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ABSTRACT

Minor elements, such as Ag, As, Au and Sb, have commonly been remobilized and concentrated into discrete pockets in
massive sulfide deposits that have undergone metamorphism at or above the middle amphibolite facies. On the basis of our
observationsat the Broken Hill orebody in Australiaand experimental resultsin theliterature, we contend that some remobilization
could be the result of partial melting. Theoretically, a polymetallic melt may form at temperatures as low as 300°C, where
orpiment and realgar melt. However, for many ore deposits, the first melting reaction would be at 500°C, where arsenopyrite and
pyrite react to form pyrrhotite and an As-S melt. The melt forming between 500° and 600°C, depending on pressure, will be
enrichedin Ag, As, Au, Bi, Hg, Sb, Se, Sn, T, and Te, which we term low-melting point chal cophile metals. Progressive melting
to higher T (ca. 600°~700°C) will enrich the polymetallic melt progressively in Cu and Pb. The highest-T melt (in the upper
amphibolite and granulite facies) may also contain substantial Fe, Mn, Zn, aswell as Si, H,O, and F. In our model, we suggest that
the presence of polymetallic melts in a metamorphosed massive sulfide orebody is recorded by: (1) localized concentrations of
Auand Ag, particularly in the presence of low-melting-point metal's, (2) multiphase sulfideinclusionsin high-T gangue minerals,
(3) low interfacial angles between sulfides or sulfosalts suspected of crystallizing from the melt and those that are likely to have
been regtitic, (4) sulfide and sulfosalt fillings of fractures, and (5) Ca- and Mn-rich selvages around massive sulfide deposits.
Using these criteria, we identify 26 ore deposits worldwide that may have melted. We categorize them into three chemical types:
Pb- and Zn-rich deposits, either of SEDEX or MVT origin, Pb-poor Cu—Fe-Zn deposits, and disseminated Au depositsin high-
grade terranes.

Keywords: ore deposits, low-melting-point chal cophile elements, sulfide melts, polymetallic melts, remaobilization, metamorphism
of sulfides.
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SOMMAIRE

Dans plusieurs cas, les éléments mineurs, par exemple Ag, As, Au et Sb, ont été remobilisés et concentrés dans des zones
distinctes de gisements de sulfures massifs qui ont subi un épisode de métamorphisme jusqu’ au facies amphibolite supérieur, ou
au dela. Nos observations au gisement de Broken Hill, en Australie, et les résultats d' études expérimentales prélevées de la
littérature, nous font penser que cette remobilisation pourrait bien avoir impliqué une fusion du gisement. En théorie, un bain
fondu polymétallique pourrait se former aune température aussi faible que 300°C, domaine defusion de |’ orpiment et du réalgar.
Toutefois, pour plusieurs gisements, la premiere réaction entrainant la fusion serait a 500°C, ol arsénopyrite + pyrite réagissent
pour former pyrrhotite et un liquide As-S. Entre 500° et 600°C, dépendant de la pression, le liquide seraenrichi en Ag, As, Au,
Bi, Hg, Sb, Se, Sn, T, et Te, tous des métaux chalcophiles a faible point de fusion. Une progression vers une température plus
élevée (entre 600° et 700°C) enrichira progressivement le bain fondu polymétallique en Cu et Pb. Le liquide caractéristique des
températures|es plus élevées (au facies amphibolite supérieur et granulite) pourrait bien aussi contenir des quantités substantielles
de Fe, Mn, Zn, ainsi que de Si, H,0, et F. Dans notre modéle, nous préconisons les caractéristiques suivantes pour signaler la
présence d’un bain fondu polymétallique dans un gisement de sulfures massifs métamorphisé: (1) concentrations locales d' or et
d argent, en particulier en présence de métaux afaible point defusion, (2) inclusions de sulfures multi phasées dans un héte fai sant
partie de lagangue, (3) faible angle interfacial entre sulfures et sulfosels soupgonnés d’ avoir cristallisé a partir du bain fondu et
ceux faisant partie de|’ assemblagerésiduel, (4) remplissage de fractures par desvenues de sulfures et de sulfosels, et (5) enveloppe
enrichie en Ca et Mn autour des gisements de sulfures massifs. En utilisant ces critéres, nous identifions 26 gites minéraux a
I"échelle mondiale qui auraient pu avoir fondu. Nous les regroupons en trois catégories: gisements de Pb et de Zn, soit d’ origine
SEDEX ou MVT, gisements Cu—Fe-Zn a faible teneur en Pb, et gisements d'or disséminé dans des socles a degré de

métamorphisme éevé.

(Traduit par la Rédaction)

Mots-clés: gites minéraux, éléments chalcophiles a faible point de fusion, bain fondu sulfuré, bain fondu polymétallique,

remobilisation, métamorphisme de sulfures.

INTRODUCTION

The concept that sulfide orebodies may crystallize
from sulfide melts is not new. It is well known that
orthomagmatic ore deposits crystallize from Fe—(Ni)—
(Cu)—S melts, but these melts are associated with mafic
intrusions and form at temperatures above 1100°C
(Naldrett 1997). Some ore petrologists have also con-
tended that vol canogenic massive sulfide (VM S) depos-
its may have formed from sulfide melts (Spurr 1923,
Hutchinson 1965). This theory died away in the 1980s
with thediscovery of black smokers, which clearly dem-
onstrated the hydrothermal origin of VMS deposits
(Francheteau et al. 1979). But it is also possible that
sulfide ore deposits are modified by partial melting dur-
ing high-grade metamorphism. This possibility was
raised on the basis of experiments (Brett & Kullerud
1967, Craig & Kullerud 1967, 1968a) and has been used
to explain mineralogical relations observed at Broken
Hill, Australia (Lawrence 1967) and Bleikvassli, Nor-
way (Vokes 1971). In addition, S-poor polymetallic
melts have also been postulated as the cause for inclu-
sions of native Sb in rhodonite from Broken Hill,
Australia (Ramdohr 1950) and for the Au-Te-Bi accu-
mulations in the Lucky Draw deposit in Australia
(Sheppard et al. 1995).

Despite these early papers, melting has not been con-
sidered an important process in the metamorphism of
ore deposits (Skinner & Johnson 1987, Marshall et al.
2000). It is not surprising that the role of melting in
metamorphosed sulfide ore deposits has been consid-

