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ABSTRACT

Numerous small Fe-Mn deposits occur in Triassic marbles of the Middle Penninic Suretta, Starlera, and Schams nappesin
Val Ferrera, eastern Swiss Alps. These deposits are characterized by high contents of Ba, Sb, As, V, Be, W, and rare-earth
elements (REE), and most likely represent chemical sediments deposited around submarine springs, similar to some modern
seafloor metalliferous sediments. Circulation of the hydrothermal fluid within the granite-bearing basement underlying the sedi-
mentary rocksisinferred asthe most likely mechanism for the derivation of the Be and W concentrated in the ores. The orebodies
studied shared asimilar Alpine metamorphic evolution, culminating with blueschist- to greenschist-facies conditions. The chemi-
cal and mineralogical composition of the ores strongly influenced the behavior of the minor constituentsBa, Sr, Sh, As, V, Be, W,
and REE. During the main deformation (D), Asand V, for example, were incorporated into hematite in Fe-rich ores, whereasin
Mn-rich ores they were concentrated into accessory minerals growing in the main schistosity. These syn-D; minerals represent
important sinks of trace elements released by recrystallization or breakdown of their primary hosts as aresult of prograde meta-
morphism. Post-D; mobility of Ba, Sb, As, V, Be, REE and, in some cases, W is recorded by various mineral parageneses that
either overgrow the S; schistosity or occur in several types of discordant veins. In addition to the chemical and mineralogical
controls, the structural position of the deposit influenced the remobilization of trace elements. Element mobility during the Alpine
greenschist-facies metamorphism within the Fe-Mn ores involved large-ion lithophile elements (Be, Sr, Ba), high-field-strength
elements (Mo, W, Sh, As), and the light REE. The geochemical signature is analogous in many respects to the remobilization
observed during subduction-related metamorphism and during metasomatism in the mantle.

Keywords: exhaative Fe-Mn ores, metamorphism, paragenetic evolution, geochemistry, rare-earth elements, Va Ferrera, Swiss
Alps.

SOMMAIRE

Lesmarbres Triassiques des nappes de Suretta, Starleraet Schamsdansle Va Ferrera (Pennique Moyen, secteur est des Alpes
suisses) renferment de nombreux petits gites de Fe et Mn. Ces minerais sont caractérisés par de hautes teneursen Ba, Sb, As, V,
Be, W, et terres rares par rapport aux carbonates encaissants. Les minerais résultent probablement d' une précipitation chimique
aproximité de sources hydrothermal es sous-marines, comme certains sédiments métal liféres océaniques actuels. L’ enrichissement
desmineraisen Be et W est lié ala circulation des fluides hydrothermaux au sein du socle granitique sous-jacent. Tous les gites
étudiés ont subi le méme métamorphisme Alpin, culminant sous faciés schiste bleu ou schiste vert. La composition chimique et
minéral ogique des minerais influence le comportement des éléments mineurs Ba, Sr, Sh, As, V, Be, W, et terres rares. Durant la
phase principale de déformation (D), les @ émentstraces tels que As et V sont incorporés dans I’ hématite des mineraisrichesen
Fe. Cependant, dans les minerais riches en Mn, ces mémes é éments sont concentrés dans des minéraux accessoires tels que la
médaite, qui croissent au sein de la schistosité principale. Ces minéraux accessoires sont des hdtes importants d' éléments en
traces libérés par la recristallisation ou la déstabilisation des minéraux primaires au cours du métamorphisme prograde. La
déformation postérieure a D; est associée aune mobilité des & émentsen tracestelsque Ba, Sh, As, V, Be, lesterresrares et, dans
certains cas, W. Ce second épisode, probablement polyphasé, est caractérisé par des parageneses minéral ogiques différentes qui
se greffent sur les minéraux de la schistosité principale, ou qui apparaissent en veines discordantes. En sus de la chimie et la
minéralogie du protolithe, la position structurale du gite influence la remobilisation des ééments en traces. La mobilité des
élémentsen traces au sein des minerais de Fe-Mn durant |e métamorphisme Al pin sous conditions du faciés schiste-vert concerne
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tant les éléments lithophiles a gros rayon (Be, Sr, Ba), les éléments a fort potentiel ionique (Mo, W, Sh, As), que lesterresrares
|égeres. Cette signature géochimique est analogue a celle observée durant la métasomatose mantellique ou la métasomatose

associ ée au métamorphisme en zone de subduction.

Mots-clés: minerais Fe-Mn exhalatifs, métamorphisme, évolution paragénétique, géochimie, terres rares, Val Ferrera, Alpes

Suisses.

INTRODUCTION

Manganese deposits metamorphosed under low- to
high-grade conditions have furnished alarge number of
unusual minerals containing Sbh, As, V, Be, W, thelight
rare-earth elements (LREE), Ba, and Sr. For example,
minerals of Sh, As, and V have been observed, locally
in relatively large quantities, in radiolarite-hosted
deposits at Falotta in the Oberhalbstein, Switzerland
(Geiger 1948), at Praborna in the Aosta Valley, Italy
(Martin-Vernizzi 1984, Perseil 1991), and in the
Ligurian Alps, Italy (Cortesogno et al. 1979), in other
chert-hosted deposits in the Hautes-Pyrénées in France
(Ragu 1990, 1994) and at Madhya Pradesh, India
(Ostwald & Nayak 1993), in sandstone-hosted deposits
at the Kombat mine, Namibia (Dunn 1991); and in car-
bonate-hosted deposits at Franklin, New Jersey, (Dunn
1995) and in Sweden and Norway (Langban-type de-
posits, Bostrém et al. 1979, Holtstam et al. 1998). Be-
ryllium minerals, on the other hand, are reported from
Léangban (Sweden), Hautes-Pyrénées, Franklin (Essene
& Peacor 1987), and Falotta (Graeser 1995), whereas
W and LREE minerals were found at Langban, Hautes-
Pyrénées, and Franklin. Finally, Ba and Sr minerals
(mostly strontian barite) are present in all of the depos-
itsmentioned above. A syngenetic exhalative origin has
beeninferred for all of these deposits. Thetiming of the
enrichment in Sh, As, V, Be, W, LREE, Ba, and Sr,
however, is not always clear because the mineras in-
corporating these elements occur mostly in late veins
that postdate the peak of metamorphism.

Arsenicistypicaly enriched in synsedimentary Fe—
Mn deposits (Pfeifer et al. 1988). Beryllium and W, on
the other hand, are commonly associated with granitic
rocks (Guilbert & Park 1986), and their occurrence in
late veinswithin syngenetic Fe-Mn depositshasin some
cases been interpreted asindicating chemical input from
post-ore granitic intrusions (e.g., Ragu 1990, 1994). In
generdl, very littleis known about the mobilization his-
tory of Sb, As, V, Be, W, REE, Ba, and Sr within meta-
morphosed Fe-Mn deposits in the time span between
metamorphic climax and formation of the late veins,
because geochemical studiesam to reconstitute the pre-
metamorphic state, and mineralogical studiesare mostly
concerned with crystal—chemical features of the rare
minerals rather than with genetic aspects.

We describe in this paper mineral assemblages re-
cently discovered in four genetically related carbonate-
hosted stratiform metamorphosed Fe-Mn deposits in
Val Ferrera, eastern Central Alps, Switzerland. We

present whole-rock geochemical data for these depos-
its, and discuss their genesis as well as the mechanisms
responsible for the geochemical and mineralogical sig-
natures. The deposits chosen for study are unusual be-
cause here, contrary to many other metamorphosed Mn
deposits, the phasesincorporating Sh, As, V, Be, W, the
LREE, Ba, and Sr commonly occur as rock-forming
minerals. This situation offers an opportunity to recog-
nize textural relationships among the various minerals,
and thus, to follow paragenetic evolution through time.
Furthermore, small differences in geochemical compo-
sition and structural position of the deposits allow study
of the influence of these parameters on the redistribu-
tion of trace elements during metamorphism.

RecionaL GEoLoGY

Val Ferrera, ahigh valley with the source of atribu-
tary to the Rhine in Graubiinden (Switzerland), belongs
geologically to the Middle Penninic domain (Brian-
connais) of the Eastern Swiss Alps, which is character-
ized by shallow-water sedimentation from Triassic to
Middle Jurassic (Trimpy 1980). In Val Ferrera, the
Briangonnais platform was segmented into four distinct
tectonic unitsduring the Alpine orogeny: (1) the Tambo
nappe, (2) the Suretta nappe, (3) the Starleranappe, and
(4) the Schams nappes (Baudin er al. 1995, Schmid et
al. 1997; see Fig. 1). The Starlera and Schams nappes
are sedimentary units that are disconnected from their
basement, whereas the Suretta and Tambo nappes con-
sist of apre-Alpine basement underlying athin sedimen-
tary cover. This pre-Alpine basement comprises two
main units, the Timun complex and the “Roffna-
porphyr”. The latter represents alarge volume of Early
Permian (268.3 £ 0.6 Ma; Marquer et al. 1998) volca-
nic to subvol canic rocks of granitic composition, which
underwent a single episode of metamorphism during the
Tertiary. The Timun complex, on the other hand, is a
polymetamorphic unit that consists of para- and
orthogneisses and amphibolites. The Timun complex
was subjected to a pre-Alpine eclogite- and amphibo-
lite-facies metamorphism that was overprinted by Ter-
tiary Alpine metamorphism (Nussbaum ez al. 1998). The
Suretta cover (Fig. 2) consists of locally preserved Per-
mian clastic metasedimentary rocksfollowed by abasal
quartzite (Permo-Triassic), and then by Triassic dolo-
mitic marbles. This seriesis cut by rift structuresfilled
with mono- and polygenetic breccias containing clasts
of dolomite, quartzite, augen gneiss and, in places, he-
matite—quartz pebbles. All authors agree on aMesozoic
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Fic. 1. Tectonic map of the eastern Central Alps around Val Ferrera, Graublinden, Swit-
zerland. Abbreviations: SB: San Bernardino, SP: Spluigenpass. A “?’ indicates where
the contact between Avers Schistes Lustrés and the Suretta cover is uncertain.
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synsedimentary origin of these breccias, although their
precise age remains controversial (Liassic to Creta-
ceous; Baudin et al. 1995, Schmid et al. 1997). The se-
riesthen gradesinto marblesand calc-schists, which are
not distinguishable from those of the structurally higher
tectonic unit, the South Penninic Avers Schistes L ustrés
(Figs. 1, 2). The covers of the Suretta and the Starlera
nappes are stratigraphically similar, but the Starlera
cover is thicker, and the basal quartzite is generally
missing.

