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Tourmaline-rich ore-bearing hydrothermal system
of lower Valle del Cervo (western Alps, Italy):

field relationships and petrology

by Paola Bernardelli1, Daniele Castelli' and Piergiorgio Rossetti'

Abstract

A late-Alpine tourmaline-rich (up to 90%), ore-bearing hydrothermal system crops out in the Sesia Zone (and its

andésite cover) in the roof portion of the Oligocene Valle del Cervo (VDC) Pluton.This system consists of multistage

hydrothermal veins and breccia pipes, showing a variety of mineral assemblages and textures that are novel in the

western Alps. An early depositional episode consisting of scanty K-feldspar ± tourmaline veins was followed by the

main three-stage episode which consists of ore-bearing tourmaline, tourmaline + quartz and quartz + carbonate

veins, and breccia pipes, A final subordinate episode consists mainly of ore-poor carbonate + quartz veins. Tourmalines

is commonly zoned and occurs in various microstructural settings, with associated changes in composition that

cover a ran»e within the dravite-schorl-povondraite-uvite series.The most abundant ore minerals are sullides (pyrite,

chalcopyrite, arsenopyrite. tctrahedrite, galena and Bi-sulphosalts) and minor scheelitc plus magnetite. Wallrock

alteration differs in both intensity and mineral assemblages according to vein types and host rock.
The deeper part of the system (closer to VDC Pluton) is characterized by both veins and breccia pipes and is

strongly enriched in tourmaline. In the upper part of the system, breccia pipes do not occur and hydrothermal veins

are strongly enriched in ore minerals (including hessvte, tetradymite and Bi-sulphosalts). Occurrence ol hydrothermal

breccia structures and abundant tourmaline correlate the hydrothermal system to the evolution of late-mag-
matic, boron-rich fluids, exsolved from the shallow-level solidifying VDC intrusion. Preliminary estimates based on

écologie and petrologic data suggest that the lower part of the system developed at a maximum depth of about 2 km

and at r < 450 °C.

Keywords: tourmaline, ore minerals, hydrothermal activity. Oligocene magmatism, western Alps, Sesia Zone.

1. Introduction

Tourmaline is a common accessory phase in a

variety of sedimentary, igneous and metamorphic
rocks. It has also long been recognized as an

important gangue mineral in metallic and non-
metallic ore deposits. Particularly, tourmaline is

commonly an important phase in many types of
hydrothermal ore deposits (Slack, 1996, and

references therein). In hydrothermal systems,
tourmaline-rich rocks are often associated with Cu
and/or Mo ± Au ores related to 1-type granitic
rocks and comagmatic volcanics (Sillitoe and

Sawkins, 1971; Warnaars. 1983; Sillitoe. 1983:

Warnaars et al.. 1985; Slack, 1996; Lynch and

Ortega, 1997). Alternatively, tourmaline-rich
rocks can be associated with Sn-W ores related to

peraluntinous S-tvpe granite (Allman-Ward et

al., 1982; Jackson et al.. 1982.1989; London and

Manning, 1995; London et al., 1996; Slack,
1996). In submarine-hydrothermal systems,
stratabound tourmaline-rich rocks are typically
linked to Pb-Zn ores (Knopf, 1913; Slack, 1996,

and references therein).
In the past, rocks containing in excess of 15-

20% tourmaline have been named tourmalinites,
regardless of their geometry and origin (Allman-
Ward et al.. 1982; Charoy, 1982). However, the

term tourmalinite has been recently used for
stratabound tourmaline-rich rocks only (Slack,
1996), and it will not be used hereafter.

In the internal western Alps, tourmaline-rich
(up to 90%) rocks occur in the Sesia Zone of lower

Valle del Cervo (VDC).close to the late-Alpine

1 Dipartimento di Scienze Mineralogiche e Petrologiche. Università di Torino. Via Valperga Caluso 35,

1-10125 Torino, Italy. <castelli@dsmp.unito.it> and <rossetti@dsmp.unito.it>
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Fig. 1 Geological sketch map of the VDC area (compiled after Fiorentini Potenza, 1959; Carraro and Ferra-
ra, 1968; Fornasero. 1978; Venturelli et al., 1984; Bigi et al.. 1990; Aquater, 1994; Medeot, 1998; Trevisiol,
1999). IL: Insubric Line. Lithological subdivisions of the VDC Pluton (based on Fiorentini Potenza, 1959) broadly
correspond to Granite, Syenite and Monzonite Complexes of Bigioggero et al. (1994).
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VDC Pluton.The literaîuie on these rocks is very
limited. Carraro (1962) interpreted them as my-
lonites rich in tourmaline and pyrite. By contrast,
in several unpublished mining reports (Rimin,
1989; Aouater, 1992, 1994), they were regarded
as hydrothermal rocks, but the available descriptions

are brief. Our field and analytical work
shows that they are polymetallic, sulfide- and
tourmaline-rich hydrothermal veins and breccia
pipes, likely related to Oligocene magmatism.

In this paper we describe, for the first time, the
occurrence and evolution of a late-Alpine ore-
bearing boron-rich hydrothermal system in the
Alps. Detailed geologic, pétrographie and analytical

data are given, and a multistage evolution of
the hydrothermal system is described. Relationships

with the VDC Oligocene magmatism are
also discussed and compared to other ore-bearing,

boron-rich magmatic-hydrothermal systems
from the literature.

2. Geologic setting

The Oligocene magmatism in the VDC area consists

of plutons, volcanic to volcanoclastic
sequences and minor dykes (Fig. l).The VDC Plu-
ton is a composite stock (Fiorentini Potenza,
1959) that intruded eclogite-facies rocks (me-
tapelite, orthogneiss and eclogite) of the Aus-
troalpine Sesia Zone (Compagnoni et al., 1977;

Fornasero, 1978; Droop et al.. 1990) at 30-31
Ma (Rb/Sr biotite age: Bigioggero et al., 1994;

U/Pb zircon age: Romer et al., 1996). Fiorentini
Potenza (1959) first described a concentric
arrangement within this stock, with a granitic core
rimmed by syenitic to monzonitic coronas.
Bigioggero et al. (1994) introduced a subdivision
in "complexes": the Granitic, Syenitic and
Monzonitic Complex, respectively. The three
Complexes belong to a same shoshonitic series, with
high contents of LITE and HFSE (Bigioggero
et al.. 1994). Frevisiol (1999) recently classified
rocks of the Granitic Complex as quartz-poor
granodiorite. The smaller Miagliano Stock, em-
placed in the Southalpine Ivrea Zone, shows dior-
itic-monzonitic composition (Carraro and Fer-
rara, 1968). Radiometric Rb/Sr and K/Ar biotite
ages from this intrusive, reported as 31 Ma (Carraro

and Ferrara, 1968), have been recalculated

to model ages of 31-34 Ma by Bigioggero et
al. (1994).

The volcanic to volcanoclastic sequences
occur as a narrow belt between the Sesia and the
Ivrea Zones, northwest of the Insubric Line (Fig. 1

They consist of lava flows, pyroclastic and epiclas-
tic deposits (locally with fragments of basement

rocks of the Sesia Zone: Bianchi and Dal Piaz,
1963). Compositions range from basaltic andésite
and andésite of high-K calc-alkaline affinity to
trachyandesite and trachydacite of shoshonitic
affinity (Medeot et al., 1997; Medeot, 1998).
Contrary to earlier views that included these rocks in
the Canavese Zone (see Compagnoni et al., 1977,

for a discussion), they have been dated at 29-33
Ma and are now interpreted as part of the Tertiary
post-metamorphic cover of the Sesia Zone (Hun-
ziker, 1974; Scheuring et al., 1974; Zingg et al.,
1976; Compagnoni et al„ 1977; Biino and Compagnoni.

1989). Based on their common geochemi-
cal characteristics, these volcanic rocks and the
VDC Pluton have been recently interpreted as

part of a single volcano-plutonic complex (Medeot
et al., 1997).
A variety of magmatic dykes, showing high-K

calc-alkaline to shoshonitic affinity (Beccaluva
et al., 1983; Venturelli et al., 1984), was em-
placed at about 32 Ma (Rb/Sr biotite age, Bigioggero

et al., 1983) in both the Sesia and Ivrea
Zones. The occurrence of a magmatic dyke (Fig.
1) has also been reported within the monzonitic
rim of the VDC Pluton (Bigi et al.. 1990).

Palaeomagnetic data on magmatic dykes and
andesitic cover of the Sesia Zone (Lanza. 1977.

