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Abstract. The skarn complex of Traversella was formed
at the expense of various rock types (calcic hornfels, gne-
iss, dolomitic marble) occurring in the contact aureole
of the dioritic intrusion of Traversella (30 + 5 Ma). Appli-
cation of phase equilibria has fixed the temperature of
the primary stage of skarn formation between 550° C
to 625° C. Similar applications indicate a larger range
of temperature (525° C to 300° C) for the secondary
stage. The different types of skarn (primary stage) are
enriched in REE relative to the corresponding precursor
rock (T.R.=126 ppm (protolith) to 228 ppm (inner zone
) for the skarn on gneisses; T.R.=14 ppm to 71 ppm
for the skarn on calcic hornfelses; T.R.=12 ppm to
200 ppm for the skarn on dolomitic marbles), but all
the inner zones of these different types of skarn show
a similar REE distribution with a slight LREE fractiona-
tion and no Eu anomaly. It is inferred that the primary
metasomatic fluid has a parallel REE pattern. The oxy-
gen isotope composition of water in equilibrium with
the early stage of skarn at T=600° C ranges from 8.3
per mil to 8.9 per mil. At the beginning of the first hyd-
roxylation stage (secondary stage), the fluid 6120 re-
mains in the range observed in the primary stage but
within it, there is a sharp decrease from 8.0 per mil to
5.0 per mil. During the sulphidation stage, the fluid 620
decreases more gradually from 5.0 per mil to 3.0 per
mil. The I, of the early skarn silicates ranges from the
values observed in the dolomitic marbles (0.70874 to
0.70971) to the Ig, of the intrusion (0.70947 to 0.71064).
During the secondary stage, there is a progressive in-
crease of the minerals Iy, up to 0.71372. The REE pattern
of the primary metasomatic fluid does not put any pre-
cise constraint on the primary fluid source. On the other
hand, both stable and radiogenic isotopes suggest that
the early high-temperature metasomatic fluid was
isotopically equilibrated with the dioritic intrusion. This
implies that this early fluid is either exsolved from the
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crystallizing intrusion or a metamorphic water previous-
ly equilibrated with the intrusion. During the secondary
stage, the replacement of the early anhydrous phases
by hydrated parageneses is accompanied by the mixing
with meteoric fluid as indicated by stable (5!20) and
radiogenic (87Sr/®%Sr) isotopes.

Introduction

In the Traversella deposit (Ivrea, Italy), skarn masses
were formed at the expense of several rock types: dolo-
mitic marbles (exoskarns); calcic hornfelses; gneisses and
the diorite itself (endoskarns). An iron-rich mineraliza-
tion (magnetite) as well as traces of W (scheelite) are
genetically linked to these skarns. The dioritic composi-
tion of the associated intrusion is a common feature of
magnetite skarn deposits (Einaudi et al. 1981).

The formation of a typical skarn deposit which fol-
lows the contact metamorphism induced by the emplace-
ment of the intrusion, is usually subdivided into a prima-
ry stage and a secondary stage (Burt 1972; 1977). During
the primary stage, anhydrous minerals crystallize at the
expense of the contact metamorphic parageneses. At
lower temperature, in the secondary stage, hydrated
phases and economic minerals are then formed at the
expense of the early phases. These successive stages have
been recognized in the Traversella deposit (Vander Auw-
cra 1988) and the present study focuses mainly on defin-
ing the possible sources of the fluid(s) responsible for
the two-stage evolution of these skarns. For this, several
independent geochemical tracers have been selected: sta-
ble isotopes (C, O) and radiogenic isotopes (Sr), as well
as REE.

Since natural waters of distinct origins differ in their
isotopic signatures (Hoefs 1980; Taylor 1974), we have
used stable isotopes (C, O) as discriminant parameters
to trace the fluids. Calcite skarn is generally depleted
in 6'3C and 6'%0 in comparison with the isotopic com-
position of the marbles (Shich and Taylor 1969; Taylor



326

and O’Neil 1977). This depletion can result either from
the evolution of CO, during the decarbonation, or from
the interaction with the infiltrating fluid (Bowman et al.
1985; Taylor and Bucher-Nurminen 1986; Guy et al.
1988). The isotopic data collected here put constraints
on the respective role of these two processes and give
information concerning the water-rock ratios which pre-
vailed during the formation of skarns.

To our knowledge, the Sr isotopes have not yet been
applied to a skarn system, although in hydrothermal
deposits, these isotopes have made it possible to define
the likely fluid sources (Norman and Landis 1983;
Changkakoti et al. 1986; Bolkhe and Kistler 1986).

Complementary to this isotopic approach, the REE
distribution will be used to trace the fluid sources, assum-
ing that these elements were mobilized during the skarn
formation.

Geological setting

The Traversella deposit was mined for its iron mineralization from
the Roman period up to 1969. (Miitler 1912; Colomba 1913; Ken-
nedy 1931; Novaresc 1943; van Marcke de Lummen and Vander
Auwera 1990). It is located in the southern border of the Sesia-
Lanzo zone (Italian Alps, Austro-alpine domain) (Fig. 1) which is
essentially made up of pre-Alpine rocks submitted to Alpine tec-
tono-metamorphic events. Two metamorphic episodes in the Al-
pine period have been recognized (Hunziker 1974): a high pressure
phase (eo-Alpine metamorphism) observed in the southern part
of the Sesia-Lanzo zome (“eclogitic mica schist” formation) and
a low pressure phase in the northern part (eo-Alpine green schist
facies: Sesia gneiss and Gneiss Minuti).

The Traversella pluton (Fig. 1) intruded the “eclogitic mica
schist” formation during a late-magmatic event of the Alpine Oro-
genesis (Trumpy 1960; Debelmas and Lemoine 1970). This pluton
has been dated at 30+ 5 Ma; i.e, the Oligocene period (K-Ar meth-
od: Krummenacher and Evernden, 1960; radiation damage meth-
od: Chessex 1962), It is contemporancous with the Biella and Ada-
mello batholiths both located more to the East in the Austro-
Alpine domain. The various rock types belonging to the “eclogitic
mica schist” formation (mica schists, gneisses, dolomitic marbles,
calcic hornfelses and eclogite lenses) form the surrounding rocks
of the pluton. Major and trace elements modeling together with
isotopic data have shown that this intrusion evolved through an
assimilation fractional crystallization process (AFC) from dioritic
to granitic composition (van Marcke de Lummen and Vander
Auwera 1990).

Skarn lithology

The skarns are mainly located in the contact aureole [defined by
the appearance of biotite at the expense of the regional metamor-
phic minerals such as glaucophane, garnet and phengite (Wirth
1985; 1986)] where they form massive bodies and veins. They devel-
op either within the silica-aluminous (gneisses, diorite) and calcic
rocks (dolomitic marble, calcic hornfels) or at the contacts between
these rock types. These skarns display several features (pluri-deci-
metric size, dissymmetric pattern) which allow us to consider them
as infiltration skarns (Korzhinskii 1970; Fonteilles 1978). They re-
sult from the interaction between an infiltrating fluid and a rock,
initially in chemical disequilibrium. This interaction produces a
typical geometrical pattern, which we have called a metasomatic
column, characterized by a succession of zones of contrasting min-
eralogy, replacing each other across sharp or diffuse fronts (Korz-
hinskii 1970). The innermost zone which is located at the “source”
of the fluid is the most affected by this interaction as the fluid
flow proceeds from the inner towards the outer zones.

