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Abstract

Ž .The Bendigo goldfield, which has produced most of Victoria’s gold 22 million ouncess684.3 ton , consists of
numerous deposits located mainly along narrow, parallel-trending anticlinal domes separated by 100 to 400 m. The
individual domes are parts of a regional anticlinorium in Lower Ordovician sedimentary rocks. Highest gold ore values are
generally located in the eastern limbs and particularly in the apical areas of the smaller individual anticlinal domes and in the
central part of the more regional-anticlinorium.

Ž .Alteration present in metasandstone units in the Nell Gwynne anticline consists of phengitic sericite to 15 vol% , chlorite
Ž . Ž . Žto 7% , carbonates siderite, sideroplesite, ankerite and calcite, to 10% and sulphides arsenopyrite, pyrite, chalcopyrite and

.sphalerite, to 5% . The alteration generally follows the trend of the structure extending upward and above mineralisation in
anticlinal areas and below largely unmineralised synclinal areas. Phengitic sericite extends furthest, to at least 150 m above
mineralised saddle reef positions, chlorite to 130 m, sulphides to 80 m and carbonate to 50 m. Chlorite geothermometry
suggests temperatures of 260 to 2908C for the alteration. The sequence of carbonate precipitation generally is from siderite
Ž .early , sideroplesite, ankerite and calcite. The more Fe-rich carbonates tend to occur near the apical parts of the anticlinal
domes. Arsenopyrite occurs within 10 m of the veins, while hydrothermal pyrite, chalcopyrite and sphalerite all extend to 50

Ž .m. Framboidal pyrite possibly greigite present in unaltered metasediments becomes progressively recrystallised and
replaced by hydrothermal pyrite, chalcopyrite and sphalerite as mineralisation is approached. Hydrothermal pyrite is
generally euhedral and anomalous in having high As contents when compared to framboidal pyrite.

Ž .Maximum Au grades 205 ppm occur in the saddle reef position and below a thick shale unit. Lower-grade
Ž .mineralisation 0.5–6.0 ppm occurs above this in the overlying stratigraphy. As and Pb anomalies cross cut the alteration

zoning and occur as plume-like dispersion haloes above the mineralisation. The Au occurs in and near the As ‘plume’. Cu
concentrations reach their maximum values adjacent to high Au values. Measured CO values confirm the observed2

carbonate distributions. H Oq and Zn values in the section show relatively random distributions.2

Two separate stages of mineralisation are indicated, the earlier localised within classic saddle reef structures and
containing the highest Au, Cu and some As and a later, cross-cutting stage of mineralisation associated with high As. The
alteration is mainly associated with the former. q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The nature and extent of the alteration of wall
rocks marginal to mesothermal gold vein deposits is
important for understanding the genesis of gold-vein
deposits and can be used as a guide for exploration.
Such alteration has been studied by a large number

Žof authors e.g. Kuhns, 1986; Ames et al., 1991;
Love and Roberts, 1991; Sketchley and Sinclair,

.1991; McCuiag and Kerrich, 1994 who have found
that altered wall rocks are typically enriched in

Ž .precious metals Au, Ag , associated rare elements
Ž . ŽAs, Sb, Se, Te, Bi, W, B , LILE K, Rb, Ba, Li, Cs,
. Ž .Tl and volatiles H O, CO , CH , H S . The min-2 2 4 2

eralogy of wall rock alteration depends upon the
nature of the precursor, physiochemical conditions of
the ore fluids and the temperature and pressure of the
environment. Different deposits formed at signifi-
cantly different temperatures within similar litholo-
gies may be associated with distinctly different styles

Žof alteration Mueller and Groves, 1991; Groves et
.al., 1992 . In the sub- to mid-greenschist facies

environment the minerals typically found in psam-
mitic rocks are albite, muscoviterphengite, chlorite,

Ž .carbonates ankerite, dolomite , sulphides and less
Žcommonly biotite and tourmaline e.g. McCuiag and

.Kerrich, 1994 .
Most of the existing studies document alteration

of mafic, ultramafic, granitoid and BIF-hosted min-
eralisation common in Precambrian terranes. Palaeo-
zoic turbidite-hosted Au-vein mineralisation has not
received the same degree of study. A number of
workers have reported on very similar styles of
mineralisation to those found in Victoria occurring in
Nova Scotia, Canada, including saddle reef-style

Ž .mineralisation Kontak et al., 1990 . In Nova Scotia,
two styles of alteration are recognised. An early
period of pervasive silicification, localised sulphide
alteration and minor phyllic alteration is widespread
Že.g. 5 km along strike and 1 km across strike of a

.deposit . More localised, less intense, alterations
consisting of 10 cm wide orange–beige alteration
haloes surround calcite–chlorite veinlets. Similar
geochemical studies on mineralisation-related alter-
ation in central Victoria has received little attention

Ž .apart from published studies by Bowen 1972 , Stock
Ž . Ž .and Zaki 1972 , Stuwe et al. 1988 and Cox et al.¨

Ž .1991, 1995 . These studies indicate that there are As

Ž . Ž . Ž .arsenopyrite , S sulphides , CO carbonates and2

Au additions to the wall rocks in the Eureka and
Wattle Gully mine of the Castlemaine goldfield in
central Victoria and Sb addition at the Costerfield
deposits.

