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Fluid mixing as the cause of sulphide precipitation at Albrunpass,
Binn Valley, Central Alps

L. Klemm1-2, T. Fenke S. Graeser\ /. Mullis- and K. Kouzmanov1

Abstract

Alpine, late metamorphic lead ± zinc occurrences, albeit generally sub-economic, are widespread in Triassic meta-
sedimentary rocks of the central Alps including the Binn Valley region in Switzerland. The PVTX properties of the
mineralising fluid were determined by microthermometry, Raman spectroscopy and LA-ICPMS. It is demonstrated
that low-salinity COi-dominated fluid inclusions 1-2 wt% NaCleqijiv) can be analysed reliably by LA-ICPMS. The
data reveal an evolutionary sequence of fluid generations that monitors incursion of a metal-charged brine ~31 wt %
Na( : Pb -13*000 pg/g(= 63 pmol/g); Zn -6500 gg/g 99 pmol/g)) and progressive mixing of it in a pre-existing,
low-salinity (1-2 wt% NaClequiY), COi-dominated aqueous fluid. Simple modelling suggests that the increase in activity

of reduced sulphur in the mixture, provided by the aqueous CO,irich fluid, was the principal trigger of galena
deposition. Sphalerite was virtually never saturated during fluid evolution, owing to the much higher solubility of
ZnS relative to PbS at the specific temperature (-270 °C). pH (<4) and activity of reduced sulphur (~10~3 mol/kg).
High concentrations of Ba, Ca and Sr imply that the brine was derived from, or interacted with,Triassic evaporites.
Likewise, the high metal concentrations suggest fluid interaction with a „Bleiberg-type" Pb-Zn enrichment. The
small but high-grade Pb-Zn deposits scattered throughout Triassic lithologies in the Alps may thus commonly represent

rather local remobilisation of Triassic syngenetic „Bleiberg-type" base metal occurrences late in the tectono-
metamorphic evolution of the Alps.

Keywords: Hydrothermal fluid evolution, mineralisation, laser-ablation ICP-MS, Mississippi Valley Type ore
deposit.

Introduction

One of the world's most important sources of Pb,
Zn and some of the Ag are Mississippi-Valley-
Type (MVT) ore deposits. They form by basin-
scale migration of sedimentary brines, from which
the ore metals were commonly deposited in
carbonate rocks, often during multiple events (e.g.,
Leach and Sangster, 1993). Other genetic types of
base metal deposits, economically less significant
on a global scale, include those linked to meta-
morphism of the host rock units (e.g., Mt. Isa,
Heinrich, 2000). Triassic rocks of the European
Alps commonly host such deposits, too, albeit
economically insignificant except at a few localities

such as Bleiberg, Austria (e.g., Koppel and
Schroll, 1985; Schroll, 1996). Nevertheless, smaller
deposits and occurrences scattered across the
Alps were mined in the past as documented by
old adits and some historic records.

Among such localities in Switzerland, the
region of the Binn Valley (Binntal in German) has
attracted most research interest (e.g., Graeser,
1965; Knill, 1996; Krzemnicki, 1992; Hofmann,

1994; Hofmann and Knill, 1996), thanks to the Pb-
Zn-As-Tl-Ba deposit at the Lengenbach site,
which is world-famous for Pb-Zn-As-Tl sulpho-
salt minerals. The various base metal occurrences,
mostly hosted by Triassic metasediments in the
region are very likely genetically linked.The genesis

of these occurrences has remained controversial,

however. In his pioneering work, Graeser
(1965 and 1976) proposed that the formation of
the deposits in the Binn Valley results from
metamorphic remobilisation of two distinct pre-Alpine

metal occurrences: Pb-Zn-Ba occurrences
hosted in Triassic rocks and Cu-As-Sb enrichments

observed in basement rocks of the Monte
Leone nappe. Hoefs and Graeser (1968)
proposed a sedimentary origin for the pre-Alpine
occurrence based on S isotopes. Krzemnicki (1992)
studied some of the Cu-As anomalies in the
Monte Leone nappe and found evidence for high
mobility of Cu and As along faults during Alpine
metamorphism. However, Knill (1996) concluded
from Sr, S, C and O isotope data that the Lengenbach

deposit is the result of a pre-Alpine,
sediment-hosted Mesozoic sulphide mineralisation,
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Fig. 1 Tectonic map of the larger Binn Valley area, Switzerland/Italy, where numerous base metal occurrences are
associated with Triassic lithologies of the Monte Leone nappe (simplified after Spicher, 1988). The box marks the
enlargement shown in Fig. 2.

which was overprinted by regional Alpine meta-
morphism. Sr isotopes show no evidence for
significant input from outside the Triassic sequence.
Sulphide inclusions in quartz from the Lengenbach

deposit have been interpreted as the
remains of a sulphide melt present during peak
metamoiphic conditions (Hofmann, 1994; Hof-
mann and Knill, 1996). In summary, the genesis of
the Lengenbach Pb-Zn-As-Tl-Ba deposit is now
believed to be the product of an Alpine metamoiphic

remobilisation of a Triassic sedimentary ex-
halative sulphide deposit (Knill, 1996; Hofmann
and Knill, 1996; Heinrich et al., 2000).

The aim of this study is to better constrain the
characteristics of the hydrothermal fluid from
which the base metal occurrences in the Triassic
metasediments of the region of the Binn Valley
formed. Detailed field observations are coupled
with mineralogical and mineral-chemical data
and careful fluid inclusion work. Standard
pétrographie and microthermometric procedures form
the basis for a Laser-Ablation Inductively-Coupled-Plasma

Mass-Spectrometry (LA-ICPMS)
study of the chemical evolution of the hydrothermal

fluid. A relatively small Pb occurrence near
the Swiss-Italian border at Albrunpass was selected

because of its clear field relations and structural

simplicity. The conclusions drawn here are

considered valid for other Triassic metasediment-
hosted base metal deposit in the region and possibly

elsewhere in the Alps.

Geologic setting

A small Pb occurrence, mined for Pb and Ag in
1576 (Archivio di Stato di Milano, 1576) is situated
on the Italian side of the Albrunpass (Figs. 1,2),
which separates the upper Binn Valley (Switzerland

from the Alpe Devero in the upper Formazza
Valley (Italy). The occurrence is hosted by Triassic
metasediments that are autochthonous on ortho-
and paragneiss units of the Penninic Monte Leone
nappe (Fig. 2). Breccias and rauhwackes sometimes

line the contact between Triassic rocks and
the Monte Leone nappe. Cretaceous calcschists

("Bündnerschiefer") of the Feldbach zone discordantly

overlie the Monte Leone nappe. In the area
of the Binn Valley the stratigraphy is overturned,
so that the sequence observed in the field is from
bottom to top: Cretaceous calcschists followed by
Triassic metasediments followed by basement
gneisses of the Monte Leone nappe. Figure 2 shows
a detailed geological map of the mineralised area.

The Monte Leone nappe consists of pre-Meso-
zoic ortho- and paragneisses with occasionally in-
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Fig. 2 Lithological outcrop map of the study area around Albrunpass, representing the box in Fig. 1. Cretaceous
Bündnerschiefer overlie Triassic dolomite marble and calcite marble, which represent the sedimentary cover of the
pre-Mesozoic basement rocks of the Monte Leone nappe. The gneisses of the Monte Leone nappe and the
Btindnerschiefer of the Feldbach zone are lithologically variable, but undifferentiated here. Breccias, rauhwackes
and quartzites are only resolved in the detail map.

tercalated amphibolite lenses (Bader, 1934). At
the locality "Ochsenfeld", Btindnerschiefer crop
out in a small tectonic window. Btindnerschiefer
also occur on the Italian side of the Albrunpass.

These rocks consist mainly of quartz, white and
dark micas with variable amounts of garnet, ky-
anite and staurolite. Carbonates are only subordinate.

