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REE geochemistry systematics of scheelite from the
Alps using luminescence spectroscopy: from global regularities

to local control

by Evgeny Uspensky1, Joel Brugger2 ' and Stefan Graeser2

Abstract

Scheelite [CaWOJ is a common accessory mineral m various kinds of rocks and ore deposits. Rare earth elements
(REE) geochemistry of ore minerals may give information about the source of the ore-bearing fluid, and about the
physico-chemical conditions of ore transport and/or precipitation Luminescence spectroscopy is able to detect several

of the REE3+ ions substituting for Ca2+ in the scheelite lattice; however, difficulties in the interpretation of the
luminescence spectra in terms of quantifying the REE prohibited the extensive use of luminescence as an analytical
method for REE in scheelite.

This paper describes a new luminescence method, named thermal X-ray excited luminescence spectroscopy
(XLT), which drastically increases the peak/background ratio in the luminescence spectra of scheelite. This method
allows to analyse even small samples (single grains < 0.2 mm), is sensitive only to REE3+ ions replacing Ca2+ in the
scheelite lattice (avoiding contamination e.g., by mineral inclusions), and is well suited for the analysis of large sample

sets.
Our study concentrates on 70 samples of scheelite from the Alps, but draws on a yet unpublished database of

more than 2000 scheelite spectra from 350 occurrences world-wide. This work demonstrates that luminescence spectra

are a powerful tool m the discussion of diverse metallogemc problems, even if they are not converted to REE
concentrations.

The luminescence spectra of scheelite exhibit several characteristic features which are diagnostic to the genetic
type of the mineralisation. In particular, it is possible to distinguish scheelites from skarn/calcsihcate rocks, from
molybdemte-vems, from stratabound metamorphic deposits, or from hydrothermal deposits. Scheelite from
hydrothermal Au-deposits also often display distinctive characteristics.

Different case studies illustrate the ability of the XLT method to recognise hydrothermal events at the scale of
an ore province Applied to the study of single grains from heavy mineral concentrates obtained from fluvial
sediments, the XLT method enables the genetic type of the lode deposit to be recognised, thus proving to be a promising

prospecting tool.

Keywords: scheelite, Au-deposits, luminescence spectroscopy, geochemistry, REE, Alps.

Introduction

In the last few decades the geochemistry of REE
has been used with great success mainly in petro-
genetic studies of igneous rocks. However,
relatively few investigations are devoted to studies of
REE in ore-forming systems (see Lottermoser,
1992 and Gieré, 1996 for recent reviews). The
REE pattern of a hydrothermal mineral is con¬

trolled (i) at the source, by the nature of the REE
reservoir; (ii) during transport, by the physico-
chemical parameters of the fluid, including Eh,
pH, T, and availability of ligands for REE com-
plexation, and (iii) at the place of precipitation, by
competition with other species and by the mechanisms

of REE incorporation by the mineral, e.g.,
equilibrium (Morgan and Wandless, 1980) or
disequilibrium (Rakovan and Reeder, 1994) co-

1 IGEM of Russian Academy of Sciences, Staromonetny Per. 35, Moscow, 109017 Russia.
2 Institute for Mineralogy an Petrography, University of Basel, Bernoullistr. 30, CH-4056 Basel, Switzerland.
3 Present address: VIEPS, Department of Earth Sciences, Monash University, Clayton, Victoria 3168, Australia.

<joelb@artemis.earth.monash.edu.au> (corresponding author).
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precipitation, or sorption (Koeppenkastrop and
De Carlo, 1992). The applications of REE
geochemistry to hydrothermal systems reflect the
various nature of the controlling processes; thus,
REE contents of hydrothermal minerals were
used for example to monitor the source of ore-
bearing fluids (Cottrant, 1981; Fleet, 1983), the
physico-chemical conditions of solute transport
(Bau, 1991), the mechanisms of crystal growth
(Rakovan and Reeder, 1996), or the dynamics of
hydrothermal systems (Moller and Morteani,
1983; Moller et al., 1984). Moller et al. (1976)
investigated the systematics of the REE contents
of fluorite, and found a correlation with the
genetic type of the deposit: they were able to distinguish

between fluorite of diagenetic, hydrothermal
and magmatic origins.

Scheelite (CaW04) is a mineral that, even if
present in limited amounts, is widespread in a
large variety of deposits (primary and placer)
ranging in age from Early Archaean to Tertiary.
Scheelite incorporates REE via the substitution
of Ca2+ (up to 2.0 wt% REE20,-total, Semenov,
1963). Raimbault (1985) suggests a preferential
uptake of HREE from a hydrothermal fluid by
apatite, which leads to an enrichment about four
times greater for Lu than for La, relative to the
fluid. By comparing REE contents of cogenetic
scheelite and apatite, Raimbault et al. (1993)
deduce that scheelite and apatite behave similarly
during REE uptake from a fluid. Scheelite
appears in the early assemblages of different types
of mineralisations, and thus can record the REE
patterns of early fluids. It is therefore a good monitor

of the REE patterns of mineralising fluids.
Additionally, scheelite shows a potential for
Sm/Nd, Rb/Sr (Anglin, 1990; Bell et al., 1989;
Kent et al., 1996) and Pb/Pb isotopic analyses.

We have used a newly developed type of
luminescence spectroscopy, named thermal X-ray
excited luminescence spectroscopy (XLT), to study
70 scheelites from deposits of various genetic type
in the Alpine region. The luminescence spectra
fingerprint the trace elements content of scheelite,

and are particularly sensitive to some REE3+
ions substituting for Ca2+ in the scheelite crystal
lattice. The main aim of this paper is to identify
characteristic features or patterns among the
luminescence spectra of scheelite, and then to
correlate these features with geologically relevant
parameters.

The knowledge of these regularities, combined
with the flexibility of the XLT analytical method,
forms the basis of a new approach to the study of
different kinds of ore deposits. Some examples
related to metallogeny and Au-prospecting will
illustrate this method.

Optical luminescence

REE optical luminescence resulting from different

exciting radiations (e.g.,X-rays, UV, electrons)
has been recognised in many minerals including
fluorite, apatite, carbonates, and scheelite
(Mariano and Ring, 1975). For scheelite, two kinds
of luminescence can be distinguished (inset in
Fig. lc):

(i) a broad peak of the so-called "self-luminescence"

(SB self-luminescence band) is an
intrinsic property of the mineral, and has been
attributed to a charge-transfer electronic transition
in the molecular orbital scheme of the (W04)2~
(resp. (MoC)4)2 in Mo-bearing scheelite) complex
(Grasser and Scharmann, 1976).

(ii) sharp peaks,called "characteristic peaks",
are related to REE3+ ions in substitution of Ca2+.

Therefore, in contrast to other analytical methods

such as isotope dilution (ID), instrumental
neutron activation (INA), or inductively coupled
plasma mass spectroscopy (ICP-MS), luminescence

spectroscopy discriminates between REE
as structural admixtures in scheelite from REE
present in foreign mineral inclusions within the
scheelite matrix (e.g., monazite-(Ce) and xeno-
time-(Y), Ivanova and Poty, 1992), in fluid inclusions,

or absorbed on crystal surfaces. Quantitative
evaluation of the spectra, though possible in

certain cases (see e.g., Cottrant, 1981 for scheelite),

is not generally recommended due to practical

problems, such as sample quantity, purity, and
the presence of different admixtures that can
quench (e.g., Fe2+) or activate (e.g., Y3+, Kempe et
al., 1991) the luminescence of specific centres. The
luminescence spectra, however, allow to characterise

scheelite, and to qualitatively recognise
some features of the trace element content of
scheelite. Additionally, the luminescence
technique is fast (2 min to obtain a spectrum), does not
request sophisticated sample preparation (single
raw grains up to 0.2 mm can be successfully
analysed), and is relatively inexpensive. These
qualities allowed us to build a reference database
of more than 2000 luminescence spectra obtained
using the techniques described below on scheelite
from more than 300 localities world-wide.

