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SCHWEIZ. MINERAL. PETROGR. MITT. 67, 339-360, 1987

The HP-LT manganiferous quartzites of Praborna, Piemonte
ophiolite nappe, Italian Western Alps

by Silvana Martin1 and Jean Robert Kienast2

Abstract

The Praborna manganiferous deposit is located in the middle St. Marcel valley (Aosta region). It occurs in
the quartzitic basal part of the metasedimentary cover overlying an ophiolitic sequence of oceanic affinity
from the metamorphic Piemonte nappe.

The mineralized sequence consists of several alternating siliceous lithologies, generated by the mixing of
biogenic radiolarian ooze and hydrothermal silica, with minor metabasalts, metapelitic and quartzofeld-
spathic schists, and is characterized by different mineral assemblages, fOz, texture and colour.

The lower parts of the manganiferous series are mainly composed of pyroxene-bearing quartzites and aegi-
rine-jadeite/chloromelanite-bearing pyroxenites including the major Mn-orebody constituted by predominant

braunite ± hausmannite and pyrolusite (secondary).
The upper parts are composed of micaschists, sometimes carbonatic or more quartzitic including bands of

Mn silicates (spessartine, piemontite, Mn-phengite) and lenses of Mn-oxides intercalated with bands rich in
Fe-silicate (epidote, clinopyroxene) and hematite. A chromiferous quartzite including Cr-aegirine-augite, uva-
rovite and hematite is associated with the manganiferous sequence.

Several vein generations crosscut the Mn orebody, the associated quartzites, pyroxenites and the overlying
metabasites. Veins related to the braunite ± hausmannite bodies are filled with purple-blue pyroxene (violan),
piemontite, albite, ± Mn-sphene (greenovite) or with rhodochrosite, with rhodonite, with K-Mn-richterite
and quartz.

The Praborna deposit shows superposed metamorphic phases related to the alpine subduction and
exhumation processes. Traces of the prograde assemblages of pre-eclogitic blueschist-facies metamorphism (early
Cretaceous) are scarcely preserved.

Polyphase HP assemblages of the Cretaceous event record T ranging from 450 °C to 500 °C and P from 8 to
above lOkbar.

Assemblages from albite-epidote amphibolite to greenschist facies of the meso-Alpine (Eocene-lower
Oligocène) metamorphic overprinting are widespread in the basic rocks surrounding the deposit and in the
metapelitic rocks associated with the Mn-orebodies.

Aeyworcfs:Manganiferous sequence, Mn-ores, HP-metamorphism, ophiolite nappe, Praborna, Italian Alps.

1 Istituto di Geologia dell'Università, Via Giotto 1,35100 Padova, Italy.
2 Jean Robert Kienast, Pétrologie métamorphique, Université Pierre et Marie Curie, 4, Place Jussieu,

75230 Paris, Cédex 05.
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Abbreviations

Acm acmite Ktn kutnahorite
Aeg aegirine Mi microcline
Aeg-aug aegirine-augite Ms muscovite
Aeg-jd aegirine-jadeite Na-amph Na-amphibole
Aim almandine Omph omphacite
Alu alurgite Phe phengite
And andradite Phi phlogopite
Aug augite Pm piemontite
Brn braunite Prs pyrolusite
Ca-amph Ca-amphibole Ps pistacite
Cc calcite Pyr pyrophanite
Chlm chloromelanite Pxm pyroxmangite
Cpx clinopyroxene Rt richterite
Ep epidote Rdc rhodochrosite
Gt garnet Rhd rhodonite
Hem hematite Sp spessartine
Jd jadeite Tr tremolite
Krp kryptomelane Uv uvarovite
K-Rt potassium-richterite Win winchite

1. Introduction

The Praborna deposit, forming the most
interesting manganiferous concentration
associated with the supraophiolitic metasedimen-
tary cover in the Piemonte nappe, is located in
the St. Marcel valley (Aosta Region, Italian
Western Alps).

Various mineralogical and geological studies

have been carried out on the Praborna ore-
body since the beginning of this century
(Huttenlocher, 1934; Debenedetti, 1965 and
references therein). The more recent works were
carried out by Bondi et al. (1978), Brown et al.

(1978), Dal Piaz et al. (1979), Mottana et al.
(1979), Castello et al. (1980), Griffin and
Mottana (1982), Martin-Vernizzi (1982),
Kienast and Martin (1983), Mottana (1986).
The reasons for this interest are the presence of
unusual metallic and silicate phases and the
chance to study the effects of the low-T and
high-P metamorphism on an unusual series of
bulk compositions.

The purpose of this study is to describe the
Praborna manganiferous deposit and its
relationship with the surrounding ophiolites.

2. Geological setting

The metamorphic ophiolite units in the
Western Alps, commonly known as the Pie-

montese Zone or as the Piemonte ophiolite
nappe system include many Mn-deposits
associated with quartzitic rocks and minor
greenstones of the metasedimentary cover sequences
(Debenedetti, 1965; Dal Piaz 1974a, 1974b;
Chopin, 1978; Dal Piaz et al. 1979; Bearth
and Schwander, 1981; Castello, 1981).

In the Aosta valley (Fig. 1) this composite
nappe, tectonically sandwiched between the
Upper Pennine Monte Rosa-Gran Paradiso
nappes (Paleoeuropean margin) and the
overlying Austroalpine Sesia-Lanzo and Dent
Blanche s.l. nappe system (Paleoafrican/Apu-
lian margin), marks the suture zone of the
continental collision.

On the northern side of the middle Aosta
valley and in the Valais the ophiolitic nappe
system consists of the Zermatt-Saas and Corn-
bin main nappes and of many sheets derived
from the closure of the oceanic segments and of
the ocean-facing continental edges of the
Jurassic Tethyan basin. These units record geo-
chemical and lithostratigraphic differences
related to distinct paleoenvironmental settings
within the Tethyan ocean (Bearth, 1964, 1967,
1973; Dal Piaz, 1965, 1974a, 1974b, 1976; Dal
Piaz et al., 1972,1979; Kienast and Triboulet,
1972; Kienast, 1973; Caby et al. 1978; Dal
Piaz and Ernst 1978; Dal Piaz et al. 1981;
Beccaluva et al., 1984).

The Zermatt-Saas unit consists of oceanic-
type ophiolite sequences overlain by a hetero-
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Fig. 1 Simplified map of the Western Alps showing
the location of the St. Marcel valley and surrounding
areas (the inset):
1) Helvetic cover (a) and basement (b) units;
2) Lower Pennine basement nappes; 3) Penninic
Gran San Bernardo nappe including the Briançon-
nais cover, Subbriançonnais and Sion-Courmajeur
units; 4) Penninic Monte Rosa (MR), Gran Paradiso
(GP) and Dora Maira (DM) basement nappes;
5) Piemonte ophiolite nappe system (a), including the
Lanzo Massif (b); 6) Austroalpine Sesia-Lanzo (S)
and Dent Blanche (DBL) basement nappes; (7)
Southern Alps.

geneous sedimentary cover. This latter sometimes

exibits a volcano-sedimentary setting
with marbles, calcschists, micaschists, quart-
zites and interbedded basaltic greenstones.
Locally the post-volcanic cover shows a Ligurian
affinity with basal Mn-Fe-rich metacherts
followed by marbles and calcschists ("Scisti a Pal-
ombini" Auctorum).

