
nature of the outcrop. The thinner veins are aphanitic
and contain a few fragments of unmelted country rock
that concentrate in the centre of the vein. Apparent
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chilled margins (Fig. 3a) may represent injection and
crystallization of pseudotachylyte followed (not necess-
arily immediately) by re-opening of the same fracture by
a later generation of pseudotachylyte. The presence of
pseudotachylyte clasts within veins strongly support this
observation. Secondary veins have propagated normal
to or at an angle to the main vein. Fault and injection-
vein relationships are similar to those illustrated by
Sibson (1975). Paired shears, as defined by Sibson
(1977) and Grocott (1981), are uncommon and where
developed are partly filled by pseudotachylyte isolating
rotated blocks of granulite (Fig. 3b).

The larger and more abundant pseudotachylyte veins
are quasiconglomerates (Figs. 3¢ & d), in the sense of
Sibson (1975) with large, angular to rounded clasts of
unmelted rock up to 50 cm in diameter. Rock fragments
are commonly rotated (Figs. 3¢ & d) and consist of felsic
granofels, with microstructural evidence of both plastic
deformation and cataclasis. In addition, some fragments
consist of pseudotachylyte, which must have pre-dated
the matrix pseudotachylyte. Lateral offsets associated
with pseudotachylyte veining are up to 1 m, the majority
showing dextral sense of displacement. These have been
recognized in only a few places, owing to the lack of
markers in the monotonous quartzofeldspathic se-
quence. The quasiconglomerate veins may represent a
more advanced stage of paired shears as pseudotachy-
lyte development progresses away from the generation
surface (i.e. dilational zones).

Many episodes of melt generation must have taken
place, as intersecting veins are common and earlier
pseudotachylyte fragments are preserved in veins. How-
ever, these are generally difficult to distinguish, owing to
the similarity in appearance between different pseudota-
chylyte generations and the lack of markers in the thrust
zone.

The orientations of veins and shear structures contain-
ing pseudotachylyte in jogs are scattered (Fig. Sa).
However, most lie at an angle of 30° or more away from
the mylonitic fabric (S,,,), and presumably are dilational
zones that localized large amounts of melt. When the
poles to the pseudotachylyte veins are contoured, a
great circle can be fitted to the data (Fig. 5b). The pole to
this great circle plots 50-60° from L,, and away from the
plane of the mylonitic foliation (Fig. 5¢). No structural
significance can presently be attached to this pattern, as
there is no evidence of folding after the formation of the
pseudotachylyte veins.

Closely spaced (1-3 mm) near-vertical joints are pres-
ent in the pseudotachylyte veins (Fig. 3d). These frac-
tures, sub-perpendicular to the vein walls, can be traced
into the surrounding mylonites and granulites, where
they have a much wider spacing (50 mm). Poles to the
joints plot as a great circle around the primitive (Fig. 5d)
and are interpreted as representing cooling fractures
akin to cooling-related columnar joints in basalts.

Above the main pseudotachylyte zone, pseudotachy-
lyte veins (3-20 cm wide) are confined to the felsic
granofelses and are generally parallel to the north-south
regional layering. The veins typically are breccias, with
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clasts of felsic granofels surrounded by black pseudota-
chylyte.

Microstructures, mineralogy and petrology of the pseu-
dotachylytes

The pseudotachylytes consist of partly melted clasts
dispersed through heterogeneous matrix (Figs. 4a, 6a
& b), much of which is optically isotropic. In many
places, the matrix has a globular structure, which
appears to be due mainly to optically isotropic rims on
small, rounded clasts, the rims having a different compo-

Average great circle

)

Fig. 5. (a) Stereographic projection of poles to veins and generation surfaces containing melt (n = 205). Schmidt equal-

area projection. (b) Contoured diagram of poles to veins and generation surfaces containing melt. Contours at 1, 2, 3, 4 and

5 times uniform. Schmidt equal-area projection. (c) Summary of structural data for the Woodroffe Thrust.
(d) Stereographic projection of the poles to joints (n = 73). Schmidt equal-area projection.

sition from that of the adjacent matrix (Figs. 4a & 6a).
Colour differences suggest that some parts of the matrix
have different compositions from others (Fig. 4a). Some
lenticular, optically isotropic patches have a well-
developed flow foliation (Fig. 4a). Locally, very finely
recrystallized aggregates of quartz and feldspar are
elongate in the foliation, and may be contorted, in
conformity with folds in the foliation.