The gneisses of the Monte Leone nappe as
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well as the Bündnerschiefer of the Feldbach zone
are very variable in composition and texture.
These variations were not resolved in detail for
this study. More detailed pétrographie descriptions

of these units and their tectonic relations
can be found in Bader (1934), Lüthy (1965) and
Leu (1986). Regional Alpine metamorphism
reached amphibolite fades conditions of 550 °C
at 6.5 kbar (Todd and Engi, 1997).

The Triassic sequence of metasediments
(mainly dolomite and calcite marbles and quartzite)

in the region of the Binn Valley is interpreted
as the overturned sedimentary cover of the Monte

Leone nappe (Bianchi, 1998). It is lithologically
variable, strongly deformed and folded, and ranges

in thickness from less than a meter to a few
hundred meters. The dolomite marbles are volu-
metrically dominant, usually sugar-grained (average

grain size below 1 mm) and bright white to
dark grey in colour due to variable contents of
organic matter. A very distinct layering is characteristic,

with some layers containing high amounts of
phlogopite and/or tourmaline. Quartz-calcite-
tremolite nodules are common. The calcite marbles

are much thinner than the dolomite-marbles.
Calcite-marbles are usually coarse-grained (1-2
mm grain size) and are brownish to yellowish in
colour. Occasionally they contain large amounts
of phlogopite crystals, sometimes exceeding 10 cm
in diameter. Quartzite occurs in elongated lenses
enclosed in dolomite-marbles and, interestingly,
such lenses were observed only in places where
the Triassic sequence is thinned to less than 10 m.
These lenses are several meters long, and the
appearance of the quartzite is similar to that of the
dolomite marble. Quartzite contains minor
carbonate, and the quartz grains show a strong undu-
lous extinction and dynamic recrystallisation. In
the field it cannot be resolved whether the quartzite

is a metasandstone or the product of a pre- to
syn-metamorphic hydrothermal alteration event.
Quartzite is the only rock that hosts significant
base metal occurrences near the Albrunpass.
Minor clast-supported breccias contain clasts (<2
cm) of dolomite marble that are cemented by
sugar-grained dolomite. Rauhwacke is rare and often
crops out where the Triassic sequence was thinned
to less than a few meters.

Analytical techniques

Mineral identification and chemical analyses
were done by X-ray diffraction (XRD) and electron

probe microanalysis (EPMA), respectively.
Detailed fluid inclusion petrography provided
information to select the assemblages (i.e., coevally

trapped inclusions) that were investigated with
conventional microthermometry, Raman
spectroscopy and LA-ICPMS.

XRD: Powder XRD equipped with Bradley
(90 mm) and Gandolfi (114.5 mm) cameras were
used with 40 kV and 25 mA on an Fe Ka X-ray
source to identify minerals and to determine their
lattice parameters.

EPMAMhe concentrations of S, Fe, Ni, Cu,Zn,
As, Se, Ag, Cd, Sn, Sb,Te, and Pb in sulphides and
sulphosalts were determined with a JEOL 8600
Superprobe electron microprobe at the MPI Basel

using wavelength-dispersive techniques at 15

kV accelerating potential and 10 nA beam
current for major and minor elements. These analyses

were conducted with a slightly defocused
beam (2-5 urn diameter) and peak counting times
of 600 seconds for Fe, Ni, Cu, Zn, As, Se, Äg, Cd,
Sn, Sb and Te and 20 seconds for Pb and S.

Standardisation was mainly done on sulphides: S and
Fe: Kai on pyrite; Ni: Kai on millerite; Cu: Kai
on chalcopyrite; Zn: Kai on sphalerite; As: Lai
on lordanite; Se: Lai on clausthalite; Ag and Sb:

Lai on miargyrite; Cd: Lai on greenockite; Sn:

Lai on ottemannite; Te: Lai on hessite; and Pb:

Mai on clausthalite.
Microthermometry: Phase transitions in fluid

inclusions were determined during heating, using
a Linkam TS600 heating-freezing stage. Calibration

of the system was performed on synthetic
fluid inclusion standards (Syn Flinc®), and
temperature readings are considered to be accurate
to within +0.5 at -60 °C, to within +0.2 between 0
and 100 °C, and to within ±1 ' C above 100 °C.
Salinities were derived from final melting temperatures

of clathrate for all low-salinity, C02-bear-
ing inclusions after Diamond (1992) and from
final melting temperatures of halite for all brines
after Bodnar and Vityk (1994). The salinities of
low-salinity, aqueous inclusions were calculated
after Bodnar and Vityk (1994) using final melting
of ice. The NaClequiv values of the C02-bearing
brine inclusions were calculated after Bodnar and

Vityk (1994) neglecting the presence of CQ2,
because the H20-C02-NaCl system is not well
constrained for high salinities (Schmidt and Bodnar,
2000; Diamond, 1992).

Raman microspectrometry: Raman analyses
were performed in the Laboratory of Raman
spectrometry at ETH-Zürich using a LabRam
(Dilor) spectrometer with a confocal entrance
optics system. The system is equipped with an
Olympus microscope and a CCD detector. The
laser was focused using an Olympus 80X long
working-distance objective (free working
distance 180 pm, numerical aperture 0.75), Raman
scattering was excited with a 632.8 nm HeNe laser
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source at 20 mW laser output power. The spectral
resolution was about 2 cmAThe spectrum of cal-
cite as a solid phase in fluid inclusions was recorded

in the range 200 to 1200 cm4. C02 and H2S in
the vapour phase of fluid inclusions are characterised

by their strong responses at 1285 (C02) and
1388 cnr1 (CÖ2), and 2611 cm-1{H2S}, respectively.

No attempt was made to quantify C02 and H2S,
however.

LA-ICPMS: Selected inclusions were finally
analysed individually with LA-ICPMS, using the
instrumental setup described in Günther et al.

(1998) and Heinrich et al. (2003). Briefly, the setup

uses a 193 nm ArF Excimer laser (Lambda
Physik, Germany) combined with special beam
energy homogenisation optics (Microlas, Germany)

and linked with an Elan 6100 quadrupole
ICP-MS instrument (Perkin Elmer, Canada). For
controlled ablation of the quartz-hosted fluid
inclusions, an output-energy of 130 mJ and a laser
pulse frequency of 10 Hz was used. The design as

an optical imaging system permits the use of
different pit sizes (4-80 pm) at constant energy density

on the sample, by adjusting an aperture in the
laser beam path. The ablation process was monitored

both on the sample and as real-time signal
on a monitor to ensure best-possible control of
the ablation process. For external standardisation
the NIST glass standard SRM-610 was used,
providing relative element concentrations for each
sample. The concentration of Na in the fluid was
then used as an internal standard to transform the
relative element concentrations into absolute values.

These Na concentrations were derived from
the microthermometric. NaCl equivalent values
(see below) corrected for contributions of KCl,
CaCI-. FeCl2, MnCl2, PbCL, ZnCl2 and BaCl2.
Details on each step of the quantification procedure
are outlined in Heinrich et al. (2003). Limits of
detection (LOD) were calculated for each
element in each inclusion individually as three standard

deviations of the background signal divided
by its corresponding sensitivity (Longerich et al.,
1996), except where stated otherwise.

Results

Obseivations on mineralised structures, mineralogy

and compositional data for galena and fahl-
ores, the Chemical and structural characterisation
of an unknown sulphide mineral are presented
first, followed by fluid inclusion petrography and
microthermometry, and fluid-chemical data
obtained by LA-ICPMS.