The Praborna deposit is included in an
ophiolite sequence occurring on the southern
side of the Aosta valley, closely similar to the
Zermatt-Saas unit. Both units are characterized
by polyphase high-P, low-T early-Alpine me-
tamorphism (Dal Piaz et al., 1972; Dal Piaz
and Ernst, 1978; Ernst and Dal Piaz, 1978;
Trümpy, 1980; Kienast, 1984), and by a hetero¬

genous, locally pervasive, meso-Alpine
greenschist facies overprinting.

In the St. Marcel, Savoney and Fenis valleys

(Fig. 2) a thick section of the dismembered
oceanic sequence is exposed. It comprises: -
serpentinized peridotite tectonites, massive to
layered metagabbros (Dal Piaz and Nervo,
1971); - glaucophane-rich metabasalts, overlying

basal quartzites and pelite to carbonate
metasediments (calcschists Auctorum).

In the St. Marcel valley the ophiolitic nappe
mainly consists of metabasalts and calcschists
with minor serpentinite and metagabbro slices
(Figs. 3, 4). Metagabbro bodies, sometimes
chromiferous, occur in the lower valley within
basaltic glaucophanites. Glaucophanites grade
upwards to coarse-grained garnet-chlo-
rite-schists and talc-schists (i.e. at Fontillon,
Servette) or to prasinites and chlorite-schists
(i. e. at Praborna and at Mt. Corquet) including
Cu-Fe(±Zn) massive sulphide ores and
disseminations. The overlying metasedimentary
sequence is well exposed on the right side of the
St. Marcel valley, between the Mt. Corquet and
the Mt. Roux (Figs. 2,4). Along the left side it is
strongly deformed and tectonically overlain by
mylonitic serpentinite slices and by the basement

rocks of the Austroalpine Mt. Emilius
Klippe (Figs. 2, 3).

The ophiolitic sequence, outcropping in the
lower and middle St. Marcel valley, shows a
complex fold interference pattern. Three main
phases of deformation have been found: the
earliest produced the eclogitic N-S trending,
foliation and intrafolial F1 folds, deformed by
340-350 trending F2 folds. This F2 deformation,

coeval with a blueschist facies retrograde
overprinting (Tartarotti et al., in prep.), is

mainly recorded in the glaucophanites/chlorite-schists

complex outcropping in the lower
St. Marcel valley (Fontillon, Servette).

The third deformation phase (F3), characterized

by E-W trending axes of megascopic
recumbent folds, postdates the HP metamor-
phism and appears to be connected with the
partial retrogression of the blueschist assemblages

into greenschist facies associations.
Structures related to this deformation phase are
well exposed on the right side of the St. Marcel
valley (Mt. Corquet, P.ta Plan Ruè).



342 MARTIN, S. AND J.R. KIENAST

a^u' \'^ s
x x b

X X

Fig. 2 Geological map of the right side of the middle Aosta valley. Austroalpine system: 1) Greenschist facies
"Gneiss minuti" and Arolla complexes from the Sesia Lanzo and Dent Blanche nappes; 2) preserved and
retrograded eclogitic micaschists of the Mt. Emilius, Glacier-Rafray, Tour Ponton and Santanel Klippen; 3) Pie-
monte ophiolite nappes system: undifferentiated calcschists and metaophiolite sequences, large serpentinized
peridotites (a) and metagabbro bodies (b); 4) Penninic Gran Paradiso basement nappe:
1: Servette sulphide deposit; 2: Chuc sulphide deposit; 3: Praborna Mn ore; F: Fontillon; R: Mt. Roux; C: Mt.
Corquet; TP: Tour Ponton; SA: Santanel.

3. Lithostratigraphy of the Praborna sequence

The manganiferous quartzites of Praborna
are exposed on the left side of the middle
St. Marcel valley (Fig. 2). They consist of
banded quartzites and pyroxenites which
include block lenses formed of massive braunite
± hausmannite or of fine grained braunite-
quartz rocks (Perseil, 1985). The main manga¬

niferous body (Fig. 5) appears on a front of fifty
metres with a thickness ranging from 0.4 to
8 metres, and plunges to NW as exposed in the
mine. The orebody is conformable with the
schistosity of the surrounding quartzites.

The underlying section of the manganifer-
rous quartzites and the lithostratigraphic
sequence of Praborna are schematically
represented in Figs. 4 and 5.
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Fig. 3 Sketch of the lithologie sequence in the St.

Marcel valley, a) serpentinized peridotite tectonites;
b)metagabbro bodies; c) garnet-rich glaucophanitic
metabasalts; d) chlorite-schists and prasinites;
e) manganiferous quartzites; f) calcschists, marbles
and associated micaschists; g) serpentinite mylonites;
h) Austroalpine Mt. Emilius Klippe.

Laterally, the Mn orebody becomes much
thinner and grades into banded quartzites and
micaschists.

A thick section of metabasites overlies the
Mn-sequence (its whole rock chemistry is
reported in Dal Piaz et al., 1978). These rocks are
capped by sheared and strongly retrograded
Cr-metagabbros, followed by repeatedly inter-
bedded prasinites and calcschists.

Several generations of veins cut the quartzites,

the massive Mn bodies and the overlying
metabasites.

4. Petrography

Petrological studies have been developed on
selected samples representative of the different
levels and of the veins cutting the orebody.
They show the existence of a first group of
rocks with manganiferous assemblages con¬

nected with eclogitic foliation, intrafolial mi-
crofolds and with early fractures plus a second

group connected with eclogitic foliation
characterized by non manganiferous assemblages
but becoming manganiferous successively,
during late- and post-eclogitic fracturing.

Within the micaschists and quartzites
capping the orebody some greenschist mineral
phases increase their Mn content during Meso-
alpine metamorphism and the late fracturing.

The eclogitic parageneses are exceptionally
well preserved in the orebody, especially in the
massive, slightly foliated pyroxenites, while,
within the more foliated micaschists and within
the glaucophanites underlying the orebody and
in the overlying series, the eclogitic assemblages

have been frequently transformed into
greenschist facies.

The extensive presence of eclogitic parageneses

in the orebody is probably due to its massive

structure and moreover to its structural
setting which is comparable with that of eclogitic
pods preserved within retrograded metagab-
bros and glaucophanites of the St. Marcel valley.

The field observations suggest that the ore-
body should represent the nucleous of a
megascopic recumbent fold with axes E-W-trend-
ing, comparable with those described at the
Mt. Corquet and Plan Ruè localities (Tarta-
rotti etal., 1987).

A schematic description of the mineralogi-
cal assemblages observed in the main layers
(Fig. 5) and then in the veins is given below.