TRAVERSELLA—BROSSO
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Fig. 1. Schematic geological map of the Traversella-
Brosso arca (after Miiller 1912)




Table 1. Mineralogical composition of the different types of skarns (early stage)
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Protolith Metasomatic column (early stage)
Z1 z2 Z3 Z4
Calcic hornfels Diopside Salite / /
{(diopside-wollastonite andradite-rich
+garnet — + feldspar) garnet
Gueiss
Biotite Biotite Pyroxene Pyroxene
Oligoclase oligoglase andesine bytownite Garnet
K-feldspar
Quartz
Tlmenite Tlmenite Sphene Sphene Sphenc

Apatite, zircon

apatite, zircon

apatite, zircon

apatite, zircon

apatite, zircon

Dolomitic marble Forsterite Pyroxene Wollastonite Quartz
calcite
Dolomitic marble Forsterite Pyroxene Andradite-rich
calcite garnet
Dolomitic marble Forsterite Pyroxene Grossular-rich
calcite garnet
+ spinel
Skarns in diorite will not be considered here and have been FIRST SECOND
described in another paper (Vander Auwera 1990). MINERALS  |HYDROXYLATION | SULPHIDATION | HYDROXYLATION
STAGE STAGE STAGE
525°C< T <450°C|450°C< T <300°C| T =300 - 350 °C
Early stage :::::m *s LI
phiogapite
Depending on the lithology of the precursor rock (dolomitic mar- w magnetite @ .
ble, calcic hornfels, gneiss), different metasomatic columns have § serpentinel »
been recognized (see Table 1 for detailed mineralogical composition s serpentine2
of the metasomatic columns). In the calcic hornfelses, the metaso- .C._; “§‘ :::;:“. e T E—
matic column from the protolith to the innermost zone is: calcic 3 pyrite
hornfels / diopside / garnet whereas in the gneiss it is gneiss / & chaicopyrite —
pyroxene zone / garnet zone. In the case of the dolomitic marbles § quartz
different types of metasomatic columns have been observed for talc2
the same protolith but the first two zones are always forsterite- scheelite —p—
calcite and diopside respectively with the innermost zone composed ibok 2
either of wollastonite or of garnet (andradite — rich or grossular-rich phlogopit
garnet). The feature common to all these metasomatic columns cakcite —
is the frequency of a garnet-rich zone in their inner part. The miner- § w :::; T
alogical variability of the internal zone of the skarns in dolomitic ] § mnone:lt-
marbles is explained by variations in the chemical potentials of o scheelite
Al and Fe in the metasomatic fluid (Vander Auwera 1988). sulphides
The P—T conditions of this early stage have been estimated = epidote
at 1 to 2 kb (stability of corundum in the presence of andalusite § § calcite
in the contact aureole of the intrusion, Si/Al ratio of the phengite) 3 N [quertz

and 550° C to 625° C (X yyco, of the primary skarn calcite; stability
of calcite + forsterite + spinel) (Vander Auwera 1988),

Secondary stage

Hydrothermal transformation, magnetite and scheelite deposition
developed essentially in the skarns in dolomitic marbles and more
precisely, in the forsterite-calcite zone while the other two zones
were less affected (Dubru et al. 1988). Based on a detailed petro-
graphic study, three main steps have been distinguished in the hy-
drothermal transformation of the forsterite-calcite zone (Fig. 2):
two hydroxylation stages and one sulphidation stage, so defined
as the former imply hydrated phases and the latter, sulphides. In
the first hydroxylation stage, hydrated phases (talc, phlogopite) de-
veloped at the expense of forsterite and magnetite was precipitated,

Fig. 2. Paragenetic table for the mineralization developed on the
three zones of the skarns formed in dolomitic marbles at Traversel-
la. The points indicate the relative position of the samples selected
for the O —Sr isotopic study in the paragenetic sequence

together with part of the scheelite. The second stage (sulphidation
stage) is characterized by the development of sulphides (mainly
pyrite, pyrrhotite and chalcopyrite) and serpentine. During the
third stage (second hydroxylation stage), massive talc or serpentine
was formed.

It must also be emphasized that petrographic evidence indi-
cates an overlapping development of magnetite and scheelite: the
latter crystallized later than magnetite but its crystallization contin-
ued during the sulphidation of magnetite.
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The temperature range of this secondary stage (525°C to
300° C) has been estimated using mineral parageneses and is rela-
tively wide (Vander Auwera 1988): 525° C to 450° C for the first
hydroxylation stage (based on the development of talc at the ex-
pense of forsterite and of tremolite at the expense of diopside);
450° C to 300° C for the sulphidation stage (based on the stability
of serpentine and on the lack of monoclinic pyrrhotite); and ap-
proximately 300° C for the second hydroxylation stage. Though
these temperature estimates are rather broad because of the small
number of stable phases and the uncertainity in the evaluation
of X o, this has little bearing on the interpretation (see later).

Analytical methods

Major elements were analysed by XRF (Université Catholique de
Louvain). REE analyses by ICP were carried out in the spectro-
chemical laboratory of the Centre de Recherches Pétrographiques
et géochimiques (CRPG) (analysed by Govindaraju) (Govindaraju
and Mevelle 1987) on whole-rock samples (100 mg). Five REE-poor
samples were analysed by INAA at the British Museum (Natural
history (analysed by Williams). For each type of skarn, the analysed
(REE) samples, representative of the different zones, were collected
on the same outcrop.

Oxygen and carbon isotope determinations were performed at
the Department of Geochemistry, Utrecht University (analysed by
van Marcke de Lummen) using the method described by Nord
and Billstrém (1982). The oxygen isotopic composition of silicates
were determined at the BRGM (Fouillac analyst) (handpicked sam-
ples). For the two methods, an error of +0.2 per mil is estimated
for 8*80 and 613C accounting for internal analytical precision.

The isotopic composition of Sr was determined on handpicked
mineral samples (8 g). Sr was separated by conventional cation
exchange techniques and its isotopic composition was measured
by thermo-ionisation on double Re filaments on the Finnigan Mat
260 Spectrometer of the Belgian Centre for Geochronology. On
the Mat 260 machine, the NBS 987 standard has a 87Sr/5%Sr of
0.71024 +0.00003 (25,,) normalised to 88Sr/®5Sr =8.3752.

Geochemical data

REE

The REE (Table 2) have been analysed in the various
zones of the three types of skarns (early stage only: sce

Table 1): skarns in gneisses, skarns in dolomitic marbles
and skarns in calcic hornfelses. In the case of the skarns
on dolomitic marbles, only the metasomatic column with
grossular-rich garnet in the internal zone has been con-
sidered (see Table 1). Separated pyroxene and garnet
from the same garnet-pyroxenite of a skarn on calcic
hornfels are also considered. In Fig. 3, the REE patterns
of the original rocks (gneiss, dolomitic marble, calcic
hornfels) (Fig. 3a) are compared to those of the inner-
most zone of the corresponding skarns (the most affected
by the infiltrating fluid) (Fig. 3b). In the original rocks,
the average absolute REE contents increase in the order:
dolomitic marble (12 ppm or 4 ppm), calcic hornfels
(14 ppm) and gneiss (126 ppm). There is a slight fraction-
ation of the LREE relative to the HREE: (La/Yb)y=9.3
for the gneiss; 10.3 for the calcic hornfels; 7.0 or 4.0
for the dolomitic marbles and also a slight negative Eu
anomaly. These REE patterns are similar or parallel to
those observed for the North American Shale Composite
(NASC) (Gromet et al. 1984).

