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Abstract The Ernest Henry Cu–Au deposit was formed
within a zoned, post-peak metamorphic hydrothermal
system that overprinted metamorphosed dacite, andesite
and diorite (ca 1740–1660 Ma). The Ernest Henry
hydrothermal system was formed by two cycles of sodic
and potassic alteration where biotite–magnetite alter-
ation produced in the first cycle formed ca 1514±24 Ma,
whereas paragenetically later Na–Ca veining formed ca
1529 +11/�8 Ma. These new U–Pbtitanite age dates
support textural evidence for incursion of hydrothermal
fluids after the metamorphic peak, and overlap with
earlier estimates for the timing of Cu–Au mineralization
(ca 1540–1500 Ma). A distal to proximal potassic alter-
ation zone correlates with a large (up to 1.5 km) K–Fe–
Mn–Ba enriched alteration zone that overprints earlier
sodic alteration. Mass balance analysis indicates that K–
Fe–Mn–Ba alteration—largely produced during pre-ore
biotite- and magnetite-rich alteration—is associated with
K–Rb–Cl–Ba–Fe–Mn and As enrichment and Na, Ca
and Sr depletion. The aforementioned chemical ex-
change almost precisely counterbalances the mass
changes associated with regional Na–Ca alteration. This
initial transition from sodic to potassic alteration may
have been formed during the evolution of a single fluid
that evolved via alkali exchange during progressive fluid-
rock interaction. Cu–Au ore, dominated by co-precipi-
tated magnetite, minor specular hematite, and chalco-
pyrite as breccia matrix, forms a pipe-like body at the
core of a proximal alteration zone dominated by K-

feldspar alteration. Both the core and K-feldspar alter-
ation overprint Na–Ca alteration and biotite–magnetite
(K–Fe) alteration. Ore was associated with the concen-
tration of a diverse range of elements (e.g. Cu, Au, Fe,
Mo, U, Sb, W, Sn, Bi, Ag, F, REE, K, S, As, Co, Ba and
Ca). Mineralization also involved the deposition of sig-
nificant barite, K(–Ba)–feldspar, calcite, fluorite and
complexly zoned pyrite. The complexly zoned pyrite and
variable K–(Ba)–feldspar versus barite associations are
interpreted to indicate fluctuating sulphur and/or
barium supply. Together with the alteration zonation
geochemistry and overprinting criteria, these data are
interpreted to indicate that Cu–Au mineralization oc-
curred as a result of fluid mixing during dilation and
brecciation, in the location of the most intense initial
potassic alteration. A link between early alteration (Na–
Ca and K–Fe) and the later K-feldspathization and the
Cu–Au ore is possible. However, the ore-related enrich-
ments in particular elements (especially Ba, Mn, As, Mo,
Ag, U, Sb and Bi) are so extreme compared with earlier
alteration that another fluid, possibly magmatic in ori-
gin, contributed the diverse element suite geochemically
independently of the earlier stages. Structural focussing
of successive stages produced the distinctive alteration
zoning, providing a basis both for exploration for similar
deposits, and for an understanding of ore genesis.
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Introduction

Ernest Henry (Fig. 1) is the largest of a diverse group of
Fe oxide–Cu–Au deposits in the Cloncurry district
(Williams 1998; Williams and Pollard 2003). With a
resource of 167 Mt @ 1.1% Cu and 0.54 ppm Au
(Ryan 1998), Ernest Henry is Australia’s second largest
(after Olympic Dam) Fe oxide–(Cu–Au) deposit. Fe
oxide–Cu–Au deposits are hosted mostly in Precambrian
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rocks (e.g. Gawler Craton and Cloncurry district, Aus-
tralia; Norrbotten, Sweden; Wernecke Mountains and
Great Bear Batholith, Canada; and Carajàs, Brazil), al-
though economically significant deposits also formed in
continental margin arc settings during the Mesozoic (e.g.
Candelaria-Punta del Cobre and Manto Verde, Chile).
They show substantial variations in chemical and min-
eralogical associations, depositional ages, structural
controls, and oxide and sulphide relationships in time
and space (Davidson 1998; Rotherham et al. 1998; Mark
et al. 2000; Skirrow 2000; Williams and Skirrow 2000;
Baker et al. 2001; Skirrow and Walshe 2002). Many Fe
oxide–Cu–Au terranes contain both Kiruna-type Fe
oxide–apatite ironstones, where paragenetic and geo-
chronological constraints suggest that the ironstones
typically predate Cu–Au mineralization (cf. Hitzman
2000; Edfeldt and Martinsson 2003). The inter-rela-
tionships of these deposit types are relatively poorly
understood, and are only now being studied in detail
(Mathur et al. 2002; Edfelt and Martinsson 2003).

Furthermore, the relationships of Fe oxide Cu–Au
deposits to regional hydrothermal systems are a long-
standing controversy. The main points of contention
concern the role(s) of coeval intrusions, metamorphic
country rocks and basinal/meteoric fluids, and the
sources of metals, sulphur and ligands in the ore-forming
fluids (Oreskes and Einaudi 1992; Williams 1994; Haynes
et al. 1995; Barton and Johnson 1996; Rotherham et al.
1998; Hitzman 2000; Mark et al. 2000; Pollard 2000;
Williams et al. 2001; Mathur et al. 2002; Skirrow and
Walshe 2002; Oliver et al. 2004). This controversy is in
part due to the differences in the scales of regional
alteration and Cu–Au mineralization, and also the
complementary relationship between the suite of ele-
ments depleted during early regional alteration, but later
enriched during ore deposition (e.g. K, Fe, Rb, Cu and
Ba) (cf. Dilles et al. 1995; Barton and Johnson 1996).
Unfortunately, there are few well-exposed or docu-
mented examples that preserve both the large-scale pro-
cesses of regional alteration, and the finer scale details of

Fig. 1 The geology and mineral deposits of the Cloncurry district compiled from published AGSO maps and modified by Williams (1998)
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Cu–Au hydrothermal mineralization. In the Cloncurry
District, for example, all significant deposits discovered
since the early 1990s occur beneath Mesozoic, Tertiary
and more recent cover, and their positive magnetic sig-
natures were initially detected by airborne magnetic
surveys. As such the completion of a 42 km2 exploration
drilling program around the otherwise ‘blind’ Ernest
Henry deposit provides an unique opportunity to study
the space, time and geochemical relationships between
deposit-localized potassic alteration and Cu–Au miner-
alization, and regional-style Na–Ca alteration.

The aim of this paper is to provide a detailed
description of the temporal, spatial and geochemical
evolution of the Ernest Henry hydrothermal system that
adds to previous studies of Blake et al. (1997), Twyer-
ould (1997) and Mark et al. (2000). This work is based
on the detailed study of 120 diamond drill holes in a
16 km2 area around the Ernest Henry mine. These holes
were selected from both the mine lease—the area
immediately over the ore deposit, and the surrounding
term lease—the exploration lease enveloping the mine
lease (cf. Fig. 2a). These results provide clear mineral-

Fig. 2a Geological plan sections (at 1947 m RL, ca 200 m below
current level of exposure) over the Ernest Henry orebody showing
the spatial relations between rock types and alteration. a Geology

showing the distribution of diamond drill holes logged for this
study. Note that geological and geochemical data from other drill
holes were included to generate this interpretation
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ogical and geochemical vectors towards the Cu–Au or-
ebody applicable to explorationists employing remote
and land-based geophysical and geochemical tools, and
also provide a foundation for more detailed studies
pertaining to ore genesis.

Regional setting

The Cloncurry district forms the easternmost exposed
margin of the Mount Isa Inlier and contains many Fe
oxide–(Cu–Au) deposits situated in Paleoproterozoic

metasedimentary and meta-igneous rocks. Two of the
three sedimentary cover sequences defined by Blake
(1987) for the Mount Isa Inlier crop out in the Cloncurry
district, namely, ca 1.76–1.72 Ga (cover sequence two)
rocks (e.g. Page 1983; Pearson et al. 1992), dominantly
composed of calcareous sedimentary rocks and various
intrusive and extrusive mafic and felsic igneous rocks;
and the younger ca 1.67–1.61 Ga siliciclastic sedimen-
tary rocks of cover sequence three (cf. Blake 1987; Page
and Sun 1998; Page 1998).

Polyphase deformation of the Isan Orogenies (1.60–
1.50 Ga, Page and Sun 1998; Rubenach et al. 2001;

Fig. 2b Spatial relations and distribution of albitization and Na–Ca alteration
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Giles and Nutman 2002) affected these rocks, culmi-
nating in widespread igneous intrusion and mineraliza-
tion (see below). The timing of metamorphism on a
regional scale is poorly constrained, although recently
established local geochronological constraints indicate
the presence of at least two thermal peaks at ca 1.60 Ga
and ca 1.55 Ga, which range in metamorphic grade from
greenschist to upper amphibolite facies (Page and Sun
1998; Rubenach et al. 2001; Giles and Nutman 2002;
Rubenach and Lewthwaite 2002; Oliver et al. 2004).
Multiple generations of syn- and post-peak metamor-
phic tectonic fabrics have been recorded at many

locations throughout the district (e.g. Davis et al. 2001).
However, few absolute timing relations have been
determined across the district, which has inhibited clear
interpretations of the timing of Cu–Au ore deposits,
which are all structurally controlled (Williams and Pol-
lard 2003, and references therein; Marshall 2003).

Intrusions of the Williams and Naraku Batholiths (ca
1.55–1.50 Ga: Page et al. 1998) are volumetrically
dominated by variably deformed, mafic to felsic, alka-
line to subalkaline potassic phases that are predomi-
nantly metaluminous and magnetite-bearing, while
contemporaneous sodic intrusive phases are rare. The

Fig. 2c Spatial relations and distribution of K-feldspathization and garnet-bearing alteration
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occurrence of intra-ore intermediate dykes at the Mount
Elliott Cu–Au deposit (Wang and Williams 2001), pre-
to syn-ore pegmatites at the Osborne Cu–Au deposit
(Gauthier et al. 2001), and complex magmatic-hydro-
thermal magnetite-rich mineralization within the Squir-
rel Hills Granite (Perring et al. 2000) provide examples
of close spatial relationships between Fe oxide–(Cu–Au)
mineralization and intrusions.

The district has been affected by regionally extensive
(several 100 km2) Na and Na–Ca alteration, which oc-
curred prior to and synchronously with the intrusion of
theWilliams andNaraku Batholiths (ca 1.60–1.50 Ga: de
Jong and Williams 1995; Pollard et al. 1998; Rubenach

and Lewthwaite 2002; Mark et al. 2004a; Oliver et al.
2004). This style of alteration produced albitic plagio-
clase- and actinolite/tremolite-rich mineral assemblages
that affected all rock types. Albite alteration also affected
the host rocks within the economic Fe oxide–(Cu–Au)
deposits, and typically occurred prior to Cu–Au miner-
alization (Adshead 1995; Baker 1996; Mark 1998; Roth-
erham et al. 1998). Age constraints for regional alteration
and Cu–Au mineralization show that the incursion of
hydrothermal fluids occurred mostly over a period of 100
million years, up to 200 million years after the formation
of their host rocks (Page and Sun 1998; Perkins and
Wyborn 1998; Perring et al. 2001; Gauthier et al. 2001).