XL and XLT methods

PRINCIPLES

X-ray excited luminescence (XL) spectra of
scheelite usually display an intense and broad SB
on which the characteristic peaks of REE are
superposed (Fig. lc). Many natural samples, such as
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skarn scheelites (Fig. la), have elevated SB and/or
decreased REE content and thus, the characteristic

peaks are hidden by the SB.

During the last years, a new method for studying

the REE-luminescence in natural scheelites
was developed: the thermal X-ray excited
luminescence (XLT; Uspensky, 1994; Uspensky and
Aleshin, 1993). Limarenko et al. (1978) studied
the temperature dependence of SB and characteristic

peaks of trivalent REE in synthetic schee-
lite crystals doped by Tb, and established that
while the intensity of the SB quickly decreases
with increasing temperature, the intensities of the
characteristic REE peaks remain nearly constant.
The XLT method takes advantage of this
contrasted temperature dependence to obtain better
characteristic peak/background values for all the
peaks. An optimum temperature of 250 °C, low
enough to avoid déstabilisation of the REE3+
luminescence centres, but high enough to achieve a

significant decrease of the SB intensity, has been
chosen on the basis of empirical tests. XL and
XLT spectra for two samples are reported on
figure 1. The XL spectrum (Fig. la) of the skarn
scheelite with low REE content CFIS3 displays

only the SB, whereas characteristic peaks
(marked on all spectra by the symbols of the
corresponding REE) are resolved on the XLT spectrum

of the same sample (Fig. lb). The SB disappears

completely in the XLT spectrum of the sample

from a molybdenite-aplite (SLT14: Figs lc and
Id).

HOW TO READ THE XLT-SPECTRA

Table 1 shows the REE which can be studied
using XL and XLT; for comparison, those REE
which are quantifiable by ID are also listed. As
discussed above, we will not try to extract quantitative

data from the XLT spectra, but use them for
comparison. Two XLT-spectra with corresponding
chondrite normalised REE patterns are shown in
figure 2. In all illustrated XLT-spectra, an asterisk
near the sample number marks the spectra
corresponding to samples for which a quantitative
REE analysis is available.

To interpret the XLT spectra, the following
points should be kept in mind:

(i) The Eu-anomaly (Eu*/Eu) describes the
deviation of Eucn from a smooth chondrite nor-

XL-spectra (meas. ® 25°C) XLT-spectra (meas. @ 250°C)
.4 Azegour skarn, Morocco CHS3

Yellow

Azegour skarn, Morocco CHS3

450 500 550 600 650 [nm]

Gerstenhörner, Grimsel, BE SLT14

650 fnmj

450 500 550 600 650 [nm]

SLT14
ITT.1 1 1 1 Li:
DyT

Gerstenhörner, Grimsel, BE
|——H—I g

I I I I—J"

Mé*

450 500 550 600 650 [nm]

Fig. ] Comparison of XL and XLT methods. The arrows on the XL spectra indicate the position of the SB maximum,

which is shifted towards the yellow spectral area in the sample with elevated Mo-content (> 0.1 wt% Mo, Fig.
lc). The SB of pure powellite, CaMo04, occurs at 530 nm. In all the figures, the label " Mo-» " on a XLT spectrum
indicates a scheelite with elevated Mo-content (i.e. more than about 0.1 wt%).



Notes: Yb-luminescence (NIR-area of spectra) has not been observed in natural scheelites, but Yb3+ centers were
discovered recently in natural scheelite crystals using low temperature electron spin resonance (Hanuza et al., 1994).
The luminescence peaks of the elements in parentheses were not used in this study, though they may appear on some
XL or XLT spectra: The Pr and Er peaks in the XL-spectra are mostly not usable for calculation. The characteristic
Nd-peaks are located in the near infra-red (NIR) region (900-1100 nm), and their measurement requires special
apparatus. Gd can only be measured by the XL method, because the intensity of this peak becomes unstable at higher
temperatures. The luminescence associated to Ho is very weak even in the XLT-spectrum of the Ho-scheelite
standard. Tm needs special attention because of complex overlap with some Dy-peaks.
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Tab. 1 REE determined by the XL/XLT (threevalent form) and ID methods.

LREE (Light Rare Earths) HREE (Heavy Rare Earths)

57 58 59 60 61 62 63 64 65 66 67 68 69 70 71

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

XL (X) (X) X X (X) X X (X) (X) (X)

XLT X (X) X X X X (X) X (X)

ID X X X X X X X X X X

malised plot, and is defined as Eu*/Eu 2 Eucn/
(Smon + Gdcn), where the index (cn) refers to chon-
drite normalised values. A comparison of the
XLT-spectra with the chondrite-normalised
patterns produced in this study and available in the

Au vein
4 Stepnyak, Kazakhstan *ST1E

literature shows that the ratio of the intensities of
the Eu3+ and Dy3+ XLT-peaks can be used as an
estimate of Eu*/Eu: Eu3+/Dy3+ > 2 usually
corresponds to scheelite with positive Eu-anomaly
(e.g., Fig. 2 a, b), and Eu3+/Dy3+ < 0.5 to scheelite

Fig. 2 Comparison of XLT spectra and chondrite-normalised REE data obtained by isotope dilution data. The
Stepnyak Caledonian gold and scheelite-bearing quartz-carbonate-sulphide veins are situated inside a granodiorite stock
and the intruded, altered volcanic-sedimentary rocks. The Mesozoic molybdenite-scheelite quartz veins (± fluorite,
minor arsenopyrite and pyrrhotite) at Kalyan are situated in altered volcano-sedimentary rocks.
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with negative Eu-anomaly (e.g., Fig. 2 c, d). One
should keep in mind that scheelite can incorporate

Eu2+, which does not appear on XLT spectra.
However, all the samples with high Eu2+/Eu3+
ratios analysed to date had very high positive Eu-
anomaly, and this was reflected in the Eu3+/Dy3+
ratio (Brugger and Uspensky, in prep.).

(ii) The Sm3+ and Pr3+ peaks, and in particular
the SmS:/Er3 ratio, are used to monitor the light
REE (LREE).

(iii) The most important parameter for the
classification of the XLT spectra is the ratio of the
peaks Er3+-Tb3+-Dy3+, which monitors the shape
of a portion of the heavy REE (HREE) part of
the pattern.

(iv) In some cases the relative enrichment of
REE in scheelite can be inferred from the sum of
the intensities of the characteristic peaks.

(v) The colour of the luminescence of scheelite

under short wave UV allows to estimate the
Mo-content of the mineral: blue: "Mo-free";
yellow: > 0.1% Mo (Tyson et al., 1988; cf. column
VLu in Tab. 2). The position of the SB maximum
on the XL spectrum allows to refine this estimate
(Fig. 1): it shifts from about 430 nm (< 0.05-0.1
wt% Mo) to 475 nm (0.1-1.0 wt% Mo) and to
480-530 nm (a few wt% Mo or more). The label
[Mo*»] on the XLT spectra indicates scheelites
with elevated Mo-content (i.e. more than about
0.1 wt% Mo, enough for changing the UV
luminescence from blue to yellow).

ANALYTICAL PROCEDURE

The XLT method was used to obtain the REE3+
luminescence spectra, and quantitative REE-
analyses were carried out by ID on 11 scheelite
samples to illustrate the chondrite normalised
patterns associated to some common XLT-spec-
trum types, and to support the discussion of the
luminescence data on Mt Chemin and Sotto Ceneri
scheelites.