4.1. MINERALOGY OF LAYERS

The major braunite ± hausmannite concentrations

are included in a massive rock (level b,
Fig. 5) constituted predominantly by aegirine-
jadeite (Tab. 1; Fig. 6), minor quartz, albite,
Mn-phengite and piemontite, already
described by Griffin and Mottana (1982), as
well as by Kienast and Martin (1983). The

pyroxene porphyroclasts, roughly oriented
according to eclogitic schistosity, are zoned and
show a characteristic lack of Mn in the cores
and a Mn increase in the more jadeitic rims
(Fig. 7). The aegirine-jadeite crystals are
crossed by microfractures filled by Mn-jadeite
grains and successively by Mn-phengite (alur-
gite) and albite.

The aerigine-jadeite rocks are strictly
associated with fine grained massive pyroxenites
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Fig. 4 Detailed sections of Praborna, Mt. Corquet and Servette ore bodies and related rocks. See Fig. 2 for
their location.
1) Metagabbro bodies (a), sheared (b); often chromiferous (Cr) Mg-metagabbros.
2) Serpentinites.
3) Glaucophanites including centimetric to decimetric pods and bands of eclogite. At Praborna and at Mt.
Corquet they appear more retrograded to garnet-amphibolites.
4) Chlorite-schists (a), locally with porphyroblasts of albite (b), probably derived from detrital basaltic material

composition which suffered metasomatic transformation and shearing deformation.
5) Prasinites with centimetric chromiferous lenses and disseminated sulphides; they probably derive from
gabbro detrital material.
6) Micaceous quarzites or micaschists often including pyroxene porphyroclasts and carbonatic lenses (a).
They grade locally into manganiferous quartzites (b) including lenses of Mn-oxides and bands of Mn-silicates.
7) Silicate-bearing marbles (a) and garnet-pyroxene-fels (b).
8) Calcschists.
9) Fine-grained metabasites (a). At Praborna the metabasites of the top are metasomatically transformed into
epidote-rich schists (b) in contact with overlying chlorite-actinote-bearing schists.
10) Retrograded glaucophanites and prasinites.
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/

Fig. S Panorama of the Praborna mine:
a) quartzose micaschists locally including manganiferous lenses;
b) massive bed constituted by Mn-orebodies and associated aegirine-jadeite / chloromelanite-bearing pyrox-

enites;
b') piemontite-diopside-bearing quartzite grading into quartzose micaschists;
c) emerald green quartzite locally including chromiferous garnet clinopyroxene and hematite;
d) epidote-carbonate-clinopyroxene micaschists alternating with garnet-carbonate-hematite quartzites;
e) manganiferous zoned quartzites with typical lenses ofbraunite-garnet + piemontite;
f) dark-green clinopyroxene-bearing rocks with garnet-quartzite;
g) pinkish boudinaged level including garnet-pyroxenoid-hematite assemblages;
h) tourmaline-bearing "ovardite" grading into fine grained metabasites cut by several generations of albite-

hematite veins.

consisting of omphacite, chloromelanite, aegi-
rine-augite pyroxenes (Fig. 8, Tab. 2), albite,
quartz and minor piemontite. Also these rocks
are brecciated and recemented by braunite,
piemontite, albite, Mn-phengite, dark-purple
Mn-omphacite (violan) and sodic augite which
is sometimes manganiferous. The chloromelanite,

which can grade to omphacitic compositions,

or be overgrown by omphacite, is
interpreted as a typical pyroxene of the early (pro-
grade) high-P stage, by analogy with aegirine-
jadeite (Griffin and Mottana, 1982; Martin-
Vernizzi, 1982).

The Mn-omphacite and the Mn-jadeite are
believed to have crystallized metasomatically
at the peak of high-P metamorphism, following
the mobilization of fluids induced by prograde
reactions involving dehydration.

Locally (Fig. 5, level b'), the major braunite
bodies grade into a reddish, fine-grained
quartzite with predominant piemontite and
minor (non manganiferous) diopside.

Micaschists (level d, Fig. 5) rich in carbonate,

epidote and pyroxene overlie the piemon-

tite-bearing quartzites. They are interbedded
with more carbonatic layers, containing spes-
sartine, tremolite, talc, hematite, rare piemontite

and without braunite (Tab. 3).

R

Fig. 6 Compositions of aegirine-jadeites from:
1) pyroxenites; 2) quartzites (fields after Essene and
Fyfe, 1967). Numbered dots refer to analyses listed
in table 1.
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Fig. 7 Pyroxene distribution in terms of ratio:
Mn/(Mn + Mg + Fe2+) versus Fe3+/(Fe3+ + A1VI):

l)recrystallized purple jadeites; 2)pale-green aegi-
rine-jadeite cores; 3) light purple aegirine-jadeite
rims. Mntot Mn2+.

times manganiferous (MnO up to 2%) and
chromiferous (Fig. 9; Tab. 4). The less chromi-
ferous aegirine-augite may be included within
chromiferous garnet (Cr203 up to 15%;
Mervel pers. comm.) Cr-hematite (Cr203 up to

Tab. 1 Representative analyses of coexisting miner-
alogical phases from a aegirine-jadeite-bearing
pyroxenite (sample 25-2).

Jd

286

Aeg-jd
259

Aeg

283

Phe

3

S i 02 57 50 56 10 55 10 52 09
Ti02 0 .05 - 0.47
Al 203 1 8 .02 14 36 6 64 22 57
Fe203 — - - — 1. 95
FeO 6 34 11 .42 21 99 __
MnO 1.60 1 .49 0 24 1 .23
MgO 0 95 1 28 1 58 5.07
CaO 1 16 1 .87 1 85 0.03
Na20 13 65 13 18 12 91 0 17
K20 — - - - - 10 .51

tot 99. 22 99 .75 100 31 94 09

Si 2 .005 1. 981 1 988 7.052
Al IV — 0 019 0. 012 0.948

Al VI 0 741 0. 578 0 270 2 655
Ti -- 0. 001 - - 0.048
Fe3 + 0 182 0 337 0 646 0 199
Fe2 + 0 002 0. 000 0 018 --
Mn2 + 0 .047 0. 045 0 007 0 141
Mg 0 .049 0 067 0 085 1.023
Ca 0 043 0. 071 0. 072 0 004
Na 0 .989 0 902 0. 903 0 045
K -- - - - - 1.815

tot 3 995 4 002 4 000 13 930

Tab. 2 Representative analyses from a chloromel-
anite-bearing pyroxenite (sample 25-3).

Fig. 8 Compositions of chloromelanite, dark-purple

omphacite and sodic augite. Chloromelanite is
interpreted as a typical pyroxene of early high-P
stage, omphacite is believed to have formed later, at
the peak of high-P metamorphism. The existence of a
"solvus" between coexisting omphacite and augite
was inferred by Brown et al. (1978) and by Carpenter

(1980) but disproved by Griffin and Mottana
(1982).
All analyses are from one sample; numbered dots
refer to analyses listed in table 2.

