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IN THREE LOW-SULFIDATION EPITHERMAL DEPOSITS:
A MINERAL STRATIGRAPHY AND FLUID-INCLUSION APPROACH

JACQUESL. LEROYS ano DANIEL HUBE

Université Henri Poincaré, UMR G2R 7566, BP 239, F-54506 Vandoeuvre-lés-Nancy Cedex, France

ERIC MARCOUXT
BRGM, DR/RM, BP 6009, F-45060 Orléans Cedex, France

ABSTRACT

Mineralogical and fluid-inclusion studies have been conducted on Mn-rich breccias from three low-sulfidation epithermal
gold deposits, Cirotan (Indonesia), Orcopampa (Peru) and Cavnic (Romania). In these deposits, the manganiferous minerals
occur within cockade breccias that precede most of the deposition of sulfide. Cockade breccias consist of a lithic or sulfide
nucleus, afew centimeters across, encrusted by several concentric envelopes that can be subdivided into three successive zones.
Each zone may be composed of several stacked sequences of deposition. The Mn mineralsare mainly clustered within theinternal
pinkish zone close to the nucleus, that also comprises quartz, “adularia” and sparse sulfides. Within this Mn mineral zone, each
sequence begins with the deposition of Mn silicate, close to the rhodonite end-member (MnSiOs), that fully or partialy grades
into Mn carbonate, close to the rhodochrosite (MnCO3) end-member, before the deposition of the next sequence. The intermedi-
ate zone (the quartz—sulfide zone) consists of quartz—sulfide sequences, with minor Mn silicates. Each sequence beginswith fine-
grained quartz, indicating a high rate of nucleation, which becomes coarser grained and irregular at the end of the sequence.
Chloriteand sulfides are associated with quartz at the end of thiszone. The external zone of the cockadesis characterized by comb
guartz, associated with illite, calcite and, sparingly, manganoan dolomite. The mineralogical zonation illustrated by the cockades
expresses a genera evolution of the depositional process with time, with a progressive Mn-depletion and Ca-enrichment. No
kutnohorite has been observed. Fluid inclusions from the three zones are all two-phase aqueous inclusions (L + V). The fluid
sdlinities are similar in al the deposits and do not exceed 2.6 wt% NaCl eqg., the final comb quartz from Orcopampa excepted.
Two isenthalpic boiling events are recorded in relation with brittle deformation. The replacement of rhodonite by rhodochrosite
revealed in each sequence of the Mn mineral zone could result in atemperature drop in relation to these boiling events, which
release CO, and increase pH.

Keywords: |low-sulfidation epithermal deposit, cockade structure, rhodonite, rhodochrosite, fluid inclusions, boiling, Cirotan,
Indonesia, Orcopampa, Peru, Cavnic, Romania.

SOMMAIRE

Les minéraux de manganese, fréquemment présents dans les gisements d'or épithermaux, ont fait I’ objet d’études
minéralogiques et d’inclusions fluides dans trois gisements a faible teneur en soufre, Cirotan (Indonésie), Orcopampa (Pérou) et
Cavnic (Roumanie). Dans ces gisements, les minéraux de manganése apparaissent dans des bréches a cocardes qui précedent
I" essentiel du dépbt des minéraux métalliques. Les cocardes sont constituées d’ un nucleuslithique ou sulfuré entouré d’ envel oppes
minérales regroupées en trois zones, chacune d’ entre elles pouvant étre constituées de plusieurs séquences comparables. Les
minéraux de Mn, associés a quartz, adulaire et rares sulfures, se concentrent dans la zone interne de teinte rose, au contact des
nucléus. Chaque séquence de cette zone a minéraux de Mn débute par des silicates de Mn proches du pdle rhodonite (MnSiOs),
qui sont ensuite remplacés partiellement ou totalement par des carbonates de Mn proches du pdle rhodochrosite (MnCOg3), avant
laformation delaséquence suivante. Lazoneintermédiaire est constituées de plusieurs séquences successives aquartz et sulfures,
avec rares silicates de manganése. Elles débutent par du quartz a grain trés fin témoignant d’ une intense germination évoluant
vers du quartz plus grossier. Cette zone intermédiaire s achéve par la cristallisation de quartz associé a chlorite et sulfures. La
zone externe est a quartz columnaire, illite, calcite et dolomite manganésifére et est fréquemment géodique. Cette zonalité
minéral ogique autour des nucléus traduit une évolution globale du dépdt dans le temps, avec un appauvrissement progressif en
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Mn et un enrichissement en Ca. Aucun terme intermédiaire de type kutnohorite n’a cependant été observé. Lesinclusionsfluides
analysées dans les trois zones sont toutes des inclusions aqueuses biphasées (L + V). Les salinités mesurées sont comparables et
ne dépassent pas 2,6% en poids égq. NaCl (exception faite du quartz terminal & Orcopampa). Deux épisodes d'ébullition
(isoenthal pique) ont été enregistrés en relation avec des épisodes de déformation cassante. La transformation rhodonite —
rhodochrosite observée dans|es séquences delazone a minéraux de manganése pourrait résulter de la chute delatempérature des
fluides consécutive a ces épisodes d’ ébullition qui libérent CO, et élévent le pH.

