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ABSTRACT |

ABSTRACT

The Fosterville goldfield occurs in sandstones, siltstones and shales of
Ordovician age, associated with the brecciated shear zones and associated stockworks
of the Fosterville Shear Zone. The Fosterville Fault is a planar mineralized structure
with significant old mine workings in‘ﬁthe oxidized zone over a strike length of 8 km.
The present Central Ellesmere and Fosterville prospects are situated along the

Fosterville Fault.

The style of mineralization present in the Fosterville goldfield is a sedimentary
rock-hosted gold deposit, along the Fosterville Fault Zone. Gold occurs within
sediment hosted arsenopyrite and pyrite, in crystal lattice and/or as minute inclusions.
The mineralized fault breccia and associated stockworks are vertical to sub-vertical and

up to 30 m in width; only very minor quartz veining occurs.

The origin of the Fosterville gold deposit is considered to be genetically related
to a granite source, with a temperature for the mineralizing fluid of approximately 370

0C, The depth of the system range from 6.5-10 km.

PIXE (proton-induced x-ray emission) and AAS (atomic absorption
spectroscopy) have been very useful in analyzing for trace elements in vein quartz. The
Fosterville quartz shows generally high levels of trace elements. The analyses showed
positive correlation between the presence of K, Ge, Al and As with Au in the host rock
and the intensity of the EPR (electron paramagnetic resonance) of quartz veins. There is
a highly significant correlatioﬂ between the Ge content and EPR of the quartz at the
absorption peak at g é.0027. The present study indicates that the paramagnetic centre is
Ge-Alrelated.

The high correlation between Ge, Au and EPR suggests that EPR and Ge may
be used as an indicator of gold mineralization in this type of deposits. Ge is an element

typically enriched in late magm;'itic and hydrothermal minerals.
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INTRODUCTION 1

CHAPTER 1 - INTRODUCTION
ATI A A MORPH | Y

The Fosterville Goldfield is located approximately 20 km by road ENE of
Bendigo in central Victoria (Figure 1.1) and is situated within the Fosterville Shear Zone.
A chain of old open cut mine workings cxtencis over a strike length of some 8 km, most
of which occur on subdued low ridges and hills in State forest, Crown land, farming and
rural residential zoned areas (McConachy, 1988). The old pits and open cuts can be
traced within Lancefieldian (lowermost Ordovician) sediments and are entirely in the
oxidized zone with only minor quartz veining, in contrast to the majority of sediment-

hosted gold deposits in Central Victoria which are associated with quartz reefs.
THIS STUDY

The research was undertaken to study the mineralogy and geochemistry of the

- -Fosterville Goldfield. The principal areas studied were restricted to the Fosterville and

Central Ellesmere fields (Figure 1.2). The first impression obtained during the fieldwork
was that disseminated auriferous arsenopyrite-pyrite mineralization exists up to some
metres away from the axes of folds in the Fosterville Shear Zone. On visual inspection,
in particular of the drill cores and Central Ellesmere open pit, it appears that the rocks are
more mineralized if they are more fractured. The mineralization however is, as stated,

disseminated throughout the rocks, rather than being confined to fault planes and joints.

Approximately 75 Reverse Circulation percussion hole samples and another 25
diamond drill hole samples from the Fosterville and Central Ellesmere zones, provided by

Bendigo Gold Limited, were studied during the course of this project.

laN
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Haes Area

Festarvilla
Area

Canral North
Central Eilesmere
Harringtons Hill
i Daieys Hill
A FIGURE 1.2 Location of Fosterviile and Canrral Eilesmers deposits in
' the Fosterville goldfieid (From Bendigo Goid Limited).

: AIMS:

The aims of this project were to study:
1 (1) the local geology of the prospect,
|

(2) the mineralogy and petrology of the oxidized and primary host rock zones fo the.

Fosterville Gold Deposit, and vein textures associated with gold mineralization,
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(3) the relationship between the paramagnetism of the small quartz veins present to gold

grade and concentrations of other elements in the quartz,

(4) the mineralogy of primary sulfide ores and alteration,

(5) the geochemistry of the mineralization, and to

(6) develop a genetic model for the Fosterville Gold Deposit.

To carry out this study, the following analytical systems and equipment were
used: polished thin sections, electron microprobe analysis, electron spin resonance
spectrometry, atomic absorption spectrometry, proton induced x-ray emission analysis,
x-ray fluorescence spectrometry, infrared spectroscopy, carbor/ oxygen/ sulfur isotope
extraction lines and VG micromass 602D stable isotope mass spectrometer and a fluid

inclusion thermometric stage.

PREVIQUS WORK

1884 - 1910: The Fosterville Goldfield yielded a recorded 1480 kg of Au, at an average

grade of 3.2 g/t from the oxidized zone.

1910 - 1952: Small scale operators worked on the goldfield and later abandoned it, due

to a gradual decline in production.

1973 -1983:  Recent exploration for gold in the Fosterville area was carried out by Lone
Star Exploration N.L., Noranda Australia Ltd., ].B.Griffith and
P.M.Rush in joint venture with Pennzoil of Australia Limited,
Newmoﬁt Pty. Ltd., and Apollo International Minerals N.L. These
companies abandoned the goldfield, as the tonnage potential

determined did not meet with their high tonnage extraction criteria.
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1982 - 1984: McNiece Wright Mining, now Bendigo Gold Limited (BGL), recovered
approximately 108 kg of gold, at a recovered grade of 1.0 git, by

cyanide treatment of the battery tailings.

1989: Brunswick N.L., part of the Normandy-Poseidon Group, took over BGL

in July.
NT EXPT.ORATION

BGL holds title to approximately 130 km?  of tenements covering a major
proportion of the Fosterville Goldfield. The company has continued a successful

exploration and development programme:

(1) An intensive drilling programme has now defined seven significant deposits,
combining a measured and indicated in sizw geological resource of 3.6 million tonnes at

an average grade of 2.3 g/t Au. Six deposits, namely Raes Area, Fosterville, Central

‘North, Central Ellesmere, Harringtons Hill and Daleys Hill are located along the

Fosterville Fault Zone which is a major steeply dipping mineralized structure that widens
into a series of splay faults as it crosses fold-hinges or runs along the anticlinal axes. The
seventh deposit is located at Robins Hill, which occurs within a similar structure to the
Fosterville Fault Zone, known as O'Dwyers Fault Zone, located 1.5 km to the east
(Figure 1.2). Limited testing of sulfides suggests 70-80% of gold is associated with

arsenopyrite while the remaining 20-30% is associated with pyrite.
(2) Old pits have been geologically mapped.

(3) An exploration shaft was sunk to 28m at Central Ellesmere to collect bulk sample for

metallurgical tests.

(4) Channel sampling of pit floors at Central Ellesmere has been completed,
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(5) A bedrock geochemical program was undertaken at Robins Hill with excavation,

mapping and sampling of two costeans,

BGL is currently evaluatiﬂg near-surface oxidized gold mineralization and work
on the Development Lease (DL 57) has advanced to the stage whereby a Mining Lease
Application (MLA 1868) has been made. A final feasibility study on an open cut/ore

- processing plant has been commissioned.

HISTORY AND PRODUCTION OF THE BENDIGO GOLDFIELD

Victoria is one of the major gold provinces of the world, with the production of
2450 tonne of gold up to 1988 Rerrnsay ™ Wi Wman t1sg). Gold was discovered in
Victoria during the great gold rushes in 1851 at Clunes, 120 km north-west of Melbourne
and at Warrandyte, 24 km east of Melbourne. Productive shallow placer deposits were
'discovered at Bendigo during late 1851; followed rapidly by the discovery of gold-
bearing quartz veins (reefs) beneath the ailuvial deposits. Working of the reefs

commenced in 1854 at Bendigo (Bowen & Whiting, 1976).

REGIONAT, MINERALIZATION STYLES

Bowen & Whiting (1976) grouped the Victorian goldfields into a number of sub-

provinces (Table 1.1) which suggest several different periods of mineralization.

Mineralization ‘Probaple age af K-Arage of

Sub-province is quartz with Host roexs mtinsradization granites
Stawell sold. goid-sulphides Camb.{ M-t Ordo. setiments Ordo. L. Dev.
Bendigo-Ballarat gohd L. Qrdo, sediments late Qrdo. U, Dev.
Warrandyte gold-siibnite sil.-in Dev. wdiments late M.-cariv U, Dav. U, Dex.
Waihalla-Wood's Point gald late M. Dev. dykes late M.~eariv U, Dev, il
Harretviile gold U. Ordo. sediments U, Ordo. or younger U, Dev,
Glen Witls gold-suinhides U, Ordo. meta, U. Ordo. L Dev.
Bendoc poid-quartz ) U. Qrdo, sediments U, Ordu. ar younger il =Dy,

TABLE 1.1  Characteristcs of Victorian gold sub-provinces (After Bowen & Whiting,
1976).




