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ABSTRACT 

This study consists of two sections; the first describes the 

local geology and ore mineralogy of the Beaconsfield and Lefroy 

goldfields in the Tamar region; the second section discusses ion 

beam (PIXE/PIGME) and Electron Paramagnetic Resonance (EPR) 

techniques used to characterise quartz from auriferous reefs in 

the Beaconsfield area. 

The quartz veins of the Tasmania Reef (Beaconsfield) are zoned 

and consist of auriferous quartz with a central core of 

carbonate. Sulphides are distributed throughout the two to six 

metre wide reef, which has average grades ranging from 14g/t 

to 38g/t gold. The vast majority of the gold occurs as either 

small free grains (up to 1.8 mm) in quartz or tiny inclusions 

(less than 0.5 mm) in pyrite. Ordovician quartzose 

sandstones/conglomerates host the reef. In the Lefroy region 

the host rocks for the reefs (grades up to 30g/t) are the 

siltstones/sandstones (early Ordovician to early Devonian). 

Approximately 250 analyses of the fineness of gold grains were 

conducted using an electron probe microanalyser. Analyses 

showed that Beaconsfield gold had an average fineness of 934, 

while Lefroy gold had an average fineness of 972. Both the high 

fineness values and the narrow fineness range indicate that both 

deposits are hypothermal. 

A study of the Tasmania Reef suggested that there were at least 

eight phases of mineral deposition, with the gold being 

deposited during phase 3 (quartz, pyrite and gold) and phase 4 

(quartz and gold). Additionally, sulphides predominate in phases 
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2, 5 and 6. The first and penultimate phases consist of quartz, 

the last and central phase in the reef consists of ankerite. 

The pyrite associated with the mineralisation has a f>34S mean = 

+8.9%o and a range of +6.5 to +12.7%0. Pyrite not associated with 

the mineralisation has a ()34S mean = + 13.5%0 and a range of +7 

to +26.7%0. These values are indicative of mixing (sea water plus 

metamorphic waters) or a fractionation of parent fluids prior to 

the precipitation of the ore minerals. 

The inferred oxygen isotope values of the parent waters 

(f>180water) of vein quartz range from +12.8%o to +18.5%0, 

indicating that they were of a metamorphic origin. A study of 

arsenopyrite provided an estimated temperature of deposition of 

about 40Q°C. 

In order to characterise the quartz of the vein systems in the 

Beaconsfield area, trace element distributions in 348 samples 

of vein quartz were determined by Proton Induced X-ray 

Emission (PIXE) and Proton Induced Gamma Ray Emission 

(PIGME). These analyses from 100 mg of acid cleaned quartz 

powders, were compared with gold fire assays of one metre 

length diamond drill core splits. The most significant 

correlations were between AU(fire assay) and As, Ge and Li. Other 

highly significant correlations between one element and another 

element are those between Al/F, Al/Fe, Al/K, Al/Ti, Al/Li, 

As/Fe, Ge/Li and K/Rb. 

A system of numerical data evaluation of the chemical analyses 

was developed to aid in the identification of auriferous quartz. 

These methods are based on significant statistical correlation 

by Spearman Rank analysis, between pairs of elements for the 

mineralised and non-mineralised populations. Further 
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statistical processing using a series of "screens" enabled the 

non-mineralised samples to be removed, retaining the majority 

of the mineralised population. Several successful screens were 

developed and one example follows: {mol(Al+F), mol(Ge+Li), 

mol(Na+Rb), mol(Ca+CI)}. Succesive applications of these pairs 

of elements separated auriferous quartz from barren quartz 

with a high degree of certainty. This technique for the 

characterisation of quartz and the subsequent identification 

of auriferous reefs, provides a tool useful in exploration 

geochemistry. 

A study of the intensities of Electron Paramagnetic Resonance 

(EPR) spectra was useful in distinguishing between the 

auriferous and non-auriferous quartz samples. The intensities 

of the EPR signals correlated strongly with Cl, Ti and Fe in the 

non-mineralised population and with Li, Ge, F, Al and K in the 

mineralised population. A systematic sorting of elements vs 

EPR, optimised the correlation coefficients into three groups 

within the quartz : 

Al (electron donor, substitution atom); 

Fe, Ti, Ge, (electron acceptors, substitution atoms); 

K, Li (compensating ions, interstitial ions). 

Techniques for measuring EPR intensities were investigated, 

using measurement at both a high power ( 1 00 mW) and a low 

power (0.05 mW). At each power setting, the intensities of the 

spectra were measured using the appropriate peak height of the 

derivative curve, as well as calculating the integral of the 

absorbtive spectra. This demonstrated a very strong correlation 

between the peak height and the integral of the spectra. 
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1 Chapter 1 

CHAPTER 1 : INTRODUCTION 

1.10 LOCATION OF THE STUDY 

The Beaconsfield Goldfield is located in northern Tasmania on 

the western plain of the Tamar estuary. The nearest city, 

Launceston, is 44 km south-east at the head of the Tamar River 

(Figure 1.a). Immediately west of the township of Beaconsfield, 

a low north-westerly trending ridge (Cabbage Tree Hill) rises 

above the plain. The southern extension of this ridge forms 

Salisbury Hill (Figure 1.b). Reef gold was first discovered on 

the eastern slopes of Cabbage Tree Hill adjacent to the present 

site of Beaconsfield. While many subsequent discoveries were 

made around Cabbage Tree Hill, the initial discovery, developed 

as the Tasmania Mine, was the most significant. The Tasmania 

Reef was mined to a level of 450 m before the mine closed. The 

records show that having produced 26.6 tonnes of gold, the 

Tasmania Mine still has the highest production figures in the 

State. 

Several small gold mines in a similar geological setting as 

the Tasmania Mine, were also worked around Salisbury Hill 

(200 m). This area is 6 km south-east from Beaconsfield, with 

reasonable access from the West Tamar Highway. 

The Lefroy Goldfield is located to the east of the Tamar 

River, 18 km north-east from Beaconsfield (Figure 1.a.). The 

goldfield consists of a large number of minor lodes along a 

north-west trending, 4 km long zone. The largest of these lodes 

was mined to a depth of 250 m. In most prospects, the gold 

values declined rapidly after the first 30 m. 
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Figure 1 .a: Location map (1 : 100 000) of the Beaconsfield and 
Lefroy areas (Tas. Maps). 
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1.20 OBJECTIVES OF THIS PROJECT 

This project is designed to provide a general overview of the 

goldfields in the Tamar region in the first instance. Then, 

having set the scene, the project concentrates on details of the 

Tasmania Reef at Beaconsfield. Since the old mines are not 

accessible, samples available for study are drawn from a 

restricted number of drill cores and museum specimens. 

During the course of this work, study is made of the 

geochemistry, mineralisation and ore genesis of the Tasmania 

Reef using such techniques as polished thin sections, 

microscopy, and sulphur isotope lines. Further to this, 

comparison is made of gold from a range of gold mines in the 

area, using the electron probe microanalyser to determine the 

gold fineness and textures associated with the gold distribution 

in the reef. The latter stages of the study concentrate on 

developing a method to characterise quartz from auriferous 

veins, using Electron Paramagnetic Resonance spectroscopy 

(EPR), Proton Induced X-ray Emission (PIXE) and Proton Induced 

Gamma Ray Emission spectroscopy (PIGME). 
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1.30 HISTORY OF THE GOLDFIELDS 

The following table (Figure 1.c) summarises the more important 

mining ventures in each goldfield. 