Central Victoria, Australia, constitutes one of the
Žten major primary gold regions of the world Phillips

.and Powell, 1992 and one of the few such regions
present in Palaeozoic rather than Precambrian ter-
rains. The Bendigo ore field, Australia’s second
largest goldfield, is located in central Victoria, 152
km NNW of Melbourne and covers an area of 45
km2. It produced approximately 22 million ounces of
gold, 17 million ounces from reef mining, which is
approximately 53% of the primary gold produced in
Victoria. Mineralisation is mainly restricted to nar-
row, structurally controlled fault- and fold-related
dilatant zones and wider, disseminated and veinlet-
hosted mineralisation within a Lower Ordovician
turbidite sequence. The nature of mineralisation at
Bendigo has been documented by many authors dur-

Ž .ing mining activity e.g. Dunn, 1896 , who have
given some insights into the geology of the field.
More modern approaches have been facilitated by
recent work by the Western Mining Corp. and
Bendigo Mining N.L. who have provided access to
the Deborah anticline for underground mapping, ob-
serving and sampling, as well as abundant drill core
material from the Nell Gwynne anticline.

The present study is mainly concerned with the
extent and nature of wall rock alteration, its distribu-
tion and that of pathfinder elements, such as As, and
how these relate to the characteristics of the mineral-
isation and fluid flow paths.

2. General features of the Bendigo ore field

The ore field is hosted by the Lower to Middle
ŽOrdovician Castlemaine Supergroup Cas and Van-

.denBerg, 1988 in turbidite sedimentary rocks, 2–3
km west of the major Whitelaw fault and 10 km
NNE of the Middle Devonian Harcourt Batholith
Ž .Fig. 1 . The host rocks are typical turbidites, ex-

Ž .hibiting characteristic Bouma cycles Bouma, 1962 .
ŽSandstones, siltstones and shale some of which are

.graphitic also occur. There are thin polymict con-
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Ž .Fig. 1. The location of the Bendigo goldfield after Sharpe and MacGeehan, 1990 .
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Žglomerates and rare cone-in-cone Wilkinson, 1988;
.Willman and Wilkinson, 1992 limestone units up to

20 cm in thickness. The latter grade into siltstone,
are continuous for hundreds of meters and consist of

Ž .pure ankerite Willman and Wilkinson, 1992 . Up-
ward fining of turbidite packages, as found at

Ž .Bendigo Sharpe and MacGeehan, 1990 , are typical
Žof deep sea submarine fan deposition e.g. Cas,

.1983 .
On a regional scale, the host rocks have been

folded into NNW-trending anticlinoria and synclino-
ria with a reversal of plunge roughly coinciding to an

ŽE–W axis bisecting the ore field Sharpe and
.MacGeehan, 1990 . The central ‘goldfield structural

Ž .domain’ Willman and Wilkinson, 1992 is bounded
to the east by the Lightning Hill anticline, east of
which is the ‘eastern structural domain’ and to the
west by the Kangaroo anticline. The Whitelaw fault
is considered to be the lower bounding fault of one
thrust sheet, with the ‘goldfield domain’ being the
core of the thrust slice and the ‘eastern structural
domain’ forming its base. In the ‘goldfield structural
domain’ individual folds within the major structures
are chevron to accordion style with interlimb angles
of 40–508, amplitudes of 100 to 300 m and axial
planes dipping 75–858E. The doubly plunging nature
of these folds yields domal structures. In the ‘eastern
structural domain’ the folds are tighter with interlimb
angles of 308, the host rocks have a slightly higher

Žmetamorphic grade phyllites as opposed to shales in
.the goldfields structural domain and little gold min-

Ž .eralisation occurs Willman and Wilkinson, 1992 .
The sequence has been metamorphosed to lower-

middle greenschist facies resulting in the formation
of metamorphic sericite and very minor chlorite,

Ž .defining a poorly developed foliation S , as well as1

the recrystallisation of quartz. Detrital plagioclase
and muscovite remained largely unaffected. Bedding
Ž .S and the poorly defined metamorphic foliation0
Ž .S were folded into tight, often chevron type, folds1

Ž .with an axial plane cleavage S . In places bedding2

and ore-bearing veinlets are offset by this surface. It
is possible that the development of S followed S in2 1

a continuous process as folding became progres-
sively tightened.

Mineralisation occurs as classic concordant saddle
reefs. However, much of the ore occurs in discordant

Žveins, particularly in the apical areas of domes e.g.

.Deborah fault and ‘back’ . Mineralisation pre-, syn-
and post-dated folding. Folded, mineralised lami-
nated veins are intersected by mineralised ‘spur’ and
other veins which show varying degrees of folding.
Carbonate alteration ‘spots’ related to mineralisation
have been attenuated along fold limbs and miner-
alised veinlets are displaced by the axial plane cleav-

Ž .age S .2

At least 15 major anticlinal domes exist in the
‘goldfield structural domain’ containing mineralisa-
tion of variable gold grades and tonnages. Average
historic production grades were 10 to 15 grtonne.
The mineralisation includes saddle reef style veins
and shear-hosted veins but also sandstone-hosted
mineralisation, some of which occurs in synclinal

Žrather than anticlinal positions Kwak and Roberts,
.1996 . The greater part of past production came from

veins in parallel-trending anticlines; the Garden
Gully, Hustlers and New Chum anticlinal domes.
Significant production also came from 9 others in-
cluding the Nell Gwynne and Deborah anticlinal
domes.