Spherulitic aggregates are very common (Fig. 4b).
They probably formed by devitrification of glass, rather
than by crystallization from melt, arguing by analogy
with spherulites in glassy volcanic rocks. This interpre-
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Table 1. XRF (samples 1 and 2) and electron microprobe analyses
(samples 3 and 4) in wt. % of felsic granulite and pscudotachylyte veins
from the Woodroffe Thrust

Sample 1 2 3 4

SiO, 73.91 72.20 63.03 62.34
TiO, 0.31 0.34 0.77 0.66
AlLO; 13.48 12.36 18.05 18.00
FeO total 1.44 3.19 5.11 5.39
MnO 0.06 0.07 0.24 0.22
MgO 0.65 1.41 2.05 2.12
CaO 1.54 2.31 2.96 3.00
Na,O 3.21 2.57 4.77 5.00
K,O 4.87 4.47 2.92 2.66
Total 99.47 98.92 99.89 99.38

1—Average felsic gneiss (4 samples).

2—Pseudotachylyte vein.

3—Representative analysis of pseudotachylyte matrix free of clasts.
This fraction contains crystals that appear to have crystallized from a
melt. Area measured 50 um?.

4—As for analysis 3. Area measured 12.5 gm?.

tation is supported by the fact that flow foliae are
truncated by the spherulitic aggregates, whereas they
are deflected around clasts (Figs. 4a & b).

The clasts vary in shape from angular to rounded, and
in size from relatively large to submicroscopic quartz—
feldspar fragments (Figs. 4d and 6a). Feldspar and
quartz are the dominant minerals in clasts, whereas
ferromagnesian clasts are rare. Consequently, the clast
fraction of the pseudotachylyte is quite different from
that in the host rock assemblage. Feldspar clasts com-
monly show intense fracturing, subgrain structure and
recrystallization to very fine-grained aggregates (Fig.
4c). Pyroxene clasts commonly show undulatory extinc-
tion, kinking and fracturing (Fig. 4d), and many have
been altered to very fine-grained opaque material. Most
clasts of feldspar and pyroxene are rounded and
embayed to varying degrees, owing to dissolution in the
melt (Fig. 6d). Pyroxene and quartz clasts commonly
have high concentrations of opaque inclusions.

The inferred melt fraction contains skeletal to den-
dritic crystallites and microlites (Figs. 6d-7b) which,
from analogy with volcanic rocks and from experimental
crystallization of plagioclase (Lofgren 1980), indicate
crystallization from a melt rather than glass. In addition,
the optically isotropic material from the Musgraves is
not truly amorphous, but is an aggregate of submicron-
sized crystals of clinopyroxene and plagioclase, which is
consistent with other work on pseudotachylyte (e.g.
Wenk & Weiss 1982).

Raster-scan microprobe analyses of several regions
that are optically isotropic and clast-free give compo-
sitions that are more mafic than the whole-rock analysis
(Table 1). The intention behind the raster-scan
measurements was to minimize alkali loss (Spray 1993).
Assuming such analyses to be representative of the
matrix component, and hence the original melt fraction,
of the pseudotachylyte (Bossiére 1991, Maddock 1992),
the implication is that mafic to intermediate melts can be
produced by the partial melting of felsic rock (e.g.
Sibson 1975, Magloughlin 1989, Maddock 1992). In
addition, Webb (1983) showed that the pseudotachy-

A. CAMACHO, R. H. VERNON and J. D. FITZ GERALD

lytes from the Musgrave Block have the same 8’Rb/#Sr
initial ratios as their host, suggesting that the melting
occurred in a closed system.

Plagioclase. Plagioclase is relatively homogeneous
(Ansg49) and occurs as acicular, arrow-head and hopper
crystals (Figs. 6b—d), many of which form outgrowths on
plagioclase clasts.

Clinopyroxene. Clinopyroxene occurs as abundant
feathery and skeletal dendrites (Figs. 6c—7a). At the
submicron scale, the laths are exsolved, and trans-
mission electron diffraction patterns show them to be
intergrown pigeonite and augite (Fig. 7b). The overall
composition is subcalcic, the Mg number and CaO
content ranging from 45-60 and 4-10 wt. %, respectively
(analyses by EDS in electron microprobe and analytical
TEM). Consequently, these clinopyroxenes are domi-
nantly pigeonitic and reinforce the microstructural evi-
dence of crystallization from a high-temperature melt.

Mesostasis. Between the submicron-sized plagioclase
and clinopyroxene crystals, even finer-grained inter-
growths of quartz and K-feldspar are visible in the TEM
(Fig. 7c). These arc interpreted as the last fraction of
melt to crystallize and are akin to the mesostasis found in
chilled dolerites.

Magnetite. Magnetite occurs mainly in the glassy and
newly crystallized material with grain size ranging from
20 um-5 nm. However, it tends to be concentrated in
fracture planes in quartz clasts. The presence of this
newly crystallized mineral makes the pseudotachylyte
veins more magnetic than the host. The palacomagnetic
implications are currently being investigated.