ered unimportant. First, unlike silicate melts, poly-
metallic sulfide melts never quench to a glass. Instead,
they quench to a complex intergrowth of minerals that
tend to re-equilibrate to very low temperatures. As a
result of thisfact, the textural evidencefor the existence
of apolymetallic melt is generally absent; if present, it
isusually extremely subtle. Second, the requisite experi-
mental work isavailableonly for ternary and afew qua-
ternary systems, such that it isimpossibleto tell at what
temperature an assemblage involving elements such as
Ag—Cu—-Pb-Sb-As-S would melt. Finaly, because it
has naturally been assumed that massive sulfides do not
melt at temperatures consistent with most metamorphic
environments, few investigatorsin the field of metamor-
phosed ore deposits have been looking for features that
might indicate the presence of a polymetallic melt.
During our recent examination of the Broken Hill
orebody, New South Wales, Australia, we found many
features that are consistent with melting (Mavrogenes
et al. 2001). These features have led us to investigate
the possibility that partial melting may also have af-
fected other metamorphosed ore deposits. In this paper,
we review the melt-induced features at Broken Hill, and
show how they are similar to remobilization features
observed in metamorphosed ore deposits. We then dis-
cussthe available experimental datafor relevant sulfide
systems to establish reasonable criteria to distinguish
orebodies that have melted from those that have not.
Finally, wewill usethese criteriato discussalarge num-
ber of ore depositsthat may have melted. Because some
melts in many sulfide systems may not be particularly
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Fic. 1. Schematic diagram showing relations between ore at Broken Hill and the
surrounding rocks. Width of the sketch ison the order of oneto ten meters. Key relations
are: 1. Contact between the country-rock gneiss and garnet quartzite is commonly
gradational. Garnet quartzite may also occur as horizons within the gneiss, commonly
cross-cutting thefabric of the gneisses. 2. In many placesthe garnet quartzite hasafaint
compositional banding that seems to parallel the layering in the gneiss. 3. The
pyroxenoid horizon may be in contact with either the garnet quartzite or the garnetite.
The contacts are commonly sharp. 4. Garnetite may occur as bands in the garnet
quartzite that generally cut the fabric of the rock. 5. Garnetite may occur as islands
within the pyroxenoid rock, commonly with irregular boundaries. 6. Massive oreis most
abundantly found associated with the pyroxenoid or garnetite horizons, but stringers
may also be found in the garnetite (7) and garnet quartzite (8). They are never found in
the main gneiss. 9. The quartz—gahnite rock may cut the garnetite and garnet quartzite.

garnet-sillimanite gneiss

rich in sulfur, we will refer to them as polymetallic
melts, rather than sulfide melts.

MELT-INDUCED FEATURES AT BROKEN HILL

The Broken Hill group of deposits consist of Ag-
bearing galena—sphalerite orebodies that also contain
minor amounts of pyrrhotite and chalcopyrite. The
orebodies, hosted in granulite-grade metapelitic and
metapsammitic gneisses, is surrounded by a halo of
unusual rock-types (Fig. 1). In the Western A-lode,
which we have studied in detail (Sloan 2000), the rock
closest to the oreisapyroxenoid-rich rock that, depend-
ing on the location in the orebody, may consist of wol-
lastonite, bustamite, rhodonite, or hedenbergite. In
places, the rock adjacent to the ore consists entirely of
garnet. This garnetite may also occur adjacent to the
pyroxenoids. Between the garnetite and the host
gneisses lies a zone of garnet quartzite, arock consist-
ing almost entirely of quartz and garnet. We call these
rocks associated with the orebody the ore package.
Many investigators consider the silicaterocksin the ore
package to be metamorphosed exhal ative horizons and

to have formed at the sametime as the deposition of the
original orebody (Spry et al. 2000).

Recent experimental work (Mavrogenes et al. 2001)
has shown that the quaternary eutectic temperature in
the system PbS—epsS—2ZnS—1% AQ,S) at 5 kbar is
795°C, which is below the peak temperature of meta-
morphism at Broken Hill. Thus, the Broken Hill ores at
least partially melted during peak metamorphism. As
documented by Sloan (2000), garnet crystals surround-
ing the ore package contain multiphase sulfide inclu-
sions, which weinterpret as having been melt inclusions
(Fig. 2A). In addition to Pb, Zn, Fe, and Cu, which are
abundant in the main orebody, these inclusions also
contain significant amounts of Ag and As. Some of these
multiphase sulfide inclusions also contain needles of
rhodonite, which raises the possibility that the pyrox-
enoid horizon, and perhaps the whole silicate envelope
around the orebody, formed by reaction between the
polymetallic melt and the surrounding pelitic gneisses.

A distinctivefeature of the oresfrom the Broken Hill
deposit, particularly those rich in sphalerite, is the de-
velopment of low interfacial angles of galena, chalcopy-
rite, and pyrrhotite against sphalerite. Galena forms
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cuspate, low-angleinterfaces against sphal erite-sphaler-
ite boundaries (Fig. 2B), and locally occurs as isolated
lozenges spread along sphalerite—sphalerite grain
boundaries. The average interfacial angle between ga-
lena and sphal erite—sphal erite boundaries for rocks that
have equilibrated in the solid state is 102° (Stanton
1965). Becausein reflected light one cannot know if any
particular measurement is normal to the interface, a
population of measurements will occupy a wide distri-
bution around the average value (Smith 1948). As a
result, theinterfacial angles between galenaand sphaler-
ite—sphalerite boundaries reported by Stanton (1965)
range from 50° to 150°. Despite this huge range of un-
certainty, we conclude that the population of interfa-
cia angles from Broken Hill clearly indicates that the
galena and sphalerite did not equilibrate in the solid

Fic. 2.  Photomicrographs of textures from the ore package at
the Western A lode, Broken Hill. A. Multiphase sulfide
inclusion in garnet. B. Low interfacial angles between
galena and sphalerite. Arg: argentite, Ch: chlorite, Cp:
chalcopyrite, Ga: galena, Gar: garnet, Po: pyrrhotite, Sph:
sphalerite.

state. Of the 60 grain boundaries measured, 96% are
lower than the average value for boundaries where the
surface energy has equilibrated in the solid state, and
43% lie below the lowest angles reported by Stanton
(1965) (Fig. 3). Furthermore, 48% of the measured
angles from Broken Hill lie below 60°, an angle below
which galenawould have crystallized out of aphase that
wets the sphal erite—sphal erite grain edges, whereas only
2% of the samples measured by Stanton (1965) have an
angle that low. We interpret the wide range of low in-
terfacial angles displayed in Figure 3 to reflect that ga-
lena in this rock crystallized from a melt—crystal
mixture, the surface energy of which increased during
crystallization.

REMOBILIZATION OF SULFIDE MINERALS
DURING METAMORPHISM

The recognition that the Broken Hill orebody may
have melted during metamorphism has led us to assess
whether melting may have occurred in other orebodies.
It has long been recognized that metamorphism and
deformation result in mobilization or remobilization of
sulfide orebodies (Ramdohr 1953, Vokes 1969, Plimer
1987, Marshall et al. 2000). However, the question of
just what theterms“mobilization” and “remobilization”
mean is a matter of considerable debate (Mookherjee
1976, Marshall & Gilligan 1987). Marshall et al. (2000)
noted that the term “remobilization” describes a spec-
trum of processes ranging from solid-state movement
of sulfides due to deformation, through H,O-enhanced
diffusion during deformation, to a chemical transfer in
aliquid state. Marshall et al. (2000) also distinguished
between internal remobilization, wherein material is
remobilized within a deposit, and external remobiliza-
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Fic. 3. Interfacial angles of galena against sphalerite—

sphalerite pairs. Light shading: spectrum of angles from
galena — sphalerite — sphalerite interfaces equilibrated in
the solid state (Stanton 1965). Dark shading: spectrum of
angles from sphalerite-rich ore at Broken Hill.
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tion, in which material is moved into country rock sur-
rounding the deposit.

The behavior of various sulfide minerals during de-
formation, and the textures formed by these processes,
are well described (e.g., Cox 1987, Craig & Vokes
1993). However, the process by which remobilization
changes the relative abundances of minor metalsis till
not well characterized. In the amphibolite facies, ele-
ments such as Ag, As, Au and Sh, which are dissolved
inthe major sulfides at low grades, become concentrated
in pockets to produce a wide variety of rare sulfides,
sulfosalts, and alloys (Cook 1996). The process by
which this remobilization, which is mostly internal, oc-
cursisrarely specified, but both hydrothermal and melt-
ing processes have been suggested (Lawrence 1967,
Vokes 1971, Cook 1992, Marshall et al. 2000).