The REE content in the skarns is clearly higher than
that observed in the original rocks (Fig. 3b) especially
when the substrate is a dolomitic marble or a calcic
hornfels. For example, in the skarns in calcic hornfels,
the total REE varies from 14 ppm in the precursor rock
to 71 ppm in the garnet-pyroxenite. There is also, in the
skarns, a slight modification of the (La/Yb)y ratio (an
increase for the skarn in dolomitic marbles and in gneis-
ses and a decrease for that in calcic hornfelses) and a
lessening of the Eu anomaly compared to those observed
in the corresponding original rocks. Moreover, the most
striking feature is that, whatever the REE pattern ob-
served in the original rock, the patterns of the skarns
are very similar but with different total REE content.
This is also observed in pyroxene and garnet belonging
to the same garnet-pyroxenite (Fig. 3¢): both minerals
are characterized by a similar fractionation of the LREE
and no obscrvable Eu anomaly.

Table 2. REE data for the Traversella skarns and intrusion (CH: calcic hornfels; DM: dolomitic marble; G: gneiss; CPX: clinopyroxene;

GRT: garnet)

1 2 3 4 5 6 7 8 9 10 11 12 13

Dolomitic Dolomitic Calcic  Gneiss Garnet Garnet Garnet Garnet Granite Diorite Diorite CPX GRT

marble marble hornfels pyroxenite pyroxenite pyroxenite pyroxenite

CH CH DM G CH CH

La 120 2.80 4.40 26.87 8.92 448 49.41 68.52 130.29 81.81 5308 170 790
Ce 270 6.20 540 52.53 3593 25.70 107.58 94.76 15723 204.63 109.66 270 33.80
Nd < 1.00 2.20 2.50 27.16 16.27 21.54 29.38 3742 4322 12347 5045 <1.00 18.10
Sm  0.24 0.57 0.53 5.74 2.90 3.83 4.89 798 5.56 23.80 9.35 012 250
Eu 0.06 0.14 0.14 1.17 1.11 1.28 1.47 2.28 0.63 4.34 203 003 081
Gd <0.50 <0.50 <0.50 4.78 2.20 249 376 6.57 4.14 16.73 721 <1.00 <2.00
Th 0.03 0.06 0.09 - — — — o — - — <0.03 0.27
Dy - - - 3,78 1.74 2.35 3.80 492 1.44 11.96 469 - -
Ho <0.02 <0.02 <0.02 — - — — - - - — <010 030
Er - - — 1.97 1.04 1.44 2.24 2.49 0.78 5.68 2.41 — -
Tm<0.02 0.04 0.06 — — - — - - — <0.05 0.19
Yb 0.19 0.26 0.28 1.94 1.00 1.47 222 2.33 0.77 512 249 <0.05 1.07
Lu 0.02 0.04 0.05 0.30 0.13 0.23 0.21 0.34 0.19 0.72 042 <0.02 0.20
Y — - 23.04 1621 20.32 27.17 29.33 — 68.67 — - -
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C, O isotopes

The data are presented in the §'%0—§'3C diagram of
Fig. 4 (see also Table 3). The sampling focused essentially
on the skarns developed in dolomitic marbles with:

1. Four unmodified dolomitic marbles located outside
the contact aureole (nos. 1-4 on Fig. 4) and eight modi-
fied dolomitic marbles located inside the contact aureole
(nos. 5-13 on Fig. 4) (the data on Fig. 4 concern the cal-
citic fraction of these marbles).

2. Three primary calcites from forsterite-calcite zones,
two of them (nos. 14, 15 on Fig. 4) from the metasomatic
wollastonite column and one, from the metasomatic an-
dradite column (nos 16 on Fig. 4).

3. Two silicates: a diopside from a skarn on dolomitic
marble and a garnet from a skarn on calcic hornfels.

4. minerals belonging to the hydrothermal parageneses:
samples of amphibole, chlorite, magnetite, scheelite, cal-
cite and dolomite from the first hydroxylation stage and
samples of calcite and dolomite from the sulphidation
stage (Fig. 2 — Table 3).

613¢

# unmodified marbles
B modified marbles

@ primary calcites

1) # reference vaiue
_ i 1 1 L 1 i i ' i 1 1 1 1 i 1 i
1o 10 15 20
6180

Fig. 4. Oxygen and carbon isotope compositions (see Table 3) of
(1) primary calcites (solid circles) developed in the early stage of
skarn development (forsterite-calcite zone: no. 14 and no. 15 belong
to a metasomatic wollastonite column whereas no. 16 belongs to
a metasomatic garnet column); (2) calcitic fractions of the dolomitic
marbles located outside the contact aureole (Inverso) (unmodified
marbles; nos. 1 to 4, solid diamonds); (3) the modified dolomitic
marbles (solid squares nos. 5 to 13) located inside the contact aur-
eole in proximity of the skarns. Among the latter samples, pairs
of dolomitic marble (tie lines) located immediately at the contact
with the f{irst zone of the skarn (no. 2) and the less modified marble
located at a few tens of cm further from the skarn (no. 1) have
been distinguished (samples 5, 6 and 13 have been collected at
a few cm of the skarn). The reference value (solid star) has been
fixed at 6180 = +21.6 per mil and 6 '3C= —0.93 per mil (see text)

Fig. 3. A REE patterns of the different original rocks. 4, m: Dolo-
mitic marbles; @: calcic hornfels; x: gneiss. B REE patterns of
the internal zones of the corresponding skarns (same symbols as
in A; sample numbers from Table 2). C REE pattcrns of cpx and
garnet from the same garnet-pyroxenite of a skarn on calcic horn-
fels
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Carbonates corresponding to the two different stages
have been distinguished on the basis of the associated
minerals of their paragenesis. The second hydroxylation
stage has not been documented because of the lack of
adequate mineral samples.

