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ABSTRA T

Silver, an important by-product in volcanogenic massive sulfide (VMS) deposits of eastern Aus[ali4 is emiched mainly in
Zn-rich zones; in a few deposits it is enriched in Cu-rich zones. Minerals that contain significant a.mounts ofAg include galena,
tetrahedrite and chalcopyrite. The contribution of Ag sulfosalts, native silver and Ag tellurides to the total Ag budget is
generally small. The hosts of Ag in VMS deposis vary spatially as follows: (1) in Cu-rich zones, Ag occurs mainly
in chalcopyrite or Birich galena; (2) in overlying Zn-rich zones, Ag occurs mainly in galena and to a lesser extent, tetahedrite;
(3) in barite-bearing zones, Ag occws mainly in Ag-rich tetraheddte. The geochemical factors that seem to influence the
mineralogical distribution of Ag in VMS deposits include: (1) temperature, (2) the reLative abundances of semi-metals in
fte mineralizing fluids, (3) fractional crystallization of tsfahedrite-tennantite minerals, and (4) redox conditions during ore
deposition. Higher t€mperatues and more reduced conditions favor partitioning ofAg into chalcopyrite, and then galena. Silver
partitions into tetrahedrite under lower temperature, oxidized conditions, assisted by fractional crystallization, hence enriching
later-precipitated tetrahedrite in Ag and Sb.

Keywords: silver, mineral hosts, volcanogenic massive sutfide deposic, eastem Australia.

SorrnueRe

L'argent, important produit secondaire dans I'exploitation de gisements volcanog6niques de sulfures massifs, est surtout
concenf6 dans les zones enrichies en Zn. D:ns quelques gisements, il est plutdt associ6 aux zones cuprifdres. Parmi les
min6raux qui renferment de quantit6s importantes d'argent figurent galbne, t6tra6drite et chalcopyrite. Les contributions des
sulfosels argentifbres, I'argent natif et les tellurures de Ag au bilan global de I'argent sont mineures, en g6n6ral. l,es min6raux
hOtes varient dans I'espace dans ce type de gisement cornme suit (1) dans les zones enrichies en Cu, on trouve l'axgent surtout
dans la chalcopy'rite ou la galdne bismuthifdre; (2) da.* les zones sutrt'rieures enrichies en Zn, l'argent se trouve surtout dans
la galbne et i un degr6 moindre, dans tra tdtra6drite; (3) dans les zones n barite, I'argent se fouve surtout dans la t6tra6drite
argentifdre. Parmi les facteurs g6ochimiques qui r6gissent une telle distribution seraienfl (1) temp6rature, (2) abonda:rce relative
des semi-mdtaux dans la phase fluide, (3) cristallisation ftactionn6e des min6raux du groupe de la t€tra6drite-tennantite, et
(4) conditions d'oxydation au cours de la formation du minerai. Aux tempdratures plus 6lev6es et dans les milieux plus fortement
r6ducteurs, I'argent favorise La chalcopyrite, et ensuite la galbne. Aux tempdratues plus faibles et dans les milieux plus oxydants,
I'argent est davantage r6parti dans la t6tra6drite; un facteur secondaire, la cristallisation fractionn6e, mbne i un enrichissement
de I'argent et de I'antimoine alans la t6taddrite tardive.

(Iraduit par la R6daction)

Mots-cl6s: axgen! min&arxr h6tes, gisements volcanog6niques de sulfures massifs, Australie orientale.

I Present address: Australian Geological Survey Organisation, G.P.O. Box 378, Canbena ACT 260I, Australia.



530 TIIE CANADIAN MINERALOGIST

INTRoDUCT'roN

Of the major metals recovered from volcanogenic
massive sulfide (VMS) deposits, Ag is unique in that it
occurs mainly as a trace or minor element in ore
minerals. As Ag is recovered as a by-product in Pb or
Cu concentrates. extensive research has been under-
taken on bulk samples and metallurgical concentrates
to determine its mineralogical hosts (e.9., Henley &
Steveson 1978. Jambor & Laflamme 1978. Chen
& Petruk 1980. Harris et al. L984. Laflamme & Cabri
1986a, b). Less attention has been paid to spatial
variations in the occurrence of Ag in VMS deposits,
which fypically have well-developed zonation in the
distribution of minerals and metals. The objectives of
this study are to present new data on tle mineralogical
distribution of Ag in spatially constrained samples
from eastem Australian VMS deposits, to establish
patterns ef sening in this distributionn and to propose
geological and geochemical controls on the distribution
of Ag in VMS deposits.

Gsorocv oF Tr{E DEPosrrs STUDED

Mineralogical observations and electron-micro-
probe analyses were undertaken on samples from the
Mt. Chalmers, Waterloo, Agincourt, Balcooma, Dry
River South and Rosebery deposits in order to
determine the mineralogical distribution of Ag. The
mineralogical hosts of Ag in these and other VMS
deposits are summarized in Table 1.

TABII 1. MINBRA!)CICAL DTSTRII'LINON OF SILVER IN VOI..CANOCEMC
M.{SSIVB SULF'IDE DBPOSNS

Mob@ Quebe PFib:0.614@ ppm (t = 42 Ppn).
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B@ick Goleu 0.G0.97a (r = 0,15Vo\;nEo oL Ae. Agarclas witb Bi.

olhs EiDcElr: kobcllik (0.6Co\ @elile (l.Gl,4Vd
Pb-Bi.Sb(Ag) stni6al& 8@lhitc, stcphddb, pyftrgrie
and olalBailn 397o oIAg,

Csiboq Nfl TeEab€driE:0.G192%;687, ofAg, h lhe Ed ore tedsAg 9
lrruBvick l4cls i!6w froo 0.G2,lo/' ilthebww7.9Vo arrhe @p.

Galou <0.04{.2It7, (x = 0.1V/o); 2Ao/. ot ffit AA.
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ud slepheite; 47" of Ag.
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Galw bo297o (x-o.077o); 307o of Ag; Ag (wlalq wilh
Bi (r = 0.80.
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polybslE, F$cilE pyEr$rib, pffiiE dd @iw silvd,
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Il6ieo
sdfrdc

Bomib
b&

BNick No. 12"
NewB@ict

Cofer, Vilginia

Hokuroku disiql
Japatr

DM su6: (l) L!ftpq@ et al (t99t; (2) Hui! et al. (1984) (3) Cabri ct al. (1981; cabd
(t988I ud Walkq & lilaonard (1974); (4) Helmurl (1979); (5) Viwllo (1986); (O An@fr
i il f 19E ; (7) RusdeD ot aL (1990) (8) Chen & Perul (1980): (9) J@bor & l2Jlmme
(1978i; (10) kil@e & C€brl 0986qb) Chrrsulis & sEsd (1988), ud Gbd (1992);
(1 1) Mfllq & crais (194); ud (12) Shinaaki (1974) aod sab (1974).