Laterally, a small fault connects them with
an emerald-green feldspathic quartzite (level c,
Fig. 5) including a clinopyroxene, the composition

of which ranges from aegirine-augite to
aegirine (Ac 45 to 80). This pyroxene is some-

Chlm Omph Aug Fe-Omph Amp h

158 243 246 250

Si02 54 .37 57 15 55 .11 54.51 58.41
Ti02 0 .05 0 .82 0 .95 0 83 0.14
Al 203 5 55 10 .51 3 .92 4.84 1.16
Fe203 — — — —
FeO 9 .36 1 .77 3 .45 6.93 1.15
MnO 0 .77 1 16 1 .18 0.97 0.32
MgO 8 .95 9 .07 12 34 9.54 23.43
CaO 12 .65 14 .04 18 .97 15 16 11.28
Na20 6 .95 6 .93 3 .97 5.70 1 .83
K20 — — — —

tot 96 .86 101 .45 99 .89 98.52 97.95

Si 1 993 1 994 1 991 2 000 7 936
Al IV 0 007 0. 006 0. 009 0.000 0.064

AlVI 0 222 0. 427 0. 157 0.209 0.123
Ti 0. 001 0. 022 0 026 0.023 0.015
Fe3+ 0. 272 0 005 0. 078 0. 151 —
Fe2+ 0. 012 0. 047 0 026 0.062 0 .131
Mn2+tot 0 024 0. 034 0. 036 0.030 0.038
Mg 0. 085 0 472 0 664 0.524 4 744
Ca 0 493 0. 525 0. 734 0 596 1.643
Na 0. 490 0 469 0 278 0-405 0.483
K - - -- 0.040

tot 4 000 4 000 4 000 4 000 15.217
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6%) and epidote are associated with the
predominant pyroxenes.

The presence of chromiferous minerals such
as clinopyroxene, garnet (reported also by
Colomba, 1910) and hematite has been ascribed to
the original presence of detrital Cr-minerals
such as spinels and magmatic pyroxenes, or to
the original presence of Cr-precipitates in the
siliceous sediment (Rona, 1980). A polyphasic
mobilization of chromium by circulating
solutions during metamorphism is suggested by the
crystallization of chromiferous rims on the
large zoned pyroxenes and by the presence of
Cr-muscovite (fuchsite) on the schistosity
planes of some quartzites and in the fractures.

Over the green quartzites and the mica-
schists there is an typical layer enclosing pods
and folded lenses of spessartine bounded by
braunite or, rarely, by piemontite (level e,
Fig. 5).

Towards the top of the sequence dark-green
massive rocks become predominant (level f).
These consist of non-manganiferous chloro-
melanitic (Ac 50-60%; Fig. 10, Tab. 5) pyroxene

often replaced by Mn-tremolite (with MnO
up to 3%) or by brown manganiferous aegi-
rine-augite. This latter pyroxene, characterized
by MnO > 4%, possibly crystallizes at the
expense of older chloromelanite and it is sometimes

associated with spessartine, rutile and
pyrophanite. Its composition is comparable
with that of some late aegirine-augites which

Alvl

emerald-green quartzite. The Cr contents define a

compositional gap between aegirine (Fetot Fe3+)
and aegirine-augite (Fetot Fe3+ + Fe2+). The
numbered dots refer to analyses listed in table 4. The
analyses are from 4 samples.

R

Fig. 10 Pyroxene composition from dark quartzitic
bands; the recrystallized aegirine-augite contains
MnO above 4%. The numbered dots refer to analyses
listed in table 5. The analyses are from one sample.

have been observed in the fractures of braunite
pods as described by Bondi et al. (1978) and by
Griffin and Mottana (1982).

Bands of Mn-garnet and kutnahorite are
closely associated with the pyroxene-rich levels.

Within the upper section of these a characteristic

boudinaged horizon occurs (level g,
Fig. 5). It is composed of quartz, yellowish
spessartine, Mn-Fe-oxide, pyroxenoids and
Mn-Mg amphibole (Tab. 6) with rare lenses of
braunite, and it is cut by rhodochrosite veins.

Chlorite-albite schists rich in tourmaline are
present at the top of the mineralized section (h,
Fig. 5).

4.2. MINERALOGY OF VEINS

The veins and fractures crossing the Mn-ore
bodies and the surrounding pyroxenites are
very interesting because the assemblages
record mostly high-P conditions.

A few of those observed are reported below:
a) quartz, rhodonite (fractures in the braunite

bodies);
b) quartz, albite, manganiferous aegirine-

augite, winchite, calcite (fracture in the braunite

pods table 7);
c) quartz, albite, manganiferous omphacite

and aegirine (quartz-bearing vein, table 8);
d) quartz, albite, calcite, sodic augite, K-Na
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Tab. 7 Mineral phases from a fracture in the brau-
nite orebody (sample 25-1).

Win Cpx

Si02 58.68 54 27 54.50
Ti02 -- — --
Al 203 0.62 0 83 0 74
FeO 6 36 12 44 24.72
MnO 0.43 J 56 0.59
MgO 20.61 9 06 3 86
CaO 5.05 11.81 5 18
Na20 5 29 7 03 10.64
K20 0 91 -- —

tot 97 95 99 00 100.23

Si 8.003 2 .015 2.006
AI IV -- -- --
A1VI
T i

0.099 0 036 0.032
1 1

Fe3 + 0 .725 0.386 0.727
Fe2 + -- -- 0 034
Mn 0 050 0 112 0 018
Mg 4 .189 0.501 0.212
Ca 0.738 0.470 0 204
Na 1. 399 0 506 0.759
K 0. 158 -- --
tot 15.361 4.026 3 994

Tab. 8 Pyroxenes from a vein cutting a br<

pod (sample 19).

Omph Aeg

1 2

Si02 56.76 54 .15
T102 0 58 0.15
Al 203 10.69 1.25
FeO 5.67 24 .94
MnO 2.74 1.00
MgO 6 29 2.85
CaO 7 .77 3.54
Na20 9.47 12.02

tot 99 97 99.90

Si 2.008 1 999
Al IV — 0.001

A1V1 0.446 0.053
Tl 0.015 0.004
Fe3 + 0 168 0 770
Fe2 + -- --
Mn 0 082 0 031
Mg 0.332 0 157
Ca 0 .295 0 140
Na 0 649 0 860

tot 3 995 4 .015

manganiferous amphiboles (quartz-bearing
vein cutting braunite body, table 9);

e) quartz, albite, manganiferous omphacite
and augite (fracture in the chloromelanite-
bearing pyroxenite);

f) quartz, Mn-phengite, albite, piemontite,
braunite (fracture in the chloromelanite-bear-
ing pyroxenite, table 10).

In the described assemblages high-P
parageneses prevail, while the re-equilibration
in the greenschist facies is less pervasive. This
re-equilibration is recorded particularly by the
growth of albite-actinolite symplectite at the
expense of the clinopyroxenes, and in general
by a progressive hydration of the high-P
parageneses.