Fig. 2d Spatial relations and distribution of K-feldspathization and white mica alteration
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The majority of these ore systems apparently formed
synchronously with the emplacement of 1.55 to 1.50 Ga
Williams-Naraku Batholith granitoid intrusions, but lo-
cally mineralization occurred somewhat earlier at ca
1.59 Ga: Gauthier et al. 2001), and possibly some devel-
oped much later (ca 340 Ma: Mark et al. 2004b).

Local geology

Host rocks

The host sequence in the Ernest Henry area (Fig. 2)
is composed predominantly of plagioclase-phyric

meta-andesitic rocks (Fig. 3a–e) locally intercalated with
metasedimentary rocks (Fig. 3g–n) and cut by two
medium-grained metadiorite intrusions (Fig. 3f) (ca.
1.66 Ga; Pollard and McNaughton 1997). These rocks
were variably deformed and metamorphosed at lower- to
middle amphibolite facies. Subsequently, they were af-
fected by a hydrothermal alteration system and Cu–Au
mineralization (cf. Fig. 2) that was largely localized
around veins and breccias associated with brittle-ductile
deformation along NE-trending fault zones. The
emplacement environment of the meta-andesites is un-
clear due to the lack of preserved extrusive-related tex-
tures (e.g. flow top breccias), although these features, if

Fig. 2e Distribution of pyrite
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originally present, may have been destroyed by tectono-
metamorphic or hydrothermal processes. The majority
of these meta-andesitic rocks have a fine-grained
groundmass with subhedral to euhedral plagioclase
phenocrysts, and they preserve a variety of glomero-
porphyritic, porphyritic, seriate to non-porphyritic
igneous textures (cf. Fig. 3a–e). They are the likely tem-
poral equivalents to similarly textured meta-igneous
rocks that form the bulk of the Mount Fort Constantine
rock outcrops (ca. 1.74 Ga; Page and Sun 1998), 10 km
southwest of the deposit. The groundmass in equivalent
rocks at Ernest Henry commonly has a trachytic texture
(cf. Fig. 3b), and is mainly composed of plagioclase (70–
85%), biotite (5–20%), magnetite (2–5%), quartz
(<5%) and accessory apatite. Distinguishable individual
meta-andesite units have apparent thicknesses between 1
and 60 m. Aphanitic units are mostly <10 m thick, and
volumetrically less significant. Boundaries between units
can be sharp (1–3 cm) to gradual (1–2 m). Amygdale-
rich horizons (containing up to 20%, over 5 m) occur in
some plagioclase-phyric meta-andesites, although they
are more prevalent in aphanitic variants (cf. Fig. 3c–e).

Various metasedimentary rocks (5–50 m thick) are
intercalated with the meta-andesite, and comprise bio-
tite- and muscovite-rich schist, biotite psammite, gra-
phitic (andalusite) schist, banded scapolitic calc-silicate
rock and cordierite-muscovite schist (cf. Fig. 3g–n). The
most common rock types include biotite- and muscovite-
rich psammite, and graphitic schist. These siliciclastic
and calc-silicate metasedimentary rocks constitute only
a minor component of the protoliths to the ore breccia
(cf. Fig. 3g, j and m).

The two metadioritic intrusions are similar in age to
batholithic plutons emplaced near Mount Isa (Sybella
Granite, Wyborn et al. 1988). They are also similar in
age to the cover sequence three rock packages that host
the Mount Isa Cu–Pb–Zn and Cannington Ag–Pb–Zn
deposits (e.g. Mount Isa Group; Page and Sweet 1998;
Soldiers Cap Group, Page and Sun 1998), equivalents of
which are exposed 30 km south of Ernest Henry. These
intrusions are medium- (1–3 mm) to coarse-grained (5–
10 mm), mesocratic to leucocratic, and equigranular,
and contain plagioclase, hornblende, magnetite, titanite,
quartz and K-feldspar (cf. Fig. 3f). Local mineralogical
variations are presumably due to internal magmatic
evolution and melt differentiation.

Deformation and metamorphism

The structural and geophysical grain of the region trends
north, but bends to the NE in the vicinity of the deposit.
The main shear zone foliations and faults at the mine dip
moderately SE, and the breccia-hosted orebody plunges
down-dip within these fabrics (Webb and Rowston
1995; Twyerould 1997). Although the formation age of
the controlling structures is poorly constrained, all
individual faults and shear zones in the vicinity of the
deposit exhibit evidence for episodic post-peak

metamorphic hydrothermal alteration, although some
were initiated prior to Cu–Au mineralization.

Three distinct ductile tectonic fabrics have been
identified around Ernest Henry. However, the lack of
continuity of fabric intensity along and between oriented
drill core inhibits precise 3-D reconstruction of geometry
and the geometric evolution. The earliest S1 fabric is
preserved only in micaceous and porphyroblastic me-
tasedimentary rocks, and occurs as a bedding-subpar-
allel feature found outside the main ore zone. S1 is
locally preserved as a closely spaced schistosity in
muscovite-rich (Fig. 3i) and graphitic schist, and less
commonly occurs as aligned inclusion trails within cor-
dierite and garnet porphyroblasts, and as remnants
within differentiated S2 crenulation cleavage in mica
schists (cf. Fig. 3i, l). The dominant tectonic fabric distal
to the ore deposit, S2, appears to have formed broadly
synchronous with the growth of peak amphibolite facies
metamorphic minerals (Fig. 3i–j). D2 commonly pro-
duced 5–10 mm crenulations of S1, 1–10 cm open folds,
and most commonly, a closely-spaced penetrative tec-
tonic fabric (S2), especially in the vicinity of the ore
deposit and within its bounding shear zones (cf. Fig. 3i–
n). S2 fabrics outside the mine lease are locally over-
printed by albite veining and porphyroblastic albite
formed during the earliest stages of the Ernest Henry
hydrothermal system (Fig. 3l–n, see below). The youn-
gest ductile tectonic fabrics (S3) are most intense within
the mine lease, and are commonly identified by a het-
erogeneous foliation (S3) and local crenulation devel-
opment and formation of imbricate breccias in biotite
and/or carbonate-rich horizons within and directly
adjacent to the ore breccia. S3 fabrics locally overprint
products of biotite–magnetite alteration in the footwall
and hanging wall rocks, and are rarely observed to have
folded K-feldspar–quartz–rutile veins produced imme-
diately prior to Cu–Au mineralization (see below).

Hydrothermal alteration distribution and paragenesis

The Ernest Henry hydrothermal evolution (Table 1,
Fig. 4) is broadly divisible into chemical and mineral-
ogical associations representing products of early Na
and Na–Ca alteration, pre-ore K–(Mn–Ba)-rich alter-
ation and Cu–Au mineralization. The hydrothermal
alteration around the deposit is largely controlled by
NE-trending faults, fault zones adjacent to metadiorite
intrusions, and along the extensions of the fault/shear
zones that bound the orebody (Fig. 2a–b). For the most
part, hydrothermal alteration associated with Na and
Na–Ca alteration is largely preserved in vein, breccia
and replacement features focused in the NE-trending
fault zones distal to the deposit, whereas younger K-
feldspar and biotite veining predominate around the ore
breccia and transgress the NE-trending fault arrays. Cu–
Au mineralization and hydrothermal brecciation oc-
curred within the potassically altered rocks between
shear zones bounding the orebody.
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Fig. 3 Pictures of the main rock types (e.g. meta-andesite, meta-
diorite, and siliciclastic and calc-silicate rocks) around Ernest
Henry. Mineral abbreviations after Kretz (1983); Ab, albite; And,
andalusite; Bt, biotite; Gt, garnet; Po, pyrrhotite; Qtz, quartz; Scp,
scapolite; XP, cross polarized light; PP, plain polarized light. a
Seriate textured plagioclase phyric meta-andesite with a fine-
grained, biotite-rich matrix (FTCD 2047, 236.0 m). b Porphyritic
meta-andesite (XP) with a fine-grained intergranular plagioclase-
rich matrix (FTCD 2047, 236.0 m). c Amygdale-bearing meta-
andesite with a fine-grained, biotite-rich matrix. The amygdales are
composed of quartz and calcite (FTCD 2179, 237.6 m). d
Amygdaloidal meta-andesite (XP) with a fine-grained feldspathic
groundmass locally affected by hematitic K-feldspar alteration
(FTCD 2040, 244.0 m). e Quartz amygdale-bearing plagioclase
phyric meta-andesite with a fine-grained biotite-rich matrix (FTCD
2147, 245.0 m). f Medium-grained, equigranular metadiorite
composed of hornblende, plagioclase, magnetite and quartz
(FTCD 2022, 250.1 m). g Medium-grained scapolitic calc-silicate
rock that was altered by porphyroblastic garnet during Cu–Au

mineralization (FTCD 32, 409.9 m). h Medium-grained, equigran-
ular muscovite psammite representative of metasedimentary rocks
intercalated with plagioclase phyric meta-andesite in the orebody
(FTCD 32, 376.9 m). i Andalusite-biotite schist preserving both S1
and S2. Note the syn- to post-S2 timing of andalusite growth
(FTCD 2175, 240.0 m). j Scapolite-biotite calc-silicate rock (cf.
Fig. 3m). The meionitic scapolite contains aligned inclusions that
define a relict S2 fabric (XP) (FTCD 2171, 264.6 m). k Selective
pyrrhotite alteration of biotite in a fine-grained biotite psammite at
the margin of a quartz-pyrrhotite vein (PP) (FTCD 2171, 246.2 m).
l Differentiated S2 crenulation cleavage defined by aligned
metamorphic muscovite later overprinted by porphyroblastic albite
associated with earlier albitization (XP) (FTCD 2175, 240.2 m). m
Meionitic scapolite-biotite calc-silicate rock overprinted (right) by
light coloured albite, diopside, actinolite and pyrite alteration
associated with stage 1 Na–Ca alteration (FTCD 2076, 226.0 m). n
Muscovite-biotite schist preserving the local S2 tectonic fabric
overprinted by fine-grained albite associated with early albitization
(FTCD 2175, 230.0 m)
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Na and Na–Ca alteration

The earliest metasomatism involved intense Na (cf.
Fig. 3n, 5a–d) and Na–Ca alteration (cf. Fig. 3m, 5b, e–
f), particularly albitization (Table 1, Fig. 4). These
homogeneously fine-grained, albitic-altered rocks are
largely preserved outside the bounds of the mine lease,
occurring mainly along NE-trending contacts between
metadiorite and metasedimentary rocks (Fig. 2b). This
spatial association indicates that the albitizing fluids
were structurally controlled along fractures, faults, and
lithological contacts, as noted regionally in the Eastern
Fold Belt (Oliver et al. 1990; Rubenach and Lewthwaite
2002). The antipathetic relationship between areas of
Na–Ca and K–(Mn–Ba) alteration (Fig. 2b–c) is partly
related to strong overprinting by the latter, which mostly
obliterated previous Na and Na–Ca alteration. The
albitized rocks are cut and replaced by K-feldspar and or
biotite in the hanging wall, and rare relict albite grains
occur within K-feldspar altered breccia clasts in the or-
ebody (cf. Fig. 4a, b and n).