Décollement and stacking of the Suretta, Starleraand
Schams nappes predate the Tertiary metamorphism and
thus, al of these units and the related ore deposits un-
derwent asimilar Tertiary metamorphic evolution. Four
phases of deformation are distinguished (Schreurs 1995,
Marquer et al. 1996, Schmid et al. 1997). D, (Ferrera
phase) is a complex event, which started under
blueschist-facies conditions estimated at 10 kbar and
400-450°C (Goffé & Oberhansli 1992, Nussbaum et al.
1998). The main D; structures, however, developed

THE CANADIAN MINERALOGIST

under greenschist-facies conditions, and consist of
large-scale isoclinal folds and a pervasive schistosity
(Sy) that destroyed most earlier textures and paragen-
eses. The presence of stilpnomelaneinthe S; schistosity
suggests an upper temperature limit of about 450°C
(Nitsch 1970). The age bracket 35-40 Ma is the most
realistic estimate of the timing of the temperature peak
during Dy (Hurford er al. 1989). The second phase of
deformation D, (Niemet phase) occurred under
greenschist-facies conditions and is, like D1, associated
with isoclinal folding; an axial-plane schistosity (S;),
however, devel oped only in the most incompetent rocks.
By using the phengite geobarometer of Massonne &
Schreyer (1987), Baudin & Marquer (1993) inferred that
a decompression of at least 5 kbar took place between
D; and D,. The Bergell granodiorite, dated at 30.13 +
0.17 Ma (von Blanckenburg 1992), cuts D, structures,
and therefore setsaminimum agefor D, (Liniger 1992).
D3 produced afine crenulation in the most incompetent
rocks, and the last event (D4), occurring under brittle

South Penninic Avers
Schistes Lustrés

Starlera nappe

Fianel

Piz La Mazza

Starlera
Bergwiesen

Suretta nappe

(<< x] basement

[=7] basal quartzites
E=25 dolomites (Triassic)

marble
E= calcschists

©_7| megablocks

gneisses and conglomerates (Permian)

72 2] cornieule (tectonic dolomitic breccia)

breccia (white: monogenetic; black: polygenetic)

Fic. 2. Schematic synthesis of a stratigraphic profile of the Suretta nappe cover showing
the location of the deposits studied; modified after Baudin ez al. (1995). Fe-Mn deposit

names shown in italics.
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conditions, was responsible for the formation of sub-
vertical N-S-striking faults.

Two kinds of Fe-Mn deposits, both affected by the
metamorphism associated with D1, can be distinguished
inVa Ferrera: (i) Fe-carbonate veinsin the augen gneiss
of the Timun complex (Suretta nappe; Grinenfelder
1956), and (ii) carbonate-hosted stratiform Fe-Mn de-
posits in the Triassic dolomite marbles of the Suretta,
Starlera, and Schams nappes (Stucky 1960). The Fe-
carbonate veins display a monotonous mineralogical
composition consisting of siderite, ankerite, quartz +
stilpnomelane. Locally, “skarns’ with aegirine, hema-
tite or magnetite developed at the contact between the
Fe-carbonate veins and the augen gneiss. The second
type of ore is the focus of this study.

MINERALOGY OF THE CARBONATE-HOSTED
STtrRATIFORM FE-MN DEPOSITS

The most common ores consist of hematite, quartz,
and carbonate (dolomite), with strontian barite and
fluorapatite as widespread minor constituents. Depend-
ing on the hematite:quartz ratio, the ores have a schis-
tose or massive appearance. Significant amounts of Mn
minerals are restricted to the largest deposits (Stucky
1960). All Mn deposits and some of the stratiform Fe
deposits contain a range of unusua Sh, As, V, Be, W,
Ba, Sr, and REE minerals (listed with their formulain
Table 1). Inthispaper, however, we restrict our descrip-
tion to four deposits, in which the minerals mentioned
reveal aparagenetic evolution or appear in special struc-
tural settings. Thelocation of these depositsisindicated
on Figure 1, and their tectonic and stratigraphic settings

TABLE 1. CHEMICAL FORMULAE OF THE Sb-As-V-Be-W-REE-Ba (Sr)
MINERALS OBSERVED IN THE VAL FERRERA DEPOSITS

Name Formula

Barite (strontian) [Brt] (Ba,Sr)SO,

Barylite [Blt] BaBe;Si,0,

Bergslagite CaBeAsO,(OH)

Beryl Be,ALSiO,;

Betafite (Ca,U,J)(Ti,Nb, Ta),(0,0H),
Chernovite-(Y) YAsO,

Fianelite Mn,V(V,As)0,+2H,0
Léngbanite (Mn?,Ca),(Mn* Fe*),8b*0,(Si0,),
Medaite [Med] (Mn,Ca)(V,As)Si;0,5(OH)
Palenzonaite NaCa,Mn,(VO,),

Paraniite-(Y) YAsO,+2CaWO,

Phenakite Be,SiO,

Pyrobelonite PbMnVO,(OH)

Romanéchite (Ba,H,0),Mn,0,,

Roméite (Ca,Na,[d),(Sb, Ti),04F,0H,0)
Saneroite Na,Mn,,VSi,,0,,(OH),
Scheelite—powellite CaWO, — CaMoO,

Tilasite CaMgAsOF

The symbols are shown in square brackets. Other symbols used in tables and in
figures are: Ae aegirine, Ank ankerite, Ap fluorapatite, Brn braunite, Cal calcite, Cdt
calderite, Dol dolomite, Hem hematite, Kth kutnohorite, Mgt magnetite, Ms
muscovite, Qtz quartz, Rds rhodochrosite, Rdn rhodonite, Sd siderite, Tep tephroite,
and Tl talc.
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areshown in Figure 2. The methods of investigation are
described in the Appendix.

Fianel

The Fianel deposit ishosted by dolomitic marbles of
the Starlera nappe, with no apparent connection to the
basal quartzite. Fianel is the largest deposit of hematite
exploited in the past in Val Ferrera. The ores show a
strong bedding (1 cm to 50 cm), with single beds exhib-
iting a lenticular shape (Fig. 3a). Fianel aso contains
Mn ores, which consist principaly of silicate—-oxide Fe—
Mn ores (below referred to as “mixed ores’) containing
quartz, rhodonite, spessartine and andradite—calderite
garnet, tephroite, rhodochrosite and kutnohorite,
aegirine, hematite, braunite, jacobsite, barylite, and
strontian barite. The mixed ores are very fine grained,
and exhibit complex relationships among the different
phases. For example, Figure 4 shows tephroite replac-
ing rhodonite and rhodochrosite as a result of the reac-
tion Rdn + Rds = Tep + COy(). Inthe same thin section,
replacement of tephroite by cal derite has been observed
(see Table 2 for compositions of calderite, rhodonite and
tephraoite).

V-Asminerasarevery abundant at Fianel. The most
spectacular samples consist of mixed ores, which exhibit
ared color due to the presence of the vanadatosilicate
medaite (Fig. 3b, Table 2). Medaite, (Mn,Ca)¢(V,AS)
Sis0O;9(OH), was described by Gramaccioli er al. (1982)
in thelow-grade metamorphosed, radiolarite-hosted Mn
deposits of Val Graveglia, Italy. To the best of our
knowledge, Fianel is only the second reported occur-
rence of this mineral. In contrast to the type locality,
where medaite is a rare constituent of discordant vein-
lets, medaite at Fianel represents up to 3 vol.% of the
rock and isaigned in the main S; schistosity (Figs. 3b,
d). A further rock-forming V-rich mineral isan uniden-
tified V-Ba-Sr phase (£As, Fe, Mn, Pb) that forms
xenomorphic crystals up to 10 wm in diameter. The Mn
ores are cut by several generations of veinlets consist-
ing of quartz, rhodonite, rhodochrosite + aegirine, an-
dradite—calderite garnet, parsettensite, and strontian
barite. Where occurring in medaite-rich ores, these vein-
lets also contain the vanadates palenzonaite, saneroite,
and pyrobelonite (¢f. Table 1, Fig. 3c). A hydrated Mn
vanadate, fianelite, has been discovered in open frac-
tures cutting such veinlets (Brugger & Berlepsch 1996).

In a V-rich mixed ore, we observed one grain of a
mineral that istentatively identified aslangbanite on the
basis of electron-microprobe data (Table 3); no other
method of identification was used in order to preserve
this unique grain. Langbanite has been reported from
small Langban-type Mn deposits in the Langban and
Sjégruvan provinces, Sweden, and at Brandsnuten,
Norway (Nysten & Ericsson 1994). The chemical com-
position of l&ngbanite from Fianel isvery similar to that
of the Fe-rich Iangbanite from the Nyberget deposit in
Sj6égruvan Province (Table 3). At Fianel, the |angbanite
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'SEM-La boratory
Univ. Basel

Fic. 4. BSE image of amixed ore from Fianel, showing agrain of rhodonite undergoing
transformation to tephroite.