FIc. 1. Cross sections showing the geology of the (A) Ml Chalmers West l,ode (modified from Large & Both 1980), and
@) Rosebery north-end orebody (modified after Huston & Large 1988).
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Mt Chalmers

The Mt. Chalmers deposit contains of two Cu-
gold-rich massive sulfide lenses that occur above well-
developed pydte - chalcopyrite stringer zones within
the Permian Beserker Beds in central Queensland
(Large & Both 1980, Taube & van der Helder 1983;
Fig. lA). As Mt. Chalmers is one of the least defonned
VMS deposits in Australia, primary textures are
commonly preserved in the ores. Massive sulfide and
stringer ore are dominated by pyrite and chalcopyrite.
Sphalerite, galena and barite occur in the upper
portions of the massive sulfide lenses, along with
minor tennantite. Electrum is a trace Ae-bearine
mineral.

Silver grades are highest (50-100 g/t) in the Zn-rich
upper portion of the massive sulfide lens. In the Cu-
rich lower part of the massive sulfide lens and in the
stringer zone, Ag grades are 5-20 ppm. The disri-
bution of Ag correlates best with those of Zn and Pb
(Large & Both 1980).

Rosebery

The Zn-Pb-rich Rosebery deposit consists of a
series of sheet-like massive sulfide and barite-bearing
lenses within a lens of fine-grained tuffaceous
sandstone and siltstone above an extensive zone of
pyrite-bearing qtuartiz - sericite t chlorite-bearing
altered felsic volcaniclastic rocks in the Cambrian Mt.

t-I
5 0 m

F.€ Terrlgenous sandstones and
conglomerates

[SlArgllllte and chert
Ffi Graywacke
[i] Felslc volcaniclastic rocks
I Massive sulfi de/barite
WPyrltlc quartz'serlclte schlst
N Pyritlc sericiterquartz schist
[i]Andesite

Fro.2. Cross sections show-
ing the geology of the
(A) Waterloo and
(B) Agincourt deposits
(modified after Berry
et al. 1992).
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Read Volcanic Suite of western Tasmania (Brathwaite
1974, Grenn et al. L98l). Samples analyzed in this
study were collected from the north end of the mine,
which contains a lower lens of Zn-Pb-rich massive
sulfide and an upper barite-bearing lens. The base of
the Zn-Pb-rich lenses contains local zones of Cu-rich
massive sulfide (Fig. 1B). Common ore minerals
include pyrite, sphalerite, galena and chalcopyrite.
Other Ag-bearing minerals include tetrahedrite,
electrum, pyrargyrite, miargyrite and acanthite.

The distribution of Ag strongly correlates with that
of Pb, with the highest grades (>500 g1t) occurring
most commonly in barite-bearing zones (Brathwaite
1969, Huston & Large 1988). On the basis of
production assays from the l5-level fan-drilling
program (conducted in the early 1980s), the
barite-bearing zone and Zn-ich massive sulfide
have similar average gades at 160 glt, whereas

Cu-rich massive sulfide has a much lower average
grade,lO glt Ag.

Waterloo and Agincourt

Waterloo (Fig. 2A) and Agincourt Grg. 2B) are fwo
small barite-bearing VMS deposits in the Carnbro-
Ordovician Seventy Mile Range Group of northern
Queensland @erry et al. L992). The Waterloo deposit
is relatively Zn- and Cu-rich, but Pb-poor, and the
Agincourt deposit is Zn- and Pb-rich, but Cu-poor
Qluston et al. L995a). Major ore and Ag-bearing
minerals include sphalerite, pyrite, chalcopyrite,
galena, tennantite and electrum at both deposits, and
hessite and petzite at Waterloo. Waterloo has higher
Ag grades (20-300 glt) than Agincourt (5-60 g/0. The
distribution of Ag correlates with that of Pb, Cu and
gold at both deposits.

lgmmE 23oonE
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ll llcranlte
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masslvs sulfldo
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muscovlte schlsi,
showlng st|ingers
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Ftc. 3. Cross sections
showing the geology of
the (A) Dry River South
and (B) Balcooma
deposits (modified after
Htsston et al. L992.a).



DISTRIBUIION OF SILVER. AUSTRALIAN \.I\4S DEPOSITS 533

Dry River South and Balcooma

Dry River South and Balcooma occur in the lower-
to middle-amphibolite-facies Cambro-Ordovician
Balcooma metamorphic suite of northern Queensland
(Huston et al. I992a). The Dry River South deposit
(Fig. 3.{) consi$ts of a sheet-like polymetallic massive
sulfide lens along the contact between an extensive
zone of pyrite-bearing quartz-muscovite schist (altered
volcanic rocks) and hanging-wall turbiditic metasedi-
mentary rocks. Major ore minerals at Dry River South
include pyrite, sphalerite, chalcopyrite and galena.
Silver-bearing minerals include tetrahedrite, Sb
sulfosalts and elecffum (hrstonet al. 1992a). Both Dry
River South and Balcooma lack barite.

At Dry River South, silver is enriched in Zn-Pb-rich
zones that typically grade 70-140 Clt AC. In Cu-rich
zones, Ag grades are typically 20-50 glt. The distribu-
tion of Ag correlates with that of Pb and gold through-
out the deposit, but with that of Cu in Cu-rich zones.

Balcooma consists of five massive sulfide bodies
in a pelitic lens within a metaturbiditic sequence
(Frg. 3B). Sulfide lenses occur at three stratigraphic
positions, with Cu-rich lenses occupying the inter-
mediate position. Copper-rich zones contain pyrite,
chalcopyrite, magnetite and pyrrhotite as major ore
minslals; Ag-bearing minerals include sphalerite,
galena, tetrahedrite and electrum (Huston et al. L992a).
Silver grades at Balcooma are highest in Zn-Pb-rich
massive sulfide lenses (50-150 g/t). Within these

lenses, the distribution of Ag correlates only with Pb.
Silver grades in Cu-rich zones are 5-50 g/t. In Cu-rich
lenses, the distribution of Ag has a strong correlation
with that of Cu. and a weaker correlation with that of
gold and Pb.

Hosrs or SnvsR

Minerals in which Ag is an essential component are
not major hosts of silver in most VMS deposits. As
tetrahedrite-group minerals, galena and chalcopyrite
are tle most common major hosts of Ag (Table 1),
this study emphasized Ag contents in these three
phases.

