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VORWORT DER SCHWEIZERISCHEN GEOTECHNISCHEN KOMMISSION

Die vorliegende Arbeit behandelt die Genese der Blei-Zink-
Arsen-Thallium-Barium Lagerstitte Lengenbach im Binntal
(Kanton Wallis), welche durch die Vielfalt seltener Sulfosalze
weit iiber die Grenzen der Schweiz hinaus bekannt gewor-
den ist.

Wiihrend die Mineralparagenesen der Lagerstitte Lengen-
bach bereits in den vergangenen Jahrzehnten in zahlreichen
mineralogischen und kristallographischen Detailstudien ein-
gehend untersucht wurden und viele bisher unbekannte
Mineralien, insbesondere Sulfosalze, gefunden werden konn-
ten, fehlte eine geochemische und isotopengeochemische
Gesamtbetrachtung.

Die schwierige Aufgabe, die von Herrn Matthias Knill im
Rahmen einer Dissertation am Institut fiir Kristallographie
und Petrographie an der ETH-Ziirich (heute «Institut fiir
Isotopengeologie und Mineralische Rohstoffe») ausgefiihrt
wurde, bestand darin, mit Hilfe geochemischer und isotopen-
geochemischer Charakterisierung zahlreicher indikativer
Minerale und der alpin-metamorphen Nebengesteine die
verschiedenen, moglichen petrogenetischen Prozesse auf-
zuzeigen, die Bildungsbedingungen der Erzmineralien zu
definieren und diese schliesslich geochronologisch einzu-
ordnen.

Die Dissertation von Herrn Knill stellt in diesem Sinne eine
exemplarische Studie dar, da sie umfassend sowohl die
chemischen Zusammensetzungen der Mineralparagenesen
und ihrer benachbarten Gesteine (triadische Metadolomite)
als auch die Verhiltnisse radiogener (Pb, Sr) und stabiler
Isotopen (C, O, S) beinhaltet.

Die geochemischen Daten der As-Pb-Tl reichen Sulfide,
Sulfosalze und der Barite, sowie die an Pb, Ag, Tl, Hg, Zn,
Ba, Cd, Fe, Cu, Mo, U, V, B, Gaund Cr stark angereicherten
Metadolomite deuten auf die Existenz hydrothermaler Lo-
sungen: Metallanreicherung durch Herausldsung (leaching)
in zum Teil glasreichen, spatpermischen bis friihtriadischen
Vulkaniten mit nachfolgender Ausfillung in den karbona-
tischen Plattformsedimenten. Allein die signifikante und
dusserst komplexe Metall-Elementverteilung ist typisch fiir
viele Entgasungs- (Fumarolen-) und Hydrothermalsysteme
in heute aktiven vulkanischen Inselbogen.

Es ist erstaunlich, dass im Bereich der Lagerstitte Lengen-
bach wihrend der alpinen Metamorphose, die an anderen
Orten hdufig von einem penetrativen Fluid-Transport be-
gleitet wurde, keine grossrdaumigere Metalldispersion und
Reequilibrierung der Erzparagenesen erfolgte. Wihrend
der alpinen Orogenese wurden im Bereich der Lagerstitte
unter Drucken von 3—4 kbar (entsprechend einer krustalen
Bedeckung von ca. 10-12 Kilometern) und Temperaturen
zwischen 300 und 520°C bleireiche Sulfidschmelzen inner-
halb der triadisch angelegten Hydrothermalvererzungen
gebildet. Alpines fluid fithrte dann zur Ausfillung der
umgebenden Kluftparagenesen. So blieben die urspriingli-
chen hydrothermalen geochemischen Charakteristika weit-
gehend erhalten. Die Uran/Blei-Isotopenbestimmungen an
den Uraniniten ergaben ein gut definierbares alpines Alter
der Metamorphose von 18.5 + 0.5 Millionen Jahren.

Aufgrund der Mannigfaltigkeit der mineral-, gesteins- und
isotopengeochemischen Daten, sowie der generellen mine-
ralogischen Bedeutung der Lagerstitte Lengenbach, war es
sinnvoll, diese Arbeit in englischer Sprache zu verfassen,
um so die gewonnenen Daten einem internationalen, erdwis-
senschaftlich interessierten Publikum zugénglich zumachen.

Die Kommission dankt dem Autor fiir die Moglichkeit,
diese Arbeitin ihre Schriftenreihe aufzunehmen, und fiir die

sorgfiltige Mitarbeit bei der Drucklegung.

Fiir den Inhalt von Text und Figuren ist der Autor allein
verantwortlich.

Zirich, Oktober 1996

Fiirdie Schweizerische Geotechnische
Kommission

V. Dietrich
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SUMMARY

The Lengenbach Pb-Zn-As-TI-Ba deposit is located in
Triassic metadolostones of the Penninic zone in the Swiss
Alps, where Alpine regional metamorphism reached upper
greenschist to lower amphibolite grade. The deposit is
famous for the large number of rare and well crystallized
sulfosalt minerals. Geochemical and isotopical data are
presented here to help constrain the origin of this unique
occurrence.

Mineral assemblages indicate two metamorphic redox envi-
ronments: one is controlled by barite-pyrite (with trivalent
As) and the other by graphite and/or pyrrhotite-pyrite (with
effectively zerovalent As). The As(III)-rich zone is charac-
terized by a mineral assemblage consistent with fo2 in the
stability field of barite + pyrite and an As-(Pb, Tl)-rich
sulfide melt at >300°C. The chemical composition of mas-
sive sulfosalt accumulations (mainly baumhauerite) docu-
ment the enrichment of TI, Ag and Sb during fractional
crystallization in a sulfidic melt, and this process explains
the high concentration of these elements in the late, hydro-
thermally precipitated minerals in druses and fissures.

Mineralized metadolostones have anomalous As, Pb, Ag,
Tl, Hg, Zn, Ba, Cd, Fe, Cu, Mo, U, V, B, Ga and Cr contents
(in decreasing order of enrichment) and possibly slight
enrichments in Sn and Au. As, Pb and Zn are present in the
0.1 to 1% range, Tl and Ag reach several hundred ppm.
Uraninite is concentrated in silicate-rich bands and yields a
late Alpine U-Pb age of 18.5 £ 0.5 Ma. Pb- and S isotopic
variations are interpreted to be a result of metamorphic
overprinting and re-equilibration within an isochemically
metamorphosed ore body. Minerals in Alpine vugs, druses
and fissures are more strongly affected by uranogenic Pb
released during metamorphism of uraninite precursors than
are massive sulfosalt accumulations. The least overprinted
stratiform mineralization is characterized by 20°Pb/2%4Pb =
18.44-18.56, 207Pb/204Pb = 15.60-15.75, 208Pb/204Ph =
38.44-38.84 and 8%4S (sulfide) = -25 * 2%c. S isotopic
variations are largely the result of sulfide-sulfate re-equili-
bration at temperatures of 450 £ 30°C. Arsenopyrite geo-
thermometry and sphalerite geobarometry of fissure mine-
rals indicate conditions of 380-410°C at 3.3 £ 0.6 kbar.

87Sr/86Sr ratios of mineralized samples are lower than or
equal to host metadolostones, precluding major infiltration
of basement-derived fluids during Alpine metamorphism.
The Sr source (87Sr/86Sr close to 0.708) was probably sea
water with a radiogenic, detrital mineral component.

Isotopical investigations of minerals in Alpine druses from
the carbonate-hosted Lengenbach deposit do not indicate
significant interaction with externally derived metamorphic
fluids. Isotopic data (C, O, S, Sr, Pb) point to essentially
closed system behavior during peak amphibolite facies and
retrograde Alpine metamorphism. Well crystallized mine-
rals in fissures and druses formed during the slow cooling,
from a hydrothermal fluid which maintained coexistence
with a sulfide melt.

The unique mineral assemblage of the Lengenbach deposit is
interpreted to be a result of isochemical metamorphic over-
printing of a carbonate hosted stratiform sulfide mineralizati-
on. The primary mineralization was probably formed at or just
below the sea floor and was fed by sulfide-poor hydrothermal
fluids. Sulfide was largely derived from sea water by open
system bacterial sulfate reduction. The redox sensitive ele-
ments U, V and Mo may also be seawater-derived.

To determine the age and the source rock on the stratiform
Lengenbach deposit, geochemical and isotopical investiga-
tions were performed of rocks from the pre-Mesozoic base-
ment.

The whole rock Pb-isotope compositions of Permian me-
tarhyolites (corrected to 200 Ma) overlap with the compo-
sition of stratiform ore minerals from the Lengenbach
deposit. The metal source of the mineralizing fluid that
formed the carbonate-hosted deposit are therefore thought
to be As-rich Permian rhyolites of the basement.

Rb-Sr whole rock analyses of five metarhyolites from the
basement define an isochron of 185 + 17 Ma. The isotopic
resetting of this lithology was presumably caused by Meso-
zoic hydrothermal alteration.

A large number of rare As-rich minerals occur in Alpine
fissures and vugs of Permian metarhyolites from the Monte
Leone nappe. Cu-As-F mineral occurrences in the basement
located 5 km south of the Lengenbach mineralization are
related to discordant biotite-epidote rocks, which from
structural, geochemical and isotopical evidences are inter-
preted to represent Alpine metamorphosed shear zones.
These pre-Alpine shear zones in the basement of the Monte
Leone nappe support the existence of early Mesozoicrifting
in the northern Penninic terrain, which was accompanied by
hydrothermal activity and the formation of stratiform, car-
bonate-hosted mineralization.
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RESUME

Le glisement de Lengenbach est connue pour sarichesse en
sulfosels rares. Les minéralisations du Pb-Zn-As-TI-Ba,
entierement recristallisées durant le métamorphisme alpin,
se situent dans la dolomite triassique de la nappe pennique
des alpes suisses. Les résultats géochimiques et isotopiques
présentésiciapportentdivers éléments nouveaux concernant
I’origine des minéralisations site unique.

L’association des minéraux indique la formation de deux
environnements redox distincts au cours du métamorphis-
me: le premier environnement est charactérisé par1’associa-
tion barite-pyrite (avec As trivalent) et le second par le
graphite et/ou I’association pyrrhotite-pyrite (avec As zero-
valent). La zone riche en As(III) est charactérisée par une
paragenése se situant dans le domaine de stabilité de fo:de
la barite-pyrite et par un liquide sulfidique riche en As-(Pb,
Tl) a des températures >300°C. La composition chimique
des accumulations de sulfosels (principalement baumhaue-
rite) refleéte un enrichissement en Tl, Ag et Sb durant la
cristallisation fractionnée du liquide sulfidique. Ce proces-
sus explique la concentration élevée de ces élements dans
les minéraux d’origine hydrothermale, précipités dans les
veines et druses a la fin de la phase metamorphique alpine.

La minéralisation des métadolomites est charctérisée par un
enrichissement significant en As, Pb, Ag, Tl, Hg, Zn, Ba,
Cd, Fe, Cu, Mo, U, V, B, Ga et C et par une légere
augmentation de la concentration en Sn et Au. La concen-
tration en As, Pb et Zn varie entre 0.1 et 1% alors que
celle deTl et Ag atteint plusieurs centaines de ppm.
L’uraninite est concentrée dans des zones riches en silicates
etsadatation (U-Pb) indique un dge alpine de 18.5+0.5 Ma.
Les variations isotopiques du Pb et S s’expliquent par un
réequilibrage de laroche métamorphosée isochimiquement.
Les minéraux des veines, druses et fissures alpines sont plus
fortement affectés par le Pb uranogénique libéré adurant le
metamorphisme que les accumulations massives de sulfo-
sels. La minéralisation stratiforme la moins marquée par
I’empreinte métamorphique est charactérisée par 206Pb/
204ph = 18.44-18.56, 207Pb/204Ph = 15.60-15.75, 208Pb/
204ph = 38.44-38.84 et 84S (sulfide) = -25 *+ 2%o. Les
variations isotopiques du S correspondent principalement a
un réequilibrage des sulfides-sulfates a T = 450 % 30°C.
L’analyse géothermométrique (arsenopyrite) et géobaro-
métrique (zincblende) des minéraux de fissures indiquent
des conditions de température et pression de 380 a 400°C et
de 3.3 £ 0.6 kbar.

Les rapports 87Sr/36Sr de la dolomite et la barite dans les
zones minéralisées et non minéralisées de la métadolomite
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sont similaire. La source de Sr (37Sr/86Sr proche de 0.708)
était probablement 1’eau de mer avec une composante
détritique radiogene.

L’étude des isotopes (C, O, S, Sr, Pb) présents dans les
minéraux de fissures du gisement n’indique aucune interac-
tion avec des fluides métamorphes externes. Ces résultats
refletent un systeéme fermé durant la phase rétrograde du
métamorphisme alpin. Les minéraux idiomorphes présents
dans les fissures se sont formés au cours du lent refroidisse-
ment des fluides hydrothermaux qui ont coexistés avec un
liquide sulfidique.

L’association unique des minéraux dans le dépot de Len-
genbach estinterprété comme le résultatd’ un métamorphis-
me marquée isochimique de la minéralisation sulfidique
stratiforme situé dans les carbonates. La minéralisation
primaire s’est probablement formé a la surface ou juste au-
dessous du plancher océanique et a été alimentée par des
fluides hydrothermaux, pauvres en sulfide. La faible valeur
du &3S de laminéralisation stratiforme peut s’expliquer par
la réduction bactérielle du sulfate. Les éléments sensibles
aux conditions rédox, U, V et Mo, semblent également
résulter de I'interaction des minérais avec I’eau de mer.

Afinde déterminer I’age et la source de la minéralisation du
dépot, des études géochimiques et isotopiques ont été effec-
tuées sur des roches du socle pré-mésozoique. La composi-
tion des isotopes du Pb des métarhyolites permiennes (cor-
rigée a 200 Ma) correspond a celle des minéralisations
stratiformes du dépot de Lengenbach. Le socle ryholitique
permien, riche en As, semble donc étre la source de métal de
la minéralisation du site.

L’analyse du Rb-Sr dans cinq métaryholites définit un
isochrone de 185 * 17 Ma. Le rajeunissement de cette
lithologie indique que laroche a subit des altérations hydro-
thermales durant le mésozoique.

Un nombre important de minéraux rares, riches en As, sont
présents dans les fissures alpines des métaryholites permi-
ennes de la nappe du Monte Leone. A proximitée de ces
fissures se trouvent des roches discordantes, contenant de la
biotite et de I'épidote, et qui, selon des critéres structuraux,
géochimiques et isotopiques sont interprétée comme une
zone de cisaillement, marquée par le métamorphisme alpin.
Cette zone de cisaillement pur, pré-alpine, refléte le rift du
nord-pennique au début de I'ére mésozoique, qui a été
accompagnéepar une activité hydrothermale et la formation
d’ une minéralisation stratiforme dans des roches carbonatées.



ZUSAMMENFASSUNG

Die Mineralienfundstelle Lengenbach ist beriihmt fiir eine
Vielzahl seltener Sulfosalze. Die Pb-Zn-As-Tl-Ba-Minera-
lisation, welche wihrend der alpidischen Metamorphose
vollstidndig rekristallisierte, liegt in triadischen Dolomiten
des nérdlichen Penninikums. Die geochemischen und isoto-
pengeochemischen Ergebnisse dieser Arbeit zeigen ver-
schiedene neue genetische Aspekte dieser einmaligen Mi-
nerallagerstiitte auf.

Die unterschiedlichen Mineralparagenesen in verschiede-
nen Zonen der Grube deutet auf verschiedene metamorphe
Redoxbedingungen hin. Die As(IIl)-reiche Zone wird durch
eine Mineralparagenese im fo:-Stabilititsfeld von Barit +
Pyritund einer As-(Pb, Tl)-reichen Sulfidschmelze charak-
terisiert. Die chemische Zusammensetzung der massiven
Sulfosalzaggregate (hauptsichlich Baumhauerit) dokumen-
tiert die Anreicherung von TI, Ag und Sb wihrend der
fraktionierten Kristallisation der Schmelze und erklirt die
starke Anreicherung dieser Elemente in den spitalpinen,
hydrothermalen Losungen.

Die mineralisierten Metadolomite sind signifikant an As,
Pb, Ag, TI, Hg, Zn, Ba, Cd, Fe, Cu, Mo, U, V, B, Gaund Cr
angereichert, wihrend Sn und Au nur wenig erhohte Kon-
zentrationen zeigen. As, Pb und Zn erreichen Gesamtge-
steins-Konzentrationen von 0.1 bis 1%, Tl und Ag von
mehreren Hundert ppm.

U-Pb Altersbestimmungen an Uraniniten aus silikatreichen
Biindern ergaben ein alpidisches Alter von 18.5+0.5 Ma.
Pb- und S- Isotopenzusammensetzungen verschieden Mi-
neralien der Grube lassen sich durch metamorphe Reequi-
libration erkliren: Pb- und S-Isotopenverhiltnisse von stra-
tiformen, gesteinsbildenden Erzmineralien (2°°Pb/2*Pb =
18.44-18.56, 207pb/204ph = 15.60-15.75, 298Pb/2™MPh =
38.44-38.84 und &%4S (sulfide) = -25 +2%o0) sind gegeniiber
Kluftmineralien homogen und weniger angereichert an ura-
nogenem Pb. Der Unterschied inder S- Isotopenzusammen-
setzung in verschiedenen Zonen der Grube und in verschie-
denen Mineralien lisst sich durch Reequilibration von Sul-
fid- und Sulfatschwefel wiihrend der Metamorphose erkli-
ren (T = 450 + 30°C). Arsenopyrit-Geothermometer und
Zinkblende-Geobarometer von Kluftmineralien deuten auf
Temperatur- und Druckverhiltnisse von 380-410°C und
3.3£0.6 kbar.

Die 87Sr/86Sr- Verhiltnisse von Dolomit und Barit der
Erzzone sind gegeniiber von unmineralisiertem Dolomit
nicht erhoht. Das Meerwasser muss als wahrscheinlichste
Sr-Quelle angenommen werden.

C, O, S, Sr und Pb- Isotopenuntersuchungen an Kluftmine-
ralien zeigen keinen Einfluss externer, metamorpher Lo-
sungen. Die neuen Daten deuten auf ein alpidisch geschlos-
senes System wihrend derretrograden Metamorphose. Idio-
morph auskristallisierte Mineralien in Hohlrdaumen bildeten
sich aus einer hydrothermalen Losung, welche mit einer
Sulfidschmelze koexistierte.

Die primére Mineralisation bildete sich vermutlich auf oder
nahe dem Meeresboden, wobei die erzbildenden Lésungen
sulfidarm waren. Die niedrigen 8**S-Werte der stratiformen
Vererzung lassen sich am besten durch bakterielle Reduk-
tion von Sulfat erkliren. Die redoxsensitiven Elemente U,
V, und Mo wurden vermutlich durch Interaktion des Erzes
mit dem Meerwasser angereichert.

Primesozoische Gesteine wurden auf ihre geochemische
und isotopengeochemische Zusammensetzung untersucht,
um neue Erkenntnisse tber die Quelle und das Alter der
Mineralisationen im Binntal zu gewinnen.

Die Pb-Isotopenzusammensetzung permischer Rhyolite
(korrigiert fiir 200 Ma) stimmt mit der Isotopensignatur
stratiformer Erzmineralien des Lengenbaches iiberein. Die
As-reichen Rhyolite des kristallinen Sockels werden des-
halb als Metallquelle fiir die erzbildenden Losungen vorge-
schlagen. Die gleichen Gesteine definieren eine Rb-Sr Iso-
chron mit einem Alter von 185 + 17 Ma. Die Verjiingung
dieser Einheit wurde durch hydrothermale Aktivitit wiih-
rend des frithen Mesozoikums verursacht.

In alpinen Kliiften der Metarhyolite wurden verschiede
seltene Arsenate gefunden. In unmittelbarer Nihe solcher
Kluftparagenesen tritt ein Biotit-Epidot-Gestein auf, wel-
ches anhand von strukturellen, geochemischen und isoto-
pengeochemischen Kriterien als metamorph iiberpriigte
Scherzone interpretiert wird. Diese priialpinen Scherzonen
dokumentieren das frithmesozoische Rifting im Nordpenni-
nikum, welches von hydrothermaler Aktivitit und polyme-
tallischer Erzbildung begleitet wurden.

XIII



INTRODUCTION

Regional geology

The Lengenbach depositis located in a Triassic (LEu, 1986a
and 1986b) metadolostone at the northern front of the Monte
Leone nappe in the Pennine realm of the Alps (fig. 1).
Conditions of Tertiary metamorphism were transitional
between upper greenschist and lower amphibolite facies
(FrEY et al., 1974; VANCE & O’NIoNs, 1992). Biotite-garnet
geothermometry in Monte Leone gneisses yielded maxi-
mum temperatures of 500 to 520°C (Huar, 1988), in agree-
ment with results from the Steinental 12 km SE of Lengen-
bach where maximum temperatures of 520°C were reached
about 28 Ma ago according to Sm/Nd and U/Pb data of
garnets (VANCE & O’NIoNs, 1992).

The metadolostone is 240 m thick at Lengenbach, shows
isoclinal folding in nearby outcrops and dips 80 to 85° south,
with slight overturning. The mineralization is stratigraphi-
cally 180 to 200 m above the base of the metadolostone,
close to overlying Mesozoic Biindnerschiefer.

The Triassic platform metadolostones forming the sedi-
mentary cover of the Monte Leone nappe were deposited at
the early stages of regional extension. Synsedimentary
faults have been identified in the depositional realm of the
Monte Leone nappe (Leu, 1986a and 1986b).

The overlying Jurassic-Cretaceous Biindnerschiefer series
consist of carbonate-rich schists with a primary thickness of
several km, deposited in the strongly extensional regime of
the Penninic zone. Several intercalations of metabasalts (see

part ITI) are interpreted as synsedimentary extrusions (LEU,
1986a and 1986b).

The crystalline core of the Monte Leone nappe consists of
orthogneisses of a pre-Permian basement, Permian meta-
volcanics and paragneisses. The paragneisses partially re-
presentmetamorphosed Permian sediments (KRAMERS, 1970;
Hucr, 1988). At Mt. Cervandone, 4 km SW of the Lengen-
bach site, a metarhyolite-hosted Cu-As-F occurrence is
known (GRAESER, 1965), close to which Alpine fissures
contain several unusual As-rich minerals such as
asbecasite [Ca3(Ti,Sn)(As6Si2Bes)020],

cafarsite [Cas.9Mn1.7Fe3Ti3(AsO3)12 - 4-5H20)],
chernovite [(Y,La)AsO4],

cervandonite [(Ce,La)(Fe,Ti,Al)3SiAs(Si,As)O13],
fetiasite, gasparite-(Ce) [(Ce,La)AsO4] and

tilasite [CaMg(F/AsO4)] (GRAESER, 1966; GRAESER & ROG-
GIANI, 1976; GRAESER et al., 1973). A similar association of

As-rich fissure minerals occurs in gneisses 1 km E of
Lengenbach at Gorb (fig. 1) and in the Mittital area (KrzEM-
NICKI, 1992).

The mineralizations of the Binn Valley are part of an
extensive district of Pb-Zn-mineralization in Triassic rocks
of Europe and northern Africa (AmsTutZz & FONTBOTE,
1985), both within the Eastern Alps, e.g. Bleiberg, Raibl,
Salafossa, Mezica (Brico et al., 1977), the Swiss Alps, e.g.
Davos, Hondrich near Spiez (OBERHANSLI et al., 1985) as
well as in non-Alpine areas, e.g. «Bleiglanzbinke» of Ger-
many (HOFMANN & v. GEHLEN, 1993), Wiesloch, Germany
(SEELIGER, 1963), Upper Silesia, Poland (GALKIEWICZ, 1967).
In the Binn Valley, the Lengenbach is the most intensely
mineralized locality in the Triassic metadolostones; less
intense mineralization is widespread along a strike of about
15 km of the metadolostones (GRAESER, 1965). Besides
sulfide mineralization, a small magnetite orebody occurs
in the Triassic metadolostones in the Feldbach Valley
(fig. 1).

Pre-Mesozoic Rocks:

Mesozoic Rocks:

(=] Gotthard Massif -
Monte Leone Nappe:

Triassic Carbonates

O Jurassic to Cretaceous Schists

Orthogneisses (Biindnerschiefer)

Paragneisse ermo-Ca if |
aragneisses & Permo-Carbonif, w

Ultrabasic Rocks

Bl

Amphibolites

& Cu,As,F in gneisses ¢ Fe,Pb,Zn,Ba, Tl, As in dolomite

Figure 1:  Schematic geological map of the Binn Valley
with the locations of the main mineralizations
(modified after BADER, 1934).



Petrogenesis of the Lengenbach deposit:
metamorphogenic versus metamorphosed mineralization

The concept that regional metamorphic processes may have
been responsible for the generation of ore forming hydro-
thermal solutions has been proposed by several geoscien-
tists working on Au-mineralization. NesBITT (1988) refers to
these deposits, in which Au is the chief economic metal as
«mesothermal lode gold deposits». In the literature they are
also referred to as metamorphogenic (for reference see
PirAINO, 1992). Such hydrothermal mineralization is hosted
in rocks metamorphosed to greenschist and lower amphibo-
lite facies. In most cases, the mineralizing event post-dated
peak metamorphism. Within this broad category are inclu-
ded the quartz veins of the Monte Rosa terrain from the
Swiss Alps (CurTl, 1987; DiamMoND, 1990; LAaTTANZI et al.,
1989). These mesothermal gold veins probably bestillustra-
te ore forming processes during regional metamorphism in
the Alps.

On the other hand mineralization may be metamorphosed,
in the sense that it predates the metamorphism and has
therefore been affected by a considerable change in pressu-
re-temperature conditions that may have modified textures,
mineralogy, grade and shape.

The genesis of the Lengenbach deposit has been the subject
of investigations by Giusca (1930), BADER (1934), GRAESER
(1965; 1968; 1969; 1975), Hoers & GRAESER (1968) and
Huai(1988): apre-Alpine origin of the stratiform Fe-Pb-Zn-
mineralization has been advocated for a long time (Giusca,
1930; BADER, 1934) and was supported by HOEFs & GRAESER
(1968) on the basis of the light S isotopic composition of
common sulfides. Although Alpine overprinting and recry-
stallization of the mineralization is evident, Giusca (1930) and
BADER (1934) considered the system as relatively closed
during Alpine metamorphism. Furthermore, they related the
occurrence of neighboring volcanic rocks to the formation of
the stratiform mineralization in the Triassic metadolostones.