INTRODUCTION 7

The Bendigo and Fosterville Goldfields are situated in the Bendigo-Ballarat sub-
province. The Bendigo goldfield is the second largest goldfield in Australia and has a
recorded production of approximately 700 tonne of reef gold. The gold occurs in saddle
reefs at the crests of anticlines in tightly folded Lower Ordovician seq.uenccs of slate,
sandstone and greywackes in the Bendigo goldfield. The repetitive nature, and degree of
predictability of saddle reefs, contributed vastly to fhe success of the Bendigo field; as the
economic mineralization occurs in "shoots" and "legs" of these reefs. "Legs" are reefs
ocurring in the bedding plane below the saddle. A great deal of gold was also derived
from fault-related reefs and spur (irregular veins of quartz that do not conform regularly
to the bedding planes or the fault planes) systems (Ramsay & Willman, 1988). Gold is
unevenly distributed in these reefs but is often concentrated where they truncate certain

broad favourable beds called "indicators" and also where reefs are more massive,

The majority of the gold ores are free milling and contain minor amounts of
sulfides, of which pyrite, arsenopyrite and pyrrhotite are the most common. Galena,
sphalerite and chalcopyrite are also present on most of the fields in minor amounts.
Quartz is the main gangue mineral and may be associated with ankerite, chlorite, calcite

and albite {Chace, 1949),

The major quartz-Au deposits in the Bendigo-Ballarat sub-province formed when

the host Ordovician turbidites were folded, but the age of this event is not known for

certain. It is certainly no younger than the mid-Devonian Tabberabberan Qrogeny and
cannot be older than the late Ordovician Benambran Orogeny (Ramsay & Vandenberg, _

1986).

There have been several theories proposed for the origin of the gold in the

Bendigo-Ballarat sub-province. These are:

(1) remobilization of gold from the slates during cleavage formation (Cox et al., 1983),
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(2) derivation of gold from interflow sediments in the underlying Cambrian

"greenstones” (Sandiford & Keays, 1986), and
(3) gold related to granites (Clappison, 1965).

Another style of mineralization léé's"frcqucnﬂy encountered, occurs at Fosterviile
which is sediment hosted and fault controlled. The gold is not free milling in the primary
zone at Fosterville. The age of the mineralization is somewhere between late Ordovician

and mid-Devonian (ie. 440-370 Ma), as mentioned above.
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CHAPTER 2 - REGIONAL AND ILLOCAL GEOLOGY

PART 1 : REGIONAL GEOLOGY AND STRUCTURE

The Palaeozoic Lachlan Fold Belt system, which encompﬁsses much of
southeastern Australia dominates the géBIOgy of Victoria. The system comprises the
Cambrian to Lower Carboniferous sequences which were deformed during the mid-
Palaeozoic (Cas, 1983). Sedimentation in Victoria during the early to middle Palaeozoic

occurred in three major basins; the Omeo Trough, Melbourne Trough and Ballarat

Trough.

The Ballarat Trough contains thick sequences of Cambro-Ordovician marine
sediments. The Bendigo Province is situated in the Ballarat Trough which is bounded by
the Avoca Fault and the Heathcote Greenstone Belt (Figure 2.1), and contains flyschoid

sediments such as quartz-rich greywacke-shale sequence of Ordovician age.

SN - greenstone
aixres f : ‘ » Waddarburn
A omes Q \
—-m—-—  faults ‘. Q
;i1 granite SI. Arnaud "'.
'l‘_i Bendigo
t\ 1o
< L
A 1> LoIiiiN
7 M .- a
fig‘\ Iz Maldon® |
“ X \. Stawetl Avoca 17, I=
7\ 1 ) Q2
il - ! Iz
7
\ ! i
‘| % 1 1 % «Clunes it:g
1 rarat ! S ’;
I' 1 ic
N ! I Ballarat = i_*
L} STAWELL 5 )
I PROVINCE &;i B
L BENDIGO
. | PROVINCE
1
50 km

FIGURE 2.1 Bendigo Province, bounded by Avoca Fauit and Heathcote Axis (After
Sandiford & Keays, 1986).
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These rocks are grouped in the Castlemaine Supergroup, which comprises the entire
Lower to Middle Ordovician sequence of the Bendigo Province from the Lancefieldian to
upper Darriwillian. The Castlemaine Supergroup is largely undifferentiated. The
Lancefieldian appears to contain a greater proportion of sandstone coxﬁpared with the
other stages, and has a higher 1ith\i5"'cOmpqncnt. In the other stages, interbedded
sandstone-rich, and mudstone-rich intervals are‘diSpcrsed uniformly throughout the
succession (Cas & Vandenberg, 1988). Volcanism was completely absent during this
period (Spencer-Jones & Vandenberg, 1976). The Ordovician flysch sequence was
metamorphosed during the Devonian. The mineralogy of the metasediments indicates a
low temperature-low pressure metamorphic regime typical of lower greenschist facies

(Sandiford & Keays, 1986).

The principal structures in th:a Castlemaine Supergroup rocks are double
plunging, upright folds which define a dome and basin pattern with axes that have a
shallow westerly dip on a strike of approximately 3459, Several orders of folds define
regional anticlines and synclines, with wavelengths in the order of 10 to 15 km, whereas

higher order folds have wavelengths from 100 to 300 m (Gray, 1988).

The Muckleford, Whitelaw and Avoca faults are near vertical, north-trending
faults and define the largest scale fault structures in the Ballarat Trough which expose
successively older sequences to the west (Figure 2.1). These faults have throws in the
order of 1000-1500 m and do not contain auriferous reefs. This distinguishes them and
from the smaller strike faults which are parallel to bedding and approximately parallel to
the axial planes of the folds. The smaller strike faults have localized the gold-bearing
quartz bodies and are ébundant in well-defined fracture systems, particularly on the

anticlines (Chace, 1949).
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PART 2 : T.OCAT GEQLOGY AND STRUCTURE

The Whitelaw Fault divides the Bendigo Province in two; to the west is the
Bendigo Goldfield, to the east, the poorly auriferous Strathfieldsaye Synclinorium. The
Strathfieldsaye Synéh'norium contains the youngest Ordovician sediments of the Bendigo
Province, outcropping along the eastern side 'of the Whitelaw Fault and the oldest
sequence outcrops to the west of the Campaspe river. The youngest sequence is
subdivided into two stages (Yapeenian and Darriwillan) on the basis of the abundant
diplograptid fauna. The Strathfieldsaye Synclinorium shows a normal succession of
zones eastwards from the Whitelaw Fault, from Darriwillian at the fault to Lancefieldian
towards the Campaspe river. Sugarloaf Range arenites which form a prominent strike

ridge at Axedale are characteristic of the Lancefieldian (Figure 2.2).

FOSTERVILLE O 2wvEas UN.E
FAULT
R*Aooins Hill” .
r ;':' Tertiary Basait
s
R 4 l Qrdovician Greywackas
3 . % Qrdovician Sugartoaf
H Ranga Arenites
Qf
Fosterville i3 R  Prospec:
'Camr:?l

9 1 2 IKm .

FIGURE 2.2 Generalized geclogy of the Fosterville goldfield (After McConachy, 1988).
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The Campaspe Lancefieldian beds are succeeded westwards into the Strathfieldsaye
Synch'noﬁum by middle Bendigonian beds. Chewtonian beds occur in normal succession
west of the Bendigonian and Castlemainian succeeds Chewtonian westwards (McAndrew

& Marsden, 1973). Patchy outcrops of Tertiary basalt occur along the Campaspe river,

The Fosterville Goldfield occurs in sedimentary rocks of Lower Ordovician age
(Lancefieldian) and is situated on the eastern limb of the Strathfieldsaye Synclinorium,

some 22 km north-east of Bendigo (Figure 2.3).

N Sanaiga Stratniieldsave ’ .
Antictinariumi Synctinorium FOSTERVILLE
A 1 GOLDFIELD i
3 >
2 3
3 &
2 5
[ Tf
o
3l
!
!I
N
SJ
~
A
\
\

Q¢ 18Km

FIGURE 2.3 Location of the Bendigo and Fosterviile goidfields (After McConachy,
1988).

The sedimentary sequehce consists of marine greywackes, sandstones, mudstones,
shales and slates which are characterized by tight to isoclinal folding with shallow plunge
reversals. The Fosterville Fault, a major strike fault, is a planar mineralized structure
which extends over a strike length of approximately 8km (McConachy, 1988). An

adjacent strike fault, sub-parallel to and approximately 1.5km east of the Fosterville
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Fault, hosts the O'Dwyers Line of mineralization (Figure 2.2). In some places fault zones

are characterized by limonitic fault breccia several metres thick.

The Lower Ordovician host rocks are poorly exposed in the area other than in
mine workings, mapped in detail by White (1988). The mine workings are situated

entirely in the oxidized zone.

