
479

The Canadian Mineralogist
Vol. 43, pp. 479-493 (2005)
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ABSTRACT

The Broken Hill orebody, in Australia, is hosted in pelitic and psammitic gneisses that underwent metamorphism in the
granulite facies. Peak metamorphism in the area occurred around 1600 Ma and exceeded temperatures of 850°C at pressures of
5–7 kilobars. The orebody is located in an area of intense deformation that occurred 5 to 15 million years after the peak metamor-
phism. Highly foliated pelitic schist directly adjacent to the Broken Hill orebody contains assemblages ranging from quartz –
K-feldspar – biotite – garnet – sillimanite to quartz – muscovite – biotite – staurolite – garnet – chlorite. The latter assemblage
equilibrated at temperatures as low as 600°C. Silicates in the low-temperature assemblages are intimately associated with galena
that, in places contains clusters rich in Ag and Sb alloys, sulfides, and sulfosalts. One-bar experiments in the system Ag–Sb–S
indicate that the assemblages seen in these rocks would have been molten at 500°C. These relations suggest that a polymetallic
melt persisted at Broken Hill for up to twenty million years after peak metamorphism.
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SOMMAIRE

Le gisement de Broken Hill, en Australie, est situé dans un hôte gneissique métapélitique et métapsammitique qui a subi un
métamorphisme au faciès granulite. Le paroxysme métamorphique dans la région a eu lieu il y a environ 1600 millions d’années,
et a impliqué une température au delà de 850°C à une pression entre 5 et 7 kilobars. Le gisement est situé dans une zone de
déformation intense active de 5 à 15 million d’années après la culmination métamorphique. Des schistes pélitiques fortement
foliés directement adjacents au gisement de Broken Hill contiennent des assemblages allant de quartz – feldspath potassique –
biotite – grenat – sillimanite à quartz – muscovite – biotite – staurolite – grenat – chlorite. Ce deuxième assemblage s’est équilibré
à une température aussi basse que 600°C. Les silicates des assemblages de plus faible température sont intimement associés à la
galène qui, par endroits, contient des amas riches en alliages, sulfures et sulfosels d’argent et d’antimoine. Des expériences à un
bar dans le système Ag–Sb–S indiquent que les assemblages de ces roches pourraient avoir été à l’état fondu à 500°C. Ces
relations font penser qu’un liquide polymétallique a persisté à Broken Hill jusqu’à vingt millions d’années après la culmination
métamorphique.

(Traduit par la Rédaction)

Mots-clés: métamorphisme, gisement, sulfures massifs, fusion, Broken Hill, Australie.
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INTRODUCTION

The Broken Hill Pb–Zn–(Ag) ore deposit, the larg-
est Pb–Zn deposit in the world, is hosted in granulite-
grade gneisses of the Broken Hill block. Because the
orebody has been intensely deformed and subjected to
high-grade metamorphism, its origin and evolution have
been subjects of considerable debate (Parr & Plimer
1993). Early authors postulated an epigenetic origin for
the orebody (Gustafson et al. 1950), but the prevailing
model is that the orebody is a metamorphosed sedimen-
tary-exhalative (SEDEX) deposit (Parr & Plimer 1993).

Although the Pb, Zn and Ag may have been originally
concentrated in a sedimentary environment, their distri-
bution within the deposit was probably modified con-
siderably during metamorphism. For example,
Lawrence (1967) postulated that some portions of the
orebody were remobilized in the form of “sulfide
neomagmas” during metamorphism. This hypothesis
has received little attention in the past 30 years, but re-
cent experimental work (Mavrogenes et al. 2001) and
textural studies (Frost et al. 2002) indicate that the Bro-
ken Hill orebody was partially molten at peak metamor-
phism. As part of a study to the determine the role of
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melts in the evolution of the Broken Hill orebody, we
have undertaken a detailed study of the metamorphism
in the vicinity of the deposit.

The orebody lies within the Broken Hill block in
New South Wales, which is considered to be one of the
classic granulite terranes of the world (Binns 1964). The
andalusite-bearing pelitic schists in the northern margin
of the block grade southward into sillimanite–cordierite
gneisses that are associated with orthopyroxene-bear-
ing mafic granulites that record metamorphism in the
five to six kilobar range (Phillips 1980). Because retro-
grade shear-zones containing kyanite and staurolite cut
the granulites, Phillips & Wall (1981) concluded that
the Broken Hill area underwent nearly isobaric cooling.
This conclusion was supported by Powell & Downes
(1990) on the basis of phase relations in garnet- and
cordierite-bearing anatectic gneisses near the town of
Broken Hill.

REGIONAL GEOLOGY

The Broken Hill block is an exposure of Proterozoic
supracrustal rocks that crops out over an area of about
5,000 km2 in western New South Wales (Fig. 1). Most
of the block is underlain by the Paleoproterozoic
Willyama Supergroup. To the north, these rocks are
unconformably overlain by the Neoproterozoic sedi-
mentary rocks of Adeladean age. The Willyama Super-
group consists of a sequence of metamorphosed clastic
sedimentary units that were deposited in a developing
rift. The thickness of the sequence is unknown because
of the intense deformation in the area; it is probably in
the range of 4,500 to 13,000 meters (Willis et al. 1983).
All units from the Willyama Supergroup contain detri-
tal Archean zircon with ages as old as 3.2 Ga (Raetz et
al. 2002), indicating that the supergroup was deposited
on or near Archean basement. However, no outcrops of
an Archean basement to the sequence have been recog-
nized.

