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SCHWEIZ MINERAL. PETROGR. MITT. 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'*

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
H,O, with minor Si, Fe and K. Na, Ca, Sr, Ba, Pb and locally U are depleted. Stable isotope investigations on calcite
from the carbonate zone in the center of the shear zone were performed to constrain the fluid source. 8'3C values of
calcite range from -9.60 to =9.81%. (PDB), while their %0 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. 1a). Oc-
currences of these rocks in the Monte Rosa nappe
were already described by BEARTH (1952) and
DAL Piaz (1971). Petrological investigations on
those phengite-talc-chloritoid-chlorite-kyanite-
quartz assemblages from the Monte Rosa nappe
in the Val d’Ayas (Italy) were carried out by CHO-
pIN and MONIE {1984), and DAL Piaz and Lowm-
BARDO (1986), who reported a pressure of ca. 16
kbar at a temperature of 500 °C for their forma-
tion at a water activity of approximately 0.6 dur-
ing 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 MONIE (1984) for a
piece of the float, whereas several authors pro-
posed that these peculiar rocks resulted from
pre- to early Alpine metasomatic transforma-
tions of the granitic protolith along high-pres-
sure 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.,
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1974; CHOPIN et al., 1991; SHARP et al., 1993;
DEMENY et al., 1997). Two different mechanisms
have been proposed for the formation of Alpine
whiteschists: high-pressure metamorphic over-
print of Mg-rich evaporitic sedimentary proto-
liths (CHOPIN and MONIE, 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 meta-
morphic fluids released from the subducted mafic
to ultramafic material of the Tethyan oceanic
crust of the downgoing slab.

This study focuses on the geochemical evolu-
tion of a shear zone containing whiteschists locat-
ed in an otherwise weakly deformed part of the
Monte Rosa granite in the upper Val d’Ayas (Ita-
ly). Field and petrographic observations de-
scribed below provide clear evidence that the
whiteschists are the result of a high-pressure
metamorphic overprint of a hydrothermally al-
tered 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 oxy-
gen stable isotope geochemistry of calcite from a
garnet-talc-chloritoid-calcite-pyrite-quartz zone
located in the center of this shear zone, we ad-
dress the potential fluid source and the evolution
of these magnesian rocks within the shear zone.

Geology and petrography of the talc-kyanite-
chloritoid shear zone in the upper Val d’Ayas

The shear zone investigated in this study is locat-
ed 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. 1b;
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 dif-
ferent 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 meta-
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 structural 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 assemb-
lages 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

+ Granite

- ‘ 4 Microgranitic

dyke
/ Granitic gneiss
& mylonite
_~*_ Whiteschist
W Carbonate
4 = lens
.. Main
.27 foliation

Discordant contact
between whiteschist
and granite (see
inset A)

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, demon-
strate that deformation in the shear zone pre-
vailed 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 tex-
ture 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 fine-
grained 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 tex-
ture, 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 vari-
eties of granitic gneiss are large augen-like feld-
spar 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 tour-
maline occur locally within the red gneiss. Phen-
gite, biotite and epidote are concentrated in
layers, defining the main foliation of this rock
type, or they wrap around feldspar clasts and ob-
late quartz aggregates. The two granitic gneisses
form alternating layers in the cross section A-B.
The red variety is largely of mylonitic 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 sometinies intergrown
with kyanite to form large aggregates that are also
up to one cm in size. This assemblage 1s 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 gran-
itic protolith and is characterized by large chlori-
toid, 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 folia-
tion of the whiteschists, which is slightly oblique
to the shear zone. The sharp contact to the white-
schists suggests that the carbonate boudin repre-
sents a vein mineralization. It contains the assem-
blage chloritoid-talc-garnet-phengite-quartz-cal-
cite-pyritexchalcopyrite. Pyrite and chalcopyrite
occur as stringes within the carbonate boudin.
Accessory phases are monazite, allanite (from 100
um to several cm in size), zircon and rutile. Mas-
sive, nearly pure carbonate layers with minor
quartz and phengite show a sharp contact to lay-
ers rich in quartz, chloritoid, garnet, phengite, talc
and pyrite with minor carbonate. Talc and phen-
gite define the slight foliation of the samples. They
are bend around large chloritoid and garnet crys-
tals. 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 im-
ply that they formed or recrystallized during
Alpine metamorphism. They are mainly found
within the foliation and occur either as large, sin-
gle 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 **Pb/?**Th 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 petrographic observations
from the whiteschist and granitic gneiss it is there-
fore 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 deter-
mined 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 deter-
mined 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 H,O, since
the shear zone rocks, with the exception of the
carbonate zone within the center of the shear
zone, do not contain any CO,-bearing minerals.
The mean for each sample population is given in
table 1 with the 1o 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).