Early stage. There is a general trend towards a gradual
decrease of the 580 —6'3C values from the marbles
located outside the contact aureole to the primary cal-
cites of the skarns, with intermediate values for the dolo-
mitic marbles immediately adjacent to the first zone of
the skarn. Tt is worth mentioning the scattered character
of the isotopic composition of the modified marbles. The

Table 3. Stablc isotopes data of skarn and dioritic samples DM/
OCA, dolomitic marble outside the contact aureole; DM/ICA, do-
lomitic marble inside the contact aureole; CC/WC: calcite of the
wollastonite column; CC/GC, calcite of the garnet column; CC
11, calcite of the secondary stage; DOL II, dolomite of the secondary
stage; D, diorite

Sample no. Description  §'*Cpop (per mil) 820, (per mil)

A Carbonate and calcic fraction of the dolomitic marbles

1 DM/OCA +04 +22.0
2 DM/OCA —-11 +212
3 DM/OCA —12 +21.5
4 DM/OCA —1.8 +19.4
5 DM/ICA —26 +14.9
6 DM/ICA +0.03 +18.8
7 DM/ICA +0.7° +21.1%
8 DM/ICA —0.1° +19.82
9 DM/ICA —2.5° +19.42
10 DM/ICA —4.3° +15.2¢2
11 DM/ICA —0.5 +16.5
12 DM/ICA —3.0° +14.1*
13 DM/ICA —1.5* +15.72
14 CC/WC —34 +114
15 CC/WC ~23 +15.33
16 CC/GC —-79° + 9.7¢
17 CC1I —80 + 8.6
18 DOL II —64° +12.8*
19 ccn —7.7* + 877
20 DOL 11 —7.6° +10.82
B Dolomitic fraction of the dolomitic marbics
21 DM/OCA +0.7 +21.9
22 DM/OCA —14 +21.6
23 DM/ICA —21 +21.0
24 DM/ICA —-32 +18.2
25 DM/ICA —0.1 +17.5
26 DM/ICA —-04 +16.6
C Skarn silicates (primary and secondary stages)
27 Diopside / + 7.2
28 Garnet / + 54
29 Magnetite / + 1.3
30 Amphibole / + 6.3
3 Chlorite / + 7.7
32 Scheclite / + 33

D Intrusion whole rock (data from van Marcke de Lummen and
Vander Auwera 1990)

33 D /
34 D /

# Mean value of two analyses

primary calcites of the skarn have the lowest 680 and
813C, the calcites of the metasomatic wollastonite col-
umn (no. 16, Fig. 4).

Secondary stage. The isotopic composition of the miner-
als belonging to the secondary stage of skarn develop-
ment is presented in Table 3.

Sr isotopes

To use Sr isotopes as tracers it is necessary to determine
the Sr isotopic composition of the different materials
at the time of the skarn development (30 + 5 Ma) (=ini-
tial Sr isotopic ratio=1Ig,). Thus to minimize the error
due to calculation of this initial isotopic ratio, Rb-poor
minerals were selected: garnet and diopside from the
skarn developed on calcic hornfelses; calcite and wollas-
tonite from the skarn on dolomitic marbles; calcite and
dolomite from the first hydroxylation stage and the sul-
phidation stage and lastly scheelite. The results of miner-
al analyses are shown in Table 4 together with values
obtained for two dolomitic marbles and also for the in-
trusion. The epidote observed in some transformed facies
of the intrusion has also been considered.

Early stage. The I, of the different materials has been
plotted on Fig. 5. In the intrusion, the ratios for the fresh
samples and also two slightly altered samples (nos. 33,
34 on Fig. 5) range from 0.70947 to 0.71064. Samples
nos. 33 and 34 fall respectively within the range of the

DOLOMITIC PRIMARY
INTRUSION MARBLES SKARN
0.7114
- t34
& MasGrr
= +39 :
o 35 8 47CPX
® 40} EPIDOTE ';44 CPX
o 0710 33, 138 ;
8 +42 *45 cPX
3 AUREOLE
= +25 :
& 137 '
- }46GRT
8 H A
' A
_-oé 0700 | 18cc 43WOL
“aoa e16CC
INVERSO

Fig. 5. Initial Sr isotopic ratio (Ig,) (sce Table 4). Minerals belonging
to the same type of skarn have the same symbol (see text). Variable
dimensions of symbols are for analytical error
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Table 4. Sr isotopic composition of dioritic and skarn samples (primary and secondary stages). The initial Sr isotopic data has been
calculated back to the maximum age of the intrusion (35 Ma: Krummenacher and Evernden 1960; Chessex 1962)

Sample no. Description Rb Sr 87Rb/%6Sr 87Sr/%68r (3781/%°8r)
(ppm) (ppm) 35 M.a.
A Dioritic rocks
33 D 102 722 0.409 0.71020 0.71000
34 D 132 719 0.531 0.71090 0.71064
35 D 201 852 0.683 0.71064 0.71030
36 D 111 694 0.463 0.71028 0.71005
37 D 96 734 (0.378 0.70966 0.70947
38 D 111 815 0.394 0.71010 0.70990
39 D 91.7 728 0.365 0.71059 0.71041
40 D (epidote) 0.5 264 0.005 0.71020 0.71020
B Dolomitic marbles
21 OCA 2 122 0.045 0.70876 0.70874
41 OCA 0 187 0.000 0.70876 0.70876
42 ICA 0 234 0.000 0.70971 0.70971
25 ICA 0 406 0.000 0.70953 0.70953
Skarn minerals of the early stage
16 SDM/GC/CC 11.5 743 0.045 0.70880 0.70878
15 SDM/WC/CC 47 327 0.042 0.70918 0.70916
43 SDM/W g 318 0.000 0.70915 0.70915
44 SDM/GC/CPX <2 31.1 <0.186 0.71030 0.71021
45 SCH/CPX <2 17.1 <0.339 0.70988 0.70971
46 SCH/GRT <2 13.6 <0426 0.70950 0.70929
47 SG/CPX 81 751 0.313 0.71040 0.71024
48 SG/GRT 30.1 20.9 4.169 0.71259 0.71052
D Skarn minerals of the first hydroxylation stage
20 DOL 1.2 69.8 0.050 0.71028 0.71026
19 CcC 1.3 146 0.026 0.71030 0.71029
32 SCH 6.8 66.3 0.297 0.71092 0.71077
E Skarn mincrals of the sulphidation stage
18 DOL 0 202 0.000 0.71303 0.71303
17 cC 4.8 535 0.026 0.71373 0.71372

D, Diorite; OCA, outside the contact aureole; ICA, inside the contact aureole; SDM, skarn on dolomitic marble; SCH, skarn on
calcic hornfels; SG, skarn on gneiss; GC, garnet column; WC, wollastonite column; CC, calcite; W, wollastonite; CPX, pyroxene; GRT,

garnet; DOL, dolomite; SCH, scheelite

fresh samples or slightly above. The ratio for an epidote
(no. 40 on Fig. 5) is in the same range (0.71020) as that
of the intrusion.

In order to determine the Sr isotopic composition
of the original surrounding dolomitic marbles, two groups
of dolomitic marbles were analysed: one from the con-
tact aureole (samples nos. 42, 25 on Fig. 5) and the other
from Inverso (samples nos. 21, 41, Fig. 5) (Fig. 1). The
values are very close in each group, although there is
a large isotopic difference between the two groups. This
feature is also observed for §'%0. Indeed, the marbles
outside the aureole have 680 of about +22 per mil
and the others, of about + 16 per mil (see earlier).

For the minerals of the primary skarns, Fig. 5 illus-
trates three features:

1. The I, is sometimes identical, sometimes strongly
contrasted for minerals belonging to the same type of
skarn. The former case is illustrated by the clinopyroxene
and garnet from skarns in gneisses (filled squares), in
calcic hornfelses (crosses) and the calcite and wollaston-

ite from the skarns in dolomitic marbles (filled triangles).
The latter case is shown by calcite and clinopyroxene
from the skarns in dolomitic marbles (metasomatic col-
umn with garnet (filled circles, see earlier): the calcite
{first zone of the skarn) has an I, of 0.70878 while the
clinopyroxene (internal part of the skarn), has an Ig, of
0.71021. The distinct I, of the minerals of the two types
of metasomatic columns developed on dolomitic marbles
(metasomatic columns with wollastonite or garnet) is
correlated with the bulk Sr content. In the metasomatic
wollastonite column, the Sr content of the minerals re-
mains relatively constant (dolomitic marble: 246 ppm;
calcite: 327 ppm; clinopyroxene: 209 ppm; wollastonite:
318 ppm) whereas in the metasomatic garnet column,
the pyroxene from the internal part of the column is
strongly Sr-depleted (dolomitic marble: 429 ppm; cal-
cite: 743 ppm; pyroxene: 31 ppm).

