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Abstract

The Hera Au–Pb–Zn–Ag deposit in the southeastern Cobar Basin of central New

South Wales preserves calc-silicate veins and remnant sandstone/carbonate-

hosted skarn within a reduced anchizonal Siluro-Devonian turbidite sequence.

The skarn orebody distribution is controlled by a long-lived, basin margin fault

system, that has intersected a sedimentary horizon dominated by siliciclastic tur-

bidite, with lesser gritstone and thick sandstone intervals, and rare carbonate-

bearing stratigraphy. Foliation (S1) envelopes the orebody and is crosscut by a

series of late-stage east–west and north–south trending faults. Skarn at Hera dis-

plays mineralogical zonation along strike, from southern spessartine–grossular–
biotite–actinolite-rich associations, to central diopside-rich–zoisite–actinolite/
tremolite–grossular-bearing associations, through to the northern most

tremolite–anorthite-rich (garnet-absent) association in remnant carbonate-

bearing lithologies and sandstone horizons; the northern lodes also display zona-

tion down dip to garnet present associations. High-T, prograde skarn assemblages

rich in pyroxene and garnet are pervasively replaced by actinolite/tremolite–bio-
tite-rich retrograde skarn which coincides with the main pulse of sulfide mineral-

ization. The dominant sulfides are high-Fe–Mn sphalerite–galena–non-magnetic

high-Fe pyrrhotite–chalcopyrite; pyrite, arsenopyrite; scheelite (low Mo) is locally

abundant. The distribution of metals in part mimics the changing gangue miner-

alogy, with Au concentrated in the southern and lower northern lode systems

and broadly inverse concentrations for Ag–Pb–Zn. Stable isotope data (O–H–S)
from skarn amphiboles and associated sulfides are consistent with magmatic

(or metamorphic) water and sulfur input during the retrograde skarn phase,

while hydrosilicates and sulfides from the wall rocks display comparatively ele-

vated δD and mixed δ34S consistent with progressive mixing or dilution of origi-

nal magmatic (or metamorphic) waters within the Hera deposit by unexchanged

waters typical of low latitude (tropical) meteoritic waters. High precision titanite
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(U–Pb) and biotite (Ar–Ar) geochronology reveals a manifold orebody commenc-

ing with high-T skarn and retrograde Pb–Zn-rich skarn formation at ≥403 Ma,

Au–low-Fe sphalerite mineralization at 403.4 ± 1.1 Ma, foliation development

remobilization or new mineralization at 390 ± 0.2 Ma followed by thrusting,

orebody dismemberment at 384.8 ± 1.1 Ma and remobilization or new minerali-

zation at 381.0 ± 2.2 Ma. The polymetallic nature of the Hera orebody is a result

of multiple mineralization events during extension and compression and involv-

ing both magmatic and likely formational metal sources.

KEYWORD S

Ar–Ar geochronology, Cobar Basin, mineral chemistry, skarn, stable isotopes, U–Pb
geochronology

1 | INTRODUCTION

The Siluro-Devonian Cobar Basin is a major mining
province in central New South Wales, Australia. The area
hosts small to large polymetallic precious and base-metal
deposits including those in the Cobar mineral field
(Endeavor, CSA, New Cobar, Chesney, New Occidental,
Peak and Perseverance mines) as well as the Hera mine
and Nymagee deposit to the southeast. Past production
and identified resources for the Cobar Basin exceeds
134.9 t Au, 1.91 Mt Cu, 3.46 Mt Zn, 1.8 Mt Pb and 3,832 t
Ag (to the end 2015; Seccombe et al., 2017).

Orebodies of the Cobar Basin have been variously
classified through time as reactivated/remobilized syn-
depositional sub-exhalative to exhalative deposits
(Suppel, 1984), epithermal and volcanogenic massive sul-
fide deposits (David, 2005, 2006), but more recently an
orogenic sulfide–Au model has been applied, with miner-
alizing fluids derived from a mixing of basement and
basinal fluids during burial (e.g., Lawrie and
Hinman, 1998; Stegman, 2001; Seccombe et al., 2017).

Cobar Basin orebodies share many unifying features
including:

• Intimate relationship with major, long-lived basin for-
ming fault systems;

• Lithological control, either through permeability
(sandstone-hosted orebodies), reactivity (carbonates
and feldspathic igneous rocks; sandstone), competency
contrast (between rhyolite/porphyry, sandstone and
fine-grained sedimentary rocks); and,

• Orebody morphology is similar, with many orebodies
comprising a series of carrot-like, steep-dipping,
short strike length lenses with a large vertical
extent. Many ore zones are polymetallic, often with
spatially separated Pb–Zn–Ag, Cu–Au and even Zn–
Au lenses.

These unifying features provide a framework for
understanding how ore-bearing fluids were transported
and potential trapping mechanisms, but a lack of well-
constrained, direct age dating of mineralization events
leaves the energy, fluid and metal sources for mineraliza-
tion ambiguous. Isotopic studies have been used to sug-
gest the sulfur and metal reservoirs (e.g., Lawrie and
Hinman, 1998; Stegman, 2007; Seccombe et al., 2017;
Downes and Poulson, 2018). Isotopic characteristics can
provide a piece to the puzzle but do not give a unique
solution, particularly in the absence of well constrained
temporal and spatial discrimination of the results.

Limited work has been conducted on the early phase
of mineralization for the orebodies in the main Cobar min-
ing district due to the intense overprinting deformation
fabrics, ore remobilization and overprinting phases of min-
eralization. Below we present a detailed petrographic, iso-
topic and geochronological study of the polymetallic Hera
orebody in the southeastern Cobar Basin. Our data
strengthens an intrusion-related, skarn genesis for the
early phase of mineralization at Hera, as suggested by Fitz-
herbert et al. (2017a, b), and highlights the longevity and
manifold nature of mineralization required to assemble a
complex polymetallic Cobar Basin orebody.

2 | GEOLOGICAL SETTING

The Cobar Basin is an extensional basin that was depos-
ited over basement of Ordovician turbidite and S-type
Silurian granites during the late Silurian to Early Devo-
nian (Figure 1). Deep-water parts of the basin interfinger
with two volcanogenic troughs, to the south (Rast Group)
and west (Mount Hope Group) and are flanked by
limestone-bearing shelf sequences to the west (Winduck
Group), as well as limestone and shallow water to subaer-
ial syn-rift volcanic sequences in the east (Kopyje Group)
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(Figure 1). The lower stratigraphic levels of the southeast-
ern deep-water basin, shelf sequences and Ordovician
basement sequences are intruded by syn-rift Early Devo-
nian I-type plutons along the eastern margin of the basin
and adjacent shelf sequences (Figure 1). The Cobar Basin
is thought to have been inverted and deformed over 25
million years between 405 to 380 Ma (Perkins et al., 1994;

Glen et al., 1996). Basin inversion was associated with
reactivation of major basin/trough margin faults or near
margin faults. Most Cobar Basin-hosted orebodies are
concentrated in a belt along the eastern margin of the
deep-water Basin (Figure 1). These deposits are mostly
associated with zones of faulting, shear zone develop-
ment and epizone hydrothermal alteration, although the

FIGURE 1 Group-level distribution of the Cobar Supergroup and underlying basement. Undercover interpretation is based on

Fitzherbert et al. (2017a, b)
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effects of deformation are relatively diminished to the
south and hydrothermal metamorphic grades are signifi-
cantly higher (hornblende hornfels facies).