180/0 and BC/2C ratios were determined
from CO,-gas, liberated from calcite by reaction
with 100% phosphoric acid at 25 °C. Isotopic
ratios were analyzed with a VG ISOTECH-
PRISM SERIES II mass spectrometer. All values
are given relative to PDB standard for 8'*C and
VSMOW standard for &'%0, respectively. Uncer-
tainties of the isotopic ratios for carbon and oxy-
gen are 0.05%o and 0.1%o (1), respectively. Stable
isotope compositions of the analyzed samples are
given in table 3.

Mass balance calcuiations

Quantitative mass balance calculations based on
chemical data requires an assumption with re-
spect to volume or mass change during the altera-
tion process (GRESENS, 1967; GRANT, 1986; BAUM-
GARTNER and OLSEN, 1995). Typically it is not pos-
sible to obtain this information unequivocally
from field observations, hence alternative routes
are used. In the literature, the assumptions of con-
stant volume or immobile elements are common-
ly 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 ISOCON
method: The concentrations of the elements in the
metasomatized rock are plotted versus the con-
centrations of the least-altered equivalent. The
concentrations of all immobile species must lie on
a straight line (GRESENS, 1967; GRANT, 1986):

(]

i’ 1
B = :M—,\[“.:) +Ac; | (1

where M© and M# are the masses of the origi-
nal and the altered rock in an equal-sized volume
of rock, respectively: ¢ and ¢! are the concentra-
tions 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 = MO/MA,
corresponds to the overall mass ratio, which re-
sulted 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) dem-
onstrates that no overall mass change has taken
place during the alteration process, whereas b < 1
indicates mass gain, and b > | 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 meta-
somatized (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 dis-
tribution. Also, its current implementation as-
sumes that no correlation between the two popu-
lations is observed. In practice, inhomogeneities
and analytical errors are evaluated through mul-
tiple analyses of different samples from one rock
population. It is thus possible to obtain the associ-
ated 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 distri-
bution is assumed. Here, the results are presented
in log-log diagrams, where the concentration of an
element i in the altered rock ¢! is related to the
concentration in the original rock ¢/ by rearrang-
ing equation (1) to:

(9]

+log(c” + Ac,) (2)

A
loge! =log—

and hence for the ISOCON defining the im-
mobile elements

]
y= logmﬂogc" (3)

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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tions and their io variability is shown for multiple samples of different shear zone lithologies.

Chemical composition of the shear zone samples used for the mass balance calculations. Average composi-