IN THE CARBONATE-HOSTED Fe-Mn ORES AT VAL FERRERA

TABLE 2. CHEMICAL COMPOSITION OF SOME ROCK-FORMING MINERALS

Number #1 #2 #3 #4 #5 #6 #7
Sample JB8S B85 JB325 JB314 JB131 JB131 JB131
Mineral Tep Rdn Cdt Med Sps Cal Kth
Average of 10 6 2 11 30 7 6

SiO, wt% 30.35(1.49) 49.41(0.33) 3422 37.84(0.44) 36.26(1.13)

TiO, 0.06 0.15 (0.15)

ALO; <0.03 4.54 17.09 (3.43)

V;0, 0.06 (0.05)  0.07 (0.04) 7.32(0.59)  0.07 (0.06)

As,05 <0.05 <0.05 1.82(0.51)

Fe,0, 22.92 5.03 (4.31)

FeO 0.13(0.12) <0.05 1.79 (0.31) <0.17(0.22) <0.17 (0.22)
Ca0O 0.12(0.07) 2.03(0.33) 11.32 0.45(0.04) 4.53(1.62) 37.10(1.39) 27.86(1.96)
MgO 258(1.58) 270(023) 0.04 0.73(0.03) 0.09(0.04) 085(0.41) 1.66(0.16)
MnO 66.65(1.93) 47.78(0.89) 28.53 4891(0.27) 36.19(1.02) 17.73(1.95) 26.49 (1.65)
o) 0.17(0.13)  0.03 (0.03)
CO, (calc.) 41.11 40.22

H,0 (calc.) 1.10

Sum 99.93 102.0 101.63  99.96 99.41 96.95 96.43

Structural formulae:
#1 Si)g(Mn, Mg, 1,)O, (normalization on 3 cations)

#2 Siye(Mny Mg, 45Cag 5)O; (normalization on 2 cations)
#3 Sip(Fe™, 15Aly46)MN",4,Ca, 0,)0,1 » = Cdty, AdryeSps,; (normalization according to Rickwood 1968)

#4 Siso(Voe6510.15A8013)(Mns 6,F €. 0Mg, 15 )HO 4 4 (normalization on 12 cations)

#5  Siy (Al ggFeg s Tig o )M, 5sCay oMy 0,)O12.0, (normalization on 8 cations, Fe*' = Fe,,,, Mn®* = Mn,,,)
#6  (Cayy MnyMg, ,)COs
#7  (Cag5sMng 4 Mgy 5)CO;4

The standard deviation (10) associated with the electron-microprobe data is shown in parentheses. JB85, JB314,
and JB325 are mixed ores from Fianel; JB131 is a fluorapatite — kutnohorite — hematite schist from Bergwiesen.
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TABLE 3. COMPOSITION OF LANGBANITE
(ELECTRON-MICROPROBE DATA)

Fianel Nyberget Fianel Nyberget
#1 [ #2 #1 #2
SiO, wt% 9.95 0.15 9.06 BMn®* 0,962 0.02 0.898
Sb,0s | 1203 021 1339 BCa 0.038 0.01 0.102
As,05 0.27 0.11 na. 2[8] 1.000 1.000
TiO, 1.00 0.17 0.19
Fe,0; 1873  0.17 1897 SMn*t 3599 0.09 3729
MnO 2331 036 21.01 (oIpe 2983 0.03 3.111
Mn,0, 34.52 35.08 CiMn®>*  4.178  0.06 4.072
CaO 0.17 004 044 ISy 0.135 0.04  0.114
Z[6] 10.895 0.03 11.025
Sum 99.98 98.14
©igp*  0.811 0.03  0.970
BIAS®™  0.030  0.01
Vi 0.159 0.03 0.030
2[6] 1.000 1.000
BiMn®  1.000 1.000
HISi 211 0.03 1.970
o] 24.00 24.00

Column 1: langbanite (?), mean and standard deviation of nine determinations
(electron-microprobe data), sample JB31. Column 2: langbanite from Nyberget,
Sweden (Nysten & Ericsson 1994). The Y content reported by Moore ef al. (1991)
is most likely due to the interference between Yl and *SbZp (Nysten & Ericsson
1994), and thus was omitted. The compositions are normalized to 16 cations, Fe
= Fe*', 3[8] = 1. and the Mn>Mn’" ratio was calculated to obtain 24 atoms of
oxygen per formula unit.

SEM-Laboratory
Univ. Basel
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grain containsasigmoidal internal fabric that is defined
by quartz, and oriented discordantly to the D, foliation
of the surrounding matrix (Fig. 5). The entire grain is
cut by aconjugate set of harrow shears. Theinner folia-
tion in langbanite likely represents a premetamorphic
feature, and the langbanite thus probably grew
synkinematically with respect to D;.

Barylite, BaBe,Si,O7, is a common accessory min-
eral within the S, schistosity of the medaite-rich mixed
ores (Figs. 3d, €). Beryl occurs at Fianel in two varie-
ties, as anhedral blue grains in discordant quartz veins
within hematite — quartz — carbonate ores (type ), and
as euhedral crystalsin alens of pink dolomite breccia
(typeI1). Phenakite occursin some of the pink dolomite
clasts. Type-ll beryl is associated with As- and REE-
rich scheelite—powellite, roméite, bergslagite, and fluor-
apatitein discordant quartz—dolomite veinlets; during a
later stage of metamorphism, these veinlets were infil-
trated by a fluid that led to partial replacement of the
original grains of fluorapatite by As-rich fluorapatite,
and to the appearance of paraniite-(Y) in scheelite—
powellite (Brugger et al. 1998).

Piz La Mazza

A hematite — quartz — carbonate — fluorapatite —
strontian barite schist, up to 1 m thick, crops out at Piz

JB31, Fianel

Fic. 5. BSE image of alangbanite (?) grain from Fianel, Val Ferrera. Abbreviations: sz:
shear zone, S;: main schistosity. The matrix contains quartz (dark gray), and a complex
assemblage of Fe-Mn silicates, carbonates, and oxides (rhodonite, spessartine and
andradite—calderite garnet, tephroite, rhodochrosite and kutnohorite, aegirine, hematite,

braunite, jacobsite, and strontian barite).
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La Mazza (Starlera nappe). As at Fianel, the deposit
does not seem to have a direct connection to the basal
guartzite. The hematite schist at Piz LaMazza contains
spherulitic muscovite that encloses hematite, fluorapa-
titeand, rarely, an yttrium phosphate mineral [xenotime-

(Y), or possibly churchite-(Y)], and which is locally
finely intergrown with carbonate (Fig. 6a). Fluorapatite
is aso present in the S; schistosity and may further be
concentrated along the margin of the spherules (Fig. 6a).
Hematite generally defines S;, but some spherules con-

53— S
SEM-Laboratory
Univ. Basel

J . az

il N
SEM-Laboratory
Univ. Basel

Fic.6. BSE imagesof muscovite spherulesfrom PizLaMazza, Val Ferrera. Dashed lines
delineate the pressure shadows of the spherules. (a) Spherule consisting of muscovite
and calcite. Note the yttrium phosphate inclusion [possibly xenotime-(Y)] and the con-
centration of fluorapatite along the rim; hematiteisthe predominant mineral inthemain
schistosity S;; (b) Muscovite spherule with oriented inclusions of hematite. Note that
the orientation of the hematite within the spherule is discordant to S;.
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tain trails of small crystals of hematite oriented discor-
dantly to S; (Fig. 6b). The S; schistosity wraps around
the spherules, and a pressure shadow consisting of
guartz + hematite is commonly observed (Figs. 6a, b).
These features clearly indicate a pre-D; timing for the
formation of the spherules.

Bergwiesen

The Bergwiesen deposit (Suretta nappe) is a small
hematite-rich orebody (up to 2 m thick) that can be fol-
lowed continuously over 70 m. The concordant nature
of the orebody and many examples of fine lamination
are well preserved. Although the mineralogy of
Bergwiesen contrasts with that of the Starlera deposit
(located about 200 m away), both deposits are contained
in dolomitic marbles just above the contact with the
basal quartzite, and probably lie in stratigraphic conti-
nuity (Fig. 7).

Besides Fianel, Bergwiesen isthe only deposit were
beryl wasidentified. Here, the mineral occurs, liketype-
| beryl at Fianel, asanhedral grainsup to 1 cm acrossin
discordant quartz veins associated with minor hematite
and rare chalcopyrite.

Ores containing up to 10.60 wt% P,0Os are charac-
teristic of Bergwiesen. There ores are strongly foliated
and banded, with alternating hematite and carbonate +
fluorapatite-rich layers (Fig. 3f). The hematite-rich lay-
ers contain some clasts of Mn-rich calcite (Fig. 3f), but
the main carbonateiskutnohorite (Table 2). Kutnohorite
and fluorapatite, together with hematite, quartz, musco-
vite, and minor strontian barite, definethe S; schistosity.
In addition to these mineral's, spessartine porphyroblasts
with a diameter of up to 0.5 mm are abundant. Under
the optical microscope, the spessartine crystals seem
cloudy owing to the presence of many minuteinclusions
of fluorapatite. As revealed by back-scattered electron
(BSE) images, theseinclusions are either randomly dis-
tributed (Fig. 8a), or arranged in trails together with
kutnohorite, quartz, and hematite (Fig. 8b). The inclu-
sion trails define a schistosity that is commonly discor-

about 150 m

Hﬁ_—:i%_

1 starlera (Fe,Mn) 2 Bergwiesen (Fe)

Fic. 7. Schematic cross-section illustrating the tectonic set-
ting of the Starlera and Bergwiesen deposits, Val Ferrera.
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dantto S; and, in some cases, sigmoidd in shape (Fig. 8b).
M ost spessartine porphyroblasts have an inclusion-free,
optically clear outer fringe (Fig. 8a). The fluorapatite
inclusions are angular and completely surrounded by a
fine network of spessartine (Fig. 8c); in some cases, the
inclusions occupy a volume that is larger than that of
the host garnet (Fig. 8d). The size of the apatite inclu-
sions (< 5 wm) in the spessartine grains contrasts with
that of the fluorapatite crystals (up to 40 wm) that occur
outside the porphyroblasts, aligned in S; (Fig. 8).

Thetrails of inclusions likely represent arelic of the
premetamorphic fine banding of the ore: the small crys-
tals are preserved as inclusions within the garnet,
whereas the premetamorphic minerals have recrystal-
lized during D; into larger crystals that are present in
the matrix surrounding the porphyroblasts.

The fluorapatite is chemically relatively homoge-
neous and contains, in addition to P, Ca, and F, 1.24
(£0.06; standard deviation of seven analyses) wt%
As,05, 0.17 (£0.04) wt% SrO, 0.09 (£0.09) wt% FeO,
and 0.39 (£0.05) wt% MnO. Occurrence of honstoichio-
metric F and P contents suggests that some phosphorus
is replaced by carbon (Nathan 1996). No chemical dif-
ference was observed between the fluorapatite included
in spessartine and that occurring in S;.

Starlera

The Starleramine (Surettanappe) isthe only deposit
of the province that was exploited for Mn (from 1917 to
1920; Stucky 1960). This deposit is characterized by a
complicated paleogeographic and structural position.
The ore is hosted in dolomitic marbles, but may be in
direct contact with the augen gneiss of the underlying
basement (Fig. 7). In the vicinity of Starlera, the basal
quartzite exhibits large variations in thickness, from
>20 m at Bergwiesen to zero at Starlera. These varia-
tionsin thickness might represent a Triassi ¢ paleogeog-
raphy (trough) that favored ore deposition at Starlera.
The present thickness of the ore, up to 12 m, aso re-
flectsdoubling of the sequence by folding. Brecciaswith
amatrix rich in magnesioriebeckite asbestos are abun-
dant and characteristic of the Starlera deposit.

