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AgsrRAcr

The sediment-hosted Rampura Agucha Zn-Pb-(Ag) deposit in Rajasthan, India. contains assemblages rich in Ag-(Pb)-Sb
sulfosalts. Freibergite Ag3.3_7.6Cq5_2.2Fel,_3.tzno_o.ssb3.7_4.6As0_o.4s13, pyrargyrite, stephanite, argentite, dyscrasite and
various Pb-Ag-Sb sulfosalts occur either within or close to large aggregates of galena- Freibergite, pyrargyrite and stephanite
also occur in galena-bearing veinlets in silicate minerals. Electron-microprobe analyses reveal an average Ag-content of 3 1 wt.7o
in teibergite, whereas galena is devoid of Ag. The sulfosalts are Sb-rich end members of the respective solid-solution series,
with only limilsd As. The assemblages were affected by recrystallization and re-equilibration during high-grade metamorphism
and the subsequent cooling. The pyrargyrite presumably formed by replacement offreibergite and ofPb-Ag-Sb sulfosalts, the
stephanite, by decomposition of pyrargyrite and argentite, and the dyscrasite, by exsolution ftom galena

Keywords: freibergite, pyrargyrite, stephanite, dyscrasite, argentite, boulangerite, Pb--Ag-Sb sulfosalts, metamorphism,
Rampura Aguch4 Rajasthan, India.

Souramr

k gisement iZn-Pb--(Ag) de Rampura Agucha au Rajasthan, en Inde, situ6 dans un encaissant m6tasddimentaite, contient
des assemblages riches en sulfosels i Ag-(PbFSb. On trouve freibergite Agj:7.6Cn6.5.2.2Fe1.r3.12n0-o.8sb3.7-4.6Ase-4.4S13,
pyrargyrite, st6phanite, argentite, dyscrasite et autres sulfosels n Pb--Ag-Sb dans des amas importants de galdne, ou prbs
de ceux-ci. Freibergite, pyrargyrite et st6phanite se trouvent aussi dans des veinules de galbne dans des mindraux silicatds.
ks analyses h la microsonde 6lectonique r6vdlent une teneur moyenne en Ag de 317a (poids) dans la freibergtte, tandis que
la galbne ne contient aucun Ag. ks sulfosels sont les termes b Sb des solutions solides respectives, avec trbs peu d'arsenic.
ks assenblages ont 6t6 affect6s par une recristallisation et un r6-6quilibrage au cours dun 6pisocle de m6tamorphisme
intense et d'un refroidissement par la suite. La pyrargyrite se serait form6e par remplacement de la freibergite et des
sulfosels l Pb--Ag-Sb, la st6phanite, par ddstabilisation de la pyrargyrite et de I'argentite, et la dyscrasite, par exsolution dans la
galdne.

(fraduit par la R6daction)

Mots-cl€s: freibergite, st6phanite, dyscrasite, argentite, boulangerite, sulfosels n Pb--Ag-Sb, m6tamorphisme,
Rampura Agucha, Rajasthan, Inde.

INTRoDUc[oN

Rampura Agucha is a stratiform, sediment-hosted
Zn-Pb--(Ag) deposit located some 220 km southwest
of Jaipur in Rajasthan State, lndia (Fre. 1). Since its
discovery ra 1977, Rampura Agucha has become one
of the most significant base-metal deposits in India,
producing 900,000 t/a of ore. The proven reserves are
39.2 Mt probable reserves 13.8 Mt and possible
reserves 10.7 Mt (total 63.7 Mt), grading 13.6Vo Za
l.9%oPb,9.58VoFe and 45 ppm AeGIZL Statr 1992).

The deposit occurs in the oldest part of the Bhilwara
Supergtoup, at the contact with the Archean basement
("Banded Gneissic Complex", BGC). The Bhilwara
Supergroup, consisting of a pile of metasedimentary
rocks inftuded by igneous rocks, developed as a result
of inffacratonic rifting of the Archean basement about
2.0 Ga ago. The deposit was formed by convective
circulation of seawater in zones of crustal extension
during incipient rifting (Deb L992). The metals,
derived from the hydrothermal system, were accumu-
lated in a trough with biological activity, as indicated
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by high contents of graphite and light 6r3C values @eb
l.992, Deb & Sarkar 1990). This suggests a relatively
deep-water, reducing environment during sedimenta-
tion, in which bacterial reduction of sulfates to sulfides
would have been crucial for mineralization. Pb isotope
studies suggest a model age.of 1.8 t 0.04 Ga for the
Rampura Agucha deposit Qeb et al. 1989).,At 1.5 Ga
the lower crustal rocks of tle BGC were tlrust over the
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Frc. l. Simplified geological map of the Delhi-Aravalli belt (after Sugden er aL 1990),
including the location ofthe main ore deposits.