2. The Sr isotopic composition is highly variable from
skarn to skarn: 0.70878 to 0.71052 and this range covers
those in the dolomitic marbles and the intrusion.
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Fig. 6. Oxygen isotopic composition versus I, of the fluid in equi-
librium with the minerals representative of the secondary stage.
Solid symbols: first hydroxylation stage; open symbols: sulphidation
stage. The range in Ig, obtained for the primary stage of skarn
development has been plotted for comparison (see Fig. 5)

Table 5. Specific gravities and composition (in weight percent) of
the different skarns. Specific gravities have been measured on a
Berman balance

CaO TiO, Al,O4 g
Gneiss - - 15.37 311
Garnet zone - - 1540 3.18
on gneiss
Calcic hornfels - 0.14 - 3.13
Garnet zone
on calcic - 0.13 - 3.48
hornfels
Dolomitic marbie 34.29 - - 2.80
Garnet zone
on dolomitic 29.79 - - 3.39

marble

3. The three clinopyroxenes are very similar but have
distinct Sr contents.

Secondary stage. During the secondary stage (Fig. 6),
there is a progressive increase of the minerals I, up
to 0.71372. The Iq, of the phases corresponding to the
first hydroxylation stage (0.71026 to 0.71077) is similar
to that observed for both the primary skarn minerals
and the intrusion, whereas in the sulphidation stage (up
to 0.71372) the I, is much greater. Moreover, this in-
crease of the I, is associated with a decrease in the fluid
5180 (see later).

Discussion

Source of the primary metasomatic fluid
REE evidence

The clear increase in REE content from about 10 ppm
(XREE) up to 200 ppm (ZREE) in the inner zone of
the skarn in dolomitic marbles for example can result
either from a volume decrease, or from an input of these
elements during the skarn formation process. An estima-
tion of the volume variation implied by the development
of the different types of skarns can be made with the
help of the Gresens equation (Gresens 1967) which re-
lates composition and volume variation during skarn
formation.

100(];&(:;—(;;;):;&
84

where f, is the volume factor (Vy=f, -V, with V, and V; for the
volume of rocks A and B); g, and gy are the specific gravities
of A ans B; C% and CY, the weight fraction of component n in
A and B and finally, X” is the variation of component n during
the transformation of rock 4 into B.

An evaluation of the f, factor can be made if the
perfectly inert behaviour of one component (i.e., an ele-
ment which has not been affected by the metasomatism
ie., x,=0 (Fonteilles 1978)) can be demonstrated.

In the skarn on gneisses, Al,O; can be considered
as a perfectly inert component (Vander Auwera 1988)
because the Al/Ti ratio remains constant throughout the
column. According to the measured specific gravities and
concentrations in the gneiss and garnet-pyroxenite zone
(see Table 5), the f, factor equals 0.98. In the skarn in
calcic hornfelses, TiO, is not affected by the transforma-
tion of the calcic hornfels into a garnet-pyroxenite as
the Ca/Ti ratio is relatively constant in this column, With
this constraint the fv factor equals 1.00. In the skarn
in dolomitic marble, X¢,, =0 and f, equals 0.95. Conse-
quently, the volume variation seems to be negligible in
the skarns considered here and the skarns’ REE patterns
are then thought to result from a strong input of these
elements during skarn formation.

The similar REE patterns of the skarn internal zones
(see earlier sec.) suggest that the different types of skarns
result from interaction of the various rock types with
the same fluid which has imposed its own pattern. This



last feature can also be deduced from the REE patterns
of clinopyroxene and garnet of the same garnet-pyroxen-
ite (Fig. 3C). Indeed the similar REE patterns preclude
any equilibrium between the fluid and the two minerals
because, if it were the case, a quite different REE distri-
bution between clinopyroxenc and garnet would be ex-
pected, in response to the different REE distribution fac-
tors (Kp) of these minerals (Henderson 1984; Cullers
et al. 1973; Henderson, personal communication). This
last obervation suggests further, that in the case of trace
elements the metasomatic column cannot be considered
as an ideal chromatographic column (i.e., in which the
distribution of elements is controlled only by local equi-
librium (Hofmann 1972)), because precipitation and ad-
sorption processes can occur. From the preceding discus-
sion, the REE distribution in the primary fluid can be
estimated as parallel that of the internal zones of the
skarns, i.e., with a LREE fractionation and no observ-
able anomaly in Eu and Ce.

There are three possible sources for this primary me-
tasomatic fluid: a fluid exsolved from the crystallizing
intrusion, a metamorphic fluid and a meteoric fluid. As
a consequence of fluid circulation, the fluid REE distri-
bution may be affected. Nevertheless, as fluid circulation
is a random process, we may expect to observe variable
patterns depending on the position of the samples and
this is not the case. So, in order to model the process,
we can assume that the fluid was characterized by the
same REE pattern it had at its source.

Using data from Flynn and Burnham (1978), on the
partitioning of REE between a fluid and a crystallizing
magma, it is now possible to assess the REE pattern
of the fluid in equilibrium with the different rock types
of the intrusion. We have considered here the K ob-
tained at P=1.25 kb and T=800° C as these conditions
are possible for the Traversella intrusion (see earlier).
Nevertheless, this approach is semiquantitative as the
K, also depends on the chlorine molality of the fluid,
the By,o and the magma composition (Flynn and Burn-
ham 1978). These factors are difficult to constrain in
the Traversella ore bodies and are particularly important
for the Eu anomaly. The selected samples correspond
to dioritic and granitic facies of the intrusion which have
been demonstrated to be successive residual liquids (van
Marcke de Lummen and Vander Auwera 1990). Com-
parison of these different calculated REE patterns
(Fig. 7), with that of the metasomatic fluid shows that
the best fit is obtained for the fluid in equilibrium with
the diorites. Both distributions show similar (La/Sm)y
but the metasomatic fluid has a slightly lower (Gd/Yb)y.

A metamorphic fluid in equilibrium with the biotite-
rich gneisses (the most abundant rocks of the contact
aureole), should have a REE pattern parallel to that
of North American Shale Composite (NASC) (Fourcade
1981) (Fig. 7). Here too, both metamorphic and metaso-
matic fluids have comparable (La/Sm)y but the (Gd/Yb)y
is slightly higher in the metasomatic fluid. This is also
true for a meteoric source, as the meteoric fluids are
also characterized by a REE pattern close to that of
NASC (Martin et al. 1976). Judging from the comparable
REE patterns of these different fluids (metamorphic, me-
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Fig. 7. Calculated REE patterns of the fluid in equilibrium with
the dioritic and granitic facies of the Traversella intrusion (see Ta-
ble 2) (K, from Flynn and Burnham 1978). The North American
Shale Composite (Gromet et al. 1984) is given for the metamorphic
and meteoric fluids

tasomatic and in equilibrium with the diorite), the REE
geochemistry alone cannot discriminate between the var-
ious sources.