All scheelites were purified by hand picking
under a binocular microscope coupled with a UV-
lamp (Hg-bulb, 240 W and UFS5-filter with maximum

of transparency near 260-300 nm). The
concentrate was then crushed in a small agate mortar
and sieved using copper mesh sieves. Each fraction

was again examined for purity under the
microscope. When sufficient scheelite was available,
measurements were carried on the 0.15-0.25 mm
fraction which was distributed over a surface of
2X4 mm; in some cases, however, several
individual scheelite grains (0.05-0.1 mm in size), or
even single grains (about 0.2-0.5 mm) have been
used. Test measurements have shown good agree¬

ment between the XLT-spectra obtained on a typical

preparation and a single grain from the same
scheelite sample.

X-rays (30 kV, 60 pA) from a small medical
X-ray tube, which produces wide-angle radiation,
pass through a thin aluminium plate on which the
sample is located. XLT spectra were collected at
250 °C in air, in the 400-700 nm spectral area.

The experimental equipment consists of a
MDR23-monochromator (LOMO, St Petersburg,
Russia) coupled with a FEU100 photomultiplier
(200-800 nm).The operating software was written
by Gregory L. Stesik, and that for spectra
processing by Alexey P. Alioshin (IGEM Russian
Academy of Sciences). The latter program calculates

the intensities of characteristic peaks
corrected for influences from SB and spectral
interferences, and yields the following tables, which
can be requested from the senior author: (i)
intensities; (ii) intensities normalised to the most
intense peak in the spectra; (iii) different ratios of
characteristic peaks.

The following characteristic peaks were selected

by considering the XLT spectra obtained on
synthetic scheelites doped with individual REE3+
(1000-3000 ppm): Tm3+ - 453 nm; Pr3+ - 487 nm;
Er3+ - 520 nm; Tb3+ - 544 nm; Dy3+ - 574; Eu3+

- 615 nm; Sm3+ - 643 nm. Synthetic scheelites were
created by keeping stoichiometric mixtures of Na2
W04 • 2 H20 and CaCl2 • 2 H20, together with the
REE chloride of interest, for 2 hours at 900 °C in
open quartz tubes filled with molten NaCl, and then
slowly cooling them to room temperature during
20 hours. After washing with distilled water, we
obtained colourless crystals of scheelite, 0.01- 0.5 mm
in size. These scheelites exhibit luminescence spectra

similar to those of Caruba et al. (1983).
Because the main Pr3+ peak coincides with a

Dy3+ peak (in the figures, the Pr3+ peak is usually
labelled as "Pr3+ + Dy3+"), we used the formulae
(1), resp. (2) for scheelite in which 478anmDy3+ is
absent, to calculate the "real" value of the Pr3+ peak
(meas intensity measured on the sample; synth

intensity measured on the synthetic scheelite
containing only Dy; corr intensity corrected for
the interference; the position of the peak is given
as an index):

I I
J «"'PrV me,Up b - ^-V

_ I I
487imrl AHlnm *1478nmUy ' *1 — unAr-v ,3+

— 1 ^
[ AT&nm y

(2)1 "'"Pr,+ "iraspr14- k _
^rèmPy

412487«mrl 487noi *2 -
I K7 487nmi/y

Sample description and scheelite metallogeny

The list of scheelites from the Alps which were
studied by the XLT method is given in table 2, and
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the location of the samples from the Central Alps
is indicated on figure 3. The variety of geological
settings encountered in the Alps allows sampling
of scheelite of various ages and genetic types. This
section presents a brief geological and metallo-
genic overview of the mineralisations from which
the samples were collected. Emphasis is given to
the parameters that could be correlated with the
characteristics observed in the XLT-spectra; some
of the scheelite occurrences which are not well
known are discussed in greater detail.

This section also may be read as an introduction

to the metallogeny of scheelite, and illustrates
the very large variety of deposits in which this
mineral appears.

SKARN

The formation of Au-rich arsenopyrite-bearing
skarn at Salanfe (VS) is related to a leucogranite,
which formed by partial melting of Ordovician
granitoids during a Variscan regional metamor-
phic event. After an initial " metamorphic stage ",
the skarn shows a typical evolution from prograde
(stability of H20-free minerals such as hedenber-
gite) to retrograde stage (pyroxene altered to
chlorite, amphibole and epidote; Chiaradia,
1993). The main scheelite generation is deposited
in the early prograde stage in association with
pyroxene and allanite (Chiaradia, 1993), and a
second generation (not studied here) appears at the
end of the retrograde stage. The precipitation of
Au-bearing arsenopyrite begins during the pro-
grade stage but post-dates the main scheelite
generation, and continues during the retrograde
stage. Chiaradia (1994) infers a sedimentary
enrichment of W in metagraywacke (Upper Pro-
terozoic to Cambrian) possibly by exhalative
processes, and suggests that the W deposited in
the skarn was extracted from the metagraywacke
and not from the anatectic leucogranite, the latter
acting just as a motor for hydrothermal convection.

Euhedral scheelite crystals up to more than
1 cm in size occur in the Fe-B-skarns of Brosso
and Traversella (Italy). Both skarns are situated in
the metamorphic formations of the Sesia Lanzo
zone (micaschists with eclogite and dolomitic
marble intercalations) at the contact with the
Tertiary Traversella pluton (monzodiorite to grano-
diorite). A complex evolution from skarn to
hydrothermal quartz-arsenopyrite veins is observed
(Giussani, 1978).

MOLYBDENITE-APLITES AND
MOLYBDENITE-BEARING QUARTZ VEINS

Many molybdenite-aplites occur in the Aar massif,

some of them containing scheelite (e.g., Ger-
stenhörner, Nägelisrali; Stalder and Wenger,
1988). A Stockwerk of such aplites in a Pre-
Variscan orthogneiss (granodiorite) at the contact
between the Hercynian Central Aar granite and
the old basement at Alpjahorn in Baltschiedertal
represents the largest Swiss Mo-deposit (Engel
et al., 1986).

Within the Tertiary Bergell granite, scheelite is

reported from smoky quartz veins (± Bi-sulfo-
salts, molybdenite, ...; Maurizio and Meisser,
1993; Parker, 1973). At Bedovina (Predazzo,
Italy), a Stockwerk of veins with scheelite, chal-
copyrite, ± pyrite, ± stibnite, ± molybdenite and
± monazite crosscuts a Triassic monzonite (Zuf-
fardi, 1989).

ACID TO INTERMEDIATE MAGMATIC ROCKS;
PEGMATITES

Many plutonic rocks bear small amounts of
scheelite. Thin vugs in the monzonite in Valle Cer-
vo (Italy) and the pegmatitic pockets of the
Permian Baveno granite contain this mineral. Scheelite

together with chalcopyrite occurs in a shear
zone within the Cristallina meta-granodiorite
(Gotthard Massif; Wenger, 1987). The Mn-(Ba,
W) vein of Haut Poirot, in the Variscan two-micas
Remiremont granite, represents a typical intra-
granite mineralisation (Fluck and Weil, 1975).

STRATABOUND METAMORPHIC DEPOSITS

In this important group of deposits,W-enrichment
in volcano-sedimentary rocks pre-date metamor-
phism during which scheelite re-crystallised. The
large Felbertal deposit (Austria) belongs to that
group, but is not discussed here.

Canton of Valais (Switzerland;
Penninic domain and External massifs)

Many, mostly small-sized stratabound deposits
have been found during the UROMINE
prospecting project (Woodtli et al., 1987) in the
basement of the Aar massif (Burstspitza,
Lötschental) and in the Pre-Westphalian basement

of the Siviez-Mischabel nappe (Val
d'Hérens, Val d'Anniviers, and Turtmanntal).
These deposits are related to inhomogenous, am-
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phibolite-bearing series, whereby the mineralisation

predates a Variscan, amphibolite-facies meta-
morphism. At Burstspitza, W is associated with a
Bi-Ag ± Pb anomaly. Scheelite has also been
found in the amphibolites of the Aiguilles Rouges
massif (Luisin, La Creusa). An early (syn-genetic
to diagenetic) enrichment of W is assumed for all
these stratabound deposits (Woodtli et al.,
1987).