western margin of the Bhilwara Supergroup, resulting
in upper amphibolite facies metamorphism (Deb et al.
1989, Deb & Sarkar 1990, Sugden et al. 1990) nthe
Rampura Agucha area,

The results reported herein form part of an ongoing
geoscientific investigation directed toward a characler-
ization of mineralogy, geochemisnry and genqsis of the
Rampura Agucha deposit. This work is being carried
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out by staff of the Institute of Geological Sciences,
Mining University, Leoben, Austria, in collaboration
with Hindustan 7.nc Ltd. The aim of this paper is to
report the results of a detailed study of the ore minerals,
their distribution and chemistry within the Rampura
Agucha deposit, in order to enhance recovery ofthese
metals during ore extaction and concentration. A study
of the textures and the relation of the ore minerals to
metamorphism is another imFortant part of this paper.

Geor.ocrcar Ssrm{c AND ORBoDy

The deposit occurs in a doubly plunging synformal
structure of elliptical shape, comprising sillimmile-
and graphite-bearing mica schist enclosed in gamet -
biotite - sillimanite gneiss, with minor bands of
amphibolite and calc-silicate rocts, as well as aplite,
granitic pegmatite and mylonite. The orebody, hosted
by a graphite - misl - sillimanite schist, is lens-shaped,
with a northeast-southwest strike length of 1600 m and
a width varying from a few meters in the northeast to
as much as 100 m in the central and southwest section
(Frg. 2). The orebody dips between 50 and 80o
(average dip of approximately 60') southeast and has
been proved by driling to a depth of 370 m from the
surface (Gandhr et al. 1984). The semimassive orebody
exhibits sharp contacts with the footwall and the
hanging-wall rocks. No major faults have been
detected in the orebody, although minor faults have
been taced in some segments of the ore zone (Gandhi

et al. 1984). The deposit has an oxidized gossan and a
small zone of partially oxidized material between
gossan and protore. Since the greater part of the area is
capped with soil cover, and fresh outcrops are scarce,
much of the detailed geological information was
obtained from drill cores.

The mineralization occurs predominantly as dis-
seminations in a schist, consist'ng of quartz, feldspar
(alkali feldspar and plagioclase), sillimanite, graphite
and various micaceous minerals (muscovite, biotile
and chlorite). Sphalerite, by far the most widespread
sulfide mineral, occurs with galena, pyrite and
pyrrhotite in varying proportions, with numerous
inclusions ofrounded to subrounded grains offeldspar
and quartz. Graphite, a common gangue mineral,
represents 6 to 10 vol.7a of the bulk of average ore. A
large variety of minor sutftde phases occurs within the
ore, the most important being pyrargyrite, freibergite
and Ag-(Pb)-Sb sulfosalls. Ore microscopy of samples
from 20 drill-core intersections did not reveal any
zonation of ttrose metals within the orebody, although
the Zn:Pb:Fe proportions vary within meters. Although
sphalerite is the most important base-metal sulfide at
Rampura Agucha" small sections of the orebody can be
dominated by either galena or pyrrhotite. Peak meta-
morphic conditions of upper amphibolite to granulite
facies were estimated by garnet-hornblende and
garnet-biotite thermometry (650-700'C), sphalerite
barometry and fluid-inclusion studies (-6 kbar)
@anawat et al. 1988, Deb 1992). The metamorphism
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FIc. 2. Simplified geological map ofRampura Agucha orebody and surrounding rocks.
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was isochemical, but led to a redistribution of the
sulfide minerals within the orebody. High-grade peak
metamorphism was followed by a clockwise retrograde
P-T cooling path. The deposit also underwent
polyphase deformation @ay 1980). The high-grade
metamorphic event resuhed in a high degree of recrys-
tallization (aggregates of sulfides with grain sizes
exceeding I mm) and an obliteration of most of the
primary sedimentary textures. Primary mineral
banding is very rare, but can be observed in a few
polished sections, indicating a synsedimentary origin.
Remobilization of galena and sphalerite and, to a lesser
degree, of pyrrhotite is common; quartz and feldspar,
which are highly deforme4 exibit numerous cracks,
filled witr sulfides and sulfosalts. Sandwich-like inter-
growths of sulfides with graphite and phyllosilicates
are very cornmon. The characteristic ball texture
described by Ranawat et al. (L988), consisting of
rolled porphyroclasts of silicates and sulfides, has
been observed in several samples. Oxide minerals
(rme Cr-V oxides, gahnite and pyrophanite) were
formed by interaction of silicate and sulfide minerals as
a consequence of high-grade metamorphism (H0ller &
Stumpfl 1995).