Mots-clés: gites épithermaux neutres ou a faible teneur en soufre, structure en cocarde, rhodonite, rhodochrosite, inclusions
fluides, ébullition, Cirotan, Indonésie, Orcopampa, Pérou, Cavnic, Roumanie.

INTRODUCTION

Manganiferous minerals are commonly associated
throughout the world with precious and base-metal
epithermal ore deposits of the “adularia—sericite type”,
also called “low sulfidation” type. Theselow-sulfidation
epithermal deposits are related to fluid circul ation asso-
ciated with calc-alkaline magmatism at a depth of 0-2
km.

The chronological position of the Mn minerals is
variable. They could be very early in the mineralogical
sequence, such as in the Bulldog Mountain vein sys-
tem, Creede District, Colorado (Plumlee & Whitehouse-
Veaux 1994). In the Pongkor and Cirotan deposits, in
western Java, Indonesia (Milési et al. 1994, 1999,
Marcoux et al. 1993, 1996), the Mn minerals appeared
just before the main stage of sulfide deposition. In the
Cavnic mine, in the BaiaMare mining district, northern
Romania, they crystallized with the base-metal miner-
als, before the main stage of deposition of stibnite and
precious metals (Bailly et al. 1998, Grancea 1998,
Piantone er al. 1999). The deposition of gold may be
contemporaneous with that of the Mn minerals, as ob-
served at Acupan in the Baguio District, Philippines
(Cooke et al. 1996).

The Mn-bearing minerals commonly occur in min-
eralized breccias, and locally in cockade breccias. De-
spite their spectacular appearance, such structures have
only rarely been described in detail in epithermal de-
posits, for example in the Cirotan deposit, Indonesia
(Genna er al. 1996) and in the Orcopampa deposit, in
Peru (Gibson er al. 1995). In these cockade breccias,
the Mn minerals may form part of the silicate paragen-
esis, dominated by rhodonite [MnSiO3] and bustamite
[(Mn,Ca,Fe)SiO5] with minor rhodochrosite [MnCO3],
alabandite [MnS)], barite and manganoan calcite, and a
carbonate paragenesis, dominated by rhodochrosite,
with common kutnohorite [CaMn(CQOs),] and siderite.

Our aimin this paper isto establish the relationship
of these Mn minerals with characteristics of the fluid
phase, episodes of brittle failure and mineral deposition
in cockade-shaped samples from the low-sulfidation
type epithermal Cirotan deposit, in West Java. Comple-
mentary data were obtained from two other epithermal
deposits, Cavnic, in the Baia Mare mining district, Ro-
mania, and Orcopampa, in Peru. In al three deposits,
minera deposition takes place in an open-space system
along segments of faults.

GEOLOGICAL SETTING

The Cirotan Pliocene gold deposit, in West Java,
Indonesia, provides an exceptional example of aminer-
alized breccia (Genna et al. 1996). It is a mineralized
strike-slip to normal fault, with ore shoots occurring
within a system of fractures and open spaces. Mineral-
ization has occurred in a single event, with five stages
of deposition (Milési et al. 1994). This event began with
silicification, followed by deposition of polymetallic
sulfides and Mn minerals, and ended with deposition of
precious metal and quartz. This evolution was accom-
panied by a progressive increase of W, Sn, Au and Bi
content in the ore, which leads to the crystallization of
ferberite, scheelite, cassiterite and gold; thisincrease is
interpreted as being related to a progressive ascent of
the underlying andesitic magma. The Cirotan deposit is
composed of several stacked breccia units as infilling
of amajor normal fault. Each of these presents various
facies, among which are siliceous breccias near the foot-
wall of the structure, and large cockade breccias along
the hanging wall of the vein (Fig.1).

The Orcopampa district is located in southern Peru,
within abelt of intermediate to felsic calc-alkaline vol-
canic rocks of Neogene age. These rocks include ash-
flow tuffs, lava flows and volcanic breccias (Gibson et
al. 1995). The mineralized veins are mainly hosted in
east—northeast-striking conjugate normal faults. This
system was active during and after deposition of the ore.
The veins thus present a complex sequence of mineral
deposition and hydrothermal brecciation, with five
paragenetic stages recognized (Gibson 1992). Sulfides,
mainly pyrite, sphalerite, galena, chal copyrite, acanthite
and sulfosalts form alternating bands and pods within
banded and massive quartz, rhodonite and rhodoch-
rosite. Most of the veins have an Ag:Au ratio of 1000 or
more.