Structural control

The occurrence of sulphides is spatially related to
quartzite lenses, surrounded by sugar-grained
dolomite marble (Fig. 2). The primary sulphides
fill open-space fissure veins (Fig. 3a) of up to a few
dm thickness and overgrow a classical Alpine-
type fissure paragenesis (Stalder et al., 1973),
comprised mainly of quartz, adularia, rutile, mus-
covite, pyrite and dolomite. The sulphides also
occur as cm-sized replacement veins parallel to the
host rock foliation (Fig. 3b), that have a silicified
and completely decarbonatised halo of 2-5 mm
thickness (Figs. 3c-d). Ductile shear zones and
fold hinges were mineralised only to a minor
extent (Fig. 3e), as were late Alpine brittle shear
zones, which overprinted existing open-space
fissures with free-grown quartz crystals Fig. 3f).
Sulphides also occur disseminated in the sugar-
grained quartzite, where carbonates were
replaced.The age of fissure minerals, as indicated by
K-Ar dating of adularia from the Albrunpass and
hyalophane from the Lengenbach, is about 11 Ma
(Purdy and Stalder, 1973).

Mineralogy

The Pb occurrence consists of coarse-grained, un-
deformed galena with minor amounts of other
Cu-, As-, Sb-, and Pb-bearing sulphides and sul-
phosalts. The depositional succession of hydro-
thermal minerals can be divided into three stages:

pre-ore stage, ore stage and post-ore stage (Fig. 4).
A classical Alpine fissure mineral assemblage
represents thé pre-ore stage. It comprises quartz,
adularia, muscovite, pyrite, rutile, tourmaline and
dolomite. The ore stage consists of quartz, galena
with small amounts of pyrite, tennantite-tetrahe-
drite, chalcopyrite and traces of arsenopyrite,
bournonite, meneghinite, pyrrhotite and an
unknown Ni-Fe-As sulphide (see below). Notable
is the scarcity of sphalerite - only few grains were
found. Ore partly affected by weathering ("super-
gene overprint" in Fig. 4) contains vugs that are
partially filled with secondary minerals, mainly
anglesite and cerussite, with minor wulfenite,
native sulphur, galena, malachite, azurite, gypsum
and greenockite.

Notable is the occurrence of REE-bearing
minerals like monazite, bastnaesite, synchisite and
parisite, which are spatially and temporally closely

related to the sulphide occurrence. Such REE-
minerals, which are typical for the Alpine fissure
mineral assemblages in the paragneisses of the
Monte Leone nappe (Schwanz et al., 1994), have
not been reported from any other occurrence in
the region hosted by Triassic rocks.
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Pre-ore stage Ore stage
Minerals

Quartz
Adularia
Dolomite

Pyrite
Rutile
Barite

Monazite
Bastnaesite grp.

Post-ore stage and

supergene overprint

Galena
Arsenopyrite
Meneghinite
(Ni, Fe)AsS

Chalcopyrite
Tennantite

Tetrahedrite
Bournonite
Sphalerite

Anglesite
Cerussite
Malachite

Azurite
Wuifenite

Native sulfur

Fluid generations
A: CO.-HO

B: H.O-salt brine
BC: mix CO,-H.O-salt

C: CO.-H.O
D: aqueous

Fig. 4 Depositional succession of hydrothermal minerals at the mine site at Albrunpass as a function of the different

evolutionary stages, together with the associated fluid inclusion types. Areas represent estimates of the mass
proportions of the hydrothermal minerals.

Sulphide chemistry

EPMA analyses of galena samples from the study
area show relatively low contents of minor and
trace elements: Ag, Sb,Te, Cd, Cu and Se (see
Appendix Table 1). The galena has relatively low
contents of Ag (300-1500 p.g/'g) and Sb (400-1900
|xg/g). Graeser (1969) reports concentrations in
galena of 2550 |xg/g Ag and 1550 (xg/g Sb from the
same locality. The whole spectrum of the tennant-
ite-tetrahedrite solid solution is present in the
studied area, each locality having a different,
narrow range of compositions (Fig. 5). These minerals

commonly show an Sb-enriched rim. The fahl-
ores have Fe and Zn contents of 4300 to 54'000
fxg/g and 24700 to 72'100 jxg/g, respectively, highly

variable Ag (1400-24*200 [xg/g), and traces of
Sn (200-2400 pg/g), Se (200-1000 pg/g) and Cd,
respectively (AppendixTable 1).

An accessory, anisotropic sulphide mineral
resembling arsenopyrite was identified in polished

sections. EPMA analyses of the idiomorphic
grains suggest the presence of an unknown Ni-
Fe-As-S phase with the following chemical
composition: 19.7 wt% Ni, 15.3 wt% Fe, 44.5 wt% As,
20.7 wt% S, 0.3 wt% Cu and 0.2 wt% Se; S=100.70
wt%. This translates into the chemical formula:
(Nio.56, Fe0,45)s=imAs0.99SL07. XRD data reveal a

possible relationship to gersdorffite-Pca21. Best
results were obtained by refining the X-ray data
according to the procedure of Holland and Red-
fem (1995), assuming the mineral to be or-
thorhombic: a 5.61(2) Â, b 5.64(7) Â, c
5.61(1) Â (gersdorffite-Pca21: a=b=c 5.693 Â).
The crystal size of < 100 pm and the intimate
intergrowth with chalcopyrite and tennantite
precluded single crystal XRD for the determination
of the space group. A similar unknown mineral
with a chemical formula of (Ni0S7, Feû25,

Co0.24)siMÄfc.!iÄjä( was reported from Pechen-
ga, Kola Peninsula, Russia (Abzalov and
Polezhaeva, 1989).
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Fluid inclusion petrography

Detailed pétrographie observations of crosscut-
ting relationships between fluid inclusion trails
and their spatial arrangement in the free-grown
quartz crystals allowed five main successive
generations of fluid inclusions to be distinguished:

(A) Early C02-H20 inclusions (Fig. 6a)
(B) Aqueous brine inclusions with at least 3

daughter crystals (Fig. 6b)
(BC) Intermediate C02-bearing brine inclusions

(Fig. 6c and 6e-f)
(C) Late C02-H20 inclusions (Fig. 6d)
I'D) Secondary two-phase aqueous inclusions

(Fig. 6h)

Besides these, sulphide inclusions (up to 2 mm
in size; (S); Fig. 6g) are lined along pseudosecond-
ary trails petrographically identical to (BC)-type
inclusions.

Early three-phase C02-H20 inclusions
(generation A) are characterised by the presence of
liquid and vapour C02 and an aqueous fluid
phase.The estimated FLO volume fraction ranges
from 20 to 40%, and the inclusions usually have
two tiny opaque daughter crystals. Inclusions of
this generation occur only in early pseudosecond-
ary trails, generally near the base of the quartz
crystals. These inclusions can be very large
(exceeding 1000 gm) and often show isometric negative

crystal shape (Fig. 6a).
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Fig. 5 Electron microprobe data for minerals of the
tetrahedrite-tennantite solid solution from the studied
occurrences reveal an almost complete series of
tetrahedrite-tennantite solid solutions. For localities
refer to Fig. 2.

The next younger generation (B) is represented
by aqueous brine inclusions (Fig. 6b).These

inclusions always have at least three daughter crystals

of constant volume proportions: halite, calcite
(as identified by Raman microspectrometry) and
an unidentified Ba-bearing daughter mineral that
forms colourless, transparent, biréfringent crystals

of orthorhombic or hexagonal habit. Larger
inclusions contain opaque daughter crystals. The
volume fraction of vapour is 10-20%. The inclusions

are nicely negative-crystal-shaped, flat and
mostly between 5 and 20 pm (occasionally up to
60 pm) in diameter. Brine inclusions only occur
along pseudosecondary trails that cut younger
quartz growth zones relative to the pseudosecondary

trails of the early three-phase C02-H20
inclusions (A).

Late three-phase C02-H20 inclusions (generation

C) cut trails of (A) and (B).The FLO
volume fraction of this generation varies between 10
and 30%. Daughter crystals were never observed.
Inclusions of generation (C) are often flat and
usually small (<15 pm), conspicuously smaller
than generation (A), but show very nice negative
crystal shapes and are commonly trapped on late
pseudosecondary trails (Fig. 6d).