Other minerals in Na–Ca altered rocks include minor
actinolite, diopside, magnetite, scapolite and pyrite (cf.
Fig. 3b, e–f, and m). Relatively, albite-poor calcic

alteration (containing actinolite, magnetite, diopside and
pyrite) selectively affected primary ferromagnesian
minerals in metadioritic rocks on the margins of the
more-intensely albitized zones. Locally intense scapolitic
alteration (Me20-40) is common and is associated with
diopside, actinolite, quartz and pyrite veining. Clast-
and matrix-supported breccias are common, and
resemble those linked to regional Na–Ca alteration
elsewhere in the Cloncurry district (de Jong and Wil-
liams 1995; Marshall 2003). Fine- to coarse-grained
magnetite, apatite, actinolite, quartz and pyrite vein
associations are rare, and form 10- to 100-m scale
weakly Cu-enriched bodies in the footwall and hanging
wall to the deposit (Fig. 5g).

Pre-ore K–(Mn–Ba)-rich alteration

Dark-coloured, fine-grained biotite- and magnetite-rich
alteration (with rare K-feldspar) overprinted albitized
rocks, and formed a significant alteration halo best
developed in the plagioclase-phyric meta-igneous
rocks, although the original intensity of this alteration
is obscured in, and immediately around, the orebody.

Fig. 3 (Contd.)
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The alteration intensity is variable, being greatest in
relatively ferromagnesian-rich rocks. This alteration
type occurs relatively early in the hydrothermal para-
genesis and is commonly overprinted by Na–Ca vein-
ing and K-feldspar alteration associated with Cu–Au
mineralization. However, as opposed to the afore-
mentioned fine-grained alteration, later garnet-, K-
feldspar- and biotite-rich alteration assemblages were
largely localized in the northeast portion of the mine
lease and affected footwall rocks for more than 1 km
away from the orebody (Figs. 2c and 5i). Garnet in
these assemblages is Mn-rich, locally contains up to
49 mole percent spessartine (Tables 2, 3, 4), occurs as
both infill and hydrothermal replacement, and is
typically coarse-grained. The K-feldspar is typically
Ba-enriched (up to 3 wt% BaO, Tables 2, 3, 4),
although individual grains exhibit significant composi-
tional variation (cf. Fig. 5m).

Ore-stage associations

In plan section, the extent of potassically altered rock
extends to >1 km beyond the mine (cf. Fig. 2 a–b),
but it is most intense in the vicinity of the orebody (cf.
Fig. 5a,b and h). Potassically altered rocks also occur
along the main NE-trending fault zones, and locally
overprints Na–Ca alteration, biotite–magnetite alter-
ation and magnetite-apatite-rich veining (cf. Fig. 5a,b
and h). This association comprises veins, breccia and
hydrothermal replacement that are K-feldspar domi-
nant. Veins bearing K-feldspar, quartz, rutile and cal-
cite are commonly parallel to, boudinaged by, and cut
the local S3 tectonic fabric. K-feldspar alteration
preferentially affected plagioclase phyric meta-andesite
horizons. Minor fine-grained muscovite alteration is
apparent and occurs peripheral to the high-grade parts
of the orebody.

Fig. 4 Paragenetic sequence
and spatial distribution of pre-
and syn-ore hydrothermal
alteration in the Ernest Henry
term lease. The sequence is
divided into three main phases:
1) Stage 1, which largely refers
to hydrothermal associations
produced during the earlier
stages of hydrothermal
evolution (e.g. albitization and
Na–Ca alteration); 2) Stage 2,
which refers to hydrothermal
associations chemically-linked,
but occurring prior to Cu–Au
mineralization; and, 3) Stage 3,
which relates to hydrothermal
associations temporally,
spatially and chemically linked
to the ore. The width of
individual lines refers to the
relative abundance of a mineral
formed during a particular
stage, where stippled lines
represent trace mineral
abundances, whereas the
thickest solid line shows that a
mineral is present in
abundance. Bllack fill denotes
relatively Na-rich pre-ore
mineral assemblages, and grey
fill highlights K-rich mineral
assemblages deposited prior to
ore-related K-feldspar
alteration. Other fills ae specific
to individual mineral phases
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Main phase ore breccia

Ore is largely hosted by breccia that contains clasts of
rounded to subrounded K-feldspar altered plagioclase
phyric meta-andesite. The distributions of Cu–Au and
K-feldspar altered rocks suggest the two were closely
related. Breccia-hosted ore typically grades into mar-
ginal subeconomic crackle-style hydrothermal veining.
The hydrothermal mineral association largely comprises
magnetite, calcite, pyrite, biotite, barite, chalcopyrite,
quartz, specular hematite and K-(Ba) feldspar (cf.
Fig. 5j–p). Accessory minerals include molybdenite
(Fig. 5o), coffinite, native gold-electrum, arsenopyrite
(Fig. 5k–l), apatite, fluorite, rutile, monazite, spessar-
tine-rich garnet, actinolite, sphalerite, scheelite and ga-
lena. Magnetite and calcite are the dominant
hydrothermal matrix components (cf. Fig. 5k, m-o). The
breccias are variably affected by deformation and locally
contain elongate, aligned, K-feldspar altered clasts and
recrystallized magnetite, calcite and sulphides in the
breccia matrix. Specular hematite is uncommon. Most
hematite however occurs as an alteration product after
magnetite, and is mainly localized along fractures or
grain boundaries. The timing and genetic relation of
secondary hematite alteration to ore magnetite and ore
formation is unconstrained. Biotite is enriched in both
Cl and F, and is similar in composition to that in pre-ore
K–(Mn–Ba)-rich alteration and post-ore veins (Tables 2,
3, 4). Apatite is also enriched in F (cf. Twyerould 1997).

Irregular veins composed of calcite, quartz, K-feld-
spar, magnetite, hematite, chalcopyrite, pyrite, biotite,
barite, apatite and fluorite formed during ongoing dila-
tion between the bounding shear zones (Mark et al.
2000). They overprint ore breccia and vary in thickness
from 5 to >100 mm (Fig. 5p). Minor mineral phases in
these veins include rutile, spessartine garnet, actinolite,
molybdenite and scheelite. These veins may be regarded
as the last Cu–Au mineralization stage, mostly formed
after brecciation had ceased, and while ductile defor-
mation of the surrounding shear zones was waning.

Post-ore veining and alteration

Late carbonate-rich veins and matrix-supported breccia
are mainly composed of medium-grained calcite, dolo-
mite and quartz, and fine-grained biotite, actinolite-
tremolite, pyrite and magnetite (Fig. 5q). Calcite is the
main mineral and is typically recrystallized to fine- and
medium-grained assemblages. Biotite and magnetite
alteration at the margin of veins and breccias is com-
mon, although pyrite alteration is rare. These post-ore
breccias contain subrounded to rounded clasts (10–
100 mm) of earlier formed ore breccia and K-feldspar
altered meta-andesite. Some of the carbonates present
(particularly the finer grained varieties) may represent
remnants of a primary marble, as marble breccias are
found regionally with similar matrix/clast relationships
(Marshall 2003).T
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Fig. 5 Pictures showing the main styles and temporal associations
of hydrothermal veins, breccias and alteration products in the term
lease over Ernest Henry. Mineral abbreviations after Kretz (1983).
a Albitized (Ab), biotite–magnetite (Bt) altered meta-andesite cut
by late hematitic stained K-feldspar veins (FTCD 2157, 257.1 m). b
Multiply altered and veined plagioclase phyric meta-andesite. Note
that albitization is texturally retentive and represents the earliest
phase of alteration. Actinolite veins are cut by K-feldspar- and
pyrite-bearing veins (FTCD 2040, 250.35 m). c Irregular and sharp
contact between medium-grained and albitized (Ab) metadiorite.
Thin biotite-rich veins (Bt) cut zones of albitization (FTCD 2114,
241.9 m). d Pervasively biotite–magnetite altered equigranular
medium-grained albitized metadiorite (cf. Figs. 3d, 4c) (FTCD
2163, 226.8 m). e Hydrothermally altered porphyroblastic scapol-
itic calc-silicate rock now largely composed of albitic plagioclase.
The albitization processes involved the retention of the original
texture. Minor actinolite overprints metamorphic biotite (FTCD
2076, 226.0 m). f Multiply altered fine-grained meta-andesite
showing early vein-controlled biotite alteration cut by actinolite,
titanite and pyrite veining. Hematitic K-feldspar cuts earlier
actinolite veins (FTCD 2032, 257.0 m). g Coarse-grained magne-
tite-apatite ironstone of probable similar character to the skarn-
type rocks dated by Twyerould (1997). The assemblage also

contains actinolite and quartz, and is cut by late calcite veining
(FTCD 48, 273.2 m). h K-feldspar altered glomeroporphyritic
meta-andesite (FTCD 28, 443.2 m). i Coarse-grained Mn-rich
garnet (Sps- spessartine garnet), K-(Ba) feldspar, quartz, biotite
associated with pre-ore veining in plagioclase phyric meta-andesite
within the footwall (FTCD 2069, 257.2 m). j Typical sulphide
mineralized infill-supported hydrothermal ore breccia containing
clasts of rounded to subrounded K-feldspar altered meta-andesite.
The matrix is dominated by magnetite, pyrite, chalcopyrite and
biotite (FTCD 28, 257.0 m). k Reflected light image of a typical
example of disseminated, fine- to medium-grained magnetite
(Mag)-rich ore containing chalcopyrite (Ccp) and arsenopyrite
(Ars) (FTCD 28, 158.9 m). l Reflected light image of arsenopyrite
(Ars)-bearing (locally containing inclusions of chalcopyrite),
magnetite-rich ore. Note the ore matrix is largely composed of
magnetite (Mag), calcite and quartz (FTCD 28, 158.9 m). m Back
scattered electron image of a typical ore assemblage showing an
irregularly zoned K-feldspar (Kfs) grain rimmed by high Ba
margins. The Ba content of K-feldspar is especially high where in
contact with calcite (FTCD 48, 405.5 m). n Back scattered electron
image of a typical hydrothermal mineral association with Cu–Au
mineralization. Note the presence of relict (?) albite (Ab) grain
adjacent to the syn-ore K-feldspar (Kfs)
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Fig. 5 (Contd.) (EH 141, 232.95 m). o Back scattered electron
image of typical ore assemblage showing a zoned pyrite grain with
few remaining euhedral grain boundaries, magnetite (Mag), K-
feldspar (Kfs), quartz, pyrite (py) and molybdenite. The zonation
in pyrite represents changes in the As, Co and Fe content, where
the lighted shaded areas contain higher As and Co, at the expense

of Fe and S (EH 141, 232.95 m). p Late coarse-grained veins
composed of quartz, barite, K-feldspar, pyrite and chalcopyrite in
ore breccia (FTCD 48, 410.1 m). q Late vein composed of calcite,
actinolite and biotite associated with pyrite and biotite alteration in
ore breccia from near the footwall contact of the deposit (EH 197,
266.2 m)
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Geochemistry