Water content. No hydrous minerals are present in
material examined using TEM. In addition, analytical
totals (Table 1) indicate < 1% H,O in the pseudotachy-
lyte (some of which could be due to limonitic weather-
ing) and for granitic compositions this corresponds to a
low water activity of 0.13 in the melt. No amygdales
occur in the Musgrave pseudotachylytes, in comparison
to amygdale-bearing examples that Maddock er al.
(1987) concluded had formed near the surface with
significant water activity. We conclude that the Mus-
grave pseudotachylytes formed from relatively anhy-
drous melts.

DISCUSSION

Cyclical development of mylonite and pseudotachy-
lyte has previously been recognized (e.g. Sibson 1980,
Passchier 1984, Passchier et al. 1990). This feature has
been used to suggest that pseudotachylytes formed
either in (i) the ductile regime (Hobbs et al. 1986) or (ii)
the brittle—ductile transition (Passchier 1984, Passchier
et al. 1990). In the Woodroffe Thrust, the cyclical
development of the mylonites and pseudotachylytes
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appears to be a feature of pseudotachylytes close to the
mylonite—ultramylonite zone. Elsewhere in the pseudo-
tachylyte zone, the pseudotachylytes are not plastically
deformed, and we interpret this as representing litholo-
gical control over the style of deformation. The possi-
bility that the large volumes of pseudotachylyte in the
granulite facies gneisses formed late in the history of the
Woodroffe Thrust is rejected because large volumes of
undeformed pseudotachylyte should also be present
throughout the mylonite—ultramylonite zone and this is
not observed.

The presence of large volumes of melt and pseudota-
chylyte clasts in the thicker veins suggests a long history
of melt-forming events. The application of Mohr dia-
grams (e.g. Hobbs ef al. 1976) can be used to simplisti-
cally envisage the cyclical development of pseudotachy-
lyte and mylonite. Consider a situation where anhydrous
granulites are thrust onto a hydrous amphibolite facies
terrane, both being subjected to similar regional
stresses. Granulite and amphibolite facies rock-types
have different fracture and plastic behaviour related to
the different content of hydrous minerals. As the differ-
ential stress (0;—03) increases, hydrated rocks tend to
deform plastically, whereas the anhydrous material re-
sponds elastically. As the radius of the Mohr circle
increases due to the increase in g, the failure envelope
of the granulites is reached first and shear fracture occurs
in this rock type. Shear failure is expected to be accom-
panied by transient stress relief (i.e. a decrease in o).
However, heat generation due to friction causes partial
melting of the granulites during shear failure, creating a
near lithostatic pressured melt which reduces the effec-
tive stress. If the differential stress falls below 4T (T =
tensile strength of the granulites) during the failure
process, the Mohr circle may intersect the failure envel-
ope in the tensile region resulting in hydraulic extension
fracturing. These extension fractures then drain the melt
from the generation surface adjacent to the failure
surface. The melt then quenches, so that the fluid
pressure is effectively removed, and the effective
stresses again increase. Note that melt migration from
generation surfaces can also occur at higher differential
stress levels if dilational jogs open during shear failure.
We contend that repetitions of this cycle for the Mus-
grave examples can explain (i) the cyclical development
of pseudotachylytes and mylonites, (ii) why most gener-
ation surfaces do not preserve melt other than in dila-
tional jogs, injection veins and paired shears, (iii) the
lack of plastic deformation in the granulites, and (iv)
why dolerite dykes in the mylonite zone contain pseudo-
tachylyte veins.

The foregoing observations suggest that the pseudota-
chylytes in the Woodroffe Thrust formed under con-
ditions of low water activity in the melt (ca. 0.1) by non-
equilibrium melting, as the silica content in the melt is
lower than the host gneisses. Rapid crystallization fol-
lowed probably near equilibrium, as inferred from the
crystallization sequence. The mylonites and ultramylo-
nites have mineral assemblages indicative of the upper
greenschist facies, whereas the pseudotachylytes have
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igneous assemblages indicating high-temperature crys-
tallization, including crystallization of pigeonite. Pseu-
dotachylytes need to be at approximately 4-5 km depth
(approx 1.5 kbar) to produce melting at 1100°C (Sibson
1975). In the Musgrave examples at 1.5 kbar, the tem-
perature must have increased from 400°C (the likely
temperature of the country rock) to greater than 900°C
(minimum stability temperature for pigeonite with an
Mg number between 45-60, Lindsley 1983), with melt-
ing initiated as a result of very local, short-lived rises in
temperature (frictional heating), while the surrounding
rocks remained much cooler. Furthermore, the rela-
tively small volumes of melt produced at each shear
increment {owing to the low water activity) must have
been followed by dilation to restore the shear surface
and allow more frictional displacement. In effect, dila-
tional zones serve the dual purpose of promoting further
melting adjacent to ‘generation surfaces’ and being re-
ceptacles for the melt generated.