One group of fluid inclusions collectively
labelled (BC) consists of aqueous liquid plus liquid
and vapour C02 and occasional daughter crystals
at variable phase proportions at room temperature

(Fig. 6c and e-f).The volume fraction of H20
is up to -70% for the inclusions with salt daughter
crystals (BC1), for the others it varies between 10
to 40%. Inclusions without daughter crystals
(BC2) resemble inclusions of generation (C) very
much in terms of size, shape and filling ratios.
Fluid inclusions of generation (BC) occur in two
distinct arrangements. They form pseudosecondary

trails together with inclusions of generation
(B), where the two different types of fluid inclusions

form patches that are spatially separated
from each other (Fig. 6e-f Sometimes, inclusions
of (B) and (BC) occur on a single trail, and it is
here where the high-salinity (BC1) inclusions
with daughter crystals occur.

The latest fluid inclusion generation consists
of very flat, irregularly shaped aqueous inclusions
on poorly healed secondary trails (Fig. 6h).The
liquid to vapour ratio is 95:5. These inclusions
clearly post-date those associated with the ore-
forming event and are thus not considered any
further.

Fluid inclusion microlhermometry

Heating and freezing experiments were carried
out in order to determine the molar composition
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Fig. 6 Microphotographs of fluid inclusions of the different evolutionary stages in quartz from the mine site II
compare Fig. 2 (a) Three-phase CO,-rich inclusion of generation (A) with liquid and vapour CO, and a low-salinity

aqueous solution; (b) Aqueous brine (generation B) with multiple daughter crystals; (c) Intermediate brine with
liquid and vapour GO, generation BCl ); d) COi-rich inclusions of generation (C) with liquid and vapour CO, and
a low-salinity aqueous solution; (e) Coexistence of fluid inclusions of generation (B) and (BC) on one pseudo-
secondary trail, revealing heterogeneous entrapment, and a detail shown in image (f); (g) Galena inclusions on a
pseudosecondary trail in combined transmitted and reflected light (hence the bright reflection of negative crystal
faces of the inclusions); (h) Late irregular aqueous low-salinity fluid inclusion of type (D); (i) Schematic section of a

quartz crystal with the typical relative positions of the different inclusion generations.
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(major components NaClequiv, H20, C02) of the
fluid inclusion assemblages trapped during
successive stages of vein formation, and to derive
estimates on temperature of the ore-forming event.
These data are reported in Table 1.

The average melting temperatures of C02 in
(A), (BC) and (C) are uniformly at about -56.6
°C, which implies the absence of significant
amounts of other gas species. The C02 homogeni-
sation temperatures evolve along the entrapment
sequence, from 11-26 °C for (A) to 29-30 °C for
(BC) and 26-30.5 C for (C).The C02 in most of
the fluid inclusions of generations (A), (BC) and
(C) homogenises through the dew point transition,

while only a few show critical behaviour.
Total homogenisation temperatures of fluid inclusions

of generation (A) and (B) are -240 °C and
of generation (C) around 270 °C on average,
respectively. Only small inclusions could be measured

for their total homogenisation temperature,
because large inclusions decrepitated before.
Homogenisation temperatures of trails containing

heterogeneously trapped inclusions of generation

(BC) are around 270 °C.
The bulk salinity of fluid inclusions evolves

conspicuously across the entrapment sequence.
The early C02-rich fluid of generation (A) is
characterised by low salinities of 0.5 to 2 wt% NaCR^,,.
Brines of generation (B) show a narrow range in
salinity of 30.2 to 31.9 wt% NaClequit. The late

C02-rich fluid (C) has salinities between 1.1 and
1.9 wt% NaClequiv, and the aqueous fluid (D)
contains only 1.4 wt% NaClequiv. Heterogeneously
trapped inclusions of generation (BC) show a

range in salinity between 5 and 28 wt% NaClequiv.
Molar proportions of the major fluid components

were calculated from microthermometry
and LA-ICPMS data (using the formulae after
Mullis et al., 1994). As shown in Fig. 7 the molar
H20-C02-salt ratio for generation (A) is: 44 : 55 :

1; for generation (B): 87 : 0 : 13; for high-salinity
inclusions of generation (BC1): 79 :10 :11 and for
lower-salinity inclusions of generation (BC2): 46 :

47: 7; and for generation (C): 29 : 70 : 1. Table 1

provides more detailed information about the
molar proportions of species in the fluid inclusions

with concentrations of major fluid components

(Na, K, Ca, Ba. Zn and Pb) determined by
LA-ICPMS.

Raman spectrometric data

The daughter crystals of inclusions of generation
(B) were tested by Raman, but only one daughter
mineral could be identified positively as calcite,
based on the lines 1087.8, 712.2 and 281.1 cm4
(Burke, 2001). A colourless daughter mineral of
orthorhombic to hexagonal shape, firstly believed
to be barite, remains unidentified. The most
prominent Raman lines are at 3455, 3327 and 3284

Pre-ore stage Post-ore stages

A B BC1 BC2 C D

Fluid evolution stages

Fig. 7 Average molar concentrations of H2Ö and CO, (left, derived from microthermometry) and of Na, K, Ca, Zn,
Ba and Pb (right, from LA-ICPMS) in the fluid plotted as a function of progressive fluid stages defined by
petrography. Refer to Hg. 6 for the different fluid stages. Note the conspicuous increase of element concentrations with
incursion of brine stage (B).
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Table 3 LA-ICPMS composition data of individual sulphide inclusions in quartz.

LA-ICPMS mineral Pb S Fe Cu Zn As Ag Sb Bi
shot# l.ug/gl [pg/g] [.ug'g] [pg/g] [pg/g] [pg/g] [pg/g] [pg/g] [pg/g]

jr24b04 gn 864976 132715 22.8 119

jr24b05 gn 864851 132643 8.5 180

jr24b06 gn 864899 132629 8.3 152

jr24b07 gn 864854 132702 49.3 217
jr24b08 gn 864875 132572 5.3 200

gn—galena

cm4. Recall that salt daughter crystals are not
Raman active.

In the vapour bubble of generation (B) inclusions,

C02 could be detected (lines 1388.8 and
1285.5 cnr1; Burke, 2001). H2S was detectable in
the liquid C02-phase of inclusions of generation
(A) but not in (B) and (C), based on the line
2612.4 cm4 (Salmoun et ah, 1994). Other gas
species, like CH4 and N2 were not detected, consistent
with rmcrothermometric results.

LA-ICPMS concentration data of
fluid inclusions

The solute concentrations of the early and late
C02-bearing inclusions, the aqueous brine and
partial mixtures thereof are presented in Table 2

as mean values of assemblages measured. Data
for 71 individual inclusions are reported in the
Appendix Table 2. Brine inclusions were analysed
for 17 elements, and the low-salinity, C02-rich
inclusions for 15 elements, respectively.

Figure 8 shows the metal concentrations of the
different fluid assemblages across the fluid
entrapment history. Sodium is always the most
abundant element. The total cation concentration
in the fluid of generations (A) and (C) is very low,
ranging from 100 to 500 pmol/g. The total cation
concentration of the brine (B) is between 3000
and 5000 pmol/g. All measured elements show
higher concentrations in the brine relative to
those of the pre-existing C02-bearing fluid. The
brine contains remarkably high concentrations of
Ba (on average 9 wt%, 660 pmol/g) and Pb (1.3
wt%, 63 pmol/g; Fig. 9). The metal concentrations

of fluid assemblages (B) and (BC1) are
identical within uncertainty (Table 2), and
decline with progressive entrapment of (BCl) over
(BC2) to (C), down to levels indistinguishable
from generation (A).