ME"rr{oDs oF INVESTIGATIoN

Detailed ore petrography of 97 drill-core chip
samples from across the strike length and depth of the
orebody has been documented to investigate metal
2ening in the orebody and Ag-zoning in
tetrahedrite-tennantite-gloup minetals, aad simply to
establish the identity of the Ag minerals. The sulfides
were analyzed with an ARI-SEMQ electron micro-
probe (wavelength-dispersion spectrometry) at the
Instiote of Geological Sciences, Leoben, using matix
corrections according to the procedures of Bence &
Albee (1968). Acceleration voltage used for sulfide
analysis was generally 15 kV, and for Pb-bearing
phases, 25 kY, with a beam current of 20 nA. Pure
metals (Ag, Cd, Co), alloys (SeCu) and nafural
chalcopyrite @e, Cu, S), sphalerite (7n), galena @b),
bismuthinite (Bi), and breithauptite (Ni) were used as
standards for the analysis of sulfides and sulfosalts.

Sut,rpss, Gnepnnr anp Surroserrs

Sphalerite, which is the predominant sulfide
mineral, occurs as coarse- to fine-grained aggregates in
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close association with galena" pyrrhotite and pyrite.
The coarse-grained variety locally retains evidence of
metamo{phic recrystallization: characteristic 120'
triple-point grain junctions and homogeneous Fe
contents (upto ll.SVoFe,0.5VoMn,0.37o Cd). A small
grain of sphalerite (15 pm across) with inclusions
of chalcopyrite contains considerable amounts of Cd
(up to 9 Vo) wrd Mn (up to LOEI). Aggregates of
sphalerite commonly contain inclusions of galena and
graphite, as well as exsolved blebs of pyrrhotite.

Galena occurs as coarse-grained aggregates in close
assosiation with sphalerite and pyrrhotite, or encloses
subrounded gangue minerals and other sulfides.
Remobilization ofgalena along fissures and cleavages
ofgangue minerals is widespread. The concentration of

minor constituents, such as Bi, Sb, Ag and Se, is below
the detection limit of the electron microprobe.

Pyrite forms granular aggregates of polygonal
crystals (up to 5 mm across), but may be intergrown
with pyrrhotite and marcasite. Large porphyroblasts of
pyrite show brittle fractures filled with other sulfide
minerals. Porphyroblasts of pyrite within cataclastic
sphalerite indicate the formation of at least some of the
pyrite after cataclasis.

Pynhotite generally forms coarse aggregates of
polygonal grains, displaying metamorphic crystalliza-
tion. It occurs as fine-grained aggegates intergrown
with other sulfides or as exsolved inclusions
in sphalerite. Pyrrhotite grains are often incipiently
(or completely) decomposed to a granular product,

Frc. 3. Modes of occunence of Ag-rich minerals under reflected light in oil immersi6l. (a) Anhedral freibergite @rei) in
remobilizecl galena (Gn). @) Subhedral grain of freibergite in galena at the grain contact with quare (Qtz). Adjacent grain
is pyrrhotite (Po). (c) Flakes of boulaagerite (Boul) in galena. (d) Subhedral to euhedral exsolution-induced bodies of
dyscrasite (Dys) in galena. (e) Pyrargyrite @a) intergrown with chalcopyrite (Ccp) and remnants of pyrite @y), probably
occurring as a pseudomorph after freibergite and pyrite and rimmed by galena (Gn) and biotite @t). (f) Complex intergrowth
of Pb-Ag-Sb sulfosalt (Lght gey, arrows) with surrounding pyrargyrite and boulangerite in galena. (g) Complex inter-
growth of argentite (Arg) and pyraxgydte (Sa) relics in stephanite (Stp) adjacent to pynte (Py, poorly polished). Sulfosalt
to the right is pure stephanite, rimmed by galena and quartz (Qtz). (h) Intergrowtl of gudmundite (Gud), chalcopyrite (Ccp)
and sphalerite (Sp), rimmed by galena and plagioclase @).
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consisting of pyrite and marcasite. Pyrrhotite is invari-
ably relatively pure, containing no more than traces of
Co and Ni.