In the Mn-bodies hausmannite also crystallized

in the fractures of the braunite pods during

the former (high-P climax) remobilization
of Mn. During the later, but more pervasive
circulation, braunite ± hausmannite are
replaced by pyrolusite and then by cryptomelane
(table 11; see Perseil and Kienast, 1982 for a
detailed description). The development of
quartz-veins with albite-microline-Mn phlogo-
pite-epidote-hematite in the aegirine-jadeite
rocks is also ascribed to this event.

Centimetric veins of late generation
containing quartz, piemontite and sometimes
tremolite cross the piemontite-bearing quartz-
ites, while veins filled with calcite or Mn-car-
bonate cross-cut the garnet-pyroxenoids rocks
and the carbonate-bearing micaschists.

Tab. 9 Representative analyses from a quartz-bearing
vein cutting the Mn-body (sample 4/82).

Ca-amph K-Rt Cpx Ce

core rim
S102 58 39 57 02 58 02 55 50 0 74
Tl02 0 10 0 22 0 07 0 07 0 10
Al 203 0 10 0 60 0 34 0 59 —
FeO 2 66 2 41 2 77 3 14 0 30
MnO 0 34 1 60 0 38 0 55 —
MgO 22 65 21 34 23 27 15 47 0 25
CaO 8 04 4 86 10 26 22 63 56 41
Na20 3 99 6 32 2 38 1 69 —
K203 1 70 3 08 0 47 __ --
tot 97 97 97 45 97 96 99 64 57 81

Si 8 000 8 000 7 958 2 013 0 071
Al IV — -- 0 042

AlVI 0 016 0 099 0 013 0 025
Tl 0 011 0 023 0 007 0 002 0 007
Fe3 + 0 243 0 126 — 0 090
Fe2 + 0 062 0 150 0 318 0 005 0 024
Mn 0 039 0 188 0 050 0 017 —
Mg 4 626 4 422 4 756 0 836 0 036
Ca 1 180 0 724 1 508 0 880 5 784
Na 1 060 1 703 0 633 0 119 —
K 0 297 0 547 0 082 —

tot 15 534 15 982 15 367 3 987 5 922
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Tab. 10 Representative analyses of silicate phases
from a fracture crosscutting a chloromelanite-bear-
ing pyroxenite (sample 25-3).

Phe Pm Phi

16 27 1

S102 50 60 55.99 38 09 41 71
Ti02 1 14 0 .18 0 56 0 96
Al 203 22.19 19 40 20 08 15 68
Fe203 2 65 0 .33 1. 94 2 34
FeO __ __ -- --
Mno 1 22 CO 15.46 3.79
MgO 6 76 6 31 0 48 19 .81
CaO 0.13 0 09 21 44 0 .22
Na20 0.58 0 .35 0 14 0 51
K20 10.29 10 88 0 19 10 16

tot 95 66 95 81 98 38 95 18

Si 6 811 7 .453 3 024 5 .977
Al IV L 189 0 547 — 2 023

Al VI 2 .326 2.490 1 879 0 564
Tl 0 .116 0 .018 0 035 0 102
Fe3 + 0.269 0 033 0.117 0 246
Fe2 + — — —
Mn2+tot 0 .139 0 257 • 1 039 0 4 5 0
Mg 1 354 1 250 0 006 4 132
Ca 0 020 0 014 1 825 0 034
Na 0 151 0 090 — 0 .139
K 1.765 1 843 — 1 814

tot 14.140 13.995 7.925 15 .481

16: brownish phengite grown as lamella in the cleavage
of alurgite

5. Mineral compositions

A variety of mineral analyses were selected
to document the compositional range of each
mineral; tables have already schematically
shown the composition of a few minerals from
individual representative samples. The chemical

analyses were performed by microprobe;
procedures and results were reported extensively

by Martin-Vernizzi (1982). We would
like here to add that:

i) pyroxene and pyroxenoid analyses were
recalculated by the Papike et al. (1974) method
which gives a balanced charge over four
cations and the terminology of Essene and Fyfe
(1967) was used. For illustrative purposes, the
following end-members were calculated
sequentially: NaFeSi206, NaAlSi206, CaTiAl206,

Tab. 11 Representative analyses of Mn-oxides.

sample 25-2 sample 25-3

i3rn Prs Krp Bi Brn

Si02 9 93 4 59 0 05 10 05 10 35 10 54
Tl02 -- 0 67 0 03 1 09 3 82
A1203 0 23 0 51 0 79 0 25 0 32 0 03
Fe203 0 35 0 86 0 85 0 95 1 86 6 43
MnO 8iL 22 64 07 70 69 80 49 77 02 65 68
MgO 0 63 0 13 0 03 0 73 0 18 0 13
CaO 0 60 2 65 -- 0 70 1 57 4 32
Na20 0 01 0 08 0 02 -- --
K20 0 03 2 59 3 64

tot 93 00 76 15 76 07 93 20 92 39 90 95

CaFe(AlSi)06, CaAl(AlSi)Oö, Ca2Si206,
Mg2Si206, Fe2Si2Oe.

ii) Amphibole analyses were also calculated
using the Papike et al. (1974) method; the
nomenclature proposed by the I.M.A. (Leake,
1978) was adopted.

iii) Epidote group minerals were calculated
on the basis of 12.5 oxygens; all iron was
attributed to Fe3+, Mn was allotted as Mn3+ in
sufficient amount to make up any deficiency in:
Al + Fe3+ 3 with the remainder of the
manganese allotted as Mn2+.

iv) Garnets were calculated on the basis of
12 oxygens and Fe3+ was estimated reducing
the cation sums to 8; iron was allotted as Fe3+

in sufficient quantity to make up any
deficiency in AI + Cr + Ti 2 the remainder of the
iron is allotted as Fe2+. For those garnets
which have a cation deficiency after conversion

of Fe2+ to Fe3+, Mn2+ was oxidized to
Mn3+.

v) Mn-white mica and Mn-phlogopite
analyses were calculated on the basis of 22 oxygens
and all iron was assumed to be ferric, as
suggested by the ubiquitous presence of braunite
and hematite.

Clinopyroxenes: The composition of clino-
pyroxene in the Praborna rocks has a wide
range (Fig. 11). The occurrence of the coexisting

omphacite and augite, jadeite and aegirine
in individual samples has been shown in the

R

reported here: from a vein which cuts the chloromel-
anite pyroxenite (2); from a vein which cuts a brau-
nite-hausmannite pod (3). The numbered dots refer
to analyses listed in table 8.
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previous diagrams (Figs. 6, 8), while the coexistence

of omphacite and jadeite has been
documented by Griffin and Mottana (1982).