GRAESER (1965; 1968; 1975) assumed an open system
during late Alpine time with an metamorphically induced
addition of As, Tl, Ag, Sb and Cu into pre-existing pyrite,
galena and sphalerite mineralization during late Alpine times.

Huaci (1988) studied fluid inclusions of Alpine fissure quartz
from the Lengenbach deposit. He distinguished three diffe-
rent types of inclusions. Type I, COz2-rich inclusions were
formed under conditions of about 400°C and 2 kbar. In the
As-rich zone of the mineralization, such inclusions partly
bear arsenic glass. Type II- inclusions are salt-rich, whereas
the aqueous type Ill-inclusions formed at about 250°C and
1 kb. Based on the determination of arsenic glass in CO2-
rich fluid inclusions Huar (1988) supported the genetic
model of GRAESER (1965; 1968; 1975) with the introduction
of As-rich solutions in the dolostones during retrograde
Alpine metamorphism.

This work investigates the influence of the regional Tertiary
metamorphism on the Lengenbach deposit to scrutinize the
model of a two stage mineralization by combined geoche-
mical andisotopical (O, C, S, Rb-Sr, Pb-Pb, U-Pb) methods.

Although the mineral assemblage of the Lengenbach depo-
sitappears to be unique, its geochemistry shows similarities
with stratiform base metal deposits. The purpose of the first
part of this study is to provide a database to allow the testing
of different genetic hypotheses, particularly whether As, Tl
and some other elements were introduced during Alpine
times or whether the concentrations of these elements are of
Pre-Alpine origin.

Purpose and organization of the project
The aims of this investigation were:

18t to present new arguments for or against the metamor-
phogenic addition of As, Tl, Ag, Sb and Cu from
external sources into the Lengenbach deposit (Part I),
and

2nd o determine the source rock of the mineralizing fluids
and to investigate the Cu-As-F mineralization located in
the basement-gneisses of the Monte Leone nappe and to
clarify their relations with the neighboring stratiform
Pb-Zn-As-TIl-Ba-mineralization of the Lengenbach (Part
II), and

31 o clarify the genetic relation of Mesozoic amphibolites
to the carbonate-hosted mineralization in their footwall
(Part III).

This work is divided into three parts: The first section
focuses on the geochemistry and genesis of the Lengenbach
deposit, whereas investigations of mineralization in neigh-
boring gneisses will be discussed in the second part. The
geochemistry of the Mesozoic amphibolites will be discus-
sed in the third section.

The project was supported by the Swiss National Science
foundation (grant No. 21-31286.91). A complementary inve-
stigation of the whole rock and mineral chemistry as well as
S-isotope geochemistry was simultaneously initiated by B.
Hofmann from the Natural History Museum of Bern, who
carried out the electron microprobe analyses of uraninites,
the S isotope measurements as well as the geochemical bulk
rock analyses. Already atan early stage of the projectaclose
and fruitful cooperation was established resulting in a publi-
cation in Mineralium Deposita: Geochemistry and genesis
of the Lengenbach Pb-Zn-As-Tl-Ba-mineralization, Binn
Valley, Switzerland (HorFMANN & KNILL, in press). Geoche-
mical whole rock analyses of samples from the Lengenbach
deposit were financed by ESM (Stiftung Entwicklungs-
fonds Seltene Metalle, Pully, Switzerland).



PART I
GEOCHEMISTRY OF THE PB-ZN-AS-TL-BA-DEPOSIT AT
LENGENBACH

I.1  Zoning of the mineralization

The Lengenbach mineral occurrence in the Binn Valley,
Valais, Switzerland, has been famous for its wealth of rare
and well crystallized Pb-As-TI sulfosalt minerals since the
early 19 century. Early mineral collecting took place
between 1835 and 1900. Since 1958, the quarry has operated
every summer for the recovery of mineral specimens: 50 to
100 m3 of rock are quarried annually.

The mineralogical and crystallographical aspects of the
hydrothermal mineral assemblage of the Lengenbach are
subjects of numerous publications and will only be dealt
briefly in this work. In metadolostone, well crystallized
minerals constitute a small volume fraction of the rock and
are restricted to druses and fissures, whereas stratiform
layers of pyrite and minor galena, sphalerite and xenomor-
phic sulfosalts dominate the bulk of the mineralization.

Within the Lengenbach deposit, several geochemical zones
characterized by different mineral assemblages (see fig. I.1)
and As/Pb ratios are present and have been described
previously (GRAESER, 1965; STALDER et al., 1969; HOFMANN
et al., 1993). In this work, based on As/Pb ratios and As
valency, the following geochemical zones are distinguished:

As(IIl)-rich zone with pyrite, barite, As(III)-sulfides
and low-Fe sphalerite. Main As-phases are baumhaue-
rite, sartorite, orpiment and realgar. Textural evidence
indicates the former existence of a Pb-TI-As-S-melt
phase above£300°C in this zone. Nonsulfide minerals
include dolomite, calcite, quartz, hyalophane, phlogo-
pite, K-Ba micas, rutile and uraninite. In silicate-rich
bands (approximately 25% Si0O2), uraninite and rutile
are found in direct contact without signs of brannerite
formation, while asingle brannerite crystal was foundin
a druse associated with sartorite (GRAESER & GUGGEN-
HEIM, 1990). Graphite is absent and Ba-concentrations
are high. Barium silicates, quartz, rutile and uraninite
are concentrated in stratiform bands of a few cm thick-
ness. Barium silicates most likely are the result of barite-
silicate reactions as observed in other metamorphosed
barite-rich deposits such as Kipushi, Zaire (CHABU &
BOULEGE, 1992).

Intermediate redox zone (includes As-poor zone of
GRAESER, 1965; GRAESER, 1975; HoFMANN et al., 1993):
pyrite, barite, As-poor sulfosalts (e.g. jordanite), galena,
sphalerite with variable Fe-content, arsenopyrite in dru-
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Figure l.1:  Schematic map of the Lengenbach deposit
(after HoFMANN et al., 1993).

ses. This zone is found stratigraphically above the As-
rich zone and is characterized by sulfosalts with lower
As/Pb. Pure As sulfides are absent. As occurs in mine-
rals in trivalent (sulfosalts) as well as zerovalent (ar-
senopyrite) form, probably a result of the irregular
distribution of the redox buffers barite and graphite. The
variable color of the metadolostones is caused by the
irregular distribution of graphite.



Table 1.1: Major geometric types of mineralization in the Lengenbach deposit.

(plate I.1a, b) sphalerite

tourmaline, uraninite

geometric type of sulfid nonsulfid importance for
mineralization minerals minerals bulk composition
Stratiform pyrite, barite, quartz, major host of
mineralization galena, K-Ba-micas, Ba-feldspar, Fe, S, Ba, Sr, U

important for Zn, Pb

As(Ill)-rich zone: baum-
hauerite, sartorite, tennan-
tite, orpiment, realgar.

Massive to interstitial
sulfosalt accumula-

dolomite-, calcite and
barite porphyroclasts,

major host of
As, Pb, Tl, Ag, Sb

(plate 1.1d) pyrrhotite, sphalerite

(Fe-rich), arsenopyrite

tions (plate I.1c) Intermediate redox zone: quartz important for Cu, S
jordanite
As(IIl)-rich zone:
baumhauerite, sartorite,
Discordant sulfosalt realgar, dufrenoysite minor host of
or sulfide veinlets Reduced zone: pyrite, barite Pb, As, TI,

Ag, S

large number
(approx. 50) of sulfides
and sulfosalts

Idiomorphic minerals
in vugs, druses and
open fissures (plate I.1e, f)

minor host of
Pb, As, Tl, Ag,
Cu, Ba

barite, Ba-K-feldspar,
K-Ba-micas, quartz,
goyazite, tourmaline

Reduced zone characterized by pyrite, pyrrhotite (mo-
noclinic, low temperature paramorphosed), arsenopy-
rite, Fe-rich sphalerite, magnetite, green biotite, urani-
nite, rare coulsonite and nolanite (HormanNetal., 1993).
Graphite is absent.

Unmineralized metadolostone contains variable amounts
of silicates (mostly phlogopite) and graphite, but vir-
tually no sulfides. Alpine type fissures are quite com-
mon and contain a mineral assemblage dominated by
dolomite, calcite, adularia and quartz.

Zone 2 (after HoFMANN et al. 1993) was restricted to the
old quarry. This As-rich zone was characterized by the
occurrence of native As, jordanite and dufrenoysite and
lacked realgar.

I.2  Geologyand geometric types of the mineralization

The known extent of the Lengenbach sulfide occurrence is
confined to several stratiform mineralized zones in a volume
of rock about 70 m long, 30 m wide and 40 m high. The
original outcrop in the Lengenbach stream has beenremoved
during quarrying operations. In the present quarry, the meta-
dolostone was covered by 5 to 10 m of Quarternary glacial till.

The host rock of the stratiform mineralization is a white to
gray (graphite bearing) sugary dolomite. Coarse grained
dolomite porphyroclasts occur within the mineralized zone
of the dolostone. Alpine, idiomorphic dolomite crystals
coexistin druses together with sulfides, sulfosalts, silicates,
sulfates, phosphates and oxides.
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Four major geometric types of mineralization can be recog-
nized (tab. I.1):

— Stratiform layers, in which the most dominant ore
mineral is pyrite, vary in thickness from a few cm to 50
cm and contain up to 80% pyrite by volume (plate I.1a).
Similar layers of lesser thickness are formed by galena
and sphalerite and rarely by magnetite (plate I.1b). The
As-rich sulfosalt mineralization is stratabound, occurs
usually close to the pyrite layers and is often most
intense in pressure shadows of coarse dolomite nodules
restricted to this zone (plate I.1c).

— Massiveto interstitial sulfosalt accumulations (dominant-
ly baumhauerite) associated with realgar and orpiment are
found in irregular pockets of up to 20 cm diameter.

— Cracks filled with massive and partly idiomorphic sul-
fides fan out from massive ore pockets (discordant
sulfosalt veinlets, plate 1.1d). The host metadolostone
contains variable amounts of phlogopite but is poor in
other silicates. It is «sugary», i.e. individual isometric
dolomite grains of 0.1 to 0.3 mm diameter are loosely
held together. Both white (graphite free) and gray (gra-
phitic) metadolostone varieties are encountered, the
gray varieties being restricted to areas of less-intense
As-mineralization. Stratiformsilicate-rich (barian micro-
cline, barian muscovite, quartz) layers of a few cm
thickness are rare but can occasionally be followed over
up to 15 malong strike. These layers with up to 124 ppm
bulk U contain accessory uraninite.



—Well-crystallized sulfides, oxides, silicates, sulfates,
carbonates and phosphates occur as idiomorphic mine-
rals in vugs, druses (plate I.1e) and open fissures (plate
L.1f). Inisolated patches, an assemblage with magnetite,
arsenopyrite and pyrrhotite is found (plate I.1b).

Ductile and brittle deformation structures can be distin-
guished in the Lengenbach quarry. Porphyroclasts (coarse
grained crystals) of dolomite, calcite, barite, quartz and
tourmaline within sugary dolomite indicate that their forma-
tion predates the end of ductile dolostone deformation. The
formation of druses is most prominent in pressure shadows
of large dolomite porphyroclasts and is most likely a result
of combined deformation and dissolution processes. Brittle
deformation structures within the mineralized metadolo-
stone occur as thin fissures perpendicular to the bedding and
are filled with either sulfosalts or an assemblage of pyrite-
pyrrhotite-arsenopyrite-sphalerite.

I3 Whole-rock geochemistry

L3.1 Samples and methods

Samples of the Lengenbach mineralization were either
selected in the quarry or obtained from the collections of the
Natural History Museum of Bern.

For whole-rock geochemical analyses, samples of 1 to 5 kg
(sample LB17: 50 kg) were crushed, split and ground in a
tungsten carbide disc mill. Analyses of Na, Sc, Fe, Co, Ni,
Zn, As, Se, Rb, Sr, Mo, Ag, Sb, Cs, Ba, La, Ce, Sm, Eu, Tb,
Yb, Lu, Sm, Au, Th and U were performed by INAA
(Instrumental Neutron Activation Analysis) by Bondar-
Clegg and Company Ltd., Ottawa; Li, Na, Al, K, Ti, Cr, Mn,
Fe, Co, Ni, Cu, Zn, As, Sr, Y, Zr, Nb, Mo, Ag, Cd, Ba, Pb,
Biby ICP-OES (Inductively Coupled Plasma-Optical Emis-
sion Spectroscopy), Hg by cold vapor AAS (Atomic Ab-
sorption Spectroscopy), Tl by AAS, In, Sn and Fe>10% by
XRF (X-ray fluorescence), all at the same laboratory. Be, B,
Gaand V (fusion-ICP-OES) and REE (ICP-Mass-Spectro-
scopy) were analyzed by XRAL Laboratories, Toronto.
Some samples were analyzed for Sn by KBr fusion-hydride-
AAS and for Au using a wet chemical method by Omac
laboratories, Ireland. Samples with high concentrations of
Pb, Tl, Ba and As were reanalyzed by XRF using synthetic
standards with a similar matrix at the University of Bern.
Mean values were tabulated where element concentrations
consistent within error were obtained by different methods.
Acid-dissolution ICP-OES analyses of Ba and Sr yielded
low values due to incomplete decomposition of barite and
were omitted in favor of INAA and XRF data.

1.3.2 Results

Whole rock geochemical data for 33 elements in 29 repre-
sentative whole rock samples from distinct zones from the
Lengenbach deposit and 5 reference samples of unminera-
lized metadolostone from nearby occurrences are presented

magnetite silicate sulphosalt
e D O S A d4== = c
S L EGR SoE Pk o SR s

1.0
0.9
0.8 -
0.7
0.6
0.5

0.4
0.3
0.2

0.1
0.0

Figure 1.2: Dendrogram cluster analysis (nearest neigh-
bor, Program Cluster by SYSTAT) for 34
whole rock samples from the Lengenbach
depositbased on inverse distance similarity of
Pearson-correlated data. The tree diagram
was calculated by a single linkage method.

in table A2.3a and A2.3b. For most elements the five
unmineralized metadolostone samples (LB30, 31, 32, 33,
HB209) show concentrations similar to average carbonate
(TurekiAN & WEDEPOHL, 1961) but with significant enrich-
ments of Li, Rb and Cs. Compared with white metadolo-
stone, the graphite bearing unmineralized samples (LB31,
33) are slightly enriched in As (enrichment factor 3.8), Sb
(3.0),U(2.8) and Zn (2.0). Barium is slightly depleted (0.6).

Compared with the unmineralized metadolostone, minera-
lized samples show enrichments of a large number of
elements (in decreasing order, with range of enrichment):
>1000-fold enriched: As, Pb; 1000-100-fold: Ag, Tl, Sb,
Hg, Zn, Ba, Cd; 100-10-fold: Fe, Cu; <10-fold: U, Mo, V,
B, Ga and Cr. Low concentrations close to the detection
limit were found for In (<1 ppm), Sn (<25 ppm), Ge (<10
ppm), Se (<5 ppm). Au was analyzed in 8 additional
samples yielding a range of <2 to 24 ppb with the highest
values occurring in sulfosalt-rich samples and in a sample
containing fuchsite. Overall, Ba values are high, averaging
1.1%, this element ranks second in mass enrichment after Fe
in the bulk of the mineralization. The As(III)-rich zone has
ahighatomic As/Pbratio of 1.6, reflecting the abundance of
As-rich minerals such as sartorite (As/Pb = 2), baumhaue-
rite (As/Pb = 1.33) and pure As sulfides.

Although the analyzed samples may be biased towards high
concentrations of Pb-As-Zn-Cu and low Fe values due to the
use of «ore-grade» samples, visual estimates of pyrite/
sulfosalt volume ratios by other Lengenbach investigators
(GRAESER, S., IMHOF, T. , OBERHOLZER, W., STALDER, H.A .,
pers. comm., 1992) yielded a value of about 10, indicating
that no severe error in element ratios is introduced during
sampling (pyrite/Pb ratio calculated from As-rich samples
assuming all Fe is pyrite-bound: 7.4).



Cluster analysis results of the data in table A2.3a and A2.3b
using the Single Linkage Method are presented in figure I.2.
Three main clusters with a high internal correlation of the
respective elements are revealed. These clusters were tenta-
tively named for their inferred major mineralogical character:

I8tsilicate cluster including U, Th, Ti (Mo, B); 2nd gyifosalt
cluster with Pb, As, T, Ag, Sb, Hg, Ga and Cu; 3" magnetite
cluster with Fe, Be, V and Cs (Ni). Ba-Sr and Zn-Cd form
highly correlated element pairs. The elements Cr, Co, Mn
and Na are not strongly correlated. The absence of correla-
tions between V, Cr, Ga and Ti, Al, Th indicates that the
distribution of Cr, V and Ga cannot be explained by detrital
input alone.

These results clearly reflect the close association of the
sulfosalt-forming elements As-T1-Ag-Ga-Sb-Pb-Hg-Cu. The
association of Th and U with silicates and of Cs, V and Be
with magnetite is established. Zn, Cd, Co, Ni are associated
with mostly As-poor samples of variable affinity. The
limited data available for Au and Sn indicate that these
elements are most likely associated with the sulfosalt clu-
ster. The association of Ga with sulfosalts and not with Zn
1s unusual, but can probably be explained by metamorphic
redistribution (partitioning into melt phase?).

The results of rare earth element (REE) analysis of five
mineralized (including three magnetite-rich) and two unmi-
neralized metadolostones from the Lengenbach and one
magnetite-rich sample from the Feldbach iron deposit are
presented on table A2.4. Figure 1.3 shows REE patterns of
mineralized samples normalized to unmineralized metado-
lostone from the Binn Valley. This procedure best illustrates
the rather slight differences between mineralized and unmi-
neralized samples. Heavy rare earth elements (HREE) tend
tobe enriched in the mineralized samples (SGd-Yb/SLa-Sm
0.14-0.21 compared to 0.11 in barren metadolostone), but
most prominent is a positive Eu-anomaly in all mineralized
samples (Ew/Eu* 1.14-1.89). In contrast to the Lengenbach
deposit, the Feldbach magnetite sample shows distinctly
different characteristics with a stronger HREE enrichment
(SGd-Yb/SLa-Sm 0.37) and no positive Eu anomaly (Eu*
0.85). I conclude that HREE and particularly Eu have been
added to the mineralized metadolostones at Lengenbach.
Therefore, based on REE data, the Feldbach magnetite
occurrence is not genetically related to the Lengenbach
deposit.

Higher Ti and Th concentrations, Ti/Al, Th/Al as well as Si/
Al ratios of the silicate rich layers (compare samples LBS,
LB23,LB19intab. A2.3 and A2.4) indicate an origin from
pelitic sediments or from insoluble residues of the host
metadolostone. REE’s of sample LB8 are depleted by a
factor of about 5 relative to the immobile elements Al, Th
and Ti, however. I tentatively interpret silicate rich layers as
hydrothermally leached (REE-depleted) insoluble residues
within the host carbonates.
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Figure I.3:  REE-pattern for mineralized samples from
the Lengenbach and Feldbach mineralizati-
ons. The data are normalized to the average of
the unmineralizedmetadolostone samples LB30
and LB31.

1.4  The sulfidic melt of the Lengenbach deposit

1.4.1 Introduction

Different mechanisms have been proposed to explain mobi-
lization of sulfide deposits during regional metamorphism.
Mobilization by partial metamorphic melting of sulfidic
ores has been advanced by LAwRENce (1967) to explain
«sulfide metapegmatites» in the Broken Hill deposit, Aus-
tralia. VOkEs (1971) took into account that melting can also
take place in common sulfide systems at temperatures
regarded as prevailing inmedium grade metamorphic facies:
«Metamorphic heating of Kieslagerstitten type ores contai-
ning Fe, Cu, Zn, Pb and S together with minor amounts of
As, Pb, Ag, etc. to temperatures over 500°C would lead to
a differential melting of the ores with a formation of melts
relatively rich in Cu, Pb, As, Sb, Ag and S. These melts
would presumably remain in the general vicinity of the
parental ore body in the absence of tectonically controlled
migration». Up to the recent investigations concerning the
petrogenesis of the Lengenbach deposit, this prediction has
not been confirmed by field observations.



Evidence of the former existence of a metamorphogenic,
As-rich sulfide melt in the Lengenbach mineralization was
presented by HOFMANN (1994). Sulfosalt inclusions arran-
ged along healed fractures in quartz are an excellent confir-
mation of the formation of a sulfidic melt in the Lengen-
bach deposit. This recent study showed that a sulfidic melt
was trapped simultaneously with an aqueous fluid. The
interaction of the melt with hydrothermal fluids is evident
from As-S daughter minerals in fluid inclusions (HuGl,
1988), indicating that this fluid in equilibrium with the

mineralization was extremely As-rich (hundreds of ppm).
Microprobe analyses of homogenized sulfide inclusions (T
= 500°C) showed that Tl was strongly enriched in the melt
compared with bulk As-rich ore (HormANN, 1994). For a
comparison with massive sulfosalt accumulations B. Hof-
mann provided the detailed geochemical data of homoge-
nized melt inclusions (tab. A2.2 and fig. I.4). Melt inclusi-
ons formed of sulfosalt are characterized by relatively low
Pb/As and elevated TI/Pb, Sb/Pb and Ag/Pb, indicating a
late stage trapping of a Pb-poor, residual melt.
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Figure 14:  Geochemical composition of whole rock samples, sulfosalt accumulations and melt inclusions from the
Lengenbach deposit. The Pb/As-ratio of the main lead-sulfoarsenides are shown as reference-lines.



The present study shows that the ore paragenesis of the
As(III)-rich zone of the Lengenbach deposit is compatible
with a restricted ore mobilization by the formation of a
sulfidic melt on a macroscale (mm to dm) during metamor-
phism. Massive sulfosalt accumulations in the carbonate-
hosted, polymetallic mineralization from the Binn Valley
can be best explained by the formation of a sulfidic melt
during Alpine metamorphism. This interpretation is based
on the phase relations of lead sulfoarsenides, micro- and
macroscopic observations as well as geochemical and iso-
topical investigations.

The study of the former sulfidic melt provides information

about the petrogenesis of the unique Lengenbach minerali-
zation and the Alpine history of the deposit.

1.4.2  Sulfosalts of the Lengenbach deposit

The Lengenbach deposit is famous for a large variety of

different sulfosalt minerals (NowAcCKI, 1965; GRAESER, 1965;
1975; 1981; 1990; HormanN et al., 1993). At least 31
different sulfosalt minerals occur in the Lengenbach depo-
sit, of which more than ten have not been found elsewhere.
Most of these species appear as idiomorphic crystals in
Alpine vugs, druses and fissures, where they precipitated
from syn- to postmetamorphic hydrothermal solutions.

However, the occurrence of sulfosalt minerals is not restric-
ted to Alpine hydrothermal precipitation. Most of the sul-
fosalt (appr. 99%) occurs as massive to interstitial accumu-
lations and discordant veinlets (plate I.1). Massive accumu-
lations (up to 20 cm diameter) commonly occur in the
pressure shadow of coarser grained dolomite porphyroclasts
(plate I. 1¢). Fractures filled with sulfosalt and realgar cover
areas up to 50 by 50 cm. These thin veinlets (only a few mm
wide) fan out from the massive sulfosalt accumulations into
the surrounding sugary dolomite (plate I.1c and d).

dolomite

Microprobe analyses of massive sulfosalt ore indicate a
relatively restricted range of chemical composition of mine-
rals in massive accumulations in contrast to a large variety
of idiomorphic sulfosalt minerals in druses and fissures (fig.
.5 and tab. A2.1). Several X-ray diffraction analyses con-
firmed little mineralogical variety of massive to interstitial
sulfosalts (OBERHOLZER & VOGLER, pers. com.). Xenomor-
phic sulfosalt consists predominantly of jordanite
(Pb26As12S46), rathite II (Pb19As25S56), baumhauerite
(Pb12As16S36), baumhauerite-2a ([Pb,Ag]11[As,Sb]17S36),
sartorite (PbAs2S4) as well as realgar (As4S4). Most studies of
sulfosalts from the Lengenbach deposit have focused on the
mineralogy of idiomorphic minerals in druses, whereas
massive sulfosalt accumulations have received little atten-
tion. Only Giusca (1930) studied in detail the association of
the massive sulfosalt ore from the Lengenbach deposit. He
observed a systematic paragenetic sequence (fig. 1.6) with
increasing As-concentration of crystallized ore minerals,
which he interpreted as dissolution and replacement of
older, Pb-richer phases by As-rich residual solutions. He
also documented an early replacement of rathite by baum-
hauerite and later replacement of baumhauerite by sartorite
generally without any preferential crystallographic orienta-
tion (fig. .6).

1.4.3  Sulfosalts, lead sulfosalts and lead sulfoarsenides

The term «sulfosalt» has often led to confusion. Minerals
were classified as sulfosalts according their structural units,
1.e. the presence of XS3-pyramids (X = As, Bi, Sb) in the
structure, or only according to geochemical criteria (presence
of the semimetals As, Bi or Sb). CrAIG (1974) showed that
neither classification is free of ambiguity.

Lead sulfosalts are those minerals in which lead combines
with sulfur and one or more of the three trivalent cations As,
Sb, or Bi. In nature, lead sulphosalt minerals are generally
found in close association with sulfides (CHANG & BEVER,
1973).

S Tcaripritey R
'" .

Figure 1.5: Polished section of massive sulfosalt ore from the Lengenbach deposit with the localization of microprobe
analyses. The identification of the sulfosalt minerals (in brackets) is based on the chemical composition only.



RoscH & HELLNER (1959) synthesized six lead sulfoarseni-
des (sartorite, baumhauerite, rathite(I), rathite(II), dufre-
noysite and jordanite) under hydrothermal conditions in the
temperature range of 150°C to 600°C. Unfortunately no
attempt was made to study the stability relations among the
phases. The relatively high temperatures of some experi-
ments make a pure hydrothermal formation doubtful.
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Figure 1.6: Early microscopic observations of massive
sulfosalt ore from the Lengenbach deposit
(from Giusca (1930), the table is translated
form german). The paragenetic sequence was
interpreted as dissolution and replacement of
Pb-rich phases by As-rich residual solutions.
The figure on the top shows the mineral para-
genesis of massive sulfosalt accumulations:

white = rathite, black = baumhauerite,
horizontal striped = sartorite, vertical stri-
ped = dolomite. The table on the bottom

shows the observed replacements.
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Figure 1.7:  Phase relation in the system PbS-As2S3 (after
KuroGLu, 1961) and range of As(111)-rich zone
of the Lengenbach deposit. The figure illu-
strates the incongruent melting of the lead
sulfoarsenides.