1979) and on the southernmost Traversella
Oligocene Pluton (Lanza, 1984) suggest that the
internal Sesia Zone and the Oligocene magmatics
underwent a clockwise rotation around a NE-
striking subhorizontal axis.This tilting (60-70°
according to Lanza, 1977. 1979; and 40-50° according

to Lanza. 1984) is in agreement with the
current attitude of volcanic cover (strongly dipping
towards SE) of the Sesia Zone. Therefore: (i) in
the VDC area an upper crustal section from deeper

(at NW) to shallower (at SE) levels is exposed,
respectively, and (ii) the Sesia rocks occurring
between the pluton and the Insubric Line broadly
represent the roof of the VDC Pluton (Fig. 1

A variety of hydrothermal features are linked
to the intrusion of VDC Piuton (Rimin, 1989;

Aquater, 1992, 1994). Within the intrusion, they
mainly occur in the central to northeastern part of
the body. Particularly, thin Mo and W-bearing
quartz veins occur in the granodioritic core,
whereas Cu. Pb, Ag. Au and minor W-bearing
quartz veins occur in both the syenitic and
monzonitic rims (Fig. 1 In both the Sesia Zone
country-rocks and the volcano-sedimentary cover,
hydrothermal features include Cu, Pb. W, Au and

Ag-bearing veins. Hydrothermal veins within the
Sesia rocks only occur southeast of the VDC Pluton

(in both Cervo and northernmost Sessera
valleys) and often consist of tourmaline-rich veins
and breccia bodies. In this paper, we focus on
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Fig. 2 (A) Simplified geological map of VDC southeast of Bogna. showing the location of hydrothermal
tourmaline-rich vein systems and breccia pipes within the Sesia Zone and Oligocene volcanics (modified after Bernar-
delli, 199S). Passobreve and Scaluggia areas outlined by dotted lines are discussed in text. Orientations mainly refer
to Type II vein system.
(B) Detailed geological sketch of hydrothermal vein systems within the Sesia Zone along the right bank of Cervo
river, in the southern Passobreve area (modified after Bernardelli. 1998). Location of footbridge across river
(Fig. 2A) is about 10 m SE of area shown. Mesostructural relationships between Type I to Type III vein systems are
shown in two insets. Mineral abbreviations according to table 1.
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polvmetallic, sulfide- and tourmaline-rich rocks
cropping out in both the Sesia Zone and its
volcanic cover, along the lower VDC Fig. 1

3. Field relations and petrography

Along the Cervo river southeast of Bogna, the
Sesia rocks consist of metapelite schist with
orthogneiss lenses and minor metabasite boudins
(Figs 1 and 2). The contact between Sesia Zone
and andésite volcanics occurs near the footbridge
southwest of Passobreve. Magmatic dykes in the
Sesia metapelite, strongly altered by carbonate-
quartz hydrothermal veinlets, crop out west-
southwest of Scaluggia.

The tourmaline-rich ore-bearing hydrothermal

system crops out along both banks of the Cervo

river (Passobreve and Scaluggia areas in Fig,
2A and crosscuts all different rock types. It starts
about 400 ni southeast of the intrusive contact
and extends into the Oligocène andésite volcanics.

The hydrothermal system consists of veins and
breccia pipes which used to be exploited for copper,

mostly during the 19th century (Aouater,
1994), as testified by the presence of small trenches

and tunnels (Fig. 2A).
Based on fieldwork and petrography, three

different vein systems (hereafter called Type I to
III vein systems) have been recognized, showing
variable attitude, thickness and composition.
Field relationships are well exposed along the
Cervo river, and are shown in the geological
sketch map of a selected outcrop at Passobreve
(Fig. 2B). As shown in Fig. 2B, crosscutting
relationships allow to arrange Type I to Type III vein
systems from older to younger, respectively. The
breccia pipes are ascribed to the Type II vein sys-
lem and will be discussed below. A summary of
time relationships and paragenetic sequences of
vein minerals is given in Fig. 3. Mineral symbols
according to Kretz (1983) and other mineral
abbreviations used hereafter are given in table 1.

3.1. TYPE I VEIN SYSTEM

The Type I vein system only crops out within the
Sesia rocks of the Passobreve area (Fig. 2), and is

represented by subvertical veins striking N75° to
110°. These are whitish veins, up to 1.5 cm thick
and few metres long, mainly consisting of K-feld-
spar ± tourmaline.

The thinner veins are homogeneous and
consist of fine-grained K-feldspar (70%), with
minor chlorite, carbonate (mostly ankerite:
CaMg04Fe0?Mnn,i[C03]2), quartz and accessory

titanite, pyrite and chalcopyrite. K-feldspar is Ba-
enriched (Or9U93Ab5_7CslJt) and occurs both as

aggregates of xenomorphic to subidiomorphic
grains, and as isolated idiomorphic crystals with
rhombohedral shape (adularia?). It also shows a

slight increase of barium contents from core to
rim. Chlorite (ripidolite-brunsvigite) commonly
develops at v ein walls.

The thickest veins are symmetrically zoned
with an external whitish portion and an inner
black portion (Fig. 4A). The external part shows
the same fabric and mineralogy as the thinner
veins, whilst the inner portion consists of tourmaline

and very minor carbonate, quartz and
chalcopyrite. Under the microscope, the tourmaline-
rich portion often shows a brecciated structure,
consisting of a very fine-grained tourmaline matrix

including small fragments of the external
portion (Figs 3 and 4A).

3.2.TYPE II VEIN SYSTEM

Type II is the most important vein system and
consists of tourmaline, quartz, carbonate and
sulfides as black to reddish veins occurring in
both the Sesia and volcanic rocks. In the Passobreve

area, the veins are subvertical and mostly
strike N80-N1100. Approaching the contact with
the VDC Pluton (Scaluggia area), the same vein
system strikes N20-N500, dipping northwest 40-
50° and southeast 45-80° (Fig. 2). Veins are
millimetre to decimetre thick, and up to tens of metres
long. The thickest veins (-50 cm) developed close

to the contact with the VDC stock, while the thinner

ones occur within the volcano-sedimentary
sequence.

Meso- to microstructural relationships and
mineral assemblages indicate different domains
within a single vein and suggest a multistage
evolution of Type II vein system (Fig. 3). Types IIa
and lib domains have been observed only within
the Sesia rocks, whilst Type lie domains occur in
both the Sesia (particularly at Passobreve) and
volcanic rocks.

Type IIa domains
Type IIa domains consist of tourmaline and

very minor quartz, sulfides and titanite (Fig. 4B).
Tourmaline occurs as brecciated aggregates,
cemented by a finer grained tourmaline matrix.The
tourmaline "clasts" are more abundant and coarser

grained (up to few millimetres) approaching
the intrusion (Scaluggia area in figure 2).Tourma¬
line (up to 90%) always occurs as euhedral crystals,

ranging from olive green to brownish in
colour under the microscope. Both within the clasts
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and in the matrix, it shows a discontinuous zoning,
with deeper coloured rims. Quartz and titanite, as

well as euhedral pyrite and anhedral chalcopyrite,
occur in both clasts and fine grained matrix.

Type lib domains
These are the most important, ore-bearing

domains of Type II vein system and consist of variable

amount of fine grained tourmaline (10-70%),
quartz (15-60%) and ore minerals, with minor
chlorite and accessory K-feldspar, apatite and
titanite. Type lib domains crosscut or contain brec-
ciated Type Ha domains up to few centimetres in
size (Fig. 4C).

Type lib tourmaline is also olive green to
brownish in colour, but shows less zoning than

Vein minerals
\

I
/ein system

II
a : b : C

IS

III

K-feldspar
Tourmaline
Quartz
Carbonate
Albite
Chlorite
Apatite
Titanite
Pyrite
Chalcopyrite
Arsenopyrite
Sphalerite
Galena

Magnetite
Thorite
Scheelite
Tetrahedrite
Hessyte

Tetradymite
Bi-sulphosalts

:—:

i—

—?i—i

• 0

time

Fig. 3 Summary of temporal relations among hydro-
thermal mineral assemblages in different vein systems
from the Passobreve and Scaluggia areas. The bar thickness

relates to estimated mineral proportions during
each stage (each set to 100%). Note that mineral assemblages

in Type II veins are arranged according to different

domains (Ha to lie), from earlier to later (see text for
discussion). Mineral abbreviations according to table 1.

tourmaline in Type IIa domains. Tourmaline crystals

are typically fine-grained, prismatic to acicu-
lar in shape, and grow perpendicular to the
surface of Type IIa clasts. Quartz is fine-grained,
anhedral to subhedral in shape, and often includes
tourmaline. Chlorite (ripidolite-pycnochlorite)
has only been observed in veins crosscutting Sesia
metabasites. Ba-enriched K-feldspar (On,4_95Ab3_5
Cso.7-,.9) occasionally occurs, as fine-grained anhedral

grains often showing a cloudy appearance.
Some ankeritic carbonate may also occur in the
Scaluggia area.