Graphite is a cornmon gangue mineral in all samples
of the graphite - mica - sillimanite schist. It occurs as
flakes (0.01-3 mm asfoss), or as fracture fillings and
along grain boundaries. Graphite also encloses other
ore and gangue minsrals, and occurs as small inclu-
sions in quartz, feldspar and the ore minerals. Folded
graphite flakes and kink bands indicale a differential
stress-and-strain effect in the area.

Arsenopyrite, a cornmon minor constituent in meta-
morphosed massive sulfide deposits, foms subhedral
to euhedral crystals (up to 3 mm across) that are
occasionally flattened parallel to the foliation in highly
deformed samples. Occasionally bent crystals display
evidence of plastic deformation. Large crystals may
enclose a core of ldllingi.te @eAs). The arsenopyrite
contains tp to 0.5Vo Ni and O.45Vo Co, and the
Itillingite carries up to 37o Ni, 0.55Vo Co and 2.5Vo S.
Chalcopyrtte has been found as a minor constituent
(up to 100 ;rm across) and occurs as disseminated
axhedral grains htemtitial to tlre dominant iron sulfides
and silicates. It is also intergrown with either
pyraxgyrite or gudmundite (Figs. 3e, h). Gudrnundite
(FeSbS), breithauptite (NiSb), allmannite (NiSbS) and
native antitnony occttr as compact inclusions in
aggregates of massive galena, or form irregular
intergrowths in remobilized veinlets with galena and
pyrargyrit€. A complex intergrowth of gudmundite
and chalcopyrite has been observed at the margin of
large grains of galena (Frg. 3h). The gudmundite
contains up to 0.5Vo Zn, 0.2Vo Ag and 0.67o Ni; the
ullmannite carries up to 03Vo Fe and 0.4Vo Ag.
Greerwckite (CdS) forms anhedral grains (<20 pm
across) within galena and commonly is associated with
boulangerite and freibergite. It contains up to L.ZVoMn,
L.4Vo Fe and 0.9Vo Zn. Molybdenite eithet occurs as
anhedral grains (<30 pm across) in close association
with galen4 or forms flakes and fracture fillings in
sphalerite. A thallium-bearing mineral with the ideal-
ized forrnula (Cu,Ag,Tl)FeS2 occllrs as inclusions in
galena. It was first dessribed by Genkin & Schmidt
(1991).

Freibergite (Ag,Cu,Fe,Zn)12(Sb,As)aS13 is an
abundant phase in Ag-rich samples. It occurs as
inclusion-free anhedral grains (5-50 pn across),
usually at the margin of coarse aggregales of galena
gmins close to contacts with silicates (Fig. 3b) or other
sulfides, or is invariably included within remobilized
galena @ig. 3a). In reflected light its color varies from
olive-green to grey-green, without correlation to the
extent of Ag-for-Cu substitution. Electron-microprobe
analyses were carried out on forty-six grains of
freibergite from ten samples. In this deposig single
grains of freibergite are chemically homogeneous,
and no marked compositional changes were
detected across individual grains, although different

Ars Stpl Stp2 Pyal PJa2 Frell Frd2 Frci3 MLI$

2vt9o 1M.82, l00rl 1m.64 99xs l@JS 99J:t 100.4 99J4 99.10

3.m 10.fi, 10.00 10.m 7.@ 29.N 29.00 29.M 29.&

Dysl Dys2 Sdfol Srlfo2 So|fo3 Srlfo4 Boull Boul2 My

FROM TUE RAMPI.'NA AGUCHA DEPOSIT
AND OF FREIBBRGITE FROM MT. ISA

s 14.88 14.88 15.86 17.88 16.67 2L.44 9.n 1958 20.40
Fe 0.40 0.60 0.89 0.05 0.47 5.16 5.u 4.91 5.40
As 82.42 69J6 67,4 5923 60.16 30.58 34.50 37J6 33.N
sb 2.51 14,61 15.08 21.64 n33 75.t9 25.83 EA 25,q
As 0.05 0.36 1.01 0J9 0.65 1.39 0.82 0.70 0.40
Cu 0.50 - 0J1 - 0 14.95 13.2E 10.E6 13.30
7n - Lr2 0.61 O23 1.00
Pb - 020 0.22 0.34

s 1.00 3J? 3.E6 3.01 2.E5 1L73 12.26 t2'7 LL52
Fe 0.02 0.@ 0.13 - 0.04 1J6 1.86 1J9 1,89
Ag 1.91 5.18 4.gl 2.n 3.M 5.40 6.30 1.VJ 6.V2
sb 0.0J 0.96 o.st 0.96 1.01 3.% 4.1E 4.18 4.08
Ar - 0.04 0.10 0.06 0.04 0.36 O.m 0.18 0.10
Cu 0.02 0.06 - 0.02 4.49 4.00 3.44 4.10
Za 0.01 0.33 0,20 0.08 0.29
Pb - 0.03