GOLDFIB...D 

Beaconsfield Salisbury Lefroy 

Tasmania Mine* Victoria Mine* Chum* 
Moonlight-cum-Wonder* (also called Salisbury) New Native Youth* 
Rising Sun Duchess of York Pinafore 
Cosmopolitan (also called Gladstone New Pinafore 
Leviathan or Santa Claus) Volunteer* 
Bonanza Golden Era 
Star Clarence 
Phoenix Morning Start 
Garfield Golden Point & Crown 
Dundee Land-0-Cakes 
Excelsior 
Ophir (Deep Lead) 

Figure 1.c: Gold Mines (* = major mines) 

1.31 Beaconsfield Goldfield 

Between 1847 and 1871 sporadic discoveries were made 

of minor alluvial gold. It was not until 1877 that a 45 cm 

wide auriferous quartz reef was discovered by the Dally 

brothers (Figure 1.d). The Tasmania Reef contained free, 

visible gold and was worked for 37 years by the 

Tasmanian Gold Mining Company. The reef had an average 

grade of 24. 7 g/t and was mined to a depth of 450 m. 

The closure of the mine in 1914 was brought about by a 

combination of factors including industrial disputes, a 

20% wage increase, poor management by the company in 

England, a temporary reduction of ore grade and continual 

mine flooding which extended the existing pumping 
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Figure 1.d: Location map of the early mine workings and surface 
expression of the Tasmania Reef (unpublished report, 
WTHC/AMAX). 
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technology to the limit. Following the mine closure, all 

underground workings became inaccessible. 

1.32 Salisbury Goldfield 

The reef at Salisbury Hill (Blue Tier) has never been 

proven to be close to the value of the Tasmania Reef, 

Beaconsfield. The prospects were of a smaller scale and 

consisted of several surface/alluvial workings and two 

underground ventures (i.e. Victoria Mine, Duchess of York; 

see Figure 1.e). The Salisbury Field was developed and 

worked concurrently with the Beaconsfield mines during 

the latter part of last century. 

1.33 Lefroy Goldfield 

The first successful mine established in the area was at 

Specimen Hill in 1869. During the following forty years, 

the township of Lefroy developed as one small mine after 

another was worked. The discoveries were sporadic and 

the gold tended to peter out below 120 m even in the 

larger mines (e.g. Chum and Pinafore Mines). 

Mines Department records indicate that 5.2 tonnes of gold 

were recovered between 1869 and 1904 from the mines in 

the Lefroy area. The vast majority of this production was 

from the New Pinafore (1.7 tonnes), Chum (1.3 tonnes), 

Volunteer (1.3 tonnes) and New Native Youth (0.7 tonnes) 

mines (Gee and Legge, 1979). 
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Figure 1 .e: Location map of the early workings and recent drill hole 
collars in the Salisbury (Blue Tier) goldfield 
(Pease, 1984). 
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1 .40 PREVIOUS WORK 

1 .41 8eaconsfield Area 

The first recent exploratory work of note was a deep 

diamond drilling program undertaken by the Mines 

Department between 1962 and 1967 (Noldart, 1964, 1968) 

The auriferous reef was intersected three times below 

the 450 m level by DOH 84 and wedges DOH 84A and DOH 

840 (Figure 1.f). A succession of companies has undertaken 

surface exploration and deep drilling programmes since 

the early seventies. 

The Allstate programme between 1969 and 1972, as 

described by Sheehan (1972), concentrated on DOH As and 

the associated three wedges. No assays are recorded and 

the main aim was to determine the structural controls 

over the Tasmania Reef adjacent to the Gordon Limestone 

(i.e. dip and strike of the host sediments). 

A joint venture between Allstate and Tricentrol during 

1973 and 1974, undertook a diamond drilling programme. 

This work was to test for the continuity of medium to 

high grade gold mineralisation 122 m below the limit of 

the old mine workings (Middleton, 1974). The three holes 

sited were DOH As, DDH As and DDH A1. The intersections 

of the reef in DDH 84, 84A, 840, As, and A1 were assayed 

for gold, silver, copper and arsenic. This study suggested 

that the Tasmania Reef should extend to 1067 m. 

Underground access was obtained in 1980 via the blocked 

Hart Shaft. Amax designed a collar for the Hart Shaft and 

then commenced the clearing of the shaft, while starting 
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to de-water the mine. After the first 55 m of the shaft 

had been rehabilitated, engineering problems led to the 

shaft being put on a care and maintenance programme. 

Late in 1982, a deep drilling programme was commenced 

to prove the reef down to 900 m below the surface. The 

first two attempts (DOH 814, DOH 81 s) were abandoned 

because of drilling difficulties. The remaining holes (DOH 

81sA, 816, 817) were wedged off from DOH 814 and they 

intersected the reef at 450 m below the old mine 

workings. This drilling programme yielded 1804 m of 

core with three controlled intersections of the lode. 

1 .42 Salisbury Area 

This area has never been the scene of such activity as at 

the neighbouring Beaconsfield Goldfield, neither at the 

turn of the century nor recently. The two major 

underground workings, the Victoria Mine (1883, 1903) and 

the Duchess of York Mine have been inaccessible for some 

time (Figure 1.e). Some evidence of early surface sluicing 

still exists. 

During the period 1970 to 1973, the Department of Mines 

mapped the 8eaconsfield sheet at one inch to one mile and 

produced an explanatory report on the area (Gee and Legge, 

1979). At that time the Department collared two diamond 

drill holes (DOH S1, and DOH S2) adjacent to the Salisbury 

shaft, Victoria Mine. The purpose of the drilling was to 

test for gold and nickel mineralisation in or adjacent to 

the serpentinite. Approximately 410 m of core was 

recovered but the analyses indicated that the holes did 

not intersect a reef. 

lntroduct: Jn 
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The next phase of exploration occurred in 1980, when 

Austamax instigated a grid sampling geochemical 

project aimed at delineating possible surface anomalies. 

Cap auger samples were collected on a 20 m grid. The 

results demonstrated several arsenic/gold anomalies, 

with a maximum of 2.7 to 3.0 ppm gold. As part of this 

exploration phase, a proton magnetometer survey was 

conducted which delinented the serpentinite/dolomite 

association (Poltock, 1980). 

During 1982, a joint venture agreement with four 

companies (R.G.C., Austamax, Allstate and Tricentral) was 

established to pursue the outcomes of the 1980 

exploration. This programme was designed to test the 

thesis that there may be two styles of mineralisation, 

one in the form of a "Tasmania Reef" type structure and 

the other a bulk, low grade vein system related to the 

serpentinite. Both an extensive geochemical survey using 

a power auger and a four hole diamond drilling programme 

(DOH 83, 84, Ss, 86) yielding 335 m of core, were 

completed. The result of this work indicated that there 

was unlikely to be a large tonnage of low grade 

mineralisation. However, the arsenic and antimony 

geochemistry suggests that a "Tasmania Reef" style 

structure may exist (Pease, pers. comm. 1984). Further 

percussion drilling has continued in an attempt to 

identify the location of this mineralisation. 

Lefro~ Area 

Since 1900, there have been a series of geological 

assessments to determine the potential of this goldfield. 
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Studies were conducted by Nye (1925), Broadhurst (1935), 

Blake (1938), Hughes (1953) and Groves (1965). Between 

1935 and 1937, the Department of Mines drilled 23 holes 

on reef prospects, without any significant intersections. 

There are few records of recent gold production at Lefroy 

and these are from two mining leases. During 1989/90 

approximately 24.6 kg of gold were produced from Lefroy 

and during the following year 18 kg of gold were produced 

(Bottrill, pers. comm. 1991 ). 

1.50 CURRENT WORK 

1.51 Beaconsfield Mine 

In 1987, the Beaconsfield Gold Mine (BGM) was listed on 

the Australian Stock Exchange to raise capital ($1 5 

million) for the completion of the rehabilitation of the 

Hart Shaft. The Company's substantial shareholders were 

Australian Consolidated Minerals Ltd. and Allstate 

Prospecting Pty. Ltd. 