3. Study and analytical methods

Detailed alteration studies on host rocks such as
Palaeozoic turbidite sequences are not common,
partly because of the difficulty of establishing
whether bulk compositional differences between sup-
posedly altered rocks and unaltered rocks are due to
alteration or due to sedimentary facies differences. In
addition, minerals such as chlorite, sericite, carbon-
ate and sulphides, found as alteration peripheral to
many mesothermal gold vein deposits in psammitic
and pelitic turbidite host rocks, are very similar to
those produced by regional or contact metamor-
phism, or those of detrital origin. Care was taken
here to differentiate between these possible origins
on the basis of textural and compositional differ-
ences.

Ideally, mineral and elemental distributions should
be studied in 3 dimensions, but the volume of work
involved would make such a study too difficult and
there is seldom enough suitable study material avail-
able. The area chosen for detailed study, the Nell
Gwynne anticline near the Spring Gully reservoir



( )X. Li et al.rOre Geology ReÕiews 13 1998 381–406 385

Fig. 2. Plan view of the Nell Gwynne anticlinal dome showing the
positions of drill holes used in this study and other anticlinal
zones.

Ž .Fig. 2 , is characterised by typical Bendigo ore field
geology. This area was chosen because of the avail-
ability of extensive diamond drill core from 14 drill

Ž Ž .holes across the anticline 119500N sect Fig. 2 .
Drill core coverage extended from well outside the
mineralised area, in the adjacent syncline, across the
anticline into the next syncline. In addition, numer-
ous diamond and percussion drill holes along the
axis of the anticline were available. Thus both cross-
as well as long-section samples were studied.

The previous operating company at Bendigo
Ž .Western Mining Corp. undertook chemical analy-
ses of available drill core material, resulting in many
thousands of analyses for As, Au, Pb, Cu and Zn and
some for Hg and provided access to these for this
study. Samples were analysed by standard commer-
cial procedures, mainly atomic absorption and fire

Ž .assay for gold . The CO and H O data for this2 2

study were analysed at La Trobe University from the
approximately 41 samples shown in Fig. 3. H Oy

2

was determined by gravimetry and H Oq and CO2 2

by furnace infrared spectrometry using a LECO-RC-
412 analyser, respectively. The geochemical and
CO –H Oq data presented in cross section was2 2

contoured using a commercial contouring program
Ž .MacGRIDzo .

4. Hydrothermal alteration in the Nell Gwynne
anticline

4.1. 119500N cross section

Fig. 2 shows a plan view of the Nell Gwynne
anticline and Fig. 3 the 119500 section across the
anticline. The section contains an anticlinal and part
of a synclinal structure defined by alternating beds of
sandstone, carbonaceous sandstone, siltstone, silty
shale and shale. Quartz veins occur mainly in the
core of the anticline, where most exhibit varying
degrees of brittle deformation and dynamic crystalli-
sation. It is noteworthy that most of the veining in
the core of the anticline terminates near the lower
contact of the lowermost and thickest black
shalerslate unit in the section. The importance of
this will be discussed. Ten drill holes intersected the
anticline and approximately 70 core samples were
analysed.

Ž .Fig. 4 A shows the distribution of vein quartz I
and pod-like quartz, which includes the sheared and
deformed quartz occurring near the core of the anti-

Ž .cline and syncline on section 119500N II . Sheared
quartz is typically clear to grey where it is gold
bearing and the Au is intimately associated with
carbonates and sulphides within white ‘bull’ quartz.
In the thin section the quartz shows undulatory ex-
tinction, some recrystallisation as well as cataclasis.
In some places clear quartz occurs as a fine-grained
breccia, 1–2 cm thick, within massive veins.

Carbonate occurs both in quartz veins and wall
rocks. Its abundance in the latter decreases from near
the core of the anticline outwards. Nearest the mas-
sive veins, in the core of the anticline, more than 5
vol% carbonate occurs decreasing to 0% between 50

Ž .and 130 m outward from the core Fig. 4B . Carbon-
ate occurs as: interstitial grains between quartz grains
Ž . Ž .Fig. 5A , as ovoid ‘spots’ Fig. 5B , as subhedral

Ž . Ž .rhombs Fig. 5C and in carbonate veins Fig. 5C .
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Fig. 3. The 119500N cross section of the Nell Gwynne anticlinal dome showing the positions of samples, drill holes and the general geology
Ž .approximately 70 samples shown .

The compositions include siderite, sideroplesite,
Ž . .ankerite and calcite Table 1 and Fig. 6 . Generally

there appears to be a progressive change from Fe-rich
to Fe-poor compositions. The sideroplesite occurs
around the siderite spots and both of them were
truncated by the S cleavage. However, in the same2

Ž .thin section ankerite high-Mn spots were not offset
by S . According to the mineral relationships as2

shown in Fig. 5C, it is noteworthy that different
Ž .ankerite low-Mn compositions occur around calcite

Ž .rhombs and veinlets I which belong to the early
stage hydrothermal alteration products. Therefore the
order of mineral formation is siderite™sideroplesite

Ž .™ankerite high-Mn ™calcite in the early alter-
Ž .ation stage Fig. 6 . The late alteration stage consists

of the low-Mn ankerite and calcite both of which
Ž . Žoccur as interstitialrcrustiform rim -shaped II in

.Fig. 5C rsmall veinlet-shaped carbonate. Thus car-
Ž .bonate formed after metamorphism S and both1

Ž .before and after cleavage S associated with fold-2

ing. No sedimentary layers of carbonate were found
in the sequence.