In conclusion, the REE geochemistry has shown that
1) the different types of skarn have very much the same
type of distribution whatever the original rock and this
suggests that the same type of fluid is responsible for
all; 2) there is a strong input of REE during skarn forma-
tion; 3) this primary metasomatic fluid is characterized
by a LREE fractionation and no observable Eu anoma-
ly: 4) the REE data alone cannot be used here as discri-
minant parameters to trace the source of the fluid(s).

O —C isotopes

The calculated 680 of the metasomatic fluid (Table 6)
in equilibrium (T=600° C) with the primary skarn min-
erals ranges from 8.3 per mil to 8.95 per mil. This value
is close to that calculated for the fluid in equilibrium
with the diorite: + 8.0 per mil at T=750° C.

The §'3C of the metasomatic fluid in equilibrium
with the calcite no. 16 is — 5.4 per mil at the temperature
of skarn formation (T=600° C) (Friedman and O’Neil
1977). Any direct measure of 5'3C composition of the
magma is not available, but this value is likely to be
within the range of the mantle §**C (—5 per mil to
—8 per mil: Taylor et al. 1967).

In conclusion, both $%0 and §!°C data indicate
that the primary metasomatic fluid could have been in
equilibrium with the diorite.
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Table 6. 620 of the fluid in equilibrium with the primary skarn
minerals and the diorite

Mineral 5180 mineral Mineral-fluid 5180 fluid
(per mil) (per mil)
1. Skarns (early stage)
Calcite (16) +9.7 O'Neil et al. +895
(1969)
T=600°C
Diopside (27) +72 Matthews +83

et al. (1983)

Garnet (28) +35.4 Taylor and O’'Neil +8.5
1977)

2. Diorite

Plagioclase® +721t0 +7.8 ONeil and Taylor +8.0
(1967)
Ohmoto (1986)
T=750°C

? Data from van Marcke de Lummen and Vander Auwera (1990)

Sr isotopes evidence

The position of sample 33 in the range of fresh samples
of the intrusion and sample 34 slightly above suggests
that the fluid responsible for the late alteration of the
intrusion (according to field observation, this event is
later than the early stage of skarn development, but
probably contemporaneous with the secondary stage of
these skarns) has a similar Iy to that of the diorite or
that this slight alteration has not affected the I, of these
two samples. The first hypothesis is likely in view of
the comparable I, of the epidote relative to the Ig, of
the fresh samples of intrusion. Because the oxygen
isotopic composition of these samples 33 and 34 falls
close to that of the primary magmatic rocks (van Marcke
de Lummen and Vander Auwera 1990) a very small
amount of O exchange with connate water is expected
for these rocks. Therefore, their I, is likely to be a prima-
ry magmatic feature (Criss and Fleck 1986). The relative-
Iy large range observed in the I, of the dioritic samples
has been attributed to an assimilation fractional crystal-
lization process (AFC) (van Marcke de Lummen and
Vander Auwera 1990). This dispersion implies that the
(87Sr/86Sr1), of the fluid(s) in equilibrium with the diorite
and assumed to be responsible for the skarn formation
will also show a range of Ig,. Otherwise, the magnitude
of 87Sr/®5Sr alterations depends strongly on the degree
of Sr accommodation in the secondary minerals: epidote
in particular is a good trap for the hydrothermal Sr
(André and Deutsch 1986).

I, and bulk Sr contents have distinct behavior in
the two types of metasomatic columns developed in do-
lomitic marbles. In the case of the metasomatic wollas-
tonite column where the Sr content is not leached (see
earlier), the Ig, of the skarn minerals remains within
range of that of the dolomitic marbles. On the contrary,
in the metasomatic garnet column, the Sr is leached in
the internal part of the skarn (clinopyroxene) and the
I, increases from the dolomitic marble (calcite) values

into the range of values for the intrusion clinopyroxene.
This phenomenon does not seem to be induced by a
mineralogical control. Indeed, although the pyroxenes
of these two columns have the same composition, their
bulk Sr content are clearly different (209 ppm Sr for the
clinopyroxene of the wollastonite column and 31 ppm
Sr for the clinopyroxene of the andradite-rich garnet col-
umn). This feature is better explained by a difference
in water/rock (W/R) ratio: the 6 130 —6*3C of the calcite
from the metasomatic wollastonite column indicates a
much lower W/R than in the metasomatic andradite col-
umn (see later section). From these observations, at low
W/R, the I, of the skarn remains close to that observed
in the dolomitic marbles and is therefore most probably
inherited from those of the original rocks. Inversely,
when the Sr is leached (high W/R) in the internal part
of the metasomatic column (cpx) the Iy, increases from
the values for the dolomitic marbles recorded in the cal-
cite up to the values for the intrusion recorded in the
clinopyroxene. In the case of the skarns developed in
gneisses and in calcic hornfelses, the Ig, of the original
rock (gneiss or calcic hornfels) is not available but we
can observe for example that the minerals and garnet
have also an I, within the range of values for the intru-
sion,

To summarize, as with the stable isotopes, the Sr
isotopes thus point to a primary metasomatic fluid equi-
librated with the intrusion. Moreover, the Sr isotopic
composition observed in the skarn minerals results from
a mixing process between the original rock Iy, and that
from the fluid both weighted by their respective propor-
tions of Sr.

Modeling of 6 **C— ¢ 180 depletion during skarn forma-
tion and evaluation of the water-rock ratios (W/R)

The isotopic data (Fig. 4) imply that the metasomatic
transformation of the marbles induces a sharp and con-
tinuous decrease in 680 together with a gradual but
smaller decrease in 6*3C. Moreover, even the dolomitic
marbles near the skarns have been depleted in 6180
—3&13C. In view of the clustering of values in unmodified
marbles, it seems reasonable to average the values at
3180 = +21.6 per mil and 613C= —0.93 per mil (named
reference value on Fig. 4).

This depletion in §'30 and §*3C of skarn calcites,
a well known phenomenon in other skarn deposits (Tay-
lor and O’Neil 1977; Guy 1979; Bowman et al. 1985;
Taylor and Bucher-Nurminen 1986), can be assigned ei-
ther to the marble decarbonation during skarn forma-
tion (Shieh and Taylor 1969) or to the equilibration of
the isotopic composition of the rock with that of the
H,O-rich metasomatic fluid (Bowman et al. 1985; Taylor
and Bucher-Nurminen 1986). Guy et al. (1988) have also
suggested that §'80 and 613C are not coupled during
the skarn formation process. According to their magmat-
ic hydrothermal model, the 6'80 of the skarn calcites
is controlled by the interaction with the infiltrating fluid
and the §'3C, by the decarbonation reaction. The first
two models will be discussed in turn.