At the share float in 1987, the company predicted that 

the mine would be fully operational by 1990. This would 

have included a $29 million treatment plant and mill, 

which would employ between 80 and 90 people. Prior to 

1990, it was expected that the Hart Shaft would have 

been extended to 45 7 m BSC, (i.e. the previous lowest 

level of 1 500 ft). At that time, 650 m of lateral 

development at both the 457 m and 557 m levels would 

have provided access to the reef for the initial 

production. In 1987, the annual report of Australian 

Consolidated Minerals (ACM) listed all categories of ore 

reserves to be 673,000 tonnes at an average of 24 git 
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gold. Previous mine production between 1877 to 1914, 

was 1,085,000 tonnes at an average of 24. 5 git gold (i.e. 

26.6 tonnes of gold). 

By 30 June 1 990, the watertable had been lowered to 

1 53.6 m below surface collar (BSC). In order to achieve 

this, seven pumps dewatered the mine at a rate of 31 0 

litres per second (BGM Annual Report, 1990). In addition, 

the Hart Shaft had been stabilised and cleared to 1 51 m 

BSC. An old cistern chamber at 1 50 m BSC has been 

exposed and it is envisaged that it will form a platform 

for the early underground drilling rigs. The company is 

planning to drive a crosscut from this chamber to the old 

mine workings near the main shaft. Currently, the 

Beaconsfield Gold Mine Company is maintaining the 

dewatering and drilling programme. 

Introduction 
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CHAPTER 2 : GEOLOGICAL SETTING 

2.10 REGIONAL GEOLOGY 

2.11 West of the Tamar River 

The Precambrian basement consists of quartzites and 

phyllites which are unconformably overlain by a Cambrian 

eugeo-synclinal suite of chert, slate and greywacke 

(Figure 2.a). A northerly trending body of serpentinite, 

pyroxenite and gabbro outcrops four kilometres to the 

west of Beaconsfield. Elliott et. al. (1993) consider that 

a west-directed Late Cambrian thrusting event emplaced 

the Anderson's Creek ultramafic complex and a Cambrian 

marine sedimentary suite against the Badger Head 

Formation. During the mid-Devonian, a second west

directed thrusting of the Beaconsfield Block over the 

Badger Head took place. 

The Cambrian sequence is conformably overlain by an 

Ordovician rudite-arenite association referred to as the 

Cabbage Tree Formation. This in turn is overlain by the 

Ordovician Gordon Limestone correlate, a massive grey

blue limestone with some silty intervals. 

Permian siltstones, sandstones and shales outcrop to the 

east of Beaconsfield and are unconformable with the 

Ordovician rocks. 

The host for the auriferous reef, the Cabbage Tree 

Formation (up to 280 m thick), consists of quartzose 

sandstone and minor conglomerate (Figure 2.b). In places, 

the base of the Formation is a fine-grained, black pyritic 

Geological Setting 
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Figure 2.b: Stratigraphic section of the Beaconsfield area relating to 
the mineralisation (Pease, 1 9 84). 
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and siliceous mudstone which is strongly sheared. The 

next 30 m consist of medium-bedded, hard, black, well 

cemented siliceous sandstone, alternating with thin beds 

of quartz conglomerate often containing chromite grains. 

Within the next 30 m, conglomeritic zones become more 

abundant. Approximately 60 m above the base the gritty 

lenses become less frequent, the predominant rock type 

being a "flaggy" cross-bedded medium to fine-grained 

sandstone. The uppermost 200 m of the Formation 

consists of well-bedded micaceous quartz sandstone and 

buff coloured siltstone. Further details about the local 

geology can be found in Hicks et. al., 1990. 

The major structure of the Beaconsfield area is a Lower 

Palaeozoic fold belt of alternate slices of eastern dipping 

Ordovician and Cambrian rocks (Figure 2.c). Various 

authors (Gee and Legge, 1979; Green, 1959) interpret 

this as an imbricate pile thrust against the stable 

Precambrian block of the Asbestos Range (6 km west of 

Beaconsfield). Further work by Gray and Woodward, (1994) 

points to a thin-skinned interpretation of thrust wedges 

caused by a westward Middle Devonian Tabberabberan 

thrusting over a Precambrian basement. A series of 

gently west-dipping thrust wedges have controlled the 

gold mineralisation in the area (Keele et. al., 1994 ). 

2.12 East of the Tamar River 

The Tamar River Valley is a graben, controlled by faults 

with a northwest strike. To the east, the Mathinna Group 

forms most of the basement of the north east, starting 

with the Lefroy Hills (200 m). 
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Figure 2.c: Composite cross-section of the Lower Palaeozoic fold 
belt, Beaconsfield area (Gee and Legge, 1979). 
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It is has been demonstrated that the Mathinna Group 

ranges in age from the early Ordovician to the early 

Devonian, with the sediments younging from west to east 

(Surrett and Martin, 1989). These sediments are 

understood to be a correlate with the Grubb Beds in 

Beaconsfield (Gee and Legge, 1979). 

Within the Mathinna Group, there are two lithological 

associations. The younger sequence consists of a 

turbiditic suite of arenites and lutites with a siliceous 

matrix. The older sequence of turbidites consists of 

argillaceous lutites (Banks in Surrett and Martin, 1989). 

The major trend of the regional folding is NW-SE, which 

parallels the trend on the western side of the Tamar 

River. The Mathinna Group was folded during the 

Tabberabberan Orogeny, which has an upper limit of 370 

m.y. (late Devonian) as determined by intruded granitic 

stocks (Gee and Legge, 1979). 

Other than the graben structures, the regional faulting is 

not clear. Powell and Baillie (1992) assume that the mid

Devonian imbricate thrust near Beaconsfield is either the 

frontal thrust, or a splay off the sole thrust which 

continues beneath the exposed Precambrian basement. 

However, the local minor faulting of the Mathinna Group 

sediments in the Lefroy Goldfield has been identified 

(McClenaghan, 1994 ). The other major lithologies of 

interest in the area are Tertiary basalt flows, post

basalt sediments and Quaternary sediments. In places the 

basalt flows formed deep leads covering potential placer 

deposits. 
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2.20 MINE SEQUENCE 

2.21 Beaconsfield Goldfield 

The drilling programme at Beaconsfield has established a 

consistent mine sequence from one drill hole to another. 

This consists of the Ordovician sediments sandwiched 

between two slices of Cambrian sediments. 

The basal Cambrian unit is called the Blyths Creek 

Formation and consists of layers of white limestone 

interspersed with conglomerate horizons. In some areas 

of the mine, the drill hole intersected a serpentinite dyke 

under the Blyths Creek Formation. 

The Ordovician sequence commences with the Cabbage 

Tree Conglomerate, overlying the first thrust-fault 

(Figures 2.b. and d.) The Cabbage Tree Conglomerate is a 

siliceous, massive pebble conglomerate which grades into 

the "Wet Beds". This is a historical term used to describe 

the Lower Transition Beds. The Transition Beds are the 

host rocks for the mineralisation in a pre-existing fault 

zone. The conglomerates and grits of the "Wet Beds" 

merge upwards into the interbedded calcareous siltstones 

and limestones of the Upper Transition Beds. Close to the 

top of the Ordovician sequence, the calcareous siltstone 

merges into a correlate of the Gordon Limestone. The top 

of the Ordovician sequence in the mine is a shale unit 

called the Grubb Beds. 

It is at this stratigraphic horizon that the second thrust

fault occurs. The Cambrian cobble conglomerate 

unconformably overlies the Grubb Beds. The Cambrian 

sequence then consists of shale, sandstone, limestone, 
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Figure 2.d: Regional geo logy of the Beaconsfield and Salisbury 
goldfields (ACM annual report , 1987) . 
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siltstone and white limestone units. 