The prospect area is characterized by steep westerly dipping reverse faults
uplifting west over the east. There is also evidence in the slickensides along the faults that
a horizontal motion was involved late in the movement, which carried the west block to
the south and the east block moved north as uplift progressed, producing an overall
sinistral wrench movement accompanying the thrust. Gold mineralization along the
Fosterville Fault Zone occurs in oxidized shear zones associated with oxidized sulfide

(mainly pyrite) and in the primary zone with disseminated pyrite and arsenopyrite.

Central Ellesmere Deposit:

The Central Ellesmere deposit extends 650m along the Fosterville Fault zone, and
contains a west dipping, thinly bedded and micaceous siltstone and pink, ferruginized
and micaceous sandstone sequence to the west (hanging wall) and an east dipping, thinly
bedded siltstone, silicified sandstone and shale sequence to the east (footwall). The
footwall contains intense, fine, ferruginized quartz veining which is more common in the
sandstone horizons. A typical cross-section from west to east of the Central Ellesmere
deposit is shown in Figure 2.4. The structure represented is an antiform, but this has not
been confirmed, as it was not possible to match beds across the fault, which appears to
dip steeply west. There is a 15-30 cm, highly altered, kaolinised monchiquite dyke along
the axis of the structure, a common feature of anticlines in the Bendigo area (White,
1988). The fault is marked by a thin black gouge and ferruginised breccia which is
usually approximately 4 m wide and intensely silicified on the footwall side and contains

SW striking quartz veins.
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CENTRAL ELLESMERE DEPQSIT

Section 7785N

AL 129

s T sanasmne
\ 1 sitmone
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- Quanr Stockwork
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|

FIGURE 2.4 Typical secrion through the Canwral Eilesmere

~ deposit (From Bendigo Goid Limited).

Three splay-faults, in a 3100 -3200 direction branch off the eastern side of the
main fault and dip at 60°-700 W. The junction of each of these splays is marked by fine,
ferruginized quartz stockwork and silicified sandstone showing a great deal of fracturing,

The splay fauits are usually accompanied by smalier parallel faults.

Fosterville Deposit:

The Fosterville field occurs 2km north of Central Ellesmere (Figure 1.2) and
extends 600m along the Fosterville Fault zone. The Fosterville Deposit is one of the three
splayed zones that occur in the Fosterville field. The other two splay zones are known as

Hunt-Worcester and Thomas United (White, 1988).

-
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The Foster_villcr splay cuts across a major east dipping sandstone unit in an
anticline and becomes a normal thrust in the west dipping limb. The massive grey-cream
sandstone is interbedded with siltstone and dip at 309 - 609 E on the eastern side of the
fault. The western side is a highly oxidized and ferruginized, brccciatcd sandstone and

heavily stockworked, with bedding dipping at approximately 450 to 550 E.
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CHAPTER 3 - MINERALOGY. PETROLOGY AND
VEIN TEXTURES AT FOSTERVILLE

In this section the sedimentology, both on hand specimen and microscopic scale
(thin sections) as well as mineralogy except sulfide mineralogy are described and
discussed. The quartz and carbonate vein textures associated with the faults are also

described.
oltereat
Lo
The samples used in this study were collected from four inclined drill holes

which penetrated both limbs of the anticline in the mine area. The location of the drill
holes are indicated in Figures 3.1 & 3.2). Drill holes have outlined the oxidized zone

from surface to 30 - 45 m depth.
The drill cores consist of an alternation of three main lithologies:
ANDSTONE

The sample taken from DDH 12 (at a depth of 41.5 m) is a typical sandstone
unit from the primary zone. In hand specimen, the fine to coarse, grey sandstone

contains abundant clear quartz grains (Plate 1).

In thin section, the sandstone consists essentially of quartz and a close
aggregation of sericite-muscovite (Plate 2). At least 40% of the rock consists of a
microscopically heterogeneous matrix of fine muscovite and sericite (including minor
detrital muscovite), with abundant braided extremely fine foliae defined by oriented
sericite, commonly clouded by leucoxenitic dust and probably sparse carbonaceous
material. There are accessory detrital grains of aibite, tourmaline, zircon and flakes of
graphite and no visible chlorite. The quartz grains are angular to subrounded and have a
weakly bedded distribution through the matrix. They are unsorted with a size range of
very fine sand (0.1 mm) to coarse sand (0.5 mm). There are also minor small lithic

fragments of carbonaceous shale. Sideritic and Fe-Mg rich carbonate is also present in
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some altered sandstones. The sandstone also contains scattered crystals of pyrite and

arsenopyrite ( discussed later).

Sandstone from the oxidized zone is massive, fine to coarse and brown with
ferruginous zones which represent oxidized pyrite (Plates 3 & 4). In thin section, the

sandstone is very similar to primary\ione sandstone except for the presence of
limonite.
Quartz veins, from 1 mm and up to 4mm wide, cut the sandstone (Plate 1).

ILTST:

The siltstone outcrops as a characteristically light to dark green massive unit in

the primary zone (Plate 5), in which is sometimes interbedded with sandstone and very

thin shale beds.

In thin section, the rock consists of schistose fine muscovite, and sericite (Table
3.1), as fine foliae (partly defined by ultrafine leucoxene), variably spaced and variably

continuous through fine to coarse quartz silt (Plate 6).

WT..  CATIONS

5ig2 50,3767 5 70384 4.5642
Ti0z 0.3309 Ti 0.1984 0,032
#1203 29,9228 Al 1S.9269 4.4652
Matt 21,399 Mg 13469 0.4730
Cad 0,060 Ca 0.0000  0,0000
Mnd 0.0721 wno 0,053 0.0081
Faid 2.1960 Fe L7070 0.2429
Naz0 0.4909 - Mo 9.2582  0.1259
K20 9,7292 K 50789 1.5418
H20 4,4083
F 0.2631
Wi .5000
TaTAL 100, 4520 13,3541
0:F -0.1108
1=cL 0,0000
T0TAL 10,3412

TABLE 3.1 Electron microprobe analysis of sericite

from the Fosterville goldfield.

Cations based on 22 oxygen.

H;O by stoichiémetry
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There are rare detrital heavy minerals, authigenic tourmaline, and rare graphite. Several
quartz veinlets up to 2.5 mm wide are present in the siltstone beds. The siltstone

contains oxidized sulfides in the oxidized zone.

The shale unit in the primary zone outcrops as a characteristically fine-grained,
thinnly-bedded dark green to black shale which is fissile parailel to bedding and
interbedded with siltstone and sandstone as mentioned above. Beds are usually only a

few millimetres thick.

In hand specimen, the shale is finely laminated, with the lamination relatively

undisturbed (Plate 7). The rock also displays a weak cleavage oblique to the lamination.

In thin section, the lenticular shale layers consist essentially of compact sericite
* fine discrete flakes of muscovite (some detrital), and with very closely-spaced
ultrafine leucoxene, along a cleavage which is oblique to the bedding. The sericite and
muscovite define the cleavage in the rock (Plate 8). Quartz veins up to a few mm wide
intersect the shale horizons. The shale usually contains sulfides which are oxidized in

the oxidized zone.

IGNEQUS PETROLOGY

The only outcropping igneous rock in the prospect area is a dyke, intruded
parallel to the strike of the folded Ordovician sediments in the axial region of the
anticline at Central Ellesmere and a quartz-feldspar porphyry dyke at Robbins Hill (R.
Haydon, pers. comm.). The quartz-feldspar porphyry dyke at Robbins Hill was not

studied during the field work.

In hand specimen, the Central Ellesmere dyke is green-grey to black in colour
and strongly weathered. In thin section, approximately 30% of the rock contains fine

laths (approximately 1 mm long) of plagioclase which have been partially altered or
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replaced by siderite, calcite and chlorite (Plate 9). Another 20% of the rock is siderite
and calcite replacing olivine and pyroxene phenocrysts. Fine carbonate is also dispersed
through the plagioclase-rich grounmass. Abundant leuxocene replicas after magnetite

are dispersed throughout the rock.

Whole rock and trace element égbchcmi_cal analysis using XRF indicated that

the dyke rock is a monchiquite-basalt (Table 3.2).

Chemical composidon Trace element compositon

OXIDE WT% MCLE%Z s EMENT CONCENTRATION(ppm)
Si07 34.45 41.21 Nb 149
TiOn 5.66 5.09 7o 459
Al,Os 13.47 9.50 Sr 1 329.8
Fea(O4 3.28 1.48 Y 37
FeQ 26.33 26.36 Rb 41.6
MnO 1.16 1.18 Ni 245.8
MgO 3.28 6.74 Cr ' 155.1
Ca10 4.04 5.18 v 308.3
NasO 0.41 0.48 :

Z0 1.75 1.34

P,0s5 2.49 1.26

° TABLE3.2 Chemical and Trace slement compositon of dyke from Fosterville.

Monchiquite basalts are transitional between monchiquite and olivine basalt and contain

variable amounts of plagioclase.