The Mn ores at Starlera are relatively poor in Si.
Braunite is the main ore mineral, and the Mn-silicates
rhodonite and spessartine are absent. Fine needles of
romaneéchite occur along braunite grain-boundaries. The
oreiscut by numerous discordant roméite-tilasite veins.
The latter are up to 30 cm thick, and display an uncom-
mon mineral assemblage consisting of octahedra of
fluorian roméite (<5 mm), coarse-grained tilasite, idio-
morphic aegirine, calcite, hydroxyl-phlogopite, and
fluorite (Brugger et al. 1997).

Tilasiteis aso present in some hematite — carbonate
— quartz oresthat are interbedded between Mn ores and
country-rock carbonates. These ores exhibit a banded
to lenticular texture. Greenish tilasite is the main con-
stituent of some concordant bands and lenses (up to
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Fic. 8. BSE images of spessartine in the fluorapatite — kutnohorite — hematite schist from Bergwiesen, Val Ferrera. (a)
Spessartine porphyroblast with randomly distributed inclusions of fluorapatite. (b) Spessartine porphyroblast with sigmoidal
inclusion-trails of fluorapatite and kutnohoarite. (c) Close-up view of fluorapatite inclusionsin a spessartine host crystal. (d)
Spessartine porphyroblast with a core dominated by fluorapatite inclusions. S; = main schistosity.
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3cm X 0.5 cmin size). Tilasite aso occurs in discor-
dant veinlets (<2 mm in thickness) in this hematite —
carbonate — quartz ore.

A complex association of Ti, As, Sb, Be, Ba(+REE,
W, Sr) minerals has been described by Brugger & Gieré
(1999) from quartz-rich pink muscovite — aegirine —
albite schists (hereafter referred to as “pink schists’)
interbedded with the Fe-Mn ores. Aligned in the main
S, schistosity are strontian barite, As-poor fluorapatite,
Sb-freerutile, and possibly Ce-rich roméite and Sb-bear-
ing pyrophanite. A later paragenesis, overgrowing S,
contains As-rich fluorapatite, REE-rich roméite,
bergdagite, Sh-rich rutile, Sb-bearing pyrophanite, and
Sh—As-bearing titanite, as well as aegirine porphy-
roblasts. Arsenic-rich fluorapatite, bergslagite, stibian
rutile, and stibian pyrophanite occur in fractures within
titanite crystals.

WHoLE-Rock CompPosITIoN oF THE ORES
AND THEIR HosT Rocks

The Fe/(Fe + Mn) values of the siderite veins are
similar to those of their augen gneiss host-rock (Fig. 9a).
In contrast, the carbonate-hosted deposits display awide
range of Fe/(Fe + Mn) values that range between 0 and
1 (Fig. 9b). Whole-rock geochemical data demonstrate
that all carbonate-hosted stratiform ores of Va Ferrera
are characterized by high concentrations of Sh, As, V,
Be, and W relative to both the host rocks and Fe-car-
bonate veins (Tables 4, 5, Fig. 10).

The W and Be contents of the carbonate-hosted
stratiform ores are higher that those of the Fe-carbonate
veins and of the country rocks (Fig. 10a). The samples
with high Be contents commonly also have high W con-
tents. Two sampleswith unusual mineralogy do not fol-
low this trend: JB423, which contains >10 vol.%
roméite, a phase in which W is highly compatible, and
JB101, which contains beryl and scheelite—powellite. In
the V versus As diagram (Fig. 10b), there is a marked
difference between mixed Fe-Mn ores from Fianel and
the Fe ores. at high levels of trace-metal enrichment,
the mixed ores generally exhibit a high V:As ratio,
whereas this ratio is low for the Fe ores. Similarly, the
roméite-rich ore JB423 and one sample of Mn-ore
(sample JB161) exhibit ahigh AsV ratio.

A Sr versus Bavariation diagram (Fig. 11) reveals
that Sr contents of the carbonate-hosted Fe and Mn ores
are similar to those of the Triassic marbles, but that the
Ba contents are much higher in the ores. Thereisadis-
tinct positive correlation between Sr and Bain the car-
bonate-hosted ores, particularly in the mixed Fe-Mn
ores from Fianel. The Fe-carbonate veins, on the other
hand, arerelatively poor in Baand Sr. Compared to their
host rocks, the veins have similar Sr, but lower Ba con-
tents (~300 ppm in the augen gneiss; Balzer 1989).

Chondrite-normalized REE patterns of the Fe-car-
bonate veins in the basement rocks are relatively flat,
but exhibit a distinct positive Eu anomaly; these pat-
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terns are in marked contrast to the pattern of the augen
gneiss, characterized by enrichment in LREE relativeto
heavy REE (HREE) and by a negative Eu anomaly
(Fig. 12a). The REE patterns of the carbonate-hosted
ores (Fig. 12b) display agreater complexity. (i) Most of
the Fe ores have relatively flat REE patterns, exhibiting
awide range of Eu anomalies [EW/EU* =2 Eucn/(Smen
+ Gdcy)] from < 0.1to 1.32, and adightly negative Ce
anomaly [Ce/Ce* = 2 Cecn/(Lacy + Pren) = 0.92 to
0.47]. (ii) The Fe-rich ore JB306 has an LREE-enriched
pattern, which is relatively parallel to that of the Trias-
sic marbles. The pink ferroan dolomite from the beryl-
bearing breccia at Fianel hasasimilar REE pattern. (iii)
Most Mn-rich ores have REE contents intermediate be-
tween those of the Fe ores and carbonate host-rocks, but
they all display negative Eu anomalies (EW/EU* between
<0.1and 0.7); Ceanomaliesrange between negative and
positive values (Ce/Ce* in the range 0.05-1.99).

Discussion
Genesis of the Fe-carbonate veins

The abundance of Fe-carbonatesin late (D4?) Alpine
vugs within the augen gneiss illustrates the ability of

Augengneiss
T T S T S S| g L 9 | j\
10 Q. Fe-carbonate veins 4

35 in the basement |

3.0 molr
251 -
2.0 -
1.5 -

1'°H

0.5
L L B s B B B S B

1 b. carbonate-hosted
] stratiform deposits

Number of samples

T N

L B
0O 01 02 03 04 05 06 07 08 09 1.0

Fe/(Fe+Mn)

Fic. 9. Distribution of the Fe/(Fe + Mn) values in the ores
from Val Ferrera, showing the contrast between the Fe-car-
bonate veinsin the basement (&) and the carbonate-hosted
mineralization (b).
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TABLE 4. WHOLE-ROCK COMPOSITIONS OF THE ORES OF VAL FERRERA

JB JB B B JB B JB JB JB JB JB JB JB JB JB JB JB JB IJB JB IB
174 175 120 160 122 124 156 131 133 100 101 105 147 166 302 320(f) 306 92 337.1 407 423

SiO, 1.64 474 4491 85.09 56.29 21.48 18.75 7.30 20.19 61.99 46.47 56.02 32.85 48.68 49.48 352 141 630 675 572 136
TiO, 0.07 <0.02 0.06 <0.02 0.02 <0.02 0.04 0.05 <0.02 <0.02 0.05 0.02 002 0.02 004 <0.03 0.09 003 0.03 003 0.10
ALO, 029 004 241 106 128 09 193 129 006 027 122 058 026 023 157 032 009 058 042 037 039
Fe,0; 0.73  0.11 47.05 13.58 22.25 39.33 42.98 23.87 70.50 37.14 32.68 40.01 45.10 5.80 21.30 0.56 87.29 77.83 31.09 32.60 2.61
MnO 021 031 0.12 001 169 440 3.04 1359 215 0.12 051 0.13 12.85 3425 285 095 241 3.56 27.38 22.03 4.17
MgO 7.06 026 026 001 174 302 404 088 027 001 480 079 023 055 335 1956 026 087 3.56 2.87 575
Ca0 44.90 47.16 109 004 237 573 289 2226 3.03 0.19 510 086 135 1.04 747 2472 4.87 396 10.13 14.97 2599
Na,0<0.05 <0.05 240 0.48 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.60 0.39 6.40 <0.05 <0.05 <0.05 0.12 0.11 107
K,0 0.15 <0.03 076 0.16 036 045 088 0.15 005 0.11 062 028 003 001 013 0.10 <0.03 0.16 038 039 0.02
P,0; 0.03 <0.03 0.03 <0.03 <0.03 <0.03 <0.03 9.74 0.19 0.15 022 0.16 020 0.08 006 019 0.16 0.19 <0.03 0.18 178
LOI 42.93 40.10 057 025 13.99 24.25 25.67 1239 3.20 0.07 7.69 1.15 248 095 4.86 4499 3.71 4.86 16.61 15.63 27.54
CO, 43.52 4192 125 033 1547 25.11 28.16 13.57 3.54 004 764 105 300 202 525 nd 3.60 4.70 1830 17.54 28.70

Total 98.01 92.72 99.66100.68 99.99 99.62100.22 91.52 99.64100.05 99.36100.00 95.97 92.00 97.51 94.91100.29 98.34 96.47 94.90 70.78
1 98.11 92.81 99.68100.68100.18100.11100.56 94.02100.02100.08 99.44100.03 98.32 97.12 98.62 95.02100.67 99.22 99.89 98.19 82.71

*As 45 11 <4 <4 <4 <4 <4 1130 75 69 123 92 783 531 448 4 1937 <4 5783 411 3617
*Ba 477 319 43 <8 <8 <8 12 5679 800 112 78 42 5261 7329 4650 21 527 2807 1716 4627 2104
Be 1.0 <02 <02 02 02 03 07 3311751 786 784 962 426 338 168 1.6 138 252 157 297 07
Bi <.1 01 03 01 <01 03 01 02 01 01 01 01 0! <01 02 02 03 06 <01 01 04
Cd <01 04 <01 <01 01 <01 01 03 <01 <01 01 <01 06 02 04 02 <01 42 03 01 03
Co <05 <05 <05 <05 15 34 37 137 112 <05 <05 <05 07 60 26 <05 147 20 <05 <05 8.1
Cr <l <1 <1 33 <1 <1 <1 53 38 39 74 91 108 08 72 28 66 24 24 <1 27
Cs 31 01 01 07 05 05 28 18 15 09 64 29 15 15 15 1.0 02 09 144 102 03
Cu 24 60 2 35 35 20 31 46 24 18 14 22 54 346 26 9 51 15 26 55 24
Ga <l <1 <t <t 15 19 30 43 27 13 30 16 26 58 50 <1 15 37 45 38 21
Ge 05 01 09 53 31 15 11 287 88 66 100 75 136 143 281 08 05 20 132 126 15
Hf <01 <01 01 01 02 04 05 05 <01 01 03 01 <01 <01 01 <01 01 01 01 01 01
In <005 <0.05 0.18 0.08 090 163 1.85 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