2155
0.09

35.80
42.4

s 0.1s - 6.91 752 7.68 8.05 10.98 10.71 r.9
Fe - 0.05
AC 2.43 3.19 5.43 352 2:71 1.73 - 0.,10 0.98
sb 0.94 0.81 2.41 t.t6 2.62 2.9t 3.9 3.86 r.V2
A3 0.06 - 0.11 0.r3 0.r0 0.f/ 0.01
Pb 0.02 - 1.14 t.42 2.89 3.24 5.03 5.03

s
Fe
AC
sb
AI
Pb

t.tz - 16.32 1E.14 16.70 17.6 18.62 11.82
- o24 - 0,10

69.M n.24 43.32 28.61 19.86 12.65 - LU
26.6 n.Io 21.68 30,J5 2t.64 8.m 25.@ U.53
1.00 - 0.61 0:n o.49 0,4 0,2't 0.10
1.06 . 17.33 22.06 40.50 45.39 55.n 54.23

ZwtEo n32 9914 99 1mJ7 99.19 Wg| 99.78 9.07 100.17

4.00 4.&l 16.00 r6.m 16.00 16.m 20.m 20.m 4.m
Slnhols: Arg: dEotits! SF: nrpiai@, Pyd ptftrgdie, Feir fteibergig ltte dys@itq $ilfo:
Pb-Ag-sb $ll@lt, Born: tul@gqitq Myr eye&dF. tha @ tlibdgib tsE M! Ie @
bem non Riley Ot4).

grains of the same sample may vary. The Ag-content of
most grains ranges from 28 to 36Eo, with a maximum
arclumd 3l%ot the Cu-content ranges from l0 to L8Eo,
with a maximum arotnd l5Vo (Iable 1). The lowest
Cu-contents correspond to the highest Ag-contents,
suggesting a Ag-for-Cu substitution @g. 4). Three
grains of freibergite show lower Ag-contents
(17-20Vo), and two grains show higher Ag-
contents (38 and 4l%o). Despite these differences in
Ag-content, these grains show the same textural
crileria and color as grains with common Ag and Cu
contents (around 3l7o Ag) in the same sample. There is
tro correlation between the contents of.Fe (4.L-8.3Vo),
Za (V2.lVo), As (A-L.6Vo), and Ag or Cu. At Aguch4
the freibergite is similar in composition to freibergite
from Mount Isa @iley 1974). A study of freibergite
from several profiles tbrough the entire orebody, from
footwall to hangng wall, did not reveal any Cu-for-Ag
zoning.
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Curo(Fe, Zn)r(Sb,As)4s13

o  l  2  3  4  5  6  7  8  9 1 0

Ag Atoms

ftc. 4, Variation of Ag and Cu in freibergite from Rampura
Agucha calculated on the basis of 29 atoms.
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o
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sb2s3
Ftc. 5. Compositional variation of Pb-Ag sulfosalts from the Rampura Agucha deposit (o)

in the temary system Sb2S3-PbS-Ag2S3. Additional end-member minerals (o) are
derived from Crug et al. (1973), Goodell (1975) and Keighin & Honea (1969).
Ideal compositions, symbols and formulas of the known sulfosalts and sulfides are
shown: gn: galena" PbS; geo: geocronite, 27PbS.7Sb2S3l boul: boulangerite,
5PbS.2Sb2S3; sem: semseyite, 9PbS.4Sb2S3; hefi heteromorphite, 7PbS.4Sb2$;
plag: plagionite, 5PbS.4Sb2S3; rob: robinsonite, 7PbS.6Sb2S3; zin: zinckenite,
6PbS.TSbrSr; ftil flil16ppite, 3PbS.4Sb2$; dad: dadsonite, 1lPbS.6Sb2S3; ow:
owyheeite, 5PbS.3Sb2S3.Ag2S; fiz: fizelyite, 5PbS.4Sb2S3.Ag2S; ram: ramdohrite,
3PbS.3Sb2S3.AgrS; frei: freieslebenite, 2PbS.Sb2S3.Ag2S; dia: diaphorite,
4PbS.3Sb2S3.Ag2S; and: andorite, 2PbS.Sb2S3.Ag2S; si: stibnite, Sb2S3; my:
miargyrite, SbrSr.Ag2S; pya: pyrargyrite, Sb2S13Ag2S; stp: stephanite, Sb2S3'5Ag2S;
arg: argentite, Ag2s.