Analytical techniques

The CSIRO proton microprobe was used to
determine levels of Ag in pyrite, sphalerite and
chalcopyrite. Relative to the electron microprobe, the
proton microprobe has the advantage of lower limits of
detection, but the disadvantage of a larger sampling
volume. In the minerals analyzed, the effective depth
of analysis is 30-40 pm, and the spot size is typicaly
20 pm. For Ag, typical detection-limits (3o) are
5-15 ppm for all three minerals. Detailed descriptions
of analytical methods are summarized by Sie & Ryan
(1986) and Huston et al. (L995b). The results of
proton-microprobe analyses are summarized in Huston
et al. (1995b).

TABLB 2. ABUNDANCE OF SILVER INIMPORTANT SILVER.BEARING MINERAI-S

TetEheddte Ctalcryydlel Sphaleritel

n Raoge Mm tr Rmge Mean o Rmgg l\4ean
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Electon-microprobe analysis was used to determine
the concentration of Ag and related elements in
electrum, tetahedrite and galena. Electron-microprobe
analysis of galena was used in preference to proton-
microprobe analysis because it offers better detection
limits for Bi. Bismuth M lines are difficult to resolve
from Pb M lines on energy-dispersion spectr4 hence
the detection limit of the proton microprobe is of the
order ofseveral thousand ppm. Conversely, the use of
wavelengtl-dispersion spechometers on the elecfion
microprobe allowed detection limits of several hundred
ppm.

Elecfron-microprobe analyses were done using the
University of Tasmania's Cameca SX50 microprobe.
Software supplied by Cameca @ouchou & Pichoir
1984) was used for analysis and data reduction. Prior to
analysis, potential interferences involving the lines of
interest were determined, and potential problems with
interferences were avoided by adjusting background
offsets or using background-slope corrections.

Tetrahedrite

Minerals of the tetahedrite-tennantite series occur
in all deposits except Balcooma. Table 2 summarizes
the abundance of Ag in tetrahedrite-tennantite from
Rosebery, Mt. Chalmers, Agincourt and Waterloo.
Tetrahedrite from Cu-poor (i.e., <l%o) deposits at
Rosebery and Agincourt tends to be richer in Ag than
tetrahedrile-tennantite from the Cu-rich Mt. Chalrners
West Lode and Waterloo. Dry River South, which
averages about lVo Cu, has Ag-rich (16.9-24.27o) and
Sb-rich (24.5-28.2Vo) tetrahedrite associated with
gatena [D. Patterson in Huston et al. (L992a)].

As in other VMS (e.9., Jambor & Laflamme 1978,
Ramsden et aL 1990) and epithermal deposits
(Hackbarth & Petersen 1984, Petersen et al. 1990),
Ag-rich tetraheftite is enriched in Sb. This trend is
present at Rosebery and Agincourt (Frg. 4). No Ag-Sb
correlation was noted at Mt. Chalmers and Waterloo,
possibly because of the Sb-poor character of the
tennantite.

The relationship between Ag and Sb in tetrahedrite
from Rosebery varies with ore type. End-member
tetrahedrite in veins that were remobilized during
Devonian deformation is Ag-rich (mainly 16-20%o).
Tetrahedrite from barite-bearing zones has moderate
Ag contents (mainly 1.-l0%o) and Sb(Sb + As + Bi)
values that range from 0.45 to 0.95. By contrasl with
the exception of a small group of Ag- and Sb-rich
samples, tetrahedrite-tennantite grains within massive
sulfide zones have the lowest Ag contents (mainly
I4Vo\ but the largest spread in Sb(Sb + As + Bi)
values (0.1-0.9). In both barite-bearing and massive
sulfide zoneso Ag(Ag + Cu) increases linearly with
Sb/(Sb + As + Bi), but the rate of increase is greater in
barite-bearing zones. The small group of Ag-rich
tetrahedrite compositions in the massive sulfide

Agincourt

oB oS

a
9 o.a
?
ctt

< 0.2
E'I

0 . t

o,4

=
I o.s
?
ctl

Y 0.2
C't

0 .1

0.0
0 .0 o .2  0 .4  0 .6  0 .8  l .o

Sb/(Sb+As+Bl)

Frc. 4. Scattergrams showing the relationship between
Sb/(Sb + As) and Ag/(Ag + Cu) (atomic proportions) in
tetrahealrite from the Rosebery and Agincourt deposits.
Data are from this study, Smith (1975), and Huston &
large (1988).

zone come from three very Ag-rich samples
(350-1860 ppm). The most Ag-rich tetrahedrite
(32.L-33.6Vo) is associated with pyrargyrite in the
highest-grade sample.

Galera

Diaphorite @brAg3Sb3Q) inclusions may account
for much of the Ag in argentiferous galena (Laflamme
& Cabri 1986a" Sharp & Buseck 1993). To avoid these
inclusions, analytical spots were examined using back-
scattered electron images at a magnification of
20,000x.

Table 2 summarizes Ag contents of galena from the
deposits studied. Although the maximum concen-
trations exce,ed l.IVo, most galena grains contain less
than0.57o Ag. Galena from deposits with an overall Cu
grade of I.OVa or more (Mt. Chalmers, Dry River
South, Balcooma and Waterloo) commonly contain
greater amounts of Ag than galena from Cu-poor
deposits. This gross relationship is also present within
deposits. At Rosebery, galena from Cu-rich stinger-
like zones has more Ag than does galena from massive

Rosebery Ronob*zed

Sb/(Sb+As+Bl)
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FIc. 5. Triangular diagrams showing the relationships among silveq antimony and bismuth
(in relative atornic proportions) in galena from the Rosebery, Mt. Chalmers, Dry River
Soutl, Balcooma" Agincourt and Waterloo deposits. All data are from this study.
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sphalerite - galena - pynte and barite-bearing zones.
At Balcooma" galena from Cu-rich massive sulfide
lenses and sfinger zones contains higher levels ofAg
than galena from Zn-rich massive sulfide zones.
Although less well defined, a similar relationship holds
at Dry River South.