The Au—Cu-Zn-Pb Cavnic vein system is located
inthe BaiaMare mining district, northern Romania. The
Cavnic mineis composed of two fault systems: 1) a set
of about 15 subparallel N 10-30°E breccia veins, ap-
proximately 100 m or so long, and 1 m thick (Cavnic—
Boldut) within aNW-SE-oriented belt; the complex vein
filling consists essentially of breccia showing metaso-
matic replacement and collapse features; 2) aN 100°E-
striking system (Cavnic—Roata) that is discordant to the
NE-SW veins. It consists of a system of veins with
banded texture (AnaNicolag), fairly polymetallic, with
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Fic.1. General east—west cross section at level 1000 of amineralized fault in the Cirotan deposit, showing geometry and related
kinematics of the breccia units (after Genna et al. 1996). 1. Network of quartz veinsin the footwall. 2. Siliceous breccias. 3.
Small cockade breccias. 4. Large cockade breccias. 5. Stalagmites on the hanging wall.

gold-bearing mineralization. Ore deposition was related
to intense hydrothermal activity and brecciation subse-
guent to the emplacement of a large Neogene rhyoda-
citic complex and associated dyke-swarms. Five stages
of mineral deposition are distinguished, with Mn min-
eralsduring stage 4, and precious metals during stage 5.

STRUCTURE AND MINERALOGY
OF THE MINERALIZED COCKADES

Structure of the cockades

At Cirotan, the cockades range from small, centime-
ter-wide (elliptical cockades) to larger (upto 1 m), more
equant cockades with a reversely graded bedding from
the footwall to the hanging wall (Figs.1, 2A). Accord-
ing to Gennaeer al. (1996), this cockade structureisin-
terpreted to be the result of severa rolling-accretion and
collapse eventsin an open space, where high fluid pres-
sure combined with local structural conditions main-
tained hydrothermal channelways, enabling cockade
growth and collapse. Thus growth zones arerelated to a
fracturing event, whereas discontinuous patterns along
therim arerelated to rotational movement during shear-
ing. Ore deposition occurred during a pulsating hydro-
thermal processthat was active throughout the complex
evolution of the fault structure. This situation hasled to
striking textural and mineral ogical variability. The cock-

ade breccias from Orcopampa and Cavnic revea a
shorter history and thus a less complex structure.

Cockade breccias (Figs. 2B, 3) can be qualified as
composite because of the great variability of the min-
eral assemblages and the complexity of the observed
textures. Their structure comprises a central centime-
ter-size nucleus of fractured and altered volcanic rock
(silicified dacite and rhyodacite at Cirotan and
Orcopampa) (Figs. 4A, B), in some cases composed of
an agglomeration of several smaller fragments of sili-
ceous breccia, or of early metallic sulfides, mainly
sphalerite (Cavnic) (Fig. 4C). The structure, the texture
and the mineralogy of the nuclei areinherited from early
magmatic, hydrothermal and tectonic events. The nu-
clel are encrusted by severa concentric envelopes of
hydrothermal minerals making up the cockade structure,
up to 20 cm thick. These envelopes may be continuous
or discontinuous, and usually present at the sample scale
amineralogical evolution with time, with dominant Mn-
bearing minerals encrusting the nuclei, followed by
dominant quartz—sulfides, and then terminal comb
quartz.

The Mn-bearing mineral zone
In the deposits studied, the Mn minerals (Figs. 2C

to F) are the dominant mineras in the first envelopes
around the nuclei. The Mn minerals occur as fine
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Fic. 2. A. Cockade breccia from the Cirotan gold mine (1000 m level). The approximate size of the two biggest cockades is
10 cm. B. Polished fragment of one cockade (Cirotan mine) showing a nucleus made of volcanic rock and translucent silica,
the Mn minerals zone (pinkish, with pinkish envelopes corresponding to sequences of deposition), the quartz—sulfide zone
(coalescent translucent zone bounded by black minerals), and the final generation of comb quartz, which is common to
several cockades occupying the space between them. Size of the fragment: 15 cm. C. Twinned crystal of rhodonite (Mn
mineral zone; Cirotan mine). Crystal size: 0.5 mm. D. Idiomorphic crystal of rhodonite (dark gray) partially replaced by
rhodochrosite (white and blue zones) (Mn minera zone; Orcopampamine). Size of rhodonite crystal: 1 mm. E. Late sequence
of the Mn mineral zone: therhodonite (dark gray porous zone) is partially replaced by rhodochrosite (dark gray rhombohedral
crystals) and coated by sulfides: chalcopyrite (yellow), galena: (scratched gray), tetrahedrite: (gray), pyrite: (white).
(Orcopampamine). Photograph width: 2 mm. F. Fibrous aggregates of Mn silicates (inesite and rhodonite) surrounding pyrite
crystals (black). White translucent mineral is quartz (quartz—sulfide zone, Cirotan mine). Size of the central aggregate of
pyrite: 1 mm.
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Fic. 3. Sample CN16 (Cirotan deposit) showing atypical cockade structure. 1. Nucleus of altered and silicified volcanic rock.
2. Pink to brownish pink aphanitic Mn-bearing mineral zone. 3. Dominant quartz—sulfide zone with concentric and repeated
sequences displaying a geopetal structure. 4. Honey-colored collomorph sphalerite and pyrite pseudomorphs after pyrrhotite.