Element ratios monitor the relative enrichment

of Pb, Zn and Ba with respect to the alkali
elements in the brine and the effect of precipitation

and dilution on the ore metals during fluid
evolution (Fig. 9). Molar Pb/Ba ratios remain
constant during fluid evolution from (B) to (C),

11.7 4.6 792 1280 79
3.5 3.9 877 1353 80
7.9 3,3 850 1367 82
2.7 4.0 797 1294 80
2.8 3.3 837 1425 81

whereas molar Zn/Ba ratios slightly increase from
~0.15 to 0.4. The molar Pb/Na, Zn/Na and Ba/Na
ratios evolve over one to two orders of magnitude
across the evolutionary sequence and the molar
Zn/Pb ratios increase from about 1.5 to 6.

Sulphide inclusions (generation (S); Fig. 6g)
were analysed (Table 3) and identified as galena
with Ag (800 pg/g) and Sb (1300 pg/g) concentrations

similar to the bulk ore (Appendix Table 1).
These inclusions have the morphology of negative
quartz crystals and are aligned along pseudosec-
ondary trails in quartz crystals. They are petro-
graphically related to fluid inclusions of generation
<BC).

Discussion

The data are now discussed in two sections. A
short assessment of the reliability of the LA-
ICPMS fluid inclusion data precedes the discussion

of the genetic constraints on the lead occurrence

at Albrunpass in the Binn Valley.

Reliability of the LA-ICPMS
fluid inclusion data

Our results demonstrate that C02-rich fluid inclusions

of variable salinity (down to 0.5 wt%
NaQequiy) can be analysed reliably by LA-ICPMS.
The ablation process is steady and controllable
even for Very large inclusions (up to 80 pm).The
conspicuous signal spike in the beginning of an
inclusion signal (Fig. 10) is observed for all ablations

of C02-rich inclusions and is interpreted to
represent release of overpressure upon opening,
and the hump-shaped bulk part of the transient
signal corresponds to ablation of the aqueous
phase containing the dissolved salts and wetting
the inclusion walls. The transient signals also provide

qualitative information about the composition

of daughter crystals. This aids in identifying
the daughter crystals in brine inclusions and,
consequently, provides constraints on the presence of
aqueous species other than chlorides. This knowledge

is essential to performing the appropriate
salt correction during quantification, which has a
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Fluid evolution stages

Fig. 8 Element concentrations (determined by LA-ICPMS) of individual fluid inclusion assemblages across the
evolutionary fluid stages. Note the conspicuous increase of element concentrations with incursion of the brine stage
(B). For molar abundances of major cations refer to Fig. 7. For standard deviations on the single fluid inclusion
assemblages please refer to Table 2.

profound effect on the absolute element concentrations

of fluid inclusions (Heinrich et al., 2003).
For example, the LA-ICPMS signals demonstrate
that Ba is a major component of one of the large
daughter crystals, yet Raman spectroscopy
revealed that it is not barite.Two scenarios can now
be envisaged for data reduction, (1) assuming that
all Ba is present as a chloride and (2) that no
significant Ba is present as a chloride. Scenario (1)
requires BaCL to be included in the salt correction,

while scenario (2) does not. These two
scenarios were quantified for the current dataset.
The resulting differences in element concentrations

are up to 35% in the worst case. Generally
speaking, for cases where Na is the dominant cation

in an aqueous fluid, and representative
sampling of the inclusion contents provided during
laser-ablation (Pettke et al., 2000a), the element
concentration data are estimated to be accurate
to within +20% for a fluid inclusion assemblage
sensu stricto. The accuracy for the present dataset
is limited by the accuracy of the salt correction
employed (Heinrich et al., 2003). It should be
noted that element ratios in the fluid are uniquely

defined by the use of external standardisation
only (i.e., uncertainties are purely analytical) and
are thus insensitive to the type of salt correction
employed.Therefore, the accuracy on element
ratios is of the order of +10% or better, because it
chiefly depends on the analytical reproducibility
of single inclusions that belong to an assemblage.

The genesis of the lead occurrence at Albrunpass

The numerous small base metal sulphide
occurrences in the Binn Valley commonly contain exotic

and complex sulphides and sulphosalts (Graeser,

1965).The primary sulphide mineralisation at
Albrunpass is strongly dominated by galena, but
the occurrence of other sulphides and sulphosalts
as minor components makes it typical for the
area. These minerals overgrow a classical Alpine-
type fissure mineral assemblage, and they also
form cm-sized replacement veins and disseminations,

by dissolving carbonate in the host quartz-
ite. Open space fissures formed periodically during

retrograde stages of the Alpine orogeny.
Ongoing shear deformation of the Triassic rocks
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closed some of the early open-space fissures as

evidenced by quartz nodules with relics of free-
grown quartz crystal faces.

Relatively little barite was found in the field,
although increasing Zn/Ba ratios in the evolving
fluid suggest that significant amounts of barite
formed during mineralisation. This might be due
to the fact that the occurrence was mainly mined
out in the 16th century. The historic reports of high
grade Ag ore (4% in galena; Archivio di Stato di
Milano, 1576) cannot be confirmed here, assuming

that Ag concentrations are uniform across the
occurrence. Our EPMA data show that the
concentration of Ag in galena (dominating the mass
of the ore) does not exceed 1500 (xg/g, and the
LA-ICPMS data of the fluid inclusions suggest
that the ore-forming fluid contained below ~50

(xg/g Ag. Unless the occurrence did not contain a

much greater proportion of fahlores (containing

up to 1.3 wt% Ag; Appendix Table 1) than implied
by present-day findings, it can be concluded that
the occurrence probably did not produce much
Ag.

Phase proportions and microthermometric
properties of fluid inclusion generations (A), (B
(C) and (D) all indicate homogeneous entrapment.

In contrast, coexistence of brine inclusions
(generation B) with C02-bearing inclusions of
variable salinity (BC) on single trails (Fig. 6e-f)
points to heterogeneous entrapment. The entrapment

sequence of fluid inclusion types with C02-
bearing low-salinity fluids at pre- and post-ore
stages, and the close temporal relationship
between high-salinity brines and aqueous fluids of
variable salinity and C02 contents provides
evidence for the coexistence of partly miscible fluids
(Diamond, 2001 followed by progressive dilution
of the metal-charged brine by the C02-bearing
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fluid during stage (BC).Temperatures of total ho-
mogenisation of fluid inclusions from assemblages

of co-éxisting aqueous brine and high-C02
fluids during stage (BC) confine the temperature
of ore precipitation of the ore stage to about 270
°C. The measured increase in C02 homogenisa-
tion temperatures across the fluid entrapment
sequence reflects an increase in the bulk molar
volume of the fluid, hence corresponds to a decrease
in its bulk density.This may indicate a decrease in
fluid pressure during ore precipitation in
response to the late Alpine decompression of the
Central Alps. Collectively, this evidence points to
an emplacement of the sulphide occurrence at a

very late stage during the retrograde Alpine
metamoiphic history.

The galena inclusions (S) located on pseudo-
secondary trails are additional evidence for the
hydrothermal formation of the occurrence. Hof-
mann (1994) suggested the presence of a sulphide
melt during the formation of the Lengenbach de¬

posit. However, the melting temperature of pure
PbS is 1114 °C. Peak metamoiphic temperature
reached in the region is estimated to 550 °C (Todd
and Engi, 1997) and the temperature of ore
formation at Albrunpass is estimated to <300 °C.
Therefore we could not find any evidence for the

presence of a sulphide melt during ore formation
at Albrunpass.