Many sulfosalts are suitable thermochemical indicators (Cra-
16, 1974). KutoGLu (1961) proposed a phase diagram for the
system PbS-As2S3, whereas five lead sulphoarsenides are
presentin the system (fig. 1.7). All phases except dufrenoysite
show incongruent melting, producing a PbS-richer phase plus
liquid. Based on the pseudobinary system PbS-As2S3, CHANG
& BEVER (1973) presented a generalized paragenetic sequence
of the lead sulfoarsenides, the metal (lead)-rich forming early,
those rich in both the semi-metal and sulfur subsequently. A
similar history would also be the case for lead sulfoantimoni-
des and lead sulfobismuthides, which however crystallize at
distinctly higher temperatures. Therefore, only lead sulfoar-
senides melt under medium-grade metamorphism.

Phase transition temperatures of natural lead sulfoarsenides
can be influenced by the concentrations of metals other than
Pb, the presence of volatiles as well as the pressure conditions.
Massive to interstitial baumhauerite and sartorite from the
Lengenbach deposit contain significant concentrations of Sb
(<1.2 wt%), Tl (<7.0 wt%) and Ag (<3.81 wt%) (tab. A2.1).
Heating experiments with a standard U.S.G.S flinc-stage of
several fractions of baumhauerite (sample L92-009 with 0.5 to
0.8 wt% Sb, 110 3.6 wt% T1, 0to 4 wt% Ag) indicate initial and
final melting temperatures between 465 and 485°C. The
agreement of these experimental results with the temperatures
from the phase relation diagram of KutocLu (1961), point to
a negligible influence of Sb, Tl or Ag-contamination on the
transition temperatures of the PbS-As2S3-system. BRETT &
KuLLERUD (1967) investigated the Fe-Pb-S system and conclu-
ded that melting of sphalerite-galena-pyrite-assemblages may
begin below 700°C. They concluded that water and other
volatiles such as H20 or COz2 have negligible effects on the
subsolidus relations in sulfide-type systems and that they may
influence melting temperatures only significantly if they are
soluble in the liquid. Gold-tube pressure experiments demon-
strated that pressure has essentially no effect on the melting
temperature of jordanite (RoLAND, 1968).
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The phase diagram of KurtocLu (1961) is therefore thought
to be applicable to explain the paragenesis of the massive
lead sulfoarsenides from the Lengenbach deposit by fractio-
nated crystallization of a sulfidic melt during retrograde
metamorphism.

1.4.4  Analytical method

Microprobe analyses of massive to interstitial sulfosalt ores
were performed with a Cameca SX-50 microprobe at the
Institute of Mineralogy and Petrography of the ETH Ziirich.
The instrument was operated at 15 kV, 20 nA, with a beam
diameter of 1 wm, using natural standards.

1.4.5 Mineral chemistry of massive sulfosalt
accumulations

Microprobe analyses along profiles of massive sulfosalt
accumulations (fig. I.5) confirmed the microscopic obser-
vations of Giusca (1930): accumulations of sulfosalts show
decreasing Pb/As ratios from the center to the margin,
whereas the Tl-concentration increases.

A positive correlation of the Tl-concentration with decreasing
Pb-As-ratio was also observed in sulfosalt samples from
different sites (fig. 1.4). The analyses showed that T1, Sb and
Ag are concentrated in different mineralogical phases. The
highest concentration of Tl (up to 12 wt%) were measured
in minerals with a Pb/As ratio close to sartorite (appr. 50
wt% Pb), whereas Sb (up to 1.3 wt%) is enriched in a more
Pb-rich phase. Ag (appr. 4 wt%) is concentrated in a phase
with a distinct Pb/As ratio and 57 wt% Pb (presumably
baumhauerite-2a).
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1.4.6  Phase relations: bulk compositional constraints
on partial melting in the As253-PbS- system

The phase diagram of KutocLu (1961) shows that melts of
lead sulfoarsenides can form in natural As-rich sulfide
systems (e.g. Pb-Zn-mineralization) during medium grade
metamorphism, whereby the temperature of the solid-melt
transition significantly depends on the bulk As/Pb ratio of
the system (fig. 1.7).

Geochemical whole rock analyses revealed distinct As/Pb
ratios of samples from different zones from the Lengenbach
deposit (fig. 1.8).

The lowest As/Pb occurs in the intermediate redox zone
as well as in the unmineralized zone at the quarry. This
is in agreement with field observations, which did not
indicate the presence of a sulfidic melt in these zones.
The occurrence of massive to interstitial sulfosalt accu-
mulations is limited to a narrow zone in the mineralized
metadolostone. All samples from this As(1lI)-rich zone
as well as the silica-rich bands have a composition of 50
to 62 mol% Pb (in the pseudobinary PbS-As2S3-system).
The homogeneous As/Pb ratio over a large range of
concentration (100-60000 ppm Pb and 30-20000 ppm
As) indicates the existence of variable amounts of a
chemically homogeneous Pb-As phase in most minera-
lized rocks from this zone.

Although the reduced zone is characterized by the highest
As/Pb ratio, no field observation indicates the formation of
a melt in this zone.
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Figure 1.8:  Left: Pb-As composition of whole rock samples, massive sulfosalt accumulations and melt inclusions from the
Lengenbach deposit. The composition of baumhauerite and sartorite are shown as reference lines.
Right: comparison of bulk rock composition from the Lengenbach deposit with other stratiform sulfide deposits.
A defines the field of a possible sulfidic melt at temperatures < 475 °C (KuroGLu, 1961).



1.4.7  Experiments of sulfidic melts in carbonates

To clarify the influence of the host rock on the texture of a
crystallizing sulfidic melt, experiments of natural sulfosalt
were performed in carbonates. The melt experiments of
lead-sulfoarsenides were carried out in a Johannes-Piston-
cylinder equipment (ScHmipt, 1992) at the Institute of
Mineralogy and Petrography of the ETH Ziirich. 0.15 g of
baumhauerite from the Lengenbachdeposit (sample .22012)
were filled into Pt-capsules between two layers of 0.3 g
calcite or dolomite (grain size: 300 wm). The dry samples
were heated during 120h at 510°C and 3 kbar. Temperature
and pressure were chosen similar to the peak metamorphic,
lower amphibolite facies conditions of the terrain (Hua,
1988; VancE & O’Nions, 1992). Standard polished-section

techniques (the section mounts were prepared from cold-
setting resins) were prepared of the quenched samples to
investigate the newly generated textures.

The melt-experiments produced distinct textures of recry-
stallized sulfosalt ore: in the dolomitic matrix the baum-
hauerite melt crystallized in the former layered fabric,
whereas calcite was impregnated by the sulfidic melt (fig.
1.9). Similar textures were observed in the field: Several
calcitic veins with an average thickness of about 3 cm occur
in the sugary metadolostone from the Binn Valley. Plastic
deformation is often evident in these. Where such calcitic
veins are in contact with massive sulfosalt ore, their color
varies from dark yellow to brown due to finely dispersed
sulfosalts.

calcite

Figure 1.9:  Polished section of recrystallized baumhauerite (sample L22012 from the Lengenbach deposit). The experiment
showed different textures of laboratory-crystallized sulfosalt-melt in dolomitic and calcitic host rock. The sulfidic
melt was produced in Pt-capsules in a piston-cylinder at 510°C.



1.4.8 Discussion and conclusions

The paragenetic sequence of the massive sulfosalt ore from
the Lengenbach deposit can be explained by a fractional
crystallization from a sulfidic melt. The thermal stability of
sulfoarsenides explains the occurrence of rathite, baum-
hauerite, sartorite and realgar in massive form, representing
solidified melt pockets.

CHANG & BEVER (1973) postulated that lead sulfoarsenides
are essentially restricted to mesothermal and epithermal
deposits. The formation of a sulfidic melt during amphibo-
lite facies metamorphism indicates that this assumption
should not be generalized.

The occurrence of sulfosalt as massive accumulations as
well as discordant melt injections raises the question of the
mechanisms causing different deformation fabrics of the
host rock. VoGLER (1986) studied the deformation of meta-
dolostone and concluded that the transition between brittle
and plastic deformation mainly depends on the deviatoric
stress and the temperature. The coexistence of brittle and
plastic deformation fabrics of the dolomitic host rock can
either be explained by variable rates of deformation or by a
change of the pressure conditions. I favor the process of
fluid pressure shift during retrograde cooling from lithosta-
tic to more hydrostatic condition at about 400°C to explain
the transition from ductile to brittle deformation. The tran-
sition was contemporaneous with the formation of the first
minerals in Alpine vugs (Huar, 1988), the crystallization of
uraninites as well as the sulfide-sulfate equilibration, indi-
cating increasing hydrothermal activity at this stage of
retrograde cooling (see also fig. 1.29).

Increasing TI/Pb, Sb/Pb and Ag/Pb with decreasing Pb/As
of massive sulfosalt ore and melt inclusions point to a
restricted substitution of TIl, Sb and Ag for Pb in the
successive crystallizing phases. At the contact to the adja-
cent dolomite a Tl-rich mineral phase (presumably hutchin-
sonite) was detected in several discordant sulfosalt melt
injections as the last crystallizing phase (HOFMANN, pers.
com.). The enrichment of T1, Sband Ag is in agreement with
the observation that minerals rich in these elements (eden-
harterite, imhofite, lorandite, smithite, stephanite, proustite,
trechmannite and others) are restricted to hydrothermal
precipitations in Alpine vugs (fig. 1.10). HormANN et al.
(1993) showed that Tl-rich sulfosalts in Alpine druses are
restricted to the As-rich zone of the deposit. All these
observations suggest that Tl, Sb and Ag partition preferen-
tially into the hydrothermal phase. The retrograde crystalli-
zation of a sulfidic melt is therefore thought to be an
important mechanism for the fractionation of elements in a
polymetallic system.

Metamorphic massive sulfide deposits have generally a
simple mineral assemblage comprising pyrite, pyrrhotite,
sphalerite, galena and arsenopyrite (e.g. Swedish Caledoni-
des, SunpBLAD et al., 1984). Oxygen fugacity is close to the

pyrite/pyrrhotite buffer and most As is present in arseno-
pyrite as a formally zerovalent element (HEINRICH & EA-
DINGTON, 1986). In the Lengenbach deposit, such conditions
prevailed in the reduced zone. In the As(IIl)-rich zone,
abundant pyrite and barite buffered oxygen fugacity at a
higher level and precluded the reduction of As(III) and
arsenopyrite formation. This preservation of As(III) enab-
led the formation of thioarsenates in melt form during
metamorphism and in sulfosalt minerals during retrograde
cooling.

There are three major prerequisites for the formation of
sulfidic melt aggregations under medium grade metamor-
phic conditions:

15t Based on the phase diagram of lead-sulfoarsenides, the
Pb/As of asystem must be relatively low (fig. 1.7). There
are other stratiform sulfide deposits, e.g. Huelva or
Raibl which have Pb/As ratios which would allow the
formation of a sulfidic melt during medium grade meta-
morphic conditions. Nevertheless, most stratiform Pb-
Zn deposits seem to be too poor in As (or too rich in Pb)
for the formation of a sulfidic melt.

2nd Thermodynamic calculations of HEINRICH & EADINGTON
(1986) proved that As** (which is the valency state of As

Pb (wt%)

As (Wt%) TI+Ag+Sb (wt%)

B massive sulfosalt (this work)
@ melt inclusions in quartz (HoFMANN, 1994)
A idiomorphic sulfosalt minerals in Alpine druses (GRAESER, 1990)

Figure 1.10: Ternary plot of the chemical composition (Pb,
As and Tl+Ag+Sb) determined by microprobe
analyses of massive sulfosalt accumulations,
melt inclusions and sulfosalts in Alpine druses.
Minerals in Alpine druses and fissures are:
dufrenoysite, rathite, baumhauerite, sartori-
te, realgar, hutchinsonite, liveingite, jordanite,
edenharterite, geokronite, hatchite, imhofite,
lorandite, marrite, proustite, pyrargite, stepha-
nite, trechmannite, xanthokon, wallisite, stalde-
rite, lengenbachite, bournouite, seligmannite.



in sulfosalts) is stable at 250°C in hydrothermal systems
under relatively oxidizing conditions (fo2 >104° bar).
At lower oxygen-fugacity, arsenopyrite and loellingite
are the stable solid phases in coexistence with a sulfur-
bearing aqueous fluid with excess Fe. In the As(III)-
zone, sulfate in the form of baryte was certainly the
dominant S-bearing mineral, buffering by coexistence
with pyrite the system during recrystallization. The lack
of sulfate as well as the existence of arsenopyrite explain
the absence of a sulfidic melt in the reduced zone.

31 Field observations as well as melt experiments showed
that the host rock of a sulfidic melt influences the texture
of the ore (e.g. formation of accumulations or impregna-
tion). The reason for the divergent behavior of the melt
in different carbonates is unclear; a possible explanation
could be distinct surface effect of the host minerals.

The homogeneous As/Pb-ratio of the whole rocks samples
from the As-rich zone of the Lengenbach deposit can be best
explained by the existence of variable amounts of a sulfidic
melt with a constant As/Pb-ratio.

The O- and C- isotope compositions of sugary dolomite
around Alpine druses in the Lengenbach deposit is slightly
lighter than the composition of dolomite porphyroclasts.
This difference indicates the influence of external fluids
only in vuggy metadolostones (see section 1.9.3). Homoge-
heous O and C- isotopic composition of dolomite close to
sulfidic melt pockets as well as discordant melt injections
Point to a aqueous-poor environment of the sulfidic melt.

The existence of a sulfidic melt at peak metamorphism and
during retrograde metamorphism is inconsistent with late
Alpine hydrothermal influx of As into preexisting Pb-Zn-
ores. The presence of high As-concentration close to peak
metamorphic conditions is confirmed by arsenopyrite geo-
thermometry indicating temperatures of 400°C during ar-
Senopyrite formation in more reducing environments and
the presence of As-S-phases in high-temperature fluid inclu-
sions in quartz (Huar, 1988).

L5 pp isotopes

L5.1 pp isotopes of the stratiform mineralization

Nine separates of minerals occurring as stratiform layers
(massive pyrite, galena, tourmaline) of the Lengenbach
deposit conform to the growth curve for average crustal Pb
(tab. A2.3¢ and fig. 1.13). Model ages of about 200 Ma
correspond to the stratigraphic age of the host rock.

Figure 1.11 illustrates that many Pb-Zn deposits in Tri-
a§sic host rocks of Europe have an anomalous Pb isoto-
PIC composition, characterized by model ages of 300 to
400 Ma and relatively high p-values (Kopper, 1983;
BREVART et al., 1982; Lt Guen et al., 1991, ARRiBAS &

206pp/204ph
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Figure 1.11: Pb-Pbdiagramsformineralization ofthe Binn
Valley in comparison to Pb-Zn deposits from
various regions in Europe. The diagrams show
the growth curves for average continental
crustal Pb as defined by StacEy & KRAMERS
(1975) withu = 9.74 and W = 38.63 (i and
Ware the 238U/20%4Pb, respectively232Th/204Pb
ratios of the second evolution stage) and by
CUMMING & RICHARDS (1975).

TospaL, 1994). All these deposits from Eastern and
Southern Alps, Massif Central and Betic Cordillera are
related to the Vendée-Cévennes-Drosendorf-terrane. The
main lithologic unit within this zone is a thick sequence
of uppermost Proterozoic through Devonian metasedi-
mentary (chiefly pelites and quartzites) and metavolca-
nic rocks (MATTE, 1991; ArriBAS & TospAL, 1994).

Mineralization from Bleiglanzbénke from southern Germa-
ny is characterized by model ages close to the age of the host
rock (LippoLt et al., 1983; BieLIcKI & TISCHENDORF, 1991).



1.5.2  Pb isotopes of metadolostones (whole rock samples)

Pb isotope data of whole rocks show a distinct pattern for
different geochemical zones (tab. A2.3c and fig. I.12). While
the As-poor and As-rich mineralization conform to the isoto-
pic composition of stratiform minerals, the «reduced facies»
and unmineralized whole rock samples are enriched in radio-
genic Pb, e.g. two samples of unmineralized metadolostone
with Pb/U = 3.3 to 3.9 show negative model ages. The
enrichment in radiogenic Pb in the «reduced facies» as well as
in unmineralized metadolostones can be explained by the
lower Pb/U ratio compared to the As-rich and As-poor mine-
ralization. Isotopic compositions corrected for in situ produ-
ced radiogenic lead (t =200 Ma) correspond with the compo-
sition of the stratiform ore, indicating common source and
insignificant U/Pb segregation during Alpine metamorphism.
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Figure 1.13: Pb isotope diagrams for minerals of the Len-
genbach deposit with growth curves for ave-
rage crustal Pb according to STACEY & KRAMERS
(1975) (1 = 9.74, W = 37.19 and isochrons)
and according to CUMMING & RICHARDS (1975).
Field A: Stratiform mineralization and massive
sulfosalts; field B: minerals in druses, fissures
and vugs and rock forming dolomite.
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Figure 1.12: Pb-isotope evolutiondiagramsforwhole-rock
samples of the Lengenbach deposit. The gray
field defines the composition of the stratiform
mineralization. The errors of the corrected
compositions (rectangles) were calculated as-
suming an uncertainty at the given concentra-
tion levels of 4% for U and Th (INAA) and 8%
for Pb (ICP-ES).

1.5.3 Pb isotope data of minerals

Massive to interstitial sulfosalts and discordant sulfosalt
veinlets have a similar isotopic signature to the stratiform
mineralization. Two samples of disseminated sulfosalts,
which are in contact to the sugary dolomite, are enriched in
radiogenic Pb. Melt inclusions of sulfosalts in quartz (sam-
ple B6281, tab. A2.5) have an isotopic composition corre-
sponding to the stratiform mineralization.

Data from single minerals in druses define a field partly
overlapping with data of stratiform galena, tourmaline and
massive, banded pyrite (tab. A2.5 and fig. I.13). Many of
the idiomorphic minerals in druses (sulfosalt, pyrite, ar-
senopyrite, realgar, feldspar) and all types of dolomite
(sugary dolomite, dolomite porphyroclasts and idiomor-
phic dolomites in druses) are enriched in uranogenic, but
not in thorogenic Pb (fig. I.13). Minerals in druses with an
isotope signature similar to the stratiform mineralization are
mainly associated with the Pb-rich mineralization. The most
radiogenic minerals, with negative model ages, are idiomor-
phic dolomite crystals and stratiform pyrites of the reduced
zone coexisting with magnetite (2°°Pb/204Pb: 19.3-22.3).
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Figure 1.14: Mixing model for common Pb (29Pb/%Pb =
18.5) with radiogenic Pb that evolved in an U-
bearing system since 180 Ma to produce the
observed isotopic ratios.

Correction forin situ produced radiogenic Pb of all analyzed
minerals reduces the 206Pb/204Pb by less than 1%o because
of the analytically determined low 238U/204Pb ratio (<<1)
and the Alpine age (<20 Ma) of the minerals.

154 Discussion of Pb isotope data

Sulfosalt minerals from the Lengenbach deposit are charac-
terized by a distinct variation of p-values (e.g. stratiform
Minerals range from u = 9.7 to 10.2, see tab. A2.5). This

variation can best be explained by fractionation during the
analytical procedure (section 6.1.4).

Pb isotope data of minerals from the Lengenbach deposit
indicate a preferential enrichment of uranogenic Pb in
Alpine druses. Possible source rocks of this uranogenic Pb
would have had U/Th ratios >5, assuming no fractionation
of uranogenic and thorogenic Pb occurred during the mobi-
lization of Pb. Gneisses (U/Th = 0.1-0.7) as well as
Biindnerschiefer (U/Th<0.3) can be ruled out as possible
source rocks. On the other hand a potential source with high
U/Th ratios are unmineralized Triassic dolostones (U/Th
= 3.2-25, average 5). An input of radiogenic Pb from
outside the dolostone during the formation of Alpine mine-
rals in druses is therefore unlikely.

If the radiogenic and common Pb of the mineralized meta-
dolostones had been homogenized during Alpine metamor-
phism, only aninsignificantincrease of the 26Pb/204Pb ratio
would have resulted, because of the high Pb/U ratio (approx.
500) of the bulk rocks.

However, in the case of incomplete mixing, a significant
increase of 20Pb/2Pb may be expected. Assuming an
average mineralized whole rock with a primary Pb/U ratio
of e.g. 400 is isotopically opened after 180 Ma and the
released radiogenic Pb is mixed with 1% of the common Pb
of the rock, the crystallized minerals would be enriched in
206pb/204Pb by 2.4% (fig. 1.14). 1 therefore postulate that
mixing of Pb isotopes was incomplete due to limited ex-
change between coexisting sulfide melt and hydrothermal
fluid. While the Pb-As-TI-S-melt was the main reservoir for
common Pb, radiogenic Pb was preferentially released from
nonsulfide-associated U bearing phases to the hydrothermal
fluid. The isotope data suggest limited fluid-melt exchange
of about 1% which is in agreement with the estimated
proportion of Pb-minerals in druses compared to the bulk Pb
in the deposit.
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Figure 1.4 S: SEM-picture of uraninite crystals from the Lengenbach deposit before and after ultrasonic treatment.
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Table 1.2:  Microprobe analysis of Lengenbach uranini-
tes (average of 70 spot analyses).

wt % at%

U 82.94 30.54

Th 3.64 1.37

Pb 0.26 0.11

Ca 0.08 0.18

Si 0.10 0:2:

Fe 0.50 0.92

Ti 0.03 0.05

As 0.27 0.32

O (calc.) 12.00 66.21

Total 100.01 100.00
Pb/U 0.0036 £+ 8
Th/U 0.045+4
U-Pb-Th-age (Ma) 255

0.005

0.004

0.003

206Ph/238U

P © 10 grains (type A&B)
0.002 - o ® 5 grains (type A&B) | |
/7 12Ma @ 1 grain (type A)
o @ 1 grain (type A)
v
0.001 1 1 1 1 1
0.012 0016 0.020 0.024 0.028
207Ph/235U

Figure 1.16: Concordia-plot of multi- and single-grain ana-
lysis of uraninites from the Lengenbach deposit.

Table 2.3: U-Pb analytical data for uraninites of the Lengenbach deposit. The assumed common Pb composition is 18.43,
15.61 and 38.30 for 206Pb/2%4Pb, 207 Pb/204Pb and 207 Pb/2%*Pb respectively. All within run statistical errors are
given at a 2 sigma level.

sample UO02-0 UO02-3 U02-1 UO2-2a
crystals (diameter) 10 5 1 (55um) 1 (25um)
type A&B A&B A A
multi grain multi grain single grain single grain
U (ng) 84940 10234 12828 1298
Pb (ng) 1576 41 35 4
% Pb ¢ 85 33 2 23
206pp204pp 30.065 + 0.002 185.415 + 0.099 2967.50 £22.3 266.05 £ 0.42
207pp/204Pp 16.178 + 0.001 23.438 + 0.091 152.85 + 16.18 27.070 £ 0.041
208pp204pp 38.645 + 0.002 41.354 + 0.036 85.431 + 0.666 41.205 + 0.065
207pp200pPp 0.0485 + 0.0064 0.0468 + 0.0013 0.0465 £ 0.0004 0.0463 + 0.0010
207 ppRSYy 0.0195 £ 0.0035 0.0198 + 0.0009 0.0186 £ 0.0003 0.0183 + 0.0005
206pp238y 0.00291 £ 0.00037 0.00307 £ 0.00011 0.00290 % 0.00005 0.00287 £ 0.00006
Correlation coefficient 0.666 0.801 0914 0.689

I.6  U-Pb dating of uraninites

1.6.1 Samples and methods

Uraninite was extracted from 50 kg of the crushed bulk ore
sample LB17 by heavy mineral separation (panning in
water) of different size fractions. Final concentration was
performed by hand picking from the most radioactive
fraction.

16

The morphology of uraninite crystals and the nature of
intergrown minerals were analyzed by SEM on a JSM-840
microscope at the Laboratory of Solid-state Physics of the
ETH Ziirich.

Microprobe analyses were performed with a Cameca SX-50
microprobe at the University of Bern. The instruments were
operated at 15 kV, 20 nA, with a beam diameter of 1pum,
using synthetic as well as natural standards.



Table 1.4:

Pb isotopic composition of minerals intergrown with uraninite from the Lengenbach deposit.

probe B 3760 D2 B 3760 GL B 3760 M2 L B 7153 L
mineral dolomite biotite magnetite (leach) magnetite
206pp,204pp 18.631 £ 0.002 19.043 £ 0.028 18.591 +£0.003 18.561 £ 0.009
207 pp,/204 pp 15.702 £ 0.001 15.702 £ 0.023 15.722 £ 0.003 15.686 + 0.007
s ¢ e 38.658 +0.003 38.600 + 0.058 38.725 £ 0.011 38.604 £ 0.018
Model-t 208 -98 277 226
7l 10.07 9.98 10.17 10.02
w 38.99 35.82 40.06 38.88
k(= w/w 3.9 3.6 39 39
40001 (AIU) i U dolomite 10000
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Figure 1.17- Scanning electron microscopic picture of uraninites (two different morphologies A and B) and intergrown

minerals from the Lengenbach deposit. Dolomite, biotite and minor magnetite could be identified by energy-

spectrums.

The isotopic measurements of uraninite crystals were car-
tied out on a Varian MAT Tandem mass spectrometer at
ETH Ziirich. The analytical procedure is described in detail
by OBErL et al. (1981).

16.2 Results

U-Pb dating of uraninite was carried out on two multi- and
two singlc-grain samples. Electron microprobe analyses
_(lab. 1.2) show that uraninite from the Lengenbach deposit
1S very pure, unoxidized (U0.96Tho.04)02.00 and yields a
ChCmical U(Th)-Pb age of 25 + 5 Ma. Scanning electron
Microscopy revealed two different morphological types of
Uraninite (A and B). Type A uraninites are idiomorphic
grains (cubes with small octahedron faces) whereas type B

uraninite is idio- to xenomorphic and intergrown with
dolomite, dark green biotite and minor magnetite. Toreduce
the common Pb contribution, single grain analyses were
performed on two hand-picked, ultrasonically cleaned (fig.
I1.15) crystals of type A.