Ore minerals (idiomorphic pyrite armoured
by anhedral chalcopyrite, minor tetrahedrite,
scheelite and arsenopyrite) are commonly
arranged as centimetre-thick pods, but also occur as
either disseminated grains or small stockworks.
Silver-rich tetrahedrite forms irregular patches
cementing the gangue minerals. Scheelite occurs
as fractured idiomorphic crystals, whose fractures
are filled by pyrite and chalcopyrite. Arsenopyrite
occurs as either disseminated idiomorphic grains
or anhedral inclusions in pvrite. Very fine-grained
thorite and sphalerite are locally present. Where
Type lib domains crosscut the Sesia metabasites,
the only ore minerals are magnetite and minor
pyrite.

Type lie domains
Type lie are medium-grained, tourmaline-free

domains consisting of quartz and carbonate, with
minor chlorite, albite and titanite. Major ore minerals

are chalcopyrite, pyrite, galena, tetrahedrite,

Tab. 1 Mineral abbreviations.

Ab Albite Jd Jadeite
Amp Ca-amphibole Kfs K-feldspar
And Andalustie Ky Kyanite
Ap Apatite Mag Magnetite
Apy Arsenopyrite Ms Muscovite
Bi-Spt Bi-sulphosalts Ol Olivine
Bt Biotite Omp Omphacite
Car Carbonate Opx Orthopyroxene
Ccp Chalcopyrite Ph Phengite
Chi Chlorite PI Plagioclase
Cpx Clinopyroxene Pv Pyrite
Crd Cordierite Qtz Quartz
Crn Corundum Rt Rutile
Ep Epidote Sell Scheelite
FeCrd Fe-Cordierite Ser Sericite
Gin Glaucophane Sil Sillimanite
Cm Galena Sp Sphalerite
Gr Graphite Ter Tetrahedrite
Grt Garnet Tho Thorite
Hes Hessyte Tm Tetradymite
Hbl Hornblende Ttn Titanite
Ilm llmenite Tur Tourmaline
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Fit;. 4 Selected occurrences of tourmaline in different vein systems. Plane polarized ligbl, 1 mm scale bar: mineral

abbreviations as in table 1. (A) K-feldspar ± tourmaline Type I vein. Microphotograph shows half of a symmetrically

zoned vein, whose inner part consists of fine-grained tourmaline.The outer vein portion mainly consists of ldioblaslic

K-feldspar within fine-grained carbonate + quartz aggregates. Towards the centre of vein the Car + Qtz matrix is

brecciated and armoured by very fine-grained tourmaline. To the right, the Sesia orthogneiss host is altered to K-

l'eldspar, fine-grained chlorite inlergrown with minor carbonate. Sample TV297, Passobreve area. (B) Microstructural

relationships in multistage Type 11 vein. Tourmaline-rich Type IIa domains (with irregular shape, at centre and to

the left) are armoured by Qtz + Car + Py Type lie domains. Within the clastic Type IIa domains, tourmaline occurs as

both lar»e zoned crystals and finer grained Tur ± Qtz aggregates. In Type lie domains quartz is mostly idiomorphic

and pyrite is interstitial to rounded carbonate grains. Sample TV319, Scaluggia area. (C) Microstructural relationships

in multistage Type 11 vein. Clasts of tourmaline-rich Type IIa domains are set in a matrix composed of quartz,

very fine-grained tourmaline and interstitial pyrite (Type lib domain). Fine grained touimaline typically grows

perpendicularly to Type IIa clasts. Sample TV304, Passobreve area. (D) Microstructural relationships between different

domains in breccia pipe. Tourmaline-rich composite clasts (at centre and bottom right) are surrounded by quartz +

carbonate Type lie-like domain. Within the clasts, two different domains consist of clasts of tourmaline aggregates

(Type lla-like domains, darker areas) embedded in fine grained tourmaline + quartz matrix Type I lb-like domains).

Sample TV31X. Scaluggia area.

scheelite. Bi-sulphosalts and sphalerite.The relative
abundance of minerals is highly variable. Carbonate

(ankerite: CaMgo.M.5Fe03^4Mn() i_a2[C03]2) ranges
from 10 to 50%, quartz from 15 to 70%. and ore
minerals from near zero to 40%.Type lie domains

again crosscut or contain brecciated Type Ha and

lib domains (Fig. 4B).

The fabric of Type lie domains depends on the
host rock. In veins across Sesia metapelite and

orthogneiss, euhedral quartz develops perpendicular
to the vein walls (comb texture) and/or to Type

IIa and lib clasts (cockade-like texture), whilst
carbonate occurs in the inner part. In the volcan-
ics, anhedral quartz and chlorite (ripidolite-
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Tab. 2 Alteration assemblages related to Type I, II and III vein systems in different lithologies.

Host rock Primary assemblages1'
Alteration assemblages2'

Type 1 Type II Type III

metapelite Qtz + Ph + Grt ± Omp. Rt, Gr
Kfs + Chi + Car

Qtz + Ser + Car
± Kfs, Ab,
Tur, Py, Gr

Car + Ser
± Chi, Ttn, Pyorthogneiss Jd + Qtz + Ph ± Kfs, Rt

± Bt. Ttn, Ilm, Py

metabasite Grt + Omp + Gin + Rt + Ph
Bt + Chi + Amp

+ Ep + Kfs + Ab + Car
+ Py + Mag ± Ilm

Chi + Car
± Kfs, Ab, Qtz,

Tur, Ilm, Ttn. Py
—

andésite s.l. PI + Hbl + Cpx ±Opx. Bt, Ol Car + Qtz
+ Chi ± Py

Car + Ser
± Chi, Py

1 Representative primary assemblages refer to eclogite-facies assemblages of early-Alpine age in the Sesia rocks
(metapelite, orthogneiss and metabasite) and to magmatic assemblages in the andésite s.l. volcanics, respectively.
-1 Minerals are listed in order of approximate decreasing abundance; abbreviations as in table 1.

brunsvigite) grow in the centre of the vein and
carbonate at the rim. In the very centre, some
open vugs are covered with finer-grained idio-
morphic crystals of quartz.

Ore minerals are arranged as mm to cm thick
irregular lenses elongated parallel to the vein
direction. Pyrite forms idiomorphic fractured crystals

cemented by chalcopyrite, galena, tetrahe-
drite and Bi-sulphosalts. Ön the base of
semiquantitative EDS analysis, Bi-sulphosalts show
variable Bi/Pb ratio and silver enrichments.
Locally, chalcopyrite and Bi-sulphosalts develop
graphic-like structures, or Bi-sulphosalts occur as
small veins crosscutting pyrite-chalcopyrite lenses.

Hessyte (Ag2Te), tetra'dymite (Bi2Te2S), arse-
nopyrite and iron-poor sphalerite (Zn098Fe002S)
also rarely occur. Whilst pyrite, chalcopyrite,
scheelite, tetrahedrite and rare arsenopyrite are
ubiquitous, galena, Bi-sulphosalts and hessite
only occur within the Passobreve area, both in the
Sesia rocks and volcanics.

3.3. TYPE III VEIN SYSTEM

This vein system consists of subvertical,
finegrained carbonate, quartz ± chlorite veins striking
N170-200°. Both in the Sesia Zone and volcanic
rocks, they occur as up to 1 cm thick and 5 m long
veins always crosscutting Type I and Type II veins
(Fig. 2). They are reddish in colour and consist of
carbonate (80%, ankerite: Ca, 2Mgll4Felu[CO,]2),
with minor quartz and small sulfide pods. In some
places, veins become darker in colour, due to very
fine-grained green chlorite (ripidolite). Within
the sulfide pods, pyrite occurs as idiomorphic

fractured crystals cemented by chalcopyrite and
tetrahedrite with graphic-like fabric. Outside
sulfide pods, chalcopyrite and tetrahedrite may
also occur interstitially to carbonate and quartz.

3.4. BRECCIA PIPES

Apart from Type 1 to III vein systems, the hydro-
thermal system also comprises tourmaline-rich
breccia pipes, which occur in the Scaluggia area
(Fig. 2A). Three breccia pipes have been recognized

in the field as elongated, lens-shaped to
irregular bodies, up to two metres thick and ten
metres long. While the pipe closer to the intrusion
shows a broadly elliptical shape, the other two
anasthomose laterally to brecciated veins that
narrow laterally. At the contact with the breccia
pipes, the wallrock is strongly brecciated, with
abundant veinlets propagating from the pipe
body. Their fabric and mineral assemblages point
to a multistage evolution similar to that described
in Type II vein system.

The two pipes closer to the pluton are black in
colour and are characterized by rounded clasts of
hydrothermal quartz (up to few millimetres in
size) embedded in a fine grained tourmaline
matrix. Within the clasts, quartz is strongly deformed.
The matrix is composed of fine grained tourmaline

alone, or in association with quartz and
sulfides (pyrite,chalcopyrite and arsenopyrite). A
wide range of matrix/clasts ratios, from matrix-
supported to clast-supported breccias, is
observed.