The Ordovician sequence gradually fines from the bottom 

to the top. It has an average dip of 55°E in the upper 

sections of the mine. This dip is steepened to 80° and 

then at depth it is reduced to 20°. It is thought that this 

suggests a shallow fold parallel to the strike of the 

bedding (Pease, pers. comm. 1984). 

2.22 Salisbury Goldfield 

The stratigraphy in this area is similar to that at 

Beaconsfield, with a basal Cambrian sedimentary unit 

with an associated serpentinite dyke at depth. The basal 

unit is overlain by a series of Ordovician sedimentary 

beds fining upwards, from conglomerates (Lower 

Transition Beds) to calcareous sandstones (Upper 

Transition Beds). 

The drilling programme at Salisbury indicates that the 

basal unit is a poorly sorted Cambrian conglomerate with 

rounded clasts. This conglomerate consists of clasts of 

siltstones, mafic pebbles, shale and quartz. A graphitic 

unit containing shale, mudstone and siltstone overlies the 

conglomerate. 

The Ordovician sediments lie conformably on the Cambrian 

sediments, separated by a thrust-fault. The base of the 

Ordovician is a unit of conglomerate, which is the 

equivalent to the Cabbage Tree Conglomerate of 

Beaconsfield (Figure 2.d.). This is overlain by the series 

of Transition Beds (viz Beaconsfield) which fines 

upwards. In the northern section of the field, the lower 
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member of the Transition Beds ("Wet Beds") directly 

overlies the Cambrian shales, while in the south, the 

upper member of the Transition Beds directly overlies the 

Cambrian shales (Pease, pers. comm. 1984 ). 

The calcareous sandstones of the Upper Transition Beds 

are often severely weathered, far more so than the 

siliceous Lower Transition Beds. In addition to this, the 

Upper Transition Beds are cut by another thrust-fault 

which then causes the repetition of the Cambrian basal 

unit. 

The combination of the structure of the Ordovician 

stratigraphy (strike NNW, dip ENE) and the dip of the 

thrust-fault (i.e. east), causes the Ordovician sediments 

to appear to thin to the south. This is significant since 

these sediments host the gold mineralisation at 

Beaconsfield (Pease, pers. comm. 1984 ). 

2.23 Lefroy Goldfield 

The Mathinna sediments which host the mineralisation, 

occur as an 800 m wide strip of strongly folded and 

cleaved siltstones, sandstones and slates which have been 

metamorphosed to lower greenschist facies. These 

sediments have an average strike of N30°W and a dip of 

between 30°W and S0°W. 

Within the goldfield there are 30 auriferous formations 

associated with a series of east-west faults and shear 

zones. Some lodes show evidence of repeated movement 

along fault planes. The lode system strikes at N80°E and 

has dips ranging from 6S0 S to vertical (Hughes, 1953). 
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2.30 THE ORE BODY 

2.31 Beaconsfield Reef 

Solomon et. al. (1994) classified the Tasmania deposit as 

a syndeformational, turbidite-hosted quartz-gold reef 

within the Lachlan Fold Belt. It is a fissure reef striking 

N50°E with the quartz emplaced on a pre-existent fault 

zone (Gee and Legge, 1979). The reef is 395 m long and 

varies in width from 2 cm to 8 m, averaging 2.5 m wide. 

It has a 50°-60°SE dip and a 55° NE plunge. The reef is 

displaced by two major and numerous smaller fault 

zones. The most eastern fault ("main-cross course") has 

a strike of N3Q°W and dips steeply SW. The western 

major fault zone ("No. 2 fault") has a strike of N45°W and 

also dips steeply SW. In between these two major fault 

zones, the reef transgresses the easterly dipping, upper 

Cabbage Tree Formation (Figure 2.e). 

To the west, the reef deteriorates into stringers and 

irregular veins of weak mineralisation in the massive 

conglomeratic quartzites (Lower Cabbage Tree Formation). 

The eastern end of the reef feathers out into a series of 

thin stringers prior to entering the Limestone correlate . 

Gold values in the Tasmania Reef have been reported to 

vary with depth (Noldart and Threader, 1 979). Over the 

first 1 20 m, an average grade of 38 git was maintained. 

This dropped to 25 git over the next 90 m, continuing 

downward to 3.8 git at 415 m depth. However, at the 

450 m level the average grade had risen to 20 git. The 

assay results of DOH B4 at the 540 m level range from 
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PREVIOUS PRODUCTION 

Mined 1877 - 1903 
Production 505,840 tonnes @33 g/t Au 
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Figure 2.e: Longitud inal projection of resource summary of 
the Tasmania Reef (ACM annual report, 1987). 
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2.6 git to 591 git, with composite values between 41 git 

and 92 git. 

In the upper levels of the reef, the gold occurs as free 

gold in quartz with minor sulphides. With depth the 

mineralisation changes with an increasing amount of the 

gold being intimately associated with pyrite. Accessory 

sulphides at depth are chalcopyrite, sphalerite, arseno

pyrite and minor galena, with siderite and ankerite as 

important gangue minerals (Noldart and Threader, 1979). 

In summary, the Beaconsfield Goldfield mineralisation is 

controlled by NE. striking faults which transect the 

easterly dipping Ordovician Cabbage Tree Formation. The 

quartz reefs which are emplaced along these late (?) 

Devonian faults are also controlled by changes in 

lithology. To the west, the reef runs out at the massive 

conglomerate beds and to the east the reef is terminated 

at the base of the limestone. 

2.32 Salisbury Reef 

The reports of the occurrences of gold at Salisbury were 

significantly different from the Beaconsfield mines. 

Here, some gold was found as "coarse lumps in pug" and 

also as free gold in "sugary" quartz in shallow workings. 

In the deeper levels of the mines, the gold was included in 

the sulphides (Twelvetrees, 1903). While quartz veining 

occurs in the Cambrian sediments, the veins are non

auriferous. Low assays of gold have been determined from 

quartz veins filling fractures in the Ordovician Transition 

Beds. 
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2.33 Lefroy Reef 

The majority of the auriferous reefs at Lefroy are 

emplaced in a south dipping fault system. The auriferous 

quartz occurs on the walls of the vein with barren quartz 

in the centre. The reefs are intersected by two younger, 

barren quartz veins in almost horizontal fault planes" 

Mineralisation in the auriferous reefs consists of pyrite, 

stibnite, chalcopyrite and arsenopyrite. The gold tends to 

associate with "vuggy" quartz, pyrite and stibnite. The 

vitreous white quartz is common in fractures and often 

barren (Hughes, 1953). 

In this goldfield, the upper levels of the lodes were 

significantly enriched in gold. Hence, generally the mines 

were only worked to about 30 m in depth, before the gold 

values became uneconomic. This enrichment may be 

caused by a process of surface enrichment (Jennings, 

Noldart, and Williams, 1967), or it may be a function of 

the original emplacement (Hughes, 1953). Mcclenaghan 

(1994) suggested that special conditions must have 

prevailed to account for this reduction of gold assay 

values with depth, especially since there is a general 

absence of oxidised minerals in the upper levels. 
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CHAPTER 3 · DRILL LOG OF THE REEF 

3.10 INTRODUCTION 

The majority of the samples studied were from diamond drill 

cores collared at Beaconsfield. However, samples provided by 

the Queen Victoria Museum (Launceston) collected from Lefroy 

and Beaconsfield, and diamond drill core samples from the 

Salisbury Hill area were included in the study. These samples 

provided a further basis for discrimination in different aspects 

of the project. 