Low-MELTING-PoINT CHALCOPHILE ELEMENTS

A distinctive feature of the remobilized portions of
sulfide orebodies is that they may contain high abun-
dances of Ag, As, Bi, Hg, Se, Sh, Sn, Tl or Te (Basu et
al. 1981, 1983, Hofmann 1994, Cook 1996). These ele-
ments all have melting points below 1000°C, and most
are chalcophile. Although Sn is often classified as sid-
erophile, it may occur in remobilized ore deposits as
stannite (Cu,FeSnS,), clearly a sign of chalcophile be-
havior. These elements all cluster in the same area of
the periodic table (Fig. 4); we will refer to them collec-
tively as Low-Melting-Point Chalcophile Elements
(LMCE). Although Au melts at high T, it is typically
associated with the LMCE in polymetallic melts
(Tomkins 2002). A number of other metals have low
melting points, but most of those are lithophile and are
invariably found in nature bound with oxygen. Asare-
sult, their low melting point has no geological signifi-
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cance. In contrast, many of the LMCE arefound in their
native state, and as a result their occurrence is impor-
tant to evaluating the presence of low-temperature
metal-rich melts in nature.

THE STABILITY OF MELTS
IN EXPERIMENTAL SYSTEMS

Experimental sulfide petrology was a particularly
active field of research from the mid-1960s into the
1980s. During thistime, both the solidus and subsolidus
relationsin the most common ternary systems were de-
termined. Experimental dataon more complex systems,
however, are sparse. Most of these experiments were
run at 1 atmosphere; except where noted otherwise,
therefore, the temperatures given below are for one-bar
conditions.

The system Cu—Fe-Pb—Zn—Ag)-S

The most common sulfides in nature occur in the
system Cu—Fe-Pb—Zn-S. In the system Cu—Pb-S, the
lowest-temperature melt forms at 510°C in the assem-
blage chalcocite—galena (Craig & Kullerud 1968a).
Addition of small amounts of Zn and Fe to the system
does not suppress melting temperature, meaning that
thisis the minimum melting temperature for the system
CuFePb—2Zn-S (Craig & Kullerud 1968a). Addition
of Fe raises the melting temperature; bornite + galena
melts at 609°C, and the assemblage chalcopyrite + ga-
lenameltsat 630°C (Craig & Kullerud 1967). The qua-
ternary cotectic is terminated at 716°C, the minimum
melting temperature for pyrite + galena in the system
Fe-Pb-S (Brett & Kullerud 1967).

In the system Cu—Fe-S, the first melt forms on the
join Cu—S at 813°C (Kullerud 1968). It propagates into

H [ ] tithophile element [Hel
Li|Be| [1] siderophile element Blc[N|oO|F|[Ne
NaMg| [] chalcophile element Allsi|p|s|calar
K |Ca Sc|Ti |V |Cr|Mn Fe|Co|Ni|Cu|Zn|GalGe|As| Se|Br | Kr
Rb|Sr| Y | Zr|NbMo| Tc|Ru|Rh| Pd[Ag|Cd|In [Sn|{Sb| Te| | |Xe
Cs|Ba| La|Hf | Ta| W |Re|Os| Ir | Pt|Au{Hg|TI | Pb| Bi | Po|At [Rn
Fr|Ral Ac

tanthanides | Ce| Pr |Nd|Pm|Sm| Eu|Gd| Tb|Dy|Ho| Er |Tm|Yb| Lu

ainids | Th|Pa| U [Np|PuAmICm(Bk |Cf |ES|Fm|Md|No| Lr

Fic. 4. Periodic table showing the low-melting elements. Dark shading shows the low-
melting-point chalcophile elements. Although usually considered siderophile, Sn is
commonly found as a sulfide in metamorphosed ore deposits.
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the ternary system with increasing T. The bulk compo-
sition of chalcopyrite (intermediate solid-solution, iss,
at that temperature) melts incongruently at 880°C
(Dutrizac 1976).

First melting in the assemblage pyrrhotite (FeS) —
gaena—sphalerite occursat 800°C at 1 bar and at 830°C
at 5kilobars. The melt produced is Pb- and Fe-rich, with
a composition PbSg, sFeSg05Z2nS;. The temperature of
initial melting is lowered to 795°C at 5 kilobars where
the starting pyrrhotite composition is FeSp gs, Close to
the pyrrhotite composition found at Broken Hill. The
addition of only 1 wt.% Ag,S lowers the melting point
by another 28°C (Mavrogenes et al. 2001).

First melting in the system Ag—Pb-S occurs on the
Ag-Pbjoin at 304°C (Craig 1967). The most important
melting reaction in the natural system involves the as-
semblage Ag,S—PbS, which occurs at 605°C. The melt
produced by this reaction has the composition Ag,;Pbzs
Sys (Van Hook 1960).

The system Cu—-Fe)-Ni—-S

At low temperatures, the system Cu—Ni-S has two
fields occupied by ternary melts. One is a sulfur-poor
melt that appears at 572°C, and another is a sulfur-rich
melt that appearsat 780°C (Kullerud & Moh 1968). The
low-T melt forms in the presence of the assemblage
chalcocite, NizxS, (a high-T, nonstoichiometric form
of heazlewoodite) and a Fe-Ni aloy, an uncommon
natural assemblage. The most common, Ni—Cu-bearing
high-T assemblage in nature is chal copyrite solid-solu-
tion and monosulfide solid-solution (a solid solution
between NiS and FeS). This assemblage does not melt
until 850°C (Craig & Kullerud 1968b).

Mélting relations in Sbearing systems with
low melting-point chal cophile elements

The system As-Sh-S: Apart from the melting of pure
S (which occurs at 113°C), the first melt in the system
Fe-As-S appears at 281°C. It forms at a eutectic be-
tween realgar (AsS) and orpiment (As,;S3). The melt
field expands rapidly with increasing T; by 321°C, the
whole join from realgar to sulfur has melted (Hall &
Yund 1964). By 500°C, most of the area bounded by
stibnite (Sh,S3), realgar, and sulfur has melted (Fig. 5).

The systems Fe-As-Sand Fe-Sh-S: With respect to
melting of massive sulfide deposits, the most important
reactionsin this system are those that invol ve arsenopy-
rite. At 491°C, arsenopyrite + pyrite react to form melt
+ pyrrhotite. The melt produced by this reaction lies on
the As-Sjoin and has the composition AsyyS;; (Clark
1960) (Fig. 6). Arsenopyrite melts incongruently at
702°C to pyrrhotite + [6llingite (FeAs) + abinary As-S
melt (As4Ssy) (Clark 1960).

In the system Fe-Sb-S, the first melting reaction
involving a commonly found assemblage is: pyrite +
stibnite = pyrrhotite + melt, which occursat 545°C. The

melt produced by this reaction contains only 1 wt.% Fe
and, hencelies near the Sb—S plane (Barton 1971). Thus,
melts formed initially within the system Fe-As-Sh-S,
be it by reaction between pyrite + arsenopyrite or be-
tween pyrite + stibnite, could haveawiderangein As.Sb
ratio but will contain very limited amounts of Fe.

The systems Cu—-As-S and Cu-Sh-S: As with the
system Fe-As-S, the first melt in the system Cu-As-S
appears on the join As-S at 281°C. This melt remains
Cu-poor until around 500°C; above this temperature,
increasing T causesthefield of liquid to expand to more
Cu-rich compositions (Fig. 7A). Tennantite (Cuiz.3;
As,S;3) and enargite (CusAsSy), the major ternary min-
erals in this system, melt at around 665°C (Maske &
Skinner 1971).

In the system Cu-Sb-S, the first melts form on the
join Sb-S. One melt, which is dlightly more S-rich than
stibnite, forms at 496°C, whereas another, slightly more
Sb-rich than stibnite, develops at 518°C (Skinner et al.
1972). Aswith the system Cu-As-S, melt in the system
Cu—Sb-S becomes progressively more Cu-rich with in-
creasing T (Fig. 7B). Theimportant ternary phasein this
system is tetrahedrite, the composition of which is ap-
proximated by the formula Cu2.xSba+ySy3, (Where 0 <
X < 1.92 and -0.02 < y < 0.27: Skinner et al. 1972).
Tetrahedrite breaks down at 543°C to digenite (CugSs)
+ famatinite (CusShS,) + skinnerite (CuzSbSs).
Skinnerite, which has a composition closeto that of tet-
rahedrite, melts at 608°C (Skinner et al. 1972).

The systems Pb—-As-Sand Pb—Sh-S Unlikethe other
ternary systems described here, ternary liquidus dia-
grams are not available for the system Pb-As-S. How-
ever, apseudobinary diagram along thejoin PhS-As,S3

T =500°C

stibnite

W

2>
>
<\

AN

Sb

Fic.5. Phaserelationsinthe system As-Shb-Sat 500°C and
one bar, after Luce et al. (1977). X: a synthetic phase
(approx. AsSh,S,).
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join (Chang & Bever 1973) providesall theinformation
needed for this discussion (Fig. 8A). The first melt in
the system Pb—-As-S forms at 305°C and has only a
small amount of Pb. The melt becomes progressively
more Pb-rich with increasing T. By 600°C, all of the
Pb-As sulfosalts have melted, and a ternary Pb-As-S
melt coexists with galena.

Fe

A
T <490°C

S melt

As S

The first melt in the system Pb-Sb-S forms in the
metal-rich portion of the system at 240°C and has the
approximate composition Pb7,Sh16S1> (Craig et al.
1973). The geologically more reasonable meltsform on
the join Sb-S. As with the system Cu-Sb-S, the first
meltsform on either side of stibnite, at 496° and 518°C.
These melts propagate into the ternary system along

Fe

B
T>490°C

melt As

Fic. 6. Chemographic diagrams showing the melting reaction pyrite + arsenopyrite = melt + pyrrhotite. A. Phase relations
below 490°C and one bar. B. Phase relations above 490°C and one bar (after Clark 1960). Asp: arsenopyrite, L4l: 16llingite,

Po: pyrrhotite, Py: pyrite.

A)

koutekite
o

Cu  b-domeykite

T=600°C

As Cu

B)

famatinite

B melt

Fic. 7. Phaserelationsin the systems Cu-As-S (A) and Cu-Sb-S (B) at 600°C and one bar. Ruled fields show the size of the
melt fields in these systems at 500°C and one bar. Data from Skinner et al. (1972) and Maske & Skinner (1971).
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cotecticsthat lie on either side of the PbS-Sh,S; binary
(Fig. 8B). The mineral boulangerite (PbsSbsS11), the
most common Pb sulfosalt, is consumed by melt at
638°C (Craig et al. 1973). Above this temperature, ga-
lena coexists with a ternary Pb—Sh—S melt.

The systems Ag-As-S and Ag—-Sb-S: The first melt
in the system Ag-As-S appears at 280°C. It lies nearly

on the As-Sjoin with the composition (Ag1.6A $39Ss0.4)-
By 495°C, the melt has propagated from the As-Sjoin
to consume the four ternary minerals in this system:
proustite or xanthoconite (Ags;AsSg) and smithite or
trechmannite (AgAsS;) (Roland 1970) (Fig. 9A).

The first melt in the system Ag—Sh-S forms at
450°C. The first melt is ternary and Sb-rich, but con-

A) B)
800 I I N (N TN N AN B S
1 met - T =635°C
dufrénoysite
600 / \/ =
549°
Qo rathite 1 |_[487° 2L
= 414 boulangerite
400 458° melt at
baumhauerite 200°C
305° I . - | POS ¢
sartorite jordanite
200 | | | | } | | |
Sb
0 20 40 60 80 100 Pb
A$S PbS

Fic. 8. A. Phase relations at one bar in the system As,S;—PbS. Data from Chang & Bever (1973). B. Phase relations in the
system Pb-Sh-S at 635°C. Ruled fields show the composition of the melt at 500°C. Data from Craig et al. (1973).

alargentum

Fic.9. Phaserelationsinthe system Ag-As-S (A) and Ag—Sh-S (B) at 500°C. Datafrom Keighin & Honea (1969) and Roland

(1970).
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tains a significant amount of Ag (Keighin & Honea
1969). By 510°C, al the ternary phases in the system
have melted, and there is a large field for melt within
the ternary system (Fig. 9B).

The system Cu,S-PbS-Sh,S;: The system Cu,S-
PbS-Sh,S; is one of the few quaternary systems that
has been studied experimentally (Hoda & Chang 1975,
Pruseth et al. 1995). At 500°C, the system hasathermal
divide between galenaand chal costibite, and two fields
for melt (Fig. 10). The Cu-rich eutectic lies at 477°C,
whereas the Sb-rich eutectic lies at 461°C.

Other systemswith LCMESs: Polymetallic melts may
survive down to very low temperatures in systems in-
volving Te, Bi, and TI. For example, melts are present
in the Au-Ag-Te system down to T < 335°C (Cabri
1965). Similarly, a melt is present down to approxi-
mately 400°C in the Te-rich portion of the system Au—
Bi—Te, and down to below 300°C on the Bi-rich portion
of the system (Gather & Blachnik 1974). The first melt
appears in the Au-TI system at 131°C, and melts are
present down to temperatures below 300°C in many
other Tl-bearing systems (Moh 1991).

The effect of pressure

Changes in pressure will have two possible effects
on the 1-bar phase equilibria discussed above. First, in-
creasing pressure may change the stable assemblages
found in subsolidus conditions, and second, for most
systems, it will increase the temperature of melting.

Sulfosalts have notoriously complex phase-relations,
which is areflection of the very low differencesin free
energy between the various sulfosalt minerals (Barton
1970). Thusit is possible that high-pressure phase rela-
tionsare different from phase relations depicted in 1 bar
experiments. Unfortunately, thermodynamic data are
lacking for most of the sulfosalts, so it isimpossible to

falkmanite
OR, boulangerite
(5 phase IV

/!

stibnite
Sb,S;

Fic. 10. Phase relations in the system Cu,S-PbS-Sh,S; at
500°C and one bar. Data from Pruseth et al. (1995).

chalcocite

Cu,S

skinnerite chalcostibite nxelt

calculate the high-pressure phase relations. Thus we
may not be able to use relations depicted in the 1-bar
experiments to predict the exact melting reactions that
occur in nature. For this reason, we cannot determine
the significance of many distinctive textures among
sulfosalts that are described in the literature.

Because melting usually involvesanincreasein vol-
ume, it is reasonable to assume that the melting tem-
peratures will increase with increasing pressure. This
appears true for S-bearing systems. For example, the
temperature of the eutectic for the assemblages FeS—
PbS-ZnS increases by 6°C/kbar (Mavrogenes et al.
2001), and the peritectic reaction arsenopyrite + pyrrho-
tite = 16llingite + melt increases by 10°C/kbar (Clark
1960). The reaction arsenopyrite + pyrite = melt + pyr-
rhotite, which may be an important melting reaction in
nature, increases by 17°C/kbar. This means that it will
occur at conditions of the lower amphibolitefacies(i.e.,
500° < T < 600°C) at pressures below 7 kilobarsand in
the upper amphibolite facies (i.e., above 600°C) at
higher P (Fig. 11).

The melting temperature of the LCMEs show avari-
able dependence on pressure. The melting temperature
of Te, Se, and As increases with increasing pressure,
with the pressure dependence ranging from 1.5°C/kbar
for Teto 18°C/kbar for Se(Liu & Bassett 1986). In con-
trast, the melting temperature of Sb and Bi decreases
with increasing pressure, with pressure dependencies of
—0.2°C/kbar for Sb and —4.5°C/kbar for Bi (Liu &
Bassett 1986). Thus for Sh- and Bi-bearing systems,
increasing P may actually decrease melting temperature.

10 T
- Probable limits for
g sulfidemelting
- \
6
% greenschist | @ H,O-saturated
S 4. facies +* granite
E_’ & minimum
- < \
2 \
7] amphibolitefacies ~
0 T 'I T T I-
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T°C

Fic. 11. P-T diagram showing the relative positions of the
reaction arsenopyrite + pyrite = pyrrhotite + melt, the
boundary between greenschist and the amphibolite facies,
and the solidusfor H,O-saturated granite. Abbreviationsas
in Figure 6. Data from Clark (1960), Spear (1993) and
Clarke (1992).
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The effect of minor components

Many natural occurrences of sulfosalts contain many
more components than the experimental systems de-
scribed above. This situation makes it difficult to esti-
mate the melting temperature of most natural assem-
blages, evenif experimental information isavailablefor
one or more phasesin them. In most chemical systems,
the addition of anew component will decreasethe mini-
mum temperature of melting. For example, the addition
of 1% Ag decreases the minimum melting of the sys-
tem FeS—PhS-ZnS by 28°C (Mavrogenes et al. 2001).
Similarly, the addition of small amounts of Pb will de-
crease the melting temperature of the assemblage
skinnerite + chal cocite from 608°C (Skinner et al. 1972)
to 477°C (Hoda& Chang 1975). We have no constraints
on the effect that small amounts of Bi, Te, Tl, elements
that remain molten to very low T, might have on the
melting temperatures of sulfides or sulfosalts. We also
do not know whether volatile components (H»O, F, Cl)
will dissolveinto polymetallic melts and hence decrease
the melting temperature further. Experimental work has
shown that addition of H,O to sulfide systems does not
affect melting temperature, indicating that H,O is not
compatible with low-T sulfide melts (Craig & Kullerud
1968a, Naldrett & Richardson 1968). Thereis, however,
no experimental evidence on the effect of H,O on melt-
ing temperature in As- and Sb-rich systems. We con-
sider it likely that the freezing-point depression caused
by minor components will overwhelm the pressure ef-
fect, and that the temperatures we quote from 1-bar ex-
periments are conservative.

A MODEL FOR THE FORMATION
oF PoLYMETALLIC MELTS

It is obvious from the phase diagrams discussed
above that many minerals containing LCMEs will melt
at conditions attained in the amphibolite facies, and
some may melt at conditions of the greenschist facies
or lower. Thismeansthat the presence of apolymetallic
melt must be considered a possible cause for remo-
bilization in amassive sulfide body that has been meta-
morphosed at temperatures of the amphibolite facies or
higher. This statement is particularly trueif the remobi-
lized portion of the orebody lacks any sign of deforma-
tion or of low-temperature hydrothermal alteration.

Clearly the temperature at which a sulfide orebody
begins to melt is dependent on the mineral assemblage
in the protolith. An orebody containing abundant min-
erals with Te, Bi, or Tl, such as some epithermal gold
deposits, may begin to melt at temperatures of the
greenschist facies. If the LMCE in a deposit are dis-
solved as trace components in the main sulfides, the
deposit may not melt even at temperatures of the upper
amphibolite facies. In those deposits that contain the
assemblage pyrite—arsenopyrite, melting will likely

begin at temperatures between 500° and 600°C, depend-
ing on the pressure (Fig. 11).

If the melt generated by this reaction wets the edges
of sulfide grains, as suggested by the low interfacial
angles of galenaagainst sphalerite—sphal erite pairsfrom
Broken Hill (Fig. 2B), then the LMCE that are present
in trace amounts in the host sulfides may diffuse into
the melt. Sulfides have notoriously high diffusion-coef-
ficients, so that reaction between the melt and residual
sulfidesislikely to bevery efficient. For example, Clark
(1960) noted that at 600°C, Au readily diffuses out of
arsenopyrite and into the melt. The early-formed
polymetallic meltswill be very poor in Fe, but they may
contain significant amounts of Sb and Ag (Figs. 5, 9).
The Sb may have originally been dissolved in arsenopy-
rite, pyrite, or sphalerite (Ramdohr 1980, Ashley et al.
2000). The Ag may have been dissolved initially in ga-
lena, pyrite, arsenopyrite, or chalcopyrite (Amcoff 1984,
Dalstraet al. 1997, Ashley et al. 2000). Theinitial melt
may also contain significant amounts of Tl, asindicated
by thefact that at temperatures of 200°C, many Tl-bear-
ing systems contain polymetallic melt (Moh 1991). The
TI may have originaly been in pyrite (Murao & Itoh
1992), but it has also been reported as a minor element
in sphalerite (Ramdohr 1980). Other elements that may
dissolveinto theselow-T polymetallic meltsinclude Au,
Bi, Hg, Se, Sn, and Te. The Au may have originally been
dissolved as a trace element in pyrite, chalcopyrite, or
arsenopyrite (Cook & Chryssoulis 1990, Dalstra et al.
1997, Ashley et al. 2000). A good example of theselow-
est-T melts are the multiphase inclusionsin quartz from
Lengenbach, Switzerland, which areenrichedin As, Pb,
and Tl (Hofmann 1994).

Progressive melting with increasing T, perhapsin the
range of 600°-700°C, will enrich the polymetallic melts
inCuand Pb (Figs. 7, 8). Further increasein T (to 700°—
800°C) will enrich the melt in Fe, Zn, Mn, and Si, as
indicated by the presence of rhodonite, pyrrhotite, and
sphalerite in the polymetallic melts from Broken Hill.
The presence of Si in these high-temperature melts may
also allow these melts to accommodate H,O and F.

Ore deposits that do not contain arsenopyrite may
not melt until the upper limits of metamorphism. We
have aready noted that deposits containing galena +
sphalerite (such as those at Broken Hill) are likely to
have melted in the granulite facies (Mavrogenes et al.
2001), and that the assemblage chalcopyrite + gaena
will melt at upper-amphibolite-facies conditions (Craig
& Kullerud 1967). The occurrence of polymetallic melts
with the assemblage pyrrhotite — chal copyrite— sphaler-
ite at the margin of dikesin the Geco mine (Mookherjee
& Dutta 1970) suggests that there are other minimum-
melt compositions possible among major-element sul-
fides. Such melts may not necessarily be enriched in
LMCE.

Regardless of its original composition and tempera-
ture at which it formed, any polymetallic melt may un-
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dergo extensive differentiation during cooling. Thismay
alow it to persist down to very low temperatures. At
present, we cannot determine the liquid line of descent
for a complex polymetallic melt. In part, experimental
work in the complex multicomponent system is lack-
ing. However, even with adequate experimental work,
the liquid line of descent of polymetallic melts will be
difficult to determine. The complex systems, like the
simple ternary systems, probably contain thermal
dividesthat cause meltsto evolveto very different com-
positions depending on minor changes in bulk compo-
sition (cf. Roland 1970). As melt pockets become
isolated during cooling, each pocket of melt may thus
follow adistinct line of descent, depending on the phases
that surround it. This possibility may explain the huge
range of mineral assemblages with LMCE found in
metamorphosed ore deposits (Cook 1996, Basu et al.
1981, 1983).

CHARACTERISTIC FEATURES
oF MELTED SuLFIDE BobiES

From the discussion above, we contend that many
massive sulfide bodies may undergo partial melting
during metamorphism at conditions of the amphibolite
facies. Werecognizefivefeaturesthat may indicate that
melting has occurred: 1) irregularly distributed areas
with abundant LM CEs, 2) multiphase sulfideinclusions
in gangue, 3) low grain-boundary angles, 4) sulfide
minerals filling fractures, 5) the presence of a Mn- or
Ca-rich selvage around the orebody.

Irregularly distributed areas
with abundant LMCEs

Because the low melting-point elements will tend to
be concentrated during differentiation of apolymetallic
melt, the strongest evidence for the presence of a melt
during peak metamorphism would be the presence of
isolated concentrations of sulfosalts and other LM CE-
bearing minerals in orebodies metamorphosed to the
middle or upper amphibolite facies. Thisis particularly
true if one finds a mineral or assemblage that would
have been molten at temperatures of peak metamor-
phism and if there is no obvious low-temperature pro-
cess by which these minerals could have formed.

Perhaps the best example of LMCE-enriched melt
comes from Lengenbach, Switzerland. Hofmann (1994)
and Hofmann & Knill (1996) interpreted the spectacu-
lar As, Pb, and Tl sulfosalts in this deposit as having
crystallized from amelt that was present at peak condi-
tions of metamorphism (3 kilobars, 500-520°C). Low-
melting Ag-dominant sulfosalts are described from the
Pinnacles mine at Broken Hill, Australia (McQueen
1984), which is hosted in granulite-grade gneisses. Re-
algar and native Bi are reported from Sulitjelma, Nor-
way (Cook 1996). Both of these phaseswould have been
molten at 350°C (Hansen & Anderko 1958). Powell &

Pattison (1997) described the assemblage stibnite — na-
tive antimony at Hemlo, Ontario. This assemblage
would melt at 530°C (Hansen & Anderko 1958). Na-
tive Pb, which melts at 327°C (Hansen & Anderko
1958), is described from Aguilar, Argentina (Gemmell
et al. 1992).

Sulfide inclusions in gangue

Multiphase sulfide inclusions within the country
rock are a strong indication that a sulfide melt was
present. It is possible, and even likely, that silicates
growing during metamorphism may include adjacent
sulfides. However, the possibility that a sulfide inclu-
sionwastrapped in aliquid phase becomesincreasingly
more likely if it contains many phases (Fig. 2A). For
example, up to five phases are reported in sulfide inclu-
sions at Broken Hill (Sloan 2000). If the inclusion is
much richer in LM CE than the associated orebody, then
itisalso likely that it was trapped as aliquid.

Perhaps the best examples of this texture are the
polyphase As-Pb-TI-S-bearing inclusions in quartz
from Lengenbach (Hofmann 1994). Hofmann (1994,
Fig. 1D) showed an inclusion containing interstitial
orpiment. This inclusion would have begun to melt at
310°C, well below thetemperature of regional metamor-
phism (which was 500°-520°C: Hofmann & Knill
1996).

Another good example of multiphaseinclusionsthat
must have been incorporated as amelt isthe occurrence
of isolated inclusions of native Au—maldonite — native
Bi — arsenopyrite in cordierite, garnet, and perthitic K-
feldspar at the Challenger deposit (Tomkins 2002).
Maldonite — Bi melts at 241°C, and madonite melts
incongruently to Au+ melt at 373°C (Hansen & Anderko
1958). These phases could not have been introduced to
the phenocryst by hydrothermal fluids at temperatures
below their melting temperature because this would
have produced massive retrogression in the phenocrysts.
Therefore, Tomkins (2002) concluded that the only way
these inclusions could have been trapped would have
been as amelt.

Low grain-boundary angles

Sulfides that have equilibrated in the solid state
should have mutua grain-boundary angles that range
from 100° to 140° (Stanton 1965). As noted above, sul-
fide interfaces that have angles much lower than this
are likely to have formed from a melt that had a low
surface-energy relative to the solid phases (Fig. 2B). A
good example of thisisshownin Figure 1A from Powell
& Pattison (1997). This photomicrograph shows small
grains of native antimony that have low interfacial
angles against stibnite. Asnoted above, this assemblage
would have melted at 530°C, well below the ambient
temperature of the deposit.
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Sulfide minerals filling fractures

One textura feature that is characteristic of silicate
meltsisthe formation of dikes, i.e., melt-filled fractures.
It may be difficult to distinguish between fracture-fill-
ings that formed from melt and those formed by hydro-
thermal veins, because both polymetallic melts and
hydrothermal fluids may be focussed into the samefrac-
ture. For thisreason, this characteristic isnot adiagnos-
tic one, although clearly, those polymetallic dikes
formed from melts alone would lack the halo of ater-
ation typically associated with hydrothermal veins. Ata
smaller scale, some microfractures strongly suggest the
participation of a sulfide melt, particularly if thereisno
sense of shear across the fracture and if the minerals
present would have melted at low T. Such textures are
seen at the Edwards Pb—Zn deposit, Balmat district,
New Y ork, which was metamorphosed to the granulite
facies (Serviss et al. 1986). Figure 5D of Serviss et al.
(1986) shows a veinlet containing the assemblage
freibergite + silver cutting gangue. As noted above, sil-
ver sulfosalts should melt at temperatures ca. 500°C,
well below the temperatures of the granulite facies.
Another possible example comes from the Sulitjelma
deposit in Norway. Figure 10D in Cook (1996) shows
fractures that are filled with the assemblage pyrargy-
rite, native Sb and an Sb-Ag intergrowth. This assem-
blage should be molten at temperatures below 500°C,
at the lower limits of the temperature of regiona meta-
morphism (500-600°C).

Mn- or Ca-rich selvage

As noted above, a reaction halo consisting of Ca—
Mn garnet, rhodonite, bustamite, hedenbergite, or wol-
lastonite occurs around the Broken Hill orebody. Such
selvages are also found around the orebodies at
Cannington (Bodon 1998), Aguilar (Gemmell et al.
1992) and Balmat (Brown et al. 1980). All of these de-
posits have been metamorphosed at upper amphibolite
or granulite grades. Thus, the lack of these selvages
around less metamorphosed depositsindicates that they
are a feature restricted to deposits metamorphosed to
the highest grades. It isimportant to note that aMn-rich
selvage is not a diagnostic feature, since Mn-rich rocks
may form from sedimentary processes (Spry et al.
2000). The Mn-rich selvage formed by melt processes
should: 1) lack compositional layering, 2) cut the re-
giona fabric, and 3) be markedly high in variance; in
many placesat Broken Hill, they consist of only asingle
mineral.

ORreBoDIES THAT MAY HAVE UNDERGONE
ParTIAL MELTING

Using the criteria above, we have recognized 26
metamorphosed ore deposits around the world that con-
tain LCME minerals, which may have been concen-

trated due to partial melting (Table 1, Fig. 12). In this
compilation, we haveincluded mainly depositsthat have
been subjected to regional metamorphism. We havein-
cluded three contact-metamorphic deposits. In two de-
posits [Aguilar: Gemmell et al. (1992); Union Hill,
Australia: Hack et al. (1998)], the ore apparently was
present before the thermal maximum. In the other de-
posit (Lucky Draw: Sheppard et al. 1995), the tempera-
ture of the ore depositioniswell constrained. We cannot
be certain that all of the depositslisted on Table 1 melted
because we cannot be sure from the descriptions in the
literature whether or not the LCME-rich areas in these

TABLE 1. METAMORPHOSED SULFIDE ORE DEPOSITS

THAT MAY HAVE MELTED
Deposit P T or metamorphic Low S. Tab. Mn Refer-
kbar grade LA. incl bodiesselv. ence
Pb and Zn deposits
Aggeneys granulite ?7 1
Aguilar 1-2 pyroxene hornfels x x 2
Bleikvassli 8 600°C 3,4
Bluebell 5 620°C x x x 56
Bodenmais 3 730°C 7,8
Broken Hill granulite x x x x 910
Cannington 4-6 640-690°C x 11
Edwards granulite x ox 12
Gorevsk amphibolite 13
Langenbach 3 500-520°C X X x 14,15
Rajpura—Dariba 5.5 550°C 16
Sterling Hill 4-5 700-800°C ? 17
Taivaljérvi upper amphibolite x 18
Cu-rich deposits
Geco 5-7 620-680°C x 19, 20,21
Outokumpu amphibolite x 22
Pyhisalmi sillimanite x 23
Sulitjelma 6-8 520-550°C 24
Tunaberg 2-3 550-600°C x 25
Au deposits
Big Bell 4-5 650-700°C 26,27
Chalice 34 500°C 28
Challenger 7-8 800°C x 29
Hemlo 67 600-650°C 30, 31
Lucky Draw 2 550°C % 32
Renco granulite 33
Union Hill 1-2 >500°C 34
Au and base-metal deposits
Calumet Island upper amphibolite x 3536
Montauban 5 630-650°C x ? 37,38

Column headings: Low I.A.: low interfacial angles; S. incl.: sulfide inclusions; Tab.
bodies: tabular bodies (i.e., fracture fillings); Mn selv.: Mn- and Ca-enriched selvage.
References: 1 Ryan et al. (1986), 2 Gemmell e al. (1992), 3 Rosenberg etal. (1997),
4 Cook ef al. (1998), 5 Ohmoto & Rye (1970): 6 Hoy (1980), 7 Schreyer et af.
(1964), 8 Dill (1990), 9 Mavrogenes ef al. (2001), 10 Sloan (2000), 11 Bodon
(1998), 12 Serviss ef al. (1986), 13 Smirnov (1977), 14 Hofmann (1994), 15
Hofimann & Kanill (1996), 16 Basu ef al. (1983), 17 Jenkins & Misiur (1994), 18
Papunen ef al. (1989), 19 Petersen & Friesen (1982), 20 Friesen ef al. (1982), 21
Suffel et al. (1971), 22 Mikkola & Viisinen (1972), 23 Helovuori (1979), 24 Cook
(1996), 25 Dobbe & Oen (1993), 26 Wilkins (1993), 27 Phillips & de Nooy (1988),
28 Bucci et al. (2000), 29 Tomkins (2002), 30 Powell & Pattison (1997), 31 Powell
et al. (1999), 32 Sheppard ef al. (1995), 33 Bémke & Varndell (1986), 34 Hack et
al. (1998), 35 Williams (1990a), 36 Williams (1990b), 37 Bemier et al. (1987), 38
Stamatelopoulou-Seymour & MacLean (1984).
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deposits are found in retrograde horizons. In the discus-
sion below, we have concentrated on those deposits
where melting ismost likely to have occurred. We have
found three distinct compositional types of depositsin
which melting may have occurred: 1) Pb- and Zn-rich
deposits, 2) Cu-rich deposits, and 3) Au-rich deposits.

Pb- and Zn-rich deposits

Thelargest number of depositsthat may have melted
are Pb—Zn deposits. Thisis probably because, as noted
above, galena-bearing assemblages melt at a lower T
than gal ena-absent assembl ages dominated by chal copy-
rite. These deposits may have originally been SEDEX
deposits, which are hosted in metamorphosed pelitic and
psammitic rocks (e.g., Broken Hill: Parr & Plimer
1993), or MVT deposits, which are hosted in metamor-
phosed carbonates (e.g., Bluebell: Ohmoto & Rye
1970). The Pb:Zn ratios in these deposits range from
Pb-rich (Broken Hill: Parr & Plimer 1993) to Zn-rich
with only minor Pb (Taivaljérvi: Papunen et al. 1989).

The deposit of this type that is most likely to have
melted is Broken Hill. Thisinference is based upon the
fact that the temperature of the regional metamorphism
is greater than the melting temperature of the bulk ore
(Mavrogenes et al. 2001). This hypothesis is also

consistent with textural features noted above. Another
deposit that almost certainly melted isthe contact-meta-
morphosed Aguilar deposit in Argentina. In addition to
the stratabound sulfide in the country rocks, the deposit
also contains sulfides in fissure veins. These veins are
most abundant in the pyroxene-hornfels facies, near the
contact with a granitic stock (Gemmell et al. 1992),
where they contain native Pb that is rimmed by galena.
As noted above, native Pb would melt at 327°C, well
below the 650°C temperature of metamorphism. The
Edwards deposit in New Y ork, which was metamor-
phosed in the granulite facies, probably also melted. As
noted above, it contains veinlet of silver + freibergite,
an assembl age that would have been molten at the peak
temperature.

Other deposits of interest are the small carbonate-
hosted MV T deposits of the Kootenay Arc, which
extend from northwestern Washington State into south-
central British Columbia. In the southern portion of this
belt, which has been only weakly metamorphosed, the
deposits are stratabound and mineralogically simple
(pyrite — sphalerite — galena + pyrrhotite). In contrast,
in the northern portion of the belt, where Bluebell mine
occurs, the metamorphic grade reached the upper am-
phibolite facies. The Pb—Zn ore depositsin thisareaare
transgressive and mineral ogically complex. In addition

@Zn-Pb-(Ag) deposits 00 Cu-Fe-Zn deposits A Au deposits A Au & base metal deposits

Fic. 12. Map showing the locations of metamorphosed ore deposits that may have melted. 1 Broken Hill, 2 Cannington, 3
Lucky Draw, 4 Union Hill, 5 Challenger, 6 Big Bell and Chalice, 7 Rajpura-Dariba, 8 Gorevsk, 9 Aggeneys, 10 Renco, 11,
Lengenbach, 12 Bodenmais, 13 Pyhésalmi, 14 Outokumpu, 15 Taivaljarvi, 16 Sulitielma, 17 Bleikvassli, 18 Tunaberg, 19
Sterling Hill, 20 Edwards, 21 Calumet Island, 22 Montauban, 23 Hemlo, 24 Geco, 25 Bluebell, 26 Aguilar. Sources of data

arelisted in Table 1.
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to the minerals found in the low-temperature deposits,
the high-temperature deposits al so contain chal copyrite,
arsenopyrite, argentian tetrahedrite and other Ag-domi-
nant minerals (Ohmoto & Rye 1970). We contend that
thetransgressive orebodies probably melted and that Ag,
Sh, and As were concentrated in the partial melt.

Cu-rich massive sulfide deposits

A small number of massive sulfide deposits consist-
ing of chalcopyrite—sphalerite—pyrite + pyrrhotiteand
hosted in amphiboalites, cordierite—anthophyllite gneisses,
or in felsic schists or gneisses may have melted. Minor
phases include galena and many LM CE-bearing
sulfosalts [Pyhasalmi: Helovuori (1979); Sulitjelma:
Cook (1996)]. The strongest candidate for melting isthe
Cu—Co deposit at Tunaberg in the Bergslagen district of
Sweden. This deposit was metamorphosed at 3 kilobars
and 550-600°C (Dobbe & Oen 1993). It contains abun-
dant low-melting minerals, including native Bi (Dobbe
& Zakrzewski 1998), which melts at 271°C (Hansen &
Anderko 1958). Also present are inclusions of Bi and
Bi-Tealloysin galena(Dobbe 1993), which would melt
at 266°C (Hansen & Anderko 1958) and Ag-Bi
intergrowths (Dobbe & Oen 1993), which would melt
at 262°C (Hansen & Anderko 1958). Several other de-
positsin the Bergslagen district, which contain silver in
Sb- and Bi-rich ores (Jeppsson 1987) may also have
melted.

Another intriguing series of such deposits are those
at Sulitjelma, Norway. These deposits are hosted by ma-
fic rocks that were metamorphosed at temperatures be-
tween 520° and 550°C (Cook 1996) and contain a
number of LCME minerals that melt at very low tem-
peratures. Low-melting minerals listed by Cook (1996)
include pyrargyrite, which melts at 485°C (Keighin &
Honeal969), aurostibite, which meltsat 460°C (Hansen
& Anderko 1958), realgar, which melts at 321°C
(Hansen & Anderko 1958), and native Bi, which melts
at 271°C (Hansen & Anderko 1958). Cook (1996) in-
terpreted these minerals to have formed by decomposi-
tion of an earlier phase. It is possible that this phase was
a polymetallic melt, rather than a solid.

Disseminated Au deposits

A number of disseminated gold deposits from high-
grade metamorphic terranes have assemblages that
clearly would have melted at peak temperatures. Per-
haps the most striking isthe Challenger deposit in South
Australia, which occursin granulite-grade gneisses and
contains phases that would be molten below 400°C.
Another deposit that apparently melted is the Lucky
Draw depositin Australia. Thisdeposit ishosted in con-
tact-metamorphosed metasedimentary rocks that were
metamorphosed at 2 kilobars and temperatures around
600°C. The ore was emplaced during a later retrogres-
siveevent at T = 550°C. The presence of abundant low-

melting mineralsin the oreled Sheppard et al. (1995) to
conclude that the ore may have been concentrated as a
melt.

Other Au deposit from high-grade rocks that may
have melted include the Renco deposit in Zimbabwe and
the Hemlo deposit in Ontario. The gold in the Renco
deposit was emplaced into amphibolite-grade shear
zones that cut granulite-grade gneisses. Deposition oc-
curred at a temperature around 600°C (Kisters et al.
1998), but the presence of maldonite and native Bi in
the ore (Bémke & Varndell 1986, Tabeart 1987) indi-
cates that |east some of the ore would have been molten
at this temperature. The Hemlo deposit was metamor-
phosed at temperatures around 600°C, yet contains|ow-
melting mineral s such as orpiment and cinnabar (Powell
& Pattison 1997). These phases occur as intimate
intergrowthsthat may be the result of exsolution (Powell
& Pattison 1997). We conclude that they may also be
the result of crystallization of aresidual melt phase.

Some of the disseminated Au deposits, such as
Hemlo, appear to be metamorphosed epithermal depos-
its (Powell et al. 1999). In such deposits, the enrich-
ment of LMCE may have formed before metamorphism.
In other deposits, it is unclear whether the LMCE en-
richment was premetamorphic or whether it isthe prod-
uct of melting. Two deposits, Montauban and Calumet
Island, both in the Grenville Province of Quebec, in-
volve a disseminated Au deposit that is peripheral to a
metamorphosed massive sulfide deposit (Bernier et al.
1987, Williams 1990a). Could these gold deposits have
formed by expulsion of Au-bearing partial melt from a
VMS restite? It is certainly a matter that deserves fur-
ther study.

CONCLUSIONS

The recognition that sulfide ore deposits may have
melted during metamorphism has some important geo-
logical implications. First, it provides another process
for remobilization and concentration of trace metals
during metamorphism. Second, it provides a means to
interpret orebodies and textures that have previously
been cryptic. For example, the melting of sulfides could
explain why an orebody considered to be premetamor-
phic on the basis of geochemical evidence lacks struc-
tural features that developed at the time of metamor-
phism. Furthermore, because polymetallic melts may
remain liquid to conditions well below those of peak
metamorphism, this model obviates the need to call
upon an external processto explain textural featuresand
assemblages that formed at lower temperatures than
those of peak metamorphism. The recognition of former
sulfide melts at Broken Hill (Mavrogenes et al. 2001)
and Lengenbach (Hofmann 1994) has led to a radica
new interpretation for the origin of these ore deposits.

Finally, the partial melting of sulfide orebodies in
medium- to high-grade metamorphic terranes may have
acritical effect on the concentrations of precious metals
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in these deposits. In deposits where the precious metals
Ag and Au are distributed as trace componentsin major
sulfides, one can simply use statistical methods to de-
termine the amount of precious metals present. How-
ever, if the deposit has undergone melting during
metamorphism, these metals may have been concen-
trated in small areas of high-grade ore rather than being
widely disseminated. Clearly, the presence or absence
of such concentrated pockets or precious metalsiscriti-
cal to an evauation of the economic viability of mas-
sive sulfide orebodies in metamorphic terranes. For
example, at Broken Hill, the outlying orebodies, known
as droppers, are enriched in silver relative to the main
orebody (Maiden 1976). Thisisalso seen at the Edwards
mine, where silver is concentrated in a few very-high-
grade zones (Serviss et al. 1986). An unfocussed drill-
ing project may miss such high-grade ores and hence,
will underestimate the value of the deposit.
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