By contrast, the pipe further away from the
pluton is reddish and is composed of irregularly
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Fig. 5 Alteration assemblage associated with K-feld-

spar ± tourmaline Type I vein crosscutting Sesia meta-
basite. Part of a symmetrically zoned vein, consisting of
fine-grained tourmaline and K-feldspar (in the inner
and outer portions respectively) is shown on the right.
Alteration assemblage consists of green biotite, K-feldspar

and minor albite. Strongly fractured garnet and

small crystals of rutile are the only relics of the early-

alpine eclogite-facies assemblage. Sample TV293.
Passobreve area, plane polarized light. Mineral abbreviations

as in table 1. Scale bar is 1 mm.

shaped tourmaline ± quartz clasts (from a few

millimetres to about ten centimetres in size) set in

an abundant matrix of carbonate, quartz and

minor pyrite, chalcopyrite and arsenopyrite (matrix-
supported breccia). This matrix corresponds to
the mineral assemblage occurring in Type lie
domains described above. In turn, a pre-existing
brecciated fabric is preserved within the clasts

and consists of brecciated tourmaline aggregates,
cemented by a finer grained tourmaline + quartz
matrix (Fig. 4D). Such a composite fabric closely
matches the relationships between Type IIa and

Type lib domains.
In summary, based on the overall shape and

composition of the clasts within pipes and brecciated

veins, two types of breccias are distinguished:
(i) breccias containing rounded clasts of quartz in
all types of Type II domains; (ii) breccias with
angular clasts composed of tourmaline in a tourmaline

matrix (Type IIa), tourmaline clasts (Type Ha

domains) in a tourmaline + quartz matrix (Type
lib domains), or tourmaline + quartz clasts (Type

lib domains) in a carbonate + quartz matrix

(Type lie domains).

3.5. WALLROCK ALTERATK )N

Hydrothermal wallrock alteration is commonly
associated with all three types of vein systems.
Alteration differs in both intensity and mineral as¬

semblages according to vein types and host rock

(Tab. 2).
Alteration of Type 1 veins develops centimetre
thick pale reddish to greenish haloes. In Sesia

orthogneiss and metapelite, wallrock alteration
minerals consist of fine-grained Ba-rich K-feld-

spar (Or,)1_wAb5_-Cslj(). chlorite, carbonate and

minor biotite, titanite, ilmenite and pyrite.Titanite
or ilmenite, the former being typical of carbonate-
rich alteration domains, rim rutile. Conversely,

green biotite. chlorite, green Ca-amphibole, epi-
dote, minor K-feldspar, albite and carbonate
develop in metabasite boudins (Fig. 5). Ore minerals

are pyrite, magnetite and ilmenite.
Alteration of Type II vein system across Sesia

metapelite and orthogneiss typically consists of
centimetre thick (up to 20 cm) whitish haloes that
continuously rim the vein walls. Most metamor-
phic minerals are completely replaced by
finegrained quartz, sericite, carbonate (ankerite:
CaMga3Fell4Mn(U[CO,]2), with minor K-feldspar,
albite, tourmaline, pyrite and rare graphite. In the

inner portions of the alteration haloes, quartz is

very abundant and completely overgrows the

metamorphic foliation. Farther from the veins,

irregular aggregates of sericite + carbonate ± K-
feldspar ± albite pseudomorphically replace large
flakes of metamorphic phengite. Wallrock alteration

in the Sesia eclogite is given by centimetre
thick whitish haloes, mainly consisting of chlorite
and fine grained calcite. Chlorite aggregates occur
as pseudomorphs after metamorphic garnet.
Minor barium-enriched K-feldspar (Or90_9aAb,_,,

Cs,), albite (Or()_2Ab96„99Anu_2), quartz, tourmaline,

ilmenite, titanite and pyrite also occur. Alteration

ofType 11 vein system in the andésite s. I. vol-
canics consists of carbonate, quartz, chlorite and

very minor pyrite.
The hydrothermal alteration of Type III veins is

very minor and only mm thick. Alteration minerals

include carbonate and sericite, with minor
chlorite and pyrite.Titanite also occurs in the Sesia

metapelite and orlhogneiss.

4. Composition of tourmaline, chlorite
and arsenopyrite

Chemical analyses of minerals were performed
using a Cambridge S360 electron microscope
connected to a Link QX2000 energy dispersive
system. Operating conditions were 15 kV acceleration

voltage, beam current 50 nA and 50 s counting

time. "Natural and synthetic minerals were
used as standards. A ZAF-4 correction procedure
was performed on-line, and cation distribution in

most minerals was calculated off-line using the
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Tab. 3 Representative chemical compositions of tourmaline from different vein systems.

Type 1 vein system Type II vein system

coarse-grained Tur fine-grained Tur in IIa domains lib domains
in IIa domains

core rim core rim core intermediate rim core int rim
Sample dI2-4-trlcore dl2-4-trlrim 289-1/torm 289-1torm3 241-5-tr8a 241-5-lr8b 241-5-tr8c 289-1 lr4a 289-hr4b 289-1-ir4c

SiO, 33.77 35.03 35.85 35.99 35.91 34.99 35.97 36.58 36.59 35.64
ALÖ, 23.63 26.60 28.59 26.78 28.47 24.54 27.97 30.23 27.31 24.12
TiO, 0.00 0.69 1.92 1.11 0.11 0.19 0.50 0.20 1.01 0.87
FeOt„, 17.87 12.68 5.86 8.86 12.75 16.36 12.75 6.86 8.86 14.82
MnO 0.11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.00
MttO 3.89 5.05 7.82 7.04 5.38 4.94 5.65 7.55 7.21 6.08
CaO 0.32 0.68 1.40 1.34 0.40 0.49 0.75 0.26 1.27 1.39
Na.O 2.43 2.42 1.87 2.07 2.92 2.64 2.51 2.64 2.26 2.16
K26 0.01 0.17 0.01 0.01 0.02 0.04 0.00 0.00 0.00 0.00
Total 82.36 83.32 83.50 83.05 86.06 84.20 86.09 84.33 84.69 85.07

Si 6.22 6.15 6.05 6.20 6.10 6.22 6.10 6.11 6.19 6.23
Allv 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Alvl 5.13 5.51 5.69 5.44 5.70 5.14 5.59 5.95 5.45 4.97
Ti 0.00 0.09 0.24 0.14 0.01 0.03 0.06 0.02 0.13 0.11
Fe2* 2.76 1.87 0.83 1.25 1.71 1.78 1.71 0.96 1.25 1.68
Fe,+ - - - - 0.10 0.65 0.10 0.00 0.00 0.49
Mn 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00
Mg 1.07 1.32 1.97 1.81 1.36 1.31 1.43 1.88 1.82 1.58
Total R2 3.84 3.27 3.03 3.20 3.18 3.77 3.30 2.86 3.21 3.86
Ca 0.06 0.13 0.25 0.25 0.07 0.09 0.14 0.05 0.23 0.26
Na 0.87 0.82 0.61 0.69 0.96 0.91 0.82 0.86 0.74 0.73
K 0.00 0.04 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Total R\ 0.93 0.96 0.87 0.94 1.04 1.01 0.96 0.90 0.97 0.99
Fe/(Fe+Mg) 0.72 0.59 0.30 0.41 0.57 0.65 0.56 0.34 0.41 0.58
Fe-+/Fe1(„ - - - - 0.95 0.73 0.94 1.00 1.00 0.77

Fe3+ contents in both fine-grained tourmaline from Type IIa domains and tourmaline from Type lib domains calcu
lated according to Lynch and Ortega (1997), see text for discussion.

approaches of Afifi and Essene (1988) and
Ulmer (1993).

Only analytical data on tourmaline, chlorite
and arsenopyrite are reported here, as the compositional

range of the other analyzed phases has
been reported in the previous section. Particularly,

the mineral chemistry of tourmaline is
discussed in detail, because tourmaline abundance is
one of the peculiar features of this hydrothermal
system. Moreover, the extreme compositional
range possible makes tourmaline a useful petro-
genetic indicator (Henry and Guidotti, 1985).
Mineral chemical data of chlorite and arsenopyrite

are also reported, and their composition is
then used in geothermometric estimates.

4.1. TOURMALINE

According to London and Manning (1995) and
Lynch and Ortega (1997), a site-reference
scheme of tourmaline may be represented by

(Rl)(R2)3(R3)6(B03)3Si6018(0H,F,0)4, where
R\ Na, Ca, K, or vacant; R2 Fe2+, Mg, Mn2+,
and Fe3+, Cr3+, V3+,Ti4+, or Al (when R1 is vacant),
or Li (when coupled with Al); and R3 AI, Fe3+,
Cr3+, V3+, and Fe2+ or Mg (when coupled with Ca
substitution in R1 or 1.33Ti4+. Exchange vectors
of tourmaline have been discussed by Burt
(1989), Hawthorne (1996) and Henry and
Dutrow (1996). In the absence of direct analysis
of B. O, H and F, the ZAF-corrected microprobe
analyses of tourmaline were treated following the
method described by Henry and Dutrow (1996).
Assuming both boron and OH as stoichiometric
(B 3 and OH 4 atoms p.f.u.. respectively),
analyses have been normalized to 24.5 oxygens.
Representative analyses of tourmalines from
Types 1,11a and lib veins are given in table 3, and
all analyses are plotted in figures 6 and 7.