STRATIGRAPHY OF THE WILLYAMA SUPERGROUP

The lowest stratigraphic units of the Willyama Su-
pergroup are exposed to the east and southeast of Bro-
ken Hill. These have been subdivided into the lower
Clevedale Migmatite and the upper Thorndale Compos-
ite Gneiss. The Clevedale Migmatite is dominantly a
quartzofeldspathic migmatite, whereas the Thorndale
Composite Gneiss includes pelitic horizons containing
garnet, sillimanite and cordierite. Both units have been
intruded by mafic dikes, which are now metamorphosed
to the granulite or upper amphibolite facies. Detrital
grains of zircon give a maximum age of deposition for
these rocks in the range of 1830–1850 Ma for the
Thorndale Composite Gneiss (Page et al. 2005).

The Thackaringa Group consists of metapelitic and
metapsammitic gneiss, much of it albitized, with minor
amounts of iron formation and quartz–garnet rocks. As

with the underlying gneisses, the Thackaringa Group
contains metamorphosed mafic dikes and sills. It has
also been intruded by a granitic pluton, the Alma gneiss,
which is dated at 1704 ± 3 Ma (Page et al. 2005). Detri-
tal grains of zircon indicate that the maximum age of
deposition of the Thackaringa Group is 1730 Ma (Page
et al. 2005). The Thackaringa Group thus was depos-
ited between 1730 and 1700 Ma.

The Broken Hill Group consists of the metasedimen-
tary rocks that host most of the Pb–Zn deposits of the
district, including the massive (ca. 280 Mt) Broken Hill
deposit. The unit consists dominantly of metapelitic to
metapsammitic metasedimentary gneisses, minor calc-
silicate rocks, felsic metavolcanic units, and iron for-
mations. Grains of zircon from the felsic metavolcanic
rocks within the upper Broken Hill group have been
dated at 1685 ± 3 Ma (Page et al. 2005); this is within
error of dates based on zircon from mafic sills from
Round Hill, which are 1683 ± 5 Ma old (Nutman &
Ehlers 1998). Zircon from tuffaceous metasedimentary
units in the lower Broken Hill Group gives an age of
1693 ± 4 Ma (Page et al. 2005). These rocks may have
provided the heat source for the hydrothermal fluids that
produced the Broken Hill deposit; they constrain the age
of deposition of the Broken Hill Group to a short period
of time between 1695 and 1685 Ma.

The Sundown Group is a metamorphosed sequence
of pelitic and psammitic gneisses that overlies the Bro-
ken Hill Group. Although the rocks of the Sundown
Group are lithologically similar to those of the Broken
Hill Group, the Sundown Group lacks the metamor-
phosed mafic sills and dikes that are abundant in older
stratigraphic units. The age of deposition for the Sun-
down group thus is much more poorly constrained than
is that of the Broken Hill Group. On the basis of detrital
zircon ages, Page et al. (2005) concluded that Sundown
Group was deposited around 1670 –1680 Ma.

The youngest sedimentary units in the Willyama
Supergroup constitute the Paragon Group. It is charac-
terized by graphitic metasedimentary rocks with a mi-
nor calc-silicate horizon. The Paragon Group is
restricted to the northern portions of the Broken Hill
block and is not exposed in the area encompassed by
Figure 1. The age of deposition for the Paragon Group
is constrained to lie between 1640 and 1660 Ma (Page
et al. 2005).

STRUCTURE

Four major events of deformation are recognized
within the Broken Hill block (Laing et al. 1978, Hobbs
et al. 1984, Wilson & Powell 2001). The D1 event is
recorded as isolated isoclinal folds that are associated
with an S-surface that is roughly parallel to composi-
tional layering. White et al. (1995) recognized the ex-
istence of abundant high-temperature shear zones that
contain the high-grade assemblage Qtz + Kfs + Sil +
Grt + Bt (abbreviations after Kretz 1983). On the basis
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of the sense of motion on these shear zones, they main-
tained that the D1 deformation might have been related
to northwest-verging thrusting. More recent work by
Gibson & Czarnota (2003) suggests that these structures
may have been associated with extension. The D2 event
formed a steeply dipping foliation that strikes north–
south in the northern part of the block, and northeast–
southwest in the southern part; locally, it obliterates the
D1 structures. The D2 event occurred at slightly lower
temperatures than D1 (Majoribanks et al. 1980). In the
mine area, the D2 fold axes are folded into a broad D3
antiform that locally carries a penetrative retrograde D3
schistosity (Laing et al. 1978).

The Broken Hill Block is cross-cut by numerous ret-
rograded shear-zones, which, because of their high mica
content, are locally known as schist zones. The larger
zones may be several hundred meters wide and more
than 50 kilometers long. Displacement across these
schist zones is unknown, but it is likely to be substantial
(Hobbs et al. 1984). Near the schist zones, the older
fabrics are overprinted by a fabric that may contain gar-
net, staurolite, kyanite, or chlorite. In this paper, we will
refer to the schist zones as D4, although they may have
experienced numerous periods of deformation.

The metasedimentary rocks around the Broken Hill
orebody locally contain graded bedding, the orientation
of which indicates that they have been overturned. This
is assumed to be due to a D1 fold, although the axis of
this fold itself has not been identified (Laing et al. 1978).
The rocks have then been folded into three major D2
structures, the Hanging Wall Synform, the Broken Hill
Antiform, and the Broken Hill Synform (Laing et al.
1978) (Fig. 1). The Broken Hill orebody lies within the
Broken Hill antiform, though the antiformal axis com-
monly is sheared out along both D2 and D3 structures
(Laing et al. 1978). A major D4 structure, the Globe–
Vauxhall shear, lies 1 to 1.5 kilometers northwest of the
orebody, and the orebody is cut by two smaller north-
trending D4 faults.