Sericite also occurs in both the mineralised veins
and wall rocks. However, in the latter, it is difficult
to distinguish from detrital muscovite and metamor-

Ž .phic sericite. Detrital muscovite sericite is gener-
ally oriented parallel to bedding and occurs as larger

Ž .grains Fig. 7A . In Fig. 7A metamorphic sericite
can be seen to define a foliation oriented at an acute
angle to the long axis of the detrital muscovite. The

Žlatter grains have a lower phengitic component Fig.
.8A . Metamorphic sericite also appears to have been

folded while hydrothermal sericite often cross cuts
Ž .most features Fig. 7B and C . Metamorphic sericite

tends to be less phengitic than hydrothermal sericite
Ž .but some overlap exists Table 2, Fig. 8A . The

distribution of hydrothermal sericite varies from 10
vol%, nearest the core of the anticline, to 0% at least
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Ž .Fig. 4. The distribution of quartz veins and sheared quartz, carbonate, sericite and chlorite in the 119500N cross section. A Distribution of
Ž . Ž . Ž .quartz veins I and pod-like quartz, which includes the sheared quartz occurring near the core of the anticline and syncline II . B

Ž . Ž .Carbonate distribution. C Sericite distribution. D Chlorite distribution.

Ž .150 m both above and lateral to the core Fig. 4C .
Sericite generally predates S but again, in many2

cases, no clear relationship could be established.
Chlorite occurs mainly in the wall rocks and

Žrarely in some of the gold bearing veins called ‘the
.irish’ by early miners . The compositions include

ripidolite and pycnochlorite. They are considered as
the early stage alteration and the later stage alteration

Ž .minerals, respectively Table 3, Fig. 8B . Chlorite
occurs both as discrete grains, often associated with
hydrothermal sericitercarbonate and as a replace-

Ž .ment of detrital muscovite Fig. 5A, 7D . It reaches
abundances as high as 5 vol% in the anticline’s core,
but falls to 0 vol% approximately 100 m away from

Ž .the core Fig. 4D .
The sulphides arsenopyrite, chalcopyrite, spha-

lerite and pyrite occur from the core of the anticline

Ž .to 90–140 m away Fig. 9A . Arsenopyrite occurs as
euhedral grains nearest the core of the anticline as
well as up to at least 100 m above the core. Hy-

Ž .drothermal pyrite as cubes , chalcopyrite and spha-
lerite occur in a zone up to 110 m from the core of
the anticline while framboidal pyrite occurs beyond
this. The framboidal pyrite is believed to be sedimen-
tary in origin, having formed just below the sedi-
ment–sea water interface and its origin possibly

Žinvolved bacterial activity Sweeney and Kaplan,
.1973; Fenchel and Blackburn, 1979 . Nearest the

core of the anticline, spheroids contain crystalline,
Žsubhedral pyrite, chalcopyrite and sphalerite Fig. 10

.A, B and C . Further out there are framboidal bodies
containing individual spheroids showing an internal

Ž .cell-like texture Fig. 10D . Gold has been detected
in these textures. Probe data show that gold contents
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Ž . Ž .Fig. 5. Photomicrographs of textures of carbonate minerals. A Interstitial carbonate: the sideroplesite sidp occurs between quartz grains
Ž .but appears to have replaced other constituents of the rock including detrital plagioclase, micas and metamorphic sericite. B Ovoid

Ž . Ž . Ž .carbonate spots: the siderite sid spots occur as rounded bodies in this case with pyrite py and quartz Q . They only include minor
Ž .quantities of original detrital mineral material. C Rhombs of carbonate and carbonate in veins: the rhombs consist of an inner core of

Ž . Ž . Ž . Ž .calcite cal, I and an outer rim of ankerite ank, II while the vein contains ankerite II along its margins and a core of calcite I in its core.
The conflicting information may indicate multiple mineralising events.
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Ž .Fig. 5 continued .

Ž .range from 0 to 1150 ppm detection limit: 100 ppm
in frambiodal sulphides.

4.2. Long section of the Nell Gwynne anticline

The general geology of the Nell Gwynne anticline
and the variation of carbonate varieties, chlorite oc-
currences and formation temperatures and the pro-

Ž .portion of phengite, as determined by the Si:Al IV
ratio present in hydrothermal sericite–phengite are
shown in Fig. 11. The distribution of the most
intense alteration suggests that the apex of the anti-
clinal dome is located between the 121000N and

Ž .120500N sections Fig. 11A . In this vicinity many
samples contain up to 50% carbonate and greater
than 10% chlorite and sericite.

The distribution of carbonate in terms of textural
types and compositional variations along the Nell
Gwynne anticline suggests that identifiable differ-

Ž .ences occur along this anticlinal dome Fig. 11A .
The 121750N section has only ankerite and calcite;
the 120950N section, sideroplesite and ankerite; the
120500N section, sideroplesite, ankerite and siderite
while the southernmost section, 119500N, has all
four carbonates. The variety of carbonate composi-

tions observed in the 119500N section may be an
artefact, seeing that more analyses were done in this
area compared with the other sections studied. Alter-
natively, they may reflect different phases of carbon-
ate precipitation associated with multi-stage fluid
flow within the Bendigo goldfield. The greatest pro-
portion of Fe-rich carbonate occurs in the 120950N
and 120500N sections, which is consistent with the
degree of alteration being more intense in this area.