3.20 BEACONSFIELD D.D.H. DESCRIPTIONS 

The initial primary data from the Beaconsfield Goldfield was 

collated from the reports of Pease (1984), Middleton (1974), 

Sheehan (1972), Noldart (1968) and various drill core logs. 

This information formed the basis of subsequent data generated 

during the current study. The analyses recorded in the drill 

core logs represented one metre core splits (e.g. gold fire 

assays). Samples of quartz veins were taken from the 

following selected cores for analysis, and further samples 

were prepared for examination and description (polished thin 

section and thin section). These samples were distributed 

throughout the Cambrian and Ordovician sediments (Figure 2.b). 

The mineralisation consists of variable gold values and 

· associated sulphides in ankerite-quartz veins, hosted by the 

Ordovician Transition Beds. Figure 3.a (source: BGM annual 

report, 1987) illustrates the intersections of the drill holes 

with the reef. 
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RELATIONSHIP OF TASMANIA REEF 
TO MAIN SEDIMENTARY ROCK UNITS 

Geological cross-section , reef longitudina l projection 
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3.21 Diamond Drill Hole B4 

Between 1964 and 1966, one parent hole (B4) and two 

diversions (B4A, B4s) were drilled by the Mines 

Department. The parent hole was collared close to the old 

Daly's United mine shaft and 142 m from the Grubb Shaft. 

A total of 795 m of core was produced. At that stage of 

the mine's history, it was uncertain as to whether the 

Tasmania Reef continued at depth (Figure 3.b). This 

drilling programme was designed to test the reef at 

610 m. There were three intersections of the reef 

averaging 3.4 m and 63.7 g/t. The highest gold assay was 

591 g/t over a 0.6 m core segment. This hole intersected 

the reef in the centre of the Transition Beds, half-way 

between the basal Cabbage Tree Conglomerate and the 

Gordon Limestone. The reef is hosted by grey quartzite 

with thin interbedded grey limestones and shale. 

3.22 Diamond Drill Hole As 

During 1973/7 4, Allstate/Tricentrol sited this hole in 

John Street, 42 m from the collar of DOH 84. This drilling 

programme and the associated structural analysis 

demonstrated that the host rocks of the Transitio11 Beds 

were continuous to at least 1066 m. The reef was 

intersected at 580 m and the hole was terminated at 

622 m. The two intersections had a width of 1.7 m and 

an average assay of 27.2 g/t gold. The host rock (middle 

Transition Beds) consists of sheared and brecciated grey 

quartzite interbedded with shale. The reef intersection is 

about 130 m below that of the previous workings. 

Drill Log of the Reef 
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EAST 

DIP PROFILE 
Scale /:2000 
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FiQure 3.b: Diamond Drill Hole plot for B4, B4A. B4s illustrating the 
intersection with the Tasmania Reef (Mines Department). 

Drill Log of the Reef 



33 Chapter 3 

3.23 Diamond Drill Hole 811 

In 1983, Goldfields Exploration collared DOH Ba which 

formed the basis of DOH Bs and subsequently DOH 810, DOH 

811 and DOH 812. These holes were designed to intersect 

the reef at about 300 m below the previous workings. 

DOH 811 intersected the reef at 693 m, which was hosted 

by a dark grey, medium-coarse grained sandstone. This 

interesection was 270 m below the previous workings and 

in the middle of the Transition Beds. The gold assay was 

59 git in the reef, including 354 git over a one metre 

interval. The footwall vein assay at 24 g/t gold. Three 

wedges were taken off the parent hole. The reef 

intersection for DOH B11A assayed at 9 g/t gold, DOH 811 s 

showed visible gold and DOH B11 c assayed at 13 g/t gold. 

The four intersections averaged 23.6 g/t gold and a width 

of 4.5 m. 

3.24 Diamond Drill Hole B12 

This hole intersected the reef at 719 m in a host rock of 

fine-grained grey sandstones and siltstones, interbedded 

with grey coarse oolitic limestone. These intersections 

occurred in the upper stratigraphic levels of the 

Transition Beds about 100 m below the Gordon Limestone 

and approximately 220 m below the old workings. The 

three intersections (B12, B12A, B12s) averaged 5.3 git with 

a maximum in B12s of 25.4 g/t. The average width of the 

reef was 2.7 m. 
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3.25 Diamond Drill Hole B13 

DDH B13 was targeted to test the Tasmania Reef within 

the Cabbage Tree Conglomerate. The intersection 

occurred 200 m west of the intersection of B11 and 

approximately 220 m below the lowest of the previous 

mine workings. This core provides a good section from 

Tertiary Deep Lead, through the Transition Beds, into the 

Cabbage Tree Conglomerate and Blythe's Creek Formation, 

before crossing a fault and entering serpentinite. At 

682 m down the hole, there was a possible weak 

expression of the reef hosted by the Conglomerate, with a 

maximum gold assay of 0.12 g/t. This weak zone of trace 

mineralisation was 2.7 m wide. 

3.26 Diamond Drill Hole B14 

This hole was commenced in 1984, to test the extent of 

the Tasmania Reef at about 450 m below the extent of the 

previous workings. Due to excessive deviation in the 

limestones and finely bedded siltstones, this hole was 

abandoned at a depth of 170 m. 

3.27 Diamond Drill Hole B1s and B15A 

At 95 m down B14, a diversion (B15) was wedged off. This 

hole continued to target until a cavity with 

unconsolidated clay in the Gordon Limestone stopped 

progress at 609.7 m. DOH B1sA was wedged off from B1s 

at a depth of 436 m. The hole continued to a depth of 

961.7 m, having intersected the reef at 887.4 m. The 

footwall stockwork was identified at 890.3 m. The assay 

of the reef had an average of 8.67 g/t gold with a 
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maximum value of 13.27 g/t gold. The footwall assayed 

at 3.31 g/t gold with a maximum value of 6.38 g/t gold. 

The host rocks consist of calcareous sandstones and 

siltstones. The intersections made with the reef was in 

the Upper Transition Beds about 450 m below the old 

workings. 

3.28 Diamond Drill Hole B16 

This hole was swung away from B1 SA, to make an 

intersection below and to the west of the one made by 

B 1 sA. This intersection occurred at 917 m and the hole 

continued to 1009 m. The reef was only weakly 

mineralised, with an average assay of 1.9 g/t gold and 

width of one metre. The host rocks were calcareous 

sandstones of the Upper Transition Beds. 

3.29 Diamond Drill Hole B17 

The last hole in this sequence was wedged off from B16. 

The intersection was about 20 m below that of B16, still 

in the Upper Transition Beds. The mineralisation was a 

weak expression of the Tasmania Reef, without 

significant veining and with an average assay value of 

0.45 g/t gold. 

3.30 SALISBURY HILL D.D.H. DESCRIPTIONS 

The initial primary data from Salisbury Hill was collated from 

the reports of Poltock (1980), Pease (1984) and various drill 

core logs. This information formed the basis of subsequent 

data generated during the current study. Samples of quartz 

veins were taken from the four diamond drill holes S1, S2, S4 

and Ss for analysis (see location map, Figure 1.e). Further 
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samples were prepared for examination and description. These 

samples were distributed throughout the Cambrian and 

Ordovician sediments The mineralisation, which is minor in 

extent, consists of siderite-quartz veins with pyrite and 

arsenopyrite as accessory minerals. These veins are mainly in 

the Lower Ordovician Conglomerate and generally the gold 

values were insignificant. 

3.31 Diamond Drill Hole S1 

Previous work by Twelvetrees (1903) suggested an 

association between the Cambrian serpentinite/dolomite 

and high gold values. Since this sequence had not been 

intersected in the Beaconsfield Goldfield, it was of 

interest to test for gold in the nickeliferous serpentine, 

hence the location of DDH S1 and DOH S2. 