Decarbonation reaction. Within the temperature range
of the early skarn formation (T=550° C to 625° C, see
earlier) the CO,-calcite isotopic fractionation is such that
the CO, produced by the decarbonation is enriched in
both 4180 and 63C relative to the calcite [(using the
fractionation factor of Bottinga (1968))]. In the present
case, decarbonation is described by the following reac-
tion:

CaMg(COy), + 1/2(5i0,), = 1/2Mg,Si0, + CaCO4 + CO, (1)

dolomite fluid forsterite calcite

in which the required SiO, is provided by the metaso-
matic fluid. In order to restrict the test to the effect of
the decarbonation, the isotopic composition of the oxy-
gen present in SiO, has not been considered. An open-
system decarbonation process has been considered here
because it is more likely to have operated in the develop-
ment of infiltration skarn. The results of the calculations
are plotted on Fig. 8 (see Appendix for detail). The initial
isotopic composition of the dolomitic marble (figured
as a star on Fig. 4) has been taken as the mean isotopic
composition of the marbles located outside the contact
aureole. Figure 8 suggests that the process is not efficient
enough to explain the observed depletion in the primary
skarn calcite, This can be due to the fact that in the
transformation of the marble into an assemblage of for-
sterite + calcite, half the carbon orginally present in the
dolomite is conserved within the skarn calcite while two-
thirds of the original oxygen is preserved within the for-
sterite and the calcite. The effect of decarbonation on
the oxygen and carbon isotopic composition are thus
concluded to be of minor importance. This result is in
agreement with the conclusion of Bowman et al, (1985)
and Taylor and Biicher-Nurminen (1936).

Interaction with infiltrating fluid. The isotopic variations
observed in the skarns developed on dolomitic marbles
can result from various mixtures between the unmodified
dolomitic marble (6180 = +21.6 and 6*3C= —093 per
mil) and an infiltrating metasomatic fluid. Since the
isotopic data suggest that this fluid could have been in
equilibrium with the nearby cooling diorite, we have se-
lected for the metasomatic fluid the 6*20 of the fluid
calculated in equilibrium with diorite, i.c., 8.0 per mil
(see earlier). The §'3*C of this fluid can be estimated to
vary within those values measured in magmatic rocks
from —2.5 per mil to —32.5 per mil (Javoy et al. 1986).
Because of this relatively wide range of values, we have
calculated the model for several discrete 6'3C values
(6*3C= —5 per mil; —8 per mil; — 15 per mil; —20 per
mil). Since the primary stage of skarn formation is likely
to be isothermal, the calcite isotopic composition is
mainly controlled by the water/rock ratio (W/R) [(atomic
fraction of oxygen or carbon present in the fluid relative
to the atomic fraction of oxygen or carbon present in
the rock (Taylor 1977)]. In an open system, each small
batch of pore-filling fluid equilibrates with the rock and
then moves out [single-pass model, Taylor (1974)]; the
system is then refilled by a fluid of the same initial isotop-
ic composition. In other words, the fluid isotopic compo-

335

8§80 (%o
10 15 20

L L | 1 1 L 1 1

‘+ INFILTRATION PROCESS

{ RAYLEIGH
5 DISTILLATION
i
o 4
o
- -
10
15 LT INFILTRATION PROCESS
| T=600°C (§%80)p = +B0%o
Xcoz=01 §Bc=-5 w
-8 o
A 50 -5 A
BV
Xcop=005 dBc--5 o
-20 -
RAYLEIGH DISTILLATION
Fc = fraction of remaining C

Fig. 8. Infiltration process and Rayleigh distillation modeling. For
the infiltration process, several values of the §13C of the infiltrating
fluid have been considered, with X c,=0.1. In the case of §13C=
-5 per mil, an additional curve with X, =005 is shown.
Numbers on the curves represent increasing W/R ratios. For the
Rayleigh distillation model the numbers correspond to the fraction
of C remaining in the rock (Fg). The thick line corresponds to
the observed curve (see Fig, 4)

sition is externally controlled (Taylor and Biicher-Nur-
minen 1986). Such an open system behavior is assumed
here because it is relevant for the development of infiltra-
tion skarn (Korzhinskii 1970; Fonteilles personal com-
munication). The model was calculated for different
isotopic compositions (§13C) of the metasomatic fluid
(Fig. 8) [after Taylor and Bucher-Nurminen (1986)] (see
Appendix). A decrease of fluid 613C progressively re-
duces the concavity of the theoretical curve. An increase
of X¢p, has the same effect as that observed with the
80'3*C= —5 per mil curve which has been calculated for
two values of X¢o, (0.05 and 0.1 compatible with the
mineral parageneses developed during the primary stage
(Vander Auwera 1988)). Comparison of the observed
curve with the theoretical curves (Fig. 8) suggests that:
1) this model is able to induce the observed hyperbolic
gradual depletion in §'3*C and §'%0; 2) the scattering
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observed for the isotopic composition of the marbles
located in the contact aurcole is due to differences in
W/R ratio and in initial isotopic composition; 3} the
infiltration model permits a constraint of the W/R ratios
prevailing during the skarn formation process. In the
andradite column, W/R is probably between 10 and 50
whereas in the wollastonite column, it is only around
5-10. These W/R are usual values for skarn (Bowman
et al. 1985; Taylor and Bucher-Nurminen 1986)

Source of the secondary fluid
O isotopes evidence

In Fig. 9, the isotopic composition of the fluid in equilib-
rium with the secondary minerals (amphibole, magnetite,
calcite, chlorite, dolomite, scheelite) has been calculated
for several temperatures within the determined tempera-
ture range (500° C to 300° C) using calibration values
taken from the literature (Table 7). In Fig. 9, these values
are plotted against the order of appearance of these sec-
ondary minerals (as deduced from Fig. 2).

At the onset of the first hydroxylation stage, there
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Fig. 9. *30 composition of the fluid in equilibrium with the sec-
ondary minerals at different temperatures (amphibole, magnetite,
chlorite, calcite, dolomite for the first hydroxylation stage and
scheelite, dolomite, calcite for the sulphidation stage, see Table 3},
The isotopic composition of the primary fluid (see text) has been
plotted for comparison

Table 7. Stable isotope fractionation factors

1) Calcite: CO,-calcite (5130, § 13C): Bottinga (1968)
H,O-calcite (6 #0): O’Neil et al. (1969)
2) Dolomite: H,O-dolomite (5 *#0): Northrop and Clayton (1966)
3) Calcite-dolomite: (4 '20, 6 '3C): Sheppard and Schwarz (1970)
4) Scheelite-H,0: (6 **0): Wesolowski and Ohmoto {1986)
5) Chlorite-H,O (530): Taylor (1979)
6) Magnetite-H,O (6*%0): Becker and Clayton (1976)
7) Feldspar-amphibole (6 *20): Bottinga and Javoy (1974)
8) Diopside-H,O (51%0): Matthews et al. (1983)
10) Feldspar-olivine (5'2Q): Bottinga and Javoy (1974)

is no significant change in 6 180 of the fluid in compari-
son with that observed in the primary stage fluid. In
contrast, within the first hydroxylation stage, a sharp
decrease in 6180 is observed. Since both magnetite and
calcite are end-members of H,O-free solid solutions, this
sharp decrease is not dependent upon the H,O-mineral
4180 calibration curve used for the calculation. Nor is
it influenced by the temperature since we have consid-
ered a wide temperature interval for each mineral. It
may be due to the arrival of another fluid with different
isotopic characteristics or to a variation in the salinity
of the same fluid (Ohmoto 1986). For the moment, no
experimental data are available to control this last pa-
rameter. It may be considered that the occurrence of
these two groups of isotopic data reflects a change in
the fluid composition whatever the mechanism. More-
over, it is important to emphasize that all these minerals
do not come from the same sample nor the same zone
of the skarn. For example, amphibole developed at the
expense of the diopside in the second zone of the skarn
in dolomitic marbles and magnetite, at the expense of
calcite of the first zone of these skarns. According to
this observation, the isotopic composition of the fluid
seems to be homogeneous during one particular step.