YEIN TEXTURES

Mineralization at Fosterville occurs in the quartz stockworks within the fault
zones.The very thin siderite and Fe-Mg carbonate veins (see Appendix 5 for electron
microprobe analysis) at Fosterville occurred prior to cleavage development in the rocks
and are very discontinuous throughout the sediments, forming en-echelon strucures
(first deformational phase) (Plate 10). The majority of the sulfides are disseminated

through the carbonate veins or related to it and are referred to as Phase 1.

Quartz veins which are a few millimetres wide form alongside the carbonate

veins, taking the same path as that of the carbonate veins (Plate 11). These quartz veins
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are very fine grained (approx. 100pm), interlocking sparry crystals of quartz dusted
with fluid inclusions and cut the cleavage in the rocks and therefore are post-
deformation (referred to as Phase 2). Sulfides are also associated with these quartz
veins (Plate 12) and some veins in the oxidized zone show no evidence of existing
sulfides except for a few Iimonite-ljppd voids which appear to represent original
sulfides, that have been oxidized and sele;éﬁvely leached out. Hence, Phase 2 veins are
also mineralizing veins at Fosterville, Alternatively, the sulfides could have been

remobilized into the quartz veins, but there is no evidence for this.

Phase 2 (quartz) veins show a strained texture (fibre veins) (Plate 13) and
undulose extinction suggesting syn-deformation (second deformation phase) that was
weak, due to the fact that the quartz veins were not folded. An alternative explanation

is that there was only one continuous phase of deformation, strongest during and just

after carbonate veins developed and weak when the quartz veins were formed.

Phase 3 quartz-veins are the latest phase and are associated with fractures
(fracture-fill) in the sediments. These veins also show fibre vein texture and undulose

extinction suggesting formation during the second deformational phase.
TYPE OF QUARTZ,

An infra-red(IR) spectrum of a quartz vein sample (FO 3-30) was run in order
to define the type of quartz present at Fosterville. By comparing the characteristic peak
wavenumber from the IR spectrum (Figure 3.3) and the literature data from Gadsden,
1975 it was concluded that the sample represented ai-quartz. It may be assumed that all

quartz at Fosterviile is a-quartz,
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CHAPTER 4 - GEOCHEMICAL STUDY OF VEIN
QUARTZ FROM FQSTERVIIIE

INTRODUCTION

This chapter investigates the relations between trace elemental composition of vein
quartz and its paramagnetism. The theory of electron paramagnetic resonance (EPR) is

described and discussed in Part 1.

Elemental analysis by proton induced x-ray emission (PTXE) discussed in Part 2,
and atomic absorption spectroscopy (AAS) discussed in Part 3, have been used to
provide a rapid and accurate and precise elemental analysis of microcrystalline vein
quartz. Particular trace element concentrations were shown to correlate strongly with the

intensity of EPR spectra of the same material (Part 4).

SAMPLE SELECTION AND PREPARATION FOR THIS PROJECT

51 samples were obtained from percussion drill and diamond drill cores from
locations at Fosterville near Bendigb given in Figures 3.1 & 3.2. The quartz samples
were selected carefully in order to avoid contamination from minerals guch as carbonates
(as they show marked electron paramagnetism) or sulfide and other impurities. The
microcrystalline quartz samples were hand ground in an agate mortar and pestle, leached
overnight in hot nitric acid, rinsed three times in distilled water and dried at 90 © C,
Several quartz chips were taken from each sample and the derived powder represents a

mixture of the various types of quartz present as discussed in chapter 3. The same

powders were used for all analyses.
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they called the O-(Al) centre in quartz and did correlate it, not very successfully, with the
Au content of ore. Van Moort (1987) established a significant correlation between the

gold content of quartz and its paramagnetism at room temperature.

A completely different aspect of the paramagnetism of quartz is its use as an age
dating tool, as stressed since 1985 by'\]ﬁk‘eya in several papers on ESR. As the response to
radiation varies between samples, the individual response to the types of (natural)
radiation to which the samples probably have been subjected has to be determined for

each case in ESR dating studies.

Both applications of EPR can be compatible as, on one hand, lattice impurities
and broken bonds will increase the inherent paramagnetism of a substance and, on the
other hand, external radiation of either cosmic or terrigenous origin, will stimulate spin-
unpairing or eléctron dislocation. This chapter will only dwell on the aspect of lattice

impurities in quartz and its relation to EPR.

A general discussion on what empirically can be seen in powder spectra of quartz

will be given below, prior to the discussion of the theory of paramagnetic resonance.

GENERAL CHARACTERISTICS OF QUARTZ POWDER SPECTRA

The EPR powder spectrum at room temperature of clear quartz or quartz with
visible crystal faces is, with some exceptions, featureless, but for a faintly developed E',
Micfocrystal].ine vein quartz however may show pronounced spectra. Van Moort and
Barth (1987, 1989) (see Figure 4.1) found the following paramagnetic centres as most

comumonly occurring:
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Mn2+ centre

The characteristic sextet for Mn2+ ions can be observed in many impure quartzes
(Tkeya et al., 1986; van Moort, 1987), chert (Robins et al., 1981), and it is also present
in perfectly clear euhedral quartz from E{osebery. No detailed study of this centre is
available in the EPR literature. The centre i:é."absent in the Fosterville spectra as its quartz

- -contains little manganese.

QOther centres

Other centres of unknown origin at g 2.4, 2.26, 2.026, 2.075, 2.020, 2.007,

2.005 7~ and 1.995 may be observed in many vein quartz samples.
he cen 2.0025-2

McMorris (1970) was the first to observe a pronounced EPR centre at g~ 2 for" a
dozen extracts of igneous, sedimentary and metamorphic quartz, most of several
pegmatitic quartzes and one alpha active obsidian". He attributed the signal to a radiation
damage, without substantiation. The same centre can also be observed in some silica
glasses (Schnadt & Rauber, 1971) and flint (Garrison et al., 1981). After irradiation and
immediate EPR analysis at < 100K, the signal frequently shows hyperfine splitting due to
the presence of aluminium. This observation indicates that there is a relation between the

signal and the presence of aluminium in the sample.

Presumably the centre represents what Scherbakova et al., (1976) and Matyash et
al., (1982) observed in vein quartz and what they called the AI-O centre which, they
claim, can only be obserx}ed at cryogenic temperatures. Confusion reigns as to the
characteristics of this centre as for one and the same quartz from a welded tuff,
Shimakowa et al., (1984) report that it is visible at room temperature and cannot be
enhancéd by x-rays, Imai et al.,(1985) report that it is visible at 77K only and can be -

enhanced by x-rays and Shimakowa and Imai (1985) report that there are two centres,
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FIGURE 4.8 Scatter plots of the paramagnedsm against: (8} Rb, (b) Mg,
(c) Al, (@) X, (e) Na and (f) Li for the Fosterville quartz.

Also, scatter plots of Al against: (g) K and (h) Rb and K
against: (1) Mg and (j) Rb. !
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GeO; is very much more soluble in water than SiO; at higher temperatures
(Morey, 1957; Kennedy, 1950). Consequently, it is enriched in late magmatic and
hydrothermal fluids. This leads to enrichment of Ge in quartz, sinters, sulfides, and as
was recently established, in agate (Blankenberg & Schroen, 1982). At relatively low
pressure and temperature (700 bars & 300 OC), germania solid solution in - quartz
occurs to about 24 mole % (Miller et al., 1963). Increasing the temperature to about
750 0C Wirh constant pressure, results in a slight increase in solubility up to about 31 %
(Figure 4.10). The system Si02-GeO, has not been investigated at lower temperatures.
Extrapolation of the data from Figure 4.10 would indicate that the SiQj still can
incorporate considerable amounts of GeO; at lower temperatures. Consequently, the

amount of Ge in quartz would be governed by availability during crystallization.
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FIGURE 4.10 Phase diagram of the system Si0O,-GeO; on dry studies and
hydrothermal studies at 700 bars (After Miller et al., 1963).

Natural quartz usually does not contain more than about 2 ppm Ge (W edépohl,
1978). Quartz associatéd with pegmatites contain values up to 8 ppm Ge (Schroen,
1969). Higher values such as 8 ppm are also observed in quartz from hydrothermal veins
(Balitskiy et al., 1969) or even 25 ppm in case of hydrothermal vein quartz associated
with polymetallic sulfide deposits (Tikhomirova, 1966). Siliceous hot spring sinters from

Rotorua and Rotokawa in New Zealand contain up to 17 and 20 ppm Ge respectively
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MgCO3

CaCO3 FeCO3

FIGURE 5.2 Temary diagram showing two types of carbonate at Fosterville.

SUMMARY

Hydrothermal alteration has produced a variety of mineral assemblages within
the shear zones at Fosterville, with sericite alteration being the most widespread. Pyrite
alteration is also widespread but only present with sericite and arsenopyrite
alterations.Carbonate alteration, which is sometimes associated with sulfides is
common and indicates that a later stress event occurred after mineralization as the

carbonate veins are discontinuous through the sediments.