Mo 08 51 <02 13 16 30 12 12 59 15 542 121 23 25 15 158 21 22 07 15 05
Nb 02 <02 02 05 06 08 17 06 02 03 11 05 02 02 06 04 08 13 06 03 82
Ni 13 1 1 7 9 10 11 71 50 23 16 18 130 212 352 19 84 30 562 262 90
Pb 44 21 4 33 4 7 11 34 19 7 34 26 88 56 409 33 15 39 23 16 60
Rb 98 <1 34 108 196 221 617 83 48 50 257 103 1.1 09 56 35 <l 82 239 200 3.0
*Sb <4 <4 <4 <4 <4 <4 <« 12 38 17 16 3 31 31 19 1 184 8 331 118 83507
Sc 229 230 41 07 36 70 55 164 58 22 64 31 46 42 73 197 80 74 103 132 169
Sn 14 07 <05 28 31 23 35 15 08 11 13 1.5 14 18 12 <05 37 16 18 37 26
*Sr 455 1228 6 <4 18 28 38 541 61 10 60 14 979 1496 394 177 175 134 434 723 2052
Ta <0.1 <01 <01 <01 01 01 02 <01 <01 <0.1 01 <01 <01 <01 <0.1 <01 <0.I 01 01 <01 02
Th <05 <05 <05 <05 07 19 12 07 <05 <05 09 <05 <05 <05 12 <05 22 05 <05 <05 038
TI <05 <05 <05 <05 <05 <05 <05 <05 <05 <05 09 <05 <05 <05 <0.5 <0.5 <05 <05 39 33 <05
U <05 07 <05 <05 <05 07 <05 <05 06 05 09 <05 16 103 <05 19 <05 14 24 06 302
*V 58 9 27 6 10 10 11 88 468 135 113 95 1711 872 200 52 11 447 717 71 8
w 04 01 01 14 05 05 14 69 260 143 814 290 132 39 529 212 75 188 88 11.8 6l.1
Y 09 04 09 45 86 128 185 586 533 191 200 145 13.0 122 48 51 40 242 254 183 140
Zn 189 57 13 21 132 273 235 156 122 334 111 267 379 1290 0915 65 54 49 1120 563 89
Zr 22 06 29 46 51 107 170 303 32 27 118 43 20 51 32 15 28 60 98 43 99

La L1 09 09 15 28 62 41 143 67 50 68 37 28 228 26 21 67 43 20 22 153
Ce 18 11 19 34 60 134 86 126 60 89 120 67 32 20 32 24 34 68 79 44 246
Pr 023 016 025 043 074 180 111 239 128 100 179 084 030 268 048 035 104 083 042 052 141
Nd 07 03 11 18 32 92 47 95 62 38 68 31 12 93 20 14 37 34 18 23 58
Sm 01 <01 04 06 14 35 22 21 16 09 16 06 02 15 04 03 04 06 04 05 14
Eu <001 <001 023 046 131 281 238 054 071 043 058 029 <0.01 036 <0.01 0.07 0.09 <0.01 0.06 <0.01 0.19
Gd 010 <0.1 029 075 148 273 236 243 266 118 179 101 042 160 043 030 043 079 073 077 129
Tb <0.03 <0.03 <0.03 0.14 030 047 055 040 052 024 029 0.19 005 023 006 003 004 016 0.12 011 0.15
Dy <0.05 <0.05 <0.05 0.84 153 236 325 338 427 166 216 122 039 162 035 004 011 151 118 068 097
Ho <0.03 <0.03 003 021 032 047 073 093 115 051 054 040 0.19 037 010 008 008 043 046 028 022
Er <005 <005 005 055 081 124 193 252 301 134 146 103 049 086 026 023 015 135 129 070 0.70
Tm <0.03 <0.03 <0.03 0.11 0.15 025 035 041 046 020 020 0.17 005 012 003 003 <0.03 0.18 0.8 0.10 0.09
Yb <001 <001 012 0.83 095 176 2.66 284 247 120 132 099 032 081 018 022 0.11 099 095 048 070
Lu <0.01 <001 001 0.14 0.17 026 043 040 037 017 023 0.16 006 010 003 003 002 0.15 0.14 008 0.12

See Table 5 for a description of the samples. LOL loss on ignition. Methods of analysis: major elements by X-ray fluorescence (XRF), CO, by coulometric
titration, minor elements by inductively coupled plasma —mass spectrometry (ICP-MS) except those elements indicated by an asterisk, by XRF. t All results
were obtamed by ICP MS analysns +1 Sum with Mn expressed as Mn,O;, Ba as BaSOA, and Sb as Sb,0;. Low analytical totals are observed for some

ions much higher than the range of calibration, in particular JB131 (P) and JB423 (Sb). Some carbonates (JB175
and JB320) also tend to have low totals. Samples: JB174: near Fianel, Triassic marble. JB175: near Fianel, white marble. JB120: Samada Sura, acgirine
skarn. JB160: Martegn, aegirine skarn. JB122: Samada Sura, Fe-carbonate ore (ankerite-rich). JB124: Samada Sura, Fe-carbonate ore, siderite-rich, JB156:
Martegn, Fe-carbonate ore. JBI31: Bergwiesen, apatite schist. JB133: Bergwiesen, Hem—Qtz ore. JB100: Fianel, Hem-Qtz ore. JB101: Fianel,
Hem-Qtz—carbonate ore. JB105: Fianel, Hem-Qtz ore. JB147: Fianel, medaite-bearing mixed ore. JB166: Fianel, mixed ore. JB302: Fianel, pyroxenite.
JB320(*): Fianel, pink carbonate clast(Be-Mo-W breccia). JB306: Starlera, Hem-Qtz-carbonate ore. JB92: Piz La Mazza, Hem-Qtz—carbonate ore.
JB337.1: Schmorrasgrat, oxide ore. JB407: Schmorrasgrat, oxide ore. JB423: Val Sterla, éite-bearing ore. Compositions expressed in weight % (major
elements) and ppm (trace elements).
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TABLE 5. DESCRIPTION OF THE SAMPLES IN THE VAL FERRERA SUITE
FOR WHICH CHEMICAL COMPOSITION IS LISTED IN TABLE 4

Sample  Deposit Rock type Mineralogy
Triassic marble

JB174  near Fianel Pink marble (stained by Hem) Cal, Dol + Tlc, Ms, Hem
JB175  near Fianel ‘White marble Cal + Qtz, Ms

Fe-carbonate veins in angen gneiss

Samada Sura
Martegn
Samada Sura
Samada Sura
Martegn

JB120
JTB160
IB122
JB124
JTB156

Ae-Mgt skamn

Ae-Hem skam

Ank-rich Fe-carbonate ore
Sd-rich Fe-carbonate ore

Carbonate-hosted deposits

Fine grained Fe-carbonated ore

Qtz, Mgt, Ae, Ms + amphibole (winchite)
Qtz, Hem, + Ae, Ms

Qtz, Ank, Ms

Sd, Ank, + Qtz, Ms

Qtz, Ms, Ank, Sd

JB131 Bergwiesen Apatite schist Ap, Kth, Qtz, Ms, + Tlc, Cal
JB133  Bergwiesen Finely laminated Hem—-Qtz ore Qtz, Hem, = Ms
JB100  Fianel Hem-Qtz ore Qtz, Hem, + Ms
JB101  Fianel Hem-Qtz—carbonate ore Qtz, Hem, Dol, Tlc, £ Ms
with pink carbonate clasts
JB105  Fianel Hem-Qtz ore Qtz, Hem, + Ms, Tlc
JB147 Fianel Med-rich mixed ore Qtz, Hem, = Med, Ms, Ae, Kth, Rds, Brt
JB166  Fianel Mixed ore Qtz, Hem, + Rdn, Ae, Ms, Tlc, Ap
JB302  Fianel Pyroxenite Ae, Qtz, Dol, Cal, Brt, Ap
JB320  Fianel Pink Dol clast from the
Be-Mo—W breccia
JB306  Starlera Hem—Qtz—carbonate ore Hem, Qtz, Brn, pyrolusite(?), Cal
B2 PizLaMazza Schistose Hem—Qtz—carbonate ore Qtz, Hem, Kth + Ms, Tlc
JB337.1 Schmorrasgrat Johninnesite-bearing oxide ore Hem, jacobsite, Kth= amphibole (winchite),
Dol, Kth
JB407  Schmorrasgrat Jacobsite ore jacobsite, Hem, amphibole, Ms
JB423  Val Sterla Roméite-bearing ore Ank, Ap, Qtz, + Hem, Cal, Ms, Brt

The minerals listed are those identified by X-ray powder diffraction.

hydrothermal fluids to mobilize Fe from the augen
gneiss. Thus, the augen gneissisalso alikely sourcefor
the Fe in the pre-D; Fe-carbonate veins. Differences
between the REE patterns of Fe-carbonate veins and
augen gneiss (Fig. 12a) can be explained by derivation
of both the Fe and REE in the veins from the augen
gneiss. REE aretransported as complexesin hydrother-
mal fluids. The stability of the strong complexes with
OH~ and F, and therefore the solubility of the REE,
increase as the ionic radius of the REE decreases (Haas
et al. 1995). However, weaker chloride, carbonate, or
hydrocarbonate complexes are more likely to have been
present in thefluidsinvolved in the formation of the Fe-
carbonate veins. The stability of these complexes
changes only slightly with ionic radius of the REE, and
thus would not explain the observed changesin La:Lu
ratio between veins and augen gneiss. In addition to
complexing, crystallographic control may also have
been an important, perhaps even a dominant, factor in
controlling the REE pattern of the Fe-carbonate ores.
Siderite is likely to favor incorporation of the HREE
owing to the small ionic radius of Fe** (V'r = 0.78 A;

Shannon 1976) relative to the radii of the other REE.
The positive Eu anomaly in the veins is explained by
the preferential alteration of plagioclase in the augen
gneiss, asthismineral commonly displaysapositive Eu
anomaly (e.g., Lipin & McKay 1989).

