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AbstractÐA petrological, geochemical and microtextural study of an upper amphibolite facies shear zone,
developed in interlayered ma®c and felsic layers, permits the relative roles of tectonic mixing and ¯uid-assisted
mass transfer processes to be determined. Geochemical evidence indicates that the chemical changes in the
deformed rocks result from mixing of ma®c and felsic layers together with ¯uid-assisted mass transfer within
the shear zone. During mylonitization, most major elements and some trace elements (LREE, Rb, Sr, Ba, Cu,
Ni) exhibited mobile behavior. The HREEs, Ti, V, Sc, Co and Fe, on the other hand, were immobile. Based
on mass conservation of these elements, a two-component mixing model using ma®c and felsic rocks from out-
side the shear zone as end-members explains the major and trace element data. The chemical composition of
the felsic mylonite is modeled by mixing 1225% ma®c rock and 8825% felsic rock, whereas, the ma®c
mylonite is modeled by mixing 5524% ma®c rock and 4524% felsic rock. A closed system mixing model
yields a good ®t for immobile elements, such as HREEs, Ti, V, and Sc, but signi®cant chemical di�erences
between the calculated data and observed data are explained by ¯uid-assisted mass transfer of mobile elements
under open system conditions. A 24% volume loss in the felsic mylonite and 13% volume loss in ma®c mylo-
nite are derived from the mass balance, assuming the HREE, Ti, V and Sc were immobile. # 1998 Elsevier
Science Ltd. All rights reserved

INTRODUCTION

The formation and evolution of crustal shear zones
commonly involve the interaction of mechanical,
chemical, hydrological, and thermal processes resulting
in production of distinctive features in mylonites and
cataclasites such as grain-size reduction (by either crys-
tal±plastic or brittle mechanisms), hydrous retrograde
alteration (Beach, 1980; Janecke and Evans, 1988;
Hickman et al., 1995) and volume changes related to
¯uid-assisted mass transfer (O'Hara, 1988; Glazner
and Bartley, 1991; Goddard and Evans, 1995). An ad-
ditional process in shear zones which can result in
large chemical changes of the sheared rocks relative to
the protolith rock, without necessarily involving ¯uids,
is tectonic mixing. Tectonic mixing is recognized as an
important low-temperature process in melanges (Rast
and Horton, 1989) and brittle faults (Evans and
Chester, 1995), and commonly involves at least two
lithologies of contrasting strength. At higher meta-
morphic grades, where crystal±plastic mechanisms
dominate, mixing may also be an important tectonic
process. The highly strained banded gneisses in high
grade metamorphic terranes, thought to be character-
istic of the lower continental crust, are commonly the
result of tectonic mixing of ma®c and felsic com-
ponents coupled with metamorphic reaction and par-
tial melting during high grade shearing (Passchier et
al., 1990). This paper presents a geochemical approach
to distinguish between mixing and mass transfer pro-
cesses in an upper amphibolite facies shear zone in the
Parry Sound domain of the Grenville Province,

Ontario, Canada. Modeling of major and trace el-
ement concentrations suggests that two-component
mixing occurred between felsic and ma®c rocks
together with ¯uid-assisted mass transfer under open
system conditions.

GEOLOGICAL SETTING AND OUTCROP
DESCRIPTION

The Parry Sound shear zone (PSSZ) has been recog-
nized as an 1±3 km wide ductile shear zone that separ-
ates the Parry Sound and Britt domains (Davidson et
al., 1982) (Fig. 1), and it is characterized by highly ¯at-
tened rocks with extreme grain-size reduction and
mylonitic foliation. The domains are interpreted to
represent large-scale slices of deep level crust, bounded
by kilometer-wide zones of high strain and ductile
shearing (Davidson, 1984). Kinematic indicators (such
as rotated garnet and asymmetric feldspar porphyro-
clasts) in ma®c and granitic gneisses indicate thrusting
to the northwest along the PSSZ during the Grenville
orogeny (Davidson, 1984; White and Mawer, 1986).

U±Pb dating of zircon and baddeleyite indicates
that the peak of metamorphism in the Parry Sound
domain occurred at 1160 Ma (van Breeman et al.,
1986), in good agreement with a U±Pb monazite age
of 1159 Ma (Tucillo et al., 1992). U±Pb isotopic ages
of zircons from both highly and weakly deformed peg-
matite dykes in the PSSZ yield 1159 Ma and 1121 Ma,
respectively (van Breeman et al., 1986); this indicates
that ductile shearing along the PSSZ took place during
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and shortly after the peak of metamorphism. During
thrusting, metamorphic pressures and temperatures
reached 1021 kbar and 8002508C (Anovitz and
Essene, 1990; Moecher et al., 1992). A post-thrusting
extensional event was interpreted to result in an isoba-
ric cooling path from 8008C to 6008C in the Parry
Sound area (Anovitz and Chase, 1990). During exten-
sion, some granulite facies rocks were retrograded to
amphibolite facies at a temperature of 6002508C
(Anovitz and Chase, 1990).
This study examines an outcrop-scale amphibolite

grade normal shear zone within interlayered ma®c and
felsic layers (Fig. 2), located east of the Whitestone
Anorthosite in the Parry Sound domain (Fig. 1). The
shear zone is about 10 cm wide and dips southeast-
ward at 568 (Fig. 2). It is interpreted to be associated
with the extensional event noted above. A ma®c layer
in the hanging wall and a felsic layer in the footwall
were sampled (Fig. 2b). The sampled ma®c and felsic
layers are about 10±15 cm thick outside the shear
zone, but show a progressive decrease in thickness to
3±4 cm with increasing deformation within the shear
zone (Fig. 2). The rocks between the two sampled
layers consist of repetitious thin ma®c and felsic layers

which are the same lithologies as the sampled ma®c
and felsic layers (Fig. 2). The vertical displacement of
the ma®c layer (approximately 35 cm) is less than that
of the felsic layer (about 60 cm), indicating that strain
was heterogeneous on the outcrop scale. In this study,
the least deformed samples (PS50 and PS80), which
are also farthest from the shear zone (Fig. 2b), are
treated as the protoliths of the ma®c and felsic mylo-
nites, respectively.