Data are presented in table 1.3 and figure 1.16. The most
precise ages were obtained on single grains yielding U-Pb
ages of 18.5%0.5 Ma. The 297Pb-206Pb age of the uraninite
single grain UO2-1 is 25.4 £ 9 Ma (1 Sigma). Loss of
radiogenic Pb appears unlikely in the view of the difference
insize of the two crystals, and their identical age. The results
agree with those of the multi-grain analyses which have,
however, a larger uncertainty due to the high common Pb
component.



1.6.3  The composition of common Pb of uraninites

The isotopic analyses of uraninite crystals yield significant
amount of common Pb (2-85%). Two sources are responsi-
ble for the contamination of the radiogenic U-Pb-system
with common 204Pb:

15t common Pb derived from chemical treatment: the com-
positions and concentrations of blanks were measured
to correct for this component. Total blank amounted 150
to 170 pg with following composition: 206Pb/204Ph =
18.57, 297Pb2%MPb = 15.76 and 208PpPPh. = 38.57.

2nd More significant amount of common Pb derived from
intergrown minerals such as dolomite, biotite and mag-
netite (fig. I.17 and tab. 1.4).
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Figure 1.19: Rb-Srevolution diagram of whole rock samples
(n = 17)and Ba-Sr correlation (n = 29) of the
Lengenbachdeposit. The isochron was calcula-
ted by the York-fitmodelwith | = 1.42-10"a’!.
The fit for the unmineralized metadolostones
yields an age of 188 + 28 Ma and initial 87Sr/
86Sr = 0.70844 + 4 withMSWD = 3.24 (mean
standard weighted deviation). The errors of
the87SrA0Srwere calculated assuming an uncer-
tainity of 4% for Rb (ICP-ES) and 2% for Sr
(XRF) at the given concentration level.
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Figure I.18: U-Pb age of uraninites from the Lengenbach
deposit as a function of the common Pb com-
position used for correction. The range of the
composition of the measured intergrown mi-
nerals and the stratiform mineralization are
shown.

Figure I.18 shows the dependence of calculated U-Pb ages
of the composition of the common Pb. The plot illustrates
the importance of a correct assessment of the common Pb
composition. The correction of common Pb with the com-
position of intergrown minerals produces comparable ages
of multi grain and single grain analyses with different
amounts of common Pb. See also section 1.10.3 for the
discussion of the geochronological data.

L7  Srisotopes

1.7.1 Srisotopes of metadolostones (whole rock samples)

Seventeen whole rock Srisotopic analyses were performed
on samples from different zones of the deposit (tab. A2.3¢
and fig. I1.19). All samples are enriched in radiogenic Sr as
compared to Triassic sea water composition (87Sr/36Sr =
0.7070 to 0.7078, KoepnIck et al., 1990). The lowest 87Sr/
86Sr ratio (0.70801) was determined in a fuchsitic sample of
the As-poor zone. A graphitic, unmineralized sample yiel-
ded the highest 87Sr/%68r ratio (0.71018).

Unmineralized bulk rocks define an isochron of 188 * 28
Ma. Its initial ratio (0.70844 + 4) is slightly higher than the
87Sr/86Sr ratios of four samples from the As-rich minerali-
zation (87Sr/86Sr = 0.7083 % 1). Samples of the «reduced
facies» as well as one sample from the silicate rich zone
differ in their isotopic composition from unmineralized or
As(III)-rich samples. This can be explained by a loss of Sr
in sulfate-poor zones during metamorphism. The anoma-
lous Ba/Sr-ratio in silicate rich zones indicates a depletion
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Figure 1.20: 8751/56Sr composition of minerals and whole
rocks of the Lengenbach deposit. The curve
shows the seawater composition vs. time after
Kokepnick et al. (1990). Lines indicate pairs of
adjacent druse and host rock minerals.

of Sr as a result of the metamorphic formation of Ba-
silicates. The loss of Sr to a fluid phase may also explain the
Predominance of goyazite (Sr-Al-phosphate) over its Ba-
analogue gorceixite in druses.

The contents of K (0.32 to 0.78%), Al (0.44 to 0.82%) and
Rb (5-26 ppm) in positive correlation with radiogenic Sr
Indicates a detrital component and explains the relatively
high 87Rb/86S; of several unmineralized metadolostones
from the Binn Valley.

172 sy isotopes of mineral separates

Sr-isotope analyses were also performed on separated and
handpicked, pure dolomites, goyazites (Sr-Al-phosphates)
and barites (tab. A2.6 and fig. 1.20). The data of mineral
Separates are compared with whole-rock analyses of mi-
neralized and unmineralized samples from the Lengenbach
deposit. Mineral separates as well as whole rock samples are
enriched in radiogenic Sr compared to Triassic sea water
7St86St = 07070 0 0.7078, Kopnick et al., 1990).

Unmineralized, phlogopite-bearing, sugary dolomite sepa-
rates yield the highest present-day 87Sr/86Sr ratios (0.7092—
0.7102). The enrichment of radiogenic Sr in unmineralized,
Sr-poor zones can be explained by the relatively high
content of Rb in the dolomitic metasediments. Idiomorphic
n_llnerals (dolomites and goyazites) in Alpine druses show
Similar Sy isotope ratios as the adjacent sugary dolomite.

L.7.3 Discussion of Sr-isotope data

The slightly lower 87Sr/368r ratios of the As-rich minerali-
zation compared to the initial composition of unmineralized
metadolostones indicates that the amount of basement-
derived Srinvolved in the mineralizing process was insigni-
ficant. The most probable less-radiogenic St source was sea
water or diagenetic Sr liberated from carbonates during
dolomitization.

Whole rock samples, mineral concentrates and minerals in
druses of the mineralized zone from the Lengenbach deposit
have the lowest 37Sr/36Sr ratios (0.7083-7084). Conside-
ring the high present-day #7St/%6Sr ratios of the gneisses,
significant mass transfer from the basement to the Pb-Zn-
mineralization of the Lengenbach during the Alpine meta-
morphism can be ruled out. Minerals in druses of the
Lengenbach deposit match the isotopic composition of the
hostrock and indicate an almost closed system for Sr during
late stage metamorphism. This makes a major transfer of
As, Tl and Cu from the gneisses during retrograde Alpine
metamorphism, as suggested by GRAESER (1965) very unli-
kely.

I.8  Sisotopes

1.8.1 Analytical methods

Pure mineral fractions for all isotopic analyses were obtai-
ned by selection of optically pure crystals from hand speci-
mens or hand-picking from heavy mineral concentrates.

S isotopes were measured at Gottingen University using
standard methods (SOz2 gas) explained elsewhere (Ricke 1964).

1.8.2 Results

The results of S isotopic analyses on 60 samples are presen-
ted in table A2.7 and figure 1.21. Compared with the total
spread of 84S from —21.8 to —7.1% (total variation 14.7%c)
observed by HOEFs & GRAESER (1968), the variation obser-
ved in this study is much larger with values ranging from —
25.7to +12.4%¢ (total variation 38.1%0). Massive stratiform
pyrite layers have consistently low &3S values ranging
from —18.5 to —24.5%o (tab. A2.7). Stratiform sphalerite
isolated from other sulfides has similar low values (=20 to
—24%o¢). Within the stratiform mineralization, no zoning of
&3S values is discernible. Zones showing different redox
states of S and As are characterized by significantly diffe-
rent S isotope values of S minerals in druses and fissures,
however.

All minerals in the As(IIl)-rich zone are 34S depleted,
(stratiform pyrite —21.9 * 2.2%o, sulfosalts —19.7 + 1.2%e,
stratiform barite —=7.6 + 1.5). The difference in 8*4S between
coexisting barite and pyrite of 11.4 to 13.9%ois indicative of
equilibrium at temperatures of 420 to 500°C, calculated
according to OnMoTO & LASAGA (1982). The lowest 84S -
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Figure 1.21: Range of S isotope values in different minerals
from the Lengenbach deposit. Coexisting mi-
neral pairs are linked.

value (-25.7%0) was measured on samples from discordant
fissures with realgar and sartorite. The average 84S of all
sulfide samples from the As-rich zone is —16.1%o that of
As(III)-rich minerals —19.7%e.

In the intermediate redox zone, sulfides in druses show a
large variation in 84S from —7 to —24.7%o. 84S of massive
bariteranges from +0.7 to +5.3%o which s lighter than barite
in druses (5.9 to +12.4%0). A mineral pair consisting of a
small pyrite cube (84S = —10.0%o0) in massive barite (84S
= +5.3%0) shows a difference in 834S of 15.3%, indicative
of an equilibrium fractionation temperature of 390°C.

In the reduced zone, the isotopic composition of S is
throughout heavy, averaging —1.8%o (range —5.5 to +3.4%o),
indicative of thermochemical sulfate reduction or external-
ly derived sulfide.

Pairs of cogenetic sulfides and sulfosalts show very similar
8348 -values close to isotopic equilibrium at 400-500 °C.
The often significant deviations are interpreted to indicate
variable post-equilibration isotope exchange in one or both
phases of the pair due to interaction with hydrothermal
fluids. Evidence of local isotopic equilibrium strongly con-
trasts with the heterogeneity of the S isotope data at the
deposit scale, indicating that isotopic equilibration only
occurred on scales of cm to dm.

There is no systematic correlation between As-concentrati-
ons and S values, i.e. galena from As-poor zones and
realgar from the As(IlI)-rich zone show similar S isotope
values.

20

1.8.3  Discussion of S-isotope data

A Triassic sedimentary origin can be assumed of most of
the sulfide and sulfate present in the mineralization with
a primary S isotopic composition of sulfides close to —
25%o and of barite near +17%e, with a possible addition
of a small amount of reduced S close to 0%c derived from
the hydrothermal, ore forming fluid. The difference of
42%0 between sulfate and the bulk of the sulfide is
typical of the kinetic isotope fractionation induced by
bacterial sulfate reduction (OumoTo & RYE, 1979). A
similar spread of S isotope values is preserved e.g. in the
Bleiberg deposit (Austria), with main peaks of §34S-
values around —27%o0 and —7%o, and those of barites at
+15%0 (ScHroLL et al., 1983). Such light S isotopic
values are rather uncommon in stratiform sulfides that
usually exhibit values from 0 to +20%c (GUSTAFSON &
WiLLiams, 1981). Several deposits are known to contain
light sulfide, e.g. in Ireland (BoasT et al., 1981), Bleida,
Marocco (LEBLANC & ARNOLD, 1994) and in the recent
Red Sea metalliferous deposits (KapLAN et al., 1969).
The light primary 83#S-values of the Lengenbach depo-
sit indicates that the sulfide concentration in the metal
transporting fluid was low and did not contribute signi-
ficantly to the deposition of sulfides.

The S isotope variations within the mineralization exhibit
characteristics that can best be interpreted by assuming the
deposition of primary (sedimentary) sulfides and barite
followed by closed system metamorphism:

— Stratiform sulfides have low 834S-values, the least over-
printed samples probably indicating a primary sedimen-
tary value of —24 to —25%e.

—Massive barite has isotopically equilibrated with coexi-
sting pyrite at temperatures of 390 to 500°C. High
modal pyrite/barite ratios resulted in large shift of §34S
of barite from probable primary Triassic values near
+17 to +21%0 (Muschelkalk values, PEARSON et al.,
1991) to pyrite-buffered metamorphic values of -6 to
—10%e. Due to its high abundance, pyrite suffered only
a minor isotopic shift from —25 to —22 + 2%e.

— As-rich minerals (massive, in discordant fissures and in
druses) are isotopically light and similar to stratiform
sulfides.

— Druse minerals exhibit large variations indicating sulfi-
de-sulfate-interactions at variable ratios and tempera-
tures.

—Late druse barite is isotopically heavier than massive
barite by up to 20%e, indicating a late introduction of
heavy sulfate into the system. This event may be corre-
lated with incursion of a later metamorphic fluid, low in
CO2 (Huat, 1988).
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Figure 1.22: Diagram showing the possible ranges of S
isotopic compositions in sulfides and bari-
te assuming closed system metamorphic
equilibration at 500° C of pre-metamor-
phic pyrite (84S close to -25%c) and of
barite (%S +19 +2%o). 1 and 2 are the bulk
&S values calculated for the As(IIl)-rich
zone based on average composition and
equilibration at 400°C.

During metamorphism at 500°C, sulfide-sulfate equili-
brium fractionation would be about 12%o, which resulted
on re-equilibration of 834S to between —25.0 to +5.6 in
sulfides and 84S of —13.6 to +17.0 in barites depending
on initial sulfide/sulfate ratios. Thermochemical sulfate
reduction induced by graphite is another possible source
of isotopically heavy sulfide. The observed values fall
well within the range possible by either of these proces-
ses.

The primary sulfide/barite ratio can be estimated from bulk
Concentrations of Fe, Pb, Zn and Ba. It is then possible to
obtain a mass balance for S isotopes. Mass balance assu-
ming closed system metamorphism indicates that prior to
metamorphism, 84% of S in the As(III)-rich zone is bound
lo pyrite, 6.7% to As, 3.4% to Pb, 0.9% to Zn and 4.6% to
barite. Due to the high sulfide/sulfate ratio, metamorphic re-
€quilibration affected the isotopic composition of sulfate
Much more than that of sulfide. The evolution of S isotopic
Composition during metamorphism of the Lengenbach de-
Posit is schematically represented in figure 1.22.

L9 oOandcC isotopes

L9.1  Samples and methods

Samples from the Lengenbach quarry and other localities
from the Binn Valley were used for analyses (tab. A2.8).
Pure (sulfide and graphite-free), handpicked dolomite was
analyzed to exclude the influence of organic matter during
dissolution (CHAREF & SHEPPARD, 1984). CO2 was extracted
from dolomites by 100% phosphoric acid treatment at 25°C
(reaction time: 3 days) at the Geological Institute, ETH

o sugary dolomite & dolomitic porphyroclasts
° graphitic dolomite
a dolomite in Alpine druses and fissures
O unmineralized, sugary dolomite, Binn Valley
__.._Southern zone
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Figure 1.23: Plot of 83C vs. 8130 values of dolomite sepa-
rates from the Lengenbach deposit and unmi-
neralized metadolostones from the Binn Val-
ley. The zones refer to the quarry in summer
1991. Lines indicate pairs of druse and host
rock minerals.

Ziirich. Correction factors are from FRIEDMAN & O’NEiL
(1977). The COz released from these extraction lines was
analyzed on a VG micromass 903 triple-collector mass
spectrometer. Analytical reproducibility was better than
10.2%o for O and C isotope ratios.

1.9.2 0O and C isotope variations of dolomite separates

The 8'30 and 813C values of all types of dolomite separates
from the Lengenbach deposit ran ge from §'80 (SMOW) =
+21.5t0 +27.5%0 and 8'3C (PDB) = —0.5to +2.2% (tab.
A2.8 and fig. 1.23). The values of unmineralized dolomites
from various localities of the Binn Valley show a similar
spread as the dolomite samples from the Lengenbach quar-
ry. Graphitic dolomite has the lowest 8!3C ratios of all rock-
forming dolomites, indicating metamorphic graphite-dolo-
mite equilibration in these samples (3'3C (PDB) of graphite
= —13.2; GRAESER, 1968). The §'30 and 8!3C values of rock-
forming, sugary dolomite separates are similar to those of
unmetamorphosed Triassic marine dolostones (fig. 1.25).

A profile through the Lengenbach quarry shows the varia-
tion of the isotopic composition of sugary dolomite sepa-
rates (fig. 1.24). The correlation of 813C values with the
stratigraphic position can be explained by a primary varia-
tion caused by variable biogenic activity.

Alpine dolomites in druses of the Lengenbach deposit (appr.
200 m above the gneiss contact) reflect the isotopic compo-
sition of the adjacent sugary dolomite. Only Alpine dolo-
mite crystals in druses close (<1m) to the contact with
basement gneisses document a lowering of the isotopic
ratios by interaction with an «external», metamorphic fluid
(fig. 1.23).
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Figure 1.24: Sr, O and C- isotopic composition of sugary dolomite separates along a profile in the quarry. The sampling was
performed at the Lengenbach deposit in summer 1991.

1.9.3  O-C variation of dolomite adjacent to sulfosalt
accumulations and Alpine druses

O and C isotopes were measured of dolomites (sugary
dolomite, dolomite porphyroclasts and dolomites in Alpine
druses) close (<5 cm) to massive sulfosalt accumulations as
well as along a profile into a Alpine druse with coexisting
idiomorphic sulfosalt and dolomite crystals. Plate 1.2 illu-
strates different isotopic signatures of dolomite adjacent to
massive sulfosalt and dolomite adjacent to vugs: The aver-
age isotopic compositions of the samples from the distinct
localities are significantly different and probably reflect
primary variations of the sediments (section 1.9.2). The
main difference of the two samples lies in the homogeneity
of the isotopic composition in a sample: measurements of
sugary dolomite and a dolomite porphyroclast close to
massive and interstitial sulfosalt accumulations yield a
homogeneous isotopic composition, whereas the sugary
dolomite around an Alpine druse varies significantly. Idio-
morphic dolomite crystals coexisting with idiomorphic baum-
hauerite in Alpine druses as well as sugary dolomite around
vugs tend to slightly lighter isotopic compositions.
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1.9.4  Discussion of O- and C-isotope data

The §'80 and 8'3C values of sugary dolomite, dolomite
porphyroclasts as well as idiomorphic dolomites in druses
from the Lengenbach deposit are similar to those of unme-
tamorphosed, Triassic marine dolostones. In contrast to the
Binn Valley, metacarbonates of the Simplon-area (15 km
east of the Lengenbach) are significantly depleted in heavy
O- and C-isotopes (fig. 1.25). The trend suggests exchange
during interaction of unmetamorphosed, marine limestone
with metamorphic, gneiss-derived fluid in this area. The
isotopic composition of this metamorphic fluid was calcu-
lated on the basis of data from fluid inclusions (8'3C of COz2)
and fissure-quartz (8'30 for T = 150t0400°C) of the Monte
Leone gneisses (HoEFs & STALDER, 1977). The isotope trend
of metadolostones from the Central Alps may be attributed
to continuous isotopic exchange reactions between the
metamorphic fluid evolving from basement gneisses and
carbonates at different fluid-rock ratios (F/R, atomic%) and
temperatures. The isotopic composition of the hydrother-
mally altered rock was calculated according to the equation
of Fu et al. (1991). Metacarbonates (F/R<2) as well as
calcites and dolomites in fissures in basement-gneisses
(F/R>1) of the Simplon-area indicate the influence of a



- unmetamorphosed Triassic dolomites (DEGENS, 1964;
VEIZER & HOEFS, 1976; MANATSCHAL, 1995)

& Metacarbonates of the Simplon Tunnel (BAERTSCHI, 1957)

& Fissure-carbonates in gneisses of the Simplon tunnel
(BAERTSCHI, 1957)
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Figure 1.25:  Plot of §3Cvs. 830 values of dolomite separa-
tes from the Lengenbach deposit in comparison
to unmetamorphosed Triassic metadolostones,
metacarbonates and carbonates in Alpinefissu-
res. Curves represent a lowering of 8°C and
8'80 values resulting from the interaction
of an unmetamorphosed metadolostone (83C
= +1.9%¢, 850 = +28.0%c) and a metamor-
phic, gneiss-derivedfluid (83C = -6.0%q, 8'50
= +3.9%q, Xco:2 = 0.1)ar 300°and 500°C. The
marks of the curves denote increments of incre-
asing fluid-rock-ratios (atomic percent). The
calculations are based on equilibrium C and O
isotopefractionation dataofequations by O’NEIL
etal. (1969) and BorriNGa (1968).

Metamorphic fluid. However, all dolomites of the Lengen-
bach deposit (F/R<0.1) still retain a diagenetic signature of
Marine limestone. The similar isotopic composition of rock-
fOrming. sugary dolomite and idiomorphic dolomite cry-
Stals in fissures from the Lengenbach deposit indicate the
€quilibration of the late Alpine fluid with the dolomitic host
rock under rock-dominated conditions.

L10  Discussion and conclusion of part I

L10.1' Element inventory of the Lengenbach deposit
compared with other ore deposits

AllhOugh the mineralogy of the Lengenbach deposit is
Unique, the geochemistry shows many similarities with
Other types of ore deposits. The association of Pb-As-TI-
Cu-Hg-Sb-Ba is typical of hydrothermal fluids derived
from evolved continental crust and is found in Kuroko-type
and sediment-hosted massive sulfides, in epithermal sy-
Stems and high-temperature fluids such as the Salton Sea
and Chelcken geothermal systems (WHITE, 1981). In mag-
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Figure 1.26: Geochemical patterns of the Lengenbach
deposit in comparison to Meggen (Gasskr,
1974) and Rammelsberg (HAanNAK, 1981).
The data are based on an average compo-
sition of the mineralization and normalized
to an average crustal composition (TayLOR
& MCLENNAN, 1985).

matism-related hydrothermal systems covering a large ran-
ge of temperatures with comparatively low thermal gradi-
ents, the base metals Cu, Zn and Pb are often separated from
TI, Hg, Au, Sb and As by sequential precipitation from the
fluid. The association of Pb, Cu and Zn with TI and Hg can
be the result of very high thermal gradients such as realized
by the discharge of hydrothermal fluids on the sea floor, or
the association of low-temperature T, Hg-rich Fe-sulfides
with base metals. Not surprisingly, all types of massive
sulfide deposits are enriched in T, although to variable
extents.

The Meggen sediment hosted massive sulfide deposit in
Germany (GASSER, 1974; GASSER & THEIN, 1977) demon-
strates well, that high Pb and TI concentrations can be
present in pyrite-rich, unmetamorphosed stratiform depo-
sits (tab. L5 and fig. 1.26). Many Alpine type Pb-Zn-
occurrences are characterized by elevated concentrati-
ons of As and TI (e.g. ScHroLL, 1983; BriGo & CERRATO,
1994). Both Wiesloch, Germany (SEELIGER, 1963) and
the Silesian Pb-Zn-deposits of the MVT type are As, Tl-
rich but typically lack Cu. The Tl-rich mineralization of
Jas Roux, French Alps (MANTIENNE, 1974) is mineralogi-
cally similar to the Lengenbach deposit but almost com-
pletely lacks Pb.

The Hemlo gold deposit in Ontario shows some similarities
with the Lengenbach deposit (Harris, 1989): anomalous
Mo, V, As, Sb, Hg, Tl and Ba and the occurrence of some
rare minerals typical of the Binn Valley (baumhauerite,
seligmannite, dufrenoysite, cafarsite). In contrast to the
Lengenbach deposit, the Hemlo deposit is however an Au-
rich deposit with low concentrations of Pb, Zn and Cu.
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Table I.5:  Geochemical comparison of the Lengenbach deposit with other Tl-rich, sediment-hosted deposits.

deposit type host age major elements reference
Lengenbach Sedex? Triassic Fe, Ba, Pb, Zn this work
Meggen, Germany Sedex Devonian Fe, Zn, Pb, Ba GasserR & THEIN (1977)
Rammelsberg, Germany | Sedex Devonian Zn, Fe, Pb, Ba KRrEBs (1981)
Jas Roux, France Hydrothermal? Triassic Fe, Ba, As MANTIENNE (1974)
Raibl, Italy Alpine-type (MVT?)  Triassic Pb, Zn, Fe BriGo & CErrATO (1994)
TAG,Mid-Atlantic Ridge| Black Smoker recent Fe, Cu, Zn HANNINGTON et al. (1990)
S Explorer ridge Black Smoker recent Zn, Ba, Fe, Cu HANNINGTON et al. (1990)
Axial Seamount Black Smoker recent Zn, Ba, Fe HANNINGTON et al. (1990)
characteristic elements (ppm)

Pb Cu Cd As Sb Sn Tl Hg Ag Au As/Sb TIl/As
Lengenbach 8300 102 70 3600 95 7 140 ) 78 tr. 379 0.04
Meggen, Germany 7000 35 66 574 163 60 227 n.d. 3 tr. 35 040
Rammelsberg, Germany | 90000 10000 500 500 800 50 10 40 160 1.2 06 0.02
Jas Roux, France 255 8 nd. 1140 408 nd. 136 n.d. 9 nd. - 2.8. 012
Raibl, Italy 50000 n.d. 800 800 nd. 80 600 n.d. n.d. nd. 100 0.75
TAG,Mid-Atlantic Ridge| 500 92000 300 73 17 2 27 16 72 2.1 43 037
S Explorer ridge 1100 32000 200 544 27 10 43 11 97 0.6 20.1 0.08
Axial Seamount 3500 4000 522 570 350 7 100 20 190 49 1.6 0.18

In summary, the closest geochemical affinity exists with
sediment-hosted, exhalative massive sulfide deposits that
typically exhibit high Ag and low Au concentrations. The
absence of a Mn anomaly is atypical of exhalative deposits
and poses an unexplained problem. The Lengenbach depo-
sit is unusual in its predominance of As expressed by very
high As/Sb ratios (tab. 1.5).

Recent metalliferous exhalites are known from a variety of
geological settings and show some general similarities with
the Lengenbach deposit such as elevated concentrations of
TI, As, Mo, Ag, Hg and Cd (HANNINGTON et al., 1990). Of
particular interest are the Fe-rich metalliferous sediments of
the Red Sea, which show U-enrichments (up to 31 ppm)
similar to the magnetite-rich samples from the Lengenbach
deposit (6-15 ppm U), possibly due to adsorption from sea
water (Ku, 1969). U-enriched metalliferous sediments are
also known from the mid-Atlantic ridge (MiLLs et al. 1994).
An interpretation of the Lengenbach magnetite as formed
originally as iron hydroxide sediment s also consistent with
the observed elevated Cs contents, an element readily sor-
bed onto Fe-hydroxides. Alternatively, the magnetite-pyr-
rhotite assemblage can also be interpreted as a relict of
reactions between hydrothermal fluids and metadolostone
wall rocks. The enrichment of redox-sensitive elements
may then be due to reactions between oxidizing porewaters
and carbonates. The occurrence of isotopically relatively
heavy sulfide in such a S-deficient paragenesis might indi-
cate a strong influence of a relatively S-poor hydrothermal
fluid.
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Positive Eu anomalies are indicative of plagioclase alteration
in the source area of the fluids, as is the case in oceanic
hydrothermal alteration (CAMPBELL et al., 1988; HErzIG et al.,
1991; CocHEREE et al., 1994; MITra et al., 1994). Evidence of
Eu depletion in hydrothermal alteration zones in the gneissic
basement of the Monte Leone nappe, that may be related to the
Lengenbach mineralizing event is presented in part II of this
work.