Aegirine skarns developed locally during metamor-
phism at the contact between Fe-carbonate veins and
augen gneiss host-rock. Where these skarns have alow
Na content, they have a REE pattern parallel to that of
the siderite ore (Fig. 12a). In this case, the skarn seems
to have replaced carbonate ores, and the REE were es-
sentially immobile. At higher levelsof Na, however, the
skarns display a strong HREE depletion (Fig. 12a).
Normal Fe-carbonate ores have low Na contents (<0.05
wt% Nay0), and therefore, the Nain the skarn had to be
carried by thefluid responsible for skarn formation. The
correlation between high Na content and HREE deple-
tion in the aegirine skarnsindicates that the metasomatic
fluid responsible for Na enrichment has also preferen-
tially removed HREE from the Fe-carbonate ore. Fluid
flow in D, shear zones within the Roffna porphyry in-
duced breakdown of albite, releasing Nainto the fluid.
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Fic. 10. Variation diagrams for the whole-rock composition
of the Fe-Mn ores of Val Ferrera. (a) W versus Be; (b) V
versus As. The shaded areas |abeled “host-rocks & Fe-car-
bonate veins’ in each diagram mark the compositional
range of Triassic marbles (five analyses) and oresfrom the
Fe-carbonate veins in the Suretta nappe basement (five
analyses). The hematite — quartz — carbonate ores and the
hematite—quartz ores were collected from all deposits in
Val Ferrera, including the four localities discussed in this
paper (Table 5). The two samples of Mn ore are from the
Schmorrasgrat locality (Brugger & Berlepsch 1997). Data
from Table 4 and from Brugger (1996).

Furthermore, overgrowths of Y- and HREE-rich miner-
alsaround grains of zircon in the shear zones document
the ability of thisfluid to mobilize HREE (Vocke et al.
1987). A similar metamorphic fluid probably interacted
with the Fe-carbonate veins to form the skarn.
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Age of the carbonate-hosted stratiform
Fe—Mn mineralization

Occurrence of hematite-quartz pebbles in synsedi-
mentary Mesozoic (Liassic—Cretaceous?) breccias im-
plies synsedimentary to diagenetic formation of the
stratiform ores hosted by the Triassic carbonates. The
concordant nature of the orebodies and their internal
structures, particularly thefinely laminated alternations
of ore and carbonate, suggest a syngenetic origin of the
mineralization. Thisconclusion, which isbased on field
relations, is supported by some of the microtextural
observations presented here. The carbonate-muscovite
spherules at Piz La Mazza might represent relict sedi-
mentary structures, e.g., pellets or clay aggregates; the
latter may have been important in scavenging certain
elements. In particular, sorption on clays could explain
the enrichment of the spherulesin Y and P [e.g., Aja
(1998) for REE]. At Bergwiesen, the tiny crystals of
arsenian fluorapatite preserved within spessartine
porphyroblasts are consistent with the fine-grained na-
ture of syngenetic ores (e.g., Binns et al. 1993, Hein et
al. 1994).

The growth of minerals such as|angbanite, medaite,
arsenian fluorapatite, and barylite in the main S; schis-
tosity of the Fianel ores indicates that the elements Sb,
V, As, Be, and Bawere present in the rocks during D;.
No syn-D; mineral of tungsten was observed, but the
trend linking W and Be (Fig. 10a) suggests a genetic
link between these elements. Vanadium and Asare char-
acteristic of many syngenetic Mn deposits, and the pres-
ence of high As contents has been considered diagnostic
of theexhalative origin of syngenetic deposits (Marchig
et al. 1982). A positive correlation between the levels
of As and Sb has been observed in some recent metal-
liferous sediments of vol canogenic hydrothermal origin
(e.g., Karpov & Naboko 1990, Pearcy & Petersen 1990).
In our samples, the correlation is poor, but in general,
the As contents are higher where the Sb contents are
elevated. Mobility of Be and W in epithermal systems
is documented by the large deposits of bertrandite in
Utah (Staatz & Carr 1964), and by some active conti-
nental hydrothermal systems such as Waiotapu, New
Zealand (Hedenquist 1983) and Uncia, Bolivia (White
1974). Thus it seems likely that the carbonate-hosted
stratiform Fe-Mn deposits in Va Ferrera became en-
riched in Sh, As, V, Be, and W during ore formation.
Alternatively, some or al of these elements may have
been transported into the orebodies at alater stage, e.g.,
by epithermal or metamorphic fluids that reacted with
the Fe-Mn ores. However, there is no evidence to sup-
port such atwo-stage history. In the study area, no post-
Triassic magmatic activity is documented that could
have produced such fluids. In particular, the intrusion
of the Bergell granodiorite clearly postdates D, and thus
also enrichment of theoresin Sb, As, V, Be, Ba, Sr, and
W. Moreover, al of the investigated carbonate-hosted
depositsdisplay similar geochemical features, such that
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Fic. 11. Sr versus Bavariation diagram showing the compositional trends of the various types of ore. Data from Table 4 and

from Brugger (1996).

any postulated post-ore event must have acted on are-
giona scale. In Va Ferrera, however, mineraization
indicative of the presence of such fluids occurs exclu-
sively in the carbonate-hosted stratiform Fe-Mn ores.
In particular, no evidence is found in rocks such as the
pre-D; Fe-carbonate veins (Figs. 10a, b) or the calc-
schists of the Surettaand Starleranappes (Fig. 2), which
likely would have reacted with such a regional fluid.
On this basis, we conclude that enrichment of the ores
in these trace elements occurred simultaneously with ore
formation.

Transport and deposition of metals into
the carbonate-hosted stratiform deposits

The wide range of Fe/(Fe + Mn) values found in the
carbonate-hosted deposits contrasts with the restricted
range observed for the Fe-carbonate veins (Fig. 9).
Krauskopf (1957) showed that a separation between Fe
and Mn can arise from the different relative stabilities
of Fe and Mn oxyhydroxy-minerals as afunction of Eh
and pH. For example, a progressive oxidation of are-
ducing fluid generates first the precipitation of Fe, and
later the precipitation of Mn. The strong redox gradient
located near the sediment—seawater interfaceisafavor-
able location for such a process, as is demonstrated by
modern-day black smokers (Bonatti 1975).

Metalsin syngenetic Fe-Mn deposits can be derived
either from seawater (hydrogenetic) or from sub-sea-

floor sources (exhalative). In the latter case, Huebner et
al. (1992) distinguished between hot hydrothermal flu-
idsand cold diagenetic fluids. Many variation diagrams
have been developed to discriminate between a
hydrogenetic and an exhalative origin of the metalsin
syngenetic Fe-Mn ores. In our opinion, however, most
of these diagrams are of little value for carbonate-hosted
deposits. In particular, the classic triangular Mn—Fe—(Co
+ Ni + Cu) diagram of Bonatti et al. (1972) was devel-
oped for deep-sea deposits, where rates of sedimenta-
tion arelow. TheVal Ferreraoresplot in the hydrother-
mal field of this diagram (low content of transition
metals), but so do Swiss oolitic and residual ores
(Serneels 1993, and unpublished data by Serneels),
which are unlikely to have a significant (if any) hydro-
thermal component. Similarly, the Val Ferreraores plot
in arestricted areawithin the hydrothermal fieldsin the
diagrams Si versus Al (Crerar et al. 1982), Fe:Ti versus
Al, and Mn:Ti versus Al (Barrett 1981). These latter
diagrams, again, were developed for deep-sea environ-
ments, and reflect the competition between rapid depo-
sition of Si, Fe, and Mn from hydrothermal fluids and
slow input (below the calcite-compensation depth) of
detrital Ti and Al. These diagrams, therefore, are not
suitable for deposits forming on a carbonate platform,
where sedimentation is much faster and dominated by
biogenic carbonates.

On the other hand, the presence of significant quan-
tities of As, Sh, W, and Be strongly suggests a hydro-
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Ferrera, compared to those of the carbonate host-rocks. Chondrite datafrom Evensen et
al. (1978).

thermal component in the carbonate-hosted deposits.  isthe main carrier of Baand Sr in the ores and, accord-
The Sr versus Ba diagram (Fig. 11) suggests different  ing to Putnis et al. (1992), its Ba/Sr depends on the Ba/
sources for Sr and Ba. The Sr contents of the oresare  Sr value in the fluid. The positive correlation between
similar to those of the enclosing carbonates; Bacontents,  Sr and Bain the ores (Fig. 11) could thus be explained
however, are generally much higher in the ores. Barite by precipitation of barite, aprocessthat most likely takes
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place where Ba-rich, sulfate-free hydrothermal waters
mix with Sr- and sulfate-rich seawater.

The REE patterns of the carbonate-hosted ores plot
between those of two end members, one defined by Fe
ores (Lacn/Lucy = 1), and the other by the Triassic
marble host-rocks (Lacn/Lucy >> 1); data for the Mn
orestypically plotin between (Fig. 12b). At first glance,
this position seemsto indicate mixing between ahydro-
thermal fluid and seawater (cf. Fig. 13afor modern ana-
logue), and such simple relationships have been
invoked, for example, to explain systematic variations
in the REE patterns of banded-iron formations (Kato et
al. 1998). One anomalous, Fe-rich sample (JB306),
however, plots close to the enclosing marbles, and its
REE pattern is very similar to that of a dolomite clast
from the pink dolomite breccia at Fianel (Fig. 12b).
Some modern hydrothermal sediments have REE pat-
terns and contents that are similar to those of the car-
bonate-hosted ores from Val Ferrera (Fig. 13b). In
particular, the Fe ores from Val Ferreraexhibit astrong
similarity to nontronite-rich Fe oxyhydroxide sediments
in seafloor chimneys and mounds, which are character-
ized by concave REE patterns, slightly negative or no
Ce anomalies, and negative Eu anomalies (Hekinian et
al. 1993; Fig. 13b). The anomalous Fe-rich sample
(JB306) has a REE pattern similar to those reported for
Fe- sulfide mud and silica-rich Fe oxyhydroxides from
the East Pacific rise (Fig. 13b). These modern samples
probably do not contain asignificant hydrogenetic com-
ponent (Hekinian er al. 1993), reflecting theimportance
of mineralogical controls on the REE patterns of the
sediment. Therefore, it appears difficult to interpret
quantitatively the REE patterns of metamorphosed de-
posits, where the original mineralogy of the sample and
its location relative to submarine vents are obscured.
Thisproblem is exacerbated, in our case, by thefact that
the depositional environment of the Val Ferrera ore
(shallow carbonate platform) was very different from
that of the deep oceanic deposits. Nevertheless, similar-
ity of the REE patterns of the VVal Ferreraoreswith those
of modern proximal hydrothermal sediments strongly
suggests that they share a similar exhalative origin.