The hole, DOH S1, was located 30 m south of an old 

working, the Salisbury Shaft of the Victoria Mine and 

drilled to cut across the easterly dipping beds. The 178 m 

of core consisted of the Upper and Lower Transition Beds 

(Ordovician), Cambrian sediments and a possible 

intersection of the Cambrian serpentinite dyke. Eight 

samples were collected from quartz veins in the Upper 

and Lower Transition Beds, Cambrian siltstone and cobble 

conglomerate. No significant mineralisation was 

intersected in this drill hole. The highest assay was 

0.017 g/t gold. 

3.32 pjamond Drill Hole S2 

This hole (233 m long) was collared 40 m north of the 

Salisbury shaft and dips to the west. This was also 

designed to test for the nickeliferous serpentinite 
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recorded in previous mine reports. About 14 m of 

serpentinite/dolomite (Cambrian) was intersected at the 

base of the hole. Analyses did not indicate a relationship 

between these rocks and mineralisation. Nine quartz 

samples from the Lower Transition Beds (Ordovician) 

contained very minor levels of gold (up to 0.2 ppm), with 

one sample assaying at 4.75 g/t gold. 

3.33 Diamond Drill Hole $4 

DDH $4 (65 m long) was collared to the west of the 

Powerline Adit, dipping east at a shallow angle to the 

sediments. This hole was drilled to test the extent of 

westerly dipping quartz siderite veins. The results 

demonstrated that the veining in the Cambrian sediments 

was minimal. One quartz vein in the Cambrian Cobble 

Conglomerate was sampled and this returned a nil 

analysis for gold. No auriferous veins were intersected in 

this hole. 

3. 34 Diamond Drill Hole Ss 

Previous work (Pease, 1984) indicated an anomaly 

associated with the Johnson's Creek Fault at the southern 

end of the goldfield. DOH Ss was drilled to determine 

whether there was any fault controlled mineralisation. 

All analyses were beyond the detection limit for gold. 

Further analytical work was conducted on three quartz 

vein samples from the Cambrian Cobble Conglomerate. 

3.40 LEFROY 

Between 1935 and 1938, the Department of Mines drilled a 

series of mines to prove the extent of the local mineralisation . 

This drilling programme was not successful in intersecting 
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significant gold mineralisation at depth. Most of the gold

quartz reefs had been worked to a depth of 30 m, with only 

several exceptions where mines were worked to 380 m (e.g. 

New Pinafore Mine). Indications from previous records indicate 

that gold values declined rapidly with depth, e.g. 30 g/t to 

3 g/t (Noldart and Threader in Gee and Legge, 1979). 

3.50 SUMMARY 

In the following sections of this report relating to the 

discrimination between quartz from auriferous veins and quartz 

from non-auriferous veins, most of the Salisbury samples can 

be used as non mineralised base line samples. Only four 

samples contained greater than 0.100 ppm gold (located in the 

Lower Transition Beds, Ordovician). The others had 

insignificant gold values (one from the Upper Transition Beds, 

eleven from the Lower Transition Beds, one from the Cambrian 

shales and five from the Cambrian Cobble Conglomerate). 

The auriferous samples from Lefroy provided a basis for 

comparison between the two goldfields, Beaconsfield and 

Lefroy. They allowed the development of characteristic 

signatures for each goldfield. 

The drill hole samples from Beaconsfield provided an 

opportunity to compare quartz samples above, within and below 

the reef, in different sections of the reef. Five drill holes had 

significant intersections with average assay values between 

5.3 g/t and 59 g/t (A6, B4, 811, B12 and 81 s), several had minor 

intersections with average assay values between 0.12 g/t and 

1.9 g/t (B13, B16 and B17). The width of the reef intersection 

ranged from 0.6 m to 4.5 m with the maximum individual gold 

assay being 591 g/t (Figure 3.c). 
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Location Hole Diversions Reef Average Maximum Reef 
Intersection Au(Assay) AU(Assay) Width 

Beaconsfield As A6(i) 580 m 7.7 git 14.4 git 1.7 m 

84 A,B 610 m 63.7 git 591 git 0.6 m 

B11 A,B,C 693 m 59 git 354 git 4.5 m 

B12 A,B r9m 5.3 git 25.4 git 2.7 m 

B13 - 682 m 0.07 git 0.12 git 2.7 m 

B14 - nil nil nil -

B15 A 887 m 8.7 git 13.3 git 3.0 m 

B16 - 917 m 1.9 git 2.4 git 1.1 m 

B17 - 937 m 0.45 git 0.45 git 1.0 m 

Salisbury S1 - 170 m trace 0.017 git -

S2 - 230 m 0.2 git 4.75 git -

S4 - nil nil nil -

Ss - nil nil nil -

Lefroy Chum 3 holes 250 m 0.6 git - 2.4 m 
(1935) 

Golden 4 holes 101 m 11.2 git - 1 m 
Era (1936) 

Morning 4 holes 171 m 0. 75 git - 10 m 
Star (1937) 

Land-0- 4 holes nil trace - -
cakes (1938) 

Volunteer 2 holes nil nil - -
( 1937) 

Figure 3.c: Summary of Diamond Drill Holes 
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CHAPTER 4 : FINENESS OF GOLD 

4. 1 0 INTBOPUCTION 

Native gold and native silver have almost identical atomic radii 
0 0 

(1.439 A vs 1.441 A) and as such, silver and gold form a 

continuous alloy system. If the alloy contains more than 20% 

silver, it is called electrum, otherwise it is called 

argentiferous gold. The maximum silver content in the gold 

analysed in this study was 18%. 

Historically, the purity of gold (native or bullion) has been 

expressed in terms of Fineness. This measure of fineness is the 

proportion of pure gold in a sample, as a proportion out of one 

thousand, i.e. a gold grain with a fineness of "950" will be an 

alloy containing 95% gold. 

An electron probe microanalyser was used to determine the 

composition and hence the fineness of gold grains from the 

study area. The four groups of samples analysed were -

alluvial grains/nuggets from both areas (70 spot analyses), 

diamond drill core samples from Beaconsfield : DOH 84, 84s, 
84A, (125 spot analyses), 

Lefroy Goldfield samples provided by the Queen Victoria 
Museum, Launceston (39 spot analyses), 

two unidentified museum samples from the Tamar region 
(12 spot analyses). 

The results of these analyses were used to -

identify the gold signature of the different gold provinces, 
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determine the order of gold mineralisation generations and 
relate them to the sulphide mineralogy, 

indicate the different conditions of ore genesis between the 
two goldfields, 

and hence determine the origin of the two unknown samples. 

4.20 METHOD 

There were two types of samples prepared for microprobe 

analysis: free alluvial gold grains and mineralised quartz reef. 

The alluvial gold grains were encased in epoxy resin and finally 

carefully polished with 2.5µm diamond paste to reduce the 

incidence of scratches in the gold. 

The quartz reef samples were cut to produce polished thin 

sections. Once again, care had to be taken to make certain that 

the gold grains were not plucked out during polishing. Finally, 

the thin sections were polished with 2.5µm diamond paste to a 

thickness of 30µm. 

The analyses were determined using a JEOL JXA50 Electron 

Probe Microanalyser (EPMA) with an accelerating voltage of 

20kV, an absorbed current of 0.4nA and calibrated on pure 

copper. The electron microprobe was equipped with two WDS 

spectrometers and a PGT Si(Li) EDS spectrometer. These were 

supported by a PDP 11/23 computer which ran a qualitative 

data reduction, STA5 and STA3. This programme analysed for 

gold and silver alloy and then corrected values back to 100%. 