Fluid chemistry and precipitation mechanisms

In agreement with the deduction from the major
chemical species (C02-H20-salt) of the various
inclusion generations, the concentrations of the
major cations in the fluid inclusions also document

the incursion of the brine (B into the
preexisting C02-rich, aqueous low-salinity fluid (A).
The concentrations of the cations increase by up
to three orders of magnitude from fluid (A) to (B)
(Fig. 8). The progressive salinity decrease in fluid
assemblages of stage (BC) suggests that a single

50 60

Time [sec]

Fig. 10 Transient LA-ICPMS signal of a C02,-rich inclusion with the typical spike at the time the inclusion is opened
by the laser, corresponding to a sudden internal pressure release, followed by a smooth curve while the inclusion is
ablated entirely.
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pulse of metal-charged brine infiltrated a large
mass of low-salinity, metal-poor aqueous COr
bearing fluid. These two fluid types did not mix
instantaneously, as evidenced by heterogeneously
trapped brine and C02-bearing inclusions within
the same trail. Rather, progressive dilution of the
brine (B) by the aqueous C02-bearing fluid (A)
occurred until all the brine was consumed. This
process is illustrated both by the decreasing bulk
salinities (NaClequiv, as determined by microther-
mometry. Fig. 8a) and by the decreasing element
concentrations (as determined by LA-ICPMS),
with generation (C) approaching the values in the
pre-existing fluid generation (A) (Fig. 8).

Across this evolutionary sequence, the measured

element ratios resolve the effects of pure
dilution and of specific mineral precipitation. The
molar Zn/Pb ratios, for example, evolve from
about 1.5 in generation (B) to 6 in (C) (Fig. 9),
reflecting the favoured precipitation of PbS relative
to ZnS. In fact, sphalerite occurs only accessorily
in the ore. The molar Zn/Ba ratios concurrently
evolve from ~0.15 to 0.4, recording Ba deposition
as barite, while keeping the bulk Zn in solution.
Contemporaneous precipitation of galena and
barite from the solution is consistent with the
measured Pb/Ba-ratios, which remain relatively
uniform across this evolutionary sequence. The
highly selective character of precipitation of
galena relative to sphalerite relates to the initial
abundances of Pb and Zn and to the much higher
solubility of ZnS in saline aqueous fluids under
virtually any conditions (reduced-sulphur activity
as(t), and pH), at any given temperature between
25-300 °C (Barrett and Anderson, 1988).

Because Zn remained essentially in solution
during galena precipitation, the mass ratios of the
brine (B and the pre-existing, aqueous C02-bear-
ing fluid (A) can be estimated. It is assumed that
the concentration of Zn in the fluid inclusions of
the pre-ore generation (A) fluid (24 pg/g on average)

is initial and undisturbed. Compared with
the concentration of Zn in the post-ore generation

(C) fluid (144 pg/g on average) - this represents

the amount of Zn in the spent ore fluid - the
contribution of Zn from the admixed ore-forming
brine (B to the fluid (A) is [Zn]c - [Zn]A 144-
24 120 pg/g.The ratio of the Zn concentration in
the brine (on average 6177 pg/g) and the concentration

of added Zn in (C) after complete dilution
(120 pg/g) is equivalent to the mass ratios of the
brine to the C02-rich fluid (generation A)
involved in the mixing process.This ratio (B):(A) is

approximately 1:50. These mass-balance considerations

and the small size of the occurrence suggest
that only a limited amount of metal-rich brine was
involved in the formation of the occurrence.

Raman analyses revealed the presence of H2S
in the pre-ore generation fluid (A), but H2S could
not be detected in the ore-stage fluid (B) and the
post-ore fluid (C),Therefore, the incursion of the
brine into an H2S-enriched environment and the
concurrent increase of the H2S activity relative to
the concentration of dissolved metals (Fig. 11 in
the mixture may constitute an important precipitation

mechanism. Microthermometry indicates,
however, that H2S is not a major component of
the generation (A) fluid. The limited availability
of reduced sulphur (S(Iri is also presumably the
reason that Zn remained in solution (Fig. 11).

Taking into account the fluid mass proportions
of dilute aqueous C02-bearing fluid and brine
(A:B 50:1) and assuming that all the reduced
sulphur (&) supplied by the fluid (A) was
consumed during the precipitation of galena, the molar

amount of S(r) can be estimated.The concentration

of non-precipitated Pb in the spent ore fluid
(C) is [Pb]c - [Pb]A 64 pg/g-23 pg/g 41 pg/g;
relative to the brine B which is 50 times lower in
mass: 41 pg/g X 50 2050 pg/g. This corresponds
to the amount of Pb contained in the brine (B),
that did not precipitate and, accordingly, 11'000
pg/g 0.053m; log m PbB -1.28) of Pb precipitated,

given the concentration of ~13'000 pg/g Pb
in the brine. The same concentration of S(r) would
be necessary to precipitate the Pb directly from
the brine (B) without taking the S(r) from fluid
(A). This amount of S(r) relative to the fluid mass
of (A) is then: 0.053m/ 50 1.1 X KT3mS(r)A. log
m S|-rjA -2.98). This is the best estimate for the
concentration of reduced sulphur.

Combining the measured Pb concentrations in
the different fluid generations and the solubility
model of Barrett and Anderson (1988), a maximum

pH estimate can be derived from the
estimations of the activity of reduced sulphur (aS(r))

(Fig. 11). For generation (A), where the log m S(r)
is constrained to about -3, the pH has to be lower
than 4, otherwise PbS would have precipitated
from fluid (A).The pH of the brine cannot be
estimated reliably, but as indicated by carbonate-destructive

wall-rock alteration, it is most probably
lower than the pH of (A). The concentration of
reduced sulphur in the brine (B) is deduced to be

considerably lower than that of fluid (A), because
Raman spectroscopy did not reveal S(r) in the
brine.The mixture (BC is most likely very similar
to (A) in terms of pH and as(r\, because of the high
fluid mass ratio of (A) to (B). In the fluid of generation

(C) the S(r) is mostly spent for sulphide
precipitation, the as(r) is expected to be very low, and
the pH is probably similar to (A) and (BC).The
syn- and post-ore deposition fluids (BC) and (C)
are probably not strongly undc('saturated with re-
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Pig. 11 Solubilities of PbS and ZnS plotted as molar concentrations (y-axis) against temperature for two bulk
salinities (lm and 5m NaCl, respectively), different concentrations of reduced sulphur at constant pH (Figs. 11a and
c), and variable pFl at constant concentration of reduced sulphur (Figs, lib and d). Solubility data are from Barrett
and Anderson (1988). Fields A, B, BC and G correspond to the fluid stages illustrated in Fig. 6. These data illustrate
that both an increase in the concentration of total reduced sulphur and an increase in pH can trigger galena and
sphalerite deposition, (e) illustrates our preferred model. According to the large differences in fluid masses A:B
50:1) the incursion of a potentially acidic brine would not significantly change the pH of the ambient C02-rich fluid
upon mixing, nor would the subordinate wall rock alteration observed. Shifts in concentration of reduced sulphur
S(I| upon fluid mixing are therefore identified as the main cause of sulphide precipitation.

Solubility of ZnS at pH 4 Solubility of ZnS at log m S(r)= -3

Solubility of PbS at log m S(r)= -3Solubility of PbS at pH 4
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spect to the sulphides, which constrains the range
of possible pH and aS(r) values (Fig. 11}. Given the
measured Pb and Zn abundances in the brine of
13*000 jxg/g 63 pmol/g fluid) and 6500 jxg/g
99 pmol/g fluid), respectively, and estimated pH
and aS(r), the mixed hydrothermal fluid becomes
eventually saturated with galena but not with
sphalerite, producing the observed galena-rich ore.

Fluid-rock interaction may have played only a

subordinate role as a precipitation mechanism, as

alteration envelopes are only few millimetres
thick in the relatively porous carbonate-bearing
quartzite. A hydrothermal origin of the quartzite
related to the late Alpine mineralisation can be
excluded, because of the dynamic recrystallisa-
tion of the quartz grains, which is not expected to
occur at the temperatures estimated for the
mineralisation (Voll, 1976).