Wholerock geochemistry around Ernest Henry was
undertaken for three main reasons: (1) to assess the
geochemical affects of K–(Mn–Ba) alteration; (2) to
understand the relationships between regional and ore-
related hydrothermal associations; and, (3) to constrain
the spatial distribution of geochemical haloes associated
with Cu–Au mineralization as a basis for developing
‘vectors-to-ore’ criteria. These results are based both on
data from 1–3 m drill core samples from resource and
sterilization drilling, and from detailed geochemical
sampling of meta-igneous rocks and their K–(Mn–Ba)
altered equivalents. Oliver et al. (2004) presented results
of similar calculations for regional Na±Ca alteration,
including some samples near Ernest Henry. Their work
demonstrated that the early sodic alteration near Ernest
Henry occurred with low mobility of Al, Ga, Si, Ce and
La (with Ti and Y probably also immobile, but showing
large standard deviations). It resulted in the enrichment
of Na, and depletion of K, Ba, Ca, Rb and Sr.

Geochemical mass balances for K–(Mn–Ba) alteration

Three pairs of unaltered and K–(Mn–Ba) altered rocks
were selected to assess the geochemical changes using the
isocon approach of Grant (1986) (Table 5; Figs. 6a–c
and 7). Each pair represents adjacent samples of equiv-
alent host rocks separated by an alteration front that is
unaffected by later veining or metasomatism. Minimum
and maximum isocon gradients were defined visually for
each sample pair, and the field between the two is con-
sidered to define elements that were largely immobile

during alteration (e.g. Ti, Al and Zr), whereas those
outside this field were mobile and exhibit various
enrichment or depletion patterns.

Biotite- and magnetite-rich alteration

Assessment of the geochemical affects of this alteration
is based on analyses of partially albitized, medium-
grained metadiorite and plagioclase phyric meta-andes-
ite and their magnetite- and biotite-altered equivalents
(Fig. 6a–b). The metadiorite predominantly retains its
metamorphic mineralogy, and is composed of horn-
blende, plagioclase, magnetite and titanite, whereas the
meta-andesite is largely composed of plagioclase, quartz
and lesser biotite, K-feldspar and magnetite. The mini-
mum and maximum isocon gradients indicate that
alteration was associated with little, if any mass change.
Zirconium, Ti, Al, Th, Nb, Si, LREE and HREE exhibit
minimal change, whereas K, Rb, Ba, Zn, Cl, LOI, Mg,
Fe, Co, Ni and V were enriched, and Na, Ca, Cu, P, U,
Eu and As depleted. These changes correspond to biotite
and magnetite replacement of primary igneous plagio-
clase, hornblende and biotite.

K-feldspar rich alteration

A K-feldspar–magnetite-altered plagioclase phyric
meta-andesite and its unaltered equivalent was inves-
tigated to assess the mass changes linked to potassic
alteration associated with Cu–Au mineralization
(Fig. 6c). The results of the analysis show that Al, Zr,
Ti, Si and Hf exhibit minimal change due to alteration,
and most likely were immobile. K, Rb, Ba, Pb, Cu and

Table 2 Representative
electron probe composition of
hydrothermal garnet associated
with pre-ore K-, Mn-, and Ba-
rich veining and alteration

Stage 2

Wt %
SiO2 36.54 36.72 36.86 37.06 36.81 37.07 37.41 36.67
Al2O3 20.56 19.84 20.58 20.29 18.81 18.41 18.70 18.29
FeO* 18.60 19.26 18.62 18.52 12.12 12.80 12.53 12.36
Fe2O3* 1.09 1.13 1.09 1.08 0.71 0.75 0.73 0.72
MnO 19.06 18.83 19.12 18.96 21.16 22.68 22.49 22.57
MgO 1.46 1.38 1.54 1.16 1.05 0.91 1.26 0.90
CaO 4.02 4.13 3.80 3.74 9.04 7.71 8.57 8.61
Total 101.33 101.28 101.61 100.81 99.70 100.33 101.69 100.12

No. of cations calculated on the basis of 12 O per unit formula
TSi 2.93 2.95 2.95 2.99 2.98 3.00 2.98 2.97
TAl 0.07 0.05 0.05 0.01 0.02 0.00 0.02 0.03
AlVI 1.87 1.83 1.89 1.92 1.77 1.76 1.73 1.72
Fe3+ 0.07 0.07 0.07 0.07 0.04 0.05 0.04 0.04
Fe2+ 1.25 1.30 1.25 1.25 0.82 0.87 0.83 0.84
Mg 0.18 0.17 0.18 0.14 0.13 0.11 0.15 0.11
Mn 1.30 1.28 1.30 1.30 1.45 1.56 1.52 1.55
Ca 0.35 0.36 0.33 0.32 0.78 0.67 0.73 0.75

Mole percent end members
Almandine 40.7 41.8 40.8 41.5 25.8 27.1 25.8 25.8
Andradite 3.4 3.6 3.4 3.3 2.4 2.5 2.5 2.5
Grossular 7.9 7.9 7.3 7.4 22.3 18.4 20.1 20.5
Pyrope 5.7 5.3 6.0 4.6 4.0 3.4 4.6 3.4
Spessartine 42.3 41.4 42.5 43.1 45.6 48.6 46.9 47.8
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As were enriched, and Na, Ca, Sr, Co, Ni, REE, Y,
LOI, P, Cl and Sb were depleted. These geochemical
changes correlate to the breakdown of primary pla-
gioclase, biotite and probably quartz and the forma-
tion of new K-(Ba)-feldspar, magnetite and minor
pyrite. The trends here are similar to those for the

earlier biotite and magnetite alteration, with notable
exceptions being the enrichment of Cu and As and
depletion of Co, Zn and Ni during K-feldspathization,
the opposite trends shown by biotite and magnetite
alteration.

Table 3 Representative electron probe composition of hydrothermal K-feldspar in pre-ore K-, Mn-, and Ba-rich veins, syn-ore veins distal
to the deposit and the ore breccia

Wt % Stage 2 K-feldspar alteration Ore stage

Garnet-bearing Proximal Distal Breccia-vein infill

SiO2 62.82 62.39 63.92 63.75 64.97 66.11 65.78 65.01 62.11 65.15 62.48
Al2O3 18.02 17.98 18.47 18.82 18.33 18.40 18.35 18.03 19.30 18.79 18.23
BaO 3.61 3.10 3.11 2.82 1.48 0.47 0.22 0.77 4.99 0.60 3.00
CaO bd bd bd bd bd bd bd bd bd bd bd
Na2O 0.75 0.99 0.30 0.66 0.52 bd bd 0.22 1.20 0.00 1.34
K2O 14.81 15.46 15.72 15.51 15.54 16.28 17.06 17.14 14.03 17.06 14.75
Total 100.01 99.92 101.52 101.56 100.84 101.26 101.41 101.17 101.63 101.60 99.80

No. of cations based on 16 oxygens
Si 5.98 5.97 5.97 5.94 6.01 6.03 6.02 6.03 5.83 5.97 5.95
Al 2.02 2.03 2.03 2.06 2.00 1.98 1.98 1.97 2.14 2.03 2.05
Ba 0.14 0.12 0.11 0.10 0.05 0.02 0.01 0.03 0.19 0.02 0.11
Ca
Na 0.14 0.18 0.05 0.12 0.09 0.04 0.22 0.00 0.25
K 1.80 1.89 1.87 1.84 1.83 1.89 1.99 2.03 1.68 2.00 1.79
Total 10.07 10.19 10.04 10.07 9.98 9.91 10.00 10.10 10.06 10.02 10.15

Table 4 Average composition of hydrothermal biotite formed in early biotite–magnetite alteration, pre-ore K-, Mn-, and Ba-rich veins,
syn-ore breccia and skarn

Wt % Biotite–magnetite veining Stage 2 Ore stage

Distal Proximal Garnet-bearing
veining

Breccia Local skarn

n=5 s.d. n=6 s.d. n=8 s.d. n=7 s.d. n=14 s.d.

SiO2 36.96 0.68 36.94 0.73 36.91 0.34 38.03 0.44 35.46 0.99
TiO2 3.32 0.44 1.25 0.05 2.18 0.12 0.90 0.10 2.80 0.19
Al2O3 14.07 0.34 13.22 0.27 13.23 0.32 12.49 0.27 14.67 0.38
FeO 19.61 0.17 18.72 0.46 18.01 0.29 14.38 0.24 24.65 1.85
MnO 0.34 0.21 0.82 0.06 0.09 0.13 0.55 0.09 0.63 0.13
MgO 11.49 0.12 12.24 0.51 12.81 0.24 16.35 0.30 8.97 0.56
K2O 9.70 0.18 10.28 0.16 10.11 0.15 9.81 0.28 9.76 0.70
F bd bd 1.58 0.08 0.43 0.07 1.45 0.11 0.91 0.82
Cl 0.64 0.08 0.26 0.03 0.63 0.07 0.49 0.08 0.89 0.06
H2O 1.71 0.04 1.01 0.04 1.48 0.03 1.05 0.06 1.19 0.37
–O=F, Cl 0.15 0.02 0.73 0.04 0.33 0.02 0.72 0.05 0.59 0.35
Total 97.70 95.59 95.55 94.77 99.34