Such a sharp decrease in the secondary fluid 6'%0
has not been observed in other skarn deposits where
sufficient data are available. For example, in Elkhorn
skarns (Bowman et al. 1985), 5180 of the fluid decreases
progressively from 11 per mil during the early stage to
5.5 per mil in the late hydrothermal one.

The decrease of the fluid 530 from 8.0 per mil to
3.0 per mil (Fig. 9) has been attributed, in other skarn
deposits to mixing with meteoric fluid (Taylor and
O’Neil 1977; Bowman et al. 1985). A rough estimate of
the meteoric fluid 5130 can be made here utilizing the
data on the D of the meteoric fluids during the Tertiary
(Sheppard et al. 1969), at the latitude of Traversella
(30° N during the Oligocene, after Smith and Briden
1977) (6D = —30 per mil) and using Craig’s equation
(1961). This evaluation gives a 6 '*0= —5 per mil. Mix-
ing with meteoric water during the secondary stage can
thus also account for the observed sharp decrcase in
the fluid 6 10. The jump observed for the § 180 variation
between the early (680 = +8.0 per mil) and the late
(680 = + 5.0 per mil) sections of the first hydroxylation
stage (Fig. 9) implies a rapid change in the fluid dynamics
between the crystallization of the magnetite and the
scheelite.

During the sulphidation stage, the smooth § 20 evo-
lution can also be interpreted as due to a similar but
more progressive mixing.

Sr isotopes evidence

The strong enrichment in 37Sr observed in the secondary
minerals (Fig. 6) can be due to the interaction with: 1)
a fluid equilibrated with a high I, facies of the intrusion;
2} a meteoric fluid; 3) a meteoric fluid equilibrated with
the country rocks. The first hypothesis cannot explain
the very high Ig, at the end of the sulphidation stage.



Due to its very low Sr concentration, the pristine meteor-
ic water is also unlikely to modify significantly the Ig,
of the Sr-rich forsterite-calcite zone of the skarns through
which it percolates, unless an improbably high W/R ratio
is assumed. In contrast, the St isotopic composition of
the meteoric fluid can be modified according to the sta-
bility of the mineralogical phase of the country rocks
through which it percolates. So the destabilization of
a Rb-rich mineral (for example, the abundant biotite of
the surrounding gneisses) can produce %7Sr-enriched
fluid that can readily change the Ig, of the secondary
mineral phases. It is not possible to determine whether,
the increase in I, during the sulphidation stage is due
to an increase in the W/R ratio, or to a modification
in the nature of the destabilized Rb-rich phase. However,
the combined stable and radiogenic isotope data put
some constraints on the timing of the ore deposition
(essentially magnetite and scheelite): 1) during the precip-
itation of magnetite the fluid had always the same O —Sr
isotopic signatures as in the early stage; 2) according
to both 6180 and I, data, the scheelite crystallization
coincides with a large increase in the proportion of the
meteoric water in the metasomatic fluid. This suggests
that the precipitation of scheelite could be related to
the mixing process between the “magmatic-derived”
fluids and the “meteoric-derived ” fluids. Indeed, this can
induce a significant variation in the controlling factors
(temperature, salinity, pH) of the scheelite solubility
(Eugster 1985).

Conclusions

This geochemical study emphasizes the value of using
several independant parameters to trace the origin of
the skarn ore bodies: 1) the REE patterns suggest that
the different types of skarn result from the interaction
between the same fluid and several types of orginal
rocks; 2) the modeling of the stable isotopes behavior
(613C, 6'80) in skarns developed in dolomitic marbles
can be used to deduce some information on the W/R
ratio that characterizes this interaction; 3) the determi-
nant parameter controlling the repartition of trace ele-
ments between fluid and rock seems to be the W/R ratio
and not the equilibrium distribution factor; 4) the com-
parison of the Ig, data (deduced from the Sr-rich miner-
als) with the 6180 values is very useful to constrain the
variations of the fluid dynamics in response to decreasing
temperature.

The following model is suggested for the Traversella
skarn deposit. During the primary stage, a fluid isotopi-
cally (6180, 87Sr/8%Sr) in equilibrium with the intrusion
percolated through the surrounding rocks of the intru-
sion and was responsible for the development of the pri-
mary metasomatic columns by infiltration metasoma-
tism. This primary fluid was either a magmatic fluid ex-
solved from the crystallizing magma, or a metamorphic
fluid equilibrated with the intrusion near its solidus tem-
perature.

At the beginning of the first hydroxylation stage of
the skarn evolution, there was no significant change in
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the isotopic composition of the fluid. This stage, charac-
terized by the precipitation of magnetite, corresponds
to the stabilization of hydrated phases in response to
decreasing temperature. At the end of the first hydroxy-
lation stage, temperature has further decreased and the
intrusion has completely crystallized. A meteoric fluid,
possibly involved in a convective circulation centered
on the intrusion, quickly penetrated the system and
mixed with the primary fluid. This mixture could be the
cause of the precipitation of the scheelite in the late stage
of the hydroxylation process.

Appendix

Open system decarbonation. -- In this case, the CO, produced is
immediately expelled from the rock, the process can be modelled
by a Rayleigh distillation equation (Rumble III 1982; Bowman
et al. 1985):

813C,;=(8"3C;+1000) f 26, -roer ~+ — 1000 in which 6 1*C,, represents
the initial isotopic composition of the carbon in the rock; 613C,,
the final isotopic composition of the rock; f, the atomic fraction
of C remaining in the rock and &g, ¢ i8 the [ractionation factor
of the '3C/'2C between the CO, and rock. A similar equation
can be written for §'80. The calculation gives the final isotopic
composition of the rock after each increment of the reaction. At
each step, the mineral proportions are different and the value of
the parameter tce,..oq changes. This paramcter can be calculated
using the Rumble III (1982) equation.

Infiltration process. — In an open system, the isotopic changes of
the calcite induced by the H,O-rich metasomatic fluid can be calcu-
lated by a mass balance equation (Taylor 1974; Taylor and Bucher-
Nurminen 1986). For 5180, the reaction is:

(61*Ouy0)i +(4—(61°0,.))
(01*0u 0l —(87°0.);— 4)

W/R=1n

where A is the water-calcite oxygen isotopic fractionation factor;
i=initial; f=final and W/R is the water to rock atom mass ratio.
A similar equation is used to describc carbon isotope cxchange,
taking into account the concentration of carbon in the fluid (Taylor
and Bucher-Nurminen 1986);

(8" 3Ceoitd—=(6"3C))

Xco. - W/R=1
cor WIR =10 (5358 o i — (6 3Coy — )

in which A represents the calcite-CO, carbon isotope fractionation
factor.
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