Tourmalines from all vein types are dravite-
schorl-povondraite-uvite solid solutions according

to Henry and Dutrow (1996), characterized
by high silicon contents (6.05 < Si < 6.37 atoms
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o Tourmaline from Type I vein system

A Tourmaline from coarse-grained Type IIa domains

* Tourmaline from fine-grained Type IIa domains

Tourmaline from Type lib domains
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Fig. 6 Al-Fet0,-Mg ternary diagram for tourmalines
from Type I and Type II vein systems. Compositional
range of tourmaline from different rock types (Henry
and Guidotti, 1985) are: (1 Li-rich granitoids, pegmatites

and aplites; (2) Li-poor granitoids, pegmatites and

aplites; (3) hydrothermally altered granitic rocks; (4)
metapelites and metapsammites coexisting with an Al-
saturaling phase; (5) metapelites and metapsammites
not coexisting with an Al-saturating phase; (6) Fe3+-rich

quartz-tourmaline rocks, calc-silicates and metapelites;
(7) low-Ca ultramafics and Cr, V-rich metasediments;
(8) metacarbonates and metapyroxenites.

p.l'.u.. av. 6.16), with Si contents being higher
than the theoretical site occupancy. It is worth
noting that tourmaline analyses with silicon in

excess of 6.0 atoms p.l'.u. have been reported (Deer
et ah, 1986; Jiang et al., 1995). By contrast, aluminum

contents are often lower than R3-site
theoretical occupancy (4.42 < Al < 6.01 atoms p.f.u.,av.

5.38), and wide ranges in Fe, Mg. and Na content
have been observed (0.63 < Felol < 3.12 atoms

p.f.u., av. 1.89; 1.01 < Mg < 2.27, av. 1.46; 0.57 <

Na < 0.96, av. 0.78). Calcium is relatively low
(0.02 < Ca < 0.38, av. 0.16), and potassium content

is almost negligible (< 0.11 atoms p.f.u.).
These variations in chemical composition
(particularly of Al.Fe and Mg) reflect both different
occurrence and crystal zoning (Figs 6 and 7).
On the contrary, Ca and Na cannot be related to
different vein systems or zoning patterns. In the

Al-Fetot-Mg ternary diagram of figure 6 (Henry
and Guidotti, 1985), tourmalines fall in rock type

Fig. 7 Fe-Mg diagrams for tourmaline from Type I and

Type II vein systems. Open and full symbols refer lo
core and rim compositions, respectively. Some intermediate

compositions between core and rim are given by

symbols with grey filling. Arrows emphasize trends
toward end-member compositions as well as the occurrence

of AI in R2 site. Average compositions of tourmalines

from Los Bronces (open star). El Teniente (lull
star), and Coxhealth deposits (asterisk) are shown as

reference (Lynch and Ortega, 1997). The dashed line
encloses the compositional field of tourmaline Iront
Cornwall S-lype granites and associated hydrothermal
rocks (London and Manning, 1995).

fields which are compatible with the host rocks

occurring at Passobreve and Scaluggia. Notably,
most core compositions fall within the fields ol
metapelites and metapsammites, whilst rim
compositions trend towards iron-richer compositions

(Fig. 7).
Tourmaline from Kfs ± Tur Type I veins is a

dravite-schorl-povondraite solid solution. On

average this tourmaline is the Fe-richest 1.86 < Fe <

2.75; av. 2.30), with low AI and Mg contents (5.13
< Al < 5.51, av. 5.29; 1.07 < Mg < 1.32, av. 1.21)
and very low Ca content (0.06 < Ca < 0.13; av.

0.10). It is patchily zoned, with irregular Fe-richer
cores mantled by thin Al- and Mg-richer rims.

Coarse grained tourmaline in Tur ± Qtz Type
IIa domains is a dravite-schorl-uvite solid solu-
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Tab. 4 Representative chemical compositions of chlorite iront different vein systems.

Type I Type lib Type lie Type III
Sample 299-4-4 299-3-4 292-2-3 292 2-4 344-2-3 344-5-3 D15-3/1

SiCE 28.28 26.04 27.16 25. S3 25.21 24.94 26.43
TiOz 0.05 0.18 0.00 0.19 0.06 0.00 0.33
ARO-, 17.17 18.15 18.60 19.12 18.12 20.28 17.76
Fe.O, 0.67 2.59 1.33 2.71 1.21 1.94 1.28
FeO 29.32 29.61 25.22 25.60 37.03 29.76 31.50
MnO 0.24 0.39 0.00 0.14 0.16 0.46 0.59
MaO 11.16 11.37 14.SO 13.68 6.36 10.60 10.85
CaO 0.17 0.02 0.00 0.06 0,1 1 0.01 0.08
Na,0 0.66 0.59 0.76 0.67 0.63 0.61 0.45
K,0 1.13 0.16 0.00 0.07 0.00 0.00 0.14
H,0 11.19 11.14 11.36 11.26 10.73 11.10 10.64

Total 100.04 100.24 99.23 99.34 99.62 99.71 100.05

Si 6.06 5.60 5.74 5.50 5.64 5.39 5.70
Ti 0.01 0.03 0.00 0.03 0.01 0.00 0.05
A1IV 1.94 2.40 2.26 2.50 2.36 2.61 2.30
Alvl 2.40 2.02 2.36 2.30 2.42 2.55 2.21
Fe3+ 0.11 0.64 0.21 0.44 0.20 0.32 0.21
Fe2+ 5.26 5.25 4.45 4.56 6.92 5.38 5.68
Mn 0.04 0.15 0.00 0.03 0.03 0.08 0.11
Ma 3.57 3.68 4.65 4.34 2.12 3.41 3.49
Ca 0.04 0.01 0.00 0.01 0.03 0.00 0.02
Na 0.27 0.25 0.31 0.28 0.27 0.26 0.19
K 0.31 0.04 0.00 0.02 0.00 0.00 0.04
OH 16.00 16.00 16.00 16.00 16.00 16.00 16.00

^Mg 0.40 0.39 0.50 0.46 0.24 0.38 0.37

Cations are calculated on the basis of 20 cations and 36 oxygens assuming stoichiomelry and
charge balance Ulmer, 1993). Mg/(Mg + Fel0I).

tion. On average, it is enriched in Al (5.18 < AI <
6.01, av. 5.59), Mg (1.01 < Mg < 2.27, av. 1.77)
and Ca (0.07 < Ca < 0.38; av. 0.23) with respect
to all the other tourmalines front VDC. The wide
variation in Mg is inversely related to the Fc
contents (0.63 < Fe < 2.19, av. 1.19). Cores are richer
in Mg and Al than rims.

Fine-grained tourmaline inTur± QtzType lia
domains is a dravite-schorl-povondraite solid
solution. On average, it is Fe-richer (1.71 < Fe < 3.12,
av 2.16), and Mg- and Al-poorer than coarse
grained tourmaline. Compositional ranges of both
Fe and Al (4.42 < Al < 5.82, av. 5.25) are rather
wide, whilst Mg content is relatively constant (1.27
<Mg< 1.56, av. 1.38). Crystals show a discontinuous

oscillatory zoning, with subhedral cores and
thin outer rims enriched in Al, and Fe-rich inner
rims.The Ca content is low (0.07 < Ca < 0.20; av.
0.14). Tourmaline from Tur + Qtz Type lib
domains shows the most extensive range in dravite-
schorl-povondraite-uvite solid solution (4.68 < Al
< 5.96. av. 5.40; 0.96 < Fe < 2.78, av. 1.88; 1.17 <
Mg < 1.91, av. 1.45). Moreover, although calcium
is low on average (0.02 < Ca < 0.35; av. 0.15),

some spot analyses show Ca contents as high as
those of coarse-grained Type IIa tourmaline.
Crystals are zoned, with Al-rich cores and Fe-rich
rims, whilst Mg contents are rather constant
within single grains.

Compositions of tourmalines from selected
porphyry Cu + Mo ± Au deposits and Cornwall S-

type granites (London and Manning, 1995;
Lynch and Ortega. 1997) are also shown in
figure 7. Compared with tourmaline from the
porphyry deposits, average compositions of tourmaline

from VDC hydrothermal system are similar
to those from Los Bronces (and partly to those
from Coxhealt). Tourmaline from El Teniente is

dravite-richer and can be only compared to core
compositions of coarse-grained tourmaline from
Type Ha domains. Conversely, tourmaline front
Cornwall S-type granites and associated hydro-
thermal rocks is Mg-poorer (and Al-enriched).
tending more towards the schorl end-member.