No. of cations based on 24 oxygens
Si 5.91 0.07 6.06 0.04 6.00 0.05 6.12 0.04 5.75 0.09
AlIV 2.09 0.07 1.94 0.04 2.00 0.05 1.88 0.04 2.25 0.09
AlVI 0.56 0.02 0.61 0.03 0.53 0.03 0.48 0.03 0.55 0.05
Ti 0.40 0.05 0.15 0.01 0.27 0.01 0.11 0.01 0.34 0.03
Fe2+ 2.62 0.02 2.57 0.09 2.45 0.05 1.94 0.04 3.34 0.26
Mn 0.05 0.03 0.11 0.01 0.01 0.02 0.08 0.01 0.09 0.02
Mg 2.74 0.07 2.99 0.09 3.10 0.05 3.92 0.07 2.17 0.12
K 1.98 0.04 2.15 0.05 2.10 0.03 2.01 0.05 2.02 0.13
Cations 16.35 0.06 16.58 0.04 16.53 0.05 16.65 0.04 16.52 0.03
F 1.64 0.09 0.45 0.07 1.48 0.11 0.93 0.84
Cl 0.35 0.04 0.15 0.02 0.35 0.04 0.27 0.04 0.49 0.04
OH 1.83 0.02 1.11 0.05 1.60 0.02 1.13 0.06 1.29 0.42
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Large-scale lithogeochemical patterns

Geochemical data from exploration drilling from 353
(1–3 m) drill core intervals at 1947 m RL (�200 m
below the present surface) were used to assess the main
element associations around the Ernest Henry deposit
(cf. Fig. 8a–h). These data were also employed to
construct element contour plots over a 16 km2 plan

section (�200 m below the surface) over the deposit to
show the 2-D spatial relations of element distributions
linked to hydrothermal alteration (Fig. 9a–h). Due to
the presence of >30 m of young cover over the Ernest
Henry deposit, drill core data provides the only means
to assess the geology and geochemistry of the Ernest
Henry system. Data for geochemical contour plots for
K, Ba and Na are available for the term lease only,

Table 5 Whole rock geochemistry of potassically - either biotite–magnetite (B-M), or K-feldspar (Kfs) - altered rocks and their precursor.
The precursor rock for each pair is unaffected by potassic alteration or later hydrothermal products. Pairs of rocks are used to construct
isocon diagrams (see Fig. 6) to assess the relative movement of elements during cycles of alteration. Abbreviations: A-D, albitized diorite;
PPI, plagioclase phyric meta-andesite; Kfs, K-feldspar altered PPI; bd- below detection. Blank- element below detection in both samples

SAMPLE No.
Rock Type

J1L
A-D

J1M
B-M

X-factor
Isocon

A27L
PPI

A27M
B-M

X-factor
Isocon

G1ML
PPI

G1M1
Kfs

X-factor
Isocon

Fig. 6a Fig. 6b Fig. 6c
Wt %

SiO2 57.51 51.35 0.5 49.71 43.09 0.5 54.75 55.04 0.5
TiO2 1.12 1.28 10 1.23 1.18 10 1.79 1.26 10
Al2O3 18.0 17.4 1 15.9 15.1 1 15.8 16.0 1
Fe2O3(t) 8.69 11.93 1 15.77 27.90 1 11.53 9.92 1
MnO bd 0.06 100 0.14 0.12 100 0.09 0.09 100
MgO 2.28 5.26 5 0.85 1.31 5 2.34 bd 5
CaO 1.19 0.78 6 4.20 2.65 6 2.48 2.30 6
Na2O 8.72 5.30 3 5.18 3.54 5 3.66 0.77 6
K2O 1.01 4.38 5 3.75 3.96 2 5.84 12.47 2
P2O5 bd bd 1.03 0.37 10 0.24 0.29 10
S bd bd bd 0.01 bd bd
LOI 1.23 2.03 5 2.11 0.85 5 1.44 1.38 5
Total 99.8 99.8 99.9 100.0 100.0 99.5

Parts per million
Cl 337 573 0.05 31 41 0.5 197 125 0.1
Ba 193 909 0.01 398 405 0.01 1390 2488 0.01
Sr 104 224 0.1 72 55 0.3 83 45 0.3
Rb 49 266 0.1 83 133 0.2 146 296 0.05
Pb 3 bd 1 bd bd 4 5 1
Th 16.6 17.4 1 8.9 7.1 1 21.4 13.5 0.5
U 4.45 3.09 3 bd bd 6.25 5.86 1
Ta bd bd 1.08 bd 10 bd bd
Zr 163 192 0.1 169 161 0.1 323 297 0.05
Hf 6.54 9.06 2.0 4.01 4.21 2 7.73 6.92 1
Sb 0.68 0.52 10.0 0.66 0.37 10 0.79 0.37 5
Cs bd 5 5.0 bd bd 2.41 bd 10
Nb 13 14 1.0 10 7 2 19 10 1
Y 26 17 1.0 33 19 0.5 46 24 0.5
La 31 29.6 0.5 31.9 26.3 0.5 46.5 32 0.5
Ce 65.8 62.6 0.2 53.2 43.8 0.5 94.7 54.3 0.03
Sm 5.08 4.56 1 3.33 2.65 3 7.57 4.14 0.5
Eu 1.41 1.03 8 0.53 bd 8 2.00 1.03 2
Tb 0.81 0.74 8 0.52 bd 8 1.12 0.72 4
Yb 2.69 2.43 8 1.69 1.17 8 3.53 2.1 4
Lu 0.34 0.35 15 0.25 bd 15 0.49 0.29 15
Sc 4 4 1 18 27 1 19 4 1
Mn 259 487 0.05 1069 910 0.01 658 603 0.04
V 157 225 0.1 273 524 0.1 228 175 0.1
Cr bd 19 1 14 10 1 bd 3 9
Co 7 17 1 10 29 1 17 4 1
Ni 24 48 0.5 34 59 0.5 33 15 0.8
As 2 1 10 6 4 1 1 3 10
Br 1.51 bd 15 bd bd bd 1.23 15
Cu 10 5 1 7 1 1 17 43 0.5
Zn 15 25 1 20 21 1 55 22 0.3
Mo bd 7.4 1 5.7 bd 1 bd bd
Ga 26 31 0.8 21 27 1 24 17 1
W bd bd bd bd bd 3 10
Sn bd 9 1 bd 2 1 bd bd
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whereas Mn, Fe, U, As and Cu employ data from
both the term and mine leases. Copper, Au, Fe, Mn,
Co, U, and Ni were determined from whole rock
samples from both the mine and term lease, whereas

Ba, K and Na were only available for intervals outside
the mine lease.

The Ba:K ratios are variable and in Fig. 8a exhibit a
fan-like distribution, presumably due to the effects of:
(a) variable Ba-content of K-feldspar (cf. Figs. 5m and
8a); (b) fluctuating abundances of hydrothermal biotite;
and, (c) barite content. A strong antithetic association
between K and Na is pronounced in rocks that contain
elevated Na + K contents (>6 wt%). This pattern is
less obvious in samples only partly affected by alkali
feldspar alteration, mainly represented by rock suites
containing <6 wt% (Na + K), and is most likely
obscured by variations in the primary alkali distribution
in the original host rocks.

Fe and Mn exhibit two main associations (Fig. 8c).
Firstly, a weak positive Fe–Mn association occurs in
rocks with low Fe and Cu, reflecting pre-ore biotite
and/or garnet-rich alteration associations at the
periphery of the deposit. Secondly, a poorly correlated
high Fe-low Mn association occurs in ore breccia with
>0.2 wt% Cu. Even though rocks in the alteration
envelope around the orebody contain higher Mn, the
ore has Mn-contents similar to or higher than average
continental crust. Fe and Au data form two popula-
tions: one displays a positive correlation to high Cu
(>0.1 ppm), while the other is a high Fe - low Au
association (Fig. 8d). The occurrence of Fe-rich rocks
with little Au and Cu reflects the presence of at
least one generation of magnetite (± biotite) not
associated with chalcopyrite, and may correlate with
magnetite- and apatite-rich veining in the vicinity of
the deposit.

A number of elements (e.g. Au, Cu, Ba, Mn, Fe, Co,
As, U, Sb, Mo, Ag and Bi) exhibit significantly elevated
concentrations compared to the average composition of
felsic igneous rocks (cf. Berkman 1989). A coherent
�20000:1 correlation occurs between Cu and Au in
rocks with >0.1 ppm Au (Fig. 8e). This Cu–Au asso-
ciation is consistent across the deposit, except in areas
affected by supergene processes (cf. Gunton 1999).
Supergene effects are essentially absent at the depth
considered here. Strong associations between Cu, and
elevated Co and As are particularly apparent in rocks
with >0.2 wt% Cu, and are directly related to the close

Fig. 6 Isocon plots (after the approach of Grant 1986) constructed
for individual pairs of rocks (Table 5) comparing the effects of: a
biotite–magnetite alteration (J1M) of partially albitized diorite
(J1L) b biotite–magnetite alteration (A27M) on plagioclase phyric
meta-andesite (A27L) and c K-feldspathization (G1M1) on
plagioclase phyric meta-andesite (G1ML)

Fig. 7 Diagram summarizing the generalized patterns of element
behaviour linked to different styles of potassic alteration around
Ernest Henry prior to Cu–Au mineralization
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relations between ore-stage arsenian-cobaltian pyrite,
and chalcopyrite (Fig. 8f–g). The concentration of Ni in
the ore at Ernest Henry is low compared to the pyr-
rhotite-rich ores of the Eloise, Osborne and Mount El-
liott Cu–Au deposits (Adshead 1995; Baker 1998; Wang
and Williams 1999) and exhibits no demonstrable cor-
relation with Cu (Fig. 8h).

Geochemical footprint of hydrothermal alteration:
spatial relations

A zone of high K (>6 wt%) extends for >1 km from
the ore (Fig. 9a), correlating with biotite–magnetite, and
later K-feldspar alteration assemblages. High K zones
occur adjacent to the mine lease, and along the south-
western extension of the footwall shear zone and within
parallel structures to the north and south. The
distribution of elevated K correlates well with Ba (cf.
Fig. 9a and b). Although no data are available within
the mine lease, the increasing intensity of this alteration

towards ore observed from geological logs (cf. Fig. 2c
and d) can be used to imply that anomalous K continues
into the lease. The antipathetic relationship between K
and Na is also manifest by zones of high K and low Na,
which commonly occur adjacent to areas of high Na
(Fig. 9a and d). Evidently, Na–Ca alteration was more
widespread than the K-(Mn–Ba) alteration linked to
Cu–Au mineralization (cf. Fig. 7a–d).

A large zone of Mn-rich rocks envelopes the orebody
(Fig. 9c). This correlates well with the extent of garnet-
and biotite-rich veining and alteration (Fig. 2), and is
reflected in the high Mn–Fe association observed in the
element–element plots (Fig. 8). The greatest area of
anomalously high Fe correlates to the orebody, although
similar Fe-rich, but Cu-poor occurrences are associated
with sulphide deficient, magnetite- and apatite-rich
rocks and biotite–magnetite alteration (Fig. 9e).
Anomalous Cu also occurs along a number of NE-
trending structures and coincides with high K (Fig. 9h).
Zones of high As also correlate well with Cu, and tend to
increase in concentration towards the orebody (cf.