Table 1.6:  Inferred primary modal composition of the
Lengenbach deposit.
modal
element wt% composition host mineral
Fe 9.83 21.10 pyrite
As 0.36 1.7% As in pyrite
Tl 0.014 0.07% TI in pyrite
Zn 0.78 1.16 sphalerite
cd 0.007 0.6% Cd in sphalerite (+Ag)
Pb 0.83 0.96 galena
Ag 0.008 0.8% Ag in galena (+T1)
Cu 0.01 0.03 chalcopyrite
Ba 1.14 1.94 baryte
Sr 0.03 1.55% Sr in barite
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Figure 1.27: Overview of isotopic data from the Lengenbach deposit:
A) Stratiform mineralization (As-rich), B) Stratiform mineralization (As-poor), C) Massive to interstitial
sulfosalts, D) Discordant sulfosalt veinlets, E) Idiomorphic druse minerals, F) Reduced zone: low fo: mineral

assemblage.

High Tl and As concentrations of some Pb-Zn deposits of
the Eastern Alps (Bleiberg, Raibl) are related to Tl-bearing
jordanite inclusions in dolomite and sphalerite (BriGo &
CERRATO, 1994). In the model of closed system metamor-
phism, it is also possible to explain the present element
i"\'Cmory of the Lengenbach deposit in terms of a low-
emperature mineral assemblage of As-Tl-rich pyrite (21
Vol%), Ag-bearing galena (1.0 vol%), Cd-bearing sphaleri-
e (1.2 vol%), Sr-bearing barite (2 vol%) and small amounts
of Cu-sulfides which can accommodate the existing ele-
Ment inventory (tab. 1.6).

The required primary minor element concentrations in py-
tite (1.7% As, 0.07% TI), galena (0.8% Ag) and sphalerite
(0.6% Cd) are well within the range of low-T deposits (e.g.
Kucna & VIAENE, 1993). A pyrite host for Tl and As would
¢Xplain the general association of As-Tl-rich assemblages
With massive stratiform pyrite bands. The present concen-
trations of 1 in pyrite are 0.12 ppm and less (DILLEN et al.,
1984), demonstrating that Tl is not easily incorporated into
the lattice at metamorphic conditions.

L10.2 Combined interpretation of isotope data

A SUmmary of isotope data from the different structural
YYpes of mineralization and geochemical zones is presented
f" figure 1.27. The figure illustrates the dependence of the
Sotopic composition on the zone and geometric type of
Mineralization, See chapter 1.8, 1.9 and 1.10 for a detailed
dlscUssion of the results.

1.10.3 Alpine thermal history of the Lengenbach deposit

This section combines the chronological and thermometri-
cal data from the Lengenbach deposit with results of pre-
vious studies of the terrain. The aim of this section is to
reconstruct the retrograde Alpine history of the stratiform
mineralization in the Binn Valley. According to U-Pb-ages
of garnets, K-Ar-ages of hornblende, muscovite and biotite
as well as zircon and apatite fission-lrack-ages VANCE &
O’Nions (1992) proposed a cooling path for the Steinental
12 km SE of the Lengenbach deposit, where metamorphic
conditions of 500 to 520°C were reached about 28 Ma ago.
The assemblage arsenopyrite-pyrrhotite-pyrite-sphalerite
in veinlets within the reduced zone of the deposit allow the
application of the sphalerite geobarometer and the arseno-
pyrite geothermometer (Scortr, 1983). The FeS content of
the sphalerite is 16.26 £ 0.78 mole% (32 microprobe point
analyses), yielding a pressure of 3.3 + 0.6 kbar. Arsenopy-
rite of this paragenesis contains 31.47 to 31.74 at% As
(XRD and microprobe data) corresponding to a temperature
0f39510410°C. Arsenopyrite in druses (31.1-31.3 at% As)
and as a rock-forming mineral (30.7 to 30.9 at% As) of the
intermediate redox zone contains less As, probably due to
higher S activity in this environment.

U-Pb ages of uraninites from the Lengenbach deposit
(18.5 0.5 Ma) point to a crystallization during retrograde
metamorphism at about 400°C (fig. .28). At the same stage,
sulfides and sulfates equilibrated and the first, CO2-rich
fluid inclusions formed in quartz. All these data indicate
increasing hydrothermal activity during this period. The
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Figure 1.28: Temperature-time plot for the Binn Valley region. The figure shows the T-t path of the Steinental after VANCE &

O'Nions (1992). See text for discussion.

interpretation is in agreement with the noted transition of
ductile to brittle deformation of metadolostones and the
assumed change to more hydrostatic pressure conditions at
this time (section 1.5.8). Figure .29 also illustrates that the
CO2-rich fluid inclusions (partly As-glass-bearing; Huar,
1988) formed in the presence of the As-rich sulfidic melt.

1.10.4 Arguments in favor of isochemical metamorphism

The data presented in this work argue for an origin of the
unique Lengenbachmineralogy as aresult of anisochemical
Alpine metamorphism. GRAESER (1965; 1968; 1975) propo-
sed Alpine introduction of As, Tl and Cu into a pre-existing
Fe-Pb-Zn mineralization at Lengenbach, based on the oc-
currence of the As minerals asbecasite (containing T1 and
Sn) and cafarsite in Alpine fissures of the Monte Leone
nappe. I assume a derivation of the Lengenbach element
inventory from the basement now represented in the Monte
Leone nappe as well, but during the Mesozoic. As-rich
metarhyolites of the Monte Leone nappe are assumed to be
the source rock of the mineralizing fluid.
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Based on the new geochemical and isotopical data, follo-
wing arguments in favor of a pre-Alpine origin of the
Lengenbach element inventory followed by isochemical
Alpine metamorphism can be summarized:

15t The association of Pb, Tl, Ag, As, Sb, Hg and Ba and
their relative proportions are in no way unusual as
primary constituents of sediment hosted sulfide depo-
sits. A common source from strongly evolved continen-
tal crust is likely for these elements. Therefore, the
element association present in the Lengenbach deposit
can be explained by a single mineralizing event.

27 The most intense stratiform pyrite-mineralization coin-
cides with the strongest Tl-As mineralization at the
Lengenbach deposit, indicating a common origin.

3" The bulk of As-rich minerals has 83*S and Pb-isotopic
values almost equal to massive pyrite indicating no
external source for these elements during Alpine times.
Sulfosalts in the As-rich zone have §34S-values closer to
massive pyrite than in the other zones, showing that
zones rich in As experienced the least external influ-
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in the Monte Leone gneiss are isotopically heavier (84S
= +4.7 and +7.9%o0; HOEFS & GRAESER, 1968) than the
heaviest Lengenbach sulfide sulfur (84S = +3.4%0),
indicating that interaction with sulfur from this source
would have strongly influenced the isotopic compositi-
on of the Lengenbach deposit.

Mineralized metadolostones show no evidence of in-
creased 87Sr/36Sr values that would have resulted from
massive flushing by gneiss-derived fluids during Alpine
times.

Arsenopyrite geothermometry, inclusions of sulfide melt
and tectonically deformed tourmalines indicate that the
associated elements As, Tl and B were already present
before temperatures of metamorphism fell below 400°C.
Hence they were not introduced during retrograde stages
(<300°C) as suggested by GRAESER (1965; 1968).

Aqueous phases coexisting with a Pb-As-Tl-sulfide
melt contained very high As-concentrations (in the
1000 ppm range) as is evident from abundant As-
sulfide daughter mineral inclusions (Huar, 1988). This
is good evidence that the system was closed because
such high As-concentrations are unlikely for a meta-
morphic fluid of regional extent.

The C and O isotopic composition of rock forming
(sugary) dolomite and dolomite in Alpine fissures and
druses from the mineralized zones do not point to the
influence of an external, metamorphic fluid.

8 Significantly different Pb isotope values of druse- ver-
sus massive sulfosalts indicate a different evolution of
these two Pb reservoirs during Alpine time. I explain
this by limited Pb isotope exchange between a former
coexisting sulfide melt and a hydrothermal fluid. A
difference in Pb isotopic compositions between massi-
ve and idiomorphic As-rich sulfosalt minerals are in-
consistent with a late Alpine introduction of the whole
Pb-As-association. The observed variations can best be
explained by predominantly closed system evolution.

9t The enrichment of uranogenic lead in druses indicates
the metacarbonates as the likely source rock of the
radiogenic lead enriched in hydrothermally precipitated
minerals.

Present evidence indicates therefore that the Lengenbach
depositis the result of isochemical Alpine metamorphism of
an earlyer mineralization without a significant change in
element inventory.

The present study focuses on the Lengenbach deposit.
GRAESER (1965; 1968; 1969) and Hoers & GRAESER (1968)
additionally investigated samples from minor mineralizati-
on at other localities in the Binn Valley. These occurences
differ significantly: Such occurrences have significantly
lower total sulfide inventories and are characterized by
isotopically heavier sulfides, higher Sb/As ratios and more
radiogenic Pb than the Lengenbach deposit. The differences
in S- and Pb isotope ratios may be interpreted as a result of
the higher degree of equilibration with metamorphic fluids
in these less intensely mineralized occurrences.
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Plate I.1:

Plate I1.1:

(above) Major structural types of sulfide mineralization at Lengenbach:

a) Stratiform massive pyrite of the As(Ill)-rich zone.

b) Characteristic association of magnetite, pyrite and arsenopyrite in the reduced zone. Field of view 7 cm. NUBE
B7153.

¢) Massive sulfosalts and minor realgar in pressure shadows of dolomite porphyroclasts in the As(Ill)-rich zone.
Note small discordant veinlets (arrows). Field of view 12 cm. L25251.

d) Discordant veinlet with sartorite and realgar. Field of view 11 cm. NMBE B9152.

e) Well crystallized sulfosalt (liveingite) in druse close to calcite porphyroclast. Field of view 9 cm. NMBE B1999.

f) Late (alpinotype) fissure with realgar and dolomite cutting stratiform pyrite. Field of view 11 cm. NMBE B821 1.

(right side) Cu-As-F- mineralization of the Monte Leone nappe (Wanni region near P. Cervandone). The photo
shows the slightly discordant biotite-epidote rocks with an adjacent occurrence of arsenates (cafarsite, tilasite,
asbecasite).
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PART II:
GENESIS OF CU-AS-F- MINERAL OCCURRENCES IN THE
BASEMENT GNEISSES OF THE MONTE LEONE NAPPE

II.1 Introduction

The Monte Leone nappe of southern Switzerland and north-
ern Italy is well known for alarge number of As-rich mineral
occurrences. Fahlore and several arsenates occur in Alpine
fissures and druses of the crystalline basement.

Previously, the occurrence of arsenic sulphosalt minerals in
the Triassic metadolomites of the Binn Valley (e.g. the
Lengenbach mineral deposit) was explained by addition of
Cu and As from several Cu-As-F mineralizations located in
the basement-gneisses a few km to the south (GRAESER,
1965, 1968; Huar, 1988). According to these authors, the
metal enrichment in the basement was assumed to be of
Hercynian age, whereas the formation of sulfoarsenides in
the stratigraphically overlying Triassic dolomites was thought
to be the result of metamorphic fluids, interacting during
Alpine metamorphism with a pre-existing, stratiform Pb-
Zn-Ba mineralization.

According torecent investigations, the formation of arsenic
sulfosalts in the Triassic dolomites from the Binn Valley is
considered to be the result of isochemical metamorphism.
This part presents geochemical and isotopical data of base-
ment rocks which indicate the source rocks of the minerali-
zing fluid. The data also help to clarify the petrogenesis of
several Cu-As-F-occurrences in the basement rocks and
finally explain their relation to the As-rich stratiform mine-
ralization in the overlying Triassic dolostones.

II.2  Geologic setting

The complex structural framework of the Swiss Alps is the
consequence of the complicated pattern of motion between
the African and European plates since the early Mesozoic.
The tectonic regime in the northern Penninic zone evolved
from late Triassic extension to Tertiary subduction-related
contraction (TrRUMPY, 1980; LEu, 1986a and 1986b; Hsu,
1994). The late Triassic and Jurassic rifting resulted in
thinning of the continental crust, formation of detachment
structures along low-angle normal faults, asthenospheric
uplift and extrusion of MORB-type basalts (see part III) on
pelitic synrift-sediments (Biindnerschiefer, calcescisti or
schistes lustrés). The Tertiary compression caused strong
isoclinal folding during lower amphibolite-facies metamor-
phism. In the studied terrain, the P-T conditions during
Alpine metamorphism reached 3 kbar and 520°C (FrANk,
1979; Huai, 1988).

The Penninic Monte Leone nappe includes two major litho-
logic groups: pre-Mesozoic gneisses forming the crystalline
basement, and overlying Triassic to Cretaceous metasedi-
ments with minor interbedded amphibolites (fig. 1). The
basement consists of various gneisses and an extensive
ultramafic body (KEUSEN, 1972). Coarse grained, porphyro-
blastic augengneisses form the core of the Penninic nappe,
whereas stratigraphically higher units comprise predomi-
nantly Permo-Carboniferous metasediments and metavol-
canic rocks (BapERr, 1934; Huci, 1988). Biotite-epidote
rocks with numerous Cu-As-F-mineralized occurences are
present in the basement rocks.

Several Cu-As-F occurrences are known from different
localities of the Monte Leone nappe (fig. 1). The region
around the Pizzo Cervandone is rich in rare arsenates
(asbecasite [Ca3(Ti,Sn)(As6Si2Bes)020],

cafarsite [Cas.9Mn1.7Fe3Ti3(AsO3)12 - 4-5H20],
chernovite [(Y,La)AsO4],

cervandonite [(Ce,La)(Fe,Ti,Al)3SiAs(Si,As)013],
fetiasite, gasparite-(Ce) [(Ce,La)AsO4],

tilasite [CaMg(F/AsO4)],

chalcophyllite [(Cu,Al)3{(OH)4/(As04,S04)} - 6 H20],
chlorotil-agardite [(Cu,Fe)2Cu12{(OH)12/(AsO4)} - 6H20],
strashimirite Cu4(OH/AsO4)2- 2.5 H20

and tirolite Ca2Cu9{(OH)10/(AsO4)4} - 10H20]),
occurring in fissures of a two-mica-gneiss (GRAESER &
RoGGIANI, 1976).

Fahlore (tennantite), minor chalcopyrite and secondary
copper minerals such as malachite and azurite as well as
Ca- and REE-phosphates and fluorite coexist with these
arsenates. Similar Cu-As-F-rich mineral associations in
Alpine fissures occur 1 km east of the Lengenbach mineral
deposit at Gorb and in the Miittital area (KRZEMNICKI, 1993)
(fig. 1).

II.3  Samples and analytical procedure

2to 5 kg of fresh rocks samples were crushed and milled for
geochemical and isotopical analyses. If required, aliquots
were dissolved for several hours in a microwave oven in a
hot mixture of HCI:HF:HNO3 = 9:1:0.01. The completness
of dissolution was checked visually. The concentration of
Si, Ti, Al, Fe, Mn, Mg, Ca, K, P, F, Ba, Rb, Zr, Y and S were
determined by XRF (X-ray fluorescence) at the EMPA
(Eidgendssische Materialpriifungsanstalt Diibendorf, Switzer-
land); U, Th, Sb, Au, Cs, Sc, Hf, Ta, Br, As and REE by
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Figure Il.1: Geochemical discrimination of two-mica-gneisses from the Monte Leone-nappe (WAG: 307, 311, 316, 324, 332,
220B, 220C). The diagrams show the classification according to WINCHESTER & FLoyD (1977) for immobile trace
elements and after IRVINE & BARAGAR (1971) for alkali-silica (TAS).

INNA (Instrumental Neutron Activation Analyses); Sr, Pb,
Cu,Zn,Ag,Mo,Nb, Cd, Liand Gaby ICP-OES (Inductively
Coupled Plasma-Optical Emission Spectroscopy) and Tl by
AAS (Atomic Absorption Spectroscopy). These analyses
were performed at the Bondar Clegg Laboratories, Ottawa.

I1.4  Geochemistry of basement rocks from the Monte
Leone nappe

The geochemical analyses were performed on augengneis-
ses, two-mica-gneisses and biotite-epidote rocks of the
Monte Leone nappe (tab. 7.9). The investigation focused on
two-mica gneisses and biotite-epidote rocks because the
occurrence of arsenates in Alpine druses is restricted to
these two rock types. The host rock of the mineralized zone
in the basement is a leucrocratic two-mica gneiss. In thin
section the rock appears homogeneous and equigranular.
Potassium feldspar (mostly microcline) is common. Plagioclase
ranges in composition from Ans to An10. Zircon-morphology
and geochemical discriminatory analysis after SHaw (1972)
indicate an igneous parentage (discrimination factor = +0.4
to +2.9). According to the geochemical discrimination of
WINCHESTER & FLOYD (1977) and IRWINE & BARAGAR (1971),
the rock has a rhyolitic or dacitic composition (fig. IL.1).

Compared to rhyolitic rock standards (JR-1, RGM-1) or
average rhyolites (WEDEPOHL, 1976) metarhyolites of the
Monte Leone nappe are characterized by higher concentra-
tions of MgO (0.58-1.14 wt%), Cu (5-520 ppm), Co (12-28
ppm), Ni (3-6 ppm), Cr (6-13 ppm), Ba (25-306 ppm), As
(0.5-104 ppm), Pb (26-76 ppm) and Zn (26-87 ppm). The
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ages of these Penninic basement gneisses is not well con-
strained. U-Pb age determination of the Monte Leone gneiss
indicates a Hercynian to Permian age (KoppEL et al., 1980),
whereas Rb-Sr ages of the stratigraphically comparable
Ganter and Eisten gneisses point to a Permian age (KRra-
MERS, 1970; STRECKEISEN et al., 1978).

Field observation revealed a strong correlation of the occur-
rence of arsenates, Cu-sulfides and Cu-carbonates with
biotite-epidote rocks. Fissures with As-oxides are restricted
to I to 2 meters in the footwall and hangingwall of these
rocks. Biotite-epidote rocks are slightly discordant to the
banding of the surrounding metarhyolites and show strong
boudinage caused by the Alpine deformation (plate II.1).
Structural, geochemical and isotopical investigations des-
cribed in the following section indicate these rocks to be
former shear-zones.

IL5  Geochemistry of biotite-epidote rocks — indications
for pre-metamorphic alteration in shear zones

The gains and losses that took place during metasomatic
alteration cannot be quantified without a knowledge of the
relationship between compositional changes and volume
changes thataccompany the process. The chemical alteration
can be quantified by calculations of gains and losses from
chemical analyses and specific gravities of the unaltered and
metasomatized rocks. In this work, mobile and non-mobile
elements are discriminated by using the relative mobility
diagrams of GrESens (1967) for major elements and the
diagram of MARQUER (1989) for trace elements (fig. I1.2). The
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Figure I1.2:  Volume-composition relationship of major- and trace elements for altered rhyolites (after GRESENs, 1967 and
MARQUER, 1989). The A-values were calculated for the transition of metarhyolites (WAG-307, WAG-311, WAG-
316, WAG-324 ,WAG-332) to biotite-epidote rocks (WAN-14, WAG-220A). The grey zone indicate a geological
reasonable volume ratio for shear zones (fv = 0.2 to 0.8).

importance of the composition-volume relationship was first
recognized by GRESENS (1967), who used the specific gravity
of the unaltered and altered rocks to combine mass balance and
volume equation into one single equation, written as:

ACi = fv - (di/di) - Cit-Cil

where fv is given by the volume ratio between the trans-
formed rock and the unaltered precursor. di and dir are the
densities of protolith (I) and altered rock (II), respectively.
Cil and Cinl are the weight percentages of the oxides or
elements in the initial and modified rock.

In the diagram of MARQUER (1989), the mass variation of
each element AXi is normalized with respect to the content
in the unaltered rock:

AXi = fv - (du/di) - (Cii/Cir)-1

where Xi is the mass variation relative to the original
rock volume. The comparison of elements with widely
variable concentration ranges is facilitated by this type
of diagram.

Chemical analyses of mineralized biotite-epidote rocks
indicate an enrichment of Mg and Fe as well as of Cu, Cr,
Ni, Zn, Cs, F, V, Li, Co, Sc, As, Rb (in decreasing order of
enrichment, fig. I1.2). Compared with adjacent unaltered
metarhyolites, Si, Na and Th, Sr, Ba, Pb, U are depleted
(fig. 11.2). Al, known to be relatively immobile during
hydrothermal alteration (KErrICH et al., 1980; MARQUER &
Prucat, 1994) points to a volume ratio of 0.7.

Many studies have been published on chemical mass-
transfer indicating changes in major and trace-element
concentrations and strong modifications of isotope ratios in
ductile shear zones (for references see MARQUER & PEUCAT,
1994). Up to now, however, little is known about chemical
modifications in low-T shear zones.

MANATSCHAL (in press) investigated low angle detachment
faults in the Lower Austroalpine Err nappe in eastern
Switzerland. The faults are interpreted to accompany Meso-
zoic rifting. The onset of the detachment can be linked to
brittle deformation (absence of plastic deformation in quartz
indicates T<270°C) at low-grade metamorphic condition
(alteration of potassium feldspar and plagioclase to albite,
illite and chlorite). Chemical mass balances between the
host rock in the footwall and the fault rocks along the
detachmentindicates an open system (MANATSCHAL & KNILL,
1995). If Al, Ti, Y and Zr are assumed to be immobile, a
consistent gainin Mg and K as well as Cr, Ni, Zn, V, Rb, and
aloss in Ca, Na, Si and Sr can be observed. These changes
in chemistry reflect the breakdown of feldspar (loss of Na,
Ca, Si, Sr) and the crystallization of the illite and chlorite
(gain of Mg, K as well as Cr, Ni, Zn, V, Rb). Recently, JAIN
etal. (1994) demonstrated that chlorite and illite concentrate
significant amounts of trace elements such as V, Cr, Zn, Cd,
Sn and As by adsorption.

The geochemistry and petrogenesis of biotite-epidote
rocks from the Monte Leone nappe can also be explained
by low-T hydrothermal alteration. Figure II.3 illustrates
the dependence of chemical gains and losses on the ionic
radius and valency. The enrichment of elements with a
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Figure I1.3:  Diagram of the chemical alteration for major
and trace elements of biotite-epidote rocks in
dependence of the ionic radius and valency.
The factor AXi (volume-composition relation-
ship after MARQUER, 1989) was calculated by
an assumed volume ratio of 0.7. Full symbols
denote gains, open symbols losses. See figure
11.2 and text for explanation of calculation.

ionic radius less than 0.8A and the depletion of elements
with higher ionic radius (>1.2A) such as Sr, Pb, Ba, K
suggest a hydrothermal alteration of feldspars to chlorite
and clay minerals.

Similarities of geochemical characteristics of unmeta-
morphosed shear zones in the Austroalpine terrain and
the metamorphosed biotite-epidote rocks of the Monte
Leone nappe suggest a comparable petrogenesis (i.e.
formation of clay minerals) and an isochemical recry-
stallization during Alpine, amphibolite facies metamor-
phism.

II.6 Rare earth elements (REE)

REE mobility during metamorphism has been debated for
several decades. During regional metamorphism of silica-
rich lithologies, REE are usually immobile (for literature
see LOTTERMOSER, 1992). Extremely large fluid/rock ratios
appear to be necessary to cause significant changes in REE
patterns during metamorphism of acid rocks (GrAucH,
1989). Shear zones are commonly characterized by abun-
dant hydrous minerals which suggest large fluid volumes
and long fluid residence time. Such conditions appear to be
favorable for REE mobility (TAYLOR & MCLENNAN, 1985).

INNA-analyses were performed on three typical metarhyo-
lites and two biotite-epidote rocks (tab. 7.9 and fig. 11.4).
The patterns of unaltered metarhyolites show negative Eu-
anomalies and are comparable with other greenschist to
amphibolite facies metarhyolites (SYLVESTER et al., 1987;
NormaN et al., 1987; THURSTON & FRYER, 1983; ROBERTSON
& CoNDIE, 1989).

Biotite-epidote rocks are depleted in LREE and slightly
enriched in HREE with regard to the unmineralized rhyo-
litic host rocks. This REE pattern is typical for hydrother-
mally altered rocks (BAKER & HELLINGWERF, 1988; SCHADE
et al., 1989; LOTTERMOSER, 1992). The bird-wing shaped
REE profile of biotite-epidote rocks with the depletion of
LREE indicates low-T hydrothermal alteration with the
breakdown of feldspar and the formation of clay minerals.

Several arsenates such as cervandonite, chernovite or gas-
parite as well as monazite contain significant amounts of
LREE. Moreover, KrzemNick1 (1993) emphasized an enrich-
ment of La, Ce and Nd in the most common arsenate mineral
cafarsite from the Monte Leone nappe. The occurrence of
these LREE-enriched mineralsisrestricted to Alpine fissures
close to biotite-epidote rocks, which are thought to be the
source rock for Cu and As, but also LREE in a late Alpine
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Figure I1.4: Chondrite-normalized (NAkamura, 1974) REE
pattern of metarhyolites and biotite-epidote
rocks of the Monte Leone nappe.



fluid. The LREE are supposed to have been preferentially
released in shear zones prior to the Alpine metamorphism by
hydrothermal alteration.

I.7 Rb-Sr isotopes of whole rock samples from the
Monte Leone nappe

Rb-Sr whole rock analyses were performed on augengneis-
ses, metarhyolites and biotite-epidote rocks from the Monte
Leone nappe (tab. 7.9 and fig. IL.5). The fit of the isotopic
compositions of three augengneisses from the core of the
nappe defines aregression line of about 325 Ma and indica-
tes a Hercynian age for these basement rocks. Five Permian
metarhyolites from the region around the Pizzo Cervandone
define an isochron of 185 + 17 Ma. Comparable Rb-Sr
whole rock ages in the central Alps have been interpreted as
isotopic resetting caused by Mesozoic hydrothermal altera-
tion (ABRECHT & SCHALTEGGER, 1988; SCHALTEGGER, 1990).