Figure 5 shows triangular diagrams relating the
atomic abundances of Ag, Sb and Bi in galena. In all
six deposits, most data plot such that Ag approximates
the proportion of Sb + Bi. Deviations from this
ggneralization occur at Agincourt, where some

compositions plot closer to the Ag apex along the
Ag-Sb join, and at Dry River Soutb and Balcoomq
where many of tle data points (mainly from Cu-rich
zones) plot closer to the Bi apex along the Ag-Bi join.
Galena from Cu-poor deposits (Agincourt and
Rosebery) generally is Sb-rich, relative to Bi, whereas
galena from Cu-rich deposits tends to be Bi-rich. A
similar relationship is present in other deposits. At
Rosebery, Dry River South and Balcooma, galena from
Cu-rich zones is Bi-rich. Conversely, galena from
Zn-ich zones is more Sb-rich" although Birich galena

Mt Chalmers

X Badtlc masslvo aullldo
+Zn{ich maoolvg 8ulfldg
O Cudch maslvs rulida

Rosebery

Agincourt Waterloo

Zn-rlch

Dry River South Balcooma
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Galena
Ag (wt %) Sb+Bl (mole 7") Sb/(Sb+Bi)

0.0 0.4 0.8 1.2 0.0 0.4 0.8 1.2 0.O O.2 0.4 0.6 0.8 1.0

Chalcopyrite

ffiHost rocks EBarhlc massive sulflde/ ffiMassive sphalsrlte- lrrlasstue pyrite- XlAltered tootwall-rilassivo barit€ *galena-pyrite -chalcopyrite -volcanic rocks,
showlng slringers

Ftc. 6. Variations in silver, totd Sb + Bi and Sbi(Sb + Bi) in galena and silver in chalcoplrite in drill hole R3397,
which passes through the Rosebery north-end massive sulfide lens and barite zone.
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also is present, especially at Dry River South. At
Rosebery, galena from barite-bearing zones is
generally more Bi-rich than galena from massive
sphalerite - galena - pyrite zones.

In core from drill hole R3397 at the Rosebery
deposit (Fig. 6), galena from stinger zones and the
basal part of the massive sphalerite - galena - pynte
zone is extremely Bi-rich relative to Sb; the relative Sb
content increases into the massive sphalerite - galena -
pyrite zone, and then decreases significantly in the
barite-bearing zone. The differences in Sb(Sb + Bi)
occur within an overall trend of decreasing Sb + Bi,
which closely mimics a trend o1 4ssls6sing Ag
contents.

Figure 7 illustrates the relationship between Ag and
Sb(Sb + Bi) in more detail. In all deposits except
Agincourt (which lacks Bi-rich galena; not shown), all
data points plot along a curvilinear trend in which the
Ag content is low (<0.2 mol.Vo) and relatively constant
for Sb/(Sb + Bi) above 0.2. Below 0.2,the Ag content
increases rapidly to values that corffnonly exceed
0.5 moLVo where Sb(Sb + Bi) is less than 0.05.
Althougl Ag is generally not correlated with Sb/

(Sb + Bi) where Sb/(Sb + Bi) exceeds 0.2, a significant
positive correlation (r = 0.66; n = 32) is present in
barite-bearing samples from Rosebery.

hevious analytical data on Ag contents of galena
exist only for Rosebery. Henley & Steveson (1978)
reported that galena from Rosebery averages 0.107o
Ag, which differs from the average of 0.2LVo for all
galena compositions determined in this study.
However, our samples were not collected in a
representative manner; hence the results are biasd
particularly by the collection of extremely high-grade
samFles. Samples of massive sphalerite - galena -
pynte in which Ag grades exceed 350 gt contain
Ag-rich galena (0.16-O.23Vo). If these samples, and
samples from Cu-rich zones, which are not mined, are
excluded, the average Ag concentration of galena is
0.l6Vo, closer to the value determined by Henley &
Steveson (1978).

Huston et al. (1992a) estimated that galena in
Zn-rich zones at Balcooma would contain 0.l2%o Agrf.
galena hosted all Ag. This value is close to the average
0.l5%o content for galena from Zn-rich massive sulfide
zones at Balcooma.
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Chalcopyite

Table 2 summarizes the results of proton-
microprobe analyses of chalcopyrite from all deposits
except Agincourt. The maximum concentration of Ag
in chalcopyrite grains was found to be 470 ppm,
although most analyses indicated less than 100 ppm.
These levels are similar to values reported at Mobrun
(Larocque et al. 1995) and Kidd Creek (183 ppm;
Cabri 1988), but lower than values reporled at Izok
Lake (500 ppm; Harris et al. 1984), and much lower
than values reported for the Hilton sediment-hosted
massive sulfide deposit (2000 ppm, Haris et al. 1984).

The most Ag-rich chalcopyrite occurs at Rosebery,
where chalcopyrite from pynte - chalcopyrite stringer
and massive sphalerite - galena - pydte ores contains
150-470 ppm Ag. In contrast, chalcopyrite from one
barite-bearing samFle contains less than 20 ppm Ag
(Frg. 6). The average of all determinations at Rosebery,
220 ppm, compares well with an average estimated
for Rosebery mill feed by Henley & Steveson (1978),
180 ppm.

Balcooma shows the next highest levels of Ag in

Mt Ghalmers
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o .o  L
0 . 0

Sb/(Sb+Bi)

Balcooma

o,4  0 .6

sb/(Sb+Bi)

chalcopyrite (<10-120 ppm). A small number of
determinations in material from Dry River South
suggests that chalcopyrite from Cu-rich zones is more
Ag-rich (55-120 ppm) than that from Zn-rich zones
(<15 ppm). Chalcopyrite from the Cu-rich Mt.
Chalmers and Waterloo deposits has relatively low
levels of Ag (mainly <30 ppm). Chalcopyrite from the
stringer zone at Mt. Chalmers has a higher average Ag
content (20 ppm; 'hot detected" values taken as 5 ppm;
MDL = 1G-15 ppm) than chalcopyrite in the massive
sulfide lens (13 ppm).

Sphnkrite

Owing to the gleat abundance of sphalerite in many
VMS deposits, even low levels of Ag in sphalerite
could account for a large portion of the silver budgets.
However, half of atl determinations of Ag in sphalerite
were below the detection limit of 15-10 ppm, and a
significantly higherproportion of the determinations in
material from Balcooma, Mt Chalmers and Rosebery
were below this limit. Most determinations from Dry
River South, Agincourt and Waterloo exceeded the
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FIc. 7. Scattergrams showing the relationships between silver and Sb/(Sb + Bi) (atomic proportions) in galena from
the Rosebery, Mt. Chalmers, Dry River South and Balcooma deposits. All data are from this study.
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detection limit. Even in deposits with detectable Ag in
sphalerite, the values ari mainly below 30 ppm.
Agincourt has the highest levels of Ag in sphalerite; the
maximum concentration was found to be 110 ppm, and
ttre average is 60 ppm. These results suggest that
sphalerite is not a major host of Ag, except possibly at
Agincourt.