Fig. 11B shows the distribution of hydrothermal
phengitic sericite in the long section of the Nell
Gwynne anticline. The hydrothermal sericite can be

Ž . Ž .divided into two groups: I lower Si:Al IV ratio
Ž . Ž . Ž .phengites 3.8–5.1 and II higher Si:Al IV ratio
Ž . Ž .phengites 5.5–7.2 . Group I hydrothermal phen-

gitic sericites are associated with sideritersiderople-
Ž . Žsiterankerite high-Mn , clear, sheared quartz gold

.rich and relatively higher temperature chlorite
Ž . Ž .mainrearly alteration stage . The Si:Al IV ratios
vary from 3.8 to 5.1 with the average values in the

Žlong section being different 121750N, 4.34;
.120950N, 4.36; 120500N, 4.58; 119500N, 7.28 .

Ž .Phengites with the highest average Si:Al IV ratio
occur in the apex of the dome between the 120950N

Ž .and 120500N sections. In contrast, group II phen-
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Table 1
Ž .Representative analyses of two stage hydrothermal carbonates I and II

Ž . Ž . Ž .Sample No. Locality m Description Mineral Oxide wt% Cations based on 6 O

MgO CaO MnO FeO SrO CO total Mg Ca Mn Fe Sr total2

Ž .BD2001-5r8 80.31 car spot I siderite 1.22 2.22 3.71 54.29 0.00 38.56 100.00 0.07 0.09 0.12 1.72 0.00 2.00
Ž .BD2014-9r4A 114.60 car spot I siderite 2.23 1.06 3.49 54.46 0.00 38.76 100.00 0.10 0.03 0.09 1.77 0.00 2.00
Ž .BD2014-10 126.80 car spot I siderite 0.41 0.18 0.01 62.03 0.00 38.67 101.30 0.02 0.01 0.00 1.97 0.00 2.00

Ž .SGD001-8r2 241.50 core of car spot I sideroplesite 13.14 0.45 1.86 42.41 0.00 41.87 99.73 0.69 0.02 0.05 1.24 0.00 2.00
Ž .BD2002-2r2A 66.45 car spot I sideroplesite 17.17 0.12 0.17 39.38 0.00 43.16 100.00 0.76 0.00 0.00 1.24 0.00 2.00

Ž .BD2014-4r2A 59.50 core of car spot I sideroplesite 16.27 0.03 0.25 40.59 0.00 42.87 100.01 0.72 0.00 0.01 1.28 0.00 2.00
Ž .BD2002D-3r3 209.50 car spot I ankerite 11.58 29.65 1.45 12.56 0.22 44.67 100.13 0.57 1.04 0.04 0.35 0.00 2.00
Ž .BD2002B-2r2 237.80 rim of car II ankerite 8.68 28.61 1.24 16.82 0.00 43.07 98.42 0.44 1.04 0.04 0.48 0.00 2.00

Ž . Ž .BD2-5r1 123.00 vein Q rrim II ankerite 8.42 32.18 0.88 14.53 0.00 43.99 99.99 0.42 1.15 0.02 0.40 0.00 2.00
Ž .BD2002B-2r1 237.80 core of car I calcite 0.12 53.42 2.17 0.46 0.00 43.73 99.90 0.01 1.92 0.06 0.01 0.00 2.00
Ž .BD2002B-3 274.70 core of car I calcite 0.23 52.50 2.02 0.79 0.10 42.80 98.44 0.01 1.91 0.06 0.02 0.00 2.00

Ž .BD3001-14r5 137.00 car vein II calcite 0.44 53.25 1.11 0.43 0.00 43.27 98.49 0.02 1.93 0.03 0.01 0.00 2.00
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Ž . Ž . Ž .Fig. 6. Composition of carbonates and evolution trend. I Evolution trend of the main early alteration stage carbonate. II Evolution trend
Ž .of the minor late alteration stage carbonate.

Ž .gites SirAls14.66–29.10 are associated with
low-Mn ankerite, calcite, milky quartz and low tem-

Žperature chlorites minorrlater alteration stage; Fig.
.11A and C . The proportion of phengite present in

the sericite probably relates to the proportion of
components derived from hydrothermal solution,
principally Feq2 and Si. It is implied that the early
stage fluids were Feq2 , Si and Au-rich and the later
fluids were Caq2-rich and Au-poor.

The distribution of hydrothermal chlorite along
the Nell Gwynne anticline is illustrated in Fig. 11C.
The temperatures derived from the chlorite composi-
tions using chlorite geothermometry are in the range

Žof 152 to 2958C Cathelineau and Nieva, 1985;
.Kranidiotis and Maclean, 1987; Cathelineau, 1988 .