Mineralization in the main (northern) Cobar mineral
field is associated with greenschist facies high-strain
zones and is linked with fluids that exploited major fault
systems and regional lithological contacts. Correlative
mineralization along these same fault systems and litho-
logical contacts occurs on the southeastern margin of the
basin, hosted within siliciclastic-dominant turbidite
sequences of the lower Amphitheater Group and to a
lesser extent shallow-water carbonate-bearing sequences
of the Mouramba Group (Figure 1). The deposits are spa-
tially associated with a major basin margin fault, the
Rookery Fault, although the major orebodies are located
immediately west of this fault system.

The genetic process(es) that have driven mineraliza-
tion in the Cobar Basin remain unclear. Rifting and depo-
sition of the mineralized sequences occurred after
ca. 424 Ma (youngest age of exhumed basement rocks;
Downes et al., 2016), but synchronous with intrabasin
volcanism dated at 420–417 Ma (Downes et al., 2016);
The youngest identified syn-rift intrusions/volcanics
within, and immediately adjacent to the Cobar Basin are
c. 411 Ma (Jones et al., 2020), although the upper parts of
the volcanogenic Rast Trough, to the south, are dated at
c. 412 Ma (Downes et al., 2016) and c. 409 Ma (Bull
et al., 2008), signifying that rift-related volcanism
extended into the Pragian (410.8 ± 2.8 to
407.6 ± 2.6 Ma—time scale of Gradstein et al. 2012). The
youngest preserved basin fill is thought to be lowest
Emsian c. 405 Ma (van der Wielen and Glen, 2008; Glen
et al., 2016), potentially even Emsian (c. 400 Ma; Parrish
et al., 2018) (Emsian, 407.6 ± 2.6 to 393.3 ± 1.2 Ma—time
scale of Gradstein et al. 2012). Shallow-water sequences
on the faulted eastern and western flanks of the Cobar
Basin host Pragian to earliest Emsian limestone (sulcatus
(lower Pragian) to dehiscenz (lowest Emsian) conodont
zones (c. 406 Ma; Mathieson et al., 2016).

Inversion of the basin during the Tabberabberan
Orogeny is thought to have been initiated c. 400 Ma
(Glen et al., 1992), with continued compression until
c. 380 Ma (Downes et al., 2016); a similar 20 million year
interval for the Tabberabberan Orogeny is observed
throughout south-eastern Australia (Fergusson, 2017).
Fitzherbert et al. (2017a, b) demonstrated that sedimen-
tary packages of the Cobar Basin did not undergo deep
burial during this inversion and perceived biotite-zone
greenschist facies and above regional metamorphic
grades are related to, pre-foliation, hydrothermal highs
associated with zones of mineralization. In fact, many
Cobar Basin orebodies show evidence for mineralization
and peak (highest temperature) hydrothermal alteration

pre- or potentially early syn-foliation development,
suggesting the initial mineralization event is ≥400 Ma.
This does not preclude subsequent pulses of mineraliza-
tion during periods of movement on large basinal faults
with or without associated magmatism. Syn- to late-
orogenic Pb–Zn–(Ag) mineralization has been recorded
for several orebodies in the Cobar Basin, including the
Endeavor, Manuka and even CSA. It is also well docu-
mented that the adjacent Cu–Au mineralization is signifi-
cantly older (e.g., Lawrie and Hinman, 1998).

3 | DEPOSIT DESCRIPTION

The Hera orebody is an Au–Pb–Zn–Ag-rich orebody with a
mineral resource (combined measured, indicated, inferred)
totaling 2061 kt at 1.8 g/t Au, 2.8% Pb, 4.2% Zn and 34 g/t
Ag (Aurelia Metals Ltd 2019 Annual Report to the
Australian Stock Exchange, 30th October 2019 https://
www.aureliametals.com/investors/annual-reports).

3.1 | Geometry

The Hera orebody is interpreted as a single fault-con-
trolled, but grossly stratabound massive sulfide breccia
body (McKinnon and Fitzherbert, 2017) with a general
strike of 330�, dip of �80� west and an overall plunge of
020� north at its base. A single satellite lens (Kershaws
lode) occurs east of the main orebody. The orebody has
been cut by a series of late-stage north-oriented faults
striking between 005–015� and dipping 75� east, as well
as by lesser east–west faults striking 110� and dipping 80�

south. These late faults result in a series of steeply-
dipping (80� west), west-stepping ore lodes that strike
337–344�, with apparent short strike lengths, apparent
steep plunges and large vertical extent (Figure 2).

3.2 | Metal distribution

Hera has elevated Au, Ag, Cu, Pb and Zn. In terms of
metal distribution and major sulfides, Au is relatively
widespread at Hera, but there is a clear negative correla-
tion between Au and Ag abundance with Ag elevated
only in the upper North Pod and upper Far West lode
(Figure 3). Galena and sphalerite are uniformly abun-
dant. There is a negative correlation observed between
Pb–Zn and Au abundance, and a positive correlation
between Pb–Zn and Ag abundance (Figure 3). There is
also a positive correlation between Ag–Pb–Zn abundance
and the abundance of carbonate-hosted skarn, while Au
has the inverse relationship (Figure 3).
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Pyrrhotite and pyrite are concentrated in the upper
parts of all lodes. Pyrrhotite is ubiquitous within the
North Pod while pyrite is low in abundance except at the
top of the Main South and Main North lodes (Figure 3).
In addition, arsenopyrite is abundant in the North Pod
while chalcopyrite is widespread toward the upper parts
of most lodes and reports to a similar location as Fe-sul-
fides. The general sulfide paragenesis is presented in
Figure 4 and is discussed further below.

3.3 | Host rocks

The Hera orebody is hosted in the deep-water lower
Amphitheatre Group of the Cobar Supergroup. The local

geology around the mine sequences is dominated by thin
bedded to laminated, fine-grained sandstone and silt-
stone. This fine-grained sedimentary facies is rich in qua-
rtz and albite, with abundant detrital white mica, biotite
and Fe–Ti oxides. McKinnon and Fitzherbert (2017)
described the destruction of host rock feldspar and detri-
tal biotite (using hole rock chemistry and hyperspectral
data) as far as 135 m away from the Hera orebody; detri-
tal Fe–Ti oxides are also replaced by hydrothermal
titanite over a similar distance from the orebody. Thick-
bedded sandstone and gritstone intervals are prominent
within the mineralized interval and although mineralogi-
cally similar to the fine-grained equivalents, much of the
skarn alteration is focused in and around these beds. In
addition, McKinnon and Fitzherbert (2017) described a

FIGURE 2 Surface projected plan view of the Hera orebody depicting the various fault-bound lodes. The orebody is solely hosted in the

lower Amphitheater Group
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northerly increase in dolomitic zones within the orebody,
with rare laminated dolomite clasts preserved within
zones of massive sulfide within the North Pod.

3.4 | Skarn and alteration mineralogy

Mineralization occurs in vein/breccia zones predomi-
nantly hosted by intensely silicified, siliciclastic

sequences (siltstone, sandstone and gritstone). A halo of
porphyroblastic hydrothermal biotite surrounds the
orebody. This halo extends for 10s of meters into the host
siliciclastic sedimentary rocks. The deposits high-T, pro-
grade skarn mineralogy has two main textural forms,
siliciclastic-hosted veins and breccia fill (siliciclastic-
hosted skarn) hosted mainly within siltstone-rich
sequences, and sandstone/carbonate replacement skarn
(sandstone/carbonate skarn) hosted mostly within

FIGURE 3 Long section of the Hera orebody looking west including metal distribution and general changes in gangue mineralogy.