Pyrargyrite (Ag3SbS) is the predominant
Ag-bearing phase of the Aguchaorebody. It commonly
occurs as anhedral, disseminated grains (5-35 pm
across) in veinlets together with remobilized galen4
chalcopyrite and Sb-minerals. It also forms complex
intergrowths with (or a nanow rim around) Ag-Pb-Sb
sulfosalts (Frg. 30. Pyrargyrite also occurs in close
association with pyrite and pyrrhotite, where it forms
larger subhedral to euhedral grains (up to 100 p"m
across), and it tends to be associated with chalcopyrite
(Fig. 3e). Individual grains are chemically homo-
geneous; although arsenopyrite is present in the same
ore zones, As-contents do not exceed IVo (table L).

Ag-PHb sulfusalts are common but not as wide-
spread as pyrargyrite and freibergite. They are located
invariably in the interior of large aggegates of galena"
where they typically occur as anhedral inclusions

w,'
-f"-
ci fr(
frk
r l&[l

@ l
l

@ l

#
S.oiar Y o

*!** #
l e

p@
i frei
bk
bmo

@

nd

Pbs
gn

s1 pya sry arg

Agzs



1054
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Ftc. 6. Traverse across a zoned grain ofAg-Pb-Sb sulfosalt.

OA-25 pm across). Occasionally complex inter-
growths with pyrargyrite (Fig. 3f) occur within large
aggegaies of galena. Their color in reflected light
resembles that ofgalena, but the reflectivity is slightly
Iower. The Ag-Pb-Sb sulfosalts are strongly
anisofropic and lack internal reflections. Microprobe
analyses reveal considerable compositional variations
(Fig. 5,Table 1). A few grains are significantly zoned
(Ftg. 6). Seven data points encountered @g. 5) plot
near the idealized composition of freieslebenite
(AgPbSbS3).

Boulangerite @b5Sb4S11) forms flakes (10-50 prn
across) in galena @g. 3c) and is commonly encoun-
tered in complex intergrowths with Ag-Pb-Sb
sulfosalts and pyrargyrite (Frg. 3f). Although most
aggregates are devoid ofAg, some grains contain up to
2Vo Ag (Fig. 5, Table l). Dyscrasite (AgrSb) forms
tiny, single-phase subhedral to euhedral grains
(<10 pm across) that are characteristically disse-
minated in the interior of large aggregates of galena
Grg. 3d). It is not found in cont4ct with other Ag
minerals. Low contents of Pb" Sb and S have been
determined (Table 1). Stephanite (Ag5SbS, (5-50 pm
across) is found in a few Ag-rich samples and occurs in
close association with galen4 pyrargyrite and pyrite
(Frg. 3g). Minor contents of As and Cu have been
detected (table 1). Argentite (Ag2S) is rare and forms
tiny anhedral grains (<5 pm) in close association with
pyrargyriie and stephanite (Fig. 3g). Polybasite (Ag,
Cu)t6Sb2Sr1 (Mukherjee et al. l99I) and miargyrite
AgSbS2 also are rare and occur as vein minerals in
sphalerite. Miargyrite contains up to 0.4Vo As, and all
other trace elements are below the detection limit.

DlscussroN

The regional metamorphic history (Ranawat &
Sharma 1990, Deb et al. 1989) includes a high-grade
event with peak conditions of 650-700"C and -6 kbar
in the Rampura Agucha area, atrd it affected the
stratiform orebody. The high-grade metamorphism was
almost isochemical on a large scale, although a number
of components have been redistributed locally during
metamorphism and retrogression. It is difficult to
determine which features in the ore relate to the
prograde event and which reflect retrognde equilibra-
tion. The high-grade metamorphic event resulted in
thorough recrystallization of most sulfldes, develop-
ment of triple-point junctions, ductile deformation
of pyrite and arsenoplrite, the development of
porphyroblasts and the formation of characteristic
metamorphic minerals such as sillimauite and gahnite.
himary sulfide minerals were homogenized, so that
original compositional zoning, if ever present, is no
longer observable. Only Ag-Pb-Sb sulfosalts, which
seem to have formed during the 'ssnning stage of the
metamorphic event, may be zoned (Frg. 6). The ore
minerals seem to have behaved differentially during
metamorphism. Pyrite, pyrrhotite and sphalerile tend to
maintain a constant shape, whereas galen4 which was
by far the most mobile sulfide, almost everywhere
exhibits evidence of plastic deformation and remobi-
lization. To a lesser extent, sphalerite and pyrrhotite
were remobilized into the silicate minerals during and
after high-grade metamorphi$m. All sulfide minerals
except pyrite commonly fill fractures in quartz,
feldspar, and mica; there, stephanite, freibergite and