Other major ore minerals

As pyrite is the most abundant ore mineral in most
VMS deposits, it also could host a significant portion
of Ag. Huston et al. (1995a) analyzed pyrite grains
from all six deposits. They recorded Ag contents to
460 ppm, but suggested that this results from
inclusions oftetrahedrite or galena, as the level ofAg
commonly is correlated with concentrations of Sb and
Pb. The concentration of Ag in the pyrite structure was
inferred to be less than 5 ppm, the detection limit of the
proton microprobe.

Silver minerals

In addition to electrum, which was observed in all
deposits, two of the deposits contain small amounts of
Ag minerals. At Waterloo, hessite occurs as a
moderately widespread trace mineral, and petzite was

observed in one instance. At Rosebery, trace quantities
of pyrargyrite occur in Ag-rich samples in association
with Ag-rich tetrahedrite and miargl'rite, and acanthite
occurs as a rare trace mineral in massive sphaleriie -
galena - pyrite ore at Rosebery.

QUALnATTVE Mtr{ERALocIcAL BaraNcB oF STLvER

To illustrate the importance of various hosts of Ag
among and within dspcils, Table 3 shows the results
of qualitative mineral-balance calculations. The
calculations used compositional data derived from this
study (Table 2), and grade data either from the
literature, or calculated for different ore-types (cfl
Rosebery and Balcooma) using diamond drill-core
assay data. The results are inherently qualitative owing
to the nature of data collection. If 'hnusual" samples
are excluded, the calculations sugge$t several
interesting differences both among and within deposits.

Ofthe deposir and ore types considered, in only one
@osebery barite-bearing samples) does the total Ag
accounted for by significant Ag-bearing minerals
amount to the estimated Ag grade (*l0%o). Two others
(Mt. Chalmers and Balcooma 7ll.-ncQ are withtn25Vo
of the Ag grade. The calculated mineral-balances for
Ag of these three deposits or ore types probably
approximate the true mineral-balances, given the large

TABI,E 3. QUAIJI.{TIVE ESTMATES OF TIIB MINERALOGICAL BAIANCE OF SILVER IN SOME EASTERN AI]STRALIAN VMS DEPOSTN
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uncertainty of the calculations.
For massive sphalerite - galena - pyrite ore at

Rosebery and at Dry River South, the Ag budget
calculated for major Ag-bearing minerals exceeds the
true grade by more than 50Vo.Tlis results mainly from
the inclusion of anomalously Ag-rich galena in the
calculations. As discussed above and summarized in
Table L, the Ag content of galena from these two
deposits is highly variable. A few "atypically''high Ag
concentrations significantly bias the final average
value. When analyical results for Ag-Bi-rich galen4
which is resticted to the lower portion of the massive
sulfide lens. are excluded from the data set for
Rosebery massive sphalerite - galena - pynte ore, the
average Ag content decreases from 0.27Vo to 0.1.IVo,
and the total Ag budget decreases from l86Vo to 98Vo
(Iable 3).

In the Waterloo deposit and Balcooma Cu-rich
lenses, major Ag-bearing minerals account for less
than 50Vo of the total Ag, suggesting the presence of
other major hosts of the Ag. At Waterloo, hessite and
petzite could account for the 6 SVo Ag deficit. The siting
of the unaccounted Ag at Balcooma is problematic.
Huston et al. (1992a) suggested that chalcopyrite hosts
Ag at a level of 140 ppm owing to an excellent
correlation between concentrations of Ag and Cu, but
this study suggests that chalcopyrite containso on
average, only 46 ppm Ag. Hence, either the chalco-
pyrite analyzed in this sfudy is unusually Ag-poor, or
some other mineral accounts for the Ag. A possible
candidate is pyrrhotite, which can contain up to
100 ppm Ag (Fleischer 1955, Cabri et al. L985),andis
common in Cu-rich zones. Alternatively, Ag could
occur in Bi sulfosalts in Cu-rich zones.

Comparisons among and. within deposits

Mineral-balance calculations suggest that the
mineralogical distribution of Ag differs among and
within deposits. Except for the Waterloo deposit,
Rosebery barite-bearing ores, and Balcooma Cu-rich
massive sulfide ores, galena is the main host of Ag. In
Balcooma Cu-rich zones, chalcopyrite is the dominant
host, whereas in Rosebery barite-bearing ore, teta-
hedrite is the main host. Tetrahedrite is a significant
host of Ag only in Cu-poor deposits. In contrast,
tetrahedrite-tennantite accounts for at most 4Vo of. the
total Ag in Cu-rich deposits at Balcooma, Mt.
Chalmers and Waterloo. Except for Balcooma Cu-rich
lenses, chalcopyrite, sphalerite and electrum account
for small fractions (mainly 4Vo) of the Ag. The
Waterloo deposit is unique in that hessite is the
probable major host of Ag.

Mineral-balance calculations at Rosebery and
Balcooma also suggest intradeposit variations in the
distribution of Ag. At Rosebery, tetrahedrite accounts
for more than 907o of Ag in barite-bearing massive
sulfide ore, but for only 25Vo in barite-free massive

sphalerite - galena - pyrite. The proportion estimated
by Henley & Steveson (1978;65Vo) lies between the
proportions estimated for the two ore types in this
study.

At Balcooma chalcopyrite is the predominant Ag
host in Cu-rich massive sulfide, but it is insignificant in
7n-rich massive sulfide ore. In contrast, galena is a
significant Ag host in both types of massive sulfide ore,
but evetr more importantnZn-ich massive sulfide.

Other deposits

Silver is enriched in the upper and lateral portions of
most deposits, mainly in association with Zn and Pb
[e.g., Mobrun: Larocque et al. (7993), Hellyer:
McArthur & Dronseika (1990), Hokuroku disfrict:
Shimazaki (1974)1. An imFortant exception is the
Millenbach deposit (Knuckey et al. L982), in which Ag
occurs mainly with Cu in the pyrrhotite-rich core of the
massive sulfide lens. Perhaps the most complicated
distribution occurs at Kidd Creek, where Ag-rich zones
occur in both the Zn-ich tops and Cu-rich bases of
massive sulfide lenses, and also in the stringer zones
(M. Hannington and E. Koopman, pers. comm. 1994).
The highest Ag grades occur in a bomite-rich zone ttrat
has locally replaced chalcopyrite-rich ore.