Pyrrhotite and pyrite vol% calculated according to McKinnon (2017)
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sandstone, gritstone with rare carbonate (dolomitic)
clasts. Prograde skarn is overprinted by two main pulses
of retrograde alteration; a sulfide-rich phase with
moderate-T hydrous-mineral-rich retrograde skarn and
late-stage of low-T hydrous mineral-rich hydrothermal
alteration. Figure 4 shows the general ore and gangue
mineral paragenesis for the Hera orebody, while Figure 5
illustrates the spatial distribution of the main paragenetic
phases and common crosscutting relationships.

Siliciclastic-hosted calc-silicate veins and breccia fill
are, by far, the most commonly preserved form of
high-T prograde skarn. In general, siliciclastic horizons
and clasts are intensely silicified and enveloped by
sulfide-rich breccias/veins. These frequently contain
quartz-rich veins with garnet–zoisite–titanite–tremolite
± scheelite (low Mo) proximal to and within the sul-
fide orebody (Figure 6a). A biotite-rich mineralogy is
also present distal to the orebody. Garnet within these
veins displays strong chemical zonation (described
below) from grossular-rich cores with calcite inclusions

to spessartine-rich rims, which coincide with
actinolite–zoisite and massive sulfide mineralization
(Figure 6b). Veins are commonly enveloped by a
10–200 mm wide zoned alteration halo. This typically
includes fine-grained garnet–titanite–anorthite–zoisite
proximal to veins, then garnet–actinolite–anorthite–
zoisite, followed by actinolite–biotite–anorthite and
finally distal biotite–muscovite-rich zones that meld
with the porphyroblastic biotite alteration halo sur-
rounding the deposit. Garnet is absent from siliciclastic
skarn in the North Pod.

Remnant zones of High-T, prograde skarn occur within
and adjacent to the mineralized sequence and may occur
as pods, as a replacement after sandstone horizons and/or
after carbonate clasts/blocks (Figure 5). These comprise a
grossular–quartz–diopside–actinolite–zoisite–anorthite ±
carbonate (often dolomitic) assemblage (Figures 6c,d). The
remnant high-T, prograde skarn zones display a broad
mineralogical zonation along the entire strike of the
orebody from a garnet-rich in the southern lenses, to

FIGURE 4 Combined ore and

gangue mineral paragenesis for the

Hera orebody
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pyroxene-rich assemblage in the Far West lenses
(Figure 6e), and tremolite–biotite–anorthite ± (scheelite)
assemblage (Figure 6f) in the upper North Pod while there
is a garnet-bearing assemblage in the lower North Pod.

The retrograde skarn phase is ubiquitous, enveloping
prograde skarn throughout the orebody. This hydrous
retrograde skarn is sulfide-rich and shows a progression
from moderate-T to low-T mineral associations.
Moderate-T retrograde skarn is the dominant expression
of this phase, often with a high-Fe sphalerite–galena–
pyrrhotite ± chalcopyrite assemblage (Figures 4, 5, and
6g). Pyrite is locally abundant, particularly toward the
upper margins of ore lenses with the gangue dominated
by actinolite–tremolite–biotite±spessartine. Although in
many parts of the North Pod this hydrous phase consists
of monomineralic tremolite in addition to abundant sul-
fides. The sulfide mineralogy of North Pod is also more
variable. Arsenopyrite is locally more abundant, in addi-
tion to the other sulfides, and there are silver sulfosalts
and elemental silver in upper North Pod. Gold is often,
but not exclusively associated with sulfides. It occurs in
association with moderate-T retrograde skarn, but also
occurs within the sandstone and siltstone external to the
main sulfide zone, often remobilized within the main
foliation.

A distinctive low-Fe orange colored sphalerite
(Figure 6h,i) is often associated with nuggety-gold and

occurs as infill between breccia clasts of the hydrous
retrograde skarn. Very localized K-feldspar–titanite-
rich assemblages are developed in the altered host
rock selvage to low-Fe sphalerite mineralization and
appear to postdate the moderate-T retrograde skarn
(Figure 6i).

The final stage of skarn-related alteration involves
variable development of late-stage low-T, hydrous
chlorite–muscovite-rich ± rare almandine assemblages,
often associated with galena and low-Fe sphalerite.

The Hera orebody is enveloped by variably devel-
oped foliation with a biotite–tremolite–white mica–talc
assemblage. Sulfide-rich stringers often parallel the foli-
ation and may reflect a new phase of mineralization
or, more likely, zones of remobilized ore (Figure 6j).
Native gold can also be present in the biotite-rich foli-
ation that envelopes the orebody. Biotite and tremolite
within the foliation are variably retrogressed to
chlorite-rich associations late in the ductile phase of
deformation.

The orebody and overprinting foliation are cut by
late-stage, west-verging reverse faults defined by quartz-
rich veins with titanite, clinozoisite, chlorite, albite, adu-
laria, tourmaline and zeolite (Figures 5 and 6k). These
are generally barren but minor high-Fe sphalerite can be
present, although a single fibrous tourmaline-rich vein
was observed to contain abundant native gold. These

FIGURE 5 Idealized rock relationships diagram depicting potential overprinting paragenesis in a single ore lens (plan view). Mineral

abbreviations according to Whitney and Evans (2010)
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veins are predominantly chlorite-rich throughout the
orebody but abruptly switch to being biotite-rich in the
Far West Deeps and lower North Pod (below 535 level)
zones.

Sulfide-rich zones that cross-cut foliation are com-
monly observed (Figure 6l). These may be a minor late
mineralization stage or be zones of remobilized ore.

4 | RESULTS

4.1 | Mineral chemistry

Microprobe analyses for garnet, amphibole, epidote, feld-
spar, pyroxene, biotite and chlorite were collected with a
Cameca SX–100 Camebax microprobe at the Australian
National University. Results are discussed below. Repre-
sentative data are presented in Table 1.

Garnet is compositionally variable depending on tex-
tural location and may be complexly zoned. The andra-
dite content of garnet is minimal with analyses
normalizing to three components: Xgrs (grossular) = Ca/
(Fe + Mn + Mg + Ca), Xsps (spessartine) = Mn/(Fe
+ Mn + Mg + Ca) and Xalm (almandine) = Fe2+/(Fe2+

+ Mn + Mg + Ca). Garnet composition varies according
to its spatial setting and timing (Figure 7a).

Garnet within prograde skarn associations,
siliciclastic vein/breccia (quartz–low Mo scheelite–zois-
ite-rich; Figure 6a,b) and/or sandstone/carbonate
replacement (garnet–pyroxene-rich skarn; Figure 6d,e)
have an elevated grossular component compared to

FIGURE 6 (a) Garnet–quartz veins from siliciclastic skarn.

Note the high-Fe sphalerite and galena above the vein. Sample

from the Main North lode. (b) Photomicrograph of quartz–garnet–
scheelite–zoisite vein. The inclusions in the core of garnet (red

arrow) are calcite, while zoisite is the only inclusion phase to

garnet rims and within the veins. (c) Silicified and garnet-flooded

sandstone horizon. Note the late-stage quartz–chlorite-rich veins

associated with partial replacement of skarn garnet. (d) Remnant

garnet–diopside skarn block likely developed in a sandstone unit.

Note the replacement (mostly of diopside) by retrograde tremolite

and sulfide skarn around the margins of the high-T skarn fragment.