METAMORPHISM

As many as four metamorphic events have been pos-
tulated in the Broken Hill area (Stüwe & Ehlers 1997,
Wilson & Powell 2001). In most schemes of classifica-
tion, the events have been correlated with the various
deformation-induced fabrics in the rocks. Page et al.
(2005) maintain that because there is a relatively short
period of time involved in the development of the D1,
D2 and D3 structures, there is no compelling reason to
assume that the metamorphism associated with these
fabrics consists of multiple thermal pulses. We will treat
the metamorphism as part of a single thermal event and
conclude that the area underwent two main metamor-
phic events. The first is the regional metamorphism that
is broadly associated with the D1, D2 and D3 fabrics,
and the second is a retrograde metamorphism that is
associated with the lower-grade shear-zones.

The regional metamorphism increases in grade from
north to south (Binns 1964, Phillips 1980) (Fig. 2). The
lowest-grade rocks, in the northern portion of the Bro-
ken Hill block and in the northeast of the Euriowie
block, contain the assemblage And + Ms. With increas-
ing grade, andalusite goes to sillimanite while musco-
vite is still present in the rocks. This produces a narrow
zone of Sil + Ms between the andalusite zone and the
Sil + Kfs zone (Fig. 2). These relations mean that meta-
morphism in the lower-grade portion of the Broken Hill
block took place at pressures slightly above those of the
intersection of the andalusite–sillimanite boundary with
the upper stability of Ms + Qtz. For P(H2O) = Ptotal, this
intersection lies at 2.2 kilobars if one uses the Al2SiO5
triple point of Holdaway (1971), or 3.0 kilobars if one
uses the Al2SiO5 triple point of Pattison (1992). These
pressures would be lower if P(H2O) were less than Ptotal.
Most of the central and southern part of the Broken Hill
block lies within the granulite facies, as indicated by
the coexistence of orthopyroxene and augite in mafic
dikes within the region. Thermobarometry by Phillips
& Wall (1981) shows a general increase in pressure and
temperature toward the southeast, with the highest-grade
conditions reaching around 800°C and 6 kilobars.

Retrogression is widespread in the Broken Hill
block. Over much of the block, the D2 structures con-
tain assemblages indicative of a lower temperature than
the peak metamorphism. Retrogression associated with
abundant muscovite is common in D3 structures, and is
most intense in and near the schist zones. On the basis
of the mineral assemblages encountered in the regional
metamorphism and in the retrograde shear-zones,
Phillips & Wall (1981) postulated that the Broken Hill
area underwent an anti-clockwise P–T path during meta-
morphism.

TIMING OF THE METAMORPHISM AND DEFORMATION

The peak metamorphism and the D1, D2 and D3
events at Broken Hill occurred around 1600 Ma during
a period of time that is barely resolvable by present dat-
ing (Fig. 3) (Page et al. 2005). Page et al. noted that the
D3 event is constrained to have occurred after the em-
placement of the Cusin Creek pluton (1596 ± 3 Ma) and
the Purnamoota Road leucogneiss (1597 ± 3 Ma), both
of which carry D3 fabrics. Event D3 must also have oc-
curred before the emplacement of the Mundi Mundi
intrusion (1591 ± 5 Ma), which cuts D3 fabrics (Fig. 3).
The D2 event occurred before the emplacement of the
Cusin Creek pluton and after the emplacement of the
Purnamoota Road leucogneiss, which carries a D1 fab-
ric. Because D2 occurred after peak metamorphism, this
peak must have occurred before the youngest age for
the Cusin Creek pluton (1593 Ma). The oldest possible
age for peak metamorphism is 1606 Ma, which is the
oldest age reported for metamorphic zircon from the
Broken Hill area. Because D1 occurred near the peak of
metamorphism, the age constraints for D1 are the same
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FIG. 2. Map of the Broken Hill and Euriowie blocks showing
the metamorphic zones for the prograde metamorphism,
and isograds for the retrograde metamorphism. Small box
gives the location of Figure 1. Abbreviations refer to loca-
tions shown in Figure 3; C: Champion, LBH: Little Broken
Hill. After Phillips (1980) and Stevens et al. (1988).

FIG. 3. Geochronology of deformation and metamorphism in
the Broken Hill area. Except where noted, all data are U–
Pb dates on metamorphic zircon reported by Page et al.
(2005). 1. U–Pb date on monazite and titanite from Rasp
Ridge Gneiss, a felsic gneiss within the Broken Hill Group
(Gulson 1984); 2. Rasp Ridge Gneiss; 3. U–Pb date on
monazite from Hores Gneiss (a felsic gneiss within the
Broken Hill Group (Page & Laing 1992); 4. Hores Gneiss
(Page & Laing 1992); 5. Alma gneiss (maximum age); 6, 7.
Leucocratic gneiss from Redan geophysical zone, an area
on the southeastern portion of the Broken Hill block whose
stratigraphic relation to the rest of the block is uncertain; 8.
Amphibolite in the Parnell Formation (a unit in the Broken
Hill Group); 9. Himalaya Formation (a unit within the
Thackaringa Group); 10. Thorndale Composite Gneiss
(maximum age); 11. Crystallization age for the Purnamoota
Road granite; 12. Crystallization age for the Cusin Creek
pluton; 13. Crystallization age for the Mundi Mundi intru-
sion.

FIG. 1. Map of the Broken Hill
area showing regional geology
and the areas sampled in this
study. Inset shows the location
of the area in Australia. BHA:
Broken Hill Antiform, BHS:
Broken Hill Synform, GV:
Globe Vauxhall shear zone.
HWS: Hanging Wall Synform.
Geology after Willis et al.
(1983).
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as those for the peak metamorphism (1606–1593 Ma).
Ar–Ar ages in hornblende indicate that the ambient tem-
perature of the area had cooled below ca. 500°C by 1573
± 5 Ma (Harrison & McDougall 1981). The schist zones
appear to have been active at various times in the late
Proterozoic and early Phanerozoic. Nd–Sm and Pb–Pb
ages for garnet from the schist zones give ages of ca.
500, 880, and 1330 Ma (Dutch & Hand 2003, Hand et
al. 2003, Tonelli et al. 2003).