MarQUER & Prucat (1994) analyzed shear zones from
granites in the central Swiss Alps for their Rb-Sr systematics.
They observed chemical and isotopic modifications related
to external derived fluid circulation and progressive mine-
ral changes. Their Rb-Sr isotopic dating of shear zones
recorded spurious ages caused by chemical and mineralo-
gical changes in the shear zones.
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Figure 11.5: Rb-Srevolutiondiagramforwhole-rocksamples
and Alpine arsenates (CAF-1, CAF-2, TIL-1,
TIL-2; seetab. I1.1) of the Monte Leone nappe.
The fit to the 5 metarhyolites yields an age of
185 + 17 Ma and initial 87Sr/%6Sr = 0.7135 +
20 with MSWD (mean standard weighted de-
viation) = 1.24. The isochron fit was calcu-
lated by the York-fitmodel with A = 1.42x 10
11 g1 Rb and Sr concentrations were deter-
mined by XRF and ICP-OES respectively.

Biotite-epidote rocks as well as a metarhyolite (WAG-
220B) close (d = 5 cm) to these rock type deviate from the
isochron defined by metarhyolites, whereas a sample (WAG-
220C) farther from the shear zone (d = 10 cm) fits the latter.
Chemical and mineralogical changes in tectonized zones
and their immediate neighborhood explains the fictitious
age of about 100 Ma defined by three samples from a profile
of unaltered metarhyolite (WAG-220C) to biotite-epidote
rock (WAN-14).

II.8  Srisotopic composition of Alpine arsenates

The Sr isotopic compositions of Alpine arsenates in two
different fissures from the Monte Leone nappe were deter-
mined on 2 cafarsite and 2 tilasite crystals occurring within
less than 0.5 m to the biotite-epidote rocks WAN-14 and
WAG-317 respectively. Arsenates of the same fissure have a
comparable ¥7Sr/%6Sr ratio, whereas the isotope compositions
of minerals in different fissures are significantly different
(tab. II.1). A «two-point-isochron-model-age» can be cal-
culated for these arsenates assuming that the initial Sr-
isotope ratio of the hydrothermally precipitated minerals
was identical to the one of the assumed source rock.

In their investigation of hydrothermal alteration around
Alpine fissures in granites, MERCOLLI et al. (1984) demon-
strated only local leaching of the host rock. The chemical
components of various Alpine fissure minerals may there-
fore often derive mainly from the adjacent host rock. The
occurrence of arsenate-bearing fissures is restricted to around
biotite-epidote rocks, which are by analogy thought to be the
source rock for Alpine mobilized Cu, As, REE and also Sr.
In order to determine a model-age of arsenates in Alpine

Table I.1:  Rb and Sr isotope compositions of arsenates
(single grains) from Alpine fissures of the
Monte Leone nappe. Rb and Sr concentrations
were determined by AA. The ages were calcu-
lated using the initial 8Sr/%6Sr-ratio of the
adjacent biotite-epidote rock and therefore
presuppose equilibration of the Alpine fluids
with these rocks. (WAN-14 for cafarsite and
WAG-317 for tilasite).

Cafarsite [Cas.9Mn1.7Fe3Ti3(AsO3)12 - 4-5H20]:

sample 87S1/868r Rb (ppm) Sr(ppm) t(Ma)* 20
CAF-1  0.757149 £ 07 5 104 6.7+0.4
CAF-2  0.757129 11 6 111 6.8+0.4
Tilasite [CaMg(F\AsO4)]:

sample 87Sr/368r Rb (ppm) Sr(ppm) t(Ma)+20
TIL-1 0.739718 £ 17 5 55 6.9+04
TIL-2 0.739738 £ 12 5 52 6.8+0.4
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fissures, biotite-epidote rocks were assumed as the exclusive
source rock. Additional Sr sources such as the unaltered
adjacent metarhyolites would cause spurious ages.

The amphibolite facies metamorphism caused recrystalliza-
tion and homogenization of Srisotopes among rock forming
minerals within basement rocks of the terrain (JAGER et al.,
1967). Thus, the 87Sr/86Sr ratio of the late Alpine fluid
would not be sensitive to the mineral phase that is predomi-
nantly leached.

These assumptions are confirmed by comparable age deter-
minations of two independent mineral-host rock systems.
The calculated Rb-Sr-model ages of 6.3 to 7.3 Ma point to
alate Alpine mobilization of As and Cu in vugs and fissures
in the basement rocks. U-Pb ages of uraninites from the
Lengenbach mineral deposit define an age of 18.5+0.5 Ma
(Part I). The Rb-Sr-model-ages of arsenates from the base-
ment indicate a much later mobility of As in the crystalline
basementrocks. Nevertheless, the calculated Rb-Sr-ages of
Alpine minerals from the Monte Leone nappe must be
interpreted with caution.

IL.9 Pb isotopic composition of basement rocks

Apart from the redox-sensitive elements (U, V, Mo) most of
the enriched elements (Pb, Zn, Tl, Ag, Sb, Ba, Hg) of the
carbonate-hosted Lengenbach deposit are thought to be
derived from an external source. Many stratiform to strata-
bound deposits are known to be formed by the leaching of
elements from basement rocks, followed by precipitation in
an overlying sedimentary environment (Evans, 1980; Ly-
DON, 1983). Pb isotopes are a powerful tool to delineate the
general source areas of the Pb concentrated in stratiform ore
deposits (KopPEL, 1988; KOPPEL & ScHROLL, 1988). Further-
more, a comparison of the ore-Pb with the trace-Pb of an
assumed source rock offers the opportunity to designate or
exclude possible source rocks of a deposit.

Pb isotopes were therefore analyzed in whole rock samples
of gneisses from the Monte Leone nappe. The isotopic
compositions of all analyzed samples (augengneisses, meta-
rhyolites, biotite-epidote rocks) are more radiogenic than the
stratiform mineralization from the Lengenbach deposit (fig.
11.6). However, after correcting for in situ produced 20’Pb
and 206Pb during the past 200 Ma, the values of the basement
rocks are similar to those of stratiform minerals from the
Lengenbach deposit. Only two augengneiss-samples show
a more radiogenic Pb isotope signature after correction.

II.10 Discussion and conclusion of part II

Rb-Sr-isotopic investigations of Alpine biotites in fissures
from the Simplon-area yield an age of 10+ 5 Ma (JAGER et
al., 1967). The model ages of arsenates from the Monte
Leone nappe confirm these results which point to late
Alpine formation of some fissure minerals at temperatures
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Figure I1.6: Pb-isotope evolution diagram for whole-rock
samples of Monte Leone gneisses. The stipp-
led field defines the composition of the strati-
form mineralization at the Lengenbach depo-
sit. High 297Pb/294Pb values of some minera-
lized samples can be explained by fractionation
during the analytical procedure (see section
6.1.4). The errors of the corrected compositi-
ons (rectangles) were calculated assuming an
uncertainty at the given concentration level of
4% for U and Th (INAA) and 8% for Pb (ICP-
OES).

below 250°C (based on the cooling path of VANCE &
O’Nions, 1992). The Sr-isotopic composition of arsena-
tes in the basement rocks are consistent with the view of
arelatively closed-system behavior in Alpine druses and
fissures.

The correspondence of the Pb isotopic composition (in situ
corrected) of As-rich metarhyolites with the stratiform
mineralization from the Lengenbach argues that they were
the likely source rock for the mineralizing fluid. The fact,
that the isotopic data of metarhyolites have to be corrected
to 200 Ma for the two sets of data to overlap supports the
model of a pre-Alpine, possibly syngenetic mineralization
process.

The similarity of Pbisotope data for the Lengenbach mineral
deposit with those of Bleiglanzbinke from the South-West
German Keuper is evident (fig. I.11). The basement of both
deposits is characterized by the occurrence of Permian
rhyolites. Although different mineralization processes are
postulated for the two deposits, the source for Pb and also
As, Zn and Ba in the Triassic sediments is thought to be a
uniform metal source, which could be the Permian volcanic
rocks.

The resetting of the Rb-Sr isotopic system in metarhyolites
points to a hydrothermal activity during early Mesozoic
times. This is in agreement with the suggestion by LypoN
(1983), that metals can only be effectively leached from
rock forming minerals during destructive mineral transfor-
mations.



LEeDER (1982) implied that the hydrothermal convection,
responsible for stratiform Pb-Zn-mineralization in Ireland,
was generated as a response to an increase in geothermal
gradient as the crust thinned due to extension. RUSSELL
(1968, 1983) also explained the formation of Irish exhalative
sedimentary Pb-Zn deposits (e.g. Silvermines, Navan) as a

result of processes in an extensional stress regime and of
leaching of Lower Paleozoic metasediments. Biotite-epidote
rocks from the basement of the Monte Leone are interpreted
as metamorphosed shear zones. Their occurrence supports
the existence of an early Mesozoic rifting stage which was
accompanied by the leaching of rhyolitic basement rocks.
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PART III:
GEOCHEMISTRY OF MESOZOIC AMPHIBOLITES
IN THE BINN VALLEY

III.1 Introduction

In the Central Alps, several ophiolitic sequences, which are
considered to represent remnants of the North Penninic or
Valais oceans, occur as isolated bodies in pelitic sediments.
According to their stratigraphic position, two sequences can
be distinguished in the Binn Valley:

15t Basic and minor ultrabasic rocks in monotonous, calca-
reous schists of Mesozoic age (Biindnerschiefer, calce-
scisti or schistes lustrés).

2" An ultrabasic complex (Geisspfad serpentinite body;
fig. 1) with minor basic layers, occurring in pre- Meso-
zoic gneisses of the Monte Leone nappe. KEUSEN (1972)
explained the existence of these layered spinel-lherzo-
lites, pyroxenites and dunites as a result of fractional
crystallization of an ultramafic magma in the upper
mantle. The primary minerals of the Geisspfad rocks
have been almost completely changed by serpentiniza-
tion, rodingitization and Alpine regional metamorphism.
Furthermore the Alpine orogeny caused the emplace-
ment of this complex.

This part describes the geochemistry of Mesozoic amphibo-
lites that occur close to the stratiform polymetallic sulfide
mineralization in the Binn Valley. Giusca (1930) and BADER
(1934) assumed that the formation of carbonate hosted Pb-
Zn-Tl-As-Ba mineralization in the Binn Valley (e.g. Len-
genbach deposit) were related to the extrusion of Mesozoic
basic magmas. This suggestion was supported by the obser-
vation that Mesozoic amphibolites occur close to or in
contact to the underlying, mineralized Triassic metadolo-
stones. BADER (1934) described a doubtful thermal contact
between metasediments and metavolcanics (formation of
biotite-chlorite-rich amphibolites at the contact to the meta-
pelites), which would indicate late Triassic or later magma-
lic activity. Alpine amphibolite-facies regional metamor-
phism and accompanying isoclinal folding does not allow a
detailed stratigraphic reconstruction of Mesozoic metasedi-
ments and metavolcanics. Field observations have shown
that Mesozoic basic rocks of the Monte Leone nappe mainly
occur close or in contact to the stratigraphically underlying
Triassic metadolostones (BADER, 1934; GRAESER, 1968;
LEu, 1986b; DIETRICH & OBERHANSLI, 1975).

The aim of this part is to characterize geochemically and
isotopically the Mesozoic basic rocks occurring in the

hangingwall to the stratiform Pb-Zn-TI-As-Ba mineraliza-
tionin the Binn Valley and to illuminate their relations to the
mineralizing process.

II1.2 Geological framework

In the late Triassic to early Jurassic, rifting developed
between the European continent and the Apulian plate
(CHANNELL & HoOrVATH, 1976; FriscH, 1979; DERCOURT et
al., 1986; Hsu, 1994). This rifting evolved to a narrow
oceanic basin, the South Penninic or Ligurian-Piemontais
ocean, in the middle Jurassic to early Cretaceous. The
existence of oceanic crust has been widely accepted for the
South Penninic ocean (LAUBSCHER, 1969; DEWEY & BIRD,
1970; OBERHANSLI & DIETRICH, 1975; WEISSERT & BERNOULLI,
1985; PrEIFFER et al., 1989). Recently, DUERR et al. (1993)
showed that several ophiolitic rocks of the Central Alps
represent remnants of oceanic crust, thus indicating the
former existence of oceanic crust also in the North Penninic
or Valais domain. The stratigraphic position of metabasalts
from Visp is ambiguous, because the Mesozoic cover in this
area belongs to both the Monte Leone and Bernhard nappe.
On the basis of their tectonic position, the Mesozoic amphi-
bolites in the Binn Valley belong clearly to the North
Penninic trough (LEu, 1986b).

II1.3  Samples, petrography and mineralogy

Field relations, mineralogy and major element geochemi-
stry of Mesozoic ophiolites from the Binn Valley were
described in detail by Preiswerk (1907), BADER (1934),
LUTHY (1965), HANSEN (1972), JEANBOURQUIN (1981) and
LEu (1986a; 1986b).

In this study two amphibolite samples were collected ap-
prox. 50 minto the hangingwall of the Lengenbach deposit.
The thickness of amphibolites in the Binn Valley varies
from afew centimeters to several meters. BIA-207 (Binder-
amphibolit or greenschist) is a fine grained and banded
albite amphibolite with epidote, carbonate and rutile whereas
BIA-202 (gabbro amphibolite or metagabbro) is a coarser
grained biotite-albite amphibolite with large (up to 6mm)
pyrite crystals and minor epidote.

The results of the combined XRF, ICP-OES and AA-
analyses of the two samples are summarized in table A2.9.
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The geochemical data of amphibolites from the Binn Valley
are compared with data of other metabasalts from the
Central Alps (DUERR et al., 1993).

Mineral fractions for isotope analyses were obtained by
hand-picking. Pure samples of feldspar were cleaned ultra-
sonically in water, leached in HCI and dissolved in a hot
mixture of HCl:HF:HNO3 = 9:1:0.01.

II1.4 Element mobility

DuErr et al. (1993) showed that the major element content
of the metabasalts from the Central Alps are significantly
influenced by geochemical alteration during sea floor meta-
somatism as well as by regional metamorphism. Intense
hydration and carbonatisation of some of these rocks is
evident from the high loss on ignition (1.i.>1%) and elevated
CaO contents.

The geochemical characteristics of these metabasalts were
explained by K-metasomatism and carbonatisation. The
carbonatized metabasalts from the Central Alps are poor in
Si02 whereas the Al203 content is not influenced (fig. IIL. 1a
and fig. III.1b). High Al203 concentration correlates with
low CaO and high K20 contents. (fig. III. 1a and fig. III.1d).
This is interpreted in terms of break down of the anorthite
component accompanied by a loss of Ca and K-metasoma-
tism. The occurrence of metamorphic mica also indicates
alteration caused by a high geochemical gradient between
the metabasalts (primarily poor in K20) and surrounding
metapelitic sediments during regional metamorphism. The
alteration pattern is different from spilitization (fig. IIL. Ic).

To avoid misinterpretation due to alteration effects, my
interpretation of the protolith and the geotectonic environ-
ment is therefore mainly based on abundances and ratios of
trace elements generally considered as being immobile
during weathering, low to medium grade metamorphism
and metasomatism. Immobility up to the amphibolite facies
has been shown for Ti, Zr, Nb, Y, Cr and with limitations for
P (e.g. Cann, 1970; HumpHRIS & THOMPSON, 1978).

Since these elements, except Cr, behave incompatibly du-
ring basalt fractionation, a method of testing their immobi-
lity is to plot their concentrations against each other (CANN,
1970). A good positive correlation exists between Ti, Y, P,
and Zr for samples from the Binn Valley as well as for 25
samples from the Central Alps and therefore indicates the
immobility of these elements (fig. III.1).

Geochemical discrimination of metabasaltsrequires ascreening
of the analyses to remove those with a «cumulate» compo-
sition (PEARCE, 1983). «Cumulate» in this context refers to
any plutonic or volcanic rocks that deviate significantly
from a true melt composition. One simple screen is a
covariation diagram of Al203 against TiO2, as illustrated in
fig. II.2 a. Samples that plot outside the basalt melt field
should not be used in basalt discrimination diagrams; if they
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are plotted, the chemical effects of crystal cumulation or
strong alteration must be taken into account. Most of the
metabasalt from the Central Alps (including those from the
Binn Valley) plot within the field of basaltic liquids. The
elevated Al-content of some samples can be explained by
strong K-metasomatism (see above).

Screening of evolved rocks can be carried out effectively by
using the Ti/Zr ratio (WINCHESTER & FLOYD, 1977; STILLMAN
& WiLLiams, 1978; PEARCE et al., 1981). The reason why this
ratio discriminates between basic and evolved lavas is well-
understood. Olivine, pyroxene and feldspar, the predomi-
nant crystallizing phases in basic magmas, do not have a
significant effect on the Ti/Zr ratio of the melt. However,
once a Ti-bearing oxide becomes a crystallizing phase, Ti
becomes depleted in the magma while Zr continues to be
enriched. Since crystallization of this oxide phase correlates
with a rapid increase in the SiO2 content of the magma, the
change from basic to acid composition is accompanied by a
decrease in the Ti/Zr ratio. In tholeiite basaltic melts, how-
ever, both Ti and Zr become increasingly enriched in early
stages of magma evolution, since a low oxygen fugacity
prevents early precipitation of FeTi-oxides. This trend is
displayed by the samples from the Penninic metabasalts of the
Central Alps. Their subalkalic or tholeiitic character is suppor-
ted by additionally taking P into consideration (fig. IIL.2¢).

III.5 Geotectonic environment

Plots of Ti vs. V are diagnostic for volcanic rocks and can be
used to determine possible tectonic settings of ophiolites
(SHERvAILS, 1982). Vanadium (like Cr) differs from Ti and
other trace transition metals such as Ni, Co, Sc by having
three common valence states under terrestrial conditions
that exhibit strongly contrasting geochemical behavior.
Reduced vanadium (V3+) has ionic characteristics similar to
the compatible trace transition metals and commonly sub-
stitutes for other trivalent cations in spinel and pyroxene.
The more oxidized species (V4+, V3*) are cations with high
charges and low radius/charge ratios, similar to Ti%*. The
basis of the geochemical discrimination is the variation in
the crystal/liquid partition coefficients for V, which range
with increasing oxygen fugacity from >1 to <<1. Since the
partition coefficients for Ti are almost always <<l1, the
depletion of V relative to Ti is a function of the fO2 of the
magma and its source, the degree of partial melting and
subsequent fractional crystallization.

This study shows that metabasalts from the Penninic Central
Alps (including those from the Binn Valley) have Ti/V
ratios similar to MORB (fig. II1.2d).

Duerr et al. (1993) showed that the concentrations of
elements with intermediate ionic potential (P, Zr, Ti, Y, Cr)
in Mesozoic metabasalts from the Central Alps are slightly
lower compared to average N-type MORB. This geochemi-
cal characteristic was interpreted as an indication for forma-
tion at a slowly spreading ridge. Paleogeographic recon-
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f: As, Zn and Pb concentration of amphibolites from the Binn Valley in comparison to typical MORB-values.

structions confirm this concept (DERCOURT et al., 1986). In
accordance, the Zr/Y-Zr diagram (fig. III.2e) which enables
to distinguish between MORB from slow (bilateral sprea-
ding rate <2cm/y) and faster spreading ridges, suggests
slow spreading rates for most North Penninic metabasalts.
The distinction between ridges with different spreading
rates is thought to be due to a generally larger and more
stable magma chamber under fast spreading ridges, al-
lowing mixing of the primitive, newly generated magma
with magma in the chamber enriched by fractionation (Nis-
BETT & FOWLER, 1978). The resulting displacement towards
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higher Zr values is therefore roughly correlative with the
spreading rate (PEarce 1980; 1983). However, the estima-
tion of spreading rates from the geochemistry of deformed
and metamorphosed basalts alone is problematic. Figure
I1I.2¢ illustrates that the geochemical characteristic of me-
tabasalts from the Central Alps indicates different spreading
rates depending on the paleogeographic position. Samples
from the eastern Central Alps (Chiavenna, Misox, Safiental,
Nufenen, Vals) indicate slow spreading, whereas metaba-
salts to the West (Visp, Binn Valley) point to a faster
spreading.
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II.6 Pb isotopes

Acid leach and residuum of the amphibolite sample BIA-
207 were analyzed for their Pb isotopic composition. A
multiple-step leaching procedure was performed on feld-
spar separates (400 mg) as well as whole rock powder
(800 mg with 19 ppm Pb). First, the samples were treated

with 1N HCI during 30 minutes at 60°C (one respectively
two times). The residuum was then leached again in IN HCI
during 60 minutes at 100°C before totally dissolved in a
HCI-HF-HNO3-mixture. Pb was extracted from all solu-
tions using a HBr-cation exchange technique.

Table II.1: Pbisotopic compositions (leaches and residuum) of amphibolite sample BIA-207 from the Binn Valley. The uand
W values as well as the model ages were calculated according the evolution model of Stacey & Kramers (1975).

sample BIA-207.F.L1 BIA-207.F.L2 BIA-207.F BIA-207.G.L0  BIA-207.G.L1 BIA-207.G.L2 BIA-207.G
Fsp separate  Fsp separate  Fsp separate whole rock whole rock whole rock whole rock
Leach 1 (60°C) Leach 2 (100°C)  Residuum Leach 1 (60°C) Leach 2 (60°C) Leach 3 (100°C)  Residuum
206pp204ph | 18.463 +0.015 18.605+0.010 18.828+0.002 18.493+£0.004 18.660+0.002 18.814 +0.002 18.815 £0.002
207pp2%4ph | 15.650+0.013 15.638 £0.008 15.641+0.002 15.685+0.003 15.643+0.001 15.620+0.002 15.624 +0.002
208pp204pp | 38.474+0.032 38.535+0.020 38.635+0.005 38.613+£0.009 38.652+0.003 38.568 +0.005 38.580 £ 0.006
t (Ma) 224 93 -69 334 63 -105 -97
il 9.88 9.8 9.77 10.17 9.81 9.68 9.7
W 38.18 3722 36.25 40.08 37.53 35.61 35.73
k(=W 3.9 3.8 3T 3.9 3.8 3.7 3.7
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Whole rock powder and feldspar separates of the sample BIA-
207 have similar isotopic compositions (tab. IIL.1 and fig.
I11.3). Moreover, the leaching procedure produced compara-
ble effects of whole rock powder and feldspar separates: The
first, soft leach yielded the least radiogenic Pb, comparable to
the isotopic composition of the stratiform mineralization from
the Lengenbach deposit. Progressive leaching released
more radiogenic Pb with lower pu- and W-values. Finally, the
residuum of the sample tend toa MORB-isotopic composition
with the most Pb and the lowest - and W-values.

II1.7 Discussion and conclusion of part III

The geochemical data discriminate the basic rocks from the
Binn Valley as mid-ocean ridge basalts (MORB). Major and
trace element distributions are comparable to other North
Penninic metabasalts. Recently, PASTORELLI et al. (in prep.)
showed that the Geisspfad peridotites can be interpreted as
sub-continental lithospheric mantle which was exhumed du-
ring early oceanic rifting processes. The extrusions of MORB
basaltic magmas in the North Penninic or Valais oceans are
assumed to be related to this Mesozoic extension stage.
Assuming that the metabasalts from Visp also belong to the
Mesozoic cover of the Monte Leone nappe, we can suspect a
higher spreading rate in this paleogeographic terrain. The
interpretation is based on the higher Zr contents of metabasalts
from this region (fig. II1.2e). This work supports the idea that
rifting in the western part of the northern Penninic realm
started in late Triassic time (which is also documented by the
extrusion of metabasalts in the hangingwall of the Triassic
dolostones in this region). It is therefore also likely that
hydrothermal activity occured in late Triassic times.

Isotopic analyses of leached Pb from feldspar and whole
rock samples indicate a metamorphic influx of Pb from
the stratiform Pb-rich carbonate-hosted mineralization
(400 to 60000 ppm Pb) into the overlying Pb-poor
metabasalts (2 to 20 ppm Pb). Trace element concentra-
tions of amphibolites from the Binn Valley were compa-
red with other tholeiitic basaltic rocks and MORB from
the southern Atlantic (WEDEPOHL; 1976) (fig. IIL.2f).
This comparison points to a chemical enrichment of Pb
(and probably also Zn and As) in the metabasalts from
the Binn Valley.

Two ways of achieving the observed enrichment of Pb
may be envisaged: contamination by hydrothermal solu-
tions during cooling of the basalts in the presence of Pb-
rich mineralization or by metamorphic fluids during
the regional, amphibolite facies metamorphism. The
treatment of the samples with HCI (dissolution of carbo-
nates and interstitially, surface-adsorbed Pb) was able to
lower this common Pb component. The reduction of this
crustal Pb component favors the idea of a metamorphic
enrichment of ore derived, crustal Pb into the overlying
metabasalts. This is in agreement with Pb isotope studies
of ophiolites from the Monte del Forno (PERETTI &
KoppEL, 1986) indicating an enrichment of crustal Pb in
metabasalts during regional metamorphism of rocks
close (<10 m) to the contact with metasediments. The
pre-Alpine, initial Pb isotopic composition of metaba-
salts from the Binn Valley is thought to be comparable
to average MORB-composition. The data point to a
restricted late stage metamorphic enrichment of com-
mon Pb derived from the stratiform carbonate-hosted
mineralization into the nearby, overlying metabasalts.



IV GENERAL CONCLUSIONS

IV.1 Classification of the Lengenbach deposit

IV.1.1 Sediment hosted Pb-Zn deposits

Two major types of sediment hosted Pb-Zn can be distin-
guished:

18t Sediment-hosted massive sulfide deposits of Pband Zn
(LARGE, 1980; 1988; SANGSTER, 1983). These massive
to semi-massive deposits occur in extensional basins
and are hosted in sedimentary rocks such as shales or
carbonates. They are typically fine-grained and strati-
form down to the hand-specimen scale. They are also
commonly referred to as «sediment hosted stratiform
deposits» or «sedimentary-exhalative Pb-Zn» or «sedex»
deposits because they are considered to have formed
mainly through exhalation of basinal brines at the sea
floor and/or «inhalation» into poorly consolidated se-
diments below the surface.

20d - Mississippi Valley-type (MVT) ore deposits (e.g. AN-
DERSON & MAcQUEEN, 1988). These stratabound Zn-
Pb-(F-Ba) deposits are mainly, but not exclusively,
hosted by carbonate rocks deposited at the margins of
tectonically stable platforms. Even if at the deposit
scale they have in places tabular morphologies parallel
to bedding, closer examination often reveals cross-
cutting relationships at outcrop and hand-specimen
scale. In comparison with the above ore type, they are
generally coarser-grained. Vein-type morphologies
with similar mineral assemblages are considered to be
related products of the mineralization processes. Mis-
sissippi Valley-type deposits are usually interpreted as
having been formed by precipitation from saline hot
basinal brines during burial diagenesis and later evolu-
tionary stages of the host rocks.