The only silica alteration at Fosterville o::curs as silicification of the sandstone at
the junctions of splays (see chapter 2). There aré no evidence for chlorite alteration at

Fosterville,
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CHAPTER 6 - GEOCHEMISTRY OF THE
MINERALIZATION AT FOSTERVILLE

INTRODUCTION

.
-

The geochemistry of the dissefxﬁnated gold mineralization at Fosterville was

studied by various methods. These were:
(1) sulfur isotope study,

(2) arsenopyrite geothermometric study,
(3) fluid inclusion study, and

(4) study of gold-rich arsenopyrite.

The aim of this study is to determine and infer the source of sulfur, conditions
of deposition, such as aS,, temperature, pressure and depth of formation, and to

investigate the occurrence and distribution of gold.

PART 1 : SULFUR ISQTQPE STUDY

INTRODUCTION

A limited sulfur isotope study was conducted in order to deduce the potential
source of sulfur in the hydrothermal system at Fosterville. Samples were obtained by
drilling pyrite from diamond drill cores using a dentist's drill. The suifide was
converted to sulfur dioxide (SO3) using Cu,0 as an oxidizing agent at ~ 8000 C,

according to the following reactions:

Cu0—2Cu+ 120,

MS + O = M + SO, (M = metal )




GEOCHEMISTRY OF THE MINERALIZATION 65

The samples were subsequently analysed on a VG Mic_rbmass 602D VSta_blc_ o
isotope mass spectrometer in the Central Science Laboratory at the University of
Tasmania and the results are reported as § values in per mil ( %q). The accuracy of the
results are generally + 0.2 per mil.  The procedure used for the isotoi:ic analysis is
described in Ohmoto & Rye (1979).‘Results are expressed as 834S!. The §34§
notation is defined as :

(348 /328 )sample
(348 /328 )standard

834Ssa]nple = ( 1 ] X 1000

and is expressed in parts per thousand (%o).

Suifur in hydrothermal ore deposits can originate from a large number of

different sulfur sources. These are:
(1) magmatic,

(2) rock sulfur,

(3) seawater sulfur,

(4) evolved seawater , and

(5) evaporites.

RESULTS CFISQTOPIC ANALYSIS

The results of the sulfur {sotopic analysis for seven disseminated pyrite samples

are presented in Table 6.1 and their distribution plotted in Figure 6.1.

1834 is defined as the ratio 34S /32§ of the sample relative to the standard sulphide,
namely triolite (FeS) phase of the Canon Diablo Meteorite in California.
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SAMPLE No. SULPHIDE 5345 VALUE STYLE

DDH 13/42.5 pyrite -0.931  disseminated
CDH 13/48.5 pyrite -1.214  disseminated
DOH 13/48.0 pyrite -1.141  disseminated’
DOH 13/48.5 pyrite -1.230 disseminated
DCH 13/52.0 pyrite -2.822  disseminated
DDH 13/71.4 pyrite -0.819 disseminatad
DOH 13/74.5 pyrite -0.384  disseminatad

TABLE 6.1  Sulfur Isotope Data.

FREQUENCY

-6w0-5 o4 43 w2 -2w-1 -lwld Owwl 12 2w3 3w4

d345(CDT)

FIGURE 6.1 Sulfur Isotope Distribution

DISCUSSION OF RESULTS

Sulfides in igneous rocks are isotopically similar to those in meteorites with
average 8345 close to 0 %o. Ore deposits in  which sulfides have 534S values near
0£3%o have been nterpreted to have formed from magmatic fluids. Fluids derived from
one magmatic source cannot have §34S values greater than approximately 8 %o, but can
be as low as approximately -30 % (Ohmoto & Rye, 1979). Seawater sulfate has 3348
of about +10 to +30 %o depending on geological age. Sulfides in sedimentary

environments have highly variable but usually negative 534 values.
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with this batholith. The sulfur isotope results, which indicate a magmatic signature for

b the mineralizing fluids supports the above proposition,
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EART 2 : ARSENOPYRITE GEQTHERMOMETRY
INTRODUCTION

Arsenopyrite is the most refractory of the common sulfides. it can range in
composition from FeAsy oS, ; to Féﬁ“si-_lso_g (Clark, 1960a). Within the Fe-As-S
system, the composition of arsenopyrite is a function of temperature and pressure
(Kretschmar & Scott, 1976). This makes arsenopyrite a potentially useful geochemical
tool for determining the conditions of its deposition in certain restricted assemblages
(Barton & Skinner, 1979). Clark (1960 a,b) determined detailed phase relationships in
the Fe-As-S system between 702 9C to less than 281 OC. The essence of the
arsenopyrite geothermometer is to determine the atomic percentage of arsenic in

arsenopyrite as a function of temperature (Figure 6.3).
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FIGURE 6.3 Pseudobinary T-X secdon along the pyrite-ioellingite join showing
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ELEMENT Avse. Al. %  Ranga At % 1 Std. dev.

§ 29,5 276 - 302 0.5
Fe 34.7 345 - 355 0.4
As 34.3 331 - 38.4 0.3

.

TABLE 6.2  Average composition of ‘30 arsertopyrite grains obtained from
6 samples (FO 13-42.5; FO 13-48.0; FO 13-48.6; FO 13-71.4;
FQ 12-58.6; FO 12-70.0). Analysis by electron microprobe.

grains taken from 6 different samples and analysed using the JEOL electron microprobe

in the CSL at the University of Tasmania.

Figures 6.3.& 6.4 were used to estimate the temperatures and aS, at the time of
mineralization at Fosterville. The temperatures obtained from this method

( approximately 540 9C) was compared with those obtained from Fluid Inclusion Study

(Part 3).

RESULTS OF GE Y AND aS,

The compositional variation of atomic As (%) in arsenopyrite from Fostervilie
was from 33.1 to 36.4 atomic As (%) with an average value of 34.7 atomic As (%) for
the 30 grains analysed. Also the atomic percentage of S ranged from 27.6 to 30.2 with
the atomic percentage of Fe being very close to the stoichiometric vaiue, which
supports the accuracy of the analysis. From Figure 6.3, the temperature for the
deposition of arsenopyrite in equilibrium with pyrite at Fosterville is 540 °C for the 30
arsenopyrite grains from 6 samples. This is obtained by taking the average atomic As
(%) of arsenopyrite at Fostérvi]le and extrapolating the temperature data onto Figure
6.3. This temperature of 540 %C for the arsenopyrite indicates aS2 of 10™*° at the time

of deposition (see Figure 6.4).
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DISCUSSION

Temperature obtained from arsenopyrite geothermometry are approximately
170 9C higher than those obtained from fluid inclusion study (Part 3) for quartz. Pyrite
and arsenopyrite in equilibrum is a low-temperature assemblage with a temperature of
491+ 12 0C (Clark, 1960a). Also, the tefﬁperature range represented by greenschist
facies metamorphic grade ranges from approximately 330 C to 500 °C (Winkler,
1576). Possible reasons for the discrepancy for temperature values obtained from

arsenopyrite geothermometry are:

(1) disequilibrium existed between pyrite and arsenopyrite, although textural evidence

suggests this is not so,

(2) early arsenopyrite could have been epitaxiaily overgrown by younger arsenopyrite

of different composition,

(3) mineralization is pre-metamorphism (je. pre-Tabberabberan Orogeny) and that the

sulfides reequilibrated post-depositionally, and/or

(4) fluid inclusion temperatures indicate minimum values for the temperature of the

mineralizing fluids.
NCLUSION

The average atomic As (%) obtained from Table 6.2 for arsenopyrite was 34.3. |
Extrapolation of this value on Figure 6.3 suggests lower aS; conditions for the
Fosterville mineralization is required since no pyrrhotite was recorded at Fosterville. In
other words, arsenopyrite was reequilibrated at lower aS; and/or higher temperature at

Fosterville.
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In this case, the arsenopyrite geothermometer has not been successful, therefore
the temperature indicated by fluid inclusion study represents the minimum temperature

of ore deposition at Fosterville,
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PART 3 : FLUID INCLUSION STUDY

INTRODUCTION

Study of fluid inciusions from gold mineralization systems provide valuable
information on the nature and source ‘of ore fluid and ore components and gold
depositional conditions. Measurements of the homogenization temperature (Tj)’ upon

heating provides an indication of the temperature at which the fluids became trajaped.
Th can be corrected for pressure effects during formation of the quartz veins to obtain
the actual trapping temperature. Information on the composition of the fluids and
salinity can be acquired by measuring the freezing point depression and first ice melt

(1st Tm) or clathrate decomposition temperature (Te-clathrate). 'Clathrates’ are gas
hydrates which are a result of interaction between the agueous and non-aqueous

phases.

Fluid inclusions were characterised using criteria defined by Roedder (1984) in
order to distinguish between inclusions of primary origin and those of secondary

origin. These criteria are:
Primary inclusions - usually have a large size,
- often occur as isolated inclusions, away from groups of inclusions,
- are randomly distributed within or along grain boundaries.
Secondary inclusjons - usually small size (< 10 um) ,
- occur in planar groups and grow across grain boundaries, and

- often occur as thin and flat inciusions.