SAMPLE LOCATIONS AND DESCRIPTIONS

The ore package at Broken Hill

The ore at Broken Hill occurs in six lenses that ex-
tend for more than 10 kilometers along the line of lode.
The ore is enclosed within a suite of rocks that is dis-
tinctive from the surrounding gneisses. Hodgson (1975)
subdivided this suite into ten types, four of which are
various types of pyroxenoid-bearing rocks. We have

divided it into five types (Fig. 4): pyroxenoid rocks,
garnetite, quartz garnetite, blue quartzite, and biotite–
garnet granofels, and consider them, along with the
massive Pb–Zn sulfide ore, to form the ore package. The
pyroxenoid rock consists of coarse-grained (>1 cm)
pyroxenoids and pyroxenes. The most commonly found
mineral in the pyroxenoid rock is rhodonite, but
bustamite and Mn-rich clinopyroxene also are found.
Wollastonite, calcite, pyroxmangite, and Mn-rich oliv-
ine are less widespread. The garnetite is a friable pink
rock that is made up entirely of mm-sized grains of Mn-
rich garnet. The quartz garnetite, blue quartzite, and bi-
otite–garnet granofels are mutually gradational. With an
increase in garnet, the blue quartzite grades into quartz
garnetite, and with an increase in biotite and garnet, it
grades into biotite–garnet granofels.

The relationship among the rocks in the ore package
is complex (Hodgson 1975). Generally, the high-grade
ore is associated with the pyroxenoid rock and the
garnetite; it is less commonly associated with the quartz
garnetite rock. The quartz – biotite – garnet granofels
and the garnet – quartz rocks commonly lie between the
ore-bearing rocks and the pelitic and semipelitic coun-
try-rock (Fig. 4).

Drill-core samples

In this project, we collected samples from two drill
holes that penetrated the western portion of the Broken
Hill orebody and that contain well-foliated pelitic rocks
with low-variance assemblages that are in direct con-
tact with the ore package (DDH 6800, and 8315)
(Fig. 4).

Drill hole 6800 was put down approximately hori-
zontally at 600 meters below ground surface into the
Western A lode, a zinc-rich lode in the orebody. Sample
6800–148.2 comes from the western margin of the
Western A lode and lies adjacent to quartz – biotite –
garnet granofels (Fig. 4). The rock contains strongly
foliated horizons rich in biotite, sillimanite, and garnet
surrounding augen of K-feldspar. Locally, late fine-
grained muscovite rims the sillimanite. Plagioclase is
absent from the rock. Ilmenite is the major opaque
phase, though minor pyrrhotite and galena are present
as well. Because muscovite is not a foliation-forming
phase, as it is in D3 structures, we consider the foliation
in this sample to be related to D2.

Drill hole 8315 was drilled horizontally about 800
meters below the surface and 600 meters southwest of
DH 6800. Samples 8315–65.9 and 8315–71.1 come
from the western margin of the Western A lode. Sample
8315–65.9 comes from a meter-wide zone of pelitic
schist included within quartz garnetite, whereas 8315–
71.1 comes from the margin of the ore package against
quartz garnetite. Both samples contain microlithons of
Qtz + Bt + Grt that are separated by anastomosing folia
containing Ms + Sil + Grt + St + Qtz. Plagioclase is
absent, and late chlorite is commonly found on the mar-

FIG. 4. Diagrams showing rock units encountered and the
location of samples studied in drill cores drill cores 6800
and 8315 through the Broken Hill orebody. Location of the
cores are shown in Figure 1.
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gins of the muscovite-rich folia. Because of the intense
development of muscovite on the schistosity planes, we
interpret the foliation to be related to D3. Ilmenite and
pyrrhotite are the major opaque phases in sample 8315–
71.1. Sulfides are more abundant in 8315–65.9, where
they occur as localized pockets of galena, pyrrhotite and
chalcopyrite that may be associated with chlorite, stau-
rolite, or garnet. Some of the sulfide pockets in 8315–
65.9 contain concentrations of Ag and Sb. In these
pockets, we have identified the phases argentite or
acanthite (Ag2S), and dyscrasite (Ag3Sb).

Regional samples

In addition to samples from drill core, we collected
samples from well-exposed areas in the vicinity of Bro-
ken Hill. Surface samples were collected from three lo-
cations to the south and southeast of the city of Broken
Hill (the airport area, Black Bluffs, Thorndale gneiss)
and two in the Round Hill area, which lies about 2 km
northeast of the city (and about 8 km northeast of the
drill-hole locations), along strike with the line of lode
(Fig. 1).

Black Bluffs is an isolated hill about 800 meters long
and 100 meters wide that lies to the south of the Broken
Hill airport. It consists of fresh mafic granulite that lo-
cally contains isolated leucosomes with a Hbl-rich sel-
vage, which we interpret as zones of partial melt. No
obvious zones of retrogression were recognized. The
four samples collected from this area (02BH1, 2, 3, and
4) are similar, consisting of a granofelsic intergrowth of
Opx, Aug, Pl, and brown Hbl.

The airport area lies to the northeast of the Broken
Hill airport and consists of high-grade migmatitic
metapelitic gneiss that occurs as isolated blocks within
a migmatitic granite host. The three samples from this
locality (02BH7, 8, and 9) are migmatitic rocks consist-
ing of mesoperthitic Kfs + Qtz + Sil + Crd + Grt + Bt.
Biotite forms red tabular grains that have a strong pre-
ferred orientation, and fine grains rimming garnet, cordi-
erite, and ilmenite. The former grains are inferred to
have crystallized as the leucosome was solidifying,
whereas the latter are retrogressive and may have
formed from fluids released during crystallization of the
melt portion of the migmatites. Plagioclase is rare or
absent.