Fig. 8 Major and trace element plots showing the lithogeochemical
relations between elements using whole rock data from drill core
across the Ernest Henry term lease at 1947 m RL. Only data for

Cu, As, Co, Mn, Fe, U and Ni are available for both the mine and
term lease geochemical data sets. a: K vs Ba b: K vs Na c: Mn vs Fe
d: Fe vs Au e: Au vs Cu f: Co vs Cu g: As vs Cu h: Ni vs Cu
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Fig. 9g and h). Rocks with high U cluster close to the
orebody (Fig. 9f).

In summary, the spatial relations of geochemical
features correlate well with the logged distribution and
intensity of hydrothermal associations, and as such
provide a number of km- (e.g. Mn, K, As and Co) and
100 m-scale (e.g. Fe, Cu and U) geochemical vectors
towards the orebody.

Age of pre-ore alteration: U–Pb dating results

Previous geochronological studies (Twyerould 1997;
Perkins and Wyborn 1998; Gunton 1999; Mark et al.
2004c) of the Ernest Henry hydrothermal system largely
suggest that Cu–Au mineralization occurred sometime
between 1.57 Ga and 1.47 Ga (Table 6). Cu–Au miner-
alization during this period indicates that ore deposition
occurred after the metamorphic peak, and synchro-
nously with the emplacement of the Williams and Na-
raku Batholiths (cf. Fig. 5). However, given the
relatively imprecise timing of Cu–Au mineralization,
together with the possibility that the Ar–Ar dates, par-
ticularly of biotite, may record much younger dates due

to thermal resetting the age of the ore may be older. For
example, at the Osborne deposit Re–Os dating of syn-
ore molybdenite and U–Pb dating of pre-ore hydro-
thermal titanite return dates of ca 1.60 Ga for Cu–Au
mineralization, whereas Ar–Ar dating of syn-ore biotite
and amphibole for the same deposit return dates of ca
1.54 Ga (Table 6). As such, the timing and duration of
the Ernest Henry hydrothermal system, particularly the
relations between early phases of sodic and sodic–calcic
alteration and ore deposition are relatively uncon-
strained. Consequently, we undertook U–Pb analysis of
titanite from Ernest Henry by the Thermal Ionisation
Mass Spectrometry (TIMS) method (cf. Fig. 5f) at
Curtin University, Australia. Two titanite-bearing sam-
ples associated with early biotite and magnetite alter-
ation and Na–Ca alteration were analysed. To avoid
potential memory effects of earlier metamorphic or
magmatic inheritance, only grains that represent the
infill component to veins were selected for the analysis.
Translucent to transparent titanite grains were separated
by hand at James Cook University and were washed in
de-ionised water. Grains were further cleaned, dissolved
at the TIMS facility at Curtin University, and were
spiked following the procedure of Pidgeon et al. (1996).

Fig. 8 (Contd.)
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The results of U–Pbtitanite age determination (Ta-
ble 7) indicate early Na–Ca alteration occurred at 1529
+11/�8 Ma, and pre-ore biotite–magnetite alteration at

1514±24 Ma (Fig. 10a and b). These ages are indistin-
guishable within error, and are consistent with the post-
peak metamorphic timing of hydrothermal alteration, as

Fig. 9 Major element geochemistry of rocks within the term lease.
These results are based on whole rock geochemical analysis of
composite three meter drill intersections ca 1947 RL, or ca 200 m
below the present level of exposure. Note that no data are available
for K, Ba or Na within the mine lease, and thus the contours
immediately adjacent to the mine lease boundary may exhibit some
apparent distortion. The distribution of major and minor elements
shown include: a K, b Ba, c Mn, d Na, e Fe, f U, g As; and, h Cu,
and highlight the spatial relations between elements enriched

during Cu–Au mineralization. These elements complement spatial
relations between K-feldspar (K–Ba)–, garnet–biotite–magnetite–
K-feldspar (Mn–Ba–K)– and albite (Na)-bearing hydrothermal
alteration associations observed in core (cf. Fig. 2b and c). A strong
antipathetic spatial association exists between areas affected by
intense albitization and those overprinted by subsequent alteration
related to Cu–Au mineralization. These data also provide a number
of key geochemical criteria of particular interest to the explora-
tionist (e.g. elevated K, Ba and Mn distal to Cu–Au mineralization)
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well as ca 1505 Ma (Ar–Arbiotite, Twyerould 1997) and
1538±37 Ma (Pb–Pbrutile, Gunton 1999) ages for Cu–
Au mineralization (cf. Table 7). These two new U–Pb
ages also overlap with the emplacement age of the
Williams and Naraku Batholiths, and more locally with

the Mount Margaret Granite (ca 1530 Ma, Page and
Sun 1998), the nearest-exposed granite, 15 km NE of
Ernest Henry. Furthermore, these ages also overlap with
ca 1525 Ma Re–Os ages for molybdenite in veins near to
the ore deposit (cf. Mark et al. 2004c).

Fig. 9 (Contd.)
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Discussion

The new U–Pbtitanite age data for early biotite–magnetite
(1514±24 Ma) and Na–Ca alteration (1529+11/
�8 Ma) provide constraints that are relatively more
resilient to thermal resetting as their blocking tempera-
ture (650–700�C: Frost et al. 2000, and references
therein) exceeds the conditions of hydrothermal alter-
ation (350–500�C) as well as the metamorphic peak
(Foster 2003; Mark et al. 2005). Together with previous
age dating, these data confine the earlier phases of the
hydrothermal paragenesis to between 1,540 Ma and
1,500 Ma. The new U–Pbtitanite data coincide with Ar–

Ar dates determined by Perkins and Wyborn (1998) for
amphibole (ca 1526 Ma) in massive carbonate in the
footwall of the deposit, whereas Twyerould (1997) pre-
sented Ar–Ar data for hydrothermal amphibole in a
skarn-type assemblage cutting the Ernest Henry diorite
at 1476±3 Ma (cf. Fig. 4). In contrast to these younger
ages however, Twyerould (1997) also presented ca
1610 Ma Ar–Aramphibole dates for actinolite–magnetite
veining in the hanging wall of the deposit that indicate
the presence of earlier alteration. Older ages are also
recorded in a whole rock ore sample (Re–Os age: ca
1650 Ma) and in a single hydrothermal biotite
(40Ar–39Ar spectra indicate a maximum age ca 1660 Ma)
near the ore deposit, although the significance of these

Table 6 Geochronological data for the timing of Cu-Au mineralization, granite intrusion, hydrothermal alteration, metamorphism and
tectonism in the vicinity of Ernest Henry, northern Eastern Fold Belt

Hydrothermal System 40 Ar/39 Ar
(Ma)

U–Pb (Ma) Re–Os
(Ma)

References

Ernest Henry Hydrothermal System:
Early (?) Actinolite-magnetite veining (isochron age) 1610±2 Twyerould 1997
Early (?) Actinolite-magnetite veining (isochron age) 1611±4 Twyerould 1997
Late (?) Ferroactinolite-magnetite veining
(isochron age)

1476±3 Twyerould 1997

Biotite–Magnetite alteration: U–Pb: titanite 1514±24 This study
Na–Ca alteration: U–Pb: titanite 1529±11/-8 This study
Cu–Au mineralisation:1.40 Ar/39

Ar:biotite;U–Pb: rutile
1504±3 1538±37 Twyerould 1997;Gunton 1999

2. 40 Ar/39 Ar: biotite- ore stage 1476 Perkins and Wyborn 1998
Post-ore hydrothermal alteration, 40 Ar/39 Ar biotite 1514 ±6 Twyerould 1997
Hydrothermal amphibole proximal to ore ca 1526 Perkins and Wyborn 1998
Osborne Hydrothermal System
Pre-ore ca-rich hydrothermal alteration:1.
U–Pb: titanite

1595±6 Gauthier et al. 2001

1. Ore stage:40 Ar/39 Ar: hornblende;
Re–Os molybdenite

ca1540 1595±6 Perkins and Wyborn 1998;
Gauthier et al. 2001

2. Ore stage:40 Ar/39 Ar:biotite; Re–Os molybdenite ca1540 1600 ±6 Perkins and Wyborn 1998;
Gauthier et al. 2001

Monakoff Cu–Au mineralization
Ore stage: Ar: biotite 1508±10 Pollard and Perkins 1997
Eloise Cu–Au Hydrothermal System
Pre-ore biotite veining:40 Ar/39 Ar biotite 1555±4 Baker et al. 2001
Stage 2 Hydrothermal veining:40 Ar/39 Ar hornblende 1530±3 Baker et al. 2001
Stage 2 Hydrothermal veining:40 Ar/39 Ar hornblende 1530±3 Baker et al. 2001
Stage 2 Hydrothermal veining:40 Ar/39 Ar biotite 1521±3 Baker et al. 2001
Post-ore shear zone:40 Ar/39 Ar muscovite 1514±3 Baker et al. 2001
Regional Na–Ca alteration
Knobby albitite, Knobby Quarry 1555±9 Oliver et al. 2004
Albitized breccia sheet, near knobby quarry 1521±5 Oliver et al. 2004
Albitized breccia Cloncurry Fault 1524±16 Oliver et al. 2004
Intrusive rocks north of Cloncurry
Levian Granite: U–Pb zircon 1746±8 Davis et al. 2001
Mount Fort Constantine volcanic rocks
1. U–Pb zircon 1746±9 Page and Sun 1998
2. U–Pb zircon 1742±6 Page and Sun 1998
Ernest Henry diorite
1. U–Pb titanite 1660±13 Pollard and McNaughton 1997
2. U–Pb titanite 1658±8 Pollard and McNaughton 1997
3. U–Pb titanite 1657±7 Pollard and McNaughton 1997
Mount Margaret Granite
1. U–Pb zircon 1530±8 Page and Sun 1998
2. U–Pb zircon 1528±6 Pollard and McNaughton 1997
Tea Tree Granite: U–Pb zircon 1512±4 Pollard and McNaughton 1997
Malakoff Granite: U–Pb zircon 1505±5 Pollard and McNaughton 1997
Mavis Granite: U–Pb zircon 1505±5 Davis et al. 2001
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older ages to the genesis of the Ernest Henry hydro-
thermal system is yet to be fully explained (cf. Perkins
and Wyborn 1998; Mark et al. 2004c). However, for the
most part, the age dates from mineral separates formed
during hydrothermal veining and alteration clearly are
consistent with textural constraints for a post-peak
metamorphic timing for the Ernest Henry hydrothermal
alteration system (Table 6). Oliver et al. (2004) recorded
U–Pbtitanite ages for regional Na–Ca alteration of
1555±9 Ma, 1527±7, 1524±16 Ma and 1521±5 Ma,
which, with the exception of the oldest of these from the
Mary Kathleen Fold Belt 80 km west of Ernest Henry,
are also indistinguishable from the new ages reported
here. The 1540 to 1500 Ma age for Ernest Henry alter-
ation and Cu–Au mineralization builds on the generally
accepted timing of a major Cu–Au metallogenic period
across the Cloncurry district. Ar–Ar ages for ore–related
phases at other Cu–Au deposits include the Eloise (ca
1530–1512 Ma, Baker et al. 2001), Monakoff (ca
1508 Ma, Pollard and McNaughton 1997), Mount Elli-
ott (1510±3, Wang and Williams 2001) and Starra (ca
1503 Ma, Perkins and Wyborn 1998). Overall, the age
constraints indicate that major hydrothermal activity
commenced ca 1540–1530 Ma with Na–Ca alteration
and early ore-related alteration, and cooled through the
closure temperature of Ar–Ar systems in ore-related
minerals in the range 1515 to <1505 Ma. These ages
overlap with the emplacement of mid-crustal batholithic
intrusions and regionally extensive Na–Ca alteration (cf.
Table 6).