Crystal-chemical features of tourmaline can
be hardly modelled on the base of the above analyses

(for a discussion, see: Hawthorne, 1996;
Henry and Dutrow, 1996: Hawthorne and
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Henry, 1999). However, textures and zoning
patterns discussed abov e discouraged X-ray
investigations on single tourmaline grains. The lack of
data on H, Li. B and Fe" contents in tourmaline
limits the use of the classification scheme recently

proposed by Hawthorne and Henry (1999),
but some further points deserve a short discussion.

Total occupancy of Rl, R2. R3 sites plus tetra-
hedral site of VDC tourmaline ranges between
15.65 and 16.26 (av. 15.95). The Rl site is occupied

by Na and minor Ca (0.72 < R l < 1.09, av.

0.95), showing the occurrence of some vacancy as

extensively reported for tourmaline elsewhere

(Deer et al., 1986; Henry and Dutrow, 1996).
About R2 and R3 sites, different models have
been proposed for the distribution of divalent and
trivalent cations (London and Manning, 1995;

Henry and Dutrow, 1996; Lynch and Ortega,
1997). According to Henry and Dutrow (1996)
and Lynch and Ortega (1997), the total
occupancy of the R2 site (R2 Mg + Mn + Fe + Ti) is

commonly higher than 3 atoms p.f.u. The average
R2 contents of tourmaline from all vein systems
(2.60< R2 <4.61,av. 3.40) are in agreement with
those shown by Al-poor tourmalines (Henry and

Dutrow, 1996) (Figs 6 and 7). Only some core
compositions from Type 11a (4 spot analyses) and

Type lib (3 spot analyses) tourmalines suggest
some deficiency in the R2 site, which may be filled
by Li. However, Al-poor compositions are not
compatible with significant amount of lithium in
the R2 site (Henry and Dutrow, 1996).

All normalization procedures allocate Al in
the tetrahedral site (if some Si deficiency occurs)
and then in the R3 site. In the Al-poor VDC
tourmalines, the R3 site cannot be filled by aluminum
alone, hence other trivalent cations (and possibly
Mg) occur in R3 (Henry and Dutrow. 1996). On
the basis of negative correlation between Fe and

Al. Lynch and Ortega (1997) suggest that both
Fe2' and Fe3+ fill the R3 deficiency. They suggest
that the amount of Fe3+ in R3 is controlled by the

coupled substitution of Ca in R\, according to the
relation:

Fe2" (R3) Fe-(3-Mg)-Ca (1)
Such a negative correlation between iron and

aluminum only occurs in Type lib and
finegrained Type IIa tourmalines. Using relation (1),
the Fe3+/(Fe2' + Fe3+) value in fine-grained Type
IIa tourmaline ranges from 0.00 to 0.40 (av.

0.17). whilst in Type lib tourmaline it ranges from
0.00 to 0.31 (av. 0.10). Following the above
reasoning, relation (1) should not be used for Type I

and coarse-grained Type IIa tourmalines. However,

a low Fe3+ value is assumed, as they show the
highest occupancies of Al in the R3 site.

4.2. CHLORITE

Analyses were performed on chlorite from different

vein types, and selected compositions are
given in table 4.

Minor chlorite occurring near vein walls in K-
feldspar ± tourmaline Type I vein system is a

brunsvigite-ripidolite (Hey, 1954), and is characterized

by a wide range in silicon contents (5.52 <

Si < 6.06 atoms p.f.u., av. 5.75). Conversely, it
shows a narrow range of Mg/(Mg + Fetol) ratio
(0.37-0.40, av. 0.39). Al contents range between
4.25 and 4.75 atoms p.f.u. (av. 4.45).

Chlorite from Type lib domains is a ripidolite-
pycnochlorite. The silicon contents range between
5.50 and 5.74 atoms p.f.u. (av. 5.62), Al between
4.62 and 4.80 atoms p.f.u. (av. 4.71 ).TTie Mg/(Mg +
Fetol) ratio ranges between 0.39 and 0.51 (av. 0.48).

Chlorite from Type 11c domains is a ripidolite—
brunsvigite. The silicon contents range between
5.39 and 5.64 atoms p.f.u. (av. 5.52), and Al
between 4.78 and 5.28 (av. 4.98). Type lie chlorite
is Fe-richer than those occurring in Type lib
assemblage, and its Mg/(Mg + Fe,ot) ratio ranges
between 0.23 and 0.48 (av. 0.36).

The fine-grained chlorite from tourmaline-
free Type 111 vein system (one spot analysis) is a

brunsvigite, and shows Si and Al contents of 5.70
and 4.51, respectively. The Mg/(Mg + FeIol) ratio
is 0.37.

4.3. ARSENOPYRITE

Compositions of arsenopyrite have been
determined. as they may provide useful information on
sulfur fugacity and possibly temperature (Kret-
schm AR and Scott, 1976; Sharp et al.. 1985). Spot
analyses have been performed on both disseminated

idiomorphic grains and anhedral inclusions
in pyrite. Composition of each crystal has been

averaged from spot analyses, in order to minimize
the composition-morphology dependencies
discussed by Kerestedjian (1997).

Arsenopyrites from Type lib domains in breccia

pipe at Scaiuggia fall into two different
compositional groups. Disseminated subhedral
arsenopyrite in equilibrium with pyrite shows the

highest As content (31.81-32.50 at%. av. 32.12).
Conversely, the As content of anhedral arsenopyrite

included in pyrite is much lower (30.29-31.24
at%. av. 30.67). The As content of arsenopyrite
from Type lie domains within a breccia pipe at
Scaiuggia has a narrow compositional range,
between 31.78 and 32.07 at% (av. 31.90), which is

similar to that of lower-As Type lib disseminated
arsenopyrite. In Type lie vein domains at Passo-
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breve, the As contents of arsenopyrite range from
31.34 to 31.68 at% (av. 31.49).

5. Discussion

5.1. RELATIONSHIPS WITH THE
VALLE DEL CERVO INTRUSION

Field relationships and petrography of the
tourmaline-rich ore-bearing rocks from the lower
VDC show that they are part of a complex hydro-
thermal system cropping out within the Sesia
Zone and its volcano-sedimentary cover. Many
lines of evidence suggest a close relationship
between the hydrothermal activity and the VDC
Pluton.They include:

(1) Their spatial proximity.The same relationship

between plutonic activity and tourmaline-
rich hydrothermal rocks is also observed in other
portions of the Sesia Zone south to east of the
plutonic body including the Sessera valley, Cima
Cucco and Pian del Lotto (Aquater, 1994). As
discussed above, the Sesia rocks between the
VDC Pluton and the Insubric Line broadly represent

the roof of the VDC intrusion.
(2) The abundance of tourmaline in the

hydrothermal system, reflecting high boron concentrations

in the fluids. Ore-bearing tourmaline-rich
veins and breccia pipes associated with plutonic
activity have been reported from different localities,

including the Andean Cordillera (Sillitoe
and Sawkins, 1971; Shelnutt and Noble, 1985;
Warnaars et al., 1985), Cornwall (Charoy,1982;
London and Manning, 1995) and Queensland
(Baker and Andrews, 1991). The development
of tourmaline (and possibly dumortierite) is
generally considered to reflect the availability of
magmatic and magnratic-derived boron during
the crystallization of related granitoids (Slack,
1996). In fact, in magmatic systems boron behaves
as an incompatible element and is therefore
progressively concentrated in residual melts, until a

buffering crystal-melt equilibrium is established,
or an aqueous phase is exsolved from the melt
(London et al., 1996). According to the available
experimental data, in presence of a vapor phase
boron slightly partitions in favor of the vapor
(Pichavant, 1981; London et al., 1988). A much
stronger partitioning is expected, however, at very
high water/melt mass ratios, corresponding to the
verv late stages of crystallization (London et al.,
1996).

In the VDC and surrounding areas, boron is

heterogeneously distributed (Rimtn, 1989;
Aquater. 1994). In the VDC intrusion, the mon-
zonitic and syenitic rocks show "typical" boron

contents (mostly in the range 20-60 ppm, with
maxima around 180 ppm). whilst the granodio-
ritic core is boron-depleted, with values mostly
below 20 ppm. On the contrary, Rimin (1989)
reported the occurrence of a strong positive boron
anomaly (up to tens of thousands ppm), broadly
striking NE-SW in the Sesia rocks southeast (i.e.
in the roof) of the VDC intrusion. Maxima are
centered in areas characterized by hydrothermal
evidences (Passobree and Scaluggia along the
Cervo river; Pian del Lotto in the Oropa valley;
Orio del Mosso, north of Bogna; Fig. 1

(3) The abundance of hydrothermal breccias,
particularly in the area closer to the plutonic
body. Breccia pipes are a typical feature of shallow

level magmatic-hydrothermal systems (Sillitoe,
1985), possibly related to violent escape of

overpressurized fluids exsolved during the latest
stages of magmatic crystallization (Burnham,
1979).