At each analysis, the spectrum was scanned to monitor for the 

presence of additional elements in the gold grain. All samples 

contained only gold and silver without any significant trace 

elements. 
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A range of gold/silver alloy standards were prepared for this 

work, these being:-

Composition Alloy 

100% AJJ 
95%/5% Au/Ag 

90%/10% Au/Ag 
85%/15% Au/Ag 
80%/20% Au/Ag 
75%/25% Au/Ag 
70%/30% Au/Ag 
65%/35% Au/Ag 
60%/40% Au/Ag 

100% /Jg 

These standards were analysed at the start and end of each run 

and they gave consistent values throughout. 

4.30 GOLD FINENESS SIGNATURES 

In order to determine the gold signatures (i.e. the mean and 

range of fineness) of the different gold provinces, the analyses 

were plotted for comparison. (Data used are tabulated in 

Appendix 1) Figures 4.a and 4.b demonstrate the distinctive 

gold signatures of Beaconsfield and Lefroy goldfields. 

GOLFIB..D RNENESS RANGE MEAN(1) NUMBER(1) MEAN(2) NUMBER(2) 

BEACONSFIELD 900-950 934 125 937 52 

LEFROY(3) 952-993 972 33 974 25 

NEW PINAFORE 814-857 832 8 832 8 

UNKNOWN "L" 959-962 961 5 961 5 

UNKNOWN "B" 856-863 859 7 861 2 

Figure 4.a: Gold Fineness Signatures of Beaconsfield and Lefroy Goldfields 

~~: MeanW Fineness Mean of .all analyses in that locality 
Mean(2) Fineness Mean of the centre of analyses of gold grains in quartz 
Lefroy(3) : These figures exclude the New Pinafore Mine results 
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Figure 4.b: Gold fineness microanalyses · ranges and deposit averages 
for the gold fields in this study. 

The relationship between the temperature of formation of gold 

and its fineness has been well documented (Boyle, 1979). A 

range of experimental studies has demonstrated that as the 

temperature for crystallisation of gold dflcreases, the fineness 

of the gold is reduced. (Antweiler a11d Campbell, 1976). 
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This greater mobility of silver at lower temperatures, 

translates into gold with a lower fineness being formed at 

lower temperatures in the waning phases of mineralisation. 

Hence, gold formed close to the deep seated source 

(hypothermal) will have a greater fineness in comparison with 

gold formed close to or on the surface (epithermal). The 

following classification of gold based on fineness was 

developed by Fisher (1950) and has had only minor 

modifications (Figure 4.c). 

CLASSIFICATION FINENESS RANGE e.g. A & C1 BEACONSFIB.D LEFROY 
(average) (average) (average) 

EPITHERMAL 500 -800 666 

LOWER MESOTHERMAL 750 -850 776 

UPPER MESOTHERMAL 800 -900 896 

HYPOTHERMAL 800 -1000 925 937 974 

OXIDISED ORE ZONE 990 -1000 -
(Boyle, 1979) 

SLPERGENE 900 -999 -
(Shelton, 1986) 

Figure 4.c: A classification of gold based on fineness (after Fisher, 1950). 

~: A & C1 - Antweiler & Campbell described samples of fineness in a modified 
Fisher classification (i.e. they subdivided the mesothermal section). 

In both areas of study, the analyses of fineness have 

consistently been higher than 900 (with the exception of the 

New Pinafore Mine). This places both the Beaconsfield and 

Lefroy ore deposits into the hypothermal group, one in which 

the mineralisation formed at depth. 
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In his work on the fineness of deep veins, Shelton (1986) 

predicted that hypothermal mineralisation would have formed 

at a depth of 2-3 km. At Beaconsfield and Lefroy, the ore fluids 

would have precipitated gold with a high fineness as the more 

mobile silver streamed past. 

The significantly higher mean fineness of Lefroy gold (974) in 

comparison with that of Beaconsfield (937), indicates that the 

Lefroy reefs were either stratigraphically below those at 

Beaconsfield or closer to the magmatic source and in a higher 

temperature/pressure environment. 

The New Pinafore Mine (Lefroy) analyses present an enigma; 

they are significantly more silver rich than the rest of Lefroy. 

The samples were measured with a fineness range of 814-857, 

indicating that these veins were formed in the last stages of 

mineralisation. The temperature regime was lower than the 

previous phase, silver was less mobile and hence the gold 

precipitated was more silver rich (i.e. lower fineness). 

The close geographical proximity of the Pinafore Mine (fineness 

967) and New Pinafore Mine (fineness 832) precludes the 

suggestion that the difference of fineness (of 135 points) was 

determined by stratigraphic levels. Groves (1965) records two 

points of interest. One is that the greatest depth of payable ore 

in these mines was 330 m, the other being that the reef was 

controlled by a wide fault. 

In the other Lefroy mines studied, the reefs were controlled by 

a family of fractures. The existence of a wide fault in the 

Pinafore Mine suggests that this fa:.ilt was a significant channel 

for the mineralising fluids. Further support for this suggestion 

is that the Pinafore Mine was the deepest mine (Figure 4.d). 
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Hence, the late stage and low temperature fluids ascending the 

fault could have precipitated the remaining gold prior to the 

intersection with the fracture system. 

MINE MAXIMUM PAYBLE DEPTH 

LAND-0-CAKES REEF 60 m 

CLARENCE REEF 67 m 

GOLDEN ERA REEF 73-100 m 

GOLDEN POINT REEF 100 m 

MORNING STAR REEF 130 m 

NEW NATIVE YOUTH REEF 150 m 

CHUM REEF 190 m 

PINAFORE REEF 240-330 m 

(& NEW PINAFORE) 

(Source : Noldart and Threader in Gee and Legge, 1979) 

Figure 4.d: Maximum payable depth of Lefroy Mines 

An alternative explanation for the high fineness of the Lefroy 

gold, would be that this goldfield has suffered supergene 

enrichment (Broadhurst, 1935). In this oxidising environment, 

silver is more mobile. However, the absence of silver poor rims 

in gold grains and the paucity of significant supergene 

minerals, both in historical records and in the museum 

specimens, strongly indicate that the reefs at Lefroy have not 

been exposed to supergene enrichment. 

Having established the gold fineness signatures for both 

Beaconsfield and Lefroy goldfields, tentative identification of 

the two unknowns can be made. Unknown "L" was a museum 

sample, labeled "Lefroy (?) 1958:33:11" and Unknown "B" was 

purported to originate from Beaconsfield. The fineness mean of 
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Unknown "L" was 961, with a fineness range of 959-962. These 

analyses confirm that it is likely that Unknown "L" originated 

from the Lefroy goldfield (fineness mean 972, range 952-993). 

The fineness mean of Unknown "B" was 859, with a fineness 

range of 856-863. These analyses indicate that it is most 

unlikely that this sample originated from the Beaconsfield 

goldfield (fineness mean 934, range 900-950). In addition, 

there are no historical records of higher level gold with such a 

low fineness in Beaconsfield. Hence, if the sample does come 

from the Tamar area, it is likely to have come from a deposit 

similar to the New Pinafore Reef at Lefroy (fineness mean 832, 

range 814-857). 

4.40 ALLUVIAL GOLD 

The origin of placer deposits is problematical in some authors' 

view. Others argue that the chemical processes of solution and 

deposition will produce placer deposits, while others suggest 

that the mechanical processes of erosion and transport will 

hammer out flakes or nuggets of gold from the mother lode 

(Boyle, 1979). 