Rock type Monte Rosa Granite Dark grey variety of the granitic gneiss

Sample 98SL133 99SL125 99S1L.159 Mean lo | 98SL126 99SL118 99SL126 99SL129 99SL.130 Mean lo
Si0, 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
ALO, 153 14.93 14.73 14.99 029 14.72 14.89 14.64 14.61 14.55 14.67 0.15
Fe,0O5* 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 0.74 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
Na,O 3.11 321 3.1 3.14 0.06 2.96 3.11 371 2.92 2.93 317 0.37
K,O 5.25 43 4.56 4.70 0.49 4.61 3.99 2.84 4.93 4.77 4.13 0.95
TiO, 0.41 0.44 0.47 0.44 0.03 0.5 0.51 0.48 0.49 0.48 0.49 0.01
P,04 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 s 6 £3 0.6 4 6 5 5 4 5 0.8
v 24 25 30 26.3 3.2 31 34 31 30 30 313 1.9
Cr 18 9 12 13.0 4.6 13 8 10 9 10 93 1.0
Co 51 41 42 44.7 5.5 26 27 26 38 40 328 7.3
Ni 7 5 4 53 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 2187 33.0 209 200 151 214 224 197.3 324
Sr 124 116 110 116.7 7.0 103 84 108 109 105 101.5 11.8
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 42
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 343 33.6 30.7 32.9 1.9 28.1 329 16.2 26.8 37.8 28.4 9.3
Th 14.3 15.9 14.3 14.8 0.9 17.4 16.6 153 16.5 16.4 16.2 0.6
U 43 47 4.7 4.6 0.2 42 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 83 1.53 6 9 5 8 9 7.4 1.8
Nd 24 27 27 26.0 1.73 28 32 21 30 28 29.0 2.0
Sm 4 8 5 59 2.08 5 6 ¥ 5 5 5.6 0.9

*Total Fe shown as Fe,O;; Fe**/Fe’* 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 calcu-
lations concerning the alteration towards the gra-
nitic 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-solubil-
ity, and hence are most likely relatively immobile
(Al Ti, P, Zr, Sc, Y, V). The calculations were per-
formed with the software package ,ISOCON*
written in FORTRAN 77 (BAUMGARTNER and
OLSEN, 1995). Whole rock chemical data as well as
their 1o 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 micro-
granitic 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 Sa. 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 ISO-
CON as well (Tab. 2). The mass balance calcula-
tion 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, H,O, 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 alter-
ation of the granite to the red variety of the gra-
nitic 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-
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Fig. 5 Isocon diagrams displaying results of mass balance calculations: (A) alteration of the granite to dark variety

of the 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 circies; 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 H,O, 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 uncer-
tainty 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 Sc, with 21 elements being compatible with
the ISOCON (Tab. 2). Enrichment in Mg and
H,O 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 displace-
ment 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 “ISGCON" software package (BAUMGARTNER and O1SEN, 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 1. 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
Vv 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 4 X
Nb X X X X
Ba X X
Th X X X
Pb X
U
La X X X X
Ce ®
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 for-
mation of the whiteschist.

Mass balance calculation of the alteration
from the weakly deformed microgranitic dykes to
the whiteschists with presumed microgranitic ori-
gin is shown in figure 5d, together with the ISO-
CON. The compatible elements are given in table
2. Again, a similar alteration pattern can be ob-
served, with an enrichment in Mg, Fe and H,O,
whereas Na and Ca as well as Sr, Mn and Pb are
strongly depleted (Fig. 5d). In contrast to the pre-
vious 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 99SL.124. They gave
313Cppp values of -9.60 to —9.87%. and 38 Oygyow
values of +9.48 to +10.14%.. Furthermore, two
small samples (3 mm in diameter and 3 mm in
depth) were drilled from the carbonate of sample
99S1.144, which gave 83Cppy values of -9.70 to —
9.81%o0 and 8Oy gyow values of +9.61 to +9.82%..
In a diagram 8" Oygyow versus 8 Cppg, 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 typ-
ical of magmatic fluids (Fig. 7; OHMOTO, 1986;
SHEPPARD, 1986).

Discussion

From field evidence of the shear zone in the upper
Val d’Avyas 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 Mon-
te Rosa granite to the whiteschist are summarized
in figure 6. The alteration increases towards the
center of the shear zone. Mainly Mg, H,O 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
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Tab. 3 Stable isotope composition of carbon and oxy-
gen of calcite from iwo samples of the carbonate boudin
from the center of the shear zone.