40

35

30

s
*j 25
F

20

15

10



Ag- BBARING SULFOSALTS, RAMPIJRA AGUCIIA 1055

pyrargyrite may be minor constituents.
Galena-rich samples from the Rampura Agucha

orebody contain eight defined Ag-bearing ore minerals
and a number of intermediate compositions in the
ternary system PbS-Ag2S-Sb2S3. Sphalerite-
dominated samples tend to be devoid of any
Ag-bearing minerals. Pyrargyrite, freibergite and
Ag-Pb--Sb sulfosalts represent the most widespread
Ag-minerals. Stephanite, argentite, miargyrite, dyscra-
site and polybasite are less common. Sulfosalts are
highly susceptible to retrogression and generally
undergo continual re-equilibration to low temperatures
(Vaughan & Craig 1978). Freibergite, boulangerite and
argentite are most probably prograde sulfosalts at
Rampura Agucha, present at the peak of meta-
morphism. The upper limits of stability for iron-rich
tetrahedrite (6.9 atVo Fe) and S-rich argentite are
661'C in the system Cu-Fe-Sb-S (Tatsuka &
Morimoto 1977) and 622"C in the system Ag-Sb-S
(Keighin & Honea 1969), respectively. At higher
temperatures, these minerals melt. Boulangerite has an
upper stabiliry limit of 637'C in the system Pb-Sb-S
(Salanci 1979). The limited solubility of Sb2S3 in
galena (3 mol%o at 640'C; Salanci 1979) would also
suggest the appearance of a separate Sb2S3-bearing
phase at this stage. However, interpretation of these
stability limits could be ambiguous. The stability
curves are pressure-dependent, in the order of G-10'C
per kbar or less in the system Pb-Sb-S (Garvin 1973),
and additional elements such as Zn or As also may
result in a shift of the stability curves (Craig &
Kullerud 1968, Tatsuka & Morimoto 1973, 1977).
P1'rargyrite, the most cornmon Ag-mineral, has an
upper stability limit of 485oC in the system Ag-Sb--S
(Keighin & Honea 1969) and thus formed during the
retrogade part of the P-T path. Although there is no
direct evidence for a breakdown of freibergite, the
occurrence of gudmundite, chalcopyrite and sphalerite
grains @g. 3h), as well as pyrargyrite-chalcopyrite
intergrowths that form large, subhedral pseudomorphs
(presumably after freibergite) in galena (Fig. 3e),
suggests that the following retrograde reactions took
place (not balanced):

(Cu,Fe,Zn)12SbaS13 + FeS2 -)
tetrahedrite pynte

CuFeS2 + FeSbS + ZnS (1)
chalcopyrite gudmundite sphalerite

(Ag,Cu,Fe,Zn)i2Sb4St3 + FeS2 -)
freibergite pydte

CuFeS, + Ag3SbS3 t ZnS (2)
chalcopyrite pyrargyrite sphalerite

It has been demonstrated at several metamorphosed
deposits that freibergite, tennantite and tetahedrite
break down during cooling. At Broken Hill, New South
Wales @limer 1980, Both & Stumpfl 1987), tena-
hedrite reacts to chalcopyrite and gudmundite. At

Rajpura Dariba Rajasthan (Kanika Basu e, al. 1984)
and Cofer, Virginia (Miller & Craig 1983), the tetra-
hedrite-tennantite-group mineral decomposes to
arsenopyrite, chalcopyrite, gudmundite and sphalerite.
At Lingdal Sweden (Karup-Moler et al. 1989),
freibergite has reacted to pyrargyrite and chalcopyrite.
An upper stability limit of gudmundite of 280 t 10"C
in the system Fe-Sb-S (Clark 1966) indicates that
reaction (1) took place at the end of the retrogmde
stage of the metamorphic evolution.