Far West lode. (e) Pod of diopside-rich skarn from the Far West

lode. Note the strong sulfide replacement around the margins. (f)

Irregular biotite–scheelite veins within a siliclastic host from the

North Pod. (g) Typical retrograde, sphalerite–galena–tremolite

skarn. (h) Low-Fe sphalerite and gold forming the matrix to a

brecciated tremolite-enriched hydrous skarn. The black spots are

radiating clusters of galena that are typically seen replacing

pyroxene within the hydrous skarn. Far West lode. (i) Margin of the

low Fe-sphalerite–gold vein. Left is retrograde tremolite–galena
skarn, right is high Fe-sphalerite–quartz–gold breccia matrix. The

thin transition zone between the two is marked by replacement of

the hydrous skarn by quartz–K-feldspar–low Fe-sphalerite–titanite.
Far West lode. (j) Chalcopyrite within the biotite-rich S1 foiliation

(red dashed line) that envelopes the orebody. The foliation is well

developed in the biotite-rich selvage around the orebody. Far West

lode. (k) Late-stage quartz–clinozoisite (buff colored) titanite veins
cross-cutting the S1 foliation that envelopes the orebody (red

dashed line). (l) Massive galena mineralization cross cutting folded

S1 foliation that envelopes the orebody (red dashed lines)
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almandine and spessartine that varies between
Xalm = 8.29–15.85, Xsps = 23.85–41.36 and Xgrs = 46.23–
65.76 (Figure 7a). Core to rim chemical zonation involves
compositionally homogenous grossular-rich cores (some-
times with calcite inclusions) that display sharp bound-
aries with spessartine enriched rims, which also host
zoisite and tremolite inclusions (Figure 6b). A thin outer-
rim of elevated Xalm, with decreased Xgrs and increased
Xsps values, may be present. These elevated Xalm outer

rim analyses are grouped with the latest-stage low-T
hydrothermal alteration. Where remnant garnet–pyrox-
ene-bearing carbonate skarn is preserved, with limited
hydrous retrogression, garnet tends to have a less well-
developed chemical zonation and is dominated by
grossular-rich compositions. Fine-grained garnet in alter-
ation haloes adjacent to calc-silicate veins within
siliciclastic sedimentary rocks are generally enriched in
spessartine and almandine components and vary from
Xalm = 6.31–22.02, Xsps = 40.27–64.60 and Xgrs = 29.49–
49.94.

Garnet within mineralized retrograde skarn, quartz–
tremolite-rich veins and carbonate–tremolite-rich sulfide
breccia fill has an elevated spessartine component, vary-
ing from Xalm = 5.94–18.69, Xsps = 41.76–64.65 and
Xgrs = 23.85–44.27. Core to rim chemical zonation
involves a smooth decrease in the Xsps ratio and sympa-
thetic increase in Xgrs and Xalm values. A thin outer-rim
of elevated Xalm with decreased Xgrs and Xsps values
may be present.

Fine grained garnet associated with late-stage low-T
chlorite–quartz–sulfide veins is relatively enriched in
almandine component varying from Xalm = 20.03–28.57,
Xsps = 33.27–45.28 and Xgrs = 27.02–42.94. Garnet of
this composition are generally small, granular and with no
discernable chemical zonation and appears to correlate
with almandine-enriched garnet rims from all other
settings.

Amphibole occurs in all stages of retrograde skarn
and where it is developed in siliciclastic dominant parts
of Hera (southern lodes) it varies from actinolite to
manganoan-actinolite, Si p.f.u (per formula unit) ranges
from 7.15 to 7.93 and XMg (Mg/Mg + Fe) ranges between
0.64 and 0.87 (Figure 7b). Manganese is elevated and
ranges from 0.12 to 0.48 p.f.u. Lower Mn values tend to
correlate with inclusions to garnet, while elevated Mn
values tend to correlate with matted intergrowths of sul-
fide and amphibole external to garnet. Amphibole from
the North Pod at Hera appears to have formed during
both the prograde and retrograde skarn phases and is
exclusively tremolite with Si p.f.u values ranging from
7.49 to 7.82, XMg values ranging from 0.89 to 1.0, and
lower Mn values of 0.06–0.11 p.f.u. (Figure 7b). Amphi-
bole associated with low-Fe sphalerite and nuggety gold
in the Far West Lode is exclusively tremolite, with very
low Mn values of 0.02–0.07 p.f.u.

Epidote is zoisite with Fe3+/(Fe3++Al) p.f.u values of
0.00–0.1596. Epidote from remnant garnet–pyroxene
skarn has values plotting at the low Fe3+ end of this
range. Allanite is visible optically, particularly in the
North Pod, but was not analyzed as a part of this study.
Late-stage, quartz vein hosted clinozoisite was not chemi-
cally analyzed as a part of this study.

FIGURE 7 (a) Ternary plots of skarn garnet composition from

Hera orebody. (b) Classification of amphiboles from Hera orebody

based on Leeke et al (1997). (c) Ternary plot of pyroxene

composition from Hera orebody
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Feldspar associated with anhydrous skarn is anor-
thite to bytownite with An (anorthite) (Ca/[Ca + Na
+ K]) values of 0.83–0.96. Orthoclase is present in asso-
ciation with low Fe-sphalerite and nuggety gold in the
Far West lode. Albite (identified using XRD) is locally
abundant in association with late stage bucky white
quartz veins that crosscut the orebody.

Pyroxene from carbonate skarn is diopside
(Figure 7c), although analyses display a manganoan
component with Mn p.f.u ranging from 0.07 to 0.10.

Biotite from outer zone of alteration haloes around
siliciclastic-hosted skarn veins and in the por-
phyroblastic biotite zone surrounding the orebody has
an XMg (Mg/(Mg + Fe) ranging from 0.43 to 0.47. Bio-
tite associated with tremolite/actinolite-rich retrograde
skarn is more magnesian (XMg = 0.72). No biotite was
analyzed from North Pod, although amphibole here
trends to Mg-end member in the hydrous skarn from
this zone and biotite is colorless to yellow brown in
thin-section with low birefringence, consistent with the
Mg-rich endmember. Biotite from the porphyroblastic
halo around Hera orebody has a lower range in XMg
values from 0.28 to 0.29.

Chlorite from late-stage hydrous alteration is pre-
dominantly ripidolite (ferroan clinochlore) with Si p.f.u
values of 5.2–5.7 and Fe2++Fe3+ p.f.u values of 2.3–3.9.
The lower values represent chlorite replacing inclusions
in garnet.

4.2 | Stable isotopes

4.2.1 | S-isotopes

Nineteen sulfur isotope analyses were carried out from
retrograde Au-bearing skarn that immediately post-
dates moderate-T retrograde skarn at Hera (seven
analyses) and the moderate-T retrograde skarn in an
adjacent mineralized zone (Kershaws zone;12 analyses)
as part of the present study. These results are summa-
rized in Table 2 and discussed below. The analytical
procedure and tabulated results are included in the
Supporting information.

S-isotope values from this study for Au-bearing low-
Fe sphalerite-rich skarn at Hera average 5.4‰. Values
for sphalerite range 5.1–6.0‰ (average 5.5‰ from six
analyses) with a single value for galena–sphalerite of
4.6‰. The sulfur isotope values for the Kershaws zone
are very similar and average 5.0‰. Pyrite from
Kershaws has δ34S values between 5.1 and 5.4‰ (aver-
age 5.2‰ from four analyses), sphalerite has values
between 5.0 and 5.5‰ (average 5.2‰ from three ana-
lyses), galena has values of 4.2 and 4.3‰ and there are T
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single δ34S values for chalcopyrite of 5.4‰, for pyrrhotite
of 5.5‰ and sphalerite–galena of 4.5‰. Sixty-one addi-
tional sulfur isotope analyses are also available from pre-
vious studies by David (2005), Mernagh (2008) and
Downes and Poulson (2018). The combined dataset from
all studies plot in a tight cluster (Figure 8) between 2.9
and 7.4‰ (mean 5.0‰). The combined dataset of
S-isotopes is subdivided in terms of retrograde skarn
(both moderate and low-T) and deformation related

sulfides. Although there is some overlap and the variation
is subtle, deformation related (foliation hosted and late
stage cross cutting) sulfides tend to be 0.5–1‰ heavier than
the equivalent retrograde skarn phase sulfides (Figure 8).