Origin offluids and metals

The Pb/Na, Zn/Na and Ba/Na ratios are very
different in the early C02-rich fluid and the brine,
demonstrating that the brine containing the ore
metals and the regional-scale CCb-dominated
metamorphic fluid originate from different sourc-
es.The largest carbonate-hosted Pb-Zn deposit of
the Alps, Bleiberg, is a syngenetic stratiform and
vein Pb-Zn deposit of Middle to Late Triassic age
(230-220 Ma; Koppel and Schroll, 1985).The
metal-charged brine could thus represent a fluid from
Triassic lithologies that remobilised such a type of
a pre-existing metal enrichment, and the elevated
contents of notably Sr and Ba (Fig. 8) suggest a

genetic link with evaporites associated with Rau-
wacke horizons.

The C02-bearing fluid (generation A), on the
other hand, is likely of metamorphic origin, i.e.,
was produced by amphibolite-facies metamorphic

devolatilisation reactions at depth, possibly
in Mesozoic calcareous schists (Bündnerschiefer),
very much like the source of fluid for the meso-
thermal gold lodes of the Monte Rosa Gold District

(Pettke et al., 2000b). These rocks also contain

appreciable amounts of reduced sulphur,
consistent with the identification of H2S in the fluid

inclusions of generation (A).The pre-Mesozoic
basement gneisses of the Monte Leone nappe are
unlikely to constitute a significant source for any
of the fluids that were present during Alpine meta-
moiphism.These rocks were already devolatilised
during earlier high-grade metamoiphic events
(Biino et al., 1997), the temperature conditions of
which were most likely not exceeded during
Alpine metamoiphism at amphibolite facies. Thus,
no significant mass of fluid is expected to be
released from such basement gneisses. Fluid-rock

reaction of a Bündnerschiefer fluid with basement

gneisses, however, is indicated by the occurrence

of REE-carbonates and phosphates in close
spatial and temporal relationship with the base-
metal mineralisation at the Albrunpass. Sporadic
and small Cu-As-REE occurrence of alpine age
in the Monte Leone nappe point to a high mobility

of Cu, As and REE's during Alpine metamoiphism

(Krzemnicki, 1992). Assuming that the
C02-rieh fluid pervasively infiltrated the rock
pile, it seems unlikely that the brine travelled for a

long distance before mixing with, and being diluted

by, this regional-scale fluid.

Conclusions

The formation of a late Alpine base metal deposit
in the Binn Valley region, Switzerland/Italy, has
been investigated by detailed fieldwork and analyses

of fluid inclusions by microthermometry,
Raman spectrometry and LA-ICPMS.The hydro-
thermal system is characterised by the incursion
of aqueous brine (type B into a pre-existing, low-
salinity, C02-dominated aqueous fluid (type A),
and the progressive mixing of these two fluids.
This mixture evolved towards lower and lower
salinity, inteipreted to monitor progressive dilution
of the brine (B by the pre-existing C02-dominat-
ed fluid (A). Galena but not sphalerite precipitation

occurred concomitantly. The spent C02-rich
aqueous ore fluid (type C) again closely resembles

the pre-existing fluid (A). Heterogeneously
trapped fluid inclusion assemblages constrain the
crystallisation temperature of the ore to about
270 °C, consistent with field relations inferring
ore formation during retrograde temperature
stages of the Alpine tectono-metamoiphic evolution.

The detailed LA-ICPMS fluid inclusion
investigation demonstrates that low-salinity C02-rich
fluid inclusions (1-2 wt% NaClequiv) can be
analysed reliably. These data reveal a low abundance
of the ore metals Pb and Zn in the early (stage A)
and late (stage C) CÖ2-dominated fluids. Simple
modelling based on experimental data by Barrett
and Anderson (1988), together with measured
abundances in the brine of up to 13'700 pg/g 66

,umol/g) Pb and 7800 |xg/g 119 pmol/g) Zn, the
absence of significant amounts of sphalerite, and
the higher solubility of ZnS relative to PbS at
mineralisation temperatures of ^270 °C constrain
the pFl of the pre-ore C02-rich fluid to below ~4
and the concentration of reduced sulphur to
about 1(>3 mol/kg fluid.

Fissure formation in a brittle deformation
regime at retrograde metamoiphic conditions
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around 11 Ma opened space for the crystallisation
of a typical Alpine hydrothermal mineral assemblage.

Quartz, adularia, muscovite, pyrite and
rutile formed from a low-salinity S-bearing C02-
rich aqueous fluid of most probably metamorphic
origin, possibly from devolatilisation of Mesozoic
calcschists, the Bündnerschiefer, at depth. Ingress
of a highly metal charged brine then introduced
metals to the system. The brine was most likely
locally derived from Triassic evaporite units and

probably had interacted with a "Bleiberg-type"
Pb-Zn enrichment in order to become enriched
notably in Pb and Ba. Progressive mixing of this
brine with the aqueous C02-rich fluid resulted in
an increase of metal concentrations and associated

shifts in the amounts of reduced sulphur and

pH of the mixed fluid relative to the brine. The
increase in the activity of reduced sulphur was
probably the trigger for sulphide precipitation.
This genetic scenario is considered to be valid for
many of the late-metamorphic galena ± sphalerite
occurrences scattered throughout Triassic
sediments of the Alps.
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Appendix
Table Al Electron microprobe compositional data in wt% for hydrothermal sulfides from the study area.

Sample locality Sample-•# Mineral S Fe Cu Zn As Se Ag Cd Sn Sb Te Pb Total
Ochsenfeld LK-2.1 tn 27.36 3.88 40.00 3.31 10.43 0.06 0.20 0.04 0.24 14.97 0 0 100.49

Ochsenfeld LK-2.2 tn 26.98 3.88 39.02 3.46 10.37 0.07 0.18 0 0.17 15.06 0 0 99.19

Ochsenfeld LK-2.3 tn 27.69 4.48 39.30 2.90 13.94 0.09 0.30 0 0.15 9.37 0 0 98.22

Eggerofen LK-74 tn 28.75 3.18 42.82 3.91 15.77 0.08 0.14 0 0.03 5.37 0 0 100.05

Mine I LK-180. 04 tn 28.08 4.48 40.53 3.12 16.08 0.07 0.59 0 0.02 6.80 0 0 99.77

Mine I LK-180. 04 tn 28.53 4.67 39.14 2.69 16.77 0.10 0.46 0 0.04 5.26 0 0 97.66

Mine I LK-180..05 tn 27.93 4.49 40.76 3.06 14.73 0.08 0.54 0 0.09 8.24 0 0 99.92

Mine I LK.180.09 tn 27.57 5.40 42.50 2.47 17.88 0.06 1.11 0 0 3.45 0 0 100.44

Mine III LK-182. 00o tt 26.57 2.01 38.88 5.41 6.43 0.04 0.24 0 0.08 20.59 0 0 100.25

Mine IV LK-183. 00o tt 25.94 2.97 37.97 4.02 2.30 0.02 1.18 0 0.10 27.49 0 0 101.99

Mine IV LK-183. 00o tt 25.29 3.00 38.22 4.05 2.54 0.03 1.27 0 0.10 26.83 0 0 101.33

Mine IV LK-183. 00o tt 25.15 3.06 39.00 3.99 2.85 0.05 1.23 0 0.08 26.18 0 0 101.59

Parisit-Fst. LK-195 tt 25.03 0.97 36.39 6.54 3.39 0.03 2.42 0.17 0.11 25.48 0 0 100.53

Roti Brunnini LK-201 tt 26.68 0.43 39.81 7.14 7.68 0.06 0.35 0 0.11 18.50 0 0 100.76

Mine I LK-180. 04 (Fe, Ni)AsS 20.69 15.30 0.26 0 44.53 0.19 0 0 0 0 0 Ni: 19.73 100.70
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Table AI (continued).