In most VMS deposits, galena and tetrahedrite are
the main hosts of Ag (Iable 1), although chalcopyrite
is a significant, if not dominant, host of Ag in Cu-rich
zones within the Izok Lake (Ilarris et al. 1984), Kidd
Creek (Cabri 1988), and Pyhasalmi (Helovouri 1979)
deposits. Deposits in which tetrahedrite is the
predominant host of Ag outnumber those in whicb
galena is the predominant host. In particular, tetra-
hedrite dominates in the Mt. Read and Bathurst
disricts, in which the deposi* are rather Cu-poor.
Conversely, galena is tle domin4l host in the more
Cu-rich deposits. Deposits in which Ag minerals host a
significant portion of the total Ag are not that common.
Native Ag accommodates a significant portion of the
Ag at Kidd Creek (Cabri 1988); Ag sulfosalts are
significant hosts at Heath-Steele (Chen & Petruk
1980).

Gnoloclcar- em Grocnmnclr Conrnors
ON TIIE DISTRIBUTION OF SILYER

tr{ VoIcANocEI\[c Messnu Suflle DEPosrrs

Although in most VMS deposits, Ag undergoes
zone refinement like Pb and 7no the detailed mecha-
nisms of Ag enrichment are complicated, owing to the
large variability 1t 16e mineralogical hosts of Ag.
Factors that may affect its spatial and mineralogical
distribution include: (1) the temperature, pH and redox
state of the hydrothermal fluid, (2) the speciation of
Ag, Sb and Bi in the hydrothermal flui4 and (3) the
solubility of Ag in sulfide minerals and the effect of Sb
and Bi on that solubility.
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Pltysicochemical parameters of volcanogenic Jluids

Owing to detailed paragenetic, isotopic and fluid-
inclusion studies of ancient VMS deposits over the past
twenty years, the physicochemical parameters of ore-
forming fluids have been well constrained (e.g.,I-,arge
L977, Green et al. L987, Pisutha-Amond & Ohmoto
1983, Ohmoto et al. 1983). The most important
parameters that affect Ag contents, distribution and
mineralogy include temperatureo pH, salinity, HrS
concentrations and redox state.

Speciation of Ag, Sb and Bi in volcanogenic fluids

In volcanogenic fluids above 200oC, Ag is
transported as chloride complexes (mainly AgCl2;
Seward 1976). Antimony is transported by a neutral
hydroxyantimonite complex [Sb2S2(OH)2] below
275'C (Krupp 1989) and a neutral hydroxide complex
lSb(OfD3l above 275"C (Wood er al. 1981). Bismuth
is probably transported as a neutral hydroxide complex
[Bi(OH):; Wood et al. 1987]. In all cases, a decrease in
temperature or an increase in HrS concentration causes
precipitation of metals. Changing pH has no effect on
Sb and Bi solubility, but increasing pH causes
precipitation of Ag.

For a 350oC volcanogenic fluid, the solubilities of
Ag (relative to AgrS) and Sb (SbrSr) are 23-40 ppm
and 340-1900 ppm, respectively (calculated from
compositional and thermodynamic data mentioned in
the above two paragraphs). Hence, it is unlikely that
Ag or Sb were saturated in higher-temperature fluids
that formed Cu-rich ores. As a consequence, both Ag
and Sb were probably dissolved from the Cu-rich cores
of the deposits and moved outward to the upper and
lateral portions, where they precipitated as the fluid
quenched when it mixed with seawater. This process,
termed oozone refining" @ldridge et al. 1983), also
applies to Pb and Zn, hence the common association of
Ag wifh Pb in the lateral and upper portions of VMS
deposits.

Crystal-chemical controls on Ag solubility in
maj or ore-forming minerals

Silver occurs as a trace or minor element in ore-
forming minerals in VMS deposits; thus the crystal
chemistry of these minerals plays an important role in
determining the abundance of Ag in host minerals, but
that role is not uniform.

Although the solubility of Ag2S in galena is
insignificant below 500'C (Van Hook 1960), signifi-
cant amounts of Ag can dissolve in galena by coupled
substitution with Sb or Bi. Above 200'C, AgBiS2
forms a complete solid-solution with galena (Van
Hook 1960), and above 390'C, AgSbS, forms a
complete solid-solution with it (Amcoff 1976). At
temperatures below 390'C, AgtsiS2 is more soluble

than AgSbS2, These solubility relationships led
Amcoff (1984) to propose that coupled substitution of
Ag with (mainly) Sb or Bi in galena controls tle
distribution of Ag in VMS deposits. The overall
relationship in galena of Ag = Sb + Bi (in atoms per
forrnula unit) observed in this study is consistent with
the model of Amcoff (1984), but the overall control on
Ag is more complicated, as tefrahedrite is also a major
Ag host in many YMS deposits.

Studies of the composition of tetrahedrite-
tenwrntite in Ag-rich epithermal vein (e.9., Hackbartl
& Petersen 1984) and VMS deposits (e.9., Jambor &
Laflamme 1978, Miller & Craig 1983, Ramsden et a/.
1990) demonstrated a strong positive correlation
between Ag and Sb contents of tetrahedrite-tennantite.
Hackbarth & Petersen (1984) proposed a "fractional
crystallization" model for the covariations of Ag
with Sb. By assuming that Cu and As fractionate
preferentially into tennantite relative to the fluid, they
duplicated variations observed at gain and ore-deposit
scales: early or proximally precipitated tennantite is
enriched in Cu and As, whereas later or more distally
precipitated tetrahedrite is enriched in Ag and Sb.
Experimental results at 500"C were interpreted by Sack
& Loucls (1985) to be consistent with the fractional
crystallization model of Hackbarth & Petersen (1984).
The effect of fractional crystallization may be
enhanced by a (crystal-chemisry controlled?) correla-
tion of Ag/(Ag + Cu) with Sb/(Sb + As), noted in ttre
electrum-buffered experiments of Ebel & Sack (1989).
Fractional crystallization seems to be an important
control on the composition of the tetrahedrite-
tennantite-group phase.

Of the three major hosts of Ag in VMS deposits, the
crystal chemistry of Ag in chalcopyrite is least known.
Experiments by Prouvost (1966) showed that
chalcopyrite can contain up to 5-8 wt%o Ag in solid
solution, probably substituting for Cu. However, in
nature, levels of Ag in chalcopydte are much lower.
Sandecki (1983) recorded up ro l.8Vo Ag in chalco-
pyrite from the Grapenburg Norra deposit in Sweden,
but in most deposits the amount of Ag is below
2000 ppm (e.9., J.F. Riley in Knights 1983, Harris er a/.
1984, Cabri et al. L985, Larocque et al. L995; thts
study). Cabri & Harris (1984) suggested that the high
concentrations reported by Sandecki (1983) probably
result from Ag diffrrsion that forms a thin film of Ag2S
at the surface of chalcopyrite rather than the true Ag
content of the chalcoppte (cf.Chen et al. 1980).