(4) The typology and distribution of the
hydrothermal mineralizations. In the studied
system, the ore assemblages (and particularly the
occurrence of thorite, scheelite. hessyte and Bi-sul-
phosalts) are in agreement with a connection
between hydrothermal system and late-magmatic
activity. Moreover, considering the VDC Pluton
and host rocks, a broadly concentric zonation of
the mineralizations exists, with W and especially
Mo concentrated within the granodiorite core,
while Cu, Pb. Zn, Ag, Au, Sb and Bi mostly occur
in the outer portions of the body and in the host
rocks (Fig. 1; Aquater. 1994). This type of zonal
arrangement is typically found in hydrothermal
systems genetically and spatially related to
plutonic activity (e.g.. Stone and Exley, 1986).

Even so, a connection between hydrothermal
activity and brittle deformation cannot be ruled
out in the lower VDC. The andésite volcanics and
volcanoclastics are extensively tectonized, and
movements along the Insubric line are possibly
responsible for (re-)mobilization of vein material
at least in the upper, tourmaline-poor part of the
hydrothermal system.

5.2. P-T-XFLUID CONSTRAINTS OF THE
HYDROTHERMAL SYSTEM

The tourmaline-rich ore-bearing veins and breccia

pipes of the lower VDC consist of multistage
hydrothermal assemblages. Lithostatic pressure
and temperature have certainly controlled their
precipitation, but chemical composition and physical

properties of the coexisting hydrothermal
fluid (possibly changing with time and space)
were also important constraints.
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T (°C)
Fig. 8 Detail of T versus log,/.?- diagram of the Fe-As-S
system, showing the stability field of arsenopyrite in

equilibrium with pyrite, pyrrhotite and loellingite,
respectively (Sharp et al.. 1985). The inset shows the

complete phase diagram. Isopleths (dashed-dotted
lines) are labelled according to As content (at%) in

arsenopyrite. Dashed lines depict shift of arsenopyrite
stability field at 5 khar. The BP and VS dotted lields
refer to Type lib plus Type He domains in breccia pipes
from Scaluggia area, and Type lib vein domains from
Passobreve area, respectively.

Precise P-T modeling of fluid-mineral
equilibria would require that either composition(s) of
hydrothermal fluid(s) be independently known,
or that low-variance mineral assemblages occur.
For example, Garofalo et al. (2000) recently
derived and tested thermodynamic properties of
tourmaline end-members with data of well-constrained

samples from the Mole Granite (Australia)

magmatic-hydrothermal system. These data
included independently estimated temperature
and composition (by way of quantitative LA-ICP-
MS analyses and microthermometry of fluid
inclusions) of boron-rich hydrothermal fluid in
equilibrium with low-variance Kfs-Ab-Ms-Qtz-Tur
assemblage.

At present, chemical and physical properties
of hydrothermal fluid(s) in the lower VDC are

poorly known (see below), and most of the hydro-
thermal mineral assemblages are high-variance
assemblages. However, some preliminary P-T-

XnulJ estimates that broadly constrain the hydro-
thermal system are given below on the base of
arsenopyrite and chlorite geothermometry, petro-
logic analysis of mineral assemblages in the thermal

aureole of the VDC Pluton, available
geologic data and fluid inclusion petrography.

A rsenopyrite geothermometry
Arsenopyrite geothermometer, based on the

relationship between As contents of arsenopyrite,
fs2 and temperature, was calibrated experimentally

by Kretschmar and Scott 1976) and modified

by Sharp et al. (1985). The reliability of the

arsenopyrite geothermometer is a matter of
debate, as its applications have often given conflicting

results, probably due to disequilibrium
phenomena (Sharp et al., 1985). In particular. Ker-
estedjian (1997) pointed out a dependence of
the composition on morphology within single
arsenopyrite crystals. In order to minimize these

compositional heterogeneities, we averaged
different spot analyses within single crystals for the

application of the geothermometer.
Arsenopyrite from different domains in Type

11 vein system and breccia pipes is always associated

with pyrite. This constrains temperature and

sulphur fugacity to the narrow stability field of
arsenopyrite + pyrite (Fig. 8). On the basis of the

As contents, different T-fs2 ranges are obtained.
A first range (415 < T< 465 °C,-6.8 < log/.S'2 < -5.3)
is given by disseminated subhedral arsenopyrite
in both Type lib and lie domains from breccia
pipes at Scaluggia (BP field in figure 8). A second

range (38Ü < T < 395 °C, -7.7 < logfs2< -6.7) is

given by disseminated subhedral arsenopyrite in

Type lie vein domains at Passobreve (VS field in

figure 8). It is worth noting that higher temperatures

are obtained for breccia pipes from the

Scaluggia area (i.e., closer to the intrusive
contact), whilst lower temperature estimates
correspond to vein system occurring farther from the
intrusive contact in the Passobreve area. Temperatures

would be slightly higher when taking into
account the effect of total pressure on the
geothermometer (Fig. 8 and Sharp et al., 1985).

The geothermometer has also been applied to
anhedral arsenopyrite included in pyrite within
Type lib domains in breccia pipe at Scaluggia.

though microstructural relationships suggest that
arsenopyrite formed earlier than pyrite. The
calculated range (325 < T < 370 °C, -9.5 < log/Y <-
7.5. not shown in figure 8) is significantly different
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from that obtained in the same breccia pipe for
subhedral arsenopyrite in equilibrium with pyrite.

Chlorite geothermometry
Empirical chlorite geothermometers are

mainly based on the correlation between Allv and
temperature (Chatelineau and Nieva, 1985;
Chatelineau, 1988; Jowett, 1991), whilst a six-
component solid solution model has been
proposed by Walshe (1986; see also De Caritat et
al., 1993, for a discussion).

The calibrations of Chatelineau and Nieva
1985), Walshe (1986), Chatelineau (1988) and

Jowett (1991) have been applied to chlorites
from different Type II and Type I II veins at Passo-
breve. However, the calibration of Walshe
(1986) gives a wide and unrealistic range of low
temperatures (< 230 °C, when applied to chlorite
from any vein type) and will not be further
considered. Chlorite from Type I veins has not been
considered, as it occurs at vein walls and possibly
belongs to alteration assemblages.

Average temperatures from chlorite in Type
lib veins are: 275 °C (Chatelineau and Nieva,
1985), 330 °C (Chatelineau, 1988) and 410 °C
(Jowett, 1991). Average temperatures from chlorite

in Type lie veins are: 280 °C (Chatelineau
and Nieva, 1985), 340 °C (Chatelineau, 1988)
and 420 °C (Jowett, 1991). Temperatures from
chlorite in Type III veins are: 250 °C (Chatelineau

and Nieva, 1985), 310 °C (Chatelineau,
1988) and 390 °C (Jowett, 1991).

These values must be considered with caution,
because none of the above calibrations is experimental

and "no single chlorite geothermometer
performs satisfactorily over the whole range of
natural conditions" (De Caritat et al., 1993;
Walshe, 1998, pers. com). Nevertheless, each single

geothermometer gives very similar temperatures

for Type lib and lie chlorites, and slightly
lower temperatures (of about 20-30 °C) for Type
III chlorite.

A comparison of temperature estimates
obtained from the arsenopyrite and the chlorite
geothermometers is only possible in Type lie veins
from Passobreve. For these veins, arsenopyrite
geothermometry gives T 380-395 °C, whilst
chlorite geothermometry yields a wider range of
temperatures, depending on different calibrations.

Only the calibration of Jowett (1991) gives
values broadly close to the arsenopyrite T
estimates. Since: (i) the arsenopyrite geothermometer

is based on both experimental calibration and
theoretical ground, and (ii) the composition of
hydrothermal arsenopyrite is thought to be less
sensitive to later re-equilibration, temperature
estimates from the arsenopyrite geothermometry are

Fig. 9 Estimated P-T conditions of contact metamor-
phism due to the intrusion of VDC Pluton in the Sesia
host rocks at PtM P(H20), and summary of P-T
constraints for the lower VDC hydrothermal system. Selected

equilibria in the KNASH model system bracket (grey
area) the breakdown of muscovite to corundum + K-
feldspar within the stability field of both andalusite and
cordierite, as described by Fornasero (1978) in the
thermal aureole. Dashed lines refer to temperature
estimates of hydrothermal Type II and III vein systems
based on the chlorite geothermometer of Jowett
(1991). The two bars are temperature estimates according

to arsenopyrite compositions in both vein system
(VS) and breccia pipe (BP) from figure 8. Bars have
been approximately located at the lithostatic pressure
(P 0.5 kbar) discussed in text. Mineral abbreviations
according to table 1.

likely to be closer to actual temperature of the
hydrothermal system.

Pressure estimates
Pressure estimates for the emplacement of the

hydrothermal system are not constrained by any
vein or breccia pipe mineral assemblage. However,

some constraints on the lithostatic pressure
are given by its close relationships with the VDC
intrusion.