Variability of the Eu and Ce anomalies furnishes a
strong argument for ore formation at a pronounced re-
dox boundary, such as that existing at the interface be-
tween sediment and seawater. The strongly oxidizing
conditions required for the stability of Ce** are rarely
obtained in the Earth’ s crust. Oxidation of Ce** to Ce**
does occur in seawater, even if the precise mechanisms
involved remain unclear. Equilibrium thermodynamics
(Liu et al. 1988), surface reactions on Mn oxyhydroxides
(Brookins 1989 and references therein), and bacteria
activity (Moffett 1990) al have beeninvoked. Repeated
precipitation (at the contact with seawater) and redis-
solution (as buria brings the newly formed chemical
sediment to reducing conditions) may produce the ran-
dom Eu and Ce anomalies observed in the carbonate-
hosted ores.
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No trace of volcanic or magmatic activity could be
observed in the marbles in proximity to the studied de-
posits. Concordant layers of amphibolite, however,
occur in the dolomitic marbles of the southern part of
the Suretta nappe and probably represent meta-tuffs
(Gieré 1985). Similarly, the thick Triassic series (about
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Fic. 13. Chondrite-normalized REE patterns of fluids,
seawater and modern sediments. (a) Patterns for seawater
(Atlantic, 2500 m: Elderfield & Greaves 1982) and hydro-
therma fluids from the Mid-Atlantic Ridge at 37%17'N
(Klinkhammer er al. 1995). (b) Recent and modern Fe and
Mn sediments from mid-oceanic ridges and oceanic
intraplate volcanoes. (1) Sample ALV-1996-6-2, East
Pacific Rise axis at 11°30' N (Hekinian et al. 1993). (2)
Sample CY82-14-4, East Pacific Rise axis at 12°50'—
12°43' N (Hekinian et al. 1993). (3) Samples TH3-6 [South
Pacific intraplate volcano], CY 82—7-13 [East Pacific Rise
at 12°50'-12°43 N], and NZ18-12 [ Gal apagos Triple Junc-
tion] (Hekinian er al. 1993) (4) Franklin seamount, western
Woodlark Basin, Papua New Guinea (Binns et al. 1993).
Chondrite data from Evensen er al. (1978).
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600 m) of the Tschera—Kalkberg 2b unit (Riick 1995) in
the Schams Nappes contains many tuffaceous layers;
these are particularly abundant in the Upper Anisian
(where a pumice layer is present) and Lower Ladinian,
but occur aso in the Lower and Middle Anisian aswell
asin the youngest Upper Ladinian (Streiff et al. 1976).
Moreover, synsedimentary tectonic movements are
documented in the Triassic of the Schams nappes, for
example, by different transgressive horizons and by the
occurrence of monogenic and polygenic breccias (Streiff
et al. 1976). Therefore, we conclude that the thermal
conditions and tectonic setting for the activation of dis-
tal epithermal systemswithin the Suretta basement were
present during the Triassic.

On the basis of the arguments presented above, the
carbonate-hosted deposits most likely represent Trias-
sic synsedimentary exhal ative deposits, and the As, Sb,
V, Be, W, Ba, Sr, and the REE were introduced simul-
taneously with the Fe and Mn oxyhydroxide minerals.
Most elements were supplied by a hydrothermal fluid
that circulated in the basement. Exceptions are S and
possibly Sr, which are considered to be derived mainly
from seawater.

Premetamorphic mineralogy of the
carbonate-hosted ores

By analogy with modern seafloor syngenetic
exhalative deposits, such as on Franklin Seamount in
the Western Woodlark Basin (Binns et al. 1993), the
original mineral assemblage of the Val Ferreradeposits
may have comprised carbonates, Fe-Mn hydroxidesand
oxides, silica, and strontian barite. The elevated Nacon-
tent of someFe-Mn oresin Val Ferreracould berelated
to primary minerals such asvernadite [3-(Mn,Fe,Ca,Na)
(O,0H),nH,0], birnessite [Na;Mn;40,7¢9H,0], and
nontronite [Nag 3(FE*)2(Si,Al)4010(OH),*nH,0], which
are major constituents of some Fe-Mn crusts of
hydrogenetic and hydrothermal origin (Bolton et al.
1988, Binns er al. 1993). Sodium enrichment also is
known from other places in the Suretta cover: farther
south, for example, at Roticcio in Val Bregaglia, sodic
amphiboles occur in close association with Fe oxides
within the Triassic carbonates (Gieré 1985). It is not
possible, however, to exclude a metasomatic input of
Na during metamorphism. Na mobility during D; is
described by Vocke ef al. (1987) in the granitic rocks,
and by Oberhansli (1978) in metabasalts from the
Buindnerschiefer.

The high phosphorus contents of some Val Ferrera
ores (up to 10.6 wt% P,Os at Bergwiesen) also may be
compared to those reported from the active hydrother-
mal vent deposits at Franklin Seamount (up to 5.3 wt%
P,Os, Scott & Binns 1991). No discrete P mineral, how-
ever, was observed (by X-ray diffraction) in association
with the Fe, Mn, and Si mineras from Franklin Sea-
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mount, indicating that P is present either in amorphous
phosphate phases, or as a minor component in some
oxyhydroxides (Boyd & Scott 1999). Apatite thus prob-
ably forms only during diagenesis. Volcanogenic sub-
marine Fe-rich sediments in the Tyrrhenian Sea
(Gamberi et al. 1997) also contain up to 1.83 wt% P,0s.
The elevated P contents of the Fe-Mn ores could be of
hydrothermal or biogenic origin. Inthe Triassic marbles
of the Suretta and Starlera nappes, no phosphorites are
known, and the levels of P in the Fe-Mn ores may be
the result of an uncommon biogenic activity near the
hydrothermal vent, or of inorganic processes such as
coprecipitation or sorption.

The major part of the Al, Ti, and Zr contained in the
ores is probably related to detrital input of mica and
clays, rutile and zircon, consistent with the rounded
shape of the rutile and zircon grains. The TiO, (< 0.1
wt%) and Al,O3 (< 3.5 wt%) contents of the ores corre-
spond to the range of valuesfound inthe marbles (Table
4), and are consistent with a maximum proportion of
about 20 wt% crustal material (Taylor & McLennan
1985).

In syngenetic ores, elementslike As (e.g., Schaufel-
berger 1994, Manceau 1995, Manning & Goldberg
1997), V (Schwertmann & Pfab 1994), and, by anal-
ogy, Sh, may be fixed by sorption onto Fe and Mn ox-
ides and hydroxides, as well as on mica and clay
mineras. The affinity of As for Fe oxyhydroxides is
particularly well established, and is aso indicated by
the coprecipitation of As with Fe oxides and hydrox-
ides in acid mine-drainage waters (e.g., Dzombak &
Morel 1990). Elements with alarge ionic radius (e.g.,
Ba?*) may beretained in mineralswith tunnel structures,
liketodorokite [(Mn,Ca,Mg)Mn3O7+H,0] and birnessite.
At Bergwiesen, fluorapatite or its precursor phase may
have been an important sink for As, whereas at Starlera,
concordant segregations of tilasite in As-rich portions
of the ore may be related to a syngenetic or diagenetic
As-rich precursor phase. Such phases have not yet been
reported from modern deposits, but abundant tilasite
occursin other metamorphosed Mn deposits. Dolomite—
tilasite marble occursin polymetamorphic Precambrian
rocks at Nezilovo, Macedonia (T < 500°C, P > 2 kbar;
V. Bermanec, written commun.); it is associated with a
regional enrichmentinBa, Zn, Pb, Cu, Mn, Ti, REE and
As attributed to syngenetic exhalative processes
(Bermanec et al. 1993, Bermanec 1994). Tilasite-rich
veins have also been described from the sediment-
hosted, zeolite-facies-metamorphosed Mn ores at Djebel
Guettara, Algeria (Heflik 1989). Tilasite thus occurs
under very broad P-T conditions, and might even be a
syngenetic to diagenetic phase in some deposits. Col-
loidal Mn oxyhydroxides from recent hydrothermal de-
posits contain up to 0.18 wt% W (Kirchheimer 1959),
and Be can be hosted in rhodochrosite in considerable
quantities (up to 0.3 wt% BeO, Grigor'yev 1967).
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Genetic link between Fe-carbonate veins and
sediment-hosted stratiform deposits?

The available lines of evidence do not allow us to
reject a direct genetic link between the Fe-carbonate
veins in the basement and the carbonate-hosted depos-
its, the former possibly acted as feeder channels for the
latter. Both formed prior to the D1 event, but no further
clueto their relative age is available. The augen gneiss
isalikely source for the Mn and Fe (and possibly other
elements) found in both types of deposits. The pro-
nounced difference in trace-element profile of these
deposits can be explained in terms of the markedly dif-
ferent conditions of oreformation: (1) The Fe-carbonate
veins were deposited within pre-Triassic orthogneisses
of the basement; they acquired asimple assemblage (Fe-
carbonate), where the mineralswere probably well crys-
tallized and relatively coarse-grained. In contrast, the
carbonate-hosted depositsformed at or closeto the sedi-
ment—seawater interface, comprising a complex asso-
ciation of poorly crystalline Fe-Mn oxyhydroxides.
Adsorption most likely did not play a significant role
during formation of the Fe-carbonate veins (higher tem-
perature, unfavorable mineralogy, low surface-area), but
it was a fundamental process during formation of the
carbonate-hosted deposits, where elements like As, Sb,
V, and possibly Be, W, and REE were scavenged. (2) In
contrast to the Fe-carbonate veins, deposition of the
carbonate-hosted orestook placein an environment with
a pronounced redox gradient. This redox gradient was
responsible for the separation of Fe and Mn, for vari-
ability of the Eu and Ce anomalies, and it may have
controlled the deposition of other redox-sensitive trace
elements (e.g., As, V, Sb). (3) The presence of sulfate
in seawater was most probably responsible for the pre-
cipitation of Baand Sr as strontian barite; elementslike
Sr and S were likely partially derived from seawater.