4.2.2 | O H isotopes

Water δD–δ18O values were determined using δD and
δ18O values for tremolite (from mineralized retrograde
skarn), biotite, chlorite (both from the host rocks adja-
cent to skarn) and clinozoisite (from late cross-cutting
veins) using estimated temperatures of last equilibration
and adjusted for their mineral composition and are pres-
ented in Figure 9 (see Suzuoki and Epstein, 1976; Gra-
ham et al., 1980; Matthews et al., 1983; Graham
et al., 1984; Graham et al., 1987; Fortier and Giletti, 1991;
Vennemann and O'Neil, 1996; Cole and Ripley, 1999 and
Saccocia et al., 2009). The estimation of water δD-δ18O
values from biotite can be problematical. Biotite–water
exchange experiments of Suzuoki and Epstein (1976)
show a systematic decrease in the hydrogen isotope
mineral–water fractionation factor (103lnα) from 850 to
400�C. The experimental findings of Vennemann and
O'Neil (1996) indicated a pronounced increase in 103lnα
for temperatures of ≤400�C. The inflection point between
these two trends is between 350 and 400�C, although
there is a mismatch in the compositions of biotite used in
these experiments. We have used a uniform value of
−38.1 for 103lnα to estimate water δD values for water–
biotite pairs estimated to have exchanged in the range
300–400�C to accommodate this inflection point and to
avoid extrapolating the results of Suzuoki and
Epstein (1976) below their experimentally determined
range. An XMg value of �0.80 was determined for Mg-
rich biotite from the skarn margin (from microprobe
data), although biotite in the most magnesian assem-
blages, particularly from North Pod, may have values
closer to XMg = 1. Extrapolation of the Suzuoki and
Epstein equilibria to 300�C for Mg-rich biotite analyzed
in this study result in 103lnα values of −57 and water δD
values greater than +9. Such values are regarded as
implausible when compared to δD values for waters cal-
culated from other minerals in this study.

Calculated water δD–δ18O values for Hera form a
tight array within retrograde skarn minerals (tremolite)
within massive sulfide breccia having δD–δ18O values
plotting in a field typically associated with magmatic or
metamorphic water (Figure 9). In addition, there is a
trend toward increasing δD values, with very minor
changes to δ18O values, for lower temperature minerals
developed in the margin to the orebody (i.e., biotite) or in
later paragenetic stages (clinozoisite–chlorite) (Figure 9).

FIGURE 8 Box and whisker plot showing distribution of all

sulfur isotope (δ34S) data for sulfides from mineralized zones at

Hera. The plot includes data from David (2005), Mernagh (2008),

Downes and Poulson (2018) and the present study

FIGURE 9 Calculated water δD–δ18O values for the Hera

orebody. See text for calculation details. Reference lines and boxes

include, meteoric water line (Craig, 1961), felsic magmatic water

(Taylor, 1992), primary I-type magmatic water and metamorphic

water area (Hoefs, 2004)
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4.3 | U–Pb geochronology

Sensitive high-resolution ion microprobe (SHRIMP), iso-
tope dilution thermal ionization mass spectrometry (ID-
TIMS) and laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) U–Pb dating was carried
out on titanite from three different settings at Hera;
(1) quartz–ilmenite–titanite vein that cross-cuts prograde
skarn in the Far West lode (Sample JAF01), (2) remnant
low-T retrograde, K-feldspar-altered skarn fragments
associated with low-Fe sphalerite–titanite–Au-rich brec-
cia (Sample JAF02) and, (3) thrust fault-related late-stage
quartz–chlorite–titanite veins that crosscut the orebody

(Samples JAF03 and JAF04). Grains of titanite 100 μm or
greater in diameter (some broken from cm-scale grains)
were liberated by hand-crushing. Titanite fragments from
all samples are transparent and colorless, with occasional
zones of fluid inclusions. Back-scattered electron images
show that all fragments lack discernible zonation,
reflecting the chemically homogeneous nature of the
grains. Detailed analytical methods and results are out-
lined in the Supporting information.

Twenty-seven LA-ICP-MS U–Pb analyses were car-
ried out on titanite grain fragments from sample JAF01.
Measured U/Pb ratios were calibrated via measurements
of the reference titanite MKED1 (Spandler et al., 2016).

FIGURE 10 Tera-Wasserburg plots showing U–Pb results for titanite samples and correlative photographs of actual dated samples from

(a) Au-rich mineralization in the Far West lode in the Hera mine; (b) a quartz–ilmenite–titanite vein cross-cut garnet-rich skarn in the far

west lode at Hera mine; (c and d) from hydrothermal quartz veins that partially dismember the Hera orebody. SHRIMP or LA-ICP-MS data

is displayed in the main panel, and where collected ID-TIMS data in the inset. All data are plotted with 2 sigma uncertainties. Individual

SHRIMP and LA-ICP-MS analyses are colored by U content. All ages are interpreted as the timing of titanite crystallization and/or closure of

its U–Pb isotopic system
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The dataset is portrayed on a Tera-Wasserburg diagram
(Figure 10a). The Pb-isotopic systematics for this sample
suggests that the U–Pb system is undisturbed (within the
precision of the analyses) and that the Devonian lower inter-
cept represents the true age of titanite crystallization and/or
U–Pb isotopic closure. This sample gave a date of
402.3 ± 3.6 Ma for the quartz–ilmenite–titanite vein that
crosscuts high-T prograde skarn in the Far West lode
(Table 3).

Between 25 and 37 SHRIMP U–Pb analyses were car-
ried out on titanite fragments from sample JAF02, JAF03
and JAF 4 on the SHRIMP IIe instrument at Geoscience
Australia, Canberra. All analyses were characterized by
low U contents (2–107 ppm, median 35 ppm). Sample
JAF03 has a bimodal distribution with some grains hav-
ing very low U (7–11 ppm). Consequently, SHRIMP anal-
ysis for this sample targeted a subset of grains with
higher U (57–93 ppm, median 75 ppm). By contrast, tit-
anite from sample JAF04 had a wider range of U values
(6–107 ppm, median 39 ppm). For both samples, Th/U is
uniformly low (0.02–0.04, median 0.03 and 0.03–0.07,
median 0.05 respectively). Sulfide-Au hosted skarn sam-
ple JAF02, is characterized by U values (2–69 ppm,
median 27 ppm) that are mostly lower than for JAF03
and JAF04, but Th/U is markedly higher (0.15–1.25,
median 0.80). Common 206Pb as a proportion of total
206Pb is high (8–73%, median 20%) for this sample as is
usual, in Phanerozoic titanite, and displays a largely pre-
dictable relationship with U content. Measured titanite
U/Pb ratios were calibrated via measurements of refer-
ence titanite MKED1 (Spandler et al., 2016) with no cor-
rection for common Pb. The results are portrayed on
Tera-Wasserburg diagrams (Figure 10a–d) with each
dataset defining a statistically coherent discordia array
(p exceeds .05 in all three cases). In all three cases, the y-
intercept of the discordia is indistinguishable from the
range of Devonian bulk-Earth 207Pb/206Pb values as
modeled by Stacey and Kramers (1975): that is, 0.864 at
c. 419 Ma through 0.860 at c. 359 Ma, and direct Pb-
isotope measurement on 11 galena samples from the
Hera mine averaging 0.863 (Downes and Poulson, 2018).