Sotto Ceneri (Switzerland and Italy)

The Sotto Ceneri belongs to the crystalline
basement of the Southern Alps, which underwent a
complex polyphase evolution: the Caledonian
metamorphism produced migmatitisation and led
to intrusion of the protolith of the " Cenerigneiss "

into metasedimentary sequences. After exhumation,

sedimentation took place on these metamor-
phic rocks (e.g., clayish sandy schists of Val Colla).
The Hercynian metamorphism occurred under
upper greenschist to amphibolite facies conditions,

and, during Permian, this basement was
penetrated by numerous dykes. Many vein deposits
(Fe-As-Au; Sb-Au) occur in Sotto Ceneri (mostly

in the Malcantone). Their formation post-dates
the dykes intrusion, but still seems to be related to
the Permian volcanism (Koppel, 1966).

Several types of scheelite mineralisation can
be distinguished: in the "Ceneri-zone (1) in calc-
silicate bed; (2) in biotite-gneiss ("Cenerigneiss"),
(2a) along schistosity, (2b) in discordant quartz-
chlorite veinlets; in the clayish-sandy schists of Val
Colla: (3a) within concordant calcsilicate-bearing,
quartz-rich layers; (3b) in discordant shear zones
and quartz veinlets (Wenger, 1983,1987).

Wenger (1987) proposed an early (sedimentary

exhalative to epithermal) input of W in the
" Cenerizone ". This mineralisation has been
reworked several time (Caledonian and Hercynian
metamorphisms, Permian volcanism). The
clayish-sandy schist of Val Colla is the product of the
erosion of rocks which already contained a W
mineralisation. The main mineralisation within
the Val Colla schist seems to be related to
hydrothermal activity connected to the acid Ordovi-
cian volcanism (Wenger, 1987; Zurbriggen,
1996).

HYDROTHERMAL DEPOSITS

"Alpine vugs"

In this paper, we will use the expression "Alpine
vug" to describe open fractures occurring in

quartz (± carbonate) veins related to the Alpine
metamorphic evolution. In some cases, scheelite
from an "Alpine vug" is directly related to a
stratabound/vein W-mineralisation. However,
many isolated Alpine vugs contain scheelite but
are not related to any recognised W-mineralisation.

The famous mega-crystals from Kammegg,
Haslital, BE (a crystal of 932 g found in 1887 was
the largest scheelite crystal known in Europe at
that time; Stalder and Wenger, 1988; Parker,
1973) come from a vug containing quartz, adular-
ia, actinolite-asbestos, epidote, chlorite, and
goethite within an amphibolite of the Aar-massif
basement. Intensive prospecting with UV lamps,
however, could not locate any disseminated W-
mineralisation (Stalder, oral comm.). Another
similar find is reported from Alpe di Boverina
(Val di Campo,TI) in "Alpine vugs" with quartz ±
scapolite, pyrite, rutile, muscovite, tourmaline
inside the Triassic "Quartenschiefer" belonging to
theMesozoic "Muldenzone" of the Gotthardmassiv

(Toroni, 1984). Scheelite crystals up to 3 mm
in diameter occur in "Alpine vugs" from the
Leventina gneiss near Iragna and Lodrino, TI (Bian-
coni and Simonetti, 1967), and were formed as a
result of remobilisation from Ti-Mo-W-U-peg-
matites. The scheelite crystals from the Tunnel
Mittal-Hohtenn (Lötschental, VS) represent
Alpine mobilisation of W from a Mo-aplite within

the Aar-Massif basement (Graeser, 1984).

Au-deposits

A Stockwerk of quartz-carbonate-fluorite-gold-
pyrite-arsenopyrite-scheelite veins associated
with extensive hydrothermal alteration occurs in
the core of an Anticline in Mesozoic sediments of
the Helvetic domain near Felsberg ("Calanda"
deposit, GR). Scheelite up to 1 cm in size appears
as xenomorph grains in quartz, and as euhedral
crystals in numerous vugs (grown on quartz and
fluorite crystals) or in fluorite masses; disseminated

scheelite occurs mostly within Dogger
carbonate-bearing sandstones (graphite and hematite
locally abundant; Bachtiger, 1974; Bachtiger
et al., 1972). According to Audétat (1995) the
burial of the "Tavetscher Zwischenmassiv"
underneath deeper crustal layers released huge
quantities of fluids which have been concentrated
along the axial plane of an anticline. During the
latest stage of the fluid-rock interaction, Au
was precipitated by boiling. The whole mineralising

event took place between 210-350 °C, and
1-3 kbar.

In the Val Toppa (Italy), several quartz-sulphide

± gold-scheelite veins crosscut the main
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schistosity of the " Scisti cristallini della zona del
Canavese", a < 5 km thick band between "zona
diorito-kinzigita principale" to the SE and
"seconda zona dioritica" to the NW, at the Eastern
limit of the " Sesia-Lanzo " zone (Stella, 1943).

The "Filone Quarazzola" in Val Quarazzo
(Provincia di Torino, Italy) is a quartz ± pyrite-ar-
senopyrite-scheelite-gold vein occurring in the
"gneiss ghiandone" in the Monte Rosa nappe
(Stella, 1943).

The Schellgaden (Austria) stratabound W, Au,
Pb, Zn, (Mo), Te, (As), B and F deposit is hosted
by schists and quartzite lenses belonging to the
Murek nappe (Penninic zone of Eastern Hohe
Tauern), which mostly consists of amphibolites,
hornblende gneisses and migmatites. An origin
contemporaneous with the host rock, possibly by
exhalative processes, seems likely for this deposit
(Finlow-Bates and Tischler, 1983).

The Silberpfennig (Austria) quartz-sulphide ±
scheelite vein deposit is hosted by the "Central
Gneisses " of the Penninic zone of Eastern Tauern,
and it belongs to the Siglitz province (Exel, 1993).

The Disentis (GR) Au-anomalies are embedded

in chert layers within fine-grained sericite and
sericite-muscovite schists, whose protolith could
be tuffs containing some ultrabasic rocks. These
series belong to the Tavetsch Crystalline Massif,
which separates the Gotthard Massif from the
Aar Massif (Knopf et al., 1989). Three main
stratabound Au-mineralisations have been recognised;

they are associated with wide hydrothermal
alteration haloes characterised by sericitisation
and carbonatisation. Two types of mineralisation
can be distinguished: (i) massive sulphide beds
(up to 5 cm and 8.5 g/t Au) and (ii) disseminated
sulphides in quartz-rich rocks; ore minerals are
pyrite, arsenopyrite, pyrrhotite, magnetite, ± stib-
nite, ± bismuthinite, ± sphalerite, ± galena, ± il-
menite, ± tetrahedrite, ± chalcopyrite. Gold crystals

sometimes occur in "Alpine vugs" together
with quartz crystals. Scheelite up to now has not
been described from the lode ore, but it occurs
together with Au in the heavy concentrates of the
Medel river near Disentis.

The occurrences from Mt Chemin

The Mt Chemin near Martigny (VS) represents
the NE end of the Mt Blanc Massif. A paragneiss
series with amphibolite and marble intercalations
was subjected to a Variscan amphibolite fades
metamorphism, and was intruded by the late
Variscan Mt Blanc granite (304 Ma, Bussy, 1990);
marbles were locally transformed into andradite-
magnetite skarn. Some fluorite-quartz (± barite,

galena, sphalerite) veins were emplaced in the
basement after the crystallisation of the Mt Blanc
granite, but before the deposition of Triassic
sediments (Wutzler, 1983). During the Alpine
orogeny, all these rocks and deposits underwent
metamorphism at greenschist facies conditions.