Fluid flow and the relations between hydrothermal
alteration and Cu–Au mineralization

The rocks around the Ernest Henry mine preserve
alteration patterns and paragenetic relations that show
that Na–Ca altered (including albitized) rocks occur
throughout the entire area, and are overprinted by K-
(Mn–Ba) alteration and later breccia-hosted Fe oxide–
Cu–Au mineralization. The chemical and temporal
progression from sodic to potassic dominant alteration

around the Ernest Henry deposit is also shared by many
other Fe oxide Cu–Au districts formed during the Pre-
cambrian (e.g. Cloncurry district, Australia, Williams
and Pollard 2003; Norrbotten County, Sweden, Edfelt
and Martinsson 2003; Wanhainen et al. 2003; Carajás
mineral province, northern Brazil, Requia et al. 2003)
and Phanerozoic (e.g. Candelaria-Punta del Cobre and
Manto Verde, Chile, Marschik and Fontboté 2001). The
processes that caused these to evolve in this way are
highly contentious, and are the subject of two main
models:

1. Fluid convection: the alkali chemistry of alteration is
envisaged to be controlled by the temperature-
dependent nature of alkali exchange between alkali
feldspar and aqueous fluid (cf. Orville 1963). This
predicts that sodic alteration formed as a result of
fluids being drawn towards a heat source (e.g. intru-
sion), whereas the same, but geochemically modified
fluids produce potassic alteration in the cooling out-
flow zones of the same systems. Such large convection
cells are related to many hydrothermal ore-systems in
the shallow oceanic and continental crust, and have
also been linked to hydrothermal alteration systems
associated with porphyry-related systems (Carten
1985; Dilles et al. 1987). More recently, such pro-
cesses have been proposed to operate in the hydro-
thermal systems hosting Fe oxide Cu–Au
mineralization (Battles and Barton 1995; Barton and
Johnson 1996).

2. Single-pass hydrothermal systems (isothermal or
cooling conditions): In these cases, initial Na–Ca
alteration gives way to K–Fe alteration with time as a
consequence either of temperature decreases or the
change of fluid chemistry towards progressive K–Fe
enrichment as Na and Ca are extracted from the fluid
by wallrock interaction (e.g. Oliver et al. 2004). Such
processes are problematic as they are limited to
geological conditions that have starting fluid com-
positions with Na:K ratios higher than those in
equilibrium with two feldspars (cf. Pollard 2001;
Oliver et al. 2004). It has been speculated that such
Na-rich fluids can be produced by CO2 unmixing (cf.

Table 7 Titanite U–Pb TIMS isotopic data for early biotite and magnetite alteration, and later Na–Ca veining near Ernest Henry.
Analyses were undertaken at Curtin University by Alexander Nemchin, and are corrected for blanks and common lead

Sample no. Pb
(ppm)

U 206Pb/
204Pb

207Pb/
206Pb

Error
(%)

207Pb/
235U

Error
(%)

206Pb/
238U

Error
(%)

Corrected 207/206

age Ma
Error
Ma

Biotite–magnetite
a-1 7 17 159 0.09390 2.1 3.3351 2.7 0.2576 1.2 0.66 1506 40
a-2 7 19 155 0.09456 2.0 3.3320 2.4 0.2556 0.8 0.66 1519 37
a-3 9 23 190 0.09432 1.6 3.4655 1.9 0.2665 0.7 0.65 1515 30

Na–Ca alteration
b-1 24 54 131 0.09516 2.3 3.4255 2.7 0.2611 0.5 0.88 1531 44
b-2 14 43 679 0.09507 0.4 3.4739 0.6 0.2650 0.3 0.67 1529 8
b-3 25 70 253 0.09272 1.2 3.3218 1.4 0.2598 0.4 0.70 1482 22
b-4 14 39 254 0.09431 1.2 3.2611 1.4 0.2508 0.5 0.66 1514 22
b-5 9 27 400 0.09571 0.7 3.3524 0.9 0.2540 0.4 0.65 1542 14
b-6 8 18 109 0.08273 5.3 2.7136 5.9 0.2379 1.2 0.64 1263 103
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Pollard 2001), exsolution of magmatic fluids from K-
deficient intrusions (Lang et al. 1995; Mark and
Foster 2000), or via dissolution of halite-rich rocks
(or their metamorphosed equivalents; cf. Oliver et al.
1993).

The Ernest Henry hydrothermal system appears to
preserve evidence of two distinct cycles of metasoma-
tism. Broadly, these two cycles are manifest by: (1) early
sodic alteration, mainly as albitization, overprinted by

hydrothermal biotite and magnetite, and (2) Multiphase
Na–Ca veining and associated alteration overprinted by
intense hydrothermal K-feldspar associated directly with
the orebody. We speculate here on the possible interac-
tions between these alteration phases by referring both
to their spatial distribution and the geochemical and
mineralogical changes. The early albitization appears to
be similar in style and geochemistry to regional equiv-
alents (Williams 1994; Mark 1998), with enrichment of

Fig. 10 U–Pb isochrons for
titanites from two stages of
hydrothermal alteration in the
Ernest Henry hydrothermal
system. Note that two data
points, those that are
discordant and which have
markedly low Pb–Pb ages, were
excluded in the calculation of
the U–Pb concordia for Na–Ca
alteration. a Early biotite and
magnetite alteration. b
Amphibole-rich vein associated
with Na–Ca alteration (cf.
Fig. 5f)
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Na and depletion of K, Rb, Ba, Fe, Cl and Zn, and a
distribution pattern also analogous to alteration ob-
served on a regional scale. The biotite–magnetite alter-
ation is broadly focussed around the orebody (at km
scales), in a pattern dissimilar to the later K-feldspar
alteration, which is even more closely related to ore (at
100 m scales). Thus, the outermost signal of the ore
system appears to be the biotite–magnetite alteration, a
pattern replicated around most of the other Cu–Au
deposits in the district (Williams and Skirrow 2000).
Both types of K-rich alteration involved enrichment in
K, Rb, Zn, Ba and Fe, and depletion in Na and Ca,
almost the opposite of that associated with Na and Na–
Ca alteration (cf. Oliver et al. 2004). The complementary
character of this mass exchange together with the tem-
poral progression from Na-rich to K-rich alteration
provides some support for a genetic association between
the two types of alkali alteration, although in order for
the alteration products to have been produced in the
same system, the spatial relationships imply that the
hydrothermal activity became progressively more fo-
cussed towards the vicinity of the orebody with time (cf.
Fig. 11).

Oxygen and some hydrogen isotope data (Blake et al.
1997; Twyerould 1997; Oliver et al. 2004) are available
for minerals produced during most hydrothermal stages
at Ernest Henry, and the results indicate a dominant
magmatic–metamorphic contribution for fluids associ-
ated with Na–Ca alteration (d18Ofluid +7.9 to +11.5&;
dDfluid �40 to �90&), biotite–magnetite alteration dis-
tal to the ore (d18Ofluid +8.2 to +9.6&; dDfluid �44&),
later K-feldspar-rich alteration (d18Ofluid +6.7 to
+10.5&), and Cu–Au mineralization (d18Ofluid +7 to
+12&). These results are similar to those for regionally
extensive Na–Ca alteration (Oliver et al. 1993; Mark
and Foster 2000; Rubenach and Lewthwaite 2002;
Marshall 2003; Mark et al. 2004a; Oliver et al. 2004;
Marshall and Oliver 2005), as well as potassic alteration
associated with other Cu–Au deposits in the district
(Rotherham et al. 1998; Baker et al. 2001).

The involvement of fluids with a dominant magmatic
component in pre-ore alteration at Ernest Henry ap-
pears to preclude the formation of coupled sodic and
potassic alteration via convective hydrothermal circula-
tion of shallow meteoric-formation waters immediately
after the regional metamorphic peak (see also Pollard
2001). Consequently, the generation of early sodic and
late potassic alteration in either of the two cycles de-
scribed in the paragenesis at Ernest Henry requires ei-
ther that (1) sodic and potassic alteration were coupled
hydrothermal products ultimately sourced from sodic
parent fluids that became progressively more K-rich via
alkali exchange with K-bearing country rocks, or (2) the
two types of alteration were derived from geochemically
different, or evolving, sources. Alkali exchange via fluid-
rock interaction is predicted in geochemical simulations
of cooling or isothermal hydrothermal systems initially
in equilibrium with granitic fluids (Oliver et al. 2004),
where the igneous fluids probably derived their sodic

character as a result of early CO2 phase separation (cf.
Pollard 2001). Thus, alkali exchange via fluid-rock
interaction under isothermal or cooling conditions ap-
pears to provide a plausible scenario for drawing a link
between the formation of early albitization and biotite–
magnetite alteration at Ernest Henry. However, a simi-
lar scenario for the later cycle of sodic-calcic alteration
and K-feldspar- and biotite-rich alteration immediately
prior to ore deposition is probably unlikely because: (1)
the volume and extreme magnitude of Ba and Mn
enrichment associated with the potassic (K feldspar-
rich) alteration is probably beyond the capacity of the
country rocks to have sourced these components by
simple mass exchange; and (2) the K-feldspar alteration
was followed by enrichment of Cu and As (and Au)
(Oliver et al. 2004). Consequently, we propose that even
though a coupled association in a cooling or isothermal
environment is probable for the early cycle of albitiza-
tion and biotite–magnetite alteration at Ernest Henry,
later Na–Ca alteration, and K-feldspar- and or biotite-
rich alteration was most likely formed by other processes
(Fig. 11).