Temperatures from 250 to 2908C were obtained from
Ž .chlorite associated with the main early alteration

Ž .stage and lower temperatures 152–2618C from
Ž .chlorite associated with the minor late alteration

stage nearer the core of anticline. Metamorphic tem-
peratures of 290 to 2958C are indicated by composi-
tions of metamorphic chlorite within the outer, west-
ern limb of the anticline. The range of temperatures

is greatest in the 119500N section, probably because
Žthere is more data in this area averages are 121750N

s 2828C; 120950N s 2668C; 120500N s 2758C;
.119500N s 2728C . The average temperature is

highest in the 121750N section, however, there are
only 4 measured samples. In the 119500N section,
the lower temperatures derived from the chlorite
geothermometer occur nearest the core of the anti-
cline while the higher temperatures occur further out.
This apparent temperature gradient suggests either
multiple stages of fluid migration, or that fluid path-
ways were not perfectly restricted to the anticlinal
cores.

5. Bulk rock compositional variation across the
section

The concentration ranges of the elements As, Au,
Pb, Cu, Zn and Hg in whole-rock samples from
section 119500N are as follows: Au, F0.02–205

Ž .ppm F0.02–0.2 ppm common ; As, 5 to 6100 ppm
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Ž . Ž . Ž .Fig. 7. Photomicrographs of mica mineral textures. A Detrital muscovite D.M. , metamorphic sericite M.M. and hydrothermal phengitic
Ž .sericite H.M. . The orientation of the detrital muscovite probably represents the orientation of bedding, the metamorphic sericite intersects

Ž .this at an acute angle while part of the detrital muscovite has been replaced by hydrothermal phengitic sericite. B Hydrothermal ankerite
Ž . Ž . Ž . Ž .ank , phengitic sericite H.M. and ripidolitic chlorite chl cross cutting a detrital muscovite grain. C Hydrothermal phengitic sericite

Ž . Ž . Ž .interstitial to quartz Q and detrital muscovite. The hydrothermal mica shows no obvious preferred orientation. D Ripidolitic chlorite chl
Ž . Ž . Ž .and carbonate carb replacement of detrital muscovite D.M. . Metamorphic sericite M.M. is oriented at a steep angle to the elongation of

the pseudomorph in the texture.
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Ž .Fig. 7 continued .

Ž . Ž30–100 ppm common ; Cu, 5–335 ppm, 10–50
. Žppm common ; Zn, 10–8700 ppm 50–150 ppm

. Ž .common ; Pb, 10–2500 ppm 20–50 ppm common

Ž .and Hg, 0–130 ppm 30–60 ppm common . The
spatial variation of concentrations of As, Au, Pb, Cu
and Zn are illustrated by contour diagrams in Fig. 9.
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Ž .Fig. 8. Composition of muscovitesrsericites and chlorites in the 119500N section. A Composition of detrital, metamorphic and
Ž . Ž . Ž .hydrothermal mica. B Composition of hydrothermal chlorite. The chlorite nomenclature is after Deer et al. 1966 . I Early stage chlorite

Ž . Ž .distribution temperature determinations after Cathelineau and Nieva, 1985, Kranidiotis and Maclean, 1987 and Cathelineau, 1988 and II
late stage chlorite distribution.

5.1. Au

Ž .The Au grades Fig. 9B show a maximum in the
core of the anticline associated with the classic style
of mineralisation mined at Bendigo. Above this there

Žis a zone of low gold values in the 0.5–6.0 ppm
.range in the sandstone and more silty units under

massive shale units. While some of these values may

be represented by auriferous veinlets, some are found
Ž .in unveined sandstone to 0.6 ppm .

5.2. As

Ž .The As concentration is highest Fig. 9C in the
core of the anticline, corresponding to maximum Au
grade, as well as in a zone above the core which is
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generally discordant to the hydrothermal alteration
zoning patterns. Although some of the latter As zone
may be due to dispersal during weathering and oxi-
dation, this is not the case below 50 m. This indi-
cates that there were at least two periods of arsenic
and gold introduction, an early phase where As is
restricted to the veins and areas immediately around
the veins in the saddle reef position and at least one
later phase where As and minor Au mineralisation
cross-cuts the earlier phase of mineralisation.

5.3. Cu

Ž .The distribution of Cu in the section Fig. 9D is
Žhighly erratic although the highest values ;60

.ppm correspond closely to the Au maximum in the
core of the anticline.

5.4. Zn

Ž .The distribution of Zn Fig. 9E is again erratic,
Ž .although higher values ;200 ppm generally corre-

spond to the anomalous Au. However, the highest
values were found in a sample in the synclinal area,
unrelated to anomalous gold.

5.5. Pb

The distribution of Pb is, in part, closely corre-
Ž .lated to As Fig. 9C and F , as it enters readily into

arsenopyrite. There is a maximum slightly to the east
Ž .of the Au and As maximum )200 ppm in the core

of the anticline and a series of maxima above the
core area. The latter correspond to As maxima and
were possibly from an unidentified fault andror vein
zone.

5.6. CO2

This parameter was determined to confirm the
Ž .distribution of carbonate. As can be seen Fig. 9G ,

CO values closely correspond to the distribution of2

carbonate minerals determined by petrographic
methods. This is a useful exploration parameter as
the analysis of CO is easy and relatively inexpen-2

sive.

5.7. H Oq
2

This parameter was determined to see if the extent
of hydrous mineral alteration could be determined

Ž .analytically. This was clearly not useful Fig. 9H ,
probably because H Oq values in the weathered and2

Ž .oxidised zone generally within 50 m of the surface
are very erratic as well as the proportion of hydrous
minerals of detrital and metamorphic origin being
nonsystematic.