5. Final generation of comb quartz.

grained to aphanitic, pink to brownish, concentric rims,
and are composed of Mn silicates and Mn carbonates.

At Cirotan (Fig. 4A), the earliest rhodonite forms a
chaotic network of millimetric needle-like crystalswith
comb quartz and minor rhodochrosite. Quartz crystals
aresmall (lessthan 1 mmin size), milky, and platy, and
display aregular syntactic comb texture perpendicular
to the nucleus, demonstrating an open-space filling.
Sheet silicates with compositions close to those of Mg—
Mn-rich chlorite (clinochl ore—pennantite solid sol ution)
and platy calciteare present between the rhodonitelaths.
Textural relationsindicate that rotational movements of
the cockade have occurred during the precipitation of
the Mn-bearing minerals. Conversely, at Orcopampa
(Fig. 4B) and Cavnic (Fig. 4C), the rhodonite appears
asprismsup to 1 mminlength, with two cleavage planes
or twin planesin some well-preserved euhedral sections.
Crystal aggregates have a comb to radial disposition
around the nucleus of the cockades. At Orcopampa, the
earliest rhodonite is associated with K-feldspar of “adu-
larid’ habit and large crystals of platy quartz.

A second envelope with fine-grained and turbid
rhodochrosite and sulfides surrounds the first rhodonite
— K-feldspar envelope, cutting and partly overprinting
the rhodonite crystals. The Mn carbonates are pseudo-
morphic after the Mn silicates, mostly as skeletal to

chaotic aggregates. They have crystallized according to
the main crystallographic directions of the prismatic sili-
catecrystals. The sulfidesare mainly pyrite, tetrahedrite
and sphalerite, with minor argentite and galena. The Zn
sulfide has a composition close to end-member sphaler-
ite, (Zn,Mny_S, with 0.90 < x < 0.93), and the tetrahe-
drite is zincian, (Cu,.Zn,Ag1_.,)s3(Sh,As;)Ss, with x
+y=1,08<x<0.83,01<y<0.16andz=0.9. Blebs
of stromeyerite [AgCuS] were recognized in galena.
Tellurium has been detected in patches of stromeyerite
and could correspond to fine inclusions of silver- or
copper-rich tellurides, possibly hessite [Ag,Te],
empressite [Ag,_ Te1+], weissite [Cu,_, Te], rickardite
[Cu;Teg], or other Te-minerals.

At Cirotan, rhodonite without “adularia” also pre-
cipitated later, after rhodochrosite, and displays a comb
to drusy growth-texture. Remnant open-spaces of the
vugs are filled with milky quartz in some samples with-
out rhodonite. The occurrence of early rhodonitein this
first envelope is suggested by the prismatic to lozenge-
shaped habits of patches of quite pure Mn carbonate, in
a matrix of carbonates closely associated with quartz
and Mn silicates. A quartz-rich septum separates these
carbonates from the rhodonite-rhodochrosite matrix and
thus outlines the shape of replaced rhodonite crystals.
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Fic. 4. Sketch drawings of the cockade from Cirotan (A), Orcopampa (B) and Cavnic (C) deposits.

The dominant quartz—sulfide zone

The dominant Mn-bearing mineral zone is followed
by asecond zone where quartz and sulfides prevail. This
second zone is best represented in the Cirotan samples.
This zone has a banded texture, which consists of alter-
nating repeated sequences of quartz and sulfides, and
has gradations in mineralogy, shape, and size from the
beginning to the end of each sequence. At the begin-
ning of each sequence, quartz is fine grained with ir-
regular, lobate and ameboid textures, whereas at theend
of each sequence, it appears as medium- to coarse-
grained, regular, polygonal crystals. The relative abun-
dance of sulfides varies from thefirst sequences, where
euhedral to subhedral pyrite is dominant, to the most
peripheral ones, where chal copyrite and then sphalerite
become more abundant. Radial, fibrous aggregates of
brownish Mn silicates are observed around pyrite crys-
tals at the inner part of this zone.