Ore system geochemistry: insights into fluid origins
and ore deposition

In hydrothermal systems, Fe solubility is largely con-
trolled by fluid salinity and temperature (cf. Chou and
Eugster 1977; Hemley et al. 1992; McPhail 1993; Sver-
jensky et al. 1997), although locally, rapid fluctuations
in pressure (e.g. hydrothermal brecciation), reactive
host-rock interaction, and changes in pH and/or redox
via fluid mixing may also play a significant role. Iron
enrichment at Ernest Henry is largely related to con-
centrations of magnetite, biotite and pyrite. Early Na–
Ca alteration shows some relationship with magnetite–
apatite–actinolite veins along structures in the hanging
wall and footwall of the deposit, similar to many iron-
stone deposits that commonly reside within and proxi-
mal to sodically altered rocks (Badham 1978;
Hildebrand 1986; Atkin et al. 1987; Vidal 1987; Wil-
liams 1994; Lang et al. 1995; Menard 1995; Edfelt and
Martinsson 2003). In contrast, the Fe enrichment linked
to potassic alteration occurs as zones of highly bio-
tite±magnetite altered rocks forming shear zones in the
immediate hanging wall and footwall of the ore deposit,
and as infill formed during Cu–Au mineralization. This
Fe could have been derived by: (1) local scavenging from
the country rocks as invoked for some sodic alteration
systems (cf. Williams 1994; Lang et al. 1995; Menard
1995; Oliver et al. 2004); and/or (2) exsolution of fluids
from contemporaneous magmas, as shown by Perring
et al. (2000) at the granite hosted Lightning Creek
magnetite deposit, Cloncurry district, and magnetite-
rich skarn deposits elsewhere (Lentz et al. 1995; Kodera
et al. 1998).

The simple mineralogy and dominant magmatic iso-
tope signature (Blake et al. 1997) of the magnetite-apa-
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tite veins at Ernest Henry indicates that they were
probably formed as a result of cooling, wallrock reaction
and potentially depressurization during fracture devel-
opment. Biotite–magnetite alteration around the ore-
body may have shared this origin, because of the inverse

relationship of the mass transfer with the earlier sodic
alteration (cf. Oliver et al. 2004). In contrast, Fe
enrichment in the matrix of the orebody coincides with
enrichment of a diverse range of elements (e.g. Au, Mo,
U, Co, As, Ag, Bi, W and Sn) that are absent or depleted

Fig. 11 Interpreted spatial and temporal evolution of the Ernest
Henry hydrothermal system. a Early, structurally controlled
pervasive albitization and Na–Ca alteration and localized brecci-
ation hosted mainly along NE trending fluid conduits. b Pre-ore
potassic alteration associated with Ba, Mn and Fe enrichment

along NE trending footwall fluid conduits and the bounding shear
zones hosting the orebody. c Localized dilation-induced hydro-
thermal brecciation and Cu–Au mineralization. Note minor
occurrence of weak sulphide mineralization along some conduits
other than those that host the orebody
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during earlier phases of alkali alteration (cf. Oliver et al.
2004). Some components were possibly carried together
with the sulphur-bearing fluid that most likely mixed
with the brine to induce sulphide precipitation. The
presence of early sulphide-poor magnetite–apatite iron-
stones and later sulphide enriched Fe oxide Cu–Au
mineralization at Ernest Henry is apparent in some
other Fe oxide Cu–Au terranes (cf. Hitzman 2000; Ed-
feldt and Martinsson 2003). In the Ernest Henry
hydrothermal system, the two types of ironstones exhibit
distinctly different geochemical and mineralogical char-
acteristics and are interpreted to have formed by dif-
ferent depositional mechanisms. We cannot completely
rule out a genetic connection between the early biotite–
magnetite alteration and the later ore because of the
strong spatial association and the coincidence of at least
some geochemical enrichment trends.

Significance of coincident Fe, K, Mn and Ba enrichment

The Ernest Henry hydrothermal system is characterized
by a large Mn and Ba anomaly that is most pronounced
in the footwall, and extends for >1 km from the de-
posit. High Ba and Mn is also associated with pro-
nounced Fe and K enrichment reflecting the distribution
of pre- and syn-ore spessartine-almandine, K(–Ba)–
feldspar (up to 6 wt% Ba), barite, Mn-rich biotite (up to
1 wt% Mn) and magnetite. The appreciable Mn, Fe, K
and Ba enrichment associated with Cu–Au mineraliza-
tion at Ernest Henry is also apparent within the altered
host rocks at the Monakoff Cu–Au deposit (Fig. 1), al-
though Davidson et al. (2002) suggested that Mn, Fe, K
and Ba enrichment in the latter deposit formed during
two periods of quite separate hydrothermal alteration.
Garnet from Monakoff and Ernest Henry exhibit similar
geochemical characteristics, and bear some similarity to
garnet-bearing rocks associated with hydrothermal
alteration at the Cannington Ag–Pb–Zn deposit (cf.
Chapman and Williams 1998; Davidson et al. 2002).
The Aitik and Nautanen Cu–Au deposits in the Norr-
botten Fe oxide Cu–Au terrane of Sweden share similar
geochemical associations manifest by the presence of
abundant garnet and K(–Ba)–feldspar in the vicinity of
Cu–Au mineralization (Martinsson and Wanhainen
2000; Bergman et al. 2001). The coincidence of high K
and Fe, and Mn and Ba in these ore-related hydro-
thermal systems is a geochemical feature that is typically
decoupled in other ore systems, where many Cu–Au
systems are invariably associated with coincident
enrichment of K and Fe, but not Mn (cf. Proffett 2003;
Seedorf and Einaudi 2004). Mn enrichment is commonly
found in association with distal Zn-bearing skarns defi-
cient in Ba (Einaudi et al. 1981; Williams and Heineman
1993; Chapman and Williams 1998; Baker et al. 2004).

The high concentration of Ba at the Ernest Henry
deposit indicates that the ore fluids contained little sul-
phate, unlike typical Cu–Au porphyry fluids (cf. Ulrich
et al. 2001), whereas the high Mn-content of the Ernest

Henry ore envelope also indicates to fluids with unusu-
ally high Mn:Fe ratios. No published data are available
on the composition and origin of fluids responsible for
Mn and Ba enrichment. However, under the magnetite-
stable, high temperature conditions interpreted for
Ernest Henry thermodynamic data indicate that these
cations are highly soluble in solution (Sverjensky et al.
1991). Analyses of magmatic fluids shows that high-
temperature brines can contain high Mn and/or Ba, but
both are typically not detected in high concentrations
together (cf. Bottrell and Yardley 1988; Rankin 1992;
Audétat et al. 2000; Perring et al. 2000; Ulrich et al.
2001). Geochemical data for brine inclusions associated
with magnetite ironstone formation and later Au–Cu
mineralization at the Starra deposit show that brines
representing both of the hydrothermal stages contain
high Mn and Ba, although those related to Au–Cu
mineralization contain appreciably higher Ba (poten-
tially as much as 10 wt%) and Mn (1.0–2.4 wt%: Wil-
liams et al. 2001). Williams et al. (2001) suggested as one
possibility the origin of the brines to high-Ba interme-
diate intrusions.

Ore deposition via fluid mixing

The Ernest Henry ore breccia is enriched in a diverse suite
of elements (e.g. Cu, Au, Fe, K, S, Ba, Ca, As, Co,Mo,U,
F, REE, Bi, Ag, Bi, W and Sn) that are likely to have been
carried as various chloride (e.g. Cu, Fe, Au, Co), CO3

2�

(e.g. U, REE) and hydroxide complexes (e.g. W andMo).
As the stability of these different complexes is affected by
fluctuations in different physico-chemical parameters
(e.g. D T, D P, D salinity, D pH, DfO2) it is likely that more
than one fluid was required to carry these components to
the site of ore deposition, and that element enrichment
occurred due to significant changes in many physico-
chemical parameters during ore deposition. For example,
given the low solubility of fluorite in hydrothermal
solutions compared to its constituent ions (Richardson
and Holland 1979), and the low solubility of barite in
relatively oxidized (e.g. hematite-stable) solutions it is
likely that F and Ca, and Ba and sulphur were carried by
separate fluids prior to ore deposition. The origin of these
separate fluids is yet to be fully explored. The presence of
high temperature, (ca 375±50�C), high salinity (35–
55 wt% NaClequiv) brines trapped in syn-ore quartz
(Mark et al. 2000) suggests that a significant proportion
of base metals were probably carried as chloride com-
plexes, and as such, ore deposition was likely to have
occurred via cooling, decreasing pressure and/or dilution
via fluid mixing. The relative paucity of syn-ore quartz in
the breccia and little intragrain variation in ore pyrite
d34S (cf. Mark et al. 2004d) also provides supporting
evidence that cooling was probably not significant.
Therefore, in order tomost efficiently accommodate these
observations, a model involving synchronous dilation,
brecciation and fluid-mixing is suggested. However, even
though the deposit is predominantly characterized as a
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hydrothermal breccia enriched in a range of elements,
apart from the presence of rare tiny inclusions (<10 mm)
of galena and sphalerite in the ore, both Pb and Zn are
largely depleted during early albitization (cf. Oliver et al.
2004) and K-feldspar alteration (Fig. 6a–c). The absence
of significant concentrations of Pb and Zn in the ore
breccia probably indicates they remained soluble in the
ore fluid, which is consistent with their higher solubility
compared to Cu (e.g. Hemley et al. 1992). A potentially
similar scenario has been documented in cooling por-
phyry systems (e.g. Bajo de la Alumbrera) where Pb and
Zn remain in the spent solution after Cu–Au minerali-
zation (Ulrich et al. 2001).

Geochemical and geophysical characteristics: uses
in exploration

Empirical data from this study show that the Ernest
Henry hydrothermal system produced a number of
geochemically discrete alteration shells corresponding to
mineral distributions that progress from: (1) a distal
Mn, K and Ba enriched, and Na depleted shell >1.0 km
from the orebody; (2) an inner shell also enriched in As,
Co and Cu up to 1.0 km from the orebody; and, (3) a
proximal shell enriched in K, Fe, Cu, Au Mo, Ag, U, Sb
and Bi up to 100s m from ore. This zonation would be
expected to correspond to changes in the geophysical
characteristics of the ore system where the proximal
shell would form a magnetic and radiometric (K, U, Th)
high, whereas the distal shell and orebody are likely to
exhibit much higher magnetic responses that correlate
with a moderate radiometric intensity with higher K:U
ratios in which total counts would be anticipated to
decrease with distance from the orebody. These char-
acteristics and spatial relations can be used to help
predict the range of geophysical responses expected
from Fe oxide–Cu–Au systems from those similar to
Ernest Henry, to those such as the Olympic Dam and
Sue-Dianne deposits, which were formed under different
geological conditions (e.g. T and fO2) where hematite
and/or muscovite are more abundant (cf. Goad et al.
2000).
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