The main scheelite mineralisation at Mt
Chemin occurs at the "Tête des Econduits" and is
located in a quartz-porphyry dike related to the
Mt Blanc granite. Veinlets of massive scheelite up
to 5 cm in thickness crosscut the rock. Most of the
scheelite has been redeposited in a network of
Alpine quartz veins, which display many vugs in
which scheelite crystals coexist with quartz, adu-
laria, pyrite, fluorite and various, relatively abundant

REE-minerals. An associated Au-minerali-
sation, where native gold occurs in altered pyrite,
has been recognised recently. A maximum age of
12 Ma (4,iArCAr adularia) and temperatures of
250-350 °C are reported for this mineralisation
(Marshall, 1995). Furthermore, scheelite has
been reported in very small quantity from four
other localities at Mt Chemin: (i) near Chez Larze,
an "Alpine vein" bears quartz, siderite, and
scheelite [SLT31]; (ii) one sample of a quartz-cal-
cite-pyrrhotite vein collected on the dumps of the
Road Tunnel "Mt Chemin" (17.9.89) contains one
scheelite grain, 1 cm in size [SLT30]; (iii) in the
fluorite mine, scheelite grains smaller than 1 mm
occasionally occur within the massive fluorite, or in
thin fractures (0.1-0.5 mm thick) in the embedding

rocks [SLT25,26]; (iv) quartz-epidote-amphi-
bole veinlets crosscutting the Fe-skarn in Couloir
Collaud occasionally bear scheelite; Marshall,
(1995) gives PT values from 365 °C at 2.5 kb to
425 °C at 5.2 kb along a fluid inclusion isochore for
that vein type [SLT32],

It should be noted that mobility of REE at
Mt Chemin during Alpine metamorphism is
documented by the occurrence of REE minerals in
different types of "Alpine vugs" (Meisser and
Ansermet, 1993).

Global features among the XLT Spectra of
scheelite from the Alps

Some chondrite normalised REE patterns can be
found on figure 4 (data on Tab. 3). The bivariate
plot of figure 5 uses the Eu37Dy51 peaks ratio
from the XLT spectrum as an estimate of the Eu
anomaly, and Er3+/Tb3+ as a marker of the shape of
the REE pattern. This simple variation diagram
allows to discriminate between scheelite formed
within different genetic types of ore deposits.
Consideration of the whole XLT-spectra allows a
finer discrimination among the groups presented
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Tab. 3 ID REE data (ppm) in scheelites from the Alps and from two reference deposits.

Sample Locality La Ce Nd Sm Eu Gd Dy Er Yb Lu

SLT3 Calanda (GR) 29.01 209 368.4 145 27.1 140 101 30.1 8.03 0.69

SLT14 Gerstenhorner (BE) 100.6 508.1 756.5 371 3.12 389 397 181 132 18.1

SLT21 Salanfe (VS) 3.706 20.59 46.26 28.7 10.3 43.9 55.9 27.3 12 0.91

SLT27 Tête des Econduits, 25.52 275 621 536 44.2 545 456 142 76.1 7.0

Mt Chemin (VS)
SLT33 Liez River (VS) 0.076 0.297 0.583 0.47 0.25 1.36 4.39 9.3 28.7 6.56

SLT30 Road tunnel, 0.781 5.342 16.06 14.9 4.9 38.3 48.2 17.6 4.55 0.45

Mt Chemin (VS)
SLT35 Filone Quarazzolo 101 401.5 256 66.8 125 59.3 52 16.9 6.88 0.54

(Italy)
SLT45 Val Firinesco (Tl) 17.54 50.37 26.23 5.19 18.2 5.49 6.11 6.57 9.48 2.53

SLT49 Val Pirocca (Tl) 2.731 11.33 12.92 4.01 21.7 4.51 4.72 3.83 6.15 1.35

ST1E Stepnyak (KZ) 41.25 111.6 88.03 26.5 143 24.6 17.3 3.6 0.88 0.04

KLN1E Kalyan (RFE) 51.21 232.5 283.8 125 2.23 139 159 83.6 70.6 8.79

Notes: KZ Kazakhstan; RFE Russian Far East.

in figure 5, as well as the definition of some other
groups.

The principal characteristics of each recognised

group are summarised in table 4, whereas

„„..Liez riever. Val d'Herens, VS SLT33

typical spectra may be found in figures 6 and 7.

Our large worldwide database of > 2000 spectra
shows that these features described below are of
global significance. In the following, the charac-

4Val Quarazzo, Italy SLT35

Grube Robert, Salanfe, VS SLT21

Hybridic:
stratabound
metamorphic
+hydrothermal

Road tunnel. Chemin, VS Tete des Econduits, Chemin, VS SLT27

Hydrothermal
Tb-subtype

Calanda (vug), GR

Hydrothermal
Tb-subtype

Stratabound
metamorphic

a

4Gerstenhörner, Grimsel, BE

Hydrothermal
Au-subtype

Val Pirocca, Sotto Ceneri, Tl

Hydrothermal
flu-subtype

^Val Firinesco, Sotto Ceneri, Tl SLT45

^Hybridic: stratabound ;

metamorphic
\+Au-subtype

Fig. 4 Chondrite-normalised (after Evensen et al., 1978) REE data (by isotope dilution) for scheelites from the
Alps (Data in Tab. 3). The type of the scheelite according to its XLT-spectrum is indicated on each pattern.
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teristics of each group are presented. This paper
does not intend to give definitive interpretations
about the processes responsible for the appearance

of these regularities. We will, however, briefly
discuss the mechanisms possibly involved in these

processes in order to better understand the real
significance and extent of the XLT regularities.

"SKARN AND CALCSILICATE"-TYPE
(FIGS IB AND 6A, RESP.)

The scheelites associated to co-genetic calcsilicate
rocks are characterised by a pronounced SB. Ac¬

cording to our world-wide database, the Eu and
Mo-contents may vary widely.The total REE content

is low, and LREE are very enriched relative
to HREE.

The very characteristic XLT spectra of these
scheelites are related to the incorporation of REE
by Ca-silicates, thereby decreasing the overall total

REE content, and to preferential incorporation

of HREE by garnets and pyroxenes (Lipin
and McKay, 1989), resulting in the enrichment of
scheelite by LREE. Thus, the same XLT spectra
are observed in scheelite from calcsilicates forming

during contact metamorphic ("skarn") or during

regional metamorphism.

XLT types:
+ Calcsilicate V Skarn

Molybdenite-vein Molybdenite-vein of Alpjahorn type

® Acid to intermediate magmatic rocks

® Stratabound metamorphic

Hydrothermal Q Au-subtype Tb-subtype

Hybrid & complex XLT patterns:
A Au-skarn (Salanfe) Hybridic calcsilicate->hydrothermal hybridic stratabound metamorphk»

hydrothermal

.05 .5 5 50

Er3+ / Tb3+ [Intensity of XLT lines]

Fig. 5 Eu3+/Dy3+ versus Er3+/Tb3+ (intensities of XLT characteristic peaks) variation diagram using XLT-data of
scheelites from the Alps.



NOTES: (*) *» means blue colour of visual luminescence (< 0.1 wt% Mo), «* yellow colour of visual luminescence.
A typical spectrum for each type is indicated by the column " Fig. ".
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Tab. 4 Distinctive characteristics of the recognised XLT-spectra groups.

Type Er3+-Tb3+-

Dy3+
Mo* Sm3+/Er3+ other characteristics Fig.