The Thorndale gneiss consists of metapelitic gneiss
interlayered with granitic horizons. The samples we
collected from the Thorndale gneiss (02BH9 and 10)
have the assemblage mesoperthitic Kfs + Crd + Sil +
Qtz. As with the metapelites from the airport area, bi-
otite occurs in two texturally distinct forms.

The mafic gneiss from the top of Round Hill looks
very different from that at Black Bluffs. It is mostly
amphibolite, locally garnetiferous; pyroxene-bearing
assemblages occur only in isolated blocks. In most
places, the foliation in the amphibolite is parallel to that
in the granulite blocks. The samples collected from here

show various degrees of retrogression. The least-retro-
graded sample (02BH12) has a mineral assemblage
similar to that in the mafic granulite from Black Bluffs,
with brown Hbl–Opx–Aug–Pl.

One sample (02BH18) was collected from pelitic
gneiss on the west side of Round Hill. The gneiss here
is strongly migmatitic, with garnetiferous leucosomes
and melanosomes rich in Crd + Sil + Bt. Unlike the
rocks from the airport area and the Thorndale gneiss,
where some of the biotite appears to be texturally late,
all the biotite from Round Hill gneiss forms tabular dark
red-brown plates growing parallel to the foliation.

MINERAL COMPOSITIONS

Pyroxenes

Orthopyroxene and augite from both Black Bluff and
Round Hill are weakly exsolved. To estimate their origi-
nal composition, we made numerous point-analyses on
line traverses across several grains. The compositions
given in Table 1 are the average result of all the analy-
ses in each section. The pyroxenes from both areas have
compositions that are close to the ideal quadrilateral
system, with only minor amounts of Al2O3 and lesser
amounts of TiO2 and MnO (Table 1). The augite and
orthopyroxene from Black Bluff are distinctly more
magnesian than those from Round Hill and are more
magnesian than pyroxenes from mafic rocks elsewhere
in the Broken Hill region (Phillips 1980) (Fig. 5).

Hornblende

Hornblende from Black Bluffs (02BH2 and 02BH3)
is magnesiohornblende (XFe is in the range 0.40–0.44;
Table 1). Such compositions are among the most mag-
nesian in the district (Phillips 1980). In both samples,
the hornblende shows a slight variation in composition
with Si ranging from 6.8 to 6.6 atoms per formula unit
(apfu). The silica content covaries with Al and Na + K
along the hornblende (hbl) exchange operator: hbl =
tremolite + edenite + 1.4 tschermakite. With more than
2.0 wt.% TiO2, the hornblende is also among the most
titaniferous in the district (Phillips 1980)

Garnet

Garnet from the pelitic rock is dominantly almand-
ine (Table 2). The core of the garnet is unzoned and
varies by less than 1 mole % Mg/(Mg + Fe). There is a
slight increase in the almandine component and decrease
in the pyrope component near the margins of the garnet.
This is most pronounced where garnet is in contact with
biotite or cordierite. The garnet from the Airport area
(02BH8) is distinctly more magnesian than that from
Round Hill (02BH15), even though both rocks contain
the same assemblage (Fig. 6A). The grossular compo-
nent in garnet grains from all samples is low (<0.08)
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and uniform. The spessartine content in pelitic rocks
adjacent to the orebody (6800–148.2 and 8315–71.1) is
considerably higher than that from garnet grains in the
other pelitic samples (0.061 to 0.081 compared to 0.005
to 0.021).

Cordierite

Cordierite from the airport area (02BH8) is unzoned,
although there is a variation in XFe [Fe/(Fe + Mg)] of
about 0.08 mole % depending on whether or not the
cordierite grain is touching garnet or biotite, which are
capable of Fe–Mg exchange. The grain-to-grain varia-

FIG. 5. Pyroxene quadrilateral showing the compositions of pyroxenes from Black Bluffs and Round Hill. Filled dots represent
the compositions of pyroxenes found in each sample. Open circles show the calculated compositions that would be in equi-
librium with the analyzed augite and orthopyroxene at high temperatures. Temperatures are calculated from the QUILF
program of Andersen et al. (1993).

n: number of point-analyses made. n.d.: not determined. Cation proportions are
based upon six atoms of oxygen dfor pyroxenes and 23 for hornblende, and are
expressed in atoms per formula unit (apfu).

n: number of point-analyses made. * most Mg-rich composition from this sample.
Cation proportions were calculated on the basis of 12 atoms of oxygen. Electron-
microprobe data.
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tion is much stronger in 02BH15, where XFe of cordier-
ite in the matrix is as much as 0.1 mole % higher than
that touching the garnet (Table 3). As with the garnet,
the cordierite from 02BH8 is distinctly more magnesian
than that from 02BH15.

Staurolite

Staurolite from sample 8315–71.1 (Table 3) contains
up to 2.9 wt.% ZnO. This is lower than the Zn content
of staurolite associated with gahnite or sphalerite
(Holdaway et al. 1986, Zelinski et al. 1991, Feenstra et
al. 2003), which may contain 3.0 to 12.0 wt.% ZnO.
Neither sphalerite nor gahnite is present in sample 8315–
71.1, so the high Zn content of staurolite from this rock
probably reflects high activity of Zn in the fluid phase.

Biotite

As with garnet and cordierite, biotite from 02BH8 is
more magnesian than that from 02BH15 (Table 4). Bi-
otite from both rocks have a composition similar to that
from other granulite-grade terranes (Guidotti 1984). It
contains around 3% TiO2, with 02BH15 being slightly
more titaniferous than 02BH8, which is in accordance
with the observation of Guidotti (1984) that more iron-
rich biotite has a higher affinity for Ti. Biotite from both
samples has about 0.5% F, which is typical of biotite
from granulite-grade rocks.