This suggests that each of the U–Pb systems are
undisturbed (within the precision of the analyses) and that
each Devonian lower intercept represents the true age of
titanite crystallization (and/or U–Pb isotopic closure). Sam-
ple JAF02 gave an age of 404.2 ± 5.1 Ma for the sulfide-rich
skarn-hosted sample, while JAF03 and JAF04 gave dates of
383.4 ± 3.4 Ma and 382.5 ± 3.1 Ma (respectively) for the
quartz-rich veins hosted by crosscutting, thrust related
structures. These results are summarized in Table 3.

Titanite grains from samples JAF02, JAF03 and
JAF04 were reanalyzed at the Boise State University Iso-
tope Geology Laboratory using ID-TIMS, to obtain more
precise U–Pb dates, and to evaluate the accuracy of the
MKED1-based calibration of 206Pb/238U used in the
SHRIMP dating. Five titanite fractions with similar
chemical composition to those analyzed via SHRIMP
were analyzed from each of the three samples. Common
Pb corrections were made using measured 204Pb and the
two-stage Pb isotope evolution model of Stacey and
Kramers (1975) at the nominal sample age. In all three
cases, the five analyses for each sample are indistinguish-
able within their analytical uncertainties and define
weighted mean 206Pb/238U dates well within uncertainty
of the lower-intercept dates determined from the
SHRIMP-derived discordia arrays (Figure 10b–d;
Table 3). Sample JAF02 gave an age of 403.4 ± 1.1 Ma,
while JAF03 and JAF04 gave dates of 384.0 ± 0.6 Ma and
384.8 ± 1.1 Ma (respectively). These results are summa-
rized in Table 3. The excellent agreement between all
three pairs of results confirms the accuracy of the
MKED1-based calibration of SHRIMP-determined
238U/206Pb in the unknowns. All ID-TIMS and SHRIMP
results from statistically coherent age groupings and the
SHRIMP and ID-TIMS data for each sample are within
uncertainty of each other (Table 3).

4.4 | Ar–Ar geochronology

Ar–Ar dating was carried out at the University of Mel-
bourne noble gas laboratory, on two biotite separates

TABLE 3 Summary of titanite U–Pb dating results for Hera

Sample no. (timing relationship) Age (Ma, ±95% CI) MSWD p No. of analyses Method

JAF01 (vein cross-cutting prograde skarn) 402.3 ± 3.6 1.3 .11 27 LA-ICP-MS

JAF02 (retrograde skarn phase) 404.2 ± 5.1 0.60 .97 37 SHRIMP

JAF02 (retrograde skarn phase) 403.4 ± 1.1 0.45 .77 5 IDTIMS

JAF03 (GA2615454) (late-deformation vein) 383.4 ± 3.4 1.3 .18 26 SHRIMP

JAF03 (GA2615454) (late-deformation vein) 384.8 ± 1.1 0.59 .67 5 IDTIMS

JAF04 (GA2615455) (late-deformation vein) 382.5 ± 3.1 1.5 .07 25 SHRIMP

JAF04 (GA2615455) (late-deformation vein) 384.0 ± 0.6 0.52 .72 5 IDTIMS
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from biotite-rich schist developed around the margins of
the Hera orebody (samples NSW34-2 and NSW34-3).
Detailed analytical methods and results are outlined in
the Supporting information. Age spectra for both sepa-
rates are presented in Figure 11 and results are summa-
rized in Table 4. The spectra are characterized by
anomalously young apparent ages for the initial heating
step (339.1 ± 1.2 Ma for NSW34-2, 346.0 ± 0.6 Ma for
NSW34-3). Followed by a gradual increase from �385 to
�389 Ma for low to intermediate steps (385.62 ± 0.45 Ma
to 388.87 ± 0.41 Ma for NSW34-2; 385.48 ± 0.33 to
388.41 ± 0.37 Ma, for NSW34-3). The mid- to high-
temperature steps yield identical plateau ages of
390.03 ± 0.23 Ma (59.5% 39Ar release for NSW34-2) and
389.60 ± 0.23 Ma (57.2% 39Ar release, NSW34-3).

The anomalously low age yielded by the first heating
step of each aliquot is most likely an artefact of argon
recoil. The “staircase” portion of the spectra
(385–389 Ma), may reflect either partial resetting at or
after 385 Ma by a later thermal event, and/or be an arte-
fact of argon recoil. Regardless, the mid- to high-
temperature heating steps yield extremely concordant
results (both within and between aliquots), and as such
the plateau ages are considered to reflect the cooling age
of the biotite or the crystallization age if crystallization

occurred ≤300� C (i.e., below biotite 40Ar/39Ar closure
temperature; McDougall and Harrison, 1999).

Downes and Phillips (2018) reported 40Ar/39Ar step-
heating age spectra for undeformed muscovite laths and
rosettes intergrown with sulfides (galena–sphalerite–pyr-
rhotite–chalcopyrite) at Hera (drill hole HRD032; 514 m).
The muscovite showed a well-defined plateau age of
381.9 ± 2.2 Ma. Table 4 summarizes the 40Ar/39Ar results
from the two studies.

5 | DISCUSSION

5.1 | Hera mineral chemistry, stable
isotopes, and fluid evolution: A magmatic-
related distal skarn?

Distinctive petrographic and mineral chemical features of
the Hera orebody (e.g., sub-calcic garnet, pronounced Mn
and prevalence of Fe2+ in skarn minerals, as well as
low Mo in scheelite) in combination with the absence
of a thermal aureole are consistent with primary min-
eralization at Hera being related to the retrograde
phase of a reduced (pyrrhotite-stable) distal Zn-skarn
system as described by Einaudi et al. (1981) and
Meinert (1992).

Prograde and retrograde skarn mineral assemblages
vary from Ca–Mg enriched in the north (diopside, tremo-
lite, phlogopite, talc, anorthite), to comparably Ca–Fe
enriched in the south (garnet, actinolite, biotite). This
change in mineralogy in part reflects changing host
lithology and ultimately changing bulk chemistry of the
reactive sequence, with Mg enriched carbonate-bearing
sequences most prevalent in the north and exclusively
siliciclastic, comparably Fe-enriched (siltstone-rich)
sequences in the south. Another factor in the complex
mineralogy and mineral chemistry of the Hera distal
skarn is the inferred low XCO2 and potential decrease in
XCO2 during skarn evolution. Carbonate preservation is
poor, and it has been mostly consumed to form calc-
silicate minerals during skarn formation. Figure 12 illus-
trates the T–XCO2 stability region for both prograde and
retrograde mineral associations most applicable to the
Mg-enriched calc-silicate assemblages of the northerly
lodes (Far West and North Pod) of the Hera skarn.

TABLE 4 Summary of mica Ar–Ar results for Hera

Sample Age (Ma, ±95% CI) MSWD p % 39Ar release Mineral

HRD018 (Downes and Phillips, 2018) 381.9 ± 2.2 1.4 .24 65.5 Muscovite

NSW34-2 390.03 ± 0.23 0.87 .48 59.5 Biotite

NSW34-3 389.60 ± 0.23 1.6 .20 57.2 Biotite

FIGURE 11 Ar–Ar age spectra for two samples of biotite

sampled from the foliation that envelopes the Hera orebody
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Changing mineral parageneses imply the garnet–pyr-
oxene ± wollastonite (see Figure 4) bearing prograde
skarn phase of the Far West lode initially developed at
XCO2 ≥ 0.05 in the field of calcite stability (preserved
mostly as inclusions in garnet), but XCO2 rapidly
decreased into the field of zoisite stability in the presence
of garnet and diopside. Finally, decreasing temperature
from south to north along the length of the Hera orebody
(and potentially up plunge in the North Pod) can account
for the loss of garnet and pyroxene and prevalence of
amphibole in the upper North Pod. Peak prograde skarn
temperature potentially varied from 400 to 430�C for the
upper North Pod and 430 to 500�C for the Far West lode
(Figure 12). Decreasing temperature and mineralizing
fluid ingress during the retrograde skarn phase also
resulted in hydrous, amphibolite-rich associations and
the replacement of peak garnet–pyroxene-rich associa-
tions in Far West lode during retrograde skarn develop-
ment (Figure 12). Temperature ultimately decreased to
<350�C where chlorite-rich epizonal mineral assem-
blages formed.