Skarn and calcsilicates these lines
are often

absent

often » 1 high SB, low REEtot lb
6a

Molybdenite-vein
"True "

molybdenite-vein

Exceptions:
Alpjahorn-type

UM / >1 Eu3+/Dy3+ < 0.5 6b

Similar to "stratabound
metamorphic" type

< 1 Significant Sm3+

peak present
6c

Acid to intermediate
magmatic rocks

highly
variable

often -» > 1 6d

Stratabound
metamorphic MM

V « 1 Usually Eu3+ < Dy3+
Sm3+ peak usually

absent

6e

Hydrothermal type

Tb-subtype

Au-subtype

Au-subtype, High
Eu differentiation

Elevated SB type
(scheelite
redeposited in a vug)

MM V >1 7a

m •» > 1 Exceptionally:
Tb3+> Dy3+ (7c)

7b/d,
(7c)

s» >1 Eu3+ > Dy3+ 7e

V >1 Eu3+>> Dy3+ 7f

reflects the
spectrum of
the source
scheelite

V reflects the
spectrum of
the source
scheelite

very high SB 7g/h

"MOLYBDENITE-VEIN" TYPE: SCHEELITE
FROM MOLYBDENITE-APLITES (FIG. 6B) AND

QUARTZ-MOLYBDENITE-VEINS (FIG. 2C)

Homogeneous, well characterised group

(i) relatively high LREE;
(ii) Er3+ < Tb3+ « Dy3+;
(iii) Eu3+/Dy3+« 0.5;
(iv) elevated Mo content.
Compared with that from molybdenite-aplites,

scheelite from molybdenite-quartz veins usually
displays slightly increased Tb3+ and slightly
decreased LREE3+ peaks.

The samples from the Traversella skarn, and
from the Bedovina W-Cu-(Mo,Sb) vein, are close
to the "molybdenite-vein" type, with the exception

of a higher Eu3+ peak.
Our database shows that scheelites from

molybdenite-aplites and quartz-veins form a very
homogeneous group with respect to their XLT-
spectra. These deposits are related to late mag-

matic processes near granitic or granodioritic
intrusions. Therefore, the observed similarities in the
spectra may result (i) from a similar source for fluids

and metals and/or (ii) from a similar "transport
medium", i.e., same complexes, Eh, etc. Similar
mechanisms could be responsible for the deposition

of the scheelite from the Traversella skarn.

Exceptions to the "molybdenite-vein" type:
" Alpjahorn" type (Fig. 6c)

Several Mo-aplites and related veins have,
however, spectra (Fig. 6c) very different from the usual

"molybdenite-vein" type, but which are nearly
identical to the "stratabound metamorphic" type
(Fig. 6e). The molybdenite deposit of Alpjahorn
(Baltschiedertal, VS) and some molybdenite-
bearing quartz veins in the Bergell intrusives are
the only localities which showed such spectra.

The nearly "stratabound metamorphic"-type
XLT pattern for "Alpjahorn"-type scheelites sug-
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gests a link between the scheelite found is the
veins and scheelite of metamorphic stratabound
deposits. The low Mo-content can be explained by
a late stage crystallisation, Mo having been
removed as molybdenite earlier in the crystallisation

sequence.

"ACID TO INTERMEDIATE MAGMATIC
ROCKS "-TYPE (FIG. 6D)

This group was created to account for some samples,

all related to acid or intermediate magmatic
rocks, which plot far away from the fields defined

in Fig. 5, or which plot in existing fields but display
additional characteristics incompatible with this
field. All these scheelites are characterised by the
large size of the Sm3+ and Pr3+ peaks (Sm3+ > Er3+),
which reflects the LREE enrichment typical of
acid to intermediate magmatic rocks. "Molybdenite-vein"

type scheelite may, in this regards, be
considered as subtypes of the " acid to intermediate

magmatic rock " type.
Baveno and Alta Valle Cervo scheelites plot

outside any defined field (Fig. 5). The scheelite
from a pegmatite pocket within the Baveno granite

has low Mo-content, Er3+ < Tb3+ < Dy3+, and
Eu3+/Dy3+ < 0.1 (SLT66, Fig. 6d). So far, similar
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Fig. 6 XLT spectra of scheelites from the Alps, representative of the XLT-types listed in table 4.
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spectra have been found only in two tin vein
deposits (Viloco, Bolivia; Iultin, Chukotka, Russia),
where scheelite is associated with cassiterite and
wolframite in quartz veins. The scheelite from
Alta Valle Cervo (SLT68, Fig. 6d) contains > 0.1

wt% Mo (SB maximum between 480 and 500 nm
on the XL spectrum), and its XLT spectrum shows
a Tb3+ « Dy3+ Er3+ distribution and, among the
LREE, Pr3+ > Sm3+. In our database, some samples
from pegmatites have similar features.
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Fig. 7 Different kinds of XLT spectra of scheelites from hydrothermal settings in the Alps. The types according to
table 4 are indicated.
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The scheelite from Haut Poirot (SLT69, Fig.
6d) plots in the "hydrothermal,Tb-subtype" field,
but is characterised by a very high Sm3+ peak, and
by a high Mo-content (0.1-1 wt% according to
luminescence colour). The scheelites from a shear
zone within the St. Maria-Cristallina granodiorite
(SLT19, Fig. 6d), and from a quartz vein (peg-
matitic?) from Campra are very similar, with
XLT characteristics between "hydrothermal" and
"molybdenite-vein" types. Both samples have
<0.1 wt% Mo. Similar spectra within our database
were found in scheelites from some Cu-Mo-(W),
Cu-(W) and Cu-Mo-polymetallic ores.

The variety of spectra found in scheelite closely
associated to magmatic rocks may represent re-

mobilisation of tungsten enriched by magmatic
processes, by different late magmatic (pegmatitic)
to hydrothermal (Ht Poirot) and metamorphic
(St. Maria-Cristallina) processes. The study of
additional samples from similar settings may lead to
the definition of new XLT-groups.

"STRATABOUND METAMORPHIC" TYPE
(FIG. 6E)

XLT spectra of scheelite from metamorphic
stratabound deposits (Fig. 6e) are characterised
by low LREE and by the Tlr1 < Er3+ < Dy3+
distribution. They usually display Eu3+ < Dy3+, and low
Mo-content. Samples from Burstspitza
(Lötschental, VS) (Fig. 6f) however, display Eu3+

» Dy3+ (compare with Val Firinesco, Sotto
Ceneri: Figs 4f and 9f). The scheelite from Salanfe
skarn falls in the metamorphic field (Fig. 10c), but
also has elevated Eu3+.

Tb3+ > Dy3+ were only found at Mt Chemin, VS
(Fig. 7c).

"Hydrothermal type, Au-subtype" (Figs 7e, f)

The XLT spectrum representative of scheelite
from Au-vein (Fig. 7e) shows typical hydrothermal

features (Er3+ < Tb3+ < Dy3+ distribution) but
has a high Eu3+/Dy3+ ratio. The spectrum 8f is similar,

but with very high Eu3+ peak (Au-subtype,
high degree of Eu-differentiation).The latter type
is relatively rare within our world-wide database,
and is always found in Au-ores.

Uspensky et al. (1990) first suggested that high
positive Eu-anomalies are characteristic for
scheelite from Au-deposits of various age, genetic
type, and localisation. In the Alps, high positive Eu
anomalies were described in scheelite from the
Au-deposits of Val Toppa, Italy (Richard et al.,
1981), and Schellgaden, Austria (Ivanova and
Poty, 1992). XLT spectra of scheelites from the
Au-ores of Val Toppa and Val Quarazzo, Italy
(Figs 4c, 7e) are characteristic of their hydrothermal

origin (Er3+ < Tb3+ < Dy3+), and additionally
exhibit Eu3+/Dy3+ > 1, thus conforming with the
usual feature.

It should be mentioned that scheelite from the
Calanda Au-deposit shows only a small Eu3+-peak
in the XLT-spectrum (Fig. 7b), which corresponds
to a negative Eu-anomaly on the chondrite
normalised plot (Fig. 4i).This example illustrates that
if scheelite with high Eu3+/Dy3+ were always found
within Au-bearing mineralisations, not all the
scheelites from this kind of ores displayed this
feature.