Discussion of the omphacite-jadeite and
sodic augite-omphacite miscibility gaps and of
the solid solutions between aegirine and jadeite
or aegirine and cosmochlore are reported by
Brown et al. (1978), Carpenter (1980), Griffin

and Mottana (1982), Kienast and Martin
(1983), Abs-Wurmbach et al. (1984) and Mottana

(1986). Figure 11 only gives the evidence
for the observed compositional gaps which
indicate that clinopyroxenes appear to be either
strongly sensitive to bulk composition of host
rock of to the chemistry of metasomatic
solutions circulating in the fractures and in the
veins.

Pyroxenoids: The existence of two pyroxe-
noid types (rhodonite and possible pyroxman-
gite), characterized by variable Ca content is
shown in the (Fe2+ + Mg)-Mn-Ca diagram
(Fig. 12, Tab. 6). In the same sample (Pr343)
the relatively Ca-rich member (Ca up to 10%) is
associated in apparent equilibrium with man-
ganiferous garnet and Mn-hematite, while the
Ca-poor member is associated with a Mn-Mg
rich amphibole.

Garnets: Garnets represented in figure 13

belong to quartzitic levels interbedded with
pyroxene-rich layers (Tab. 5) and to carbonate-
rich micaschists (Tab. 3), both being braunite-
free. Their spessartine contents vary from 40%
to 80%; the cores and the external rims show
the highest content of MnO.

Mn

associated with Mn-Mg rich amphibole; 2) pyroxe-
noid associated with garnet. The analyses are from
one sample only; the numbered dots refer to those
reported in table 6.

Fig. 13 Garnets from a pyroxene-garnet quartzite:
l)core, 2) internal rim, 3) external rim; from a
carbonate-rich micaschist: 4) core, 5) internal rim, 6)
external rim. The numbered dots refer to analyses listed
in tables 5 and 3.

In the pyroxenoids-garnet-rich quartzite the
garnet closely associated with rhodonite
appear to be very rich in manganese and poor of
iron (Fe2C>3 1.93, Tab. 6), while the garnets
from a level lacking pyroxenoids are richer in
iron (Fe2C>3 2.32 to 9.19%). The lack of brau-
nite and of other manganiferous oxidized
phases in this assemblage probably produced a
Mn3+ bearing-garnet (with the blythite,
Mn3+Mn^+[Si04]3, end-member). The rho-
donite-Fe-oxide association prevented the
crystallization of Fe-Mn-bearing garnet (with
the calderite, Mn|+ Fe^+ [Si04]3, end-member)
according to the experimental studies of Lat-
tard and Schreyer (1983).

Almandine garnets have been identified in a
quartzitic level interbedded with epidote-aegi-
rine-augite quartzite; their rims show a slight
enrichment in MnO.

Piemontite and epidote: Piemontite occurs
in quartzites, braunite pods and pyroxenitic
rocks as small grains, and in the veins as beautiful

centrimetric crystals. In the quartzites they
are generally homogeneous and contain Pm 27

(Pm Ca2Mn^+Si3012(0H)) to 33, while in
chloromelanitic rocks they are zoned with
Pm 30-40 and Ps (Ps CajFe^Si^O^OH))
ranging from 20% in the core to 5% in the rims
(Fig. 14).

In the quartz-albite veins of the later generation

which cross the orebody, the piemontites
are characterized by 43% of Mn3+ substitution
for Al3+ (Mottana and Griffin, 1983). But in
the veins cutting the aegirine-jadeite rocks the
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Fig. 14 Piemontite and epidote compositional
variations from the Praborna rocks: 1) piemontite from
the veins which cut the aegirine-jadeite rocks;
2) piemontite from the chloromelanite rocks;
3) piemontite from the braunite-bearing quartzites;
4) epidotes from the micaschists and aegirine-augite-
bearing micaschists and aegirine-augite-bearing
quartzites. The numbered dot refers to analysis listed
in table 10. Definitions of coordinates: see text.

rare piemontite shows an interesting increase
of Ps end-member in the rims (Pm 35, Ps 5 to
Pm 10 Ps 23) and true pistacite may also
crystallize (Fig. 14).

Besides piemontite, epidote (Ps 20-40,
Pm 5 %) is an important phase in the Praborna
micaschists and in the pyroxene-bearing quartzites.

In these rocks it seems to develop at the
expense of pre-existing pyroxenes. In some Fe-
rich rocks, closely associated with manganifer-
ous concentrations, the epidotes show pink
patches and rims due to the presence of Mn3+.
This feature as well as the local presence of
minute braunite crystals, suggests the oxidation
of the system during the late circulation of
fluids.

Phengites: In the manganiferous layers the
phengites exhibit a characteristic pink pleoch-
roism due to octahedral manganese (Richardson,

1975). The micas are generally slightly
green or colorless in the other schists. Both
range from true phengites with a high content
of Si in the tetrahedral site (Si 3.6-3.5) to more
muscovitic types with lower Si (Si 3.4; Tab. 10).

Moreover it is interesting to note that in
fractures crossing the manganiferous pods, the
pink phengites crystallize with an appreciable
paragonite content (Fig. 15), due to the chemis¬

try of the solutions circulating during the late/
post eclogitic stage. They sometimes include
omphacite and piemontite in the chloromelanite,

aegirine-jadeite-bearing rocks.
Phlogopite: This phase appears to crystallize

at the expense of pink phengites and of piem-
ontites in connection with late metasomatic
processes. Its high content of MnO (Tab. 10) is
closely related to the composition of the pre-existing

manganiferous phases or to that of the
minerals with which it is in contact.

The Mn-phlogopites, already described by
Brown et al. (1978), show a characteristic red-
brown pleochroism due to titanium Ti02 up to
1.33%) and iron (Fetot Fe203 up to 6%)
contents.

Mn-oxid.es: In the Praborna orebodies
braunite is the most important Mn-oxide. It
forms monomineralic recrystallized concentrations

with characteristic mosaic structure.
These are surrounded by fine-grained aggregates

of late-developped braunite and quartz
(Perseil, 1985).

Major contents of Fe, Ca, Ti and a decrease
in Si and Mn characterize the second braunite
generation. This braunite is sometimes
associated with hausmannite, and both result from
the circulation of Mn-bearing solutions during
the high-P event, synchronous with the
crystallization of Mn-omphacite and Mn-phengite.

The transformation of braunite into more
hydrated and oxidized phases, such as pyrolu-
site, and into phases enriched in K20 as cryp-
tomelane (Tab. 11) is important along the frac-

Pa°A

û_
Si1

3.1

0 2

3.5

.3 4
3.6

® 5 o 6

Fig. IS Paragonite and Si atom contents p.u.f. in
the phengites. 1) micas from chloromelanite-bearing
pyroxenite and related veins; 2) from a phengite-rich
quartzite; 3) aegirine-jadeite-bearing pyroxenite;
4) from a micaschist; 5) mica analysis after Penfield
(1893); 6) after Brown et al. (1978). The numbered
dots refer to analyses listed in tables 1 and 10.
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tures and is coeval with the development of
Mn-phlogopite and microcline. The presence
of braunite in the mineral assemblages plays a
dominant role in the chemistry and the stability
of the silicate phases, independent of P and T
conditions. In fact, only silicates lacking Fe2+,
such as feldspars, sphene and Fe-free carbonates

and oxidized phases such as Mn-phengite
(Fetot Fe3+), Mn-Phlogopite (Fe,ot Fe3+),
piemontite and epidote are in equilibrium with
braunite. Garnet is stable only when it is al-
mandine-free.