In one sample from Cirotan deposit, the last quartz—
sulfide band consists of an assemblage of fine-grained
quartz, Fe-rich chlorite, and minor pyrite as inclusions

in quartz. This assemblage is overlain by zoned
colloform honey-colored sphalerite with galena inclu-
sions and then by prismatic aggregates of pyrite. This
pyrite was interpreted by Marcoux et al. (1993) as a
pseudomorph of early pyrrhaotite. In another sample,
euhedral pyrite and clear comb quartz coat patches of
sphalerite, underlain by an assemblage of quartz —chal-
copyrite — galena — minor pyrite with occurrences of
sparse tiny laths of polycrystalline ferberite.

Final comb quartz and associated minerals

Thelast envel opes of the cockades are characterized
by the occurrence of comb quartz. At Cavnic and
Orcopampa, the quartz crystals are commonly “turbid”,
owing to the presence of abundant scattered dust-like
particles of carbonates that may outline the internal
“ghost” crystals. The “angel wings’ habit is common at
Cirotan. Quartz is commonly intergrown with a) sheet
silicatesthat are closetoillitein composition at Cirotan,
or b) zoned rhombs of manganoan dolomite at Cavnic.
The remaining spaces are filled with calcite.
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The whole hydrothermal genesis of cockades can be
viewed as a single depositional sequence with 1) Mn-
bearing minerals, 2) quartz—sulfidesand 3) comb quartz.
In detail, this sequence is built up of microsequences.
Each microsequence exhibits the same mineralogical
succession asthe overall sequence, with changesinrela-
tive abundance of minerals at the sequence scale result-
ing in the three-step mineralogical succession at the
cockade scale described above.

CHemicaL ComposITION OF THE MN MINERALS

Chemical analyses of Mn minerals (silicates and
carbonates) were carried out with a CAMECA SX-50
electron microprobe, after SEM observations of the
same minerals by scanning el ectron microscopy. Chemi-
cal compositions were then interpreted using a Si —
(Mny,; + M@) — Cadiagram (Lucchetti 1991) (Fig. 5).
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C

Cavnic

Hsm
Rds

Mn

tor T Mg Ktn Ca
Fic.5. S —(Mn,, + Mg) — Cadiagram (Lucchetti 1991) for
Mn silicates, Mn carbonates and other carbonates from
Cirotan (A), Orcopampa (B) and Cavnic (C) deposits. Bem:
bementite, Brn: braunite, Bst: bustamite, Cal: calcite, Hsm:
hausmanite, Ktn: kutnohorite, Jh: johansennite, Prx:
pyroxmangite, Qtz: quartz, Rdn: rhodonite, Rds: rhodo-
chrosite: Tph: tephroite, and Wo: wollastonite.

The Mn silicate

TheMn ilicate, at Cavnic and Orcopampa deposits,
is rhodonite with a Ca content ranging from 3.7 to 8
wit% CaO (average value: 5.8 wt% Ca0) at Cavnic and
from 3.5t0 8.4 wt% CaO (average value: 6.6 wt% CaO)
at Orcopampa (Table 1). Only traces of Fe and Mg are
observed in the rhodonitein both deposits: 0.4 wt% FeO
(range of 0-0.7 wt%) and 0.6 wt% MgO (0.2-0.8 wt%)
at Cavnic, and 0.25 wt% FeO (0-0.6 wt%) and 0.4 wt%
MgO (0-0.7 wt%) at Orcopampa. In the Si — (Mn,,; +
Mg) —Cadiagram (Figs. 5B, C), al theanalytical points
define a horizontal line near the stoichiometric compo-
sition of rhodonite.

At Cirotan, the rhodonite is similar to the rhodonite
analyzed in the two other deposits, but it is very diffi-
cult to get good analyses of rhodonite, which confirms
microscopic observations and the common transforma-
tion of rhodonite. The analytical points correspond to
Mn silicates more or less hydrated or transformed into
carbonates, with adecreasein SiO,, CaO and FeO con-
tent and an increase in MnO content. In the triangular
Si —(Mn,,; + Mg) —Cadiagram (Fig. 5A), these analyti-
cal points are located along a rhodonite — bementite
[(MngSigO15)(OH)10] line. Thisresult confirmsthe pres-
ence of hydrated Mn silicates, such as parsettensite
[(K,Na,Ca)(M n,AI)7Si OgOgo(OH)g,ZHgO] , determined
by X-ray diffraction, and illustrates the transformation
of rhodonite according to the possible reaction:
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TABLE 1. COMPOSITION OF Mn SILICATES, Mn CARBONATES AND
OTHER CARBONATES, FROM THE CIROTAN, ORCOPAMPA AND CAVNIC