ANALYTICAL METHODS

Samples of ma®c and felsic lithologies were trimmed
of any adhering adjacent felsic and ma®c layers, re-
spectively. Rock samples (>1 kg) were crushed to 200
mesh in a hardened steel shatter box, and after
thorough mixing, an aliquot was taken for analysis.
Whole rock ma®c and felsic samples were analyzed for
concentrations of major, trace, and rare earth elements
(REE) and also d18O values. Major elements were
determined twice in all samples by X-ray ¯uorescence
(XRF) in two separate laboratoriesÐat the Kentucky
Geological Survey and commercially by XRAL

Fig. 1. General geological map of area within the vicinity of Parry Sound, Ontario, and the Parry Sound shear zone
(PSSZ) (after Davidson, 1984; Moecher et al., 1992). The locality of the studied normal shear zone (triangle) is at the

junction of Ontario Highway 69 and Parry Sound Drive (old Highway 69).
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Activation Services, Inc. Interlaboratory comparison
of the major element analyses indicates an absolute ac-
curacy of better than 2% for Al, Si, Ca, Mg and 0.5%
for other major elements. Replicate analyses of stan-
dards in both laboratories indicate a relative precision
range (SD/mean) of less than 0.5% for most major el-
ements. All trace elements of all samples were commer-
cially analyzed by XRAL Activation Services, Inc.
Zirconium, Y, and Rb were analyzed by XRF. Rare
earth elements, U, Th, Hf, and Sc were determined by
instrumental neutron activation analysis (INAA) and
vanadium and other trace elements were determined
by inductively coupled plasma (ICP). The standard de-
viation (1s) for each element is determined through
the replicate analyses of standards. Mineral compo-
sitions were analyzed by wavelength-dispersive analysis
using an accelerating voltage of 15 kV, a beam current
of 15 nA, and USNM mineral standards at the
University of Kentucky electron microprobe facility.

Whole rock oxygen isotope determinations were car-
ried out at the University of Michigan using standard
techniques and reported as d18O values relative to
SMOW. Thin-sections were examined under a petro-
graphic microscope and modal analyses were per-
formed by using an electronic point counter (n = 500).
Sample densities were obtained by measuring speci®c
gravity on a balance and are accurate to 0.01 g/cc.

PETROLOGY AND MICROSTRUCTURE

Ma®c layer

The ma®c layer is characterized by repetitious ma®c
(hornblende) and felsic (plagioclase and quartz) rich
bands which de®ne the foliation. It consists of horn-
blende (51%±60%), plagioclase (27%±38%), quartz
(2%±8%), and garnet (1%±13%) (Table 1).

Fig. 2. (a) Field photograph of the normal shear zone. (b) Sample localities in the felsic and ma®c layers. Note that the
rocks between the sampled layers are interlayered felsic and ma®c layers which are the same lithology as the sampled

layers. The hammer handle is 35 cm long.
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Hornblende is present as two texturally distinct, but
compositionally similar, varieties (Table 2)Ðcoarse-
grained porphyroblasts (0.3±1.0 mm) and ®ner recrys-
tallized grains (40±120 mm; Fig. 3a & b). The coarse
hornblende shows conspicuous lenticular monocrystal-
line grain shapes with aspect ratios of between 2:1 and
4:1 and a dimensional preferred orientation parallel to
the foliation (Fig. 3a). They also display ubiquitous
sweeping undulatory extinction and serrated grain
boundaries. Fine-grained hornblende grains have

straight grain boundaries and display slightly

elongated shapes (Fig. 3b & c). The abundance of ®ne-

grained recrystallized hornblende increases progress-

ively toward the shear zone (Fig. 4), indicating grain-

size reduction of hornblende with progressive defor-

mation. Relict clino- and orthopyroxene are variably

retrograded to hornblende, and garnet is pseudo-

morphed by recrystallized plagioclase grains, indicated

by reaction rims around garnet porphyroblasts.

Fig. 3. Photomicrographs of the ma®c (a±c) and felsic (d±f) samples. Scale bar is 1 mm. (a) Elongated hornblende (hb)
porphyroblast in ma®c protolith (sample PS50) showing undulatory extinction and recrystallized margins. (b)
Recrystallized hornblende grains (hb) and andesine (pl) with straight boundaries and high angle contacts in ma®c sample
PS30. (c) Totally recrystallized equant andesine (pl) and hornblende (hb) grains showing foam texture in ma®c mylonite
(PS60). (d) Monocrystalline quartz (q) ribbon and recrystallized microcline (Kf) in felsic protolith (PS80). (e) Perthitic
alkali feldspar (Kf) porphyroclast with recrystallized margins consisting of oligoclase and quartz in felsic protolith

(PS80). (f) Totally recrystallized felsic mylonite consisting of oligoclase, quartz and biotite (bi).
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Two generations of garnet are present. The earlier

one exhibits garnet porphyroblasts which have abun-

dant hornblende and plagioclase inclusions and are

rimmed by recrystallized plagioclase and biotite, and

the later one is characterized by euhedral garnets

which are less abundant than the porphyroblasts.

Euhedral garnet contains no inclusions and only

occurs within plagioclase- and quartz-rich bands,

suggesting that they are associated with plagioclase

recrystallization. Microprobe analyses reveal no com-

positional di�erences either between garnet rims and

cores or between di�erent garnet generations (Table 2).

Plagioclase is andesine (An31±46Ab52±67Or1±2) (Table 2)

and is recrystallized in all samples. From the least

sheared sample (PS50, Fig. 3a) to the most sheared

sample (PS60, Fig. 3c), both hornblende and plagio-

clase do not show systematic modal variations
(Table 1). Pyroxene and garnet, however, are nearly
completely consumed in the most sheared sample
(PS60), by reaction to hornblende and plagioclase, re-
spectively, indicating that deformation occurred under
retrograde conditions. Biotite and muscovite are pre-
sent as minor phases. Accessory minerals include alla-
nite, monazite, apatite, zircon, and ilmenite.