6. Discussions and conclusions

This study has established the following general
observations:

Ž .1 Most of the Nell Gwynne mineralisation oc-
curs in a saddle reef position within an anticlinal
structure and mainly just beneath a thick shale unit.
There is disseminated and vein mineralisation pre-
sent in the sandstones above the main shale unit,
particularly below shale units higher in the sequence
Ž .Fig. 12 .

Ž .2 Much of the quartz in the saddle reef has been
sheared to varying degrees. The orientation of the
shearing is generally at a steep angle, parallel or
sub-parallel to the axial plane.

Ž .3 The carbonates include siderite, sideroplesite
and ankerite, calcite; sericite is phengite and chlorite
is ripidolite and pycnochlorite.

Ž .4 There is a systematic zoning of the volumetric
proportions of the carbonate, phengitic sericite, chlo-
rite and sulphide alteration minerals around the sad-
dle reef structure in the 119500N section and along
the axis of the anticline.

Ž .5 Going out from the saddle reef, first carbonate
Ž . Ž .at 50 to 130 m ; then chlorite at 100 m , hydrother-

Ž .mal sulphides at 90 to 140 m ; and finally phengitic
Ž .sericite at )150 m are lost from the alteration

mineral assemblages.
Ž .6 Generally, the carbonate compositions progress

from being Fe-rich early in the paragenesis to Fe-poor
during the later stage in the two different alteration
periods, I: siderite ™ sideroplesite ™ ankerite ™I

Ž .calcite and II: ankerite ™calcite Fig. 6 .I II II
Ž .7 The apex of the dome has the highest propor-

tion of Fe-rich carbonate but no significant variations
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exist with respect to chlorite and sericite–phengite
compositions.

Ž .8 Chalcopyrite, sphalerite and pyrite occur in
Ž .veins as euhedral crystals in the case of pyrite and

Ž .in spheroidal masses framboids 90 to 140 m above
the saddle reef.

Ž .9 Arsenopyrite with Au occurs in the saddle reef
Ž .position core of the anticline but arsenopyrite and

Au also occur in a zone above the saddle reef
position. This second area of high As cross-cuts the
general alteration zoning. The Pb anomaly coinciden-

tal with this second As anomaly reflects the fact that
Pb is often found as a solid solution in arsenopyrite.

Ž .10 Cu shows only a poor correlation with Au in
the area of the saddle reef while Zn and H Oq

2

shows no obvious relationships to Au. CO corre-2

lates well with the extent of carbonate distribution
determined by petrographic methods.

The saddle reef mineralisation occurs at an inter-
face between a sandstone and a thick shale unit. The
view taken is that the shale functioned as an imper-

Žmeable ‘choke’ on the mineralisation also see Kwak

Ž . Ž . Ž . Ž . Ž . Ž . Ž . q Ž .Fig. 9. Distribution of sulphides A , Au B , As C , Cu D , Zn E , Pb F , CO G and H O H in the 119500N section. See text for2 2

description.
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Ž .Fig. 9 continued .

.and Roberts, 1996 . The shale–sandstone interface
was an area of low pressure during mineralisation
with the choke restricting the flow of ore fluids. The
function of an impermeable ‘choke’ and the reduc-
tion of the ore fluids by the graphite present in the

Žshale lead to the precipitation of gold and carbon-
.ate . Enough fluid passed this barrier, probably dur-

ing a later period of ore genesis, to produce the
As–Pb–Au mineralisation found in the overlying
sandstones.

Wall rock alteration has generally been thought to
be relatively restricted in area around central Victo-
rian gold deposits, although alteration at Bendigo has
previously been viewed as being more widespread
Ž .Cox et al., 1991 . The following widths of alteration

Žhave been observed at the following deposits after

.Gao and Kwak, 1997 : Maxwells, probably at less
than 20 m; New Cambrian, 8 m; Wattle Gully, 10 m
and Costerfield, 5 m. Some of these may be wider as
the widths were determined mainly by bulk chemical
analyses of available samples. At Bendigo the alter-

Žation halo is at least 150 m wide extent of sericite
.zone . From the information presented here and by

Ž .Gao and Kwak 1996, 1997 it appears that, to a first
approximation, the width of the alteration zone is
proportional to the size of the deposit. The Maxwells,
New Cambrian and Wattle Gully deposits produced
between 1 and 12 tonne of gold each and have
alteration zones of 8 to 20 m. The Brunswick deposit
has produced only 21 kg of gold although current
mining would greatly increase this value. The alter-
ation zone at Brunswick is only 5 m wide. Thus, of
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Ž . Ž .Fig. 10. Photomicrographs of framboidalrspheroidal sulphides. A A spheroidal body consisting of chalcopyrite chal and sphalerite
Ž . Ž . Ž .sphal spheroids each mantled by pyrite py . There are also a number unidentified grains present. B A spheroidal body consisting of

Ž . Ž . Ž . Ž .sphalerite sphal and carbonate carb spheroids and large crystal of pyrite py . C Part of a spheroidal body consisting of sphalerite
Ž . Ž . Ž .spheroids included in pyrite py . D Framboidal pyrite py showing an unusual, internal cell-like structure with each spheroid composed

of a mass of smaller spheroids.

all the Victorian deposits on which detailed work is
available, the Bendigo deposits have both the widest
alteration halo and the highest gold content. The
Bendigo gold field has produced 684 tonne of gold
while the Nell Gwynne anticline in the field has

produced 6.17 tonne. Thus, the width of the alter-
ation zone is believed to be proportional to the size
of the gold deposit.