EPITHERMAL DEPOSITS
Si0, ALO, MnO FeO MgO ZnO CaO total
Mn silicates
Cirotan
thodonite ~ 45.81 046 4697 0.45 0.75 444 93388
4650 036 4551 055 033 6.67 9992
45.41 034 4548 035 040 551 9749
4293 038 48.34 0.59 0.40 021 3.50 96385
4460 040 4942 064 031 352 98389
46.21 038 4461 024 026 762 9932
Cavnic
thodonite 4632 022 4780 059 058 4.54 100.05
4639 019 4828 015 043 5.36 100.80
46.25 0.58 48.22 0.41 0.49 431 9998
46.74 0.03 4597 060 049 6.07 99.90
46.19 052 4609 049 051 6.38 100.20
45.98 030 4671 045 0.56 593 99.93
46.45 037 4685 0.39 0.44 5.98 10048
Qrcopampa
rhodonite  47.49 0.16 45.08 0.36 0.29 6.55 99.93
46.58 056 4566 020 031 005 7.54 100385
46.36 057 4432 0.32 822 9979
46.55 043 4569 010 0.18 7.53 10048
46.76 0.06 4519 0.60 037 7.11 100.09
47.10 006 4458 0.14 056 7.62 100.06
46.83 049 43.03 027 045 8.38 9945
Mn carbonates
Cirotan
rhodochrosite 0.59  0.08 4930 0.64 0.19 125 643 5849
0.32 0.05 50.19 1.04 0.11 1.04 6.75 59.84
028 004 4577 144 016 144 757 5746
049 003 5187 326 003 285 056 5918
Cavnic
rhodochrosite 0.04  0.02 5453 060 026 441 5987
0.48 39.45 047 0.63 15.54 56.63
0.70 021 4874 039 1.08 0.13 7.59 5892
019 0.01 4328 028 0.60 14.66 59.04
Orcopampa
rhodochrosite 48.91 0.19 058 821 5793
0.06 45.45 022 0.24 0.09 1091 5699
Other Carbonates
Cavnic
manganoan 009 1432 059 979 28.43 53.37
dolomite 14.95 0.56 9.45 28.44 53.61
0.16 0.09 7.07 620 1043 32.86 57.40
0.01 7.68 597 < 11.00 3234 5763
manganoan 0.01 874 010 009 007 51.13 60.80
calcite 0.01 0.05 5.10 0.07 0.03 54.64 60.90
002 001 1840 0.10 4032 59.30
24.34 036 0.04 3090 5571
Selected chemical compositions obtained by automated CAMECA SX-50 electron-
microprobe.analysis.
9MnSiO3 + CO, + 5 H,0O
rhodonite
= MngSigO;15(0OH)19 + MNCO3 + 3 SIO,
bementite  rhodochrosite quartz

The Mn and (Ca,Mn,Mg) carbonates

The analyzed carbonate minerals can be roughly di-
vided into two compositional groups, a rhodochrosite
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group with Mn dominant and a calcite group with Ca
dominant (Fig. 5).

All the carbonates of the rhodochrosite group result
from the replacement of rhodonite. The manganese car-
bonates from Cavnic and Orcopampa deposits are very
similar. They are calcian rhodochrosite, with a CaCOs
content ranging from 5 to 30 mole %. At Cirotan, the
calcian rhodochrosite is poorer in Ca. Its CaCO3; con-
tent does not exceed 18 mole %. Traces of Fe and Zn
are observed only at Cirotan, up to 3.3 wt% FeO and
4.2 wt% ZnO, with agood positive correlation between
these two elements and an average FeO:ZnO of 0.7. At
Cavnic and Orcopampa, the rhodochrosite is richer in
Mg, up to 2.7 and 1.4 wt%, respectively. Only traces of
Mg are observed in rhodochrosite from Cirotan.

The calcite group is observed only at Cavnic, in the
last envel ope of the cockades; these carbonates are con-
sidered to be primary. Their composition ranges widely
from pure calcite to manganoan calcite (up to 15 mole
% MnCO3). Manganoan dolomite is also observed at
Cavnic, but kutnohorite is not observed.

FLuiD-INCcLUSION STUDIES

At Cirotan, the fluid inclusions were studied in
quartz from the three mineralogical zones previously
defined, whereas at Cavnic and Orcopampa, only the
final comb quartz was studied. All these inclusions are
located along the growth zones of the quartz (primary
inclusions). They are all two-phase aqueous inclusions
(L +V), and no clathrate was observed. Because of the
small size of the inclusions, eutectics could not always
be precisely determined, and fluid salinities were deter-
mined using the NaCl-H,0 system (Bodnar 1993).