"HYDROTHERMAL" TYPE (FIG. 7)

All the spectra of figure 7 belong to hydrothermal
scheelites. General characteristics include (Fig.
7a):

(i) the Er3+ < Tb3+ < Dy3+ distribution
(ii) low Mo-content.

"Hydrothermal" type, "Tb"-subtype (Fig. 7b)

Some hydrothermal scheelites are characterised
by elevated Tb3+ peak (Er3+ « Tb3+ < Dy3+): Fig.
7b/d.They are relatively rare and have been found
in Swiss Alpine vugs (Mt Chemin, Iragna), in the
Swiss Au-deposits of Calanda and Disentis, in the
Mn-vein of Haut Poirot (France), and in two
Tertiary deposits connected to large scale faults in
Bolivia and New Zealand. XLT spectra displaying

"Elevated SB" type (Figs 7 g,h)

Spectra of scheelite from "Alpine vugs" usually
display a very large SB, which almost obliterates
the characteristic peaks even on the XLT
spectrum, although the latter represents a quenching
of the SB by a factor 15 relative to the XL
spectrum. When they were measurable, the line
patterns resembled some of the types already
mentioned.

At Alpe di Boverina and Kammegg, scheelite
crystals occur in Alpine vugs without connection
to any known W-mineralisation. The elevated SB
carries small REE3+ peaks characteristic of the
"stratabound metamorphic type" at Alpe Boverina

(Fig. 7h) and of the "hydrothermal type" at
Kammegg (Fig. 7g). The brown, transparent, eu-
hedral scheelite crystals from vugs of Miniera di
Brosso (Italy) have a XLT spectrum similar to
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that of the Kammegg scheelite, with an additional
small Eu3+-peak in the spectrum.

The increase in lattice defects reflected by the
high SB common in scheelite from open vugs
reflects the condition of crystal growth in this
environment, and may be caused by high speed of
crystallisation, or by high levels of impurities
(high W and Ca over impurity ratios in the
solution).

"Hydrothermal" type: case study at Mt Chemin

Scheelite from quartz-epidote-amphibole veinlets
crosscutting the Fe-skarn in Couloir Collaud has a

typical "stratabound metamorphic" XLT pattern
(Er3+ » Tb3+; low LREE and Eu3+; e.g., Fig. 6e -
Liez River). However, this scheelite displays some
unusual features: (i) increase of SB (bright blue
visual luminescence); (ii) lack of colour; (iii)
significant decrease in total REE. These features are
considered to be typical for a scheelite redeposit-
ed from a primary metamorphic scheelite, al-

400 450 500 550 600 650 [nm]

Fig. 8 Comparison of XLT spectra of scheelites from
different settings at Mt Chemin near Martigny (VS,
Switzerland). The intensity scales of each spectrum have
been fixed individually to obtain equal Dy3+ peaks.

though true "stratabound metamorphic"-type
scheelite has not yet been found in this area.

The other scheelites from Mt Chemin, which
were collected in different geological settings
within a limited area of about 2 km2, have the XLT
spectra typical of their hydrothermal genesis
(Er3+ « Dy3+), but they are characterised by a

large variation in the Tb3+/Dy3+ ratio which
contrasts with the stable Er3+/Dy3+ ratio (Fig. 8).
Eu3+/Dy3+ and Sm3+/Dy3+ show small variations,
and the increase of the complex peak (Pr3+ + Dy3+)
correlates with to that of the Tb3+ peak. In fact, a
complete series of spectra exists from usual
hydrothermal scheelite (Er3+< Tb3+< Dy3+, SLT31)
to a very unusual type (Er3+ « Dy3+ < Tb3+,

SLT30), with Tb3+/Dy3+ > 1.

The chondrite-normalised plots of REE for
samples SLT30 (Fig. 4g) and SLT27 (Fig. 4h) show
"broad hump "-type curves, accompanied by
negative Eu anomalies. Tb cannot be determined by
ID method, but it is clear that SLT30 has a maximum

between Gd and Dy (Tb-position), whereas
the maximum for sample SLT27 is located near
Sm. Therefore, at least part of the change in the
Tb/Dy XLT peaks ratio is related to a smooth shift
of the chondrite normalised plot maximum from
SLT31 to SLT30.

The XLT data therefore allow to recognise a
continuity between the various scheelite
occurrences at Mt Chemin. The Tb3+/Dy3+ variability at
this locality is a unique feature.

Applications of the XLT method to the study
of Au-deposits

This section illustrates how the XLT method can
be applied to the study of single deposits and/or
provinces. In particular, the possibility to recognise

complex (hybrid) patterns is explored.

SOTTO CENERI AND BURSTSPITZA

Primary metamorphic scheelite in Sotto Ceneri is
often dispersed and fine-grained, and most
analysed scheelites therefore come from small
discordant veinlets crosscutting gneisses and calc-
silicate rocks, and containing coarser and more
abundant scheelite. Some of these scheelites,
however, display XLT spectra of "calcsilicate" (Fig.
9a) and "stratabound metamorphic" (Fig. 9b)
types, in agreement with the stratabound
metamorphic nature of this mineralisation. Additionally,

some samples yielded spectra ranging from
"hydrothermal" (Fig. 9c) to "Au-subtype with
high degree of Eu differentiation" (Fig. 9d), and
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many kinds of hybrid XLT patterns have been
determined. For example, the spectrum 10e could
represent the mixing of "calcsilicate type" with
"hydrothermal type", and lOf the mixing of
"stratabound metamorphic type" with "Au-sub-
type with high degree of Eu differentiation".

This kind of hybridisation is recognisable also
on chondrite normalised patterns. Hybrid schee-
lite from Val Firinesco (Fig. 4f) has a positive Eu-
anomaly, and displays a relatively "hydrothermal"
type of curve between La and Sm (compare with
Val Quarazzo; Fig. 4c), but HREE are somewhat
increased. The normalised plot of Val Pirocca
scheelite displays similar characteristics (Fig. 4e).
The enrichment of HREE is, however, typical for
"stratabound metamorphic type" scheelites (Fig.
4a).

These data suggest that the stratabound,
metamorphic scheelite has been partly remobilised
during a large scale hydrothermal event, which
may be correlated with the numerous, often Au-
bearing hydrothermal veins of Malcantone. These
veins are devoid of scheelite (Wenger, 1987).
However, it should be noted that the sample with
highest positive Eu-anomaly comes from Val
Pirocca, which is close (< 1 km) to three different
Au-bearing veins (Koppel, 1966).

Scheelites from Burstspitza, Lötschental, VS,
where W is associated with a Bi-Ag ± Pb anomaly,

show hybrid XLT patterns with significant
variations in Eu3+/Dy3+, similar to the ones from
Sotto Ceneri (compare Figs 6f and 9f). These
patterns suggest hydrothermal remobilisation of
"stratabound metamorphic" and "calcsilicate"

In calcsilicate rocks: In biotite gneisses:
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type scheelite. As there is no indication as to the
presence of Au in this area, no conclusion can be
made at this stage. Nevertheless, these results can
be used as a basis for more detailed mapping and
Au-prospecting.

SALANFE AND THE Au-SKARNS

XLT spectra of scheelites from some Au-bearing
skarns are reported in figure 10. Figure 10a is typical

for scheelite from calcsilicate rocks. The
scheelite from Salanfe, however, is very different
(Fig. 10c). It shows an elevated Eu3+ peak (Eu1
Dy3+), Er3+-Tb3+-Dy3+ distribution similar to
"stratabound metamorphic" type, but with
relatively elevated light part and a Tb3+ peak slightly
higher than the Er3+ peak (i.e. approaching the
"hydrothermal" type). Similar spectra have been
found in some scheelites from the French Au-
skarns Costabonne (Fig. 10b) and Salau (Fig. lOd).
The chondrite-normalised plot for Salanfe scheelite

(Fig. 4d) shows a "broad-hump"-like curve
with a small negative Eu-anomaly. The shape of
the curve is typical for "hydrothermal" scheelites,
but the total REE concentration is lower at
Salanfe than in typical " hydrothermal " scheelites.
The XLT spectrum of the Salau scheelite is more
similar to the " hydrothermal, Au-subtype " type:

low Mo-content, Er3+ < Tb3+ < Dy3+, and Eu3+/

Dy3+ > 2, which is consistent with the positive Eu-
anomaly visible on the chondrite-normalised plot
published by Raimbault et al. (1993).