8" Cppp 8" Oysmow
Sample # Y00 Y00
99SL124-1 -9.60 10.14
99SL.124-2 -9.68 9.48
99S1.124-3 -9.68 9.63
99SL.144-1 -9.70 9.82
99S1.144-2 -9.81 9.61

the apparent differences in the alteration process.
Therefore, the difference between the two altera-
tions is restricted mainly to the silica leaching for
the production of whiteschists from their micro-
granitic dyke protoliths resulting from their ini-
tially 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 uncorre-
lated statistics, as assumed by the calculations, is
adequate to compare the granite compositions
with those of whiteschists. In contrast, the homo-
geneity 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 popula-
tion 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 SHARP et al. (1993)
argued for syn-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 ref-
uge 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 Rdsa granite. Micro-

granitic dykes can locally be traced into the white-
schists as ghost structures while others are totaily
obliterated by the whiteschists. All foliation dis-
cordantly cuts the contact between the Monte
Rosa granite and the whiteschists. Thus, clear evi-
dence 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 po
tassium-rich, because some of the source rocks
contain biotite and phengite. A decrease in tem
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
ScuMmID (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 ori-
gin of the whiteschist chemistry, because of the
light carbon isotopic values (3*C from -9.60 to -
9.87%0) measured in calcite from the carbonate
zone in the center of the shear zone. Those light
isotopic values for carbon are difficult to explain

5 ] T
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@l .
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Fig. 7 The 3"Oygyow and 33Cppp values of calcite
bearing samples from the carbonate boudin located
within the center of the shear zone. Unusual, light oxy-
gen and carbon values are most similar to igneous com-
positions. Values for reference fields of magmatic and
sedimentary stable isotope signatures from VALLEY et
al. (1986) and HOEFs (1987).
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Fig. 8 Schematic model (not to scale) of geochemical and structural evolution of the shear zone in the upper Val
d’Ayas, 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 green-

schist-facies overprint.

by metasomatic alteration due to metamorphic
fluids, since possible source rocks for the carbon
are sedimentary rocks, either of the Monte Rosa
cover sequence or the Zermatt-Saas Zone, and
those low 3'*C values would require organic car-
bon-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 83C (-6.3 to +3%o). This reflects the marine
origin of the carbonate (WEISSERT and BERNOUL-
LI, 1984;: BURKHARD and O’NEIL, 1988; FRUH-
GREEN et al., 1990; DRIESNER, 1993; GANOR et al.,
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1994; PozzorINI and FRUH-GREEN, 1996; MAT-
THEWS et al., 1999; CARTWRIGHT and BUICK, 2000;
MILLER et al., 2001). The 3'*O of calcite from the
Corsican ophiolite sequence varies between +11.1
and +22.9%o. (Miller et al., 2001). They are similar
to 'O values of Corsican schistes lustrés (CART-
WRIGHT and BuIck, 2000), and imply the deriva-
tion 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 infil-
tration of a fluid derived from calcareous meta-
sediments (i.e. schistes lustrés) during high-pres-
sure metamorphism, the expected 8'*C values of
carbonate should be around 0%o, or even a mix-
ture between magmatic and sedimentary 8°C. It
1s thus very difficult to produce the observed car-
bon isotope signature in the carbonate zone from
fluids evolving from a subducted oceanic slab
with accompanied oceanic sediments. Another in-
teresting 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 dur-
ing 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 de-
pletion.

Therefore, the most likely cause of metasoma-
tism leading to the precursors of the whiteschists
is that of a late magmatic, hydrothermal altera-
tion, which took place prior to Alpine metamor-
phism. 8°C values for hydrothermal gangue car-
bonate in ore deposits ranging from —6 to —9%. 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 gran-
ite (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 gran-
ite intruded the high-grade metapelitic basement
during Permian times (270 £ 4 Ma, PAWLIG et al.,
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 conse-
quence of post-orogenic uplift and extension
(FINGER et al., 1997; PAWLIG et al., subm.). Juve-
nile fluids escaping in this extensional environ-
ment 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 ein-
placement level of the pluton or the absence of
significant surface waters. Those fluids caused the
formation of chlorite- and sericite-rich assem-
blages from the granitic protolith, whereas cal-
cium 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 sur-
rounding 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 exhu-
mation resulted in a partial greenschist-facies
overprint of the whiteschists. The shear zone
probably remained active or was reactivated dur-
ing the subsequent greenschist-facies Alpine
metamorphism (Fig. 8d).
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