In the ma®c layers, no feldspar porphyroblasts are
present, but the outlines of polycrystalline plagioclase
aggregates indicate the shape of plagioclase porphyro-
blasts prior to complete recrystallization.
Polycrystalline plagioclase aggregates commonly dis-
play ribbon shapes. The recrystallized plagioclase
grains (100±300 mm) possess strain-free equant shapes
with straight boundaries and triple junction contacts
(Fig. 3c), indicating that they were deformed or experi-
enced recovery and annealing at high temperature
(White and Mawer, 1986; Ji and Mainprice, 1990).
Quartz also experienced complete recrystallization.
Individual quartz grains do not show undulatory
extinction or subgrains. In thin section, the boundary
between the ma®c and felsic layers is sharp on a mm
scale.

Felsic layer

The felsic layer (Fig. 3d±f) consists mainly of feld-
spar (51±56%), biotite (17±21%) and quartz (19±29%)
(Table 1). Repetitious biotite-, quartz-, and plagio-
clase-rich bands de®ne the foliation. Hornblende and
garnet are only present in the highly sheared samples
(PS10 and PS70), and occur close to the contacts with
ma®c layers in thin section. The weakly sheared
samples (PS80 and PS40) contain abundant K-feldspar
(14±20%), but in highly sheared samples (PS10 and
PS70) in the same layer, plagioclase (An22±29Ab69±

Fig. 4. Changes in ratio of ®ne-grained recrystallized grains to
coarse-grained porphyroblasts of hornblende and feldspar as a func-
tion of distance to the shear zone. Based on counting of 500 points

per sample.

Table 1. Modal mineralogy of analysed samples*

PS50 PS30 PS20 PS60 PS10 PS70 PS40 PS80

ma®c layer felsic layer

quartz 2.8 1.6 7.8 4.0 24.4 18.8 25.4 29.3
plagioclase 27.0 38.0 14.2 37.0 52.0 50.2 33.0 39.6
K-feldspar Ð Ð Ð Ð 3.8 0.8 19.4 14.0
biotite 2.8 2.0 Ð 2.8 19.2 19.4 21.0 17.1
hornblende 51.2 52.0 60.0 57.0 tr 10.8 Ð Ð
muscovite Ð 2.2 Ð Ð Ð Ð Ð Ð
garnet 10.6 1.2 12.4 Ð 0.6 Ð Ð Ð
ilmenite 2.0 1.6 3.8 1.6 Ð Ð 0.8 Ð
epidote Ð 0.8 Ð Ð Ð Ð Ð Ð
pyroxene 3.6 0.6 tr$ tr Ð Ð Ð Ð
calcite Ð Ð 1.6 Ð Ð Ð Ð Ð
apatite Ð tr tr tr tr tr tr Ð
allanite Ð Ð tr tr tr tr tr tr
zircon tr tr Ð Ð tr Ð tr tr
monazite Ð tr tr Ð tr tr tr tr

speci®c gravity 3.11 3.01 3.05 2.90 2.68 2.73 2.71 2.65

D(cm)% 140 110 50 0 0 15 60 130

*N= 500; $tr < 0.5%; %D is the distance to the shear zone.
PS60 and PS10 are ma®c and felsic mylonites, respectively.
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75Or1±5; Table 2) becomes dominant (Fig. 3f), with

only rare alkali feldspar porphyroblasts. The K-feld-

spar is more K-rich in the highly sheared samples

(Orr99) compared to the less sheared samples

(Or194; Table 2).

In less sheared samples (PS80 and PS40), K-feldspar

porphyroclasts (Fig. 3e) commonly show sweeping

undulatory extinction and optically visible subgrains

with saw-tooth boundaries, and are rimmed by ®ne-

grained (80±100 mm) recrystallized plagioclase and K-

feldspar grains. The recrystallized plagioclase and K-

feldspar display strain-free equant grains with straight

boundaries and triple junction contacts (Fig. 3f).

Mono- and polycrystalline quartz ribbons de®ne the S-

surface. A C-surface is de®ned by strongly oriented

®ne-grained biotite (54215 mm). The S±C fabrics indi-

cate a normal sense of shear, consistent with the out-

crop scale o�set (Fig. 2).

In the most sheared felsic sample (PS10), the sides

of relict K-feldspar porphyroclasts are rimmed by myr-

mekitic intergrowths of oligoclase (An22±28) and
quartz, suggesting that they are the results of syn-de-
formation reactions at high temperature (Simpson and
Wintsch, 1989). The dominant feldspar is recrystallized
equant plagioclase grains that also show equant grain
shapes and triple junction contacts (Fig. 3f). The abun-
dance of recrystallized feldspar increases progressively
with decreasing distance to the shear zone (Fig. 4).
Because the felsic layer is dominated by relatively
weak minerals (quartz and biotite), whereas the ma®c
layer is dominated by stronger minerals (feldspar and
hornblende) the felsic layer was probably weaker than
the ma®c layer (Brodie and Rutter, 1985).

DEFORMATION AND METAMORPHIC
CONDITIONS

In order to estimate the ®nal equilibration pressures
and temperatures of the assemblages in both the ma®c

Table 3. Chemical compositions of whole rock samples

SAMPLE ID PS50 PS30 PS20 PS60 error PS10 PS70 PS40 PS80 error
amphibolite layer (1 s) felsic layer (1 s)

SiO2 (wt%) 50.1 48.8 47.2 49.2 0.06 65.9 71.6 72.0 73.5 0.07
TiO2 1.57 1.62 2.19 1.25 0.005 0.79 0.5 0.42 0.36 0.00
Al2O3 13.4 13.6 12.8 14.5 0.01 12.6 12.0 12.0 11.8 0.03
Fe2O3* 15.0 15.7 17.2 12.7 0.015 7.00 5.28 4.43 4.46 0.005
Cr2O3 0.03 0.03 <0.01 0.05 <0.01 <0.01 <0.01 <0.01 <0.01 Ð
MnO 0.22 0.29 0.26 0.18 0.00 0.08 0.07 0.05 0.06 0.00
MgO 6.44 6.29 5.96 8.30 0.08 2.58 1.79 1.15 1.31 0.005
CaO 9.30 9.16 9.83 8.64 0.005 3.18 1.82 1.45 1.46 0.005
Na2O 2.96 2.65 2.37 2.95 0.01 3.19 2.95 2.50 2.36 0.03
K2O 0.70 0.77 1.26 1.31 0.005 2.62 3.78 4.43 4.87 0.02
P2O5 0.31 0.35 0.53 0.33 0.00 0.17 0.09 0.07 0.06 0.00
LOI 0.10 0.40 0.60 0.70 Ð 0.55 0.35 0.35 0.01 Ð
Total 100.1 99.75 100.3 100.2 Ð 98.84 100.40 99.03 100.40 Ð
Co (ppm) 39 36 42 43 0.2 13 7 3 4 0.2
Cr 180 170 130 280 0.05 100 98 100 86 0.05
Cs <1 <1 <1 7 0.1 3 4 1 <1 0.1
Cu 53.8 55.1 100 52.4 Ð 64.3 48.9 22.3 22.3 Ð
Hf 5 5 4 4 0.05 10 14 14 15 0.05
Li <10 <10 10 20 Ð 10 <10 20 <10 Ð
Nb 20 10 10 <10 10 20 10 10 10 10
Ni 61 60 44 140 Ð 20 11 6 4 Ð
Pb <2 <2 <2 <2 Ð 2 <2 <2 <2 Ð
Rb <10 <10 <10 30 10 70 110 80 100 10
Ba 210 180 210 360 860 1000 830 850
Sr 250 220 210 260 10 230 180 110 140 10
Sc 40.2 35.2 42.4 27.5 0.04 12.3 7.4 6.8 6.1 0.04
Th <1 <1 <1 <1 0.05 6 9 10 10 0.05
U <0.5 <0.5 <0.5 <0.5 Ð 0.9 0.9 0.9 1 Ð
V 330 280 390 180 Ð 70 50 30 20 Ð
Zn 160 140 190 120 2 76 63 54 50 2
Zr 160 190 190 160 10 390 470 420 560 10
Y 50 50 60 30 10 60 40 50 50 10
La (ppm) 15.0 20.7 17.5 13.2 0.04 47.2 64.2 60.4 64.5 0.04
Ce 39 50 41 29 0.07 98 120 118 119 0.07
Nd 24 29 23 20 0.8 44 46 55 52 0.8
Sm 6.1 7.7 7.8 4.8 0.03 9.2 8.7 10.5 9.3 0.03
Eu 2.3 2.5 2.2 1.3 0.04 1.7 1.5 1.4 1.4 0.04
Tb 1.3 1.4 1.2 0.9 0.03 1.3 1.1 1.2 1.0 0.03
Yb 5 5.5 5.7 3 0.08 4.9 3.3 4.6 3.7 0.08
Lu 0.74 0.82 0.88 0.44 0.007 0.8 0.54 0.74 0.57 0.007
d18O (-) 7.5 7.8 7.0 8.3 9.2 9.3 9.9 9.7

*All iron is reported as Fe2O3.
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and felsic layers, hornblende, garnet, and biotite were
analyzed by electron microprobe (Table 2). Fine-
grained hornblende grains with triple junction grain
boundaries and both retrograde porphyroblasts and
euhedral neoblasts of garnet were analyzed. These min-
erals do not display zoning from rim to core (Table 2).
The hornblende±garnet geothermometer of Graham
and Powell (1984) yields a temperature of 6472548C
(n = 10), and the garnet±biotite geothermometer of
Ferry and Spear (1978) yields a temperature of
7052728C (n = 9). The garnet±rutile±ilmenite±plagio-
clase±quartz (GRIPS) geobarometer of Bohlen and
Liotta (1986) yields a pressure of 9 kb at 7008C and 8
kb at 6508C. The geobarometer based on the total
aluminum content of hornblende (Hammarstrom and
Zen, 1986) yields a pressure of 1020.3 kb (n = 6).
The temperature range (6008C±7108C) indicated by
garnet±biotite and hornblende±garnet geotherm-
ometers is consistent with the mineral assemblages and
fabric features, such as recrystallization and annealing
of plagioclase. It is also consistent with the P±T con-
ditions of the post-thrusting extension in the Grenville
Province suggested by extensive thermobarometric stu-
dies in Parry Sound area and vicinity (Anovitz and
Chase, 1990; Busch et al., 1996). Thus, the normal
shear zone was likely formed between 600±7108C and
8±10 kb during the post-thrusting extension. The high
pressure indicated suggests a setting in the lower conti-
nental crust.

WHOLE ROCK GEOCHEMISTRY

Results

Whole rock chemical analyses were undertaken in
order to evaluate the role of mass transfer processes
during deformation. The data are presented in Table 3.
As expected, the ma®c and felsic layers have distinct
compositions. The compositions of the mylonites, how-
ever, are di�erent from either the ma®c or the felsic
protoliths. For example, felsic components (such as
SiO2, and K2O) are lower and ma®c components (such
as CaO, Fe2O3, MgO and TiO2) are higher in the felsic
mylonite compared to the felsic protolith. Conversely,
ma®c components (CaO, Fe2O3, TiO2) are lower and
K2O and MgO are higher in the ma®c mylonite com-
pared to the ma®c protolith. The signi®cance of these
chemical changes is examined below.
Previous studies have interpreted compositional

changes in mylonites with respect to protolith as the
result of several distinct processes including mass
transfer of mobile elements (Sinha et al., 1986, 1988;
O'Hara and Blackburn, 1989; Yang et al., 1995), rela-
tive changes of immobile elements as a result of
volume change (O'Hara, 1988; Newman and Mitra,
1993), and mechanical mixing between two or more
lithologies (Evans and Chester, 1995). In order to

evaluate the signi®cance of the concentration changes
in the mylonites, it is useful to examine the changes
relative to an immobile frame of reference. The el-
ements used as reference should be geochemically
coherent (i.e. have similar crystal±chemical behavior),
and have a low analytical error relative to their con-
centration. Vanadium, Sc and Ti and the REE are
commonly believed to be immobile during metamorph-
ism at relatively high temperature (Evans and
Landergren, 1970; Frondal, 1970; O'Hara and
Blackburn, 1989; Rollinson, 1989). The LREE display
a gradual change in radius and behave coherently as a
group and the transition elements (V, Sc and Ti) also
have similarities in their crystal±chemical behavior.
These elements have low analytical error (Table 3).
Scandium, V and Ti tend to be enriched in ma®c min-
erals, such as garnet, ilmenite, hornblende and biotite
(Table 2; Evans and Landergren, 1970; Frondal, 1970)
and the LREE tend to be enriched in accessory min-
erals associated with felsic components.

Rare earth elements (REE)

The REE data for the ma®c and felsic layers (nor-
malized to chondritic values) show two contrasting
patterns (Fig. 5), in which the felsic layer is LREE-
enriched relative to the ma®c layer. When the mylo-
nites are normalized to their respective protoliths, the
REE show more complex patterns (Fig. 6a & b). In
the felsic layer, the mylonite (PS10) shows depletion in
LREE (La, Ce, Nd, Sm) and enrichment in HREE
(Eu, Tb, Yb, Lu) and Y relative to the protolith, and
the less sheared sample (PS40) shows minor changes in
LREE and enrichments in Tb, Yb, and Lu (Fig. 6a).
In the ma®c layer, with the exception of PS20, the
samples show roughly parallel patterns with di�erent
concentrations. The most sheared sample (PS60) shows
depletion in all REE and Y relative to the protolith
(PS50) (Fig. 6b). Sample PS30 displays a slight enrich-
ment in all of REE, but no change in Y relative to the
protolith. Sample PS20 is enriched in La, Ce, Sm, Yb,
Lu, and Y, with minor change in Nd, Eu, Tb (Fig. 6b).

Fig. 5. Chondrite-normalized REE patterns of felsic samples (open
symbols) and ma®c samples (solid symbols). Chondritic REE values
from Taylor and McLennan (1985). The felsic layer is LREE-

enriched relative to the ma®c layer.
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The magnitude of these variations is about 230%
(Fig. 6a & b) and in the case of the HREE, which
have low concentrations in both layers (Fig. 5), small
modal changes in accessory minerals such as ilmenite,
apatite, and zircon (Table 1) may explain much of this
variation.

Titanium, vanadium, scandium

The felsic mylonites show progressive enrichment in
TiO2, Sc, and V with progressive deformation (Fig. 6c).
On the other hand, the ma®c mylonites show depletion
in TiO2, Sc, and V with progressive deformation (with
the exception again of PS20, Fig. 6d). Sample PS20

contains more hornblende, garnet and ilmenite com-
pared to the other samples (Table 1), minerals which
accommodate Ti, Sc and V, and this may explain the
anomalous position of PS20 on Fig. 6(d). Overall,
TiO2, Sc, and V display contrasting behavior in the
ma®c and felsic layers with distance to the shear zone
(Fig. 6c & d). Because the concentrations of TiO2, Sc
and V are substantially higher in the ma®c layer com-
pared to the felsic layer, contamination of the felsic
layer by the ma®c layer would result in an increase in
abundance of these elements in the felsic layer, and
conversely, contamination of the ma®c layer with the
felsic layer would result in a decrease in the abundance
of these elements in the ma®c layer, as observed. This
suggestion is supported by the presence of rare garnet
and hornblende only in the most sheared felsic
samples, noted above. The garnets in the ma®c and fel-
sic layers are compositionally similar (Table 2).

The above variations are also displayed by d18O
values. The protoliths of the felsic and ma®c layers
have d18O values of 9.2% and 7.5%, respectively. d18O
values show an overall increase in the ma®c mylonites
and an overall decrease in the felsic mylonites com-
pared to their respective protoliths (Table 3), again
supporting mixing between a low d18O end-member
(ma®c layer) and a high d18O end-member (felsic layer).

TWO-COMPONENT MIXING

Under closed system conditions, element concen-
trations and element ratios of a mixture of two com-

Fig. 6. Variation in REE and selected elements normalized to the least sheared samples. (a) REE pattern of felsic mylo-
nites normalized to the felsic protolith (PS80). (b) REE pattern of ma®c mylonites normalized to the ma®c protolith
(PS50). (c) Variation of Ti, V and Sc in the felsic samples normalized to PS80, as a function of distance to the shear

zone. (d) Same as (c) for the ma®c samples normalized to PS50.

Fig. 7. Plot of ratios of elements or isotopes (X/Y) vs element con-
centration (Z) for two component mixing of end members A and B.
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ponents depend only on the mass fraction of the end-
members.

Plots of isotopic ratios or element ratios vs concen-
tration have been successfully used in studying the pet-
rogenesis of igneous rocks involving mixing of source

rocks (Langmuir et al., 1978; Faure, 1986).
Considering two end-members A and B and three el-

ements, X, Y and Z, on a plot of X/Y vs Z (Fig. 7),
the mixing curve will be a hyperbola with the general
form (Langmuir et al., 1978; Faure, 1986):

Fig. 8. Plots of selected observed element ratios vs element concentrations. Filled symbols are ma®c sample; open sym-
bols are felsic sample. (a) TiO2/V vs V, the curve is de®ned by (TiO2/V)m=2832.3/Vm+38.4 (inset shows the plot of Tim
vs 1/V). (b) Zr/V vs V, the curve is de®ned by (Zr/V)m=585.9/Vmÿ1.3 (inset shows the plot of Zr/V vs V). (c) TiO2/V vs
Sc, the curve is de®ned by (TiO2/V)m=956.6/Scm+23.2. (d) Zr/Co vs V, the curve is de®ned by (Zr/Co)m=2893.4/
Vmÿ4.7. (e) TiO2/V vs d18O, the curve is de®ned by (TiO2/V)m=ÿ 4399.1/(d18O)m+633.5. (f) Fe2O3/V vs Sc, the curve
was de®ned by (Fe2O3 /V)m=12745.7/ Scm+38.4. The least sheared felsic (PS80) and ma®c (PS50) samples are treated

as end-members. Sample PS20 is anomalous and plots beyond the ma®c end-member in all the plots.
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�X=Y�m � a=Zm � b �1�
where coe�cients a and b can be obtained from the

end-members (Fig. 8):

a � ZAZB��X=Y�B ÿ �X=Y�A�=�ZA ÿ ZB� �2�

b � �ZA�X=Y�A ÿ ZB�X=Y�B�=�ZA ÿ ZB� �3�
On plots of element ratios vs element concentration

(e.g. Ti/V vs V; Ti/V vs Sc; Zr/V vs V; Zr/Co vs V;

and Fe/V vs Sc) the deformed samples show hyper-

bolic trends (Fig. 8). They plot near the theoretical

mixing curve derived from equations (1)±(3) using

samples PS50 for the protolith ma®c layer and PS80

for the protolith felsic layer as end-members. On a

plot of TiO2/V vs d18O, the deformed samples also

plot near the mixing curve (Fig. 8e). The end-members

used are farthest from the shear zone (Fig. 2b) and

show the least amount of recrystallization (Fig. 4).

Sample PS20 lies beyond one of these end members,

and in this regard is anomalous.

If Ti, V, Zr and Co were mobile, it is unrealistic to

expect the Ti/V, Fe/V, Zr/V and Zr/Co ratios to lie on

a mixing curve. If, on the other hand, they were im-

mobile, the changes in their ratios cannot be due to

either volume change or other ¯uid-related processes.

We therefore interpret the trends in Fig. 8 as evidence

that mixing took place between the two lithologies in

the shear zone. This interpretation is supported by the

increase in ma®c components observed in the felsic

mylonites and of felsic components in the ma®c mylo-

nites described above. The mixing fractions of the

variously sheared samples, with the exception of PS20,

can be obtained from the location of the samples on

the mixing line (Fig. 8). These fractions are shown as a
function of distance to the shear zone in Fig. 9 which
illustrates an increase in mixing with progressive defor-
mation. This suggests that mixing and shearing are re-
lated (see Discussion). It can be seen that the felsic
mylonite can be derived from 8825% felsic and
1225% ma®c components, and the ma®c mylonite
can be derived from 5524% ma®c and 4524% felsic
components.

FLUID-ASSISTED MASS TRANSFER

Based on the mixing fractions and the compositions
of the end-members, equation (A7) can be used to cal-
culate the major and trace element compositions of
deformed samples, assuming closed system conditions.
If the calculated and observed compositions agree,
then closed system mixing is supported. If on the other
hand, substantial disagreement exists, then open sys-
tem behavior is implied. Figure 10 compares the
observed data and calculated compositions (based on
mixing fractions derived above) of major and trace el-
ements for the felsic and ma®c samples. Using PS 50
and PS 80 as end-members, two samples collected out-
side the shear zone (PS70 and PS30) have mixing frac-
tions of 8824% felsic + 1224% ma®c rocks and
1721% felsic + 8321% ma®c rocks, respectively.
Most elements (major, REE, and trace) plot along the
constant mass diagonal (Fig. 10a & c). The relatively
good ®ts between calculated and observed data for
these samples indicates that these samples experienced
little or no ¯uid-assisted mass transfer. In contrast, in
the most sheared ma®c and felsic samples (PS 10 and
PS 60), few elements plot along the constant mass line
(Fig. 10b & d) indicating that the shear zone was an
open system and involved both mixing and ¯uid-
assisted mass transfer of mobile elements.

On the plot of felsic mylonite (PS 10) vs its calcu-
lated mixed protolith, TiO2, Fe2O3 V, Sc, and HREE
(Eu, Tb, Yb, Lu) de®ne an isocon whose slope is
somewhat steeper than the constant mass isocon
(Fig. 10b). Other elements, CaO, MgO, Na2O, Co, Y,
Zn and Sr, also plot near this isocon. However, K2O,
SiO2, Al2O3, LREE, Zr, Hf, Rb, and Ba fall below the
isocon to varying degrees. In the case of ma®c mylo-
nite (PS 60) vs its calculated protolith, TiO2, Fe2O3,
Al, Sc, Yb and Lu also de®ne an isocon with Na2O,
V, Tb, Cu and Zn plotted near this line (Fig. 10d).
CaO, MgO, and P2O5 plot above this isocon, and
other elements scatter conspicuously below this isocon
and the constant mass line. The isocons de®ned by Fe,
Ti, V, Sc, and HREE in Fig. 10(b & d) are interpreted
to represent an immobile isocon.

Based on mass balance of these immobile elements,
the volume factor duing mylonitization can be
obtained from (Gresens, 1967; Grant, 1986)

Fig. 9. The plot of mixing fraction as a function of the distance to
the shear zone. Xm represents the mass fraction of ma®c rock in the
ma®c layer, and Xf represents the mass fraction of felsic rock in the
felsic layer. The mass fraction was derived from the plots of element
ratio vs concentration and the mixing curves (Fig. 8). The error bars
represent the uncertainty of the calculated mass fraction from di�er-

ent plots in Fig. 8.

Distinction between tectonic mixing and mass transfer processes in a ductile shear zone 1099



fv � VF=V I � CP
i =C

M
i � rP=rM �4�

where VI and VF are initial and ®nal volumes of

altered rocks, respectively; CP
i and CM

i are concen-

trations of element i in protolith and mylonite, respect-

ively; rP and rM are densities of protolith and

mylonite. The term CP
i/C

M
i can be determined from

the slope of immobile element isocon in Fig. 10. The

initial state (protolith) is assumed to be the rock result-

ing from mixing without ¯uid-assisted mass transfer.

The density of the protolith can be obtained from the

densities of the end-members through equation (A2)

by assuming that there was no volume change during

mixing in a closed system; this equation yields densities

for felsic and ma®c protoliths of 2.7020.3 and

2.9020.2 g/cm3, respectively. Consequently, a volume

loss of 24% for the felsic mylonite and 13% for the

ma®c mylonite is derived from the immobile element

isocon (Fig. 10b & d). The net chemical changes due

to mass transfer can be determined from Gresens'

(1967) equation. The calculations yield the following

two mass balance equations:

100 g felsic mixture� 0:3 g LOI � 73:9 g

felsic mylonite� 2:2 g Al2O3

� 21:7 g SiO2 � 2:5 g K2O �5�

100 g mafic mixture� 1:6 g CaO� 2:9 g MgO

� 0:5 g LOI � 85:5 g mafic mylonite

� 18:6 g SiO2 � 1:42 g K2O� 0:4 g Al2O3: �6�
Equations (5) and (6) indicate losses of SiO2, Al2O3,

Fig. 10. Isocon diagram of the observed concentrations vs the calculated concentrations for proto-mylonites (a & c) and
mylonites (b & d). The calculated compositions are derived from two-component mixing under closed system conditions.
Vertical error bars represent analytical error (1s) and horizontal error bars represent calculation uncertainty resulted

from the mass fraction uncertainty.
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and K2O from the felsic layer and SiO2 from the ma®c
layer. On the other hand, the ma®c layer gained a sig-
ni®cant amount of CaO and MgO during mylonitiza-
tion. The loss of K2O from the felsic mylonite is
consistent with the observed change from microcline to
plagioclase in the felsic layer with increasing defor-
mation. In summary, the chemical composition of the
mylonites may be explained by processes including
both mixing of end-member lithologies and ¯uid-
assisted mass transfer.

DISCUSSION

Fluid-to-rock ratios

The mass transfer of mobile elements implied by
equations (5) and (6) requires a ¯uid in¯ux to remove
and/or add elements to mylonites and the retrograde
reactions described above are consistent with the pre-
sence of a ¯uid phase. Based on the net changes of
SiO2 and the solubility of SiO2, a minimum ¯uid-to-
rock mass ratio may be calculated if the P/T con-
ditions and saturation of the ¯uid with respect to SiO2

are known. The equation of O'Hara and Blackburn
(1989) is used to determine ¯uid-to-rock volume ratio:

�Fluid=Rock� � Lsi=Csi�1ÿ S� �7�
Where Lsi is the net change of SiO2; Csi is the solubi-
lity of SiO2 at the P/T condition of deformation; S is
the fractional saturation of ¯uid with respect to SiO2.
It is clear from equation (7) that a minimum ¯uid-to-
rock ratio is obtained assuming a totally unsaturated
¯uid (S= 0), and an in®nitely large ratio is obtained
for a fully saturated ¯uid (S = 1). Using the exper-
imental data of Manning (1994), the solubility of SiO2

at 7008C and 10 kbar is approximately 3.6 wt%.
Based on the net SiO2 loss, 21.7 g/100 g rock, indicated

by equation (5), ¯uid-to-rock ratios of 6:1, 12:1 and
60:1 are obtained, assuming 0%, 50%, and 90% satur-
ation of the ¯uid. Because oxygen is expected to be
mobile under these conditions, but d18O values of the
samples plot near a closed system mixing curve
(Fig. 8e), the implication is that the ¯uid in¯ux
occurred prior to mixing or that the ¯uid was in O iso-
tope equilibrium with the host-rocks during mixing.
This raises the possibility, discussed below, that the
¯uid played a role in the mixing process.

Although the intermediate deformed felsic and ma®c
samples, PS70 and PS30, were collected only 15 cm
and 110 cm away from the shear zone, respectively,
and display deformation fabric and grain-size re-
duction relative to their protoliths (Fig. 4), they show
only minor ¯uid-associated chemical changes com-
pared to the felsic and ma®c mylonites collected within
the shear zone (Fig. 10a & c). This implies that ¯uid-
rock interaction was largely con®ned to the shear
zone, and represents channelized ¯uid ¯ow.

Mixing and strain weakening

Mixing between rocks of contrasting composition
apparently had the ability to signi®cantly change the
chemical and mineralogical composition of the mylo-
nites. The process may also have a�ected the strength
of the mylonites. The bulk strength of a rock depends
on the strength of constituent minerals and their mass
fraction in a non-linear fashion (Handy, 1990). Phases
which are su�ciently abundant to form an intercon-
nected network have an important in¯uence on the
bulk strength (Handy, 1990). The felsic layer in this
study contains minerals such as biotite and quartz
which make up between 37% and 43% of the felsic
mylonites, and under upper amphibolite conditions,
these minerals are likely to be fully plastic. The ma®c
layer on the other hand is dominated by hornblende
and feldspar with <5% quartz or biotite (Table 1)
and was probably stronger at the P±T conditions of
mylonitization. This is consistent with experimental
and natural deformation studies which indicate that
feldspar is generally weaker than hornblende at amphi-
bolite facies conditions (>5508C, e.g. Brodie and
Rutter, 1985; Hacker and Christie, 1990), but both
minerals are stronger than either quartz or mica. In
the shear zone, the felsic mylonite consists of 1225%
ma®c protolith and 8825% felsic protolith, whereas
the ma®c mylonite consists of 5524% felsic protolith
and 4524% ma®c protolith (Fig. 9). The mixing pro-
cess, therefore, resulted in addition of a greater pro-
portion of felsic components (55 wt%) to the ma®c
layer compared to the addition of only 12 wt% ma®c
components to the felsic layer. Insofar as the felsic
components form an interconnected network and were
likely weaker than the ma®c components, an overall
weakening of the mixed rock would have occurred.
This process of shearing±mixing±weakening causing

Fig. 11. Mixing-volume loss plot. Closed system mixing moves the
protolith compositions horizontally along the base of the triangle
and open system behavior will move the rocks vertically. The data
are consistent with a process in which mixing and ¯uid in¯ux are re-

lated.
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further shearing and weakening may be one of the
strain weakening mechanisms which operated at the
outcrop scale in this study.

Mechanical vs chemical mixing

The observed chemical changes are interpreted as
due to mixing between the felsic and ma®c layers and
also to mass transfer involving a ¯uid phase. During
mylonitization, two types of mixing are possible;
namely, mechanical mixing due to shearing between
the two contrasting lithologies and chemical mixing
due to mass transfer of components. In this study, the
proportions of mixing were identi®ed on the assump-
tion of immobility of certain elements, regardless of
the amount of ¯uid in®ltration. Based on this assump-
tion, the mixing must re¯ect physical mixing of these
immobile elements, rather than their chemical trans-
port. The presence of minor amounts of relict horn-
blende and garnet in the more deformed felsic samples
is physical evidence that the ma®c layer contributed
minerals to the felsic layer. That the rare garnet in the
felsic layer is similar in composition to the garnet in
the ma®c layer (Table 2) is consistent with mechanical
mixing of garnet due to shearing, rather than chemical
transport of garnet components from ma®c to felsic
layers. In the latter case, it is likely that a garnet grow-
ing in a felsic host would be chemically distinct from
garnet growing in a ma®c host.
The change from dominantly K-feldspar to domi-

nantly plagioclase with progressive deformation of the
felsic layer is consistent with either mixing of plagio-
clase from the ma®c layer with the felsic layer, or alter-
natively, loss of K and gain of Na and Ca in the felsic
layer. Because open system ¯uid-assisted mass transfer
was also involved during mylonitization, di�erentiating
between mechanical and chemical mixing in this case is
di�cult. In the case of less deformed samples, how-
ever, simple mixing under closed system conditions sat-
isfactorily explains the major, minor and trace element
concentrations (Fig. 10a & d). Given the likely di�er-
ent mobilities of these elements it is unrealistic to
expect that chemical transport would result in a pat-
tern similar to that predicted by two component mix-
ing. A process is envisioned, therefore, in which
shearing juxtaposed the two contrasting lithologies
resulting in mechanical mixing of ma®c and felsic pro-
tolith samples.
The absence of zoning in either garnet or horn-

blende suggests that intercrystalline di�usion was su�-
cient to homogenize these phases. In addition, grain-
size reduction of hornblende and feldspar during
recrystallization in both layers would increase the
grain boundary cross-sectional area, thereby enhancing
grain boundary di�usion (Farver and Yund, 1995).
These di�usive processes would tend to homogenize
the rocks, possibly erasing evidence for the nature of
the mixing process. The presence of a separate ¯uid

phase would clearly enhance transport processes
during mixing.

The relative roles of mixing and mass transfer pro-
cesses can be represented on a mixing-volume loss dia-
gram (Fig. 11). The end member protolith
compositions plot at the apices at the base of the tri-
angle. Samples outside the shear zone (PS30 and PS70)
plot along the base line, indicating closed system mix-
ing. Mylonite samples plot o� the base line indicating
open system behavior. Ma®c mylonite sample PS60
shows higher proportions of mixing in addition to
13% volume loss, whereas the felsic mylonite (PS10)
shows similar mixing proportions as PS70 and a
volume loss of 24%. The data are consistent with the
interpretation that ¯uid in¯ux and mixing are related
processes, but further studies are required to identify
the nature and mechanisms of these interactions.

In conclusion, the available evidence suggests that,
in the case of the less deformed samples outside the
mylonite zone, the mixing process was limited, and
was largely mechanical, rather than chemical, in
nature. In the case of the mylonites, deformation
involved mass transfer and mixing processes, and the
mixing may have been enhanced by the presence of the
¯uid phase. Regardless of the exact mechanisms by
which these processes interacted, a positive result of
this study is that mixing can be distinguished from
mass transfer processes, provided an immobile frame
of reference can be identi®ed. Because of the small
scale and limited sample base of this study it is unclear
how important these processes are in other tectonic
settings, and on what scale they operate, and whether
¯uid in®ltration, in general, promotes mixing.
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APPENDIX

In the case of two-component mechanical mixing under closed sys-
tem conditions, mass balance of immobile elements gives:

XA �MA
r =�MA

r �MB
r � �A1�

where XA is mass fraction of end-member A; MA
r , M

B
r are mass of

end-member A and B, respectively. Thus,

MC
r � XAM

A
r � �1ÿ XA�MB

r �A2�
where MC

r is the mass of rock C (mixed product); this equation can
be modi®ed to include mass transfer (DM) under open system con-
ditions:

MC
r � XAM

A
r � �1ÿ XA�MB

r � DM �A3�
For any immobile element i:

MC
i � XAM

A
i � �1ÿ XA�MB

i �A4�
where MA

i , M
B
i , M

C
i are the mass of the immobile element i in rock

A, B, and C, respectively. Because:

MC
i �CC

i �MC
r �CC

i ��XAM
A
r ��1ÿXA�MB

r � DM� �A5�
Combining equation (A4) and (A5)

CC
i � 1=MC

r �XAC
A
i M

A
r � �1ÿ XA�CB

i M
B
r � �A6�

where CA
i , CB

i , and CC
i are the concentration of the immobile el-

ement i in rock A, B, C respectively. If we mix A and B with unit
mass m (such as 100 grams), equation (A6) can be simpli®ed to:

CC
i � m=�m� DM��XAC

A
i � �1ÿ XA�CB

i � �A7�
Under closed system conditions, DM= 0.
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