A detailed comparison between these two types of ore
deposits has been published by SANGSTER (1990) as well as
FonBoTE & Boni (1994) who give abundant references.
Additional recent reviews can be found in EpeL (1991) and
RusseLL & SkauLl (1991).

The classification of sediment hosted Pb-Zn deposits of the
Alpine realm has for a long time been a matter of discussion.
The term «Alpine-type» or «Bleiberg-type» is used for Pb-
Zn deposits in the Eastern Alps, e.g., Bleiberg-Kreuth in
Austria, Mezica in Slovenia or Raibl and Salafossa in Italy,
which are hosted in Middle-Upper Triassic carbonate suc-

cessions. A problem of classification is that the term «Alpi-
ne-type» has often been accompanied by a genetic connota-
tion. Several authors (e.g. SCHNEIDER, 1964; BriGo et al.,
1977; KLAU & MOSTLER, 1983) interpreted the Alpine carbo-
nate-hosted Pb-Zn deposits to be at least in part syngenetic,
in contrast to the American MVT deposits which are clearly
epigenetic. BECHSTADT (1973), BECHSTADT & DOHLER-HIRNER
(1983), ZeEH & BECHSTADT (1994) suggested that the main
characteristic of the Alpine deposits are similar to those of
typical MVT and that also the Alpine deposits appear to
have formed long after sedimentation of the carbonate host
rock. SAWKINS (1990) concluded that «Alpine-type» depo-
sits appear to be fairly typical MVT in affiliation, but that
their tectonic setting can be related to widespread rifting
events in the area.

IV.1.2 Petrogenesis of the Lengenbach deposit

Due to the metamorphic overprinting, the origin of the
Lengenbach deposit must be deduced from geochemistry,
isotopic data and geometric arguments. The light S isotopic
composition (initially around -25%o) of the stratiform sulfi-
des indicates that open system bacterial sulfate reduction
was amajor source of S and demonstrates precipitation at or
near the sea floor. Only the comparatively small amounts of
isotopically heavy sulfide S in the reduced zone of the
deposit may be derived directly from the hydrothermal
fluids. Large amounts of Fe, Pb, Zn, As, Tl, Cu and other
elements present in a surrounding carbonate host rock are
bestexplained by hydrothermal supply. The Eu-enrichment
in mineralized samples is consistent with a hydrothermal
supply as well.

Light S isotope ratios of the stratiform mineralization com-
bined with a high pyrite content as well as the extensional
tectonic setting (SANGSTER & LEACH, 1995) are unusual for
MVT deposits. Indications of strong interaction between the
precipitated mineralization and oxygenated sea water are
the observed light sulfur isotopes indicating open system
sulfate reduction, the enrichments of redox-sensitive ele-
ments such as U, Mo, V and Cr that were possibly precipi-
taded from sea water and the close association with barite
which contains sea water derived Sr and sulfate. A relatively
stable system of prolonged seawater-hydrothermal water
interaction is possible only if the hydrothermal fluid had a
high salinity and was trapped in brine pools at the sea floor
or within shallow cavities of karst- or tectonic origin (fig.
IV.1). The dominance of isotopically light primary sulfide
however indicates that the input of hydrothermal sulfide
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was insignificant. The silicate-rich bands represent either a
sediment deposited from particles in the hydrothermal fluid
or carbonate dissolution residues within feeder zones.

The source rock of the metals in the hydrothermal fluids
were likely the rhyolitic basement rocks now represented in
the Monte Leone nappe.

During Alpine metamorphism under upper greenschist or
lower amphibolite grade conditions (500°C), ore minerals
recrystallized and released Tl, As, Sb and other minor
elements to form a Pb-As-Tl-rich sulfide melt. Due to redox
conditions buffered by barite and pyrite, As remained in the
trivalent state and precluded arsenopyrite formation. Du-
ring slow cooling, a sulfide melt underwent fractional
crystallization in equilibrium with an aqueous fluid phase
leading to the formation of massive (from the melt) and
idiomorphic (from the fluid) sulfides.

The isotopical investigations of different types of minerals
from the mineralization shows that minerals in druses can be
best explained by isochemical crystallization during retro-
grade Alpine metamorphism.

Figure IV.1: Conceptual modelforthe origin ofthe primary
Lenganbach deposit.
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APPENDIX 1:
ANALYTICAL TECHNIQUES

Al.1 U and Pb isotopes

Al.1.1 Pb separation techniques

Mineral fractions for all isotopic analyses were obtained by
selection of optically pure crystals from hand specimens, or
by hand-picking from heavy mineral concentrates. Pure
samples of pyrite, galena, sulfosalt, tourmaline, dolomite
and feldspar were cleaned ultrasonically in water and dissol-
ved in hot aqua regia or in a hot mixture of HCl:HF:HNO3
=9:1:0.01.

Al.l1.1.1Plating

Up to 0.02 g of sulphosalt or galena were dissolved in an
open beaker in HCl and HNO3. The dried residue was
dissolved overnight in a few drops of perchloric acid and
3 ml H20. The solution was treated in an ultrasonic bath.
After centrifuging, the Pb was separated by electrodeposi-
tion on a Pt-Anode as PbO. The shaking of the covered
teflon beakers during electroplating guaranteed a constant
strength of the electric current (fig. A1.1). PbO was stripped
with a 2% mixture of H202 and HNO3. The solution was
then dried at low temperature. Total blank amounted to

400-800 pg Pb.

Al.1.1.2 HBr-chemistry

The solution of whole rock samples and mineral fractions
were passed twice through a preconditioned 0.5 ml quartz
anion exchange column according to following procedure:

3ml teflon-beaker

o ey

;..“.,; with Pt-Anode

{ "wﬁhiyﬁ “plnlc
¢ 'stilts

k‘uri«i MotoF—-

irad!

.

transformer

Figure Al.1: Plating equipment for the modified electro-
deposition technique after CUMMING et al.
(1987). The appliance operates at 60 to 80
revolutions per minute.

AG 1x8, 200-400 mesh DOWEX anion exchange resin

15t step: clean up 2ml H20IR
2ml H20IR
2ml  HCI suprapur (9.4N)
2ml H20IR
2ml H201IR
0.5ml HCI (6N)
0.5ml HCI (6N)
0.5ml  HCI (6N)
0.5ml HCI (6N)
27d step: precondition  0.5ml  HBr (IN)

3rd step: sample in 1.5ml  HBr (1.5N):HCI (2N)
(12:1) mixture
4'h step: cleaning 0.75ml  HBr(IN)
0.75ml  HBr (IN)

0.5ml HCI (2N)
0.1 ml HCI (6N)
collect Pb 1.5ml HCI (6N)

The sample was evaporated on a hot plate at 100°C and
again taken up in 0.25 ml of a HBr-HCI mixture. The
quantity of the anion exchange resin was reduced by 50%
for the second run and correspondingly less of reageants
were used for the extraction. Total blank amounted to 300-
600 pg Pb.

Al.1.2 HBr-microchemistry for uraninites

All uraninites were cleaned ultrasonically before a mixed
235U-205Pb spike was added. The samples were dissolved in
ahot HCI-HNO3-mixture (0.2 ml, 3:1) and afterwrds evapo-
rated to dryness. U and Pb were separated in a teflon anion
exchange column:

AG 1x8, 200-400 mesh DOWEX anion exchange resin

15t step: clean up 0.75ml  H20IR
0.75ml H201IR
1 ml  HCI suprapur (9.4N)
0.75ml H201IR
0.75ml  H20IR
0.25ml  HCI (7.5N)
0.25ml  HCI (7.5N)
2"d step: precondition 0.1 ml  HBr (IN)

0.1ml  HBr(IN)
31 step: sample in 03ml HBr(1.5N):HCI (2N)
(12:1) mixture
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Figure A1.2: Pb isotope diagrams of mineralized whole rock sample WAG-220C and baumhauerite sample L92-003
performed by different separation techniques (plating and HBr-chemistry). The fractionation-trends recorded

by 22 NBS-981 standards are shown for reference.

54



4'h gtep: cleaning 0.5ml  HBr (IN)
and collect U
0.1ml HCI(2N)
0.02ml  HCI (7.5N)

collect Pb 0.3ml HCI (7.5N)

U was diluted and loaded directly on the filament. Total
blank amounted 150 to 170 pg Pb and 0.1 to 2 pg U.

Al.l1.3 Measurement

U and Pb isotope ratios were determined using a Finnigan
MAT 261 mass spectrometer at the Institute of Isotope
Geology and Mineral Resources of the ETH Ziirich.

10 to 50 ng of U was loaded together with silica-gel on a
single Re filament with dilute H3PO4, A double Faraday cup
method was used for these measurements.

Pb was loaded together with silica-gel on Re single fila-
ments. Masses 204, 205, 206, 207 and 208 were measured
simultaneously on Faraday cups. For U and Pb concentrati-
ons amixed 235U-205Pb spike was used. During heating, the
mass 203 was monitored to control 205T1. The temperature
of the filaments was controlled by a pyrometer during

heating and mesurement. Maximum temperature was 1270°C
butnormally Pb was measured at 1200°C after 205T] decayed
to zero intensity at about 1150°C. Fractionation effects
which amounted to 0.114% per mass unit were corrected
according to measurements of the NBS SRM 981 lead. The
reproducibility of 22 standards measurements is:+0.09%
for 206Pb/204Pb,+0.12% for 297Pb/2MPb and+0.18% for
208ph/204Ph at a 2 sigma level.

Al.1.4 Fractionations during analytical procedure

Nine analyses of a massive sulfosalt sample (baumhauerite)
from the Lengenbach deposit showed a variation of the
fractionation depending on the chemical treatment. Pb sepa-
rated by plating produced higher fractionation than Pb
separated by the HCI-HBr anion exchange technique. The
lowest 207Pb/204Pb resp. 208Pb/204Pb were measured after a
combined HBrand plating technique (fig. A1.2). The repro-
ducibility of all 9 measurements is 0.41% for 207Pb/204Pb
at a 2 sigma level. During measurements, no fractionation
trends were observed. Therefore, fractionation on the fila-
ment during heating explains best the elevated [1-values of
several mineralized whole rock samples and ore minerals.
The data of these experiments indicate a correlation of fractio-
nation effects with a contamination of other elements than Pb.
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Figure Al1.3: Calibration curves for Rb and Sr in four different quartz columns with 25ml AG50Wx12 cation exchange resin
(200-400 mesh BIO RAD,).
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Al.1.5 Tracer

For determining U and Pb concentrations a mixed 531:1 =
235(J:205pp tracer was used, in which 295Pb was enriched to
99.695% of total Pb.

Al.1.6 Decay constants

The decay constants and isotopic ratios for U-Pb were taken
from STEIGER & JAGER (1977):

A(335U) = 9.8485- 1010571
A (3380) 1.55125 - 1010 a-1
atomic ratio 238U/235U = 137.88
A1.2 Rb and Sr isotopes

Al.2.1 Rb-Sr separation technique

Sr was separated from the solution using cation-exchange
resin columns. For the separation of Rb and Sr four quartz
columns with 25 ml of AG50Wx12 cation exchange resin
(200—400 mesh BIO RAD) was used. All columns were
calibrated with different matrix compositions by AAS (fig.
A1.3). The calibration showed similar peak positions for all
columns, independent of the major element composition.

Prior to sample loading, the resin underwent multi-step
washing according to the following procedure:

18t step cleaning 150 ml  HCI (4N)
100 ml  HCI (4N)
200ml  H201R
200ml  H201IR
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2nd step precondition 50ml  HCI (2.5N)
50ml HCI (2.5N)

After passing the centrifuged sample solution through the
column, Rb and Sr were eluted by the following procedure:

2ml HCI(2.5N)
with sample
HCI (2.5N)
HCI (2.5N)

Rb-extraction 58 ml
Sr-extraction 22 ml

Al.2.2 Measurement

Sr was loaded with 0.25N HCI on a Re double-filament and
analyzed by double collectors jumping mode in a Finnigan
MAT 261 mass spectrometer at the Institute for Isotope
Geology and Mineral Resources of the ETH Ziirich. Measu-
red 87Sr/36Srratios were normalized to 88Sr/86Sr = 8.37521.
17 analyses of the Sr standard NBS-987 during this study
yielded a mean 87Sr/86Sr ratio of 0.71025 £ 0.00002 (accep-
ted value 0.710250, HoerNLE & TiLTON, 1991). Measured
ratios in samples were therefore not adjusted. Rb and Sr
concentrations were determined by XRF and ICP-OES
methods respectively.

Al.2.3 Decay constants

The decay constants and isotopic ratios for Rb-Sr were taken
from STEIGER & JAGER (1977):

AG'Rb) = 142 10114l
atomic ratios 3SRb/87Rb = 2.59265

86Sr/88Sr = 0.1194

84Sr/86Sr = 0.056584



APPENDIX 2:
DATA TABLES

Table A2.1: Microprobe analyses of massive sulfosalt ore from the Lengenbach deposit. The localization of analyses along

profiles is shown in figure I.5.

probe Pbh Sb S As Tl Ag Tot (Pb mol%) assumed mineral
(wt%) (wit%) (wit%) (wt%) (wt%) (wt%) Pb = Pb+TI+Ag+Sb| identification based on
in Pb-As-system |microprobe analyses only
massive to discordant sulfosalt (1989, 1990, 1991)
LB-E1 51.20 0.57 24.09 24.17 0.16  100.19 60.8 rathite II
LB-El 50.67 0.42 2433 24.59 0.15 100.15 60.1 rathite II
LB-E1 51.49 0.50 24.30 24.86 QU7 4101.32 60.3 rathite II
LB-E4 50.46 0.53 25.30 24.75 0.07  101.10 59.9 rathite II
LB-E4 50.67 0.47 24.03 24.70 025 100.13 60.1 rathite II
LB-E4 50.09 0.44 24.21 2491 0.26 99.93 59.6 rathite 11
LB-ES 50.39 0.59 24.54 24.59 0.11 100.20 60.0 rathite 11
LB-E5 50.54 0.46 24.19 25.02 0.15 100.37 59.7 rathite 11
LB-E5 50.16 0.48 24.01 24.09 0.21 98.96 60.4 rathite II
LB-E6 49.41 0.52 24.25 24.56 0.27 99.02 59.6 rathite 11
LB-E6 49.57 0.46 24.21 24.38 0.18 98.81 59.8 rathite II
LB-E6 50.70 0.49 24.19 24.61 0.21 100.20 60.2 rathite II
L.92-009-1 44.39 0.71 26.26 29.07 341 0.06  103.90 54.7 baumhauerite ?
L.92-009-2 42.84 0.75 26.77 29.09 3.61 0.00  103.07 54.0 baumhauerite ?
L.92-009-3 43.13 0.50 25.11 26.45 1:35 3.69 100.23 St baumhauerite-2a
L92-009-4 42.85 0.51 2527 26.68 1.93 3.81 101.05 57.1 baumhauerite-2a
L.92-009-5 41.70 0.49 25.26 25.98 1.68 3.64 98.75 56.9 baumhauerite-2a
L.92-009-6 39.80 0.77 26.45 29.12 3.93 0.08 100.14 52.5 baumhauerite ?
1.92-009-7 40.88 0.49 25.66 26.32 0.99 3.98 98.32 56.0 baumhauerite-2a
1.92-009-8 41.17 0.56 25.28 25.97 1.29 3.87 98.14 56.6 baumhauerite-2a
L.92-008-1 45.58 0.54 24.97 25.24 0.45 0.17 96.94 57.3 baumhauerite
LEN-901-2 | 39.52 0.52 26.36 29.02 2.33 0.02 97.77 514 sartorite
LEN-901-3 | 38.85 0.64 27.02 29.05 2.59 0.12 98.26 512 sartorite
LEN-23a-1 | 41.33 1.21 25.99 28.40 1.32 0.02 98.27 52.8 sartorite
LEN-23a-2 | 40.67 1.01 26.19 28.53 1.75 0.15 98.29 525 sartorite
profiles across massive sulfosalt accumulation (sample: LEN)
LEN-S1 0.00 0.00 28.77 63.86 0.00 0.05 92.67 0.1 realgar
LEN-S2 34.48 0.51 26.47 30.7: 7.08 0.01 99.34 49.7 sartorite
LEN-S3 35.12 0.61 26.17 30.43 6.70 0.00 99.02 50.2 sartorite
LEN-S4 0.00 0.00 30.65 13532 0.03 1.01 45.01 54 tennantite
LEN-S5 38.67 0.64 25.55 27.04 253 3.85 98.28 55.0 baumhauerite-2a
LEN-S6 33.66 0.51 26.32 30.55 6.61 0.04 97.69 49.2 sartorite
LEN-S7 0.00 0.03 29.17 65.49 0.00 0.04 94.73 0.1 realgar
LEN-P0 37.25 0.65 25.77 28.83 4.00 0.00 96.50 51.2 sartorite
LEN-P1 37.25 0.68 26.07 29.52 4.54 0.05 98.0 51.0 sartorite
LEN-P2 39.63 0.62 26.25 29.44 3.87 0.12 99.94 521 sartorite
LEN-P3 39.20 0.49 25.21 26.54 1.34 377 96.54 55.0 baumhauerite-2a
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Table A2.2: Microprobe analyses of melt inclusions in quartz from the Lengenbach deposit (from Hormann, 1994 and pers.

comm.)
probe | Cu S Fe Se Zn Hg Pb Sb As Tl Ag (Pb mol%)
(Wt%)  (Wt%)  (Wt%)  (Wwt%)  (wt%)  (wWt%)  (wt%) (Wt%)  (Wwt%) (wt%)  (wt%) [Pb=Pb+Tl+Ag+Sb
in Pb-As-system
1 0.67 33.45 0.06 0.08 0.00 0.03 6.65 0.39 49.20 2.34 0.56 125
2 0.61 32.94 0.00 0.19 0.17 0.20 6.86 0.41 48.80 3.78 0.62 14.7
3 1.25 3173 0.05 0.11 0.15 0.00 14.72 0.50  43.49 3.66 0.95 24.8
4 0.98 31.68 0.00 0.19 0.09 0.17 15.23 0.54  44.06 4.69 0.77 25.8
5 1.03 31.60 0.00 0.14 0.00 0.00 15.37 054  43.62 4.51 0.99 26.2
6 0.24 34.93 0.05 0.16 0.03 . 0.00 6.93 0.36 53.05 1.93 0.06 11.2
7 0.20 36.21 0.00 0.18 0.00 0.05 5.68 0.36 52.94 2.38 015 10.5
8 1.58 3341 0.00 0.16 0.12 0.09 10.94 0.45 44.42 445 0.79 21.3
9 1.11 33.00 0.07 0.25 0.01 0.00 5.29 032  49.13 5.19 0.51 14.3
10 0.33 26.49 0.02 0.09 0.01 0.00 23.98 0.76 3178 1251 1.50 46.9
11 0.59 34.37 0.00 0.22 0.02 0.06 8.74 0.35 48.99 2.74 0.47 15.4
12 2.66 2737 0.05 0.06 0.10 0.12 20.41 0.61 3343 4.96 1.52 37.3
13 0.44 33.59 0.00 0.12 0.19 0.17 13.33 0.44 45.73 2.60 0.39 21.0
14 0.06 38.74 0.07 0.25 0.09 0.07 0.24 0.25 54.40 1.21 0.20 2.5
15 1.86 28.65 0.01 0.07 0.24 0.00 21.19 0.50 39.19 5.54 1.02 34.3
16 0.43 34.02 0.06 0.23 0.00 0.04 13.14 0.29 48.64 2.31 0.31 19.3
17 0.74 32.21 0.01 0.24 0.14 0.00 14.83 0.41 46.94 2.50 0.44 21.9
18 0.50 33573 0.01 0.16 0.10 0.00 15.30 040  46.34 1.97 0.21 21.8
19 0.79 32.62 0.08 0.14 0.00 0.11 13.27 0.39 48.04 2.51 0.39 20.0
20 1.00 29.01 0.12 0.00 0.48 0.00 22.79 0.45 40.44 2.71 0.58 3242
21 0.74 32.19 0.05 0.18 0.13 0.03 15.68 0.39 4421 2.62 0.53 23.9
22 1.30 27.23 0.02 0.07 0.21 0.00 27.17 0.58 32.27 5.39 1.25 43.5
23 2.42 28.70 0.09 0.09 0.37 0.07 24.96 0.61 34.16 6.19 1.75 41.5
24 0.32 35.50 0.04 0.16 0.07 0.14 4.35 0.47 52.19 3.57 0.20 10.6
25 4.24 23.28 0.06 0.13 0.41 0.00 32.00 0.81 24.67 10.04 0.49 56.0
26 0.20 36.09 0.00 0.23 0.01 0.12 1.84 0.29 56.91 1.92 0.09 5.0
27 0.64 36.36 0.00 0.19 0.09 0.08 2.36 0.43 52.87 3.57 0.2 8.3
28 0.44 36.84 0.00 0.18 0.27 0.00 1.80 0.28 52.15 3.66 0.29 7.7
29 0.84 27.15 0.08 0.07 0.64 0.08 18.83 0.72 34.57 193 7.58 422
30 0.73 27.62 0.04 0.18 0.38 0.09 19.60 0.70 33.48 7.39 7.08 429
31 1.10 2747 0.15 0.13 0.45 0.00 18.20 0.58 33.44 6.83 7.60 41.8
32 1.23 25.71 0.00 0.13 0.69 0.00 27.90 0.85 28.80 11.30 0.40 50.4
33 1.07 29.35 0.00 0.14 0.17 0.00 29.63 0.95 28.80 10.46 0.33 5150
34 0.22 24.94 0.00 0.07 0.00 0.19 36.81 1.23 28.18 7.95 0.03 54.2
35 0.00 24.90 0.03 0.19 0.00 0.11 34.18 1.29 28.81 8.28 0.01 2.3
36 0.02 26.14 0.00 0.04 0.05 0.00  31.60 0.93 30.78 8.36 0.00 49.0
37 0.00 26.02 0.00 0.07 0.00 0.02 31.86 0.88 30.22 7.61 0.08 49.2
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Table A2.3a: Geochemical composition of whole rock samples from the Lengenbach deposit. All samples are from the
Lengenbach quarry except LB32, LB-33 (Turtschi) and HB-209 (1km north of Heiligkreuz). n.d. = notdetermined

sample zone  remarks Na Al KX Ti % Fe Li Be B V. Cr Mn Co Ni Cu

(%) (%) (%) (%) (%) ppm ppm ppm ppm ppm ppm ppm ppm ppm
LB1 As-(III) massive Py | 0.0 0.60 043 0.02 29.6 [ZENN5:1 31 38 30 92 42 59 S
LB21 As=(IID)>massive Py | 0.0 - md, " 'nd. nmd. 397 nd. nd nd nd <20 nd 22 41 nd.
LB2 As-(III) 00 047 034 001 19 A2 20 20 24 452 2 1) 91
LB3 As-(III) 0.0 045 029<0.01 2.1 1988128 210 20 24 508 S 11 65
LB5 As-(IIT) Q080801 <001 * £2.0 7 sk 10 8e<10 13 23 474 2 13 60
LB7 As-(I1I) 0:3" 10.5000:29<001 © 1.5 LG 078 $<10 16 21 588 <l 11 255
LB9 As-(IIT) 0.0850.35° %0121 <0:01 =* 3.3 11 1.2 61 22 24 394 4 12 214
LB17 As-(IIT) 50kg 0:3920. 2700026 #<.01 = 3.1 14 14 I7 15 21 454 <lI 14 101
LB22 As-(I1I) O3 s mdisnd “ad. C 170 badiiond mdlind <110 ad 20 69 n.d.
LB24 As-(IIT) OASen g nid Sinid. = 150 sndi» ndomdy nda €200 md 7 39 nd.
LB25 As-(11I) 0:0°50.25°50110 <0:01 4.1 6 1.0 10 12 15 469 4 9 192
LB26 As-(I1I) 0.0 0:22° 0,08 <0.01 « 3.7 5 = 1.00.<10 11 15 458 5 9 299
LB8 SIL As-rich OIS ENRESI RO 0 T 6.608 8.0 6.1 42 69 39 208 7/ 22 24
LB23 SIL As-rich 02 % md enld,. S nid. #1100 Lndi nd. 0 ind.. nd. 66 n.d. 10 54 nd.
LB19 SIL 0.2+ 3120052000 =0.06 © . 7.3 65 | 53 21 60 42 248 10 30 4
LB6 IR Py, Ssa Q. 3EVOMSER019<0:01 THE2.2 81 <B (L 074 <10 13 19 629 <1 7 263
LB10 IR 0.3 0.10 0.19<0.01 1.0 e 061 V<10 7 18 567 <l 18 66
LB16 IR Py 0.0 0.12 0.08<0.01 8.2 s 68 <10 18 27 530 2 16 1
LB14 IR Py, Ssa 0.0 013000108 <0:01 ©# 7.1 9 20 <10 22 24 539 ) 20 51
LB18 IR 0.3 080 075 0.02 0.5 30 1.5 26 24 26 472 <] 3 11
LB20 IR 0:0:umdiienids . mid, 90966 Lndh tsnd. find. L ind 47 nd. 12 <44 nd.
LB27 IR 0.1 #1:39:%.0:75 0.03 " 4.2 35 2.4 19 46 19 621 15 17 10
LB28 IR 0.1 110 0.66 003 14 25:% 2.1 31 26 20 408 4 8 9
LB29 IR fuchsitic | 0.0 0.44 0.14<0.01 1%3 11 09 <10 91 76 677 5 6 2
LB4 RED  Apy, Po 0.0: 0:31 0.27<0.01- 7.9 9 25 <I0 54 23 229 3 14 491
LB11 RED Mag 0.0 031 025<0.01 244 27 47 <10 64 30 304 2 27 4
LB12 RED Mag 00 039 032 0.02 46.1 29 9.2 10 141 36 240 <1 29 6
LB13 RED Apy 0.3 048 048 0.01 2.0 36 08 <10 42 29 613 <l 12 10
LB15 RED Mag 00 029 028 0.01 25.6 10 54 <10 143 28 250 2 13 213
LB30 UM 0.2 0.74 0.78<0.01 0.4 39 1.0 11 19 16 282 4 5 5
LB31 UM graphitic | 0.2 0.63 0.73<0.01 04 34 <05 <10 21 14 328 13 4 2
LB32 UM 02 060 069 0.02 05 36 1.0 <10 11 16 380 <l 11 <l
LB33 UM graphitic | 0.2 0.82 0.62<0.01 0.5 28 =1.00 =10 18 14 592 2 1 11
HB-209 UM nd. 044 032 002 03 6 nd nd 5 14 n.d. 5 11 <1
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Table A2.3b: Geochemical composition of whole rock samples from the Lengenbach deposit.