1 Th - temperature at which the fluid inclusion becomes a homogenous phase, ie.
temperature of disappearance of bubbie in inciusion.
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ME D OF Y

Two samples (DDH 11/52.9 & DDH 12/43.0) from Fosterville were taken
from quartz veins for fluid inclusion study. The quartz veins were chosen as they
appeared to be related to the nﬁneraliza;i\gn, known as phase 2 quartz veins (see chapter
3). Sample DDH 12/43.0 is from the oxidized and unmineralized zone and sample
DDH 11/52.9 is from the primary zone and mineralized. Only 37 primary and

secondary inclusions were measured (Table 6.3), because most of the inclusions in the

samples, were very small and difficult to measure.

Sections used for this study were cut to less than 1 mm thickness and polished
on both sides. The doubly polished plates were examined in detail under the
petrographic microscope prior to microthermometric experiment. The reasons for this

inspection was to :
(1) identify inclusions of primary and secondary origins, and

(2) classify inclusions into various types, depending on the nature of the phases within

each inclusion.

The fluid inclusions were analyzed with the Fluid Inc. modified U.S.G.S. gas
flow heating/freezing stage at the Geology Department of the University of Tasmania.
The temperature uncertainty were + 1 9C for heating and % 0.3 0C for freezing

measurements as the experiments were performed at least twice on one inclusion.
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CLASSIFICATION OF INCLUSION TYPES

Fluid inclusions were classified according to the phases observed in the
inclusions at room temperature (approximately 21 0C). Two types of inclusions were

observed during this study (Plate 20):

Type 1: Two-phase, liquid and vapour inclusions (vapour-rich), which
homogenizes by expansion of vapour phase upon heating. Type 1
inclusions are generally large (> 10 1) and mostly ovoid in shape,
although irregular shaped inclusions were also observed. These
inclusions display clathration and fulfilled all the criteria of primary

inclusions.

Type 2: Three-phase COs-liquid bearing inclusions which contain CO;-liquid,
vapour bubble and H;O liquid. Type 2 inclusion are generally small

(< 5 W), have regular smooth shapes.
RESULTS
HOM NIZATION DATA

The Type 1, two-phase primary inclusions in vein quartz from Fosterville gave

a homogenization temperature range of Th (I.-V)-L of 248.8 °C to 288.5 0C, with an

average of 255 0C. The homogenization temperatures of the Type 2, three-phase, COy-

liquid bearing secondary inclusions in vein quartz from Fosterville range from Tj, (L-

V)-L of 138.6 0C to 236.8 OC, with an average of 170 °C (see Figure 6.5).
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FIGURE 6.5 Disuibudon of Fluid Inclusion Homogenization Temperatures,

(Th (L-V)-L) in OC.

EREEZING DATA

Freezing measurements are useful in obtaining salinity of fluids as the

increasing concentrations of salts decreases the freezing point of water.

Type 1 and 2 inclusions display consistent behaviour on freezing. The salinity

of the fluid can be calculated by freezing the inclusion and measuring the temperature at

T = - T - z D R T R e Y S P E
R T T O T ol e e A T s B e M £ T e b T T AN o iy L R R T R S e T
T T D T T L v R A Y A DO S L SISy RSO R LN B " -

T Y e PR T T TR R IR

which clathrate decomposition occurs (Te-Clathrate) (see Table 6.3) and using the

equation of Bozzo et al., 1973 as follows :

Wiact = 15.52022 - 1.02342 £ - 0.05286 * ¢ * t

where t - clathrate melting temperature, and

Wnac1 - weight percent NaCl in solution.
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TIMA F NCENTRATT

The melting point of solid CO4 is -56.6 0C. Type 1, two-phase inclusions have

average final melting of solid CO; (1st T at -57.5 0C (Figure 6.9).
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Ist Tm

FIGURE 6.9 Distribution of Fluid Inclusion first melting temperature, (1st Tm) |
in 0C,
Since the first Tm of Type 1 inclusions is lower than the melting point of solid CO»,
there is some other vapour phase (as well as CO;) present in these inclusions. If it is
assumed that the other vapour-phase is CHy, No, etc, an estimate of the mole % CHy

can be obtained from Figure 6.10. Homogenization temperatures of CO; (Th CO4) for

Type 1 inclusions range from 13.6 to 19.1 9C, giving 8 to 10 mole % CH,.

Type 2, three-phase, CO;-liquid bearing inclusions have average final melting
of solid COq (Ist Tm) at -56.7 °C which is similar to the melting point of solid CO,
suggesting that there was no other vapour phases other than CO; present in these

inclusions.
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FIGURE 6.10 Graphs for calculating the mole composition of CO,-CHy

mixmres using the final melting of CO5 (Ist Tm) and the temperature

of homogenization (Th (L-V)-L) (After Sheperd er al., 1985).

Hence, inclusions representing Type | phase, which is the original

hydrothermal fluid, contains CHj, as a component whereas Type 2 phase contains CO,

as a component.

Actual trapping temperature of the inclusions is not equal to the homogenization

temperature so a correction is required for a closed lithostatic system.

EOBAROMETE

The presence of Type 2, CO; liquid-rich inclusions provide the basis for an
estimation of pressure at Fosterville, since such fluids separate into two immisible

components under normal hydrothermal temperature and pressure. The average density
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DISCUSSION

The following conclusions can be made from the fluid inclusion studies on the

Fosterville deposit:

(1) The average homogenization temperature is at least 255 0C for vein quartz
associated with mineralization and the trapping temperature obtained from the maximum

homogenization temperature of 288.5 9C was 370 °C.

(2) The Type 1 inclusions have a salinity of 2.8 to 7.6 NaCl equivalent wt.%, and the
Type 2 inclusions have a salinity of 4.7 to 12.8 NaCl equivalent wt. %. The salinity of
the fluids obtained seem higher than that of seawater, suggesting that another source is

present for the higher salinity. This source could be a granite,

(3} The Type 2 inclusions were enriched in CO, with a concentration of approximately

9.5 wt.%.

 (4) The pressure estimated from concentration of CO, and homogénization temperature
of Type 2 fluid inclusions gave a minimum of 2 + 0.5 kbar which is equivalent to a
depth of 8 £ 2 km, and homogenization temperature from Type 1 fluid inclusions gave
a depth of 6.3-8.5 km assuming a geothermal gradient of 30 - 40 °C/km which is not

unusual if a granite source is situated beneath the Fosterville goldfield.
(5) There is no evidence of boiling in the system at Fosterville.

Fluid inclusion studies at Avoca (Green, 1983) and Wattle Gully Mine (Cox et
al., 1983) in the Ballarat Trough indicated that both aqueous and CO; or CHy fluids
were present during auriferous reef formation, This is similar to the fluids present

during auriferous reef formation at Fosterville.
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GOLD DISTRIBUTION

Gold grade is heterogeneous within arsenopyrite (from cores and rims), giving
a range from below the 150 ppm detection limit up to 0.034% (340 ppm). This variable
distribution of gold in arsenopyrite makes gold throughout the deposit highly variable.

Assuming that the arsenopyrite occupies 3 to 5%, the whole rock would contain

EPREGTE AT A

approximately 10 ppm Au. Pyrite grains were also analyzed for gold, but found Au to

be below the detection limit.

Gold particles in the Fosterville field occurs both as fine granules < 1 to 50 um
in size, and within arsenopyrite and pyrite. Limited testing of sulfide material by
Bendigo Gold Limited suggests that 70 to 80% of the gold is associated with

arsenopyrite while the remaining 20 to 30% is within pyrite.

There is very good evidence of association between gold and arsenic, which is
confirmed by fire assay results of the sediments. Drill holes were sampled over every 1
m interval and approximately 2 kg samples despatched for assay for Au . Drill hole
DDH 13 analyzed for Au and As showed a very strong positive correlation (see Figure

6.15).
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FIGURE 6.15 Scatter plot of As against Au in DDH 13.
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Figure 6.16 shows a significant relationship between Au and As with depth for drill
hole FO-10. The reason for the high correlation of Au and As at Fosterville is due to the

presence of Au in arsenopyrite, and Au and As in pyrite.

20 = 2000
=0 Au (ppm}
- As(ppm} —
H =
= 104 - 1000 o
i <
-~
0 - T T 0
25 30 3 40
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FIGURE 6.16 Line plot of Au and As with depth in FO 10.

Low concentrations of gold in arsenopyrite (such as at Fosterville) makes it
difficult to analyze for gold by electron microprobe, and to determine the gold chemical
state and distribution within the arsenopyrite grains. To overcome this problem, a
muliti-disciplinary approach has to be carried out on the arsenopyrite samples, using
combined electron microprobe, secondary ion mass spectrometry, atomic absorption

and Mossbauer spectroscopy (Cathelineau et al., 1988).
DI TON

There are two possible chemical states of heterogeneously distributed gold in

arsenopyrite. These are:
(1) Gold present in the crystal lattice of arsenopyrite as Au-As bonds.