A model for the concentration of Ag in VMS deposin

Amcoff (1984) presented a model for the distri-
bution of Ag in YMS deposits in which he emphasized
the importance of coupled substitution of Ag with Sb
or Bi in galena. According to his model, a small
fraction of Ag precipitates in chalcopyrite af high
temperature (>300"C), but most Ag precipitates in
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galem; higher temperatures favor coupled substitution
with Bi rather than with Sb. Although Amcoffls (1984)
model is consistent with observations in deposits in
which galena is the dominant host to Ag, it does not
account for the disnibution in deposits where tefta-
hedrite is an important host.

On the basis ofdata from this and previous studies,
we have developed a geochemical model for the spatial
and mineralogical disnibutions of Ag in VMS deposits.
This model extends the original model of Amcoff
(1984) to include deposits in which galena is not the
major host.

Chernicalfactors that affect panitioning of Ag among
major hosts

Although not precisd describing the partitioning
of Ag, these reactions illustrate the most important
controls:

8AgSbS2 (ss) + 12CuFeS, + 4ZnS +
6H2S (aq) *3O2=

ZCu6AEFnzSbaStu + 12FeS, + 6HrO (1),

AgSbS2 (ss) + Bi(OH), (aq) =
AgBiS2 (ss) + Sb(OH)3 (aq) (2),

and

8AgFeS2 (ss) + 8Bi(OID: (aq) +
16H2S (aq) *2O2=

8AgBiS2 (ss) + 8FeS, +28HrO (3).

In all reactions, AgSbS2 (ss) and AgBiS2 (ss) occur as
solid solution in galen4 and in reaction (3), AgFeSt
(ss) occun as solid solution in chalcopyrile. knportant
confiols on Ag pafiitioning include temperature o rrilJzs,
mSb(OII)/ntsi(OlI)1, and the redox condition of the
fluid.

Reaction (1) suggests that mH2S, redox and
temperature of the fluid confiol partitioning of Ag
between Sb-rich galena and tetahedrite. As nH2S is
fairly constant in VMS systems (cf. Lwge L977), the
main controls appear to be redox and temperature. At
constant temperature, Ag is partitioned into tetrahedrite
under more oxidized conditions. In addition, empirical
evidence suggests that Ag is partitioned into tera-
hedrite at lower temperature.

Reaction (2) suggests that the mZBilmZSb ratio of
the fluid determines the dominant semi-metal with
which Ag enlers into lir:ked substitution in the structure
of galena. At temperatues below 275"C, where
hydroxyantimonite complexes predominate over Sb
hydroxide complexes, increasing nH2S favors coupled
substitution with Bi:

Sb2S2(OlI)2 (aq) + 2AgBiS2 (ss) + 4H2O =
2B(OII)3 (aq) + 2AgSbS2 (ss) + 2H2S (aO ( ).

Reaction (3) indicates that Ag fractionates more into
chalcopyrite relative to galena from reduced, Bi-poor
or H2S-poor fluids. A limiting factor in the above
reactions is the abundance and stability of galena. Most
Archean VMS deposits are Pb-poor, and galena is only
a minor to trace mineral in parts of Cu-rich zones in
many Phanerozoic and Proterozoic deposits.

Conditions of ore formation

In addition to the well-documented differences in
temperatures of deposition among VMS ore types,
there may also be differences in redox conditions. The
best evidence for redox variations within deposits is
the conunon presence ofbarite in the upper portions of
Proterozoic and Phanerozoic VMS lenses, but its
absence in the lower portions of the same deposits.
Additional mineralogical evidence for redox variations
include changes in iron - sulfur - oxygen minerals and
in the FeS content of sphalerite. Pyrrhotite occurs
mainly at the base of the Millenbach deposit (Knuckey
et al. L982), and trace quantities ofpynhotite occur in
Cu-rich zoneso but not in overlying zones at Rosebery
(Huston & Large 1988). At Rosebery, the FeS
content of sphalerite is commonly highff (l-1 4 mol.Vo)
in barite-free massive sulfide zones, and lower
(4 mol.Vo) in badte-bearing zones (Green et al. L981,
Khin Zaw & Large 1996). Green et al. (198L;
Rosebery) and Ramsden et al. (1990; Hellyer)
observed that the FeS content of sphalerite decreases
from the Cu-rich base to the Zn-rich top. These data
suggest that in well-zoned deposits, Cu-rich ores tend
to be most reduced, whereas barite-bearing zones are
most oxidized.

The madel

On the basis of the above differences in the condi-
tions of ore formation, likely reactions governing the
partitioning of Ag, and observations of the miner-
alogical occlurence of Ag, Figure 8 illusfrates a model
for the concenfiation of Ag in YMS deposits.

At the thermal peak of ore formation, higher
temperature (300'-350'C), relatively reduced Cu-rich
fluids interact q/ith the base of a pre-existing massive
sulfide lens. The fluids dissolve and replace 7n-rich
ores to form Cu-rich ores @)didge et aL.1983). During
this process, there is a net gain of Ag in the fluid phase,
as the Ag grades of Cu-rich zones are generally lower
than those of Zn-rich zones. This results mainly from
the dissolution of tetrahedrite and galena. However,
some Ag is retained in chalcopyrite and relict galena.

The temperature and redox condition of the fluid
probably govem the proportion and mineral siting of
Ag retained in Cu-rich zones. Reaction (3) suggests
that chalcopyrite will be the preferred host of Ag
relative to galena under reducing conditions. In
addition. reduced conditions are more favorable for
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precipitation of Ag into chalcopyrite from the fluid:

4AgFeS2 (ss) + 8Cl- + 4W + Or=
 $gclz- + 2HrO + 4FeS2 (5).

This may account for the higher Ag content of
chalcopyrite in reduced deposits relative to oxidized
deposits, and for the decrease in the contents of Ag in
chalcopyriie from the relatively reduced Cu-rich to the
relatively oxidized barite zones at Rosebery. Silver
may be concentrated in the Cu-rich core of the
Millenbach (Knuckey et al. 1,982) and enriched in
chalcopyrite at Izok Lake (Harris er al. 1984) because
the reduced conditions of formation, as imFlied by the
abundance ofpyrrhotite, may have favored retention of
Ag in chalcopyrite during zone refining.