The sulfur isotopic characteristics of the Hera orebody
are unusual in the context of the Cobar Basin. Variation

in δ34S is narrow and low (2.9–7.4‰) consistent with δ34S
for granitic rocks (Hoefs, 2004), while most other Cobar
Basin orebodies vary between 5 and 12‰ (some up to
20‰). Whole rock δ34S for selected Devonian intrusive
and volcanic rocks from the Cobar Basin range between
4 and 6.2‰ (Downes and Poulson, 2018), while reduced
seawater sulfate associated with the Cobar Basin should
be 10–15‰ (Seccombe et al., 2017). The narrow range
and low S-isotope values, for Hera are most consistent
with a Devonian intermediate to felsic igneous reservoir
and do not support the interpretation that significant sul-
fur was sourced from a fractionated Early Devonian sea-
water sulfate reservoir. Interestingly, when sulfur
isotopes for Hera are divided into those associated with
skarn and those associated with overprinting deforma-
tion, δ34S for the latter is consistently 0.5–1‰ higher.
This increase in δ34S may reflect input of heavier sulfur
form the Cobar Basin sedimentary rocks during deforma-
tion and basin inversion.

Calculated water δD–δ18O values for retrograde skarn
minerals (tremolite) from within the massive sulfide
breccia at Hera form a tight array, being typical of mag-
matic or metamorphic water (Figure 9). There is trend
toward increasing δD values, with minor shift in δ18O
values for lower temperature minerals developed in the
altered, siltstone-rich margin to the orebody (i.e., biotite)
and/or in later paragenetic stages (chlorite) (Figure 9).
Calculated δD–δ18O values for some retrograde skarn
phase biotite in the wall rocks to the Hera orebody, as
well as overprinting deformation related biotite and chlo-
rite defining the foliation around the orebody fall outside
the field of magmatic and metamorphic waters from Tay-
lor (1997) and require an external source of unexchanged
waters to account for the observed trend. It is likely that
original magmatic or metamorphic water of the retro-
grade skarn phase underwent progressive mixing or dilu-
tion late in the skarn forming event and more likely
during the early stages of deformation by unexchanged
waters with δD–δ18O values typical of low latitude (tropi-
cal) meteoritic waters around the margins of the massive
sulfide breccia—this is consistent with the paleogeo-
graphic setting of the Cobar Basin during the late Silu-
rian–Early Devonian (see Domeier and Torsvik, 2014).

The features of skarn mineralization, including the
preservation of prograde, high-T skarn assemblages
hosted within sub-greenschist facies basin sedimentary
rocks (Fitzherbert et al., 2017a, b) and thermal changes
reflected by changing skarn mineralogy (south to north
and down plunge) at the Hera orebody are inconsistent
with the current model for formation of Cobar-type
deposits through deep burial and regional-scale ingress of
basement and basin derived fluids during basin inversion
(Stegman, 2001). Although no direct link to magmatic

FIGURE 12 Schematic isobaric T–X(CO2) phase-equilibrium

diagram for the CaO–MgO–Al2O3–SiO2–H2O–CO2 system,

modified after Rossetti and Tecce (2008). Colored fields depict the

potential stability fields of the North Pod and Far West lode during

the prograde and retrograde skarn phases
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rocks has been established at Hera, the features listed
below are suggestive of magmatic heat and fluid/metal/
sulfur input(s) to the Hera mineral system:

• Rapid changes in skarn mineralogy and the large ther-
mal contrast between distal basin and skarn minerali-
zation reflecting proximity to major flow channels,
possibly reflected by the pyroxene-rich Far West Lode
(see Einaudi et al., 1981; Meinert, 1992; Fitzherbert
et al., 2017a, b).

• δ34S values form a very tight cluster between 2.9 and
7.4‰ (average 5.0‰) consistent with Devonian mag-
matic sulfur from the Cobar region.

• δD–δ18O values are consistent with progressive mixing
or dilution of original magmatic/metamorphic waters
within the Hera deposit by unexchanged waters typical
of low latitude meteoritic waters.

• Pb–model ages of 412–397 Ma for galena from the
Hera orebody (Downes and Poulson, 2018) agree well
with U–Pb age of 403.4 ± 1.1 for hydrothermal titanite
from Zn–Au-skarn at Hera (i.e., Pb-source age and the
age of mineralization are the same). Such a scenario
can be most simply explained by the presence of
a ≥ 403 Ma distal magmatic influence.

• Fitzherbert et al. (2017a, b) estimated sub-greenschist
facies burial metamorphic conditions of T = 200–
250�C for unaltered host rocks at Hera, with an
increase to peak temperatures of ≥400�C (potentially
≤500�C) for the anhydrous prograde skarn associated
with the orebody. This 150–200�C (potentially

250–300�C) thermal contrast between host rocks and
skarn is inconsistent with metamorphic-reaction
skarn, and more consistent with a distal igneous-
metasomatic skarn (see Einaudi et al., 1981).

5.2 | Timing of mineralization within a
regional tectonic framework

High precision geochronology suggests the Hera orebody
has had a protracted history of mineralization/
remobilization from initial fault controlled distal base-
metal skarn at ≥403 Ma, to Zn–Au-rich mineralization at
403 Ma, inversion initiation and ductile foliation develop-
ment and ore remobilization/new mineralization at
c. 390 Ma, brittle reverse faulting with orebody dismem-
berment and late inversion-related remobilization/miner-
alization at 381 Ma. The Cobar Basin has the highest
metal endowment of the Siluro-Devonian basins in New
South Wales (see Greenfield et al., 2015; updated figures
for Cobar Basin, Seccombe et al., 2017). Perhaps a key to
this endowment is the plurality of mineralization along
the major eastern fault corridor, Rookery Fault. Rather
than relying on a single ore forming event it is likely that
the Hera deposit developed through successive mineraliz-
ing, remobilization/concentration events over �20 Ma.

A generalized model for the opening of the Cobar
Basin involves a rift phase from 420 to 415 Ma followed
by a sag phase between 415 and 406 Ma (van der Wielen
and Glen, 2008, Glen et al., 2016) and possibly as late as

FIGURE 13 Interpretive NE facing cross section of the “late sag phase” southern Cobar Basin at 410–400 Ma
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400 Ma (Parrish et al., 2018). A recent review of conodont
fauna in limestone of the Cobar Basin by Mathieson et
al. (2016) places allochthonous limestone blocks hosted
within a rift to sag phase (Biddabirra Formation;
Figure 1) transitional facies in the Pragian at
c. 410–408 Ma. An estimated 6–8 km of sag phase turbi-
dite overlies the Biddabirra Formation (Glen, 1987).
Deposition in the flanking shallow-water sequences
(Winduck Shelf in the west and Kopyje Shelf [Yarra
Yarra Creeek Group] in the east; Figure 1) continued into
the Emsian c. 406 Ma (Mathieson et al., 2016). Bull
et al. (2008) and Downes et al. (2016) dated rift-related,
deep-water A-type volcanics (Rast Trough; Figure 1) at
c. 412–409 Ma (Figure 1). The Hera skarn may have
formed due to fault movements during the later stages of
sag phase of the basin deposition, but magmatic rocks
this young are so far undiscovered in the Cobar Basin
(see Figure 13 for an interpreted cross section through
the ca. 410–400 Ma late sag phase Cobar Basin).