(2} Gold present as very fine inclusions within the arsenopyrite and hence, which

would be difficult to detected by electron microprobe.
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Au-rich arsenopyrites crystallize at relatively low temperatures ranging from
170 to 250 0C (Cathelineau et al., 1988), which is within the observed homogenization
temperature range of Fosterville fluid inclusions (part 3). Gold occurs also as fine
grains in quartz veins and sediments (wh1ch were not observed in thlS study because
the grains were too fine), and within arscnopynte_and pyrite, presumably as inclusions
and within their crystal lattice (via electron microprobe analyses). For this reason, there

is a good correlation between Au and As at Fosterville.
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CHAPTER 7 - GENETIC MODEIL AND
EXPI ORATION STRATEGY

INTR TION

-

"The present geochemical investigation involving sulfur isotope, fluid inclusion

. and gold geochemistry provides constraints on the origin of the Fosterville deposit and

exploration implications. A possible genetic model can be proposed for the Fosterville
gold deposit. A set of geological and geochemical criteria can be established for future

exploration for similar types of deposits around the Fosterville area.
TIC MOD:

The genetic model for Fosterville depends on the sub-vertical fault along which
hot solutions (~270 0C) travelled and precipitated gold and sulfides as a result of some
physico-chemical changes, such as decrease in temperature and/or sulfur fugacity,
occurring in the system. This resulted in a mineral deposit which is restricted to a zone,
less than 30 m from the fault.

Ore occurs in brecciated shearzones and stockworks, which are of variable
intensity and better developed in sandstones. Oxidation and associated ferruginization
occurs to a depth of up to 45m; primary ore occurs below. These breccias and
stockworks are usually developed on the east wall of the anticline. Bendigo Gold
Limited is currently evaluating near-surface oxidized gold mineralization within the
tenements. Deformation and mineralization may be contemporaneous at Fosterville. The
shear zones are brittle~d}1ctile and quartz veining is common as well as brecciation. A
depth of approximately 6.5-10 km for the system has been obtained from fluid
inclusion study.

The role of igneous rocks in the sedimentary rock-hosted gold deposits at

Fosterville is genetically important. Firstly, the presence of quartz-feldspar-porphyry

- dyke at Robbins Hill, on the O'Dywer's line of mineralization, is associated with gold
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CHAPTER 8 - SUMMARY AND CONCLUSIONS

The rocks within the Fosterville goldfield consists of sandstones, siltstones and
shales, of Lower Ordovician age (Lancefieldian), associated with the oxidized
brecciated shear zones and associated stockworks of the Fosterville Shear Zone. The
fault zone transgresses both fold axes and regional bedding. A quartz-feldspar-
porphyry dyke intrudes the sedimentary rocks at Robbin's Hill and is associated with
sericite and carbonate alteration and gold mineralization, similar to alteration and

mineralization found at Fosterville and Central Ellesmere.

The style of mineralization present at Fosterville and Central Ellesmere is a
sedimenta:y rock-hosted gold deposit with gold mineralization along the Fosterville
Fault Zone occurring in oxidized brecciated shear zones and associated stockworks and
silicified sandstones, from surface to 30-45 m depth and primary ore zone below 45 m
depth. The mineralized faﬁlt breccia and associated stockworks are vertical to sub-

vertical and up to 30m wide.

No native gold was observed in drill cores or thin sections. The origin of the
Fosterville goid deposit is considered to be genetically related to a granite source from
evidence obtained from sulfur isotope study. From fluid inclusion study, the
temperature of the mineralizing fluid was approximately 370 °C and the depth of the
system was between 6.5-10 km. Gold in the Fosterville goldfield occurs within
arsenopyrite and pyrite in crystal lattice and/or as fine native granules and in the quartz

veins.

PIXE and AAS analyses have proved to be very useful in analyzing for low
trace element concentrations in vein quartz, in particular of germanium and arsenic, The
analyses showed positive correlations between the presence of X, Ge, Al and As with -
the Au in the host rock (analyzed by fire assay) and the intensity of the electron

paramagnetic resonance of the quartz.
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There is a highly significant positive correlation between the Ge content of the
quartz and the intensity of its EPR absorption peak at g 2.0027. The present study
indicates that the centre is Ge-Al related. Literature search revealed that Ge is typically

enriched in late magmatic and hydrothermal minerals.

.
~

The high correlation between Ge, Au and EPR suggests that EPR and Ge may
be used as an indicator of gold mineralization in quartz<Au type deposits. In
metamorphosed vein quartz systems which lose their paramagnetism through
annealing, Ge can probably still be used as an indicator of the presence of gold, as vein

quartz is unlikely to lose low level trace element concentrations durin g metamorphism.

The Al, K, Rb, Mg, Na, and to a lesser extent Li content are probably caused
by inclusions of sericite in the vein quartz, and do correlate positively with the Au

content of the host rock and the intensity of the EPR signal.
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APPENDIX 1
TRACE ELEMENT ANALYSIS IN QUARTZ BY AA.S.

Li, Na, Mg, Al, Zn, Rb, Sr, K, Fe, Ti,
PREPARATION:

Clean laboratory benches and the fafﬂécupboa:d.
Clean PTFE(teflon) beakers and glassware with HNO3/HCL.

~

Heat beakers containing acid and soak volumetric ware overnight at room
) temperature.
Rinse many times with distilled water.

DIGESTION:
(a) Weigh 1.000g sample (first cleaned in HNO3 and washed with distilled H7O) into

a clean PTEE beaker.
(b) Add 10 ml hydrofluoric acid and 1 ml nitric acid (A.R. reagents).
(c) Heat on ceramic hotplate until dry.
(d) Add 2ml nitric acid and evaporate dry.
(e) Add 5mi of 10% hydrochloric acid to dissolve all residue. Warm, shake then cool
solution. Dilute to 25 ml in a volumetric flask, washing contents of beaker thoroughly
with disatilled water. (25 x dilution)
Note: Prepare two blanks (reagents .only) with each batch of 20-25 samples using the
same distilled water.
AAS ST ARDS:
Prepare one litre of 10% HCl acid (100mI conc. HCl/litre).
1000 ppm stock (Li, Na, Mg, Zn, Rb, Sr. K, Fe))

Weigh the reagents into separate 100ml beakers, Add acid slowly and take care.
If heating is required make sure the solution does not boil over.
Dissolve: 2.662g LipCO3 in ~20% HNO3
1.2709g NaCl in distilled water
0.5000g clean Mg ribbon in a few ml. 10% HCI




S ——

APPENDIX 1 107

0.5000g Zn metal in 20ml of 1:1HClL
1.4148g RbCl in distilled water
1.2077g Sr(NOs3)7 in distilled water
0.9545g XCl in distilled water
0.500g Merck Fe powder in 10ml of 1:1 HCI
Wash each into a 500ml volumetric flask. Make ui: to mark with water and shake well.
Store in polythene bottle. Date. 4
0,0.25, 0.5, 1.0, 2.5, 5.0 ppm Li, Na, Mg, Zn, Rb, Sr, K, Fe (in 2% HCI)
From 1000 ppm stock solution prepare a 25 ppm solution.
Dilute, 5mi 1000 ppm stock ---> 200m] volumetric flask containing 40ml of 10% HCL.
Using 25 ppm solution:-
3 ppm stock
Pipette 20ml of 25 ppm ---> 100ml volumetric flask containing 20mi of 10% HC
2.5 ppm
Pipette 10mi of 25 ppm ---> 100ml volumetric flask containing 20mi of 109% HC1

1.00 ppm
Pipette 4ml of 25 ppm ---> 100ml volumetric flask containing 20ml of 10% HCl

0.5 ppm

Pipette 2ml of 25 ppm ---> 100ml volumetric flask containing 20mi of 10% HCI

Q.25 ppm

Pipette 2ml of 25 ppm ---> 200mi volumetric flask containing 40ml Of 10% HCI
Qppm

Pipette Omi of 25 ppm ---> 100ml volumetric flask containing 20 mi of 10% HCI
Store standard solutions in polythene bottles.

1000 ppm Dissolve 0.5000g Al powder in 2M HCI. Dilute to 500 mi.

100ppm Al Pipette 10ml ---> 100ml volumetric flask containing 20ml of 10% HCI
30ppm Al Pipette Smi ---> 100ml volumetric flask containing 20mi of 10% HCI
25ppm Al Pipette 2.5mi ---> 100ml volumetric flask containing 20ml of 10% HCl
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APPENDIX 4

EPR sPecﬁa of samples FO23-748 anpl FO 41-2857 15 hours after irradiation with Au
x-ray tube. a

NB: Ge hole at g 1.9988 has decayed after 15 hours for sample FO41-2857 (Ge=0.0
ppm). Ge hole

at g 1.9988 is still visible after 15 hours for sample FO23-748 (Ge= 5.4 ppm).
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EDIMENTS AT FOSTERVILLE.