In most other deposits, Ag has been leached from
Cu-rich zones and deposited in galena or tetrahedrite in
Zn-ich upper and outer zones. As the fluids cool and
become more oxidized, Ag initially precipitates in
galena, mainly by coupled substitution with Bi.
Reaction (1) implies that galena is preferred as a host
over tetrahedrite under reducing conditions, and
empirical evidence suggests that galena, particularly
Bi-rich galena, is favored over tennantite at higher
temperafure.
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Low

The relative importance of Sb or Bi in coupled
substitution with Ag in galena depends on the XBiDSb
value of the hydrothermal fluid. High XBiDSb values
favor coupled substitution with Bi. Because Bi
generally is concentrated in Cu-rich zones and Sb
generally is concentrated n Zn-rJ.ch zones (Smith &
Huston 1992), the XBiDSb value in this fluid decreases
as it passes through the massive sulfide lens. Coupled
substitution of Ag with Sb is more imFortant toward
the top (Fig. 6), but as Sb-rich galena cannot dissolve
as much Ag as Bi-rich galen4 Ag concenfations in
galena decrease toward the top of ore lenses. Silver-
and Birich galena is concentrated in Cu-rich zones and
the lower parts of Za-rich zoneso whereas Sb-rich
galena with lower Ag contents is concentrated in the
upper parts of Zn-rich zones and in barite-bearixo
zones.

As the temperature continues to decrease and the
fluids become more oxidize4 argentian teilahedrite
becomes more important according to reaction (1).
Incorporation of Ag into tetrahedrite rather than galena
also may be favored by even lower XBiDSb values in
the fluid. Values of XCuDAg and XSbDAs in the fluid
also influence the importance of tefahedriie as a host
to Ag (Hackbarth & Petersen 1989, Sack & Loucls
1985). Fractional crystallization of tetrahedrite-
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Flc. 8. Schematic diagram showing hypothesized controls on the distribution and mineralogy of silver in volcanogenic massive
sulfide deposits.
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tennantite, and chalcopyrite and arsenopyrite
precipitation in the lower portions of ore lenses,
increase both ratios such that the crystallization of
Ag-rich tetrahedrite is favored in the upper portion of
ore lenses.

Exceptions to the madel

The above model for the distribution of Ag in VMS
deposits accounts for most of the deposits su-marLed
in Tables I and 2. The most important exceptions are
Kidd Creek. Heath-Steele and Waterloo.

At Kidd Creek, native silver is a significant host in
chalcopyrite-rich zones (i.e., "N' or4, and perhaps in
Za-rjch zones (Cabri 1988). In the bornite zoneo
naumannite is a siglificant host of Ag (t\orpe et al.
1976). Although pyrite and pyrrhotite are both present
pynhotite is more common in Cu-rich stringer zones
than Zn-ich massive sulfide zones (Walker &
Mannard 1974). T\e following reactions tnay govem
stability of native silver in equilibrium with Ag-bearing
chalcopyrite:

AgFeS2 (ss) = 4g * P"t, (6),

and

2AgFeS2 (ss) + 2HrO =2Ag+
2FeS + 2HrS + O, (7).

For ores rich in pyrite relative to pyrrhotite, reaction (6)
suggests that the stability of native silver depends on
the solubility of Ag in chalcopyrite. In conftast, in ores
richer in pynhotite, reaction (7) indicates that redox
also is important: native silver is favored by more
reduced conditions. Hence, one possible reason for a
significant proportion of native silver, particularly in
Cu-rich stringer zones, is the reduced character of the
ores. As an alternative, the presence of native silver
may result from metamorphic recrystallization.

At Heath-Steele, New Brunswick, a large portion of
the total Ag resides in Ag-Sb sulfosalts and acanthite,
and acanthite is commonly intergrown with native
antimony (Chen & Petruk 1980). Chen & Peruk
(1980) atso found that galena contains little Sb
(<500 ppm), and that Ag in galena was taken into solid
solution by coupled substitution with Bi. In the absence
of significant coupled substitution of Ag and Sb in
galen4 possibly as the result of low temperatures of
deposition, reaction (1) suggests that Ag-Sb sulfosalts
[e.g., miargyrite (AgSbS)] are stabilized relative to
argentian tetrahedrite under reduced conditions. Heath-
Steele and other VMS deposits in the Bathurst district
are characterized by the very rare occrurence ofbarite
(It4cCutcheon I992)a hence, a low temperature and
relatively reduced conditions during the formation of
the Heath-Steele deposit may have stabilized Ag-Sb
sulfosalts. By analogy, the presence of Ag-Sb

sulfosalts in Ag-rich, Zn-ich, barite-free massive
sulfide samples at Rosebery may result 1to6 similar
processes.

Lastly, Waterloo is an unusual VMS deposit
because of the presence of significant quantities of
telluride minerals. This implies that the Waterloo ore
fluids were enriched in tellurium, which favored
precipitation of hessite over other Ag-bearing minerals,
particularly as the paucity of Bi minerals and the low
Bi contents in galena suggest low levels of Bi in the
mineralizing fluids.

CoNCLUSIoNS

Data from this and previous studies indicate the
following generalized distribution of Ag in
volcanogenic massive sulfide deposits:

(1) Ag is generally enriched in the Zn-rich, upper
portion of the deposits. In a few deposits, Ag is
enriched in the Cu-rich, basal portion.

(2) Galena and tetrahedrite are the most important
hosts of Ag in most deposits. Tetrahedrite is commonly
most important in the uppermost, barite-bearing
portions, whereas galen4 particulady Bi-rich varieties,
is commonly more important deeper in the lenses.
Chalcopyrite is a significant host to Ag at the base of a
few deposits.

(3) In a small proportion of deposits, Ag sulfosalts,
telluride minerals or native silver are important hosts of
Ag.

The partitioning of Ag between the three major
mineral hosts is probably controlled by temperature,
fluid redox conditions, fractional crystallization of
tetrahedrite-tennantite. and >Di/ZSb values in the fluid
phase. High temperature and reduced conditions favor
the partitioning of Ag into chalcopyrite, followed by
galena. Silver is partitioned into tetrahedrite under
lower temperature and relatively oxidized conditions.

In mature VMS deposits, upwelling hydrothermal
fluids leach Ag from the base of the lens during zone
refining, although a portion may be retained in
chalcopyrite, particulady in more reduced deposits. As
the fluid passes through the sulfide lens and cools, Ag
precipitates into tetrahedrite or galena. Lower XBiDSb
values in the fluid phase, lower temperatures and more
oxidized conditions favor tefahedrite over galena as a
host for Ag. Consequently, galena is favored as a host
in the lower part of Zn-rich zoneso whereas t€trahedrite
is favored in barite-bearing zones.
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