Pseudotachylyte veins, including those in the eastern
Musgrave Ranges, characteristically contain few ferro-
magnesian mineral fragments (e.g. Sibson 1975, Mad-
dock 1986, Macaudiere et al. 1985). The pseudo-
tachylyte matrix (Table 1) is high in Ca and Fe,
suggesting preferential breakdown of most of the mafic
constituents in the granulite facies rocks, which have low
abundances of mafic minerals. The rarity of orthopyrox-
ene clasts and the lack of garnet clasts is consistent with
this observation. Maddock (1986) showed that partial
melting from shear heating occurs to a greater degree in
and around sites occupied by hydrous mafic minerals.
However, the pseudotachylyte precursors in the Mus-
grave Block characteristically lack hydrous phases.
Moreover, Sibson (1975) has shown that the presence of
water would limit temperature rises to small amounts
(probably around 100°C), thereby inhibiting the forma-
tion of pseudotachylytes. Thus, the large volumes of
pseudotachylyte in the eastern Musgrave Ranges appear
to have developed in anhydrous rocks.

Bulk chemical analyses of the pseudotachylyte are
very similar to those of the host (Table 1), which is the
usual situation observed world-wide (e.g. Philpotts
1964, Sibson 1975, Clarke 1990}, although some studies
have found differences (e.g. Teschmer et al. 1992).
Similarity of composition is not surprising, because bulk
samples of pseudotachylyte contain clasts, and the rocks
generally show no evidence that any melt migrated out
of the rock. However, in pseudotachylytes of the Outer
Hebrides Thrust Zone, Sibson (1975) subtracted the
compositions of porphyroclasts from the bulk pseudota-
chylyte analysis and concluded that the matrix (melt
fraction) had a basaltic andesite composition. The
matrices of the Woodroffe Thrust pseudotachylytes are
also less siliceous than their host (Table 1). Preferential
melting of the mafic fraction in the host rock (e.g.
Magloughlin 1989, Maddock 1992, Spray 1993) can
explain the differences in composition between the host
and the pseudotachylyte matrix (inferred melt fraction).

Evidently, the quartz in the Musgrave examples was
not as strongly plastically deformed or fractured as the
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feldspar and pyroxene under the exceptionally dry con-
ditions of deformation, and so it did not dissolve as
readily. In fact, quartz had never been reported as a
newly crystallizing material in pseudotachylyte, to the
best of our knowledge, so that this may be a general
phenomenon. On the other hand, plagioclase and pyr-
oxene were very strongly plastically deformed and frac-
tured and the pyroxene also commonly has been altered
to opaque material, which could have assisted melting.
Sibson (1975) reported that clasts of quartz have sharp
edges, whereas clasts of feldspar have embayed and
fuzzy edges, which he interpreted as being due to prefer-
ential melting of feldspar. All these observations are
consistent with our analyses of matrix composition
(carefully conducted to avoid clasts) being significantly
different from the host rock composition.

CONCLUSIONS

During thrusting in the Musgrave Ranges, large vol-
umes of pseudotachylyte preferentially formed in anhy-
drous felsic granulites, but in vastly smaller volumes in
underlying amphibolite facies rocks. These pseudota-
chylytes have a high proportion of unmelted quartz and
feldspar clasts. The matrix shows excellent examples of
microstructures formed by rapid crystallization from
high-temperature melts. Pseudotachylyte veins have
similar bulk compositions to those of the surrounding
granulites, which is due to the abundance of clasts.
However, the matrix fractions of the pseudotachylytes
represent anhydrous melts of intermediate composition.
We suggest these can be produced from more felsic hosts
by preferential melting of ferromagnesian minerals and
plagioclase at low water activities.

Skeletal pigeonite and plagioclase crystals indicate
quench crystallization of a melt at relatively high tem-
peratures, perhaps as much as 1200°C. This temperature
is much higher than the inferred 400°C of the surround-
ing rocks and probably resulted from numerous, local,
short-lived frictional heating events.

Mechanical behaviour was very much dependent on
rock composition. Mylonitic deformation in amphibo-
lite facies rocks is inferred to have been contempora-
neous with pseudotachylyte development in the adjac-
ent granulite facies terrane, both occurring at
greenschist facies conditions. Microstructures and
mesostructures in the Musgrave samples indicate mul-
tiple pseudotachylyte injection events that may reflect
repeated stress cycles. In contrast to an interpretation
that other pseudotachylytes are formed where country
rocks are at some critical level in Earth’s crust so as to
straddle their brittle-ductile transition, we argue for
cyclic pseudotachylyte development associated with
dilation resulting from hydraulic fracturing in the pres-
ence of a melt.
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