Braunite coexists with different types of
amphiboles: with slightly manganiferous richterite
and winchite, both crystallized in the fractures
of the Mn pods, and with tremolite and acti-
note, both common in the quartzites and in the
late veins. In the braunite-free veins tremolites
may contain greater amounts of MnO, while
pink phengite, phlogopite, piemontite and
pyroxenes generally have a higher content of
MnO when they are in contact with braunite.

Amphiboles : According to the I. M. A.
classification (Leake, 1978) most of the analyzed
amphiboles from quartz-albite-piemontite
veins are tremolites, sometimes manganiferous
(MnO up to 4%), and actinolites. Among those
examined from mineralized samples only the
amphiboles from the veins crossing braunite
pods have the composition of richterite of
winchite (Tab. 7-9). The first analyses of these
amphiboles were carried out by Rondolino
(1936); recently potassium-fluorrichterites
have been described by Mottana and Griffin
(1985) in a quartz-rich rock from Praborna.

6. Oxygen fugacity in the ore body during alpine
metamorphism

The Praborna manganiferous sequence
shows a compositional banding produced by
the distribution of Fe-silicates (Fe-epidote, Fe-
clinopyroxene, Fe-garnet), Mn-silicates
(piemontite, spessartine, Mn-clinopyroxene) and
Mn-oxides.

This compositional banding is assumed to
reflect a primary depositional sequence with
differences in chemical composition and state
of oxidation.

The occurrence of thin braunite-free bands
alternating with piemontite-braunite layers
indicates that oxygen activity was controlled by

the original chemistry, and little, if at all, by
metamorphism.

In general, the Praborna sequence shows a
f02 higher than that found in surrounding
metabasalts, which are characterized by f02
below the hematite-magnetite buffer as indicated
by the presence of dispersed magnetite and
pyrite.

The occurrence of braunite in many Mn-
rich metamorphic assemblages developed during

the high-P and greenschist events, shows
that the f02 changed only slightly. However,
manganese may have occurred as oxides of a

higher valence state in the sediments before
metamorphism. During hydrothermal deposition

Mn probably precipitated as Mn(OH)4
and Mn02 (Edmond et al., 1979, Sivaprakash,
1980), which later recrystallized into pyrolusite
and cryptomelane. During the lithification and
the earliest metamorphic events, reactions such
as 7 pyrolusite + Si02 braunite + 2 02 (Hübner,

1967; Abs-Wurmbach et al., 1983)
transformed these high valency oxides (4+) into a

relatively lower valency state (3 + 2+).
Subsequently f02 did not change much and remained
above 10-10 as demonstrated by the coexistence
of braunite + hausmannite or hausmannite +
rhodonite during alpine metamorphism.

In the Praborna quartzites the following
types of metamorphic parageneses in relation
to different f02 conditions are recognized
(Fig. 16):

A) manganiferous, with braunite;
B) manganiferous and ferric, braunite-free,

with hematite;
C) ferrous, hematite-free.

The typical manganiferous assemblages
including braunite are:
Al) quartz -I- braunite;
A2) quartz + braunite + piemontite;
A3) quartz + braunite + spessartine;
A4) quartz + braunite + piemontite + spes¬

sartine;
A5) quartz + braunite + rhodonite.

In these assemblages, characterizing the
most oxidized layers, partridgeite (Mn,Fe)203
associated with braunite has never been
observed; thus the above assemblages have f02
below that defined by the partridgeite-haus-
mannite buffer.

The coexistence of braunite with rhodonite
(or pyroxmangite) and quartz (2 braunite + 12

quartz 14 rhodonite + 3 02; Abs-Wurmbach
et al., 1983) has been observed in the fractures



MANGANIFEROUS QUARTZITES OF PRABORNA 355

-5

-10

-15

-2 0

log fO;

TCC)
400 600 800 1000

Fig. 16 Approximate positions of manganiferous parageneses of Praborna for P 15 kb and for a T range in
accordance with the eclogitic metamorphism (after Abs-Wurmbach et al., 1983).
Reaction curves: 1) 7 pyrolusite + 1 quartz (cristobalite) 1 braunite + 2 02 :4) 2 braunite + 12 quartz (cristo-
balite) 14 rhodonite (pyroxmangite) + 3 02; 5) 2 braunite 4 hausmannite + 2 rhodonite (pyroxmangite) +
02; 7) piemontite spessartine + Vi H20 + 'A 02 calculated for Pf 15 kbar from the data of V, T and f02
given by Keskjnen and Liou (1979) for Pf 2 kbar. The variations of fH20 from 2 kbar to 15 kbar have been
calculated from the data of Burnham et al. (1969) and of Delany and Helgelson (1978).
Buffer curves: 2) pyrolusite-partridgeite, 3) partridgeite-hausmannite, calculated from the data of Hübner and
Sato (1970) for P 15 kbar; 6) hematite-magnetite from the data of Eugster and Wones (1962).
Manganiferous assemblages including braunite: Al) Q-B; A2) Q-B-Pm; A3) Q-B-Sp; A4) Q-B-Pm-Sp; A5)
Q-B-R.



356 MARTIN, S. AND J.R. KIENAST

cutting the main oxide bodies. The assemblage
defines relatively low ÎO2, presumably near the
low fC>2 end of the braunite stability range
(Abs-Wurmbach, 1980). In the samples
analyzed the rhodonite-braunite-quartz assemblage

shows textural features indicative of
equilibrium on the univariant curve calculated
by Muan (1959).

Similarly in a fracture of the main braunite
bodies, coexisting braunite and hausmannite
have been recognized, as inclusions in the di-
opside which replaces, with albite, the high-P
pyroxenes.

The manganiferous parageneses including
hematite are:
Bl) quartz-piemonte-spessartine;
B2) quartz-rhodonite-spessartine;
B3) quartz-aegirine-augite-spessartine-pyro-

phanite;
B4) quartz-epidote-garnet, or quartz-ep-

idote- carbonate.
These are characterized by a slightly variable

oxidation state dependent on silicate
phases. According to Keskinen and Liou
(1979) and Brown et al. (1978) the piemontite-
garnet association indicates fC>2 above lO-20,
which is comparable to the f02 recorded by
braunite-quartz.

The B2), B3) and B4) assemblages indicate a
low f02 (Liou, 1973).

The hematite-free parageneses frequently
include Fe-epidote or garnet and carbonate
and indicate a low fC>2. The oxidation state of
these last types of rocks is comparable to that
of the surrounding metabasalts.

The ferrous parageneses described show a
characteristic late enrichment of manganese
and a possible oxidation which is indicated by
pink rims and spots in the epidotes s.s. and
carbonates.