Biotite from near the Broken Hill orebody (6800–
148.2 and 8315.71.1) is lower in Ti than that from ei-
ther Round Hill or the airport area, which is consistent
with the lower-temperature assemblages with which it
is associated. A distinctive feature about the biotite col-
lected near the orebody is that its Cl content reaches up
to 0.40%, which is considerably higher than that of bi-
otite from Round Hill and the airport areas.

PRESSURE–TEMPERATURE CONDITIONS

Pyroxene thermometry

The pyroxene temperatures calculated for the mafic
granulite from Black Bluffs using the QUILF program

FIG. 6. AFM diagram comparing the compositions minerals from pelitic rocks. A. High-grade samples from airport area (02BH8)
and Round Hill (02BH15). B and C. Samples collected from adjacent to the Broken Hill orebody. Biotite is present in sample
C but not in equilibrium with staurolite – sillimanite and muscovite.

n: number of point-analyses made. n.d.: not determined. Cation proportions are
calculated on a basis of 18 atoms of oxygen for cordierite (Crd), and 47 for stauro-
lite (St). Electron-microprobe data.
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of Andersen et al. (1993) range from 826 ± 29°C for
02BH2 to 816 ± 22°C for 02BH3 (Figs. 6A, B). The
uncertainties quoted above reflect the best fit to three
thermometers, (1) the solvus thermometer calculated
from the augite composition, (2) the solvus thermom-
eter calculated from the orthopyroxene composition, and
(3) the Fe–Mg exchange between augite and ortho-
pyroxene. These temperatures are minimum estimates
because the Fe–Mg exchange closes at a much lower
temperature than does the Ca exchange. During Fe–Mg
exchange, the augite becomes more magnesian, and the
orthopyroxene, more iron-rich. Because at fixed tem-
perature the solvus between orthopyroxene and augite
becomes narrower with increasing �FeMg–1, the analyzed
composition of the augite will give the highest likely
temperature for the assemblage. The lowest likely tem-
perature can be obtained by using the analyzed wollas-
tonite content of augite and fixing �FeMg–1 in the augite
from the analyzed enstatite content of the Opx. Using
these calculation techniques in the QUILF program of
Andersen et al. (1993), we get temperatures in the range
of 900°C (Fig. 5). The filled dots and heavy lines on
Figures 5A and 5B show the compositions of the ana-
lyzed pyroxenes, whereas the open circles and light lines

show the calculated compositions. The maximum tem-
perature of 900°C is somewhat above that of hornblende
dehydration melting in a quartz-saturated system (Beard
& Lofgren 1991, Patiño-Douce & Beard 1995). Because
these rocks apparently melted, we contend that 900° is
a reasonable temperature for metamorphism at Black
Bluffs.

Temperatures calculated in a similar way for the
pyroxenes from Round Hill range from 768° to 776°C
(Fig. 5C). This is more than 100°C lower than the tem-
perature from Black Bluffs and below the minimum
temperature for dehydration melting of amphibolite
(Beard & Lofgren 1991, Patiño-Douce & Beard 1995).
Accuracy of the temperature estimate is unknown. Un-
certainties include error in thermodynamic models, both
of the end members and the solutions, analytical uncer-
tainties, and uncertainty in projection from multicom-
ponent space into the system CaO–FeO–MgO–SiO2.
Uncertainty in pyroxene thermometry is generally taken
to be around ±25°C. Even considering this uncertainty,
the pyroxenes from Round Hill clearly indicate a lower
temperature of equilibration than those from Black
Bluffs.

Pelitic assemblages

We will discuss the pelitic assemblages in two
groups. First will be the rocks from Airport area and
Round Hill, both of which have the assemblage Kfs +
Bt + Sil + Grt + Crd (Fig. 6A), which means that the
minerals are related by the reaction Bt + Sil = Crd + Grt
+ Kfs + H2O (or + melt). It is not clear whether biotite
was a stable phase in the high-grade assemblage or
whether it crystallized from reactions between the restite
and melt as the melt crystallized. As a result, the P, T
conditions determined from this assemblage may record
the time the phases last equilibrated, rather than peak
conditions. The fact that the minerals from the airport
area (sample 02BH8) are distinctly more magnesian
than those from Round Hill (sample 02BH15) indicates
that the two samples equilibrated at different P, T con-
ditions along that reaction. Since this reaction has a
positive slope (Spear et al. 1999), these relations indi-
cate that the airport area equilibrated at higher T and P
than Round Hill.

We calculated the P, T conditions for these samples
using the TWQ program of Berman (1991) and the data-
base of Berman & Aranovich (1996). The assemblage
Grt + Crd + Sil + Qtz defines three equilibria: two are
mass-transfer equilibria involving the reaction Crd = Sil
+ Qtz + Grt (one for the Mg end-members and one for
the Fe end-members), and one is an ion-exchange equi-
librium, the Fe–Mg exchange between garnet and cordi-
erite. Because garnet becomes more Fe-enriched on
cooling and cordierite more magnesian, we calculated
equilibrium conditions for each rock using the most Mg-
rich garnet and Fe-rich cordierite (Fig. 7). These points
provide the minimum T and P at which the garnet, cordi-

n: number of point-analyses made. n.d.: not determined. * most Mg-rich com-
position from this sample. Cation proportions are based upon 11 atoms of oxygen.
Electgron-microprobe data.
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erite, sillimanite, and quartz were in equilibrium for each
rock. Because assemblages in the mafic rocks indicate
a much higher temperature at both localities than the
metapelitic rocks, it is likely that even the most refrac-
tory cordierite and garnet in the pelitic rocks experi-
enced re-equilibration by Fe–Mg exchange during
cooling.