Sample locality Sample-# Mineral S Fe Cu Zn As Se Ag Cd Sn Sb Te Pb Total
Hohsandhorn LK-117 gn 13 .96 n.a. 0 n.a. n.a. 0 0..12 0 0 0.13 0.03 84.59 98.83

Hohsandhorn LK-117 gn 13 .96 n.a. 0 n.a. n.a. 0.02 0..14 0.02 0 0.13 0.06 85.66 99.99

Hohsandhorn LK-117 gn 13 .96 n.a. 0.02 n.a. n.a. 0.01 0..07 0 0 0.08 0.05 85.91 100.10

Mine I LK-151 gn 13 .47 n.a. 0 n.a. n.a. 0 0 0.03 0..06 0.19 0 86.24 99.99

Mine I LK-161 gn 13 .96 n.a. 0 n.a. n.a. 0 0..06 0 0 0.07 0.03 85.45 99.57

Mine I LK-180.04-3 gn 13 .34 n.a. 0.04 n.a. n.a. 0 0..09 0 0 0.09 0.04 85.53 99.13

Mine I LK-180.04-3 gn 13 .48 n.a. 0 n.a. n.a. 0 0..08 0.02 0 0.17 0.05 86.40 100.20

Mine I LK-180.05 gn 13 .96 n.a. 0.10 n.a. n.a. 0 0..08 0.03 0 0.07 0.03 88.32 102.59

Mine I LK-17/1 gn 13 .23 n.a. 0 n.a. n.a. 0 0..07 0.03 0.05 0.04 0 88.17 101.59

Mine I LK-184.01 gn 13 .07 n.a. 0 n.a. n.a. 0 0..09 0.02 0..03 0.12 0 85.73 99.06

Mine I LK-184.01 gn 13 .55 n.a. 0 n.a. n.a. 0 0..04 0.04 0 0.07 0.05 86.11 99.86

Mine II LK-181.01-1 gn 13 .42 n.a. 0 n.a. n.a. 0 0..09 0.02 0 0.07 0 89.26 102.86

Mine II LK-181.01-1 gn 13 .18 n.a. 0 n.a. n.a. 0 0..06 0.02 n.a. 0.03 0.09 87.50 100.88

Mine II LK-181.01-2 gn 12 .70 n.a. 0 n.a. n.a. 0 0..11 0.02 0 0.06 0.05 88.44 101.38

Mine II LK-181.02 gn 13 .25 n.a. 0 n.a. n.a. 0 0..05 0.03 0 0 0 86.64 99.97

Mine II LK-181.02 gn 13 .34 n.a. 0 n.a. n.a. 0 0..11 0.02 0 0.11 0.04 85.71 99.33

Mine II LK-181.01-1 gn 13 .96 n.a. 0 n.a. n.a. 0 0..10 0.02 0 0.09 0.03 86.62 100.82

Mine III LK-182.09-1 gn 13 .47 n.a. 0.05 n.a. n.a. 0.02 0..11 0.03 0 0.08 0 87.90 101.66

Mine III LK-182.09-2 gn 13 .26 n.a. 0 n.a. n.a. 0 0..14 0.03 0 0.12 0.03 87.36 100.94

Mine III LK-182.05 gn 13 .02 n.a. 0 n.a. n.a. 0 0..07 0.04 0..02 0.14 0.04 86.76 100.09

Mine III LK-182.08 gn 13 .96 n.a. 0 n.a. n.a. 0 0..05 0.02 0..02 0.07 0.04 88.00 102.16

Mine III LK-17/3 gn 12 .88 n.a. 0 n.a. n.a. 0 0..09 0 0 0.05 0 87.58 100.60

Mine IV LK-183.01 gn 13 .22 n.a. 0.04 n.a. n.a. 0 0..15 0 0..02 0.11 0.07 87.39 101.00

Mine IV LK-183.08 gn 13 .96 n.a. 0.08 n.a. n.a. 0 0..10 0.02 0 0.06 0.03 84.75 99.00

Mine IV LK-183.08 gn 13 .96 n.a. 0.15 n.a. n.a. 0 0..06 0.02 0..04 0.04 0.03 86.84 101.14

Mine IV LK-183.08 gn 13 .96 n.a. 0.14 n.a. n.a. 0 0..08 0.02 0 0.04 0 84.77 99.01

Mine IV LK-183.08 gn 13 .96 n.a. 0.11 n.a. n.a. 0 0..03 0 0 0.05 0 86.19 100.34

Mine IV LK-17/4 gn 13 .02 n.a. 0 n.a. n.a. 0 0..08 0 0 0 0 87.91 101.01

Mines East LK-138.1 gn 13 .96 n.a. 0 n.a. n.a. 0 0..05 0 0 0.04 0.03 85.66 99.74

Mines East LK-138.2 gn 13 .96 n.a. 0 n.a. n.a. 0 0..09 0.02 0 0.07 0.03 88.55 102.72

Mines East LK-138.3 gn 13 .96 n.a. 0 n.a. n.a. 0 0..06 0.03 0 0.07 0.03 88.61 102.76

Mines East LK-138.1 gn 13 .96 n.a. 0 n.a. n.a. 0 0..09 0.03 0 0.06 0.03 88.58 102.75

Ochsenfeld LK-2.1 gn 13 .28 n.a. 0.03 n.a. n.a. 0.06 0..28 0.02 n.a. 0 0.06 86.87 100.60

Ochsenfeld LK-2.1 gn 13 .43 n.a. 0 n.a. n.a. 0.06 0.36 0.02 0 0 0.07 85.65 99.59

Ochsenfeld LK-2.1 gn 13 .96 n.a. 0.03 n.a. n.a. 0.04 0..31 0.02 0..11 0 0.04 87.93 102.44

Ochsenfeld LK-2.1 gn 13 .24 n.a. 0.03 n.a. n.a. 0.04 0..27 0.03 n.a. 0 0.08 83.98 97.67

Ochsenfeld LK-2.2 gn 13 .34 n.a. 0 n.a. n.a. 0.04 0.37 0 0..02 0 0.04 85.88 99.69

Ochsenfeld LK-2.2 gn 13 .27 n.a. 0.06 n.a. n.a. 0.06 0..33 0.02 0..04 0 0.07 88.99 102.84

Ochsenfeld LK-2.4 gn 13 .24 n.a. 0 n.a. n.a. 0.05 0..26 0.02 0 0 0.06 84.83 98.46

Ochsenfeld LK-40.2 gn 13 .24 n.a. 0 n.a. n.a. 0 0..78 0.02 0 0.78 0 85.10 99.92

Ochsenfeld LK-59 gn 13 .45 n.a. 0 n.a. n.a. 0 0..27 0.04 0 0.29 0 85.65 99.70

Ochsenfeld LK-188 gn 13 .43 n.a. 0 n.a. n.a. 0 0..19 0.06 0 0.20 0 86.17 100.05

Parisite location LK-32-1 gn 12 .90 n.a. 0 n.a. n.a. 0 0..18 0.03 0..03 0.16 0.04 87.49 100.83

Parisite location LK-32-2 gn 12. .95 n.a. 0.04 n.a. n.a. 0 0..27 0.04 0 0.20 0.06 85.26 98.82

Parisite location LK-32-2 gn 13 .02 n.a. 0 n.a. n.a. 0 0..27 0.04 0 0.16 0.07 89.00 102.56

Parisite location LK-32-3 gn 12 .59 n.a. 0 n.a. n.a. 0 0..27 0.03 0 0.26 0.04 85.80 98.99

Parisite location LK-32-4 gn 13 .19 n.a. 0.03 n.a. n.a. 0 0..19 0.04 0 0.19 0 87.29 100.93

Parisite location LK-32-5 gn 13 .19 n.a. 0.13 n.a. n.a. 0 0..31 0.03 0..08 0.27 0 84.96 98.97

Mine II LK-63-1 gn incl. in qtz 13 .96 n.a. 0 n.a. n.a. 0 0..10 0 0 0.07 0.08 86.05 100.26

For locality names refer to Figure 2
tn—tennantite
tt—tetrahedrite
gn—galena
gn incl.—galena inclusion (S) in quartz
n.a. —not analysed (galena: Fe, Zn and As were below the detection limit for a few test runs and were not measured in the regular
analyses of galena)
zero values—analysed but no signal
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