The Mn-bearing mineral zone (Cirotan)

The abundance of fluid inclusions increases from
inner to outer part of this zone, where quartz crystal-
lized with Mn-bearing minerals. The volume ratio V/L
(vapor/liquid) is highly variable. Liquid-dominant in-
clusions, the most numerous, coexist with vapor-domi-
nant ones. Because of the lack of evidence for necking
down, this coexistenceisinterpreted as an indication of
fluid boiling. It is supported by the presence of platy
calcite. Inclusions homogenize either to liquid at tem-
peratures ranging from 162 to 300°C, or to vapor from
360 to 380°C. The sdinity of the fluid is rather low,
between 1.4 and 2 wt% equiv. NaCl.

The quartz—sulfide zone (Cirotan)

Inclusions were studied in the first sequence of this
zone in contact with the Mn-bearing minerals zone.
Only liquid-dominant inclusions with a rather constant
V/L vaue are observed, which indicates that a single-
phase fluid was present during trapping (no boiling).
Their homogenization temperatures (to liquid) increase
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from earlier to later in this sequence. They are between
167 and 200°C at the beginning of the sequence, in fine-
grained quartz, and between 215 and 316°C, with a
mean value around 250-255°C, near the outer part of
the sequence, in millimeter-size clear quartz in contact
with pyrite. The salinity of the fluid is rather constant
for al these inclusions, 1-2.2 wt% equiv. NaCl.

Final comb-quartz zone
(Cirotan, Orcopampa, Cavnic)

At the base of the final comb-quartz zone from
Cirotan, the coexistence of both liquid- and vapor-domi-
nant inclusions indicates a boiling of the fluids at the
beginning of this episode of quartz growth. The salinity
of the fluid is around 1.9 wt.% equiv. NaCl. The inclu-
sionshomogenizeto liquid at temperatures ranging from
180 to 287°C and to vapor between 257 and 377°C.

At Cavnic and Orcopampa, liquid-dominant inclu-
sionswith avariable V/L value are also present in simi-
lar quartz. They homogenize to liquid at temperatures
between 255 and 315°C at Cavnic and between 230 and
355°C at Orcopampa. The salinity of these fluidsis be-
tween 1.9 and 6.9 wt.% NaCl eq and 1.4 and 2.6 wt.%
NaCl eq., respectively.

Discussion

Deciphering of mineral succession, correlated with
fluid-inclusion data, gives a rather complete record of
the history of mineralized cockades and thus sheds some
light onto the significance of Mn-bearing minerals in
the genesis of low-sulfidation ore deposits.

Rhodonite and rhodochrosite are common in most
low-sulfidation epithermal deposits. We have docu-
mented the early appearance of Mn silicatesin the depo-
sitional history of these three ore deposits. Textural
observations, such as pseudomorphs of MnCOs after
rhodonite, both showing the same levels of Caand Mg,
and the “ghosts’ of prismatic rhodonite crystals within
the fine-grained rhodonite — rhodochrosite assemblage,
provide evidence that rhodonite is a primary Mn-bear-
ing mineral that is later replaced by rhodochrosite. At
Cirotan, rhodonite crystallized again after the formation
of rhodochrosite. Thus the characteristics of the fluids
varied several times during the formation of the domi-
nant Mn-bearing mineral zone, and rhodonite and
rhodochrosite alternated.

At Cirotan, brittle deformation events either caused
brecciation (formation of the inner cockade, Mn-bear-
ing mineral zone) or created openings (at the beginning
of the final generation of comb quartz) (Genna et al.
1996). Two stages of fluid boiling were recorded by
fluid inclusions, separated by periods where the fluids
are single-phase ones (no boiling). These fluid-boiling
events correspond to the formation of the breccia or to
the openings, and are thus related to brittle behavior. It
was not possible to study fluid inclusionsin al the lay-
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ers of the cockade structure. However, boiling of the
fluid isaso indicated by the crystallization of platy cal-
cite (Simmons & Christenson 1990) and by the evolu-
tion of the habits of silica, from disordered and
microscopic silica grains to well-crystallized quartz as
the system reverts back toward itsinitia state (Henley
& Berger 2000). It isthus clear that such a cockade or-
ganization can be related to alternating periods with or
without fluid boiling.