APPENDIX 5

WWWW

(1) Average composition of nine samples of siderite :

! NATE
Mg(CO3)
Ca(COn)
Mn(CO3)
Fe(CO3)
Sr(CO3)

Total

1.2560
0.1561
2.4425
96.9621
0.0000

100.8167

Wt%
Mg 0.3618
' Ca 0.0624
Mn 1.1665
Fe 46.7067
Sr 0.0000

(2) Average composition of twelve samples of Fe-Mg carbonate :

ARBON

Mg(C0O3)
Ca(CO3)
Mn(CO3)
Fe(CO3)
Sr(CO3)

Total

38.2107
0.4041
0.5136

61.4634

~0.0119

100.6036

Wi%

Mg 11.0066

‘Ca 0.1617

Mn 0.2453
Fe 29.6070
Sr  0.0070
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0.9133
0.0081
0.0090
1.0694
0.0002

2.0000

0.0341
0.0036
0.0486
1.9138
0.0000

2.0000




APPENDIX 6
APPENDIX 6 - ROCK CATALOGUE

TGD No. sampie No, | Preparaton Descnption Tocation & Depth  |JAamuthDeclinano;
72331 FO3-23 PP, PC, Brown sand. interbedded with silt. [0397N, 1651E: 23m| 70 60
72332 FO3-30 PP, PC, Shale. Qtz veins present 10397N, 1631E; 30m .

72333 FO3-36 PP, PC, Oxidized sand. Qtz veins present, 10397N, 1651E; 36m

72334 FO10-30 PP, FC, Grey sand. Fe stained qlz veins. T0481N, 1663E; 30m| 70 33
72335 FO10-31 PP, PC, Grey sand. e stained gtz veins. 10481N, 1663E; 31m

72336 FO10-32 PP, PC, Grey sand. Fe stained gtz veins. 10481N, 1663L; 32m

72337 EQ23-747 PP, PC, Brown sand. interbedded with shale, Qiz veins, | 10158N, 1711E; 33m| 70 60
72338 FO23-748 PP, PC, Brown sand. interbedded with shale. Qtz veins. | [0158N, 1711E; 34m

72339 FQ41-2853 PP, PC, Fe stamed gtz veins. 10449, 1652E; 51m| 70 55
72340 FO41-2854 PP, PC, Brown sand. with Fe stained qtz veins. 10449N, 1652E; 52m

72341 FO41-2857 PP, PC, Brown sand. with Fe stained gtz veins. 10449N, 1652E; 55m

72342 FQ41-2867 PP, PC, PT, PH Brown sand. with Fe stained qrz veins. 10440N, 1652E; 65m

72343 F052-3637 PC, Brown sand. with Fe stained gtz veins. 10481N, 1668E; 31m| 70 35,5
72344 FQ59-4159 PP, PC, Grey sand, with py & asp, Qtz veins, 7808N, 1873E; 30m | 250 35
72345 FO58-4160 PP, PC, Grey sand, with py & asp. Qtz veins. 7808N, 1873E; 40m

72346 FO59-4164 PP, PC,  Drey silt. interbedded with sand. Py & asp present] 7808N, 1873E; 44m

72347 | FO106-6468 PP, PC, Brown sand. with interbedded silt. QIz veins, | 7783, 1880K; 21m | 249 56
72348 | FO106-6316 PP, PC, Tnterbedded sand. sill. & shale. Py & asp present.| 77831, 1886E; 69m

72349 | FQ106-6523 FP, PC, Trterbedded sand. silt. & shale, Py & asp present.| 7782, 13386E; 76m

72350 | FO108-6640 PC, Brown silt. Minor shale, Qtz veins present. 7583M, 1831E; 26m | 69 335
72351 FO108-6641 PP, PC, Interbedded brown sand. & silt. Qtz veins, 7583N, 1831E; 27m

72352 | FO108-6645 PP, PC, Brown sand. Fe stained gtz veins. 7583N, 1831E; 3lm

72353 | FO109-6735 PP, PC, Brown silt. Q1Z veins abundant. 10158N, 1696E; 48m| 69 57
72354 FO109-6736 PC, Interbedded brown sand. & silt. Qtz veins. 10158N, 1696E; 49m

72355 FO116-7278 PP, PC, Brown sand. Qtz veins abundant, 10482N, 1653E: 49m| 70 55
72356 FO116-7279 PP, PC, Brown sand. Fe stained qtz veins. 10482N, 1653E; 50m

72357 FO147-15736 PC, Tnierbedded brown sand. & silt. Qiz veins present.] 10392N, 1712E; 22m| 70 55
72358 FFO148-15789 PP, PC, |terbedded brown sand, & sill. Qtz veins present, 10392N, 1692E; 33m| 70 35
7350 FOI48-15703| PP, PG,  |Inierbedded brown sand., & silt, Qtz veins present.| 10392N, 1692E; 37/m

72360  [FO172-17031 PP, PC, Tnterbedded cream sand. & sili. Otz veins. T803N, 1873E; 32m | 249 50
72361 |FO172-17032 PC, Interbedded sand. & silt. Qtz veins present. 7803N, 1873E; 33m

72362 |FO172-17035 PP, PC, Brown sand. Qtz veins present, 7803N, T873E; 36m

72363 |FO172-17039 FP. PC,  |Interbedded grey sand. & shale. Py & asp present,| 7803N, 1873E; 40m

72364 |F(0224-20626 PP, PC, Brown sand. Fe stained atz veins. 10698N, 1660E: 13m/| 69 30
72365 | FO224-20640 PC, Brown sand. Fe stained gtz veins. 10698N, 1660E: 27m

72366 |FO236-21309 PP, PC, [mterbedded silt. Sand, & shale with py & asp. Qtz] 7429N, 1871E; 69m | 249 50
72367 [FO236-21317 PP, PC, Interbedded erey sand. & shale with py & asp. 7429N, 1871E: 77m

72368 {FO237-21381 PP, PC, Interbedded brown sand. & silt. Q1z veins 190N, 1826E; 52m 69 50
769 |FOZ76-23574| PP, PC,  |Inlerbedded grey sand. & shale. Py & asp present.] 7803N, 1818E; 69m | &9 70
72370 | FO276-23601 PP, PC, [irey sand. with shale. Py & asp present..Qtz veins 7803N, 1813E; 96m

72371 |FO327-28797 PP, PC, Brown sand. & shale, Qtz veins. 7934N, 1646E; 35m 69 50
72372 [ F0327-28804 PP, PC, Brown sand. Qtz veins, 7934N, 1646E; 42m 45
72373 | DDH10-43.0 PT, PH Sand. with qtz vens. 104B3N, 1647E; 45m 33
72374 | DDHI1-52.9] PT, PH, I Interbedded sand. & silt. Otz veins. LO197N, 1756E; 52.%m 45
72375 | DDHI12-41.5| PT,PH, R Grey, fermiginized sand. 7853N, 1908E; 41.5m

72376 | DDH12-43.0 PP, R, F Ferruginized sand. 7853N, 1908E; 43m

72377 | DDHI12-53.0} R, PI, PH Grey/oreen shale. 7853N, 1908E; 53m

72378 | DDH12-54.5 [FF, R, PT, P Interbedded silt. & shales. Qiz veins. 7853N, 1908E; 54.5m

72379 | DDHI12-58.6 [ PP, R, PT, PH Tnterbedded silt. & shales. Otz veins. 7853N, 1908E; 58.6m

72380 | DDH12-70.0 PT, PH Grey sand. with interbedded silt. Qtz veins, 7853N, 1908E; 70m 47
72381 DDH13-4.6 PP, R, Weathered sand. T787N, 1817E; 6.6m

72382 | DDHI13-33.4 R, PH Massive sand. 7787N, 1817E; 33.4m

72383 | DDH13-41.04 PT, PH, P, D Lamprophyre dyke 7787N, 1817E; 41m |

72384 [ DDHI13-42.5 PP, R, PT, PH Qtz cataclasite (ex sand.). Otz veins. 7T787N, 1817k; 42.5m

72385 | DDH13-46.5 PP, R, Pyfasp with interbedded sill, & sand. Qtz veins. {7787N, 1817E; 46.0m

72386 | DDHI13-43.0| R, PT. PH Pyfasp wilh interbedded silt. & sand. Qrz veins. | 7787N, 1817E; 48m |

72387 | DDH13-28.6 | PP, R, PV, PHI Py/asp with interbedded silt. & sand. Qtz veins. [7787N, 1817E; 48.6m

72388 | DDH13-52.0 PT, PH Pylasp with interbedded silt. & sand. Otz veins. | 7787, 1817E; 52m |

72380 | DDHI13-714 | PP, R, PT, PH Massive sandstone, Qtz veins. 777N, 1817E; 71.4m

72300 | DDHI3-745] PT,PH, R Silt. with py & asp. 7737N, 1817E; 74.5m
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PP PIXE PILL Sand. - Sandstone
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