It is impossible to back-calculate the cooling path
for two reasons. First, it is not clear whether the mass-
transfer reactions involving sillimanite maintained equi-
librium with the Fe–Mg exchange during cooling.
Second, it is not known whether all the phases were
present at peak T or whether one or more had crystal-
lized out of the granitic melt during cooling. As a result,
we show the probable conditions of crystallization for
the rocks as shaded fields in Figure 7. The sample from
the airport (02BH18) crystallized at T > 840°C and P >
6.9 kbar, whereas the metapelitic rock from Round Hill
crystallized at T > 760°C and P > 5.5 kbar.

The uncertainty for these estimates is poorly known,
but is generally taken to be in the range of ±50°C and
0.5 kbar. Much of the uncertainty in P, T estimates lies
in the thermodynamic properties of the phases. Because

this uncertainty applies to both samples, the calculated
differences between the two samples are probably real;
sample 02BH8 equilibrated at temperatures that were
80°C higher and pressures that were 1.5 kilobars higher
than 02BH15.

The second group of pelitic rocks come from adja-
cent to the Broken Hill orebody and contains assem-
blages that are lower grade than those collected at Round
Hill or in the airport area. Because these rocks lack pla-
gioclase, we cannot use the GASP barometer, and must
thus estimate pressures from petrogenetic grids. Sample
6800–148.2, which has the assemblage Qtz + Kfs + Grt
+ Bt + Sil (Fig. 6B), is constrained to have formed above
the breakdown of muscovite and above the reaction Bt
+ Sil = Grt + Crd + H2O (or melt) (Fig. 8). Samples
8315–71.1 and 8315–65.9, which contain the assem-
blage Qtz + Ms + Bt + Grt + Sil + St, are constrained to
have equilibrated at or below the reaction St + Ms + Qtz
= Bt + Grt + Sil + H2O, but above the reaction Chl + St
+ Ms = Sil + Bt + H2O (Fig. 8). The presence of Zn in
the staurolite will stabilize it relative to both these reac-
tions. For this reason, in Figure 8 we place the stability
field for this assemblage to the high-temperature side of
both these reactions.

The garnet–biotite temperatures for the samples ad-
jacent to the orebody [using the garnet–biotite thermom-
eter of Holdaway (2000)] are low compared to the
temperatures inferred from the mineral assemblages; at
5 kilobars, they range from 625°C for 6800–148.2 to
550°C for 8315–71.1 (Fig. 8). The Fe–Mg exchange
thus records considerable cooling from the peak condi-
tions. The lower temperature obtained from sample
8315–71.1 is consistent with the presence of late chlo-
rite in this sample. This low-temperature closure for Fe–
Mg exchange is also recorded in the rims of cordierite
and garnet in the sample from Round Hill (sample
02BH15).

Sulfide, sulfosalt and alloy assemblages

Sample 8315–65.9 contains a complex suite of sul-
fide, sulfosalt, and alloy assemblages that probably rep-
resent the last-stage crystallization of a polymetallic
melt (Frost et al. 2002). We have identified acanthite or
argentite (Ag2S), dyscrasite (Ag3Sb), and a complex
domain enriched in Ag, Sb, and S that we were not able
to characterize well because of its fine grain-size and
poor polish (Fig. 9). This area could be pyrargyrite
(Ag3SbS3), although our semiquantitative analyses show
it to be richer in Ag than pyrargyrite (Fig. 10). As an
alternative, it could be an Ag-rich sulfosalt that has not
been previously described, or an intergrowth of pyrar-
gyrite, acanthite or argentite, and dyscrasite that is so
fine that individual phases are not resolvable with the
electron microprobe. As far as its relationship to the for-
mation of a polymetallic melt is concerned, the identity
of the Ag, Sb, S phase is not critical because its bulk
composition would have been molten at 1 bar and 500°C

FIG. 7. P–T diagrams showing the minimum P and T condi-
tions for 02BH8 (solid lines) and 02BH15 (dashed lines),
as determined from the assemblage cordierite – garnet –
sillimanite – quartz. Reaction (1): Fe–Mg exchange
between garnet and cordierite, (2): Sekaninaite (“Fe–
cordierite”) = sillimanite + almandine + quartz, (3):
cordierite = sillimanite + pyrope + quartz. Shaded areas
indicate probable equilibrium conditions for each rock.
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regardless of what phases are present (Keighin & Honea
1969).

At one bar, the bulk composition of the pyrargyrite
melts congruently at 485°C and the eutectic between
pyrargyrite and argentite lies at 465°C (Fig. 10)
(Keighin & Honea, 1969). Because pyrargyrite and ar-
gentite melt at a binary euctectic, rather than melting
incongruently to dyscrasite (or allargentum, Ag6Sb), the
pyrargyrite–argentite join is a thermal barrier. A ternary
eutectic thus must lie on the Ag-rich side of the pyrar-
gyrite–argentite join, and it must occur at a temperature
below 465°C. The pressure effect on the melting tem-
perature of this assemblage is not known. The experi-
mentally determined melting reactions for sulfides have
a dT/dP of 17°C/kbar or less (Frost et al. 2002). Be-
cause melting of native Sb has a negative dT/dP, we
consider it reasonable to assume dT/dP slope for the
melting reaction was low enough (i.e., less than 27°C/
kbar) that these Ag–Sb–S phases were molten at the time
of regional metamorphism.

DISCUSSION AND CONCLUSIONS

P–T path for the Broken Hill orebody

It is difficult to assess the peak conditions of meta-
morphism for the Broken Hill orebody because retro-

gression associated with the pervasive D2 foliation in
the area has destroyed the high-grade assemblages and
reset the thermobarometers. We can get some con-
straints by the spatial distribution of the samples we
collected from the Broken Hill area. Round Hill lies
about 10 kilometers south of the Opx-in isograd
(Phillips 1980), whereas the western end of the orebody
lies about 13 km to the southeast of the isograd (Fig. 2).
In contrast, the airport area is about 20 km southeast of
the isograd. If there were a relatively constant metamor-
phic field-gradient across the area, the peak metamor-
phic conditions at Round Hill would have occurred at
slightly lower temperature than those on the western end
of the orebody. Similarly, the P, T in the airport area
would have been slightly higher than those found at ei-
ther locality.

The highest temperatures we record at Round Hill
are ca. 770° from the pyroxene thermometry in the relict
mafic granulites. Pattison et al. (2003) argued that the
boundary between amphibolite facies and granulite fa-
cies is probably marked by vapor-absent melting reac-
tions, which for moderate pressures lie between 800 and
850°C. This view suggests that the pyroxene-based tem-
peratures from Round Hill probably reflect extensive
Fe–Mg–Ca exchange between the pyroxenes fluxed by
fluids during partial retrogression to amphibolite accom-
panying the D2 deformation. The true peak temperature

FIG. 8. Proposed P–T path for the Broken Hill orebody, showing approximate conditions
for the D1, D2 and D3 episodes of deformation based upon samples studied in this paper.
Petrogenetic grid after Spear et al. (1999)
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probably was around 850°C, which is still somewhat
lower than the ca. 900°C temperatures recorded in the
mafic granulites at Black Bluffs, which were less in-
tensely affected by D2.

The peak pressure is difficult to estimate because the
pelitic assemblages, from which pressure can be esti-
mated, last equilibrated at temperatures about 100°C
below the peak temperature (as indicated by pyroxene
thermometry). The metapelitic rocks from Round Hill
give a minimum pressure of around 5 kilobars, but that
was the pressure at 750°C, when the cordierite, garnet,
sillimanite, quartz (and probably biotite) last equili-
brated. Similarly, pelitic rocks from the airport area give
a minimum pressure of 7 kilobars (at 850°C). Because
the airport area lies seven km “upgrade” from the ore
horizon, it is reasonable to assume that the pressure was
somewhat higher there than at the western end of the
orebody. Because of these uncertainties, we estimate
that the pressure conditions for peak metamorphism of
the orebody were somewhere between 5 and 7 kilobars.

We have taken a conservative near-isobaric cooling
path for the area on Figure 8. This choice is based upon
the minimum pressure of the Round Hill pelitic rocks
and upon the likely upper pressure for the staurolite-
bearing pelitic rocks in drill hole 8315. This is in agree-
ment with the conclusion that the cooling path of the
migmatites at Round Hill was nearly isobaric (Powell
& Downes 1990).

Melt evolution of the Broken Hill orebody

If the peak metamorphism at Broken Hill was around
850°C, as suggested by the melting of mafic granulites
in the Round Hill area, then the orebody would have
been partially molten at this time. This temperature is
well above the eutectic for the pure system FeS–PbS–
ZnS (Mavrogenes et al. 2001). The presence of minor
components that could flux sulfide melts, including Ag,
Sb, As, and Cl (see Frost et al. 2002, Mungall & Brenan
2003) would have induced much greater melting in the

FIG. 9. Back-scattered electron (BSE) and X-ray images showing sulfide, sulfosalt and alloy assemblages in 8315–65.9 A. BSE
image, B. X-ray map of sulfur abundance, C. X-ray map of Ag abundance, D. X-ray map of Sb abundance. Symbols: Arg:
argentite or acanthite, Dy: dycrasite, Gal: galena , Po: pyrrhotite; X indicates an area enriched in Ag, Sb, and S.
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natural system than is apparent from the phase diagram
of the pure system. Because the eutectic in the FeS–
PbS–ZnS system lies near the PbS–FeS join, these melts
would be enriched in Pb, Fe (and probably Ag, As, Au,
Cu, and Sb), whereas the restite would be enriched in
ZnS (Mavrogenes et al. 2001). This high-T melt was
also enriched in Mn, as indicated by plumose Mn-sili-
cates associated with some melt inclusions (Sloan
2000).

Textures in sample 8315–65.9 suggest that a sulfide
melt was still present at the time of D3 deformation of
this rock. The composition of this melt was quite differ-
ent from that of the high-temperature melt. Sphalerite is
lacking from 8315–65.9, whereas the low-melting met-
als Ag and Sb are relatively abundant. We contend that
these differences were caused by differentiation of the
polymetallic melt that resulted in the depletion of Zn,
As and S from the melt. This depletion resulted in the
loss of sphalerite and arsenopyrite as crystallizing
phases, perhaps via peritectic reactions. The loss of sul-
fur, perhaps simply by degassing of H2S, resulted in the

crystallization of the native alloy dyscrasite from the
melt.

Duration of the melt at Broken Hill

Our study shows that a polymetallic melt was present
in the Broken Hill orebody from the temperatures of
peak metamorphism (ca. 850°C), at least until the time
of D3, during which time the terrane cooled to ca.
600°C. Available geochronological constraints indicate
that this occurred over a period of one to 20 million
years (Fig. 3). Because it seems unreasonable that the
terrane would have cooled isobarically through ca.
250°C during only a million years, we contend that the
most likely duration was on the long end of the scale,
perhaps 10 to 20 million years. During this period of
time, a mobile, differentiating polymetallic melt was
present in the rocks. During this period any deforma-
tion experienced by the rocks would certainly have led
to movement of the melt into structurally favorable sites,
away from the site of generation.

FIG. 10. Diagram showing the minerals stable in the Ag-rich portion of the system Ag–
Sb–S. Dark dots represent minerals identified in Figure 9. Pyrargyrite is shaded because
its presence is possible but not substantiated. Open dots indicate phases that are present
in the system, but which have not been identified in sample 8315–65.9. Shaded field
gives the composition range in area X of Figure 9. Temperatures (in °C) refer to the
euctectics and peritectics in binary systems, the location of which is marked by short
lines (data from Keighin & Honea 1969).
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