The depth of formation of epithermal deposits is
usually shallow (some hundred meters). Thusto afirst
approximation the temperature corrections due to pres-
sure are negligible. For non-boiling fluids, the tempera-
tures of trapping can be considered as being roughly
similar to the temperatures of homogenization. For boil-
ing fluids, the lowest recorded temperature of homog-
enization is considered as the temperature of trapping.
At Cirotan, the fluid-inclusion studies give 160°C asthe
temperature during the first boiling recorded at the end
of the Mn-bearing mineral zone. During the formation
of thefirst sequence of the quartz—sulfide zone, the fluid
temperature increased from 170 to 255°C. The lack of
inclusions at the end of this quartz—sulfide zone that
could be studied is compensated by the presence of a
chlorite-group mineral. Using a chlorite geothermo-
meter (Cathelineau & Nieva 1985, modified by Zang &
Fyfe 1995), calculations give a crystallization tempera-
ture of 250-255°C for the chlorite, similar to the tem-
peratures indicated by fluid inclusions at the end of the
first sequence of the quartz—pyrite zone. A temperature
of 180°C is then recorded at the beginning of the final
generation of comb quartz. The temperature drop from
255 and 180°C observed after the formation of the
guartz—sulfide zone and the indication of fluid boiling
at the same time are considered as the indication of an
isenthal pic boiling (Drummond 1981, Henley & Hughes
2000). Using Drummond'’ s curves, such a drop in tem-
perature corresponds to the formation of 20% vapor at
the depth of the sample studied. A similar isenthalpic
boiling probably occurred during the formation of the
Mn-bearing minerals. Unfortunately, the initial fluids
were not found, and thus the initial temperature of the
fluids before boiling is not known.

Using the boiling-point curve for the H,O — 2 wt%
NaCl system (Haas 1971) and an average density of 2.8
for the surrounding rocks, aminimum depth of 450 mis
necessary to prevent the boiling of such fluids at 250—
255°C under lithostatic pressure regime (Pruid = Psolid)
(at the end of the quartz—sulfide zone). Theseresultsare
in good agreement with the more general ones obtained
previously by Nehlig & Marcoux (1992) and Milési et
al. (1994). These authors found evidence for a dight
increase in temperature from 235 to 255°C from the
initial stage to the final one in the Cirotan deposit, and
they related this increase in temperature to the progres-
sive uplift of magma that was marked by the appear-
ance of Sn—W-Bi-bearing minerals.
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The same conclusions can be drawn for the final
generation of comb quartz from the two other deposits,
Cavnic and Orcopampa. Their formation also isrelated
to aboiling of the fluids, but herewith asmaller dropin
temperature. Moreover, at Orcopampa, despite the lack
of studiablefluidinclusionsin thefirst zone of the cock-
ades, early boiling is suggested by the occurrence of the
assemblage rhodonite — “adularia’ — platy calcite re-
placed by a quartz-dominant assemblage (Browne &
Ellis 1970, Keith & Muffler 1978, Simmons & Chris-
tenson 1990).

L ow-sulfidation epithermal deposits such as Cirotan,
Cavnic and Orcopampa involve the circulation of neu-
tral-pH, reduced, low-salinity (less than 10 wt% NaCl
€q.) and meteoric-water-dominant fluids. However, the
presence of a magmatic-gas-rich (CO,, H,S and HCIl)
component is demonstrated (Giggenbach 1992,
Hedenquist & Lowenstern 1994). Hydrothermal tem-
peratures range from <150 to 300°C. Under such condi-
tions, base metals such as Mn and Ag are mostly
transported as chloride complexes, e.g., MnCl,~ and
AgCl;, whereas gold istransported in Cl-poor solutions
as bisulfide complexes such as Au(HS);~ (Hedenquist
& Henley 1985). Fluid boiling, with possible hydraulic
fracturing, isacritical process for metal deposition and
acts as a strong physical and chemical trigger for min-
eralogical changes among the Mn-rich minerals. Ac-
cording to Gammons & Seward (1996) (Fig. 5), the
solubility of rhodonite is markedly retrograde. Thus
rhodonite cannot precipitate during a simple episode of
cooling. This mineral is more likely deposited in re-
sponse to sudden increase in pH (fluid boiling) or de-
crease in chloride concentration (fluid dilution). The
solubility of rhodochrosite is either prograde or retro-
grade, according to fluid salinity and temperature, and
its precipitation could occur in response to cooling, as
well asto adecreasein H*, CO,, or CI~ concentration.
Thus assuming a constant p(CO,) value, Figure 5 indi-
cates that rhodochrosite is far less soluble than rhodo-
nite at low temperature (<200°C), whereas it is more
soluble at high temperature (>250°C). However, a
simple cooling cannot explain the replacement of rhodo-
nite by rhodochrosite, because during boiling, the CO,
content of the liquid phase does not remain constant.
Owing to the lack of fluid inclusions that can be stud-
ied, none of the characteristics of the fluids (state, tem-
perature, composition) during the deposition of the Mn
minerals are known. However, we can assume that the
aternating deposition of rhodonite and rhodochrosite
may well be due to changes in temperature, pH and
p(COy,) in relation to episodes of boilings at atempera-
ture close to 250°C.
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