Desborough (1970) called upon aspects of each theory for his 

explanation of the origin of placer deposits. Physical 

weathering and erosion of the present reef will produce 

fragments of gold in eluvial placers. During transport the 

silver is oxidised from the surface of the gold grains. As the 

silver is changed into its ionic state, it becomes more mobile 

since its ionic radius is smaller ( 1 . 1 3A) than that of the metal 

atom (1.44A). Hence, low temperature, aqueous solutions 

preferentially remove silver from the rim. As this solution 

process continues, a very thin porous rim is developed on the 
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surface of the gold grain (5-20µm). The end result of this 

process is a thin rim with higher fineness than the core. As the 

gold grains are transported, they may incorporate gangue 

material or other gold grains and at the same time, the 

continued silver solution process produces gold rims with 

higher fineness. 

increases. 

That is, as distance increases, fineness 

FINENESS PROFILE FOR JOHNSONS CREEK NUGGET 

I• 96 Ag from the edge I 

FIGURE 4e (0 

96 from the ~ e 4.43 5.37 5.8 5.49 5. 1 5 5. 72 5.38 5. 73 5.54 
I Fl~NESS PR~t-ILE I 2ji ii mi 15li ~ ~ 5 ~ mi I 

FINENESS PROFILE FOR THE LYELL NUGGET 

I • 96 Ag from the edge I 

FIGURE 4e (ii) 

Figure 4.e: Profiles of the microanalyses of fineness for the Johnson's 
Creek nugget (Beaconsfield) and the Lyell nugget, 
illustrating the depletion of silver at the edge. 
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Alluvial gold collected from this study area demonstrates the 

features described above. For the twenty grains analysed, 1 6 

had higher fineness at the margins. The average difference 

between fineness of the centre and the margin for all grains 

was + 1 7 points of fineness. (Data used are tabulated in 

Appendix 2) 

Two traverses across small gold nuggets produced the fineness 

profile illustrated in Figure 4.e. The Johnson's Creek nugget had 

a difference of +36 points of fineness between the centre and 

the edge, while the Lyell nugget had a difference of + 14 poin_ts 

of fineness between the centre and the edge. The thickness of 

the silver poor rims were 1 8µm and Bµm respectively, falling 

with the order described by Desborough (5-20µm). 

0 2 4 6 6 10 12 " 16 
z 

1.6 

I 112 1,2 --0,6 corrotJ/On - - - - _ _ 0,8 --
M ----- ~4 

0 

' -0,4 

-0,6 

-t,2 

-1,6 

_ ._ _ immumty 

--- -0.4 

------ -0,6 

-1.2 

-1,6 

-z 0 Z 4 6 6 10 IZ 14 16 pH 

(i) For Silver 

-2 0 2 4 6 6 10 12 11> 16 

2,6 2.8 
E(V) 
2.4 2,4 

2 2 

1,6 corrosion? 
t,6 

1,2 1,2 

QB 0,8 

0,4 
immunity 

0 - 0 ---
-0,4 -.... --- -0.4 --
-0,B ---- -0,8 .... _ 
-1.2 -t2 

-1.6 -1,6 

-2 o 2 4 6 B 10 12 14 pH 

(ii) For Gold 

Figure 4. f: Theoretical conditions of corrosion, immunity and passivation of 
silver, gold and silver/gold at 25°C (source: Pourbaix, 1966). 
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The chemical conditions which would satisfy silver leaching 

from a gold alloy at 25°C are illustrated in Figure 4.f 

(Pourbaix, 1966). While silver has a large area of "immunity" in 

this system (Figure 4.f.i), gold has a greater area of "immunity" 

(Figure 4.f.ii). The difference between the two areas would 

describe the conditions in which alluvial gold grains would 

develop silver poor rims. 

While silver depletion occurs at the rim of the gold grains, the 

composition of the centre remains constant. Hence, the gold 

signature of the centre should fall within the fineness range of 

the parent reef. The Johnson's Creek nugget has a mean 

fineness of 938 (13 analyses) away from the rim, while the 

mean fineness of the centre of gold grains in the Tasmania Reef 

quartz is 937 (52 analyses). The strong correlation of these 

results shows that the Johnson's Creek nugget was formed from 

the Tasmania Reef or similar in the Beaconsfield area. 

A comparison of the differences between central fineness and 

margin fineness for 12 grains found in Johnson's Creek produced 

an average difference (~) of + 15 points. Rose (1987) described 

literature on Alaskan gold placers and came up with the 

following empirical relationship: each kilometre downstream 

causes an increase of fineness by five points. The fineness of 

the panned gold grains at Johnson's Creek described above, 

suggests that these grains were close to the source reef. The 

site of panning was actually 2-3 km away from the surface 

expression of the Tasmania Reef. 

4.50 SILVER DISTRIBUTION WITHIN GOLD GRAINS CREER 

As previously discussed, gold crystallised early on in the 

j.Jaragenetic sequence tends to be finer than that crystallised 
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later. This principally reflects the higher mobility of silver 

versus gold in ore solutions. A similar mechanism can be used 

to explain the increasing silver content (i.e. decreasing 

fineness) towards the margin of a gold crystal/grain. 

The initial core of the gold grain will have formed at the higher 

temperatures of the system and hence will have a higher 

fineness. As the crystallisation continues, more silver will be 

incorporated in the alloy, producing a lower fineness towards 

the edge (Sakharova & Dennidor, 1972). In epithermal deposits, 

the fineness difference between the centre and edge of a grain 

may be up to 100 units or more. This is indicative of an 

unstable system with a sequence of ore fluid pulses, each with 

different physical and chemical conditions. Two important 

conditions which control the precipitation of gold and silver are 

temperature and pH. In their recent study, Huston et al., (1992), 

demonstrate that a decrease in temperature or an increase in pH 

may produce silver-rich rims. The result of such a system can 

be the formation of zoned gold grains. However, at depth fluid 

systems will be more stable, especially if they are below the 

level of boiling. Hence, hypothermal systems would have a more 

restricted range of fineness, both within and between gold 

grains. 

The reef gold occurs in two forms, gold in quartz and inclusions 

in sulphides (predominantly pyrite). Throughout the reef 

samples, gold associated with quartz has a higher fineness than 

the gold associated with the pyrite or other sulphides. (Data 

used are tabulated in Appendix 3) 

The following Figure 4.g condenses the fineness results of 56 

gold grains, each of which was analysed both in the centre and 
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near the edge. In order to control variables when calculating 

the differential (~) between the centre and edge of grains, the 

gold grains were classified into the two goldfields and then the 

host mineral of the gold. 

GOLDFIELD HOST MINERAL CENTRE EOCE DIFFERENTIAL NUMBER 
(mean) (mean) <a> 

BEACONSFIEL.D Quartz 938 934 + 4 46 

Pyrite(1) 932 930 + 2 32 

LffROY Quartz 974 970 + 4 2 

Sulphides<1) 966 na na 8 

Figure 4.g: "Fineness Differential (a)" between the centre and edge of gold grains. 
~(1) Associated sulphides with the pyrite were mainly 

arsenopyrite with minor chalcopyrite. 

In all instances in the figure above, the "Fineness Differential" 

(i.e. fineness of grain's centre - fineness of grain's edge) is 

positive, if only marginally so. This suggests that the 

Beaconsfield and Lefroy reefs are hypothermal. The conditions 

of ore precipitation would have been consistent (temperature 

and fluid composition), with only a small increase in silver 

towards the grain edge. In epithermal situations, the 

conditions of ore precipitation fluctuate rapidly (Boyle, 1979), 

giving rise to a larger fineness differential. 

Berman et al. (1973) demonstrated that for epithermal systems, 

the gold in pyrite had a higher fineness than the gold in quartz. 

However, he also noted that in deep mesothermal systems, the 

gold in pyrite had a lower fineness than the gold in quartz as is 

the case here. This supports the thesis that the Beaconsfield 

and Lefroy reefs are at least deep mesothermal. 
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4.60 SUMMARY 

The analyses of gold grains have described the goldