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SCHWEIZ. MINERAL. PETROGR. MITE 81. 329-346, 2001

Dedicated to the memory of Prof. Martin Frey

Geochemistry of a talc-kyanite-chloritoid shear zone within the
Monte Rosa granite, Val d'Ayas, Italy

by Sabine Pawlig'* and Lukas P. Baumgartner"1

Abstract

Kyanite-talc-chloritoid-bearing rocks are exposed in a shear zone and other places within the Monte Rosa granite in
the upper Val d'Ayas (Italy). Weakly deformed granite grades into progressively more deformed gneiss and
whiteschist. A garnet-talc-chloritoid-calcite-pyrite-quartz boudin marks the center of this shear zone.The occurrence
of weakly deformed whiteschists and discordant whiteschist-granite contacts indicates a pre-deformation origin of
the whiteschist chemistry. Mass balance calculations were done in order to assess the nature and amount of mass
transfer necessary to produce the whiteschist from a granitic protolith. The results indicate enrichment of Mg and
FLO. with minor Si. Fe and K. Na, Ca, Sr. Ba, Pb and locally U are depleted. Stable isotope investigations on calcite
from the carbonate /one in the center of the shear zone were performed to constrain the fluid source. SI3C values of
calcite range from -9.60 to -9.81%,, (PDB), while their 5laO values range from +9.61 to +10.14%,, (VSMOW). These
light isotopic values point towards a magmatic fluid source. We suggest that a pre-Alpine argillitic alteration leads to
a chlorite-rich metasomatic alteration of the granite around gangue mineralization. Strain was localized during high-
pressure metamorphism and subsequent exhumation into these rocks.This formed a deformational weak zone in the
otherwise dry Monte Rosa granite. The presence of hydrous phases prior to metamorphism led to abundant
recrystallization during high-pressure metamorphism.

Keywords: Monte Rosa nappe, whiteschist, metasomatism, ISOCON, stable isotope geochemistry.

Introduction

Talc-chloritoid-kyanite-bearing rocks are found
in discrete shear zones within the Late Permian
Monte Rosa granite, Western Alps (Fig. la).
Occurrences of these rocks in the Monte Rosa nappe
were already described by Bearth (1952) and
Dat. PiA7. (1971). Petrological investigations on
those phengite-talc-chloritoid-chlorite-kvanite-
quartz assemblages from the Monte Rosa nappe
in the Val d'Ayas (Italy) were carried out by Chopin

and Monie (1984). and Dal Piaz and Lom-
bardo (1986), who reported a pressure of ca. 16

kbar at a temperature of 500 °C for their formation

at a water activity of approximately 0.6 during

the Alpine eclogitic overprint. Recently. Le
Bayon et al. (2000) suggested a considerably
higher pressure of 25 kbar and a temperature of

580 °C for the stability of the assemblage talc-
chloritoid within rocks from the Monte Rosa

nappe based on an assumed water activity of 0.6

during the Alpine high-pressure metamorphism.
A sedimentary origin for those special rocks was
suggested by Chopin and Monié (1984) for a

piece of the float, whereas several authors
proposed that these peculiar rocks resulted from
pre- to early Alpine metasomatic transformations

of the granitic protolith along high-pressure

shear zones in the Monte Rosa granite
(Bearth, 1952; Dal Piaz, 1971; Dal Piaz and
Lombardo, 1986). Occurrences of similar rock
types in the Alps have been reported from the
Tauern Window of Austria, the Austroalpine
nappes of the Eastern Alps (Hungary), and from
the coesite-bearing rocks of the Dora Maira
massif in the Western Alps (Abraham et al.,

1 Institut für Geowissenschaften, Mineralogie. Johannes Gutenberg-Universität, Saarstr. 21. D-55099 Mainz.
* Present address: GZG - Göttinger Zentrum Geowissenschaften. Abt. Isotopengeologie. Georg-August-Uni

versität, Goldschmidtstr. 3, D-37077 Göttingen. <spawlig@gwdg.de>
' Present address: Institut de Minéralogie et Pétrographie. Université de Lausanne. BFSH 2, CH-1015 Lausanne.
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Fig. 1 (A) Generalized map of study area showing the Monte Rosa nappe and surrounding tectonic units (modified
after Bearth, 1952). (B) Map of the upper Val d'Ayas indicates location of the shear zone (arrow). Modified after
Dal Piaz (1971).

1974; Chopin et al., 1991; Sharp et al., 1993;
DemÈNY et al., 1997). Two different mechanisms
have been proposed for the formation of Alpine
whiteschists: high-pressure metamorphic overprint

of Mg-rich evaporitic sedimentary proto-
liths (Chopin and Monié, 1984), and Mg-metaso-
matism of gneisses and mica schists along shear
zones by metamorphic fluids (Sharp et al., 1993).
A stable isotope study was presented by Sharp et
al. (1993), in which they proposed that the meta-
somatic alteration was caused by ascending
metamorphic fluids released from the subducted mafic
to ultramafic material of the Tethyan oceanic
crust of the downgoing slab.

This study focuses on the geochemical evolution

of a shear zone containing whiteschists located

in an otherwise weakly deformed part of the
Monte Rosa granite in the upper Val d'Ayas (Italy).

Field and pétrographie observations
described below provide clear evidence that the
whiteschists are the result of a high-pressure
metamorphic overprint of a hydrothermally
altered granitic protolith and related microgranitic
dykes. To constrain the nature and amount of the
mass transport necessary to produce these special
rocks from a granitic protolith, the approach of
Baumgartner and Olsen (1995) based on the

ISOCON method after Grant (1986) and Gre-
SENS (1967) was applied. Using carbon and oxygen

stable isotope geochemistry of calcite from a

garnet-talc-chloritoid-calcite-pyrite-quartz zone
located in the center of this shear zone, we
address the potential fluid source and the evolution
of these magnesian rocks within the shear zone.

Geology and petrography of the talc-kyanite-
ehloritoid shear zone in the upper Val d'Ayas

The shear zone investigated in this study is located

in a weakly deformed part of the Monte Rosa
granite in the upper part of the Val d'Ayas (Italy).
It is located southeast of the Mezzalama refuge, at
the southern end of the Verra glacier (Fig. lb;
2796 m a.s.l.; coordinates 625.05/084.143, Swiss
kilometric grid). The shear zone is up to 40 m
wide, trends NW-SE and dips towards WSW
(250/40). The weakly deformed granite grades
into more deformed granitic gneiss and finally
into a chloritoid-kyanite-talc-bearing whiteschist
(Figs 2, 3). Microgranitic dykes were rotated into
the shear zone (Fig. 4a), indicating a downward
movement of the hangingwall (top towards the
SW). A small boudin (2.5 m X 1 m) containing
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garnet-talc-chloritoid-phengite-calcite-pyrite-
quartz forms the center of the shear zone (Fig. 2).
The orientation of both, the whiteschist and the
carbonate boudin in the center, is slightly oblique
to the generally NW-SE trending southwestern
rim of the shear zone. Additionally, a discordant
contact of the whiteschist with the Monte Rosa

granite can be observed at the eastern rim of the
shear zone, whereby the main foliation of the
rocks clearly cuts the contact between the two
different lithologies (Fig. 2). Two detailed profiles
document sample location, lithological units and
structural data (Fig. 3).

Weakly deformed, nearly massif lenses and
boudins of chloritoid-talc felses occur just below
the carbonate boudin, indicating an initial near-
static crystallization during high-pressure rneta-
morphism. Shearing continued into the green-
schist-facies, which is documented by some C-

type shear bands containing chlorite, muscovite.

and locally biotite in the whiteschist (Fig. 4d).The
last structurai elements within the shear zone are
extensional quartz veins, along which intensive
alteration of gneisses and whiteschists by chlorite,
muscovite and some biotite is observed (Fig. 3,

section C-D). These late quartz veins are at high
angle to the shear zone. A similar succession of
deformation fabrics and metamorphic assemblages

is observed for the granitic gneiss. Sigma
clasts of feldspar in the granitic gneiss (Fig. 4c)
define a downward movement of the hangingwall
(top towards the SW), as do the C-type shear
bands within the whiteschists (Fig. 4d). Elongate
feldspar and white mica aggregates, as well as

prismatic, broken tourmaline crystals define a

SW-trending (220/40) stretching lineation in the
gneiss (Fig. 3). The tourmaline lineation occurs
within whiteschists and microgranitic dykes as

well. Chlorite, low-celadonitic white mica and
minor biotite replace phengite, which defines the

Fig. 2 Sketch of the shear zone located at 625.05/084.143 (Swiss kilometric grid). The view is towards NW. The
locations of the sections A-B and C-D in figure 3 are indicated. Note the carbonate boudin located just east of the

center and the discordant contact between the whiteschist and the granite as indicated by the arrow. Detail of contact

given in inset A.
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earliest foliation together with talc in the white-
schist. All structural elements, except the late

quartz veins, document a top-to-SW sense of
shear with downward movement of the hanging-
wall. The characteristics of the deformation
fabrics within the different lithologies, i.e within
the granitic gneiss and the whiteschist. demonstrate

that deformation in the shear zone
prevailed continuously from at least the last stages of
high-pressure metamorphism to the greenschist-
facies overprint.

The weakly deformed, slightly foliated Monte
Rosa granite shows a well preserved igneous
texture which is dominated by large K-feldspar
blasts, large biotite and muscovite flakes, and

quartz. Igneous plagioclase is replaced pseudo-
morphically by aggregates of fine-grained phen-
gite, garnet, clinozoisite, and fine-grained albite.
Relict magmatic biotite locally contains sagenite
inclusions. Biotite is either overgrown by
finegrained phengite at its rims or, locally replaced by
chlorite. Accessory apatite, ilmenite (partially
rimmed by titanite), zircon, monazite, xenotime
and tourmaline are common. Weakly deformed
dykes occur, characterized by a granoblastic
texture. consisting of quartz, plagioclase. muscovite.
phengite, clinozoisite, small garnet, as well as

minor tourmaline and zircon. Relictic, magmatic
muscovite flakes are replaced by fine-grained
phengite at the rim, whereas the plagioclase
shows replacement by an assemblage of phengite-
clinozoisite-garnet-albite, similar to that reported
for the metagranite.

Metagranite grades within a few centimeters
into the shear zone, which starts with two slightly
different varieties of granitic gneiss: a dark gray
and a red one.The main constituents of both varieties

of granitic gneiss are large augen-like feldspar

clasts, quartz, phengite, chlorite, and epidote.
Small garnet displays atoll structures. Biotite can
form thin rims on chlorite and phengite. Minor
constituents and accessory phases include zircon,
apatite, rutile and titanite. Small amounts of
tourmaline occur locally within the red gneiss. Phengite,

biotite and epidote are concentrated in
layers, defining the main foliation of this rock
type, or they wrap around feldspar clasts and
oblate quartz aggregates. The two granitic gneisses
form alternating layers in the cross section A-B.
The red variety is largely of mvlonitic character
and mainly observed towards the center of the
shear zone and in direct contact with the white-
schist in section C-D (Fig. 3).

Whiteschists contain the assemblage kyanite-
talc-chloritoid-phengite-quartz, with minor
amounts of rutile, tourmaline, pyrite, monazite,
and zircon. Phengite and talc define the first folia¬

tion. The chloritoid-porphyroblasts are up to one
cm in size and chloritoid is sometimes intergrown
with kyanite to form large aggregates that are also

up to one cm in size. This assemblage is partially
replaced by the assemblage of chlorite-muscovite
and sometimes biotite. Tourmaline occurs either
as small grains, or as prisms defining the lineation.
Two different protoliths for the whiteschist can be

distinguished in the field. One clearly has a granitic

protolith and is characterized by large chloritoid,

whereas the other, very light variety, with
only minor chloritoid, originates from microgra-
nitic dykes. They are separated by sharp contacts
parallel to the direction of the shear zone.

In the center of the shear zone, a sulfide-bear-
ing carbonate boudin has been found (Figs 2,4b).
It is only slightly foliated, found in sharp contact
to whiteschists and oriented parallel to the foliation

of the whiteschists, which is slightly oblique
to the shear zone. The sharp contact to the
whiteschists suggests that the carbonate boudin represents

a vein mineralization. It contains the assemblage

chloritoid-talc-garnet-phengite-quartz-cal-
cite-pyrite±chalcopyrite. Pyrite and chalcopyrite
occur as stringes within the carbonate boudin.
Accessory phases are monazite, allanite (front 100

gm to several cm in size), zircon and rutile. Massive,

nearly pure carbonate layers with minor
quartz and phengite show a sharp contact to layers

rich in quartz, chloritoid, garnet, phengite, talc
and pyrite with minor carbonate. Talc and phengite

define the slight foliation of the samples.They
are bend around large chloritoid and garnet crystals.

Signs of greenschist-facies retrogression
within the carbonate boudin are given by the

presence of chlorite, muscovite, and incipient
biotite, which occurs as narrow rims around the
phengites.Textural relationships of monazites imply

that they formed or recrystallized during
Alpine metamorphism. They are mainly found
within the foliation and occur either as large, single

grains or as a number of small grains pseudo-
morphically replacing larger ones. Several large,
unzoned monazite grains from a sample of the
carbonate zone yielded 208Pb/2,2Th ages between
39 ± 0.9 and 31.6 ± 0.7 Ma (Scherrer, 2001), and
thus provide clear evidence for monazite recrys-
tallization within the shear zone during Alpine
metamorphism and deformation.

Combining the textural and geochronological
observations of monazites from the carbonate
zone with field and pétrographie observations
from the whiteschist and granitic gneiss it is therefore

clear that the shear zone is of Alpine age and
provides essential evidence of a high-pressure
metamorphic overprint within the Monte Rosa

nappe.
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Analytical methods

Whole rock chemical compositions were
determined by XRF measurements. Samples were
crushed and powdered in a tungsten carbide mill.
Major element concentrations were measured on
glass pellets, while trace elements were
determined on powder pellets, using a Philips PW 1400

spectrometer with a rhodium X-ray tube. LOI
(loss on ignition) was calculated from weight loss

by heating whole rock powders to 1000 °C for at
least two hours. LOI is assumed to be H20, since
the shear zone rocks, with the exception of the
carbonate zone within the center of the shear

zone, do not contain any C02-bearing minerals.
The mean for each sample population is given in
table 1 with the 1er standard deviation, calculated
from multiple samples of each rock population.
The numbers of samples varies between 3 to 8 for
the different lithologies occurring within the
shear zone (see Tab. 1).

180/1"0 and 13C/12C ratios were determined
from CO;-gas, liberated from calcite by reaction
with 100% phosphoric acid at 25 °C. lsotopic
ratios were analyzed with a VG ISOTECH-
PRISM SERIES 11 mass spectrometer. All values
are given relative to PDB standard for 813C and
VSMOW standard for 8lsO, respectively.
Uncertainties of the isotopic ratios for carbon and oxygen

are 0.05%« and 0.1%o (1er), respectively. Stable
isotope compositions of the analyzed samples are
given in table 3.

Mass balance calculations

Quantitative mass balance calculations based on
chemical data requires an assumption with
respect to volume or mass change during the alteration

process (Gresens, 1967: Grant, 1986;
Baumgartner and Olsen, 1995). Typically it is not
possible to obtain this information unequivocally
from field observations, hence alternative routes
are used. In the literature, the assumptions of
constant volume or immobile elements are commonly

used (e.g. Ague, 1994. 1997; Baumgartner
and Olsen, 1995: Grant 1986; Olsen and Grant,
1991 Once a choice has been made, evaluation of
mass transport is calculated with the approach of
Gresens (1967), or its graphical simplification of
Grant 1986).The graphical approach pioneered
by Grant (1986) is referred to as the 1SOCON
method :The concentrations of the elements in the
metasomatized rock are plotted versus the
concentrations of the least-altered equivalent. The
concentrations of all immobile species must lie on
a straight line (Gresens, 1967; Grant, 1986):

c'1 ——Ac? + -3c j (1)
M L ' J

where M° and MA are the masses of the original

and the altered rock in an equal-sized volume
of rock, respectively; cf and cf are the concentrations

of element i in the original and in the altered
rock, respectively; and Ac, is the mass change of
element i during the alteration process. The line
connecting all elements with no mass change (Ac,

0) is called an ISOCON. Its slope, b M°/MA,
corresponds to the overall mass ratio, which
resulted from the alteration process. A significant
deviation of data points from the ISOCON is due
to the mass change of the corresponding element
during alteration. A mass ratio of one (b 1)
demonstrates that no overall mass change has taken
place during the alteration process, whereas bel
indicates mass gain, and b > 1 indicates mass loss.

Baumgartner and Olsen (1995) presented a

least-squares approach to the ISOCON method
of Grant (1986) which takes into account the

heterogeneity of the original (parent) and
metasomatized (altered) rock population.The method
is statistically rigorous, if the heterogeneities of
the altered and the parent rock population are
described either by a normal or a log-normal
distribution. Also, its current implementation
assumes that no correlation between the two
populations is observed. In practice, inhomogeneities
and analytical errors are evaluated through multiple

analyses of different samples from one rock
population. It is thus possible to obtain the associated

uncertainties of the original and the altered
rock population for each element. Since sample
populations are typically too small to test for the

type of distribution, a normal or log-normal
distribution is assumed. Here, the results are presented
in log-log diagrams, where the concentration of an
element i in the altered rock cf is related to the
concentration in the original rock cf by rearranging

equation (1) to:

M"
loge,'1 log—- + log(c,° + Ac, (2)

M
and hence for the ISOCON defining the

immobile elements

y log-—j + loge, (3)
M

The slope of the ISOCON in a log-log diagram
is always one. The amount of overall mass change
is given by the deviation of the intercept value of
the ISOCON from the origin.
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Tab. 1 Chemical composition of the shear zone samples used for the mass balance calculations. Average compost
tions and their 1er variability is shown for multiple samples of different shear zone lithologies.

Rock type
Sample 98SL133

Monte Rosa Granite
99SL125 99SL159 Mean 1 a

Dark grey variety of the granitic gneiss
98SL126 99SL118 99SL126 99SL129 99SL130 Mean 1 (7

Si02 wt% 69.77 70.46 70.5 70.24 0.41 70.37 69.83 70.42 69.8 70.76 70.20 0.47
A12Ot 15.3 14.93 14.73 14.99 0.29 14.72 14.89 14.64 14.61 14.55 14.67 0.15
Fe2CV 2.66 2.88 3.03 2.86 0.19 3.18 3.07 3.06 3.14 3.12 3.10 0.04
MnO 0.05 0.05 0.05 0.05 0.00 0.05 0.05 0.06 0.05 0.05 0.05 0.00
MgO 11.74 0.78 0.82 0.78 0.04 0.86 0.85 0.85 0.87 0.83 0.85 0.02
CaO 1.57 1.79 1.68 1.68 0,11 1.76 1.65 1.79 1.71 1.73 1.72 0.06
Na20 3.11 3.21 3.1 3.14 0.06 2.96 3.11 3.71 2.92 2.93 3.17 0.37
K,0 5.25 4.3 4.56 4.70 0.49 4.61 3.99 2.84 4.93 4.77 4.13 0.95
Ti02 11.41 0.44 0.47 0.44 0.03 0.5 0.51 0.48 0.49 0.48 0.49 0.01
p2o, 0.21 0.2 0.19 0.20 0.01 0.18 0.2 0.18 0.18 0.18 0.19 0.01
LOI 1.01 1.18 0.99 1.06 0.10 1.41 1.62 1.63 1.19 1.22 1.42 0.24
Total 100.06 100.23 100.12 100.14 0.09 100.6 99.77 99.66 99.89 100.62 99.99 0.43

Sc ppm 5 5 6 5.3 0.6 4 6 5 5 4 5 0.8
V 24 25 30 26.3 3.2 31 34 31 30 30 31.3 1.9
Cr 18 9 12 13.0 4.6 13 8 10 9 10 9.3 1.0

Co 51 41 42 44.7 5.5 26 27 26 38 40 32.8 7.3
Ni 7 5 4 5.3 1.5 9 7 7 7 6 6.8 0.5
Cu 8 10 7 8.3 1.5 6 8 5 11 7 7.8 2.5
Zn 54 48 53 51.7 3.2 59 58 46 59 59 55.5 6.4
Ga 19.3 17.6 19 18.6 0.9 18 19.2 18 18 19 18.6 0.6
Rb 248 183 225 218.7 33.0 209 200 151 214 224 197.3 32.4
Sr 124 116 110 116.7 7.0 103 84 108 109 105 101.5 11.8
Y 20 22 24 22.0 2.0 24 24 25 25 22 24.0 1.4

Zr 153 162 174 163.0 10.5 173 175 166 166 169 169.0 4.2
Nb 16 15 16 15.7 0.6 16 17 15 15 17 16.0 1.2

Ba 594 429 433 485.3 94.1 481 382 407 498 416 425.8 50.3
Pb 34.3 33.6 30.7 32.9 1.9 28.1 32.9 16.2 26.8 37.8 28.4 9.3
Th 14.3 15.9 14.3 14.8 0.9 17.4 16.6 15.3 16.5 16.4 16.2 0.6
U 4.3 4.7 4.7 4.6 0.2 4.2 3.1 4 3.8 4.5 3.9 0.6
La 25 27 32 28.0 3.61 28 31 27 31 28 29.0 1.9
Ce 43 49 59 50.3 8.08 59 61 56 63 60 59.8 2.6
Pr 7 10 8 8.3 1.53 6 9 5 8 9 7.4 1.8
Nd 24 27 27 26.0 1.73 28 32 27 30 28 29.0 2.0
Sm 4 8 5 5.7 2.08 5 6 7 5 5 5.6 0.9

* Total Fe shown as Fe203; Fe2+/Fe3* not determined.

Mass balance calculations were performed for
the alteration, using the Monte Rosa granite as
the original rock type of the shear zone for
calculations concerning the alteration towards the
granitic gneiss and the whiteschist with granitic
origin.The microgranitic dyke is the original rock
type for the calculations of the alteration towards
the whiteschist with microgranitic origin. The
ISOCON was chosen, so as to have a maximum
number of elements assumed to have low-solubility,

and hence are most likely relatively immobile
(Äl, Ti. P, Zr. Sc. Y, V). The calculations were
performed with the software package „ISOCON"
written in FORTRAN 77 (Baumgartner and
Olsen, 1995). Whole rock chemical data as well as
their ltr uncertainty used for the calculations are
given in table 1. Note that the data for the REE
are especially in the whiteschist and in the
microgranitic dykes close to or below the detection
limit of the XRF.

An ISOCON plot for the alteration of the
Monte Rosa granite to the dark gray variety of

the granitic gneiss is shown in figure 5a. For this
calculation, the element combination with the
maximum number of the previously mentioned
generally immobile elements (Al,Ti. P, Sc, Y, Zr,
Nb,Th) was chosen to define the ISOCON. Some
additional elements are compatible with this
ISOCON as well (Tab. 2). The mass balance calculation

results in an ISOCON with a mass ratio b
1.0 ± 0.1, which implies that no overall mass
change has taken place during the alteration of
the granite to the dark gray granitic gneisses. Most
elements scatter around the ISOCON within
their uncertainty. Only Mg, FTO, Fe and Ti plot
slightly above the ISOCON, implying enrichment
of these elements during the alteration process.

Figure 5b shows an ISOCON plot for the alteration

of the granite to the red variety of the
granitic gneiss.The red variety of the granitic gneiss is
observed towards the center of the shear zone,
often in direct contact with the whiteschist (Fig.
3). They are largely mylonites. The alteration to
the red variety of the granitic gneiss is character-



GEOCHEMISTRY OF A TALC-KYANITE-CHLORITOID SHEAR ZONE 337

l/~)
OX —- -J
c oo

* -J

*5 J
•a «/>
S o

* ON

•r Ol
É -1

"a

ßj w
-£ c/5

in oo N I

mi oi Ö 1

; ao co nc co -<3- r- so oc
lOnqONfNj^hrO > 00 CO O- ON :

i oi oi iri OI <

Tf N NO 00
tSNONtcNNtoj^niooco fN( CN) ^ H o qcdo-^Tfcdcdsc'ooNdi/Sr-oo —i ri ^ *d h ö

c-j ^ ^ oc •—I OI

o- in — c
CO in ON

ö ci o>
sq Tf I

"t x in C1, m On c- m n ci ci
—« 00 — so N—I O

00 M Os —00 i—I H (N| O- O r-q ^ -r q cc in q in -< q ccioi^ocicdindoNtd

r~^t^(N'too(N'tfOoofncoo\ONr^pr^cqcqoqq<Nr-qHTtHONodciooNoi

so co so r- co oi o -r —< oo

soci^qqcjqqONqinci-t-^driddcidofNid

1 in o - «

h m o in o I

I Tt ON CO CO O :

: Tj- O O CO O O CO

co in o o oi o c

l-l r-1 ^ o oc o o '

I mn| in t :

iTfco-*tr-wooooNNO(NOT}-—HOC
I •—< i—< CO i— OI CO

acosoincooooinq^qinh't^^qHqqTtq^ö-cfcdoi-oinioioiö'/Socoi—ioi-t-öoioi—-oc~

ooinHfNjsj-cOr-i^ir^sot^'toqqcjqcntN-t^cn-incnONTfcNÖmiööcdööcdö

ooNOsocoosh-mr-cocosocoTfqcnqcn^^r^TtHini;r^incid-tddcidocid

oininqoqqqq--.oo'i;qqin(NjqTt'tcnTi-qiTs0in(v-^-iKoicr^-'inKr^cioNincrN|init^co^rco

oc CO co
• ooc^fso cd oicdcoocm.
< OI Tf '—I GO ri OI CO I

)COOt^OOcOOO-cfO

r-iON-—ISOOSI—'COCN OI so
TfoocopoNCNoor^-^roj-^t^to^HONTodciddcid

oi •—< r— '—' oc r-i in oo os oi
sO00TfOcqolO;O;Tt;—<sqioci h o i-"i o d ci d d cd p

O -Tt" TJ- CO

00 CO i-J
I i/i oi oi in co Nt co o

oi
'n -t n rn oi co in in co m
—I O r-1 OI ^ OI

I in o n oo i

OI ON HCOSOHHSCOsh
sc — ooccooicomq—-cool: c oi d co co o co so *o im oc o 1

O m oi
I so oi oo r- '

I I oo co in co

> o o o o <

INtO m 1 I Tf CO OI CO CO CO On icoco^-oisONtinooi

o|°"= « « S3.Q îcn<!pH22ùZ^hû.-Jh

E
a.

_ a.

v. O • — Z G & £> <_ w-^,caof3i_caOu-"^S!>'JUZÜNOo:«SSZaihDJIjiZai



338 S. PAWLIG AND L.P. BAUMGARTNER

« sC
h. —M _©

!«

£ J
~ C"^ on

£>00

E

— j-

COCOr-N-

unxf^r-r, MO. oxo'tvqvcr~;q't>oo>nqr-(\jqt'tddoomtoodr-gr- — o

> O O O NO •

a u ir, c
cS Tf ö c

> O "t <N O O •

r- t a-
vc oo r--
oo vi o ^ d
VC r-H

CO CO r-î O CO

M IT, — CO X00 Ov O CO CO »

avco—pcooovqvovcoq<-;rrinco^-Tt—iOTt-^-rfTj-cvixcvtcio-d^^-^d^ovr^ccccioi — dr-^oi

rtvctj-r-Tj- oo r- no vo r-vChOO'tN'triC-iOOOv(viTtr^doiodtddfviccr- — on
I/O CS T-» NO T

I O O Q CO Tf 1

o o O o Çto /c -z <u £ 3? « « ~ 19,5
• a. -1 f

UOCOOIOOCOMM-OOOOOOM

•«t ici\Oici
1 -T X U vo ici a M d C en ro c
I '—' r~- CN vo

(NfNXMCNMiT, (N5 CO 00OMC, OOvûXNÔNO-Ö CO iri O Ö Ö Q

CO ON CO <N -cO ON ICl ON

OlTfiOOrtCßHCNlOH-foddodi-ricd'

t^oor-cooNONC--r-~wooN^tTj-pitvqoopONOvp^o^-'ttdcddoood^d CO O CO Ol I

vo CO ON

scowooocoooiotcicor-cci—ioioc
CN >—< 00 "—i (N CN <-< "tIt rH M

H o IO

: P-~ vO •— 't- CO
i U O O Nidoddd

I ICI IT) ON r- fN
I CN CO CO *—J t ; T-•
: Ö IC) o O CN c

i VC Tf (Nj 1

'OCrNsdcd'trO — IX, — Cî(N(N —"t I/O VC — CN

CS NO t vo
CO cc, Ol VC tVjvq CO - r- o:cc GC t X Xiicioodcovdicioioiicid^iciodcnici''
CN I/O ^ • (N r- r-l — CN H

ICI N O«CltOOcOvûMOOOOOOM'tOvdcodt'OiniCiTt
CN CO CNCNOOCNCN^t^r- i-t (N O" CN

X ici ON (VJ CO <— (N P- h- it, O-ON-oocnoooo^cnootddrioi

I O; t CN) ICI o
» ici d d cN d

00 ON

1- u- vo ICI IT; CO ICl CO CO C 1

CO r-; ON

-OOVCCOCOONCNOO'— ONicicoicicviricviONvooo-

CN vC ON CN CN CO >— VO OO ON CO *—<

T-r-qqr-;co — — xiodicir-idcoddiciddrid r- oo no r-- vc c

no NO 00 CO

'(^Kt^ONOlCllClX't'tr-i
r-HT— r^CN^NCr-HCN —

CO O 1—1 ^t f



GEOCHEMISTRY OF A TALC-KYANITE-CHLORITOID SHEAR ZONE 339

Monte Rosa granite (g/1 OOg) Microgranitic dyke (g/1 OOg)

Fig. 5 Isocon diagrams displaying results of mass balance calculations: (A) alteration of the granite to dark variety
of lite granitic gneiss; (B) alteration to red variety of granitic gneiss; (C) alteration of granite to whiteschist with
granitic origin; (D) alteration of microgranitic dyke to whiteschist with microgranitic origin. Dashed line in each

diagram is best fit ISOCON. Whole rock chemical data are given in table 1. Mobile elements in each diagram are
indicated by filled circles; immobile elements are shown as open squares. Error bars were calculated from multiple
samples, and indicate rock population variability.

ized by a gain in Mg and H20. as well as a decrease
in concentration of Na. Ca, Sr, Ba, Mn, Fe. and
several other trace elements including U, Pb and
Ce. The eighteen elements compatible with the
ISOCON for the alteration from the Monte Rosa

granite to the red granitic gneiss are given in table
2.The overall mass gain of 2% is within the uncertainty

of the mass ratio b 0.98 ± 0.03.

Results of the mass balance calculation of the
whiteschists with a granitic protolith are given in
figure 5c. with 21 elements being compatible with
the ISOCON (Tab. 2). Enrichment in Mg and

H:0 and depletion in e.g. Na, Ca, Sr and Ba are
indicated. An estimated overall mass gain of 17 ±
6 percent is shown graphically by the displacement

of the ISOCON along the x-axis. Our analy-
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Tab. 2 Combinations of immobile elements (x) compatible with the ISOCON. Mass balance calculations were done
using the "ISOCON" software package (Baumgartner and Olsen, 1995). For each calculation, the ISOCON was
chosen to have a maximum number of elements with generally assumed low-solubility (Al.Ti. P, Sc, Y, Zr, Nb, Th
Order of elements is similar to that in table I. Note that the mobile elements are outlined.

Monte Rosa granite Monte Rosa granite Monte Rosa granite Microgranitic dyke
Element to to to to

Dark granitic gneiss Red granitic gneiss Whiteschist Whiteschist
Si X

Al X X X X

Fe X

Mn
Mg
Ca X

Na X

K X X X X

Ti X X X

P X X X X

H,0
Sc X X X X

V X X X

Cr X X X

Co
Ni X X X

Cu X

Zn X X

Ga X X X X

Rb X X X X

Sr
Y X X X X

Zr X X X X

Nb X X X X

Ba X X

Th X X X

Pb X

U
La X X X X

Ce X

Pr X X X

Nd X X X

Sm X X X X

sis shows that 12 elements are mobile, whereby
Mg, Na and Ca changed the most during the
formation of the whiteschist.

Mass balance calculation of the alteration
from the weakly deformed microgranitic dykes to
the whiteschists with presumed microgranitic origin

is shown in figure 5d, together with the
ISOCON. The compatible elements are given in table
2. Again, a similar alteration pattern can be
observed, with an enrichment in Mg, Fe and H:0,
whereas Na and Ca as well as Sr. Mn and Pb are
strongly depleted (Fig. 5d). In contrast to the
previous example, the displacement of the ISOCON
in y-direction corresponds to a mass loss of 15 ± 9

percent during the alteration process, mainly due
to the large silica loss.

Stable isotope geochemistry

The stable isotope compositions of carbon and

oxygen of calcite from the carbonate zone located
in the center of the shear zone were determined in
order to constrain the possible origin of the fluids
responsible for the hydrothermal alteration of the
Monte Rosa granite. Three small samples (3 mm
in diameter and 4 mm in depth) of the carbonate
were drilled from sample 99SL124. They gave
8,3CPDB values of -9.60 to -9.87%0 and 8I8OVSmow
values of +9.48 to +10.14%o. Furthermore, two
small samples (3 mm in diameter and 3 mm in
depth) were drilled from the carbonate of sample
99SL144, which gave 8,3CPDB values of-9.70 to -
9.81%o and 8isOVsmow values of +9.61 to +9.82%o.
In a diagram 8isOVsmow versus 813CPDB,the values
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Fig 6 Calculated mass changes in % for (A) mass gains and losses of elements for both varieties of the granitic
gneiss formed from the granite and (B) mass changes for both whiteschist-types formed from the granite and the

microgranitic dyke, respectively.The difference between the two alterations is restricted mainly to the silica leaching.

of the two analyzed samples fall into the field typical

of magmatic fluids (Fig. 7; Ohmoto, 1986;

Sheppard, 1986).

Discussion

From field evidence of the shear zone in the upper
Val d'Ayas it is obvious that the protoliths for the
whiteschists are the Monte Rosa granite and its

microgranitic dykes. General geochemical char¬

acteristics of the alteration process from the Monte

Rosa granite to the whiteschist are summarized
in figure 6. The alteration increases towards the
center of the shear zone. Mainly Mg, FTO and to a

lesser degree K, Si and Fe are enriched, while Ca,
Na, Ba, Sr. Pb were leached from the Monte Rosa

granite to form whiteschists. Hence, the fluid was
characterized by a high activity of Mg. K and Si,

but a low activity of Ca and Na. Initial chemical
differences especially in the Si-content between
the granitic and microgranitic protolith produce



342 S. PAWLIG AND L.P. BAUMGARTNER

Tab. 3 Stable isotope composition of carbon and oxygen

of calcite from two samples of the carbonate boudin
from the center of the shear zone.

Sample #
sl3cPDB

%o

S18Ovsmow
%o

99SL124-1 -9.60 10.14
99SL124-2 -9.68 9.48
99SL124-3 -9.68 9.63
99SL144-1 -9.70 9.82
99SL144-2 -9.81 9.61

the apparent differences in the alteration process.
Therefore, the difference between the two alterations

is restricted mainly to the silica leaching for
the production of whiteschists from their micro-
granitic dyke protoliths resulting from their
initially present bulk chemical differences (Fig. 6b).

The composition of the Monte Rosa granite
and its dykes is fairly homogeneous (Tab. 1; Fig.
5). Similarly, the compositions of the gneisses are
still very homogeneous and only slightly altered,
while the composition of the whiteschists varies
widely. Hence, the compositional heterogeneity of
the whiteschists is due to the alteration process,
and alteration was heterogeneous. Thus uncorrected

statistics, as assumed by the calculations, is

adequate to compare the granite compositions
with those of whiteschists. In contrast, the
homogeneity in the composition of the granitic gneiss is

probably correlated to that of the unaltered, fairly
homogenous granite population. The possible
correlation of uncertainties of the gneiss population

mainly influences the uncertainty estimate of
the fit, not so much the location of the ISOCON.
Nevertheless, the calculations show that mass

transport is definitely small for the change from
granite to granitic gneiss.

Metasomatic alteration leading to the shear
zone rocks took place either prior to or during
high-pressure metamorphism, since the high-
pressure assemblages are restricted to the altered
rocks. Chopin et al. (1991) and SHARPet al. (1993)
argued for svn-high-pressure metasomatism in
the Dora Maira massif. They call on metamorphic
fluids escaping from the downgoing slab during
metamorphism to produce similar whiteschist.
Nevertheless, field and structural evidence for a

pre-Alpine metasomatic alteration of the granite
chemistry is given from occurrences of unde-
formed to slightly deformed whiteschists within
the Monte Rosa granite near the Mezzalama refuge

in the upper Val d'Ayas. In this area, the chlo-
ritoid-talc-bearing rocks with minor kyanite
occur as patches, irregular zones, and vein like
structures within the Monte R'cJSa granite. Micro-

granitic dykes can locally be traced into the
whiteschists as ghost structures while others are totally
obliterated by the whiteschists. All foliation
discordantly cuts the contact between the Monte
Rosa granite and the whiteschists. Thus, clear
evidence is given that the metasomatic alteration
took place prior to the Alpine metamorphism and
deformation.

Magnesium-rich fluids can easily be produced
by metamorphism of ultramafic and mafic rocks
of the downgoing slab. These fluids might be
potassium-rich, because some of the source rocks
contain biotite and phengite. A decrease in tern
perature will eventually lead to silica saturation
(Eugster and Baumgartner, 1987) and silica
precipitation. Such fluids will most likely have a

light oxygen isotopic signature, in agreement with
those measured also for the Monte Rosa shear
zone. From a structural point of view, Keller and
Schmid (2001) argue for a development of shear
zones within the Monte Rosa nappe during
Alpine eclogite-facies metamorphism. However,
we prefer a pre-high-pressure metamorphic origin

of the whiteschist chemistry, because of the
light carbon isotopic values (6l3C from -9.60 to -
9.87%o) measured in calcite from the carbonate
zone in the center of the shear zone. Those light
isotopic values for carbon are difficult to explain

CD

Q
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'~oO

-10

-15

sedimentary values

magmatic values

10 15

S180
20 25
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Fig. 7 The 8180Vsmow and 813CPDB values of calcite
bearing samples from the carbonate boudin located
within the center of the shear zone. Unusual, light oxygen

and carbon values are most similar to igneous
compositions. Values for reference fields of magmatic and
sedimentary stable isotope signatures from Valley et
al. (1986) and Hoefs (1987).
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Intrusion of Monte Rosa granits Pre-Alpine hydrothermal alteration

Granite

+ +
Microgranitic /

mantle
not to scale

crust

270 ± 4 Ma

High-pressure metamorphism Greenschist-facies overprint

Fig. 8 Schematic model (not to scale) of geochemical and structural evolution of the shear zone in the upper Val
d'Avas, Italy. (A) Permian intrusion of the Monte Rosa granite (Pawlig et al., submitted; Engi et al., 2001). (B)
Formation of Mg-rich bulk composition within the Monte Rosa granite occurred during late-stage, hydrothermal
fluid activity along veins. These were filled with gangue assemblage calcite-quartz-pyrite-chalcopyrite. (C) Alpine
high-pressure metamorphism causes formation of whiteschists with assemblage talc-kyanite-chloritoid-phengite-
quartz from the chlorite-rich, altered granitic protolith. The assemblage chloritoid-garnet-talc-phengite-quartz
develops in the vein filling. (D) Strain localization during subsequent exhumation continued well into the
greenschist-facies overprint.

hv metasomatic alteration due to metamorphic
fluids, since possible source rocks for the carbon
arc sedimentary rocks, either of the Monte Rosa
cover sequence or the Zermatt-Saas Zone, and
those low 5,3C values would require organic
carbon-rich pelites. No graphite-bearing rocks as

potential carbon-source have been reported from
the Monte Rosa cover sequence (Dal Piaz, pers.
comm.). Parts of the Zermatt-Saas Zone were
subducted to greater pressures than the Monte
Rosa nappe (Reinecke, 1998; Amato et al., 1999)
and are thus potential source rocks for fluids, but
oceanic sediments produce much heavier carbon

isotope compositions than observed here (Ohmo-
to, 1986; Sheppard, 1986; Valley, 1986; Hoefs,
1987). Another potential fluid sources are ophi-
carbonates from the overlying Zermatt-Saas
Zone. Studies on ophicarbonates from different
units in the Penninic realm, on the high-pressure/
low-temperature ophiolite of Corsica (France)
and of high-pressure metamorphic marbles from
Tinos (Cyclades, Greece) show heavy values for
the 813C (-6.3 to +3%o). This reflects the marine
origin of the carbonate (Weissert and Bernoulli,

1984; Burkhard and O'Neil, 1988; Früh-
Green et al., 1990; Driesner, 1993; Ganor et al..
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1994; Pozzorini and Früh-Green, 1996;
Matthews et ai., 1999; Cartwright and Buick, 2000;
Miller et al., 2001). The 8180 of calcite from the
Corsican ophiolite sequence varies between +11.1
and +22.9%o (Miller et al., 2001).They are similar
to 8180 values of Corsican schistes lustrés (Cart-
wright and Buick, 2000), and imply the derivation

of the calcite from sedimentary derived fluids
(Miller et al., 2001). In fact, if the carbon of the
Monte Rosa shear zone precipitated due to
infiltration of a fluid derived from calcareous meta-
sediments (i.e. schistes lustrés) during high-pressure

metamorphism, the expected 813C values of
carbonate should be around 0%o, or even a mixture

between magmatic and sedimentary 813C. It
is thus very difficult to produce the observed
carbon isotope signature in the carbonate zone from
fluids evolving from a subducted oceanic slab
with accompanied oceanic sediments. Another
interesting aspect of the ophiolitic high-pressure
rocks of the Zermatt-Saas unit is, that many of the
eclogites and blueschists are extremely sodium-
rich (Ganguin, 1988) due to fluid interaction during

ocean-floor metamorphism. Fluids evolving
from these eclogites and blueschists would most
likely be quite sodium-rich, which could lead to
sodium enrichment, rather than the observed
depletion.

Therefore, the most likely cause of metasomatism

leading to the precursors of the whiteschists
is that of a late magmatic, hydrothermal alteration,

which took place prior to Alpine metamorphism.

813C values for hydrothermal gangue
carbonate in ore deposits ranging from -6 to -9%o are
quite common (Ohmoto and Rye, 1979; Ohmo-
to, 1986). The observed assemblage carbonate-
quartz-sulfide (pyrite/chalco-pyrite) of the Monte
Rosa shear zone is common in such rocks. Hence,
the carbonate zone represents a late magmatic
vein mineralization within the Monte Rosa granite

(Figs 7 and 4b). In particular, argillitic and po-
tassic alteration (e.g. Meyer and Hemley, 1967)
in a magmatic environment leads to the formation
of chlorite-rich, potassium-rich rocks, which
chemically are similar to the precursor for the
whiteschists. No alteration of the magmatic stable
isotopic signature of carbon and oxygen during
Alpine metamorphic evolution has taken place.
Thus, it is suggested that the shear zone has not
been infiltrated by significant amounts of fluids
during its Alpine metamorphic history.

Based on the above discussion, we suggest the
following model for the formation of the Monte
Rosa whiteschists (Fig. 8). The Monte Rosa granite

intruded the high-grade metapelitic basement
during Permian times (270 ± 4 Ma, Pawlig et ah,

subm.; Engi et al., 2001; Fig. 8a). The assemblage

calcite-quartz-sulfide developed as a vein miner
alization during late magmatic hydrothermal
fluid activity of the Permian Monte Rosa granite.
The hydrothermal fluid activity was probably
related to post-Variscan processes as a

consequence of post-orogenic uplift and extension
(Finger et al., 1997; Pawlig et al., subm.). Juvenile

fluids escaping in this extensional environment

altered the surrounding Monte Rosa granite
(Fig. 8b). So far, no indication of surface water
precipitation in the hydrothermal system has
been found. This implies that no surface water
was available, either due to a relatively deep
emplacement level of the pluton or the absence of
significant surface waters. Those fluids caused the
formation of chlorite- and sericite-rich assemblages

from the granitic protolith, whereas
calcium and sodium were leached. The presence of
pre-existing hydrous minerals in the metasoma-
tized zone and the mineral chemistry promoted
the formation of the assemblage kyanite-talc-Mg-
chloritoid within this zone during the Alpine
high-pressure metamorphic overprint. The
surrounding granite maintained its mostly igneous
mineralogy due to dry conditions (Fig. 8c). The
whiteschists might have helped to localize the
shear zone. Protracted deformation during
exhumation resulted in a partial greenschist-facies
overprint of the whiteschists. The shear zone
probably remained active or was reactivated during

the subsequent greenschist-facies Alpine
metamorphism (Fig. 8d).

Acknowledgements

This research was supported by the German Science
Foundation (Graduiertenkolleg GK392/1). S.P. would
like to thank N. Groschopf for performing the XRF
analyses. W. Lackmann kindly helped with the stable
isotope measurements. This paper has benefitted from
discussions and useful comments on earlier drafts by S.

Piazolo and A. Möller.The constructive discussions during

the Monte Rosa field trip of the Swiss Mineralogical
Society as well as the thoughtful reviews by A.
Matthews and M. Engi are greatfully acknowlegded and
helped to significantly improve the manuscript.

References

Abraham, K., Hörmann, P. and Raith, M. (1974): Pro¬
gressive metamorphism of basic rocks from the
southern Hohe Tauern area, Tyrol (Austria). N. Jb.
Mineral. Abh. 122,1-35.

Ague, J.J. (1994): Mass transfer during Barrovian meta¬
morphism of pelites, south-central Conneficut; I,
Evidence for changes in composition and volume.
Am. J. Sei. 294,989-1057.

Ague, J.J. (1997): Compositional variations in metamorphosed

sediments of the Littleton Formation, New
Hampshire; discussion. Am. J. Sei. 297,440-449.



GEOCHEMISTRY OF A TALC-KYANITE-CHLORITOID SHEAR ZONE 345

Amato. J.M.. Johnson, CM.. Baumgartner, L P. and
Beard, B.L. (1999): Rapid exhumation of the Zer-
matt-Saas ophiolite deduced from high precision
Sm-Nd and Rb-Sr geochronology. Earth Planet. Sei.
Lett. 171.425-438.

Barnicoat, A. and Cartwright, I. (1995): Focused
fluid flow during subduction: Oxygen isotope data
from high-pressure ophiolites of the western Alps.
Earth PÎanet. Sei. Lett. 132, 53-61.

Baumgartner, L.P. and Olsen, S.N. (1995): A least-
squares approach to mass transport calculations
using the ISOCON method. Econ. Geol. 90, 1261-
1270.

Bearth,P. (1952): Geologie und Pétrographie des Monte
Rosa. Beitr. Geol. Karte Schweiz NF 96, 94 pp.

Burkhard, D. and O'Neil, J. (1988): Contrasting ser-
pentinization process in the eastern Central Alps.
Contrib. Mineral. Petrol. 99,498-506.

Car I Wright, I. and Buick, LS. (2000): Fluid generation,
vein formation and the degree of fluid-rock interaction

during decompression of high-pressure ter-
ranes: the Schistes Lustrés, Alpine Corsica. France. J.

Metamorphic Geol. 18,607-624.
Chopin, C. and Monié, P. (1984): A unique magnesio-

chloritoid-bearing, high-pressure assemblage from
the Monte Rosa, Western Alps; petrologic and 40Ar-
wAr radiometric study. Contrib. Mineral. Petrol. 87.
388-398.

Chopin, ('.. Henry. C. and Michard, A. (1991): Geo¬
logy and petrology of the coesite-bearing terrain,
Dora Maira massif. Western Alps. Eur. J. Mineral. 3,
263-291.

Dal Piaz, G.V. (1971): Nuovi ritrovamenti di cianite
alpina nel cristallino antico del Monte Rosa. Rend.
Soc. Ital. Mineral. Petrol. 27.437-477.

Dal Piaz. G.V. and Lombardo, B. 1986): Early Alpine
eclogite metamorphism in the Penninic Monte
Rosa-Gran Paradiso basement nappes of the
northwestern Alps. Geol. Soc. Am. Mem. 164,249-265.

Demèny, A., Sharp, Z. and Pfeifer, H.R. (1997): Mg-
metasomatism and formation conditions of Mg-
chlorite-muscovite-quartzphyllites (leucophyllites)
of the Eastern Alps (W. Hungary) and their relations
to Alpine whiteschists. Contrib. Mineral. Petrol. 128,
247-260.

Driesner.T. 1993): Aspects of petrographical,structur¬
al and stable isotope geochemical evolution of ophi-
carbonate breccias from ocean floor to subduction
and uplift: an example from Chatillon. Middle Aosta
Valley, Italian Alps. Schweiz. Mineral. Petrogr. Mitt.
73,69-84.

Enoi. M.. Scherrer, N.C. and Burri, T. (2001): Meta¬
morphic evolution of pclitic rocks of the Monte
Rosa nappe: Constraints from petrology and single
grain monazite age data. Schweiz. Mineral. Petrogr.
Mitt. 81,305-328.

Eugster, H.P. and Baumgartner, L.P. (1987): Mineral
solubilities and speciation in supercritical metamorphic

fluids. In: Carmichael, I.S.E. and Eugster,
H.P. (eds): Thermodynamic modeling of geological
materials: Minerals, fluids and melts. Reviews in
Mineralogy 17,367-403

Fai re. G. (1986): Principles of isotope geology. 2nd edi¬
tion, John Wiley and Sons, New York, 589 pp.

Finger. F.. Roberts. M.P., Haunschmid, B.. Scher-
maier, A. and Steyrer, H.P. (1997): Variscan granitoids

of central Europe: their typology, potential
sources and tectonothermal relations. Mineral. Petrol.

61. 67-96.
Frey, M.. Hunziker, J.C., O'Neil, J.R. and Schwander,

H.W. (1976): Equilibrium-Disequilibrium Relations

in the Monte Rosa Granite, Western Alps: Petro-
logical, Rb-Sr and Stable Isotope Data. Contrib.
Mineral. Petrol. 55,147-179.

Früh-Green. G., Weissert, H. and Bernoulli, D.
1990): A multiple fluid history recorded in Alpine

Ophiolites. J. Geol. Soc. London 147. 959-970.
Ganor, J., Matthews, A. and Schliestedt, M. (1994):

Post metamorphic low 813C calcite veins in the
Cycladic complex (Greece) and their implications
for modeling fluid infiltration processes using
carbon isotope composition. Eur. J. Mineral. 6,365-379.

Ganguin, J. (1988): Contribution à la caractérisation du
métamorphisme polyphase de la zone de Zermatt-
Saas Fee (Alpes Valaisannes). Ph.D. thesis, ETH
Zurich.

Grant, J.A. (1986): The ISOCON diagram - A simple
solution to Gresens' equation for metasomatic
alteration. Econ. Geol. 81,1976-1982.

Gresens, R.L. (1967): Composition-volume relation¬
ships of metasomatism. Chem. Geol. 2,47-65.

Hoefs, J. (1987): Stable isotope geochemistry. 2nd ed.
Springer, Berlin, 241 pp.

Keller, L.M. and Schmid.S.M. (2001): On the kinema¬
tics of shearing near the top of the Monte Rosa
nappe and the nature of the Furgg zone in Val Lo-
ranco (Antrona valley, N. Italy): tectonometamor-
phic and paleogeographic consequences. Schweiz.
Mineral. Petrogr. Mitt. 81,347-367.

Le Bayon. R., De Capitani,C., Chopin, C. and Frey, M.
(2000): Modelling of the sequentional evolution of
whiteschist assemblages: HP in the Monte Rosa
(Western Alps). Beih. Eur. J. Mineral. 12, 111.

Matthews,A.,Lieberman, J., Avigad, D. andGARFUN-
KEL. Z. (1999): Fluid-rock interaction and thermal
evolution during thrusting of an Alpine metamorphic

complex (Tinos Island, Greece). Contrib. Mineral.

Petrol. 135,212-224.
Meyer, C. and Hemley.J.J. (1967): Wall rock alteration.

In: Barnes. H.L. (ed.): Geochemistry of hydrothermal
ore deposits. Holt. Rinehart and Winston, New

York, 166-235.
Miller, J.A., Cartwright, I.. Buick, I.S. and Barni¬

coat, A.C. (2001): An O-isotope profile through the
HP-LT Corsican ophiolite, France and its implications

for fluid flow during subduction. Chem. Geol.
178,43-69.

Ohmoto, H. 1986): Stable isotope geochemistry of ore
deposits. In: Valley, J.W., Taylor, H.P. Jr. and
O'Neil, J.R. (eds): Stable isotopes in high temperature

geological processes. Reviews in Mineralogy 16,
491-559.

Ohmoto, H. and Rye, R.O. (1979): Isotopes of sulfur
and carbon. In: Ba.rnes, H.L. (ed.): Geochemistry of
hydrothermal ore deposits. 2nd ed.. John Wiley and
Sons, New York, 509-567.

Olsen, S.N. and Grant, J.A. (1991): ISOCON analysis
of migmatization in the Front Range, Colorado,
USA. J. Metamorphic Geol. 9,151-164.

Pawlig. S.. Poller, U, Baumgartner, L.P. and Todt,
W.: New U-Pb data on the crystallization age of the
Monte Rosa granite. Western Alps - a combined
SHRIMP, TIMS and cathodoluminescence study.
Submitted to Eur. J. Mineral.

Pozzorini.D. and Früh-Green,G.L. (1996):Stable iso¬

tope systematics of the Ventina Ophicarbonate
Zone. Bergell contact aureole. Schweiz. Mineral.
Petrogr. Mitt. 76,549-564.

Reinecke, T. (1998): Prograde high- to ultrahigh-pres-
sure metamorphism and exhumation of oceanic
sediments at Lago di Cignana. Zermatt-Saas Zone,
western Alps. Lithos 42,147-189.



346 S. PAWLIG AND L.P. BAUMGARTNER

Schreyer, W. (1974): Whiteschist, a new type of meta-
morphic rock formed at high pressures. Geo!. Rd-
schau. 63,597-609.

Sharp, Z., Essene, E. and Hunziker, J. (1993): Stable
isotope geochemistry and phase equilibria of coes-
ite-bearing whiteschist, Dora Maira Massif, western
Alps. Contrib. Mineral. Petrol. 114,1-12.

Sheppard, S.M.F. (1986): Characterization and isotopic
variations in natural waters. In: Valley. J.W., Taylor,

H.P Jr. and O'Neil, J.R. (eds): Stable isotopes
in high temperature geological processes. Reviews
in Mineralogy 16,165-183.

Scherrer, N.C. (2001): Behaviour of monazite and evo¬
lution of polymetamorphic pelites from the Monte
Rosa Nappe, Western Central Alps, Italy. PhD thesis,
Bern, 66 pp.

Valley, J.W. (1986): Stable isotope geochemistry of
metamorphic rocks. In: Valley, J.W., Taylor, H.P
Jr. and O'Neil, J.R. (eds): Stable isotopes in high
temperature geological processes. Reviews in Min
eralogy 16, 445-489.

Weissert, H. and Bernoulli, D. (1984): Oxygen iso¬

tope composition of calcite in ophicarbonates, a
hydrothermal or Alpine metamorphic signal?
Eclogae geol. Helv. 77,29-43.

Manuscript received March 12, 2001; revision
accepted September 30,2001.


	Geochemistry of a talc-kyanite-chloritoid shear zone within the Monte Rosa granite, Val d'Ayas, Italy