There appears to be two periods of mineralisation,
one producing the saddle reef-style and the other
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Ž .Fig. 11. The distribution of carbonate, sericite and chlorite, mainly in the axial plane of the Nell Gwynne anticlinal dome. A The
Ž .distribution of different compositional and textural types of carbonate in the Nell Gwynne anticlinal dome. B The variation of the phengitic

Ž . Ž .component in hydrothermal mica. The Si:Al IV ratio greater than 3:1 is a measure of the proportion of phengite present. C The
Ž .distribution of chlorite with the estimated formation temperatures using the method of Cathelineau and Nieva 1985 , Kranidiotis and

Ž . Ž .Maclean 1987 and Cathelineau 1988 .
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Ž .Fig. 11 continued .

producing high As and much lower Au values hosted
more commonly in the sandstone units. The latter

Ž .cross-cuts the former Fig. 12 although both occupy
the axial zones of the anticlinal structures. Prelimi-

nary data using common lead for dating galena in
contact with gold in the veins yielded a model age of
approximately 430 Ma while arsenopyrite yielded an

Žage of approximately 350 Ma Kwak and Maas,
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Ž .Fig. 11 continued .

.1996, study in progress . The axial areas of the
anticlinal domes probably have been the loci for

Ž .deposition hydrothermal and magmatic at least two
and probably three times. This is consistent with the

Žviews of other workers e.g. McCuiag and Kerrich,
.1994 who state that ‘‘many deposits have evolved

through a number of pressure–temperature regimes
and fluid events’’.
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Fig. 12. A compilation of data in Figs. 4 and 9 showing the saddle reef-style mineralisation and the cross-cutting nature of the late As
Ž .-Pb–Au plume-like mineralisation. The latter is interpreted to represent a later period of mineralisation.

The fact that the sulphide spheroids or framboids,
shown in Fig. 10A to C, tend to occur both with
hydrothermal alteration minerals and in a broad halo
around the saddle reef may indicate that they were
produced by replacement of framboids similar to
those shown in Fig. 10D, or that they represent
accumulations of sedimentary origin. The framboidal

Ž .sulphide Fig. 10D may or may not have been pyrite
prior to mineralisation. It may have been marcasite
or, as in modern sediments, sedimentary framboidal
Fe-sulphides may first have formed as greigite
Ž .Fe S and later recrystallised as the more stable3 4

Žpyrite or pyrrhotite Sweeney and Kaplan, 1973;
.Fenchel and Blackburn, 1979 . The framboids in this

study were too fine-grained to analyse by X-ray
means and this could not be confirmed.

Another possibility is that the unusual sulphide
Ž .framboids or spheroids are of primary sedimentary

origin. If this were to be the case, then a model is
possible whereby the Bendigo deposits were formed
by the redistribution of gold and other metals derived
from the spheroids in the sandstones and from lo-
cally derived shales. Hydrothermal alteration by flu-
ids derived from other sources may still have af-
fected the host rocks immediately around the saddle

reefs, mixing hydrothermal products such as carbon-
ate, sericite and chlorite with the spheroids and their
altered equivalents. Prior to the 1920’s various au-

Ž .thors e.g. Dunn, 1896 held the view that a
favourable bed, or beds, near the upper Bendigonian
of the Ordovician sequence contained the best gold
values. This is, or is close to, the unit containing the

Ž .spheroids Bendigonian–Chewtonian boundary : A
feature which supports the ‘favourable bed’ theory.

7. Application to exploration

A summary of the features found in this study
which could be used as a guide to exploration for
deposits similar to those at Bendigo is given below.
Of these, the following are probably the most useful
for locating a large Bendigo-style deposit:

Ž .a An extensive zone of hydrothermal alteration
is needed; probably the larger and more intense the
alteration, the larger the deposit.

Ž .b Sericite and chlorite alteration extend well
beyond carbonate alteration, the style generally
thought of as the most useful exploration guide. As
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sericite has K present, radiometric surveys may indi-
cate areas of such alteration.

Ž .c The As and Au distributions show that very
high As anomalies do not necessarily coincide with
areas of high anomalous gold. As indicates anoma-
lous Au is present but the geochemistry of Au during
deposition is clearly different from that of As.

Ž .d A thick shale unit, or other geological feature
to facilitate a choke mechanism may be required.
This can also be produced by the precipitation of
vein minerals.

Ž .e Doubly plunging, near-isoclinal anticlinal or
Ž .steep chevron structures domes are required.

Ž .f A mechanism of ‘locking’ is envisioned where
compressive stress can no longer be taken up by
folding beyond the point where it is isoclinal and
subsequent shortening can not continue without
changing stress directions. Continued compression
then produces reverse faulting at acute angles to the

Ž . Ž .maximum -minimum principal stress plane , par-
ticularly near the apices of the anticlinal domes.
These have been the areas of maximum widths of
mineable gold mineralisation at Bendigo.

Ž .g The occurrence of framboid-like bodies con-
taining Cu, Zn, Ni, Sb and Au may be a requirement.
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