It should be emphasised that XLT-spectra of
scheelites from Au-skarns, first of all Costabonne
(Fig. 10b) and Salanfe (Fig. 10c), are very similar
to those from Burstspitza (Fig. 6f) and the hybrid
samples from Sotto Ceneri (Fig. 9f).

Scheelite from the Luisin occurrence, situated
relatively near to Salanfe (1 km), has a very high
degree of Eu-differentiation (only the Eu3+ peak
is seen in the XLT-spectrum), but very low total
REE content (the Eu3+ peak is very small). XLT
patterns of this type are found in scheelite associated

with the margins of some Au-deposits.
The Luisin scheelite suggests that the Au-re-

lated event that produced Au deposition at
Salanfe could have a regional importance. XLT
mapping of the scheelite occurrence in that region
could help to constrain such a supposition.

In general, these observations on Au-bearing
skarns confirm the existence of a global phenomenon,

which acted among most Au-ores, and
whose appearance is most likely related to some
physico-chemical characteristics of the early
solutions. At Salanfe scheelite precipitates shortly
before the precipitation of Au-bearing sulphides,
indicating that XLT spectra of scheelite may contain
information about the evolution of the minerali-
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sation. Detailed study of deposits such as
Costabonne, where a "normal" skarn scheelite
and a "Au-skarn" scheelite coexist, are important
in order to constrain better the factors controlling
the changes to the scheelite XLT-patterns.

DISENTIS

The XLT method is able to analyse quickly and
accurately even small single scheelite grains
(0.2-0.5 mm). Scheelite is commonly encountered
in heavy mineral concentrates (HMC). and in this
section we demonstrate how XLT studies of placer

scheelite can be used as a prospecting tool for
lode deposits.

Scheelite grains (0.2-1.5 mm) were collected
in Au-bearing HMC from the Medel river near
Disentis. The scheelite grains can be divided into
three groups on the basis of their macroscopic
colour, UV-luminescence, and XLT spectra:

(I) light yellow coloured grains with blue
visual luminescence under UV-lamp (VL); 60%
of the scheelite in the HMC. The XLT spectrum
(Fig. 11a) is of "hydrothermal" type (Er3+< Tb3+

< Dy3+) and displays high Eu3+/Dy3+ ratios
("hydrothermal, Au-subtype with high Eu differentiation").

This scheelite is undoubtedly related to
Au-ores.

(II) transparent, colourless grains with bright
blue VL; 10% of HMC scheelite. The XLT spec¬

trum (Fig. lib) reveals the same high degree of
Eu-differentiation as (I), but has increased SB,
and (ii) a significantly higher Tb3+ peak (Er3+ «
Tb3+= Dy3+).

(Ill) white/greyish-white coloured grains with
yellow VL (corresponding to about 0.1-0.9 wt%
Mo); 30% of HMC scheelite. Their XLT spectra
(Fig. 11c) are of "molybdenite-vein" type.

Thus, the XLT-data on HMC from Disentis can
distinguish two main types of scheelite apparently

corresponding to different lode ores: (i)
hydrothermal Au-ores; (ii) molybdenite-aplites
(molybdenite-quartz-veins?). Transparent grains
with a high SB similar to group II usually have
been observed in Alpine vugs. The similarity of
the XLT patterns of groups I and II suggests that
scheelite II was formed by remobilisation of
primary scheelite I, "Au-subtype with high degree of
Eu differentiation" during the Alpine metamor-
phism. The same event could be responsible for
the neoformation of gold crystals in quartz-bearing

Alpine vugs.The origin of "molybdenite-vein"
type scheelites (group III) is likely to be the Aar-
Massif, in which many molybdenite-aplites are
described.

The occurrence of scheelite with "hydrothermal,

Au-subtype with high Eu differentiation"
XLT spectrum at Disentis is important, because
similar spectra have up to date been found only in
scheelite closely associated to ores with high Au-
contents (> 10 g/t).The recognition that Au-min-
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eralisation is associated with scheelite will assist
future prospecting.

Conclusions

The advantages of the XLT spectroscopic method
include high sensitivity to the trace element content

of scheelite, small sample size, and the selective

analysis of the REE3+ substituting for Ca m
the scheelite lattice, thus avoiding a careful study
of micro-inclusions in scheelite Our qualitative
approach proved to be successful in recognising
some common features among the XLT-spectra of
scheehtes from deposits with similar metalloge-
netic type. The following scheelite types have
been defined on the basis of the XLT patterns
"calcsihcate/skarn", "molybdenite-vein", "acid to
intermediate magmatic rocks", "stratabound
metamorphic", "hydrothermal", "hydrothermal,
Tb-subtype", "hydrothermal, elevated SB-sub-
type", "hydrothermal, Au-subtype" evolving to
"Au-subtype with high Eu differentiation " The
comparison of the 70 samples from the Alps with
our world-wide XLT spectra database (yet
unpublished) indicates the global nature of these
characteristic patterns

A very important parameter used to discriminate

the groups is the Er3+-Tb3+-Dy3+ triplet, which
is very sensitive to the shape and pattern of the
chondnte normalised REE plot, a parameter usually

neglected by most studies. Many studies of
REE in hydrothermal minerals stress the local
influences (e g influence of host rocks, of competition

with other species, etc but the recognition
of global features leads to a new approach
towards understanding the REE geochemistry of
hydrothermal systems, and prospecting for new
ore bodies.

The technique has been applied to the study of
single deposits and provinces associated with Au-
minerahsations from the Alps. Complex (hybrid)
REE-patterns were recognised in the Sotto
Cenen area using the XLT method Such XLT
patterns can help to understand the complex
processes of ore re-deposition, to assess the scale
of hydrothermal events, and to identify different
stages of ore formation The XLT method is well
suited for large scale mapping of the trace
element characteristics of scheelite such maps have
the potential to visualise the extend of hydrothermal

events and, in the case of Au-deposits, to
define the more promising mineralised zones, as
scheelite with very high Eu3+/Dy3+ peak ratios
were always found in high grade ores

The data collected on scheelite grains from river

sediments of Disentis show that much informa¬

tion about the metallogeny of the region can be
obtained in that example the existence of Au-
mineralisation, which was reworked at Alpme
time, and of a separate Mo-mmerahsation were
identified Thus, XLT is a very powerful
complementary method in association with the prospecting

using heavy mineral concentrates
The XLT method is also useful as a preliminary

step for detailed geochemical investigations
of scheelite. In the various examples presented in
this paper, XLT was able to classify the scheelite
samples, and to indicate the samples and localities
with unusual features. A model explaining the
observations may often be derived from the XLT
data. Testing such a model requires careful
pétrographie investigations coupled with isotopic
analyses and quantitative trace elements determinations.

The latter should be carried out with
spatially resolved methods, such as laser ablation
ICP-MS, which allow to investigate the nature and
morphology of the chemical heterogeneities at
the scale of a scheelite grain Applied to scheehtes
displaying "hybrid" XLT-spectra, this approach
would for example allow to determine if the
hybrid patterns correspond to homogeneous
compositions or if they result from a mixture of two
different scheehtes. This kind of investigations,
however, is time and resource consuming, and the
XLT method is of great help by allowing to select
the more informative samples, and to set up a

working hypothesis
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