Paragenetic evolution during metamorphism

Tertiary metamorphism induced recrystallization
and breakdown of the primary Feand Mn minerals. The
behavior of Sb, As, V, and Be during D; was controlled
by the mineralogical and geochemical composition of
the protalith. In Fe-rich deposits, hematite can accom-
modate relatively high contents of Asand V (e.g., Piz
La Mazza; Fig. 14). Indeed, a complete solid-solution
exists between Fe,O3 and V03 (Cox et al. 1962). Thus,
As and V were still highly compatible with regard to
the metamorphic mineral (hematite), compared to the
syngenetic phase (poorly crystalline Fe oxyhydroxide),
inhibiting the formation of metamorphic arsenates and
vanadates. Fluorapatite and its precursor phase played a
similar role for As in the fluorapatite — kutnohorite —
hematite schists of Bergwiesen (Fig. 15a). Arsenic is
strongly compatible in fluorapatite, and metamorphic
recrystallization did not release much arsenic. In con-
trast, Sb, As, V, and Be tend to accumulate in synkine-
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matic accessory minerals in mixed ores at Fianel
(Fig. 15b). Here, medaite, 1angbanite, barylite, and
arsenian fluorapatite grew during D; metamorphism.

At Starlera, the only syn-D; As-bearing minerals
found are fluorapatite with low As contents in the pink
schists (Fig. 15d), and tilasite in some hematite — car-
bonate — quartz ores (Fig. 15€). No unambiguous syn-
D, phaserichin Sh hasbeen identified so far at Starlera;
this contrasts with the large amounts of Sb contained in
the discordant tilasite-roméite veins characteristic of
this locality (Brugger et al. 1997). The pink schists at
Starlera contain a complex mineral assemblage that
evolved mainly after D;, characterized by Sb, As, Be
and REE minerals (Fig. 15d). Moreover, the Ti miner-
astitanite, pyrophanite, and some rutile grew after D,
and incorporated considerable amounts of Sb and As,
thus recording elevated contents of these metals in a
post-D; fluid. Post-D; remobilization of certain ele-
ments (i.e., V, As, Be) is further documented by the
mineralogy of discordant veinlets and open fracturesin
the mixed ores at Fianel (Fig. 15b). Also at Fiand, a
lens of dolomitic breccia contains Sh, As, Be, Mo, and
W mineralsin discordant veinlets and in pressure shad-
ows of dolomitic clasts (Fig. 15c); a metasomatic event
subsequently led to the formation of paraniite-(Y) within
the scheelite—powellite, and of As-rich fluorapatite
along therim of fluorapatite grains (Fig. 15¢; ¢f. Brugger
et al. 1998). The latest stage of the metamorphic evolu-
tion produced narrow open fractures in the Fianel de-
posit: in the mixed ores, the fractures contain fianelite
(Brugger & Berlepsch 1996), which formed as a prod-
uct of weathering of nearby palenzonaite (Fig. 15b),
whereas in the dolomite breccia the open fractures host
powellite crusts, scheelite-powellite, chernovite-(Y),
and barite (Fig. 15c; Brugger et al. 1998).

The post-D; history of the mobilization of the trace
elements is indeed complex. A major problem results
from the difficulty of correlating the paragenetic suc-
cessions found in different types of ore with each other,
and with the regional tectonometamorphic evolution.
The complex mineralogy of the Fe-Mn ores contrasts
strongly with that of the country rocks; the latter consist
of granitic gneisses and marbles that were mineralogi-
caly relatively inert following D;. The complex discor-
dant veins that are common in the Mn ores have no
equivalent in the host rocks. The abundance of post-D;
magnesioriebeckite in the breccia at Starlera also is a
unique feature, which might be related to hydrothermal
fracturing during D, deformation; thick roméite-tilasite
veins of the Starlera deposit could also be attributed to
thisevent (Fig. 15€). The unusua mineraogy of the pink
schistsis dueto their characteristically high Ti content,
whichisprobably mainly the result of ahigh proportion
of detrital components in the protolith (¢f. rounded
grains of rutile). This high primary Ti content also ren-
dersthe pink schistsalikely sourcefor the Ti in roméite
of the late roméitetilasite veins. In addition, the pink
schists represent preferential flowpaths for fluids that
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eventually produced the roméite-tilasite veins, and the
post-D; growth of Sb-rich titanite and stiboan rutile;
growth of associated mineralsin the matrix of the pink
schists (Fig. 15d, “post-kinematic”) may be related to
this fluid.

Comparison with other metamorphosed
Fe—Mn deposits

The carbonate-hosted stratiform Fe-Mn deposits of
Val Ferrera share many mineralogical and geochemical

features with the Carboniferous Mn depositsin the cen-
tral Pyrénées. Detailed textural and structural investiga-
tions led Ragu (1990) to infer a syngenetic exhalative
origin for these deposits, which were subsequently sub-
jected to a Hercynian upper-greenschist-facies regiona
metamorphism. Intrusion of large volumes of late
Hercynian granites produced a second metamorphism
under greenschist-facies conditions. The deposits of the
Pyrénées are characterized by high V and Ba concen-
trations (no whole-rock data exist for Sh, As, Be, and
W), and in some of these deposits As, V, Be, and W
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Fic. 15. Synopsis of the paragenetic evolution in some Fe-Mn deposits and ore types from Va Ferrera. (a) Bergwiesen, fluor-
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mineralsoccur in discordant veinlets (Ragu 1990, 1994,
Brugger et al. 1999). Ragu (1994) argued that the el-
emental association found in these veinsimpliesaninput
of at least Be and W from hydrothermal fluids originat-
ing in late Hercynian granites. The example of Val
Ferrera suggests, however, that the Sb + As+V + Be +
W association may also develop in a syngenetic envi-
ronment. Thus, the occurrence of this association of
elements in metamorphic veins should not be used as
the sole geochemical indicator for amagmatic origin of
the metamorphic fluids.

The mineralogy of the Val Ferreraoresis similar to
that of radiolarite-hosted deposits in the Central Alps
(e.g., Falotta, Praborna) and in the Ligurian Alps. The
mineralogical resemblance pointsto similaritiesin meta-
morphic evolution, but aso in the geochemical compo-
sition of the protolith. Noteworthy isthe fact that the two
types of depositsformed under very different conditions,
i.e., near amid-oceanic ridge over basaltic rocks (radio-
larite-hosted deposits), and on a carbonate platform
aboveagranitic basement (Va Ferreradeposits). There-
fore, the hydrothermal fluids must have acquired their
metal contents through interaction with markedly dif-
ferent types of rock. Similarity of the ore composition
is probably a consequence of the similar conditions that
existed during ore deposition (mixing of hydrothermal
fluid with seawater) and of the processes responsible for
enrichment of the trace elements considered (control by
ore mineralogy). The particularly high Be and W con-
tents of the Va Ferrera ores, on the other hand, can be
related to occurrence of the deposits above a basement
characterized by abundant rhyolites and granites.
Remohilization of Be and W, together with Asand REE,
from Early Permian rhyolites has recently been docu-
mented also in other parts of the Alps (Knill 1996). More-
over, the Mn mineralization at Guettara, Algeria, is
associated with Precambrian rhyolites and is particularly
richiin As and Be (Agard 1965). Similarly, the Mn de-
posits at Langban (Bostrom et al. 1979) and Franklin
(Dunn 1995) occur in carbonates deposited on continen-
tal crust and arewell known for their Beand W minerals.

Comparison with element mobility
in other geological settings

The joint mobility of high-field-strength elements
(HFSE), large-ion lithophile elements (LILE), and LREE
has been reported under very different P-T conditions
and geodynamic settings, such as in subduction zones
(e.g., Sorensen & Grossman 1989, Philippot & Selver-
stone 1991) and within the mantle (e.g., Harte 1987).
These examples are of particular interest because there
metasomatism affects the global geochemical cycles of
various elements. In both cases, metasomatismisclosely
associated with magmatism. Volatiles reduce the soli-
dustemperature, and, by altering the composition of the
source region of magmas, metasomatism also influences
the chemistry of the magmas (Lehmann ef al. 1994).

1097

A common feature of the element mobility in Val
Ferrera, in subduction zones and in mantle metasoma-
tism, isthe importance of the stability of Ti mineralsin
controlling element mobility: titanite, rutile, and roméite
in Val Ferrera; titanite and rutile in subduction zones
(Philippot & Selverstone 1991), and titanian magnetite,
titanite, crichtonite, armalcolite, and hollandite-type
structures in mantle metasomatism (Harte 1987, lonov
et al. 1999). The structural properties of some of these
minerals ensure that they are a major sink for both
HFSE (in the Ti site), LILE, and LREE (in interstitial
sites).
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APPENDIX: METHODS OF INVESTIGATION

Petrographic studies have been carried out on stan-
dard polished sections 30 pwm thick. Because of the gen-
erally small grain-size and complex mineral associations
in the ores, we used a methodol ogical approach that in-
cluded transmission and reflection optical microscopy,
cathodoluminescence (Technosyn Cold Cathode L umi-
nescence Model Mkll, operated at 25 kV and 100 p.A),
and electron microscopy in both secondary electron (SE)
and back-scattered electron (BSE) modes. Cathodolumi-
nescence (CL) has proven to be avery powerful method
for easily finding strontian barite (yellow), fluorapatite
(yellow to green), barylite (blue), bergd agite (paeblue),
and an yttrium phosphate (bright blue). CL further re-
vealed zoning in fluorapatite, barite, and carbonates.

Quantitative chemical analyses of minerals were
carried out with a JEOL JXA—-8600 el ectron microprobe
at the Institute for Mineralogy and Petrography, Uni-

versity of Basel, Switzerland, with analytical conditions
and standards similar to those used by Brugger & Gieré
(1999). Geochemical analyses of major and some trace
elements were made of 59 whole-rock samples by X-
ray fluorescence (XRF) at the University of Lausanne,
Switzerland, following the procedure of Pfeifer er al.
(1991). Inorganic CO, was determined by coulometric
titration, using N, as acarrier gas. Analyses of five dif-
ferent whole-rock samples were repeated using O,-rich
gas to oxidize the “organic” carbon (present as graph-
ite) in the sample, and yielded the same CO, content
within analytical error. Concentrations of an extended
set of trace elements were measured by inductively
coupled plasma— mass spectrometry (ICP-MS) at Ser-
vice d Analyse des Roches du CNRS, Nancy, France
on 20 samples previously analyzed by XRF.