A minimum pressure value is given by the
current thickness of the Sesia rocks, which were originally

overlying the VDC stock. Restoring the VDC
crustal section to its primary position (Lanza,
1977, 1979, 1984), a lithostatic pressure of about
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250 bars is obtained for the intrusive contact at

Bogna. However, the actual thickness of Sesia

rocks in the roof of the pluton is not exactly known,
and this pressure value could be underestimated.

Further constraints are given by Fornasero
(1978), who documented the widespread occurrence

of andalusite and cordierite in the thermal
aureole of the plutonic body. He also reported the

occurrence of corundum + K-feldspar pseudo-
morphs after white mica in quartz-free domains in

one sample from the aureole northwest of the

pluton (Val Pragnetta). Based on phase equilibria
analysis, Fornasero (1978) suggests that the

development of the Crn + Kfs assemblage in the
andalusite stability field occurred at P < 1.5 kbar
and T < 970 °C.

In order to revise these estimates, selected

phase equilibria in the KNASH model system
were calculated using the approach of Connolly

1990) and Castelli et al. (1997), and solid solution

models of Connolly et al. (1994). The
thermodynamic properties of solid phases (K-feldspar,

albite, museovite, paragonite, quartz, corundum.

diaspore, and the three Al2Si05-poly-
morphs) and aqueous fluid included in the model

system were taken from Holland and Powell
1998). The analysis of univariant reactions: Ms

Kfs + Crn + H;Ö and And Sil shows that, with
increasing temperature, the breakdown of museovite

to corundum + K-feldspar may occur in the

stability field of andalusite up to P 2 kbar (Fig.
9). Slightly higher pressures (up to -2.5 kbar) are

expected when considering the effect of NaK_[
exchange in both mica and feldspar. Fornasero
(1978) also reports the occurrence of scanty silli-
manite around andalusite in the same sample
from Val Pragnetta. This sillimanite may be

explained by either the deeper position of Val Pragnetta

rocks, or the thermal climax reached during
the prograde thermal path related to the intrusion.

In any case, the abundance of well preserved
andalusite suggests that temperature hardly
exceeded the upper thermal stability limit of
andalusite, preventing its breakdown. As a

consequence, the maximum depth for the Crn + Kfs
assemblage in Val Pragnetta would be - 7.5 km at

630 °C (Fig. 9).
The topographic distance between Val Pragnetta

and the southeastern margin of the pluton
(Fig. 1) is around 6.5 km, which would correspond
to a thickness of the plutonic body (tilted to its

original position) of around 5.6 km. As a

consequence. a depth broadly ranging between 7.5 km
(Val Pragnetta) and 2 km (Bogna) is obtained for
the VDC intrusion. Such a depth is in agreement
with the tabular fabric of plagioclase in the grano-
diorite core, which suggests magma emplacement

at relatively shallow level (Callegari, 1999,pers.
com.), as also indicated by Bigioggero et al.

(1994). Assuming lithostatic pressure, a maximum

depth of about 2 km (corresponding to a pressure
around 500 bars) is therefore suggested for the

deepest parts of the VDC hydrothermal system
close to the upper intrusive contact.

Constraints on fluid composition
A thorough characterization of fluid inclusion

populations in the lower VDC hydrothermal
system is difficult. Multistage brecciation and very
fine grain size allowed only pétrographie analysis
of fluid inclusions.

The only primary fluid inclusions occur in

quartz from Type lie and Type 111 veins, as very
small liquid-rich, aqueous two-phase (liquid +

vapor. L + V) inclusions arranged along growth
zones. Three-phase, salt-bearing fluid inclusions
are notably absent in Type lie and Type 111 veins.

Older veins are either void of fluid inclusions,

or mostly contain very small liquid-rich. L + V
inclusions, which are secondary, or of uncertain
origin. Some three-phase inclusions (L + V + salt)
however occur in quartz within both Type IIa and

Type lib veins (and in breccia pipes) and
occasionally in K-feldspar in Type I veins. The latter
are also characterized by the occurrence of vapor-
rich (vapor + liquid and vapor-only) inclusions.

Finally, all vein systems retain abundant L + V
inclusions of clear secondary origin.

These data suggest that a fluid evolution
occurred within the hydrothermal system at

decreasing temperature, from earlier, higher-salinity
to later, low-salinity aqueous fluids. This kind of
fluid evolution closely matches that of many ntag-
matic-hydrothermal systems (e.g., Beane and

Bodnar, 1995; Hedenquist, 1995; Giggenbach,
1997). It is also in agreement with preliminary
unpublished data on fluid inclusions from other
tourmaline-quartz hydrothermal veins occurring
in the Sesia rocks of Sessera valley, that are also

close to the VDC intrusion (Diamond and P,os-

SETTi, 2000, in preparation).
During early hydrothermal stages and in the

deeper portions of the VDC system, fluids must
have been boron-rich, as shown by the abundance
of tourmaline (Slack. 1996). Further constrains

on the pH of fluids are given by both vein and

wallrock alteration assemblages. In particular, the

absence of strongly acidic fluids is suggested by
the absence of kaolinite and/or pvrophyllite and

marcasite (Meyer and Hemley, 1967). A
relatively high pH value during the early hydrothermal

evolution is suggested by the occurrence of
K-feldspar in Type I veins and associated wallrock
alteration assemblage, while a progressively de-
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crease in pH is documented by the occurrence of
sericite ± K-feldspar and sericite only, in the alteration

associated with Type II and Type III veins,
respectively (Rose and Burt, 1979; Henley,
1984). A similar pH decrease, from near-neutral
to slightly acidic conditions, is also commonly
reported in magmatic-hydrothermal systems and
is probably due to cooling only (Giggenbach,
1997). A reducing character of the fluids is
suggested by the very low Fe3+/Fetot ratio calculated
for tourmaline and by the local occurrence of
graphite in the alteration assemblage of Type II
veins. Logfs2 values around -5 to -10 are indicated

by the composition of arsenopyrite in equilibrium

with pyrite in Type II veins.

6. Conclusions

The tourmaline-rich, ore-bearing veins and breccia

pipes of the lower VDC represent a late-Alpine

boron-rich hydrothermal system related to
Oligocene magmatism in the western Alps. The
emplacement of the VDC Pluton at a shallow
crustal level constrains the bottom of hydrothermal

system (Scaluggia area) to about 2 km below
the then-existing surface, whilst the very top
(Passobreve area) occurs within the andésite
cover of the Sesia Zone.

The hydrothermal system shows a strong zo-
nation in fabric, occurrence and composition of
mineral assemblages from deeper to shallower
levels. In the portions closer to the VDC Pluton,
the system is characterized by both veins and
breccia pipes, and is strongly enriched in tourmaline.

Apart front pyrite and chalcopyrite, this area
is relatively depleted in ore minerals. In the upper
part of the system, breccia pipes do not occur, and
hydrothermal veins are strongly enriched in ore
minerals. In the andésite volcanics tourmaline
only occurs as an accessory phase. Such vertical
zoning may be related to a decrease in temperature

in both space and time, as suggested by
arsenopyrite and chlorite geothermometry and by
fluid inclusion petrography.The occurrence of Ag,
Bi and Te minerals in the upper parts of the
system is also in agreement (Guilbert and Park,
1986; Stone and Exley, 1986) with a shallower
and cooler environment at Passobreve.

The abundance of tourmaline, particularly in
the deeper part of the system, may be ascribed to
interaction between magmatic, boron-rich fluids
and Al-rich wallrocks. A major role of the
magmatic fluids is also suggested by the occurrence of
breccia pipes in the Scaluggia area. Similar breccia

bodies are typically reported in association
with shallow intrusives (particularly in porphyry¬

like systems), and are generally interpreted as
result of the escape of overpressurized fluids from
the volatile-saturated upper part of shallow-level
solidifying intrusions (Burnham, 1979; Heden-
quist, 1995). Multistage brecciation observed in
the breccia pipes may be due to repeated episodes
of fluid overpressure, fluid escape and sealing of
the hydrothermal conduits, according to Burn-
ham's (1979,1997) models.

The change of both fluid composition and
mineral assemblages in the shallower parts of the
system concomitant with a T decrease (particularly

during later stages) may be due to different
processes. These include interaction of fluid(s)
with different wallrock types and, possibly, the
increasing importance of meteoric fluids, as
suggested by the occurrence of late aqueous fluid
inclusions, and frequently documented in the
upper parts of magmatic-related hydrothermal
systems (Dilles and Einaudi, 1992; Zaluski et al.,
1994). At least within the andésite volcanics, brittle

tectonic, related to the nearby Insubric Line,
may also have played a role in the (re-)mobiliza-
tion of vein material. Further studies, including
radiogenic or stable isotope and absolute age
determinations, are needed in order to resolve
these open questions.
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