Pyrargyrite and stephanite may also have formed
by a breakdown ofAg-Pb-Sb sulfosalts. Replacement
of Ag-Pb--Sb sulfosalts (presumably freieslebenite;
Fig. 3f) by pyrargyrite and boulangerite in galena
suggests the following retrogmde reaction:

Ag3Pbr.rSbr.nSr.6 -+
Ag-Pb-Sb sulfosalt

Ag3SbS3 + PbS + 0.45 PbrSboSlr (3)
pyrargyrite galena boulangerite

A similar reaction is repor0ed from other localities:
for example, at Tetyubke, Russiao andorite is replaced
by pyrargyrite, owyheeite and stephanite (Natarov
et al. L972); at Riverree, New South Wales, owyheeite
is replaced by pyrargyrite and galena (Lawrence L962);
at the Meerschaum mine, I\41. Wills, Victoria, andorite
is replaced by miargyrite and owyheeite (Birch 1981),
and at Morea, Nevada, andorite is replaced by
diaphorite, diaphorite by owyheeite, and owyheeite
by galena and pyrargyrite @illiams 1968). Alhough
some compositions of Ag-Pb-Sb sulfosalts from
Agucha plot close to the ideal2ed composition of
freieslebenite (AgPbsbsr), most display intermediate
compositions between the end-member minerals. A
few grains aro zoned, and no obvious trend in zoning
pattems was observed, although an influence of reto-
grade metamorphism on the zonation of Ag-Pb-Sb
sulfosalts cannot be ruled out. Hoffinan & Trdlicka
(1978) compared compositions of owyheeite
(AgrPb5Sb6S6) from seven deposits, and showed
that the chemical compositions are highly variable
(40.7746.45 wt.Vo Pb). Mo0lo e/ al. (L984) showed
that substitution of the major cations (mainly 2Pb2+ <+
Ag+ + Sb3+) is responsible for the significant variation
in the composition of owyheeite from thirteen ore
deposits. The lowest Ag-contents of some zoned
Ag-Pb--Sb sulfosalts from the Agucha deposit corre-
spond to the highest Pb- and Sb-contents, suggesting
mainly a Ag-for-(Pb+Sb) substitution (Ftg. 6).

Stephanile, a relatively common retrogtade mineralo
is found in small amounts in many Ag-deposits. It is a
typical secondary mineral phase that formed from other
Ag-sulfosalts. Stephanite has an upper stability limit of
197 t 5'C in the system Ag-Sb-S (Keighin & Honea
1969), indicating formation at the end of the retrograde
metamorphic path. Relics of argentite and pyrargyrite
in stephanite grains @g. 39) indicate the following
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retrograde reaction:

Ag2S + AgrSbS, -r Ag5SbSo g)
argentite pyrargyrite stephanite

The formation of stephanite at the expense of
pyrargyrite and argentite is also reported from
Garpenberg Norr'4 central Sweden (Sandecki 1983).

Dyscrasite, a common Ag-bearing inclusion in
galena (Sharp & Buseck 1993) fomrs tiny inclusions
(40 pm, Fig. 3d) uniformly distributed in the interior
of large aggregates of galena (>3 mm). These types of
inclusions have been interpreted as due to exsolution
of an Ag-Sb rich phase from galena, attributed to a
decreasing solubility of these elements in galena at
lower temperatures. On the basis of their experimental
work, Hall & Czamanske (1972) nd Sandecki &
Amcoff (1981) suggested the formation of Ag-Sb
phases by exsolution from galena between 350 and
400'c.

CoNclustons

This study of Ag-bearing sulfosalts has established
the mineral composition and paragenesis of freibergite,
pyrargyrite, stephanite, dyscrasite, various
Ag-@b)-Sb sulfosalts and several minor impsrtanl6t
mineralg from the Agucha deposit. The present
Ag-mineralogy reflects the metamorphic evolution of
this stratiform deposit. The premetamorphic Ag-
minelals, present at the time of formation of the
deposit, remain unknown owing to the event of
high-gade metamorphism that transformed both the
silicate and sulfide assemblages. Freibergite, as well
as argentite, which were apparently present at the peak
of metamorphism, were partialy consumed during
retrogression. As a result, a low-temperature
assemblage comprising pyrargyrite, stephanite,
gudmundite and chalcopyrite formed in close asso-
ciation with galena. Pyrargyrite also formed by
decomposition of Ag-Pb--Sb sulfosalts. Dyscrasite
exsolved from galena owing to retrograde s6qling and
decompression.
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