sample Zn Ga As Rb Sr Mo Ag Cd Sn Shb Cs Ba Hg Tl Au Pb Bi Th U
ppm ppm  ppm ppm ppmppm ppm  ppm ppm ppm ppm  ppm ppm ppm ppb  ppm ppm ppm ppm
LB1 74000 <3 177 20 1880 8 28 B87.0 <5 20 1.2 67000 1.9510.8 <3 38N <5 <028 3L
LB21 <100 n.d. 222 <5 nidin 8 <2 <5 nid. " 203 L=< 877605 in.d. 8 fn.d S anid i bmdl <0908 4
LB2 6290 18 4420 12 422 2 1262 268 13 103 <5 9650 3.15 221 <5 9383 <5 05 69
LB3 781 22 8680 12 722 3 1783 143 <5 144 <5 27700 3.63 277 <5 11800 <5 1.1 6.6
LB5 2493 22 8160 9 350 31766 167 6 145 <5 6800 6.41 357 <5 14100 <5 <02 5.5
LB7 961 14 2246 6 313 4 713 108 <5 47.0 '<5..3800/'4:00 4144 <5 394810194 05 8ANTT
LB9 2568 36 9400 <5 369 4 1868 218 5 225 <5 5900 526 284 <10 26700 <5 0.6 10.0
LB17 428 17 4420 7 362 5 689 89 <5 84. 1 '<.5 W14300! 1 2:26% 1197 <508 552811182 <0.238L.8.1
LB22 <100 nd. 4790 86 nd. 12 460 <14 nd. 627 39 54900 nd. nd. 4 nd. nd 93 359
LB24 160 nd. 2930 <14 nd. 9 28.0 <5 nd. 412 <5 (6905 nd.! ‘nd. <3 ndiiind. <6.8.33
LB25 272 24 8700 <17 629 <l 155.0 <5 213177 <05 113001 3:03:14855 <15 112501i<5 <].3EH.6.8
LB26 325 71 27400 <48 627 <l 426.0 <5 6 642 <2.5 12700 6.71 961 <44 59300 <5 <39 7.7
LB8 72 29 5090 86 673 9 93.6 72 6 97 29 25300 096 325 <5 5795 6 731240
LB23 <100 nd. 2230 130 nd. 7 30.0 <5 nd. 24 2.7 36800.. nd. nd. <3 . nd. ‘md. 8.0.:80.6
LB19 108 19 37 82 645 4 14 1.1 <5 19 24 28700 0.04 51.2 <2 86 U<S 64i832.0
LB6 140 27 5960 <5 123 <1 1379 228 10 277 <5 192 378 64.3 <5 15700 187 <2172
LB10 91 15 1217 <5 182 2 29.1 94 <5 94 <5 83 148 304 <5 4552 90 <2'8 5.2
LB16 242 13 53 <5 260 <1 <2 <5 <5 06 <5 3600 0.02 2. <2 124 - H&5) | | <218 1.6
LB14 140 17 2260 <5 384 3 346 56 <5 85 <5 1100 (1260211 <5 38934 NS <288 2.7
LB18 48400 <3 39 27 249 4 05 212 <5 815300 011 125 <2 511 931 a3 142
LB20>90000 nd. 793 <17 nd. 12 227 11900 nd. 270 <1.3>90000 nd. nd. 4 nd. nd <l <5
LB27 41900 <3 150 37 751 6 750 470 <2 63 3.2 20800 190 23 <2 24200 <5 1.1 59
LB28 11802 6 195 32 156 3 5.0 50 <2 34 1.5 2100 0.11 7 <2 1927 <5 <2 47
LB29 1372 11 50 10 608 <1 7.0 30 <2 1.7 <0.5 15700 0.08 7 4 124 <5 <02 25
LB4 225 13 5720 31 99 2 3.1 76 <5 <05 54 161 0.02 6.7 <5 13840N<S LOIBIEIT.6
LB11 380 14 47 16 406 <1 0.6 29 <5 04 40 6400 001 123 <2 101 | <5 <021 6.1
LB12 474 19 4 25 255 2 06 40 8 19 5.6 5600 0.02 194 <2 1181 <5 0.71713.0
LB13 84 13 552 21 166 S 1.4 59 <5 03 19 110<0.005 43 <2 172457990 0:98816:2
LB15 986 13 127 21 100 <1 2.1 19 <5 10 46 149 009 86 <2 101 ‘<5 06150
LB30 58 14 1.4 25 129 <1 <02 <05 nd. <01 1.2 93<0.005 0.5 2 86 nd. 15 038
LB31 78 14 39 26 105 <1 <02 <05 nd. 02 1.5 48 001 09 <2 6.5 Tnid. 7 1.18882:0
LB32 12 14 05 20 127 <1 <02 <05 nd. 02 1.2 94 001 02 <2 51 nd. 10 14
LB33 31 14 33 18 128 <1 <02 <05 nd. 0.7 08 58 001 02 <2 48 nd. 16 42
HB-209 84 <2 <05 5 8 <1 <02 <05 <5 03 <05 16 nd. <0.1 <2 92 nd. <020-01.0
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Table A2.3c: Isotopic composition (fractionation corrected) of whole rock samples from the Lengenbach deposit. All within
run statistical errors are given at a 2 sigma level. The errors of the S’Rb/6Sr were calculated assuming an
uncertainty of 4% for Rb (ICP-ES) and 2% for Sr (XRF). The u and W values as well as the model ages were
calculated according the evolution model of STACEY & KRaMERs (1975).

sample | 206pp/20ipp  207pp/204pp  208pp204pp u w t (Ma) 87Sr/56Sr S7Rb/56Sr
LB1 18.440+18 15.630%15 38.4321+36 9.8 37.74 202 0.70824+1 0.030+2
LB21 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
LB2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
LB3 18.488+6 15.660%7 38.515+20 9.92 38.42 226 0.70821x£1 0.04743
LBS n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
LB7 18.511£10 15.69618 38.644+22 10.07 39.68 282 0.70838+1 0.054+3
LB9 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
LB17 18.498+1 15.663%1 38.533+2 9.93 38.51 226 0.70837+1 0.055+3
LB22 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
LB24 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
LB25 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
LB26 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
LBS 18.47244 15.640+3 38.460+7 9.84 37.84 198 0.70822+1 0.361£21
LB23 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
LB19 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
LB6 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
LB10 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
LB16 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
LB14 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
LB18 18.440+7 15.64516 38.479+14 9.87 38.3 233 0.70929+1 0.306+18
LB20 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
LB27 18.475+21 15.679£19 38.570+48 10.01 39.22 276 0.70826+£3 0.13948
LB28 18.474x1 15.693+1 38.627+3 10.07 39.83 304 0.70993+1 0.579+34
LB29 18.530+4 15.63314 38.418+9 9.79 37.06 140 0.70801%2 0.046+3
LB4 18.575%17 15.661%+15 38.496x37 9.9 3.7 164 0.70931+1 0.884+52
LB11 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
LB12 18.743+4 15.659+4 38.488+9 9.86 36.45 36 0.70848+1 0.277£16
LB13 18.532+20 15.641%17 38.446141 9.83 37.36 155 n.d. n.d.
LB15 18.657+10 15.674£8 38.527+21 9.94 37.54 131 0.70947+2 0.593435
LB30 n.d. n.d. n.d. n.d. n.d. n.d. 0.70988+2 0.547432
LB31 19.07549 15.660£9 38.511425 9.8 3443 -215 0.71018+4 0.699+41
LB32 19.094+2 15.679%1 38.577+4 9.88 3498 -186 0.70968+2 0.444+26
LB33 n.d. n.d. n.d. n.d. n.d. n.d. 0.70955+2 0.397+23
HB-209 n.d. n.d. n.d. n.d. n.d. n.d. 0.70888+1 0.166£10
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Table A2.4: REE-data for selected Lengenbach samples and Feldbach magnetite ore (FEL). Values determined by ICP-MS
(slight differences with table A2.3 possible). Ti was determined by XRF.
- geometric type of mineralization: S = stratiform, MS = massive to interstitial sulfosalt accumulation, DISC =
discordant sulfosalt veinlets, D = idiomorphic minerals in druses and fissures, m.i. = melt inclusions
- paragenetic zone: As(Ill)-rich zone, IR = intermediate redox zone, RED = reduced zone, SIL = silicate-rich
zone, UM = unmineralized zone
- minerals: Gn = galena, Py = pyrite, S| = sphalerite, Bar = barite, Tur = tourmaline, Adu = adularia, Hya =
hyalophane, Dol = dolomite, Ssa = sulphosalt (not specified) Sar = sartorite, Te = tennantite, Ori = orpiment,
Bau = baumhauerite, Duf = dufrenoisite, Apy = arsenopyrite, Li = Liveingite, Jo = jordanite, Re = realgar and
L = HCl-leach.
probe LB8 LB17 LB11 LB12 LB15 FEL LB30 LB31
zone As(III) As(III) RED RED RED UM UM
remarks | silicate-rich 50 kg magnetite magnetite magnetite magnetite
La 2.80 1.60 2.10 1.10 2.30 0.80 2.80 2.80
Ce 5.50 3.00 4.40 2.60 4.50 2.20 5.80 5.80
Pr 0.70 0.30 0.50 0.30 0.50 0.30 0.70 0.70
Nd 3.00 1.30 2.00 1.20 1.90 1.40 2.60 2.50
Sm 0.90 0.40 0.60 0.30 0.50 0.50 0.60 0.60
Eu 0.19 0.10 0.18 0.08 0.10 0.09 0.09 0.10
Gd 1.00 0.40 0.50 0.40 0.50 0.70 0.50 0.50
Dy 0.80 0.30 0.40 0.30 0.40 0.60 0.40 0.40
Ho 0.14 0.05 0.09 0.06 0.08 0.13 0.07 0.07
Er 0.40 0.20 0.30 0.20 0.20 0.30 0.20 0.20
Yb 0.30 0.10 0.30 0.20 0.20 0.20 0.20 0.20
Th 6.30 0.50 0.40 0.60 0.40 0.30 1.30 0.80
U 119.00 7.10 5.10 12.80 10.90 1.10 0.70 1.60
Al 33800 2700 7400 6300
Ti 1740 180 200 360
total REE 15.73 775 11.37 6.74 11.18 722 13.96 13.87
La/Yb 9.33 16.00 7.00 5.50 11.50 4.00 14.00 14.00
Eu/Eu* 1.14 1.44 1.89 1.30 1.15 0.85 0.95 1.05
Eu* = (Sm/Sm(UM) + Gd/Gd(UM))/2
Altotal REE 2149 348 530 454
Tifotal REE 111 23 14 26
Th/total REE 0.40 0.06 0.09 0.06
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Table A2.5: Pb isotopic composition (fractionation corrected) of minerals from the Lengenbach deposit. The tand W values
as well as the model ages were calculated according the evolution model of STACEY & Kramers, 1975. All within
run statistical errors are given ata 2 s level. All samples are from the Lengenbach quarry except MEK-301 which
is from a druse close (1m) to the stratigraphic contact to the gneisses. Abbreviations are explained in table A2.4.

sample mineral type zone 206pp204pp  207pp20dpp  208pp204p) u W t(Ma)
PbS-85.2 Gn S IR 18462 = 6 15.629 + 8 38.540 = 16 9.79 38.12 183
PbS-85.1 Gn S IR 18517 £ 6 15.667 £ 2.5 38.548 + 12 9.95 38.54 221
L16832 A Gn S IR 18445 £ 5 15.647 £ 4 38493 = 10 9.88 3837 233
BH23 Py S As(I1T) 18.504 £+ 13 15.716 £ 11 38.730 = 26 10.17 40.65 328
BH22 Py S As(IIT) 18487 £ 1 15.606 £+ 2 38454 + 4 9.69 37.01 115
LEN-T Tur S As(I1D) 18.477 = 1 15.639 £ 1 38459 £ 2 9.83 37.79 193
LEM-201 Py S As(IIT) 18461 = 2 15.647 £ 1 38491 £ 3 9.87 38.24 221
BH24 PBS Gn S SIL 18.493 + 4 15685 £ 3 38612 £ 9 10.03 39.43 275
BH21 PY Py S IR 18.519 = 4 15.725°'3 38.729 £9 10.20 40.70 334
B6281 DSS Ssa MS As(IIT) 18.509 + 3 15699 £ 3 38.662 = 7 10.09 39.87 291
B6281 Sar, Te&Ori MS (m.i.) As(IIT) 18.482 + 8 15:681h:47 38.565 £ 17 10.02 39.18 275
1L.92-002 Bau MS As(IIT) 18.616 = 2 15.657 = 2 38503 £ 4 9.88 3731 126
1L.92-001 Bau MS As(I1T) 18.639 £ 1 15.645 £ 1 38465 £ 3 9.82 36.77 83
1.92-003 SS1 Bau MS As(I1I) 18.523 + 4 15.726 £ 4 387137 E 9 10.21 40.94 333
BH24 SS Ssa MS As(IIT) IsCSisT =72 15682 + 3.4 38.597 £ 9 10.01 39.10 250
A1293 SS Ssa MS As(IIT) 18519 £ 5 15715 £ 4 38.708 + 11 10.16 40.39 315
LEN-91A Bau MS As(III) 18.483 = 2 15672 £:2 38572 5 9.98 39.02 256
L22012 Bau DISC As(III) 18512 £.5 I5SE12 205 38.698 + 13 10.15 40.32 314
L.92-004 Bau DISC As(III) 18.467 £ 2 15.653 £ 4 38.503 + 4 9.90 38.38 229
1L.92-009 Sar DISC As(IIT) 18.474 £ 1 15.660 £ 1 38.523 + 4 993 38.58 238
L.92-007 Bau DISC As(IIT) 18.461 £ 1 15641 £ 1 38.465 = 3 9.84 37.98 209
L.23462 Duf D As(IID) 18.560 + 8 15749 £ 6 38.819 = 16 10.30 41.39 352
LEN23A Sar D As(I1I) 18.585 £ 3 15.661 £ 2 38524 £ 6 9.90 37.78 158
L23186 Duf D As(III) 18675 £ 5 15.665 + 4 38.531 £ 10 9.90 37.25 99
L.23224 Gn D IR 18.674 = 12 15.711 £ 10 38.673 £ 26 10.10 38.93 195
116832 C Gn D IR 18.482 + 11 15.697 £ 9 38.664 *+ 23 10.09 40.05 307
116832 B Gn D IR 18.497 = 6 1SFOTED 38.688 = 12 10.13 40.28 315
1L.92-005 Gn D IR 18.693 + 2 15.678 = 2 38.574 £ 4 9.95 37.60 112
L92-004 Py Py D As(I1I) 18.777 + 2 15.663 = 2 38.502 = 4 9.87 36.36 18
1L.23470.1 Apy D IR 18547 £ 2 15.667 = 2 38543 £ 5 9.94 38.29 198
L14643 Li D As(1II) 18.652 £ 2 15:671 % 3 38.534 £ 8 9.93 37.55 129
L10767 11 D As(III) 18.663 + 1 15:679 £ 1 38.559 £ 4 9.96 37.76 137
122744 Sar D As(I1I) 18.560 £ 5 15697 + 4 38.640 = 10 10.07 39.32 250
JOR-72 Jo D As(III) 18.486 + 9 15.683 £ 8 38.600 £ 17 10.02 39.38 276
L.21068 Jo D As(IIT) 18.605 + 4 15.695 + 4 38.628 = 12 10.05 38.87 213
A2195.K Py D As(IIT) 18.612 = 1 15.676 £ 1 38557 £ 2 9.96 38.06 169
L.23186 Duf D As(IIT) 18.685 = 1 15.679 £ 1 38.566 + 4 9.96 37.64 121
123468 Py D As(I1T) 18.587 =+ 4 15673 £ 3 38.569 £ 8 9.96 38.24 181
LER 201 Re D As(IIT) 18.536 £ 1 15:673 £ 1 38.566 £ 5 9.97 38.60 218
L 16763 Hya D SIL 18.501 £ 1 15673 £ 1 38.569 + 2 9.98 38.89 245
L16763 L2 Hya (L) D SIL 18474 £ 3 15638 £ 3 38.456 £ 7 9.83 37.77 193
L-12675 Adu D As(IIT) 18470 = 1 15.664 £ 1 38495 £ 3 9.94 38.55 249
L12675 L2 Adu (L) D As(11I) 18.476 = 2 15.641 £ 1 38463 £ 4 9.84 37.86 198
SG 657 L Adu D As(IID) 18.527 = 14 11574 by ) o2 38.643 + 29 10.17 40.02 314
P59A Py D 18.467 = 11 15.657 £ 10 38489 + 23 9.92 38.39 238
LEK-X Dol D 19.098 + 2 15.676 £ 2 38521 £ 4 9.87 3463 -196
SG 657 Adu D 18.579 = 1 15.694 £ 1 38.627 £ 3 10.05 39.04 229
LAD Adu D 18.492 = | 15.674 £ 1 38.574 £ 3 9.98 39.01 253
MEK-301 Dol D UM 18913 £ § 15.654 + 4 38.499 + 11 9.81 3528 -104
L21068.K Dol D 18.645 + 3 15654 £ 2 38.489 = 5 9.86 37.03 98
B3760 Py S RED 19.305 £ 9 15703 & 7 38.581 + 18 9.95 34.16 -291
B3760 L Py (L) S RED 22326 £ 9 15.830 £ 7 38.710 £ 16 10.24 23.74 -2452
B7153 PY Py S RED 21449 £ 6 15.788 + 4 38.458 £ 11 10.10 2526 -1801
B7153 PY.L Py (L) S RED 20.638 + 4 15772 £ 3 38.547 £ 7 10.08 28.48 -1165
BH24 PY Py S RED 18.583 £ 2 15.669 + 1 38.551 £ 3 9.94 38.10 175
BH-24 Py L Py (L) S RED 18655 £ 6 15676 £ 5 38.585 + 13 9.96 37.90 138
B3760 PY Py S RED 18.835 = 10 15690 £ 8 38.598 + 21 9.97 36.97 32
B3760 PY L Py (L) S RED 18.481 = 6 15670 £ 5 38.411 £ 12 9.97 38.14 253
A7471 PY Py S RED 19321 £ 3 15.694 + 2 38.502 £ 6 9.91 33.54  -325
L21068.7Z Dol As(IIT) 18.626 + 4 15.650 £ 3 38471 £ 8 9.85 36.99 104
LEZ-112 Dol As(I1D) 18.519 + 3 15650 £ 2 38494 £ 5 9.87 37.90 185
LEZ-103 Dol UM 18.592 £ 1 15651 £ 1 38499 £ 2 9.86 37.40 131
B 3760 D2 Dol RED 18.630 = 2 15702 £ 1 38657 £ 3 10.07 38.98 208
LED-123 Dol UM 18.645 + 2 15.654 £ 1 38481 £ 3 9.86 36.98 97
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Table A2.6: Sr-isotopic composition of mineral separates from the Lengenbach deposit. ato d indicate pairs of druse and host
rock minerals.

sample pairs mineral type 878r/36Sr 25 (M)
poorly or unmineralized zone
LEZ-101 dolomite sugary 0.710516 0.000009
LEG-002 a dolomite sugary 0.710064 0.000038
LEZ-103 dolomite sugary 0.709612 0.000012
LEZ-107 dolomite sugary 0.709430 0.000010
LEZ-107L dolomite sugary 0.709472 0.000021
L-17905 DOL dolomite sugary 0.709604 0.000007
L-17905 a goyazite druse 0.710176 0.000047
L-16459 goyazite druse 0.708748 0.000051
L-16223 goyazite druse 0.708630 0.000009
LEK-123D b dolomite druse 0.709036 0.000028
LED-123 b dolomite porphyroclast 0.708876 0.000027
LED-23B b dolomite porphyroclast 0.709033 0.000013
mineralized zone
LEZ-112 c dolomite sugary 0.708505 0.000044
LEZ-115 d dolomite sugary 0.708425 0.000020
LEK-X c dolomite druse 0.708290 0.000042
LEK-X02 d dolomite druse 0.708302 0.000018
L-17762 goyazite druse 0.708413 0.000015
B-8034B barite massive 0.708512 0.000012
LEZ-2GA dolomite sugary 0.708688 0.000014
LEZ-2GB dolomite sugary 0.708611 0.000013
B-3760 D2 dolomite sugary 0.708705 0.000018

Table A2.7 (right):Sulfur isotope data of minerals from the
Lengenbach deposit.



sample mineral type zone &S
B9130 Bar D As(1II) -1.45
A1293 Bar D As(III) 6.04
B9145 Re D As(III) -17.60
B9146 Re D As(III) -16.98
B9145 Sar D As(III) -18.08
B9146 Sar D As(I1I) -18.34
B9147 Duf DISC As(III) -25.66
B9147 Re DISC As(III) -24.59
B9152 Re DISC As(III) -17.86
B9152 Sar DISC As(III) -19.44
B5347 Bau MASS As(IIT) -18.47
B9131 Bar S As(III) -9.80
B9148 Bar S As(I1I) -8.61
B9150 Bar S As(I1D) -6.77
B9151 Bar S As(I1I) -6.24
B9152 Bar S As(I1I) -6.62
B9127 Bau S As(I1I) -20.11
B9128 Py S As(III) -24.46
B9129 Py S As(III) -23.22
B9131 Py S As(II) -21.19
B9148 Py S As(I1I) -22.52
B9152 Py S As(II) -18.52
B9127 Py S As(11D) -21.19
B9129 Sl S As(I1I) -23.75
B9136 Bar D IR 8.47
B9137 Bar D IR 5.93
A7924 Bar D IR 12.41
B9141 Gn D IR -24.72

B432 Py D IR -7.61

B432 Py D IR -7.00
B9141 S1 D IR -23.37
B9144 S1 D IR -20.80
B9135 Bar S IR 127
B9138 Bar S IR 3.65
B9139 Bar S IR 5.26
B8034 Bar S IR 0.68
B9153 Gn S IR -19.66
B9126 Py S IR -11.34
B9133 Py S IR -15.86
B9139 Py S IR -10.03
B9140 Py S IR -21.14
A2195 Py S IR -23.16
A2195 Py S IR -23.11
B9149 Py S IR -24.01
B9153 Py S IR -16.83
B9154 Py S IR -12.20
B9126 N S IR -11.94
B9142 SI S IR -20.88
B9140 SI ) IR -21.24
B9153 SI S IR -15.44
B9149 Sl S IR -24.34
B9134 Py DISC R -5.43
B9143 Py DISC R -5.64
B9134 Sl DISC R -5.03
B9143 Sl DISC R -4.78
B9132 Apy S R 1.26

5311 Apy S R -1.22
B7153 Py S R -0.99
B3760 Py S R 2.09
B9132 Py S R 3.44
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Table A2.8: O and C isotopic composition of dolomites from the Binn Valley. a to e indicate pairs of druse and host rock
minerals. C = central zone, S = southern zone, N = northern zone.

sample pairs type zone/ locality S13C (PDB)%  8'80 (SMOW) %
LEK-X01 a druse (@ 1.320 26.790
LEK-X04 druse C 1.547 26.498
LEK-111 b druse ¢ 1.410 26.840
LEK-1TA c druse 8! 0.950 25.920
LEK-150 d druse S 2.150 25.520
LEK-123 druse S 1.920 24.900
LEK-115 e druse S 1.027 23.484
LEK-001 druse S 1.790 25971
LEK-002 druse S 1.786 25.491
LEK-100 f druse N -0.539 25.057
LEZ-100 f sugary N 0.260 25.790
LEZ-101 sugary N 0.210 26.369
LEZ-102 sugary N 0.265 25.601
LEZ-103 sugary (@ 1.090 26.770
LEZ-104 a sugary c 0.962 26.756
LEZ-105 sugary (& 0.580 26.790
LEZ-105 (WW) sugary G 0.653 26.304
LEZ-106(W) sugary (3: 0.787 26.709
LEZ-107 sugary c 0.974 26.306
LEZ-108 sugary c 1.600 27.210
LEZ-109 c sugary @ 1.180 26.450
LEZ-109(W) sugary c 1.006 26.169
LEZ-110 sugary C 0.975 27.184
LEZ-111 b sugary & 1.048 26.834
LEZ-112 sugary € 1.230 26.840
LEZ-113 sugary C 1.470 26.640
LEZ-114 sugary S 1.749 25.309
LEZ-115 sugary S 1.980 26.020
LEZ-115(W) e sugary S 0918 23.496
L92-003B sugary Cc 1.066 26.382
L92-004B sugary (G 1.134 26.509
L92-004C sugary (3 1.152 26.737
L92-004D sugary (& 1.158 26.716
LEZ-154 sugary S 1.130 24.010
LEZ-154(W) sugary S 1.619 25.032
LEZ-155 sugary S 2.027 25.924
LEZ-156 sugary S 1.898 24.963
LEZ-157 sugary S 1.753 24.828
LEZ-158 sugary S 1.110 23.425
LEZ-159 sugary S 1.658 24.724
LED-151 d porphyroclast S 2.080 25.710
LED-152 d porphyroclast ) 2.120 25.750
LED-153 d porphyroclast S 2.110 25.730
L92-003A porphyroclast C 1.052 26.514

dolomite separates from other localities of the Binn Valley

MER-101 vein Messerbach 1.630 23.380
WEZ-101 sugary Weisse Fluh 2.180 26.100
MIZ-101 sugary Mischibach 1.466 27.510
MEZ-101 sugary Messerbach 1.917 24.616
MEK-X02 porphyroclast Messerbach 2.220 27.210
LEK-X02 porphyroclast  close to gneisses -0.500 21.650
LEK-X02(W) porphyroclast close to gneisses -0.410 22.023
LEK-X03 porphyroclast  close to gneisses 0.544 23.010
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APPENDIX 3:
MAPS AND PROFILES
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Figure A3.1: Topographical map of the Monte Leone-terrain with the localization of the whole rock samples. Enlargements
of sheets 42 (1:100000) and 1290 (1:25000). Reproduced by permission of the Swiss Federal Office of
Topography, October 30, 1996.
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Figure A3.2: Schematic stratigraphic profiles of the Monte Leone nappe in the region of the Binn Valley with the localization
of the whole rock samples.
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Figure A3.3: Schematic stratigraphic profiles of the Monte Leone nappe in the region of the Monte Chervandone with the
localization of the whole rock samples.

74