The Rookery Fault is a splay off a crustal-scale master
fault system, the Gilmore Fault (Glen, 1982). The
Gilmore Fault separates two tectonic entities in New
South Wales; the central Lachlan Orogen (host of the
Cobar Basin) and the eastern Lachlan Orogen. Basins
(Jemalong Trough; Figure 16) preserved in the eastern
Lachlan Orogen directly adjacent to the Gilmore Fault

record a protracted history of rifting and bimodal mag-
matic activity through the Pragian to the middle Emsian
c. 410–400 Ma (Lyons et al., 2000; Raymond et al., 2000,
2000a). Further east (Yass Shelf, Hill End Trough,
Goulburn Trough and Bungonia Shelf; Figure 14) volu-
minous I-type silicic magmatism continued well into the
early Emsian and was followed by a period of quiescence
and limestone accumulation until c. 400 Ma
(e.g., Thomas and Pogson, 2012). We propose that far-
field forces associated with Pragian and potentially early
Emsian tectonism in the eastern Lachlan Orogen have
been translated as movement along the Gilmore and
linked Rookery Fault systems. Distal skarn developed
within the Cobar Basin, likely associated with limited
magmatism that was focused along this crustal-scale
fault system. Fault-focused magmatism has occurred
during prior movements on the Gilmore and Rookery
Faults, including the Avenall Metabasic Complex
(415–411 Ma; Cairns, 1997; Kositcin, 1999) that stitches
the Gilmore Fault to the south of Cobar, as well as
fault localized dykes/plutons (415–410 Ma; Downes
et al., 2016; Jones et al., 2020) within the Rookery
Fault system. It is credible that extension reflected by
continued rifting and magmatism in the east Lachlan
Orogen from 415 to 400 Ma translated into periodic
movements and fault focused diking/plutonism on the

FIGURE 14 Comparative time–space plot
between the central and eastern Lachlan

Orogen (modified after Fitzherbert et al., 2019).

Mineralizing intervals for Kopyje shelf Cu–Au
and Cobar Cu–Au–Zn based on Fitzherbert

et al. (2019) and Hera Au–Pb–Zn based on this

study. Time–space relationships for Yass Shelf,
Hill End Trough, Goulburn Trough and

Bungonia Shelf are from Thomas and

Pogson (2012). Time–space relationships for the
Jemalong Trough are from Lyons et al. (2000).

Time–space relationships for the central
Lachlan Orogen are from Glen (1987, 1994) and

Downes et al. (2016). Relative timing of central

Lachlan Orogen time–space relationships has
been adjusted according to paleontological

determinations of Mathieson et al. (2016)
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predominantly strike-slip Gilmore-Rookery Fault
system.

Inversion of the Cobar Basin is thought to have
occurred between 400 and 380 Ma (Glen et al., 1992).
Our dating suggests that basin inversion progressed
from ductile deformation and foliation generation
c. 390 Ma to brittle thrusting at c. 384 Ma. There is
certainly evidence of sulfide and Au deposition post-
dating the foliation at Hera but based on the above
evidence it is likely the Ar–Ar white mica age of
381.9 ± 2.2 Ma for mineralization (Downes and
Poulson, 2018) represents a cooling age toward the
end of the Tabberabberan Orogeny inversion. In saying
this, Pb–Zn mineralization is clearly associated with
the Tabberabberan Orogeny and movement of basinal
fluids within other orebodies of the Cobar Basin
(e.g., Endeavor mine; Lawrie and Hinman, 1998; Sun
et al., 2000). The late-stage Pb–Zn mineralization at
Hera may potentially be of this generation.

5.3 | Recognition of a distal skarn
district

The link between faults, stratigraphy and mineralization
at Cobar has been discussed before (e.g., Berthelsen,
2006), but the relatively recent development of the Far
West lode and the North Pod at Hera has uncovered a
previously unknown skarn altered, sandstone/gritstone/
carbonate-bearing stratigraphy. In light of the newly
described skarn association at Hera, reconnaissance stud-
ies have revealed that skarn mineralization in the south-
eastern Cobar Basin is relatively wide-spread (Fitzherbert
et al., 2017a, b). Garnet–anorthite-rich skarn alteration is
associated with the Cu-rich Nymagee deposit, 5 km north
of Hera (Fitzherbert et al., 2017a, b) and garnet-rich calc-
silicate veins are present at the Happy Jacks prospect a
further �2.5 km north (along strike) from Nymagee
(Fitzherbert et al., 2017a, b). Mineralization and garnet-
rich skarn associations are also recorded to the south of
Hera, at Hebe prospect (Fitzherbert et al., 2017a, b). This
distribution of skarn and skarn veins is associated with
the same fault system and at the same stratigraphic level,
being controlled by a single (>7.5 km strike length) hori-
zon adjacent to a major basin margin fault. Allo-
chthonous carbonate blocks are also present along the
western margin of the basin. These include the Norma
Vale prospect, where pyroxene-rich skarn is associated
with Cu mineralization at the base of a large allo-
chthonous limestone block within the Shume Formation
(Figure 1; Fitzherbert et al., 2017a, b). The Shume Forma-
tion and correlative Biddabirra Formation both host allo-
chthonous limestone and are stratigraphically higher

than the Hera–Nymagee allochthonous horizon
suggesting there are a number of prospective allo-
chthonous rock packages within the deep-water Cobar
Basin stratigraphy. The lower Cobar Basin sequences
comprise shallow water reef to shelf sequences developed
at the early-stage of rifting. These lower basin sequences
host abundant conglomerate and carbonate, and with a
shift in paradigm to a skarn mineral system model these
shelf sequences become highly prospective for skarn
mineralization.

6 | CONCLUSIONS

The Hera orebody preserves primary distal skarn minerali-
zation and has petrographic and mineral chemical charac-
teristics consistent with a reduced, polymetallic
siliciclastic/calcic skarn. Skarn mineralization in the Cobar
Basin occurs where long-lived basin margin fault systems
intersected stratigraphy that contains coarse-grained sand-
stone/gritstone horizons and rare carbonate clasts. The
O-H isotopic characteristics of the Hera orebody are consis-
tent with magmatic/metamorphic water that mixed with
cooler low latitude basinal fluids, while sulfur isotopic
characteristics imply mixed magmatic/basin sulfur input.
The coincidence of the Pb-model ages for Hera with U–Pb
titanite ages for mineralization implies the early Emsian
≥405–402 Ma was a period of movement along the Rook-
ery Fault. This movement, in conjunction with fault
focused magnatism likely gave rise to structurally hosted
distal skarn at Hera. It is plausible that multiple movement
events and potentially varying magmatic/basin metal input
has resulted in the complex, polymetallic nature of the
Hera skarn. A ductile foliation associated with basin inver-
sion is dated at c. 390 Ma and the Hera orebody was
dismembered by brittle faulting at c. 384 Ma. Late-stage
Pb–Zn mineralization that cross-cuts the foliation is pre-
sent at Hera, has been dated at c. 381 Ma and may reflect
further basin derived mineralization during post-orogenic
relaxation. Skarn mineralogy has been described at several
prospects and deposits up to 7 km away from the Hera
orebody implying that a larger and highly prospective distal
skarn system occurs in the region.
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