7. Discussion: Geological environment of
Praborna and of associated Cu-Fe sulphide

deposits.

The widespread presence in the St. Marcel
valley of chlorite-schists and talc-schists in the
upper part of the metavolcanic sequence is
worthy to note.

These have been interpreted as deriving
from basaltic material of detrital origin
(pillow-lavas, hyaloclastites and/or basaltic sand¬

stones) strongly affected by the oceanic hydro-
thermal alteration (Bonatti, 1975; 1981;
Edmond et al., 1979; Castello et al., 1980; Rise
Project Group, 1980; Moorby et al., 1983;

Mottl, 1983; Converse et al., 1984) and by
lower-T basalt-sea-water interaction (Alt and
Honnorez, 1984), as suggested by the peculiar
composition and by high content of MgO
(9-11 %; discussion in Dal Piaz et al., 1981).

Furthermore the strong relationship existing

among the Mg-metasomatism which
involved this basaltic material, the development
of sulphide-ores (Servette-Chuc) and the presence

of manganiferous quartzites confirm the
above mentioned hydrothermal events. Besides
at Praborna sulphides occur as disseminated
deposits in the underlying prasinites and
chlorite-schists while Fe-silicates ± hematite are
widespread within the quartzites and mica-
schists surrounding the manganiferous bodies.

The structure and mineralogy of the
Praborna quartzites and the geological context
suggest that the original sequence was
probably similar to present day metalliferous
sediments s. 1. of hydrothermal origin, which may
include ferruginous, Mn-poor oxy-hydroxide
deposits and more oxidized concentrations of
massive Mn-ore. The Praborna quartzites, rich
in Mn and Fe minerals, could be considered as

resulting from similar-ochre deposits (Robertson
and Hudson, 1974) developed by precipitation

of Fe and minor Mn from hydrothermal
solutions debouching onto the sea-floor at the
sediment-seawater interface (Bonatti, 1975;
Moorby et al., 1983).

Usually the ochres show a lateral or vertical
transition into more oxidized and manganiferous

members ("umbers"). This transition is
attributed to local and extreme fractionation of
Mn from Fe.

The sulphides generally associated with the
manganiferous deposits may be considered as
the earliest members of hydrothermal fractionation

(Cronan, 1980). These were formed during

the ascent of hydrothermal solutions into
the upper oceanic crust, when the chemical
conditions were still reducing (Bonatti et al.,
1976; Rona et al., 1976; Edmond et al., 1982).

In deposits of the Western Alps similar to
those observed in the St. Marcel valley, according

to Dal Piaz et al. (1978), and Martin and
P0LIN0 (1984) most silica have been interpreted
as being of hydrothermal origin and only
slightly biogenic.
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8. Metallogenesis and metamorphic evolution in
the St. Marcel Rocks

8.1. OCEANIC METAMORPHISM

Oceanic metamorphism was linked to
hydrothermal activity, thus it produced metaso-
matic transformations of the original basalts
and of the first sediments. During the ascent of
hydrothermal solutions the following succession

of events probably took places:
a) sulphide deposition as massive bodies, as

stockwork-type veinlets and as disseminations
within the middle and upper section of the
basaltic sequence, under reducing conditions.

b) General enrichment in Mg, Al, Si,
(Na,Ca) in the basaltic rocks at the seawater-
basalt interface. The lack of Mn-sulphide in the
St. Marcel deposits indicates that no Mn was
added to rocks during this stage. This may be
due to the inverse relationship between H2S
and Mn (Edmond et al., 1979) in the debouching

hydrothermal solutions. The deposition of
sulphides was closely connected with the
hydrothermal silica precipitation as indicated by
the abundant presence of sulphide within the
quartzitic layers and lenses of the metasedi-
mentary cover (Chuc sulphide deposit).

c) Fe-oxy-hydroxide fractionation and Mn
minor accumulation in the first sediments overlying

the basaltic crust. During this stage, part
of the primary sulphides may have been also
oxidized by reaction with oxygenated seawater.

The Fe-Mn minerals association appears to
be most common on the ocean floor, where it
forms the basal deposit in the sedimentary
column (Dymond et al., 1973). This type of
metalliferous deposit is also very common in the
Western Alps and in the Apennines, but it
never attains any great dimensions.

d) Local deposition of Mn muds in very
oxidizing conditions.

e) First mobilization of Mn and Fe within
the sedimentary pile during diagenesis.

8.2. HIGH-PRESSURE POLYPHASE
METAMORPHISM

The following high-P metamorphism
related to Alpine subduction is characterized by
several stages. P probably ranged from 8 to
above lOkbar in the St. Marcel ophiolites
(Mottana, 1986 suggests P ranging up to

14kbar in the eclogitic conditions) and in the
Mt. Emilius Klippe (Ernst and Dal Piaz,
1978; Dal Piaz et al., 1983). T ranged from
about 300 °C defined by the pre-eclogitic law-
sonite and aragonite stability (Brown et al.,
1978) to 550°C, defined by the Fe-chloritoid
breakdown (Ganguly, 1969).

During the prograde evolution, feldspar,
epidote, chlorite, white mica and amphiboles
formed in the oceanic environment reequili-
brated, while other minerals developed from
preexisting phases. At Praborna the aegirine-
jadeite and chloromelanite pyroxenes may be
supposed to have crystallized from ophiolite
debris (magmatic pyroxenes); spessartine,
piemontite, pyroxenoids and Mn-oxides
crystallized in the manganiferous layers from
preexisting Mn-minerals. Aragonite, Ca-Na
amphiboles and certain clinopyroxenes developed

in the early fractures created within the
sequence during the previous stage. Lawsonite,
Na-Ca-amphiboles, chloritoid and garnet
crystallized in the surrounding metabasalts.
During this prograde path towards the eclogitic
climax, the minerals become progressively
more anhydrous. Garnet, Fe-Mn- and Al-Mn-
rich sodic pyroxenes are the typical phases of
the high-P events.

At the eclogitic peak, apparently under
static conditions Mn-jadeite, Mn-omphacite
and Mn-aegirine-augite crystallized in the
fractures.

The crystallization of Mn hydrate phases
(such as richterite, winchite and Mn-phengite
in the fractures and in the veins, or piemontite
crystallization) occurred late, during the de-
compressional blueschist event postdating the
eclogite climax. For this stage T near 400 °C
and P 8 kbar have been proposed (Martin-
Vernizzi, 1982; Mottana, 1986).

8.3. GREENSCHIST FACIES EVENT

In the Praborna sequence the greenschist-
facies metamorphism developed pervasively
only in particular structural domains, along
shear zone and where the F3 deformations
were penetrative.

During this episode, the fluid circulation
contributed to homogenization of the oxidation

state of the system. It also mobilized some
amounts of manganese and produced Mn-
tremolite, Mn-phlogopite, piemontite and rho-
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dochrosite crystallization in some late veins
and the enrichment in manganese of the epi-
dote, carbonate and garnet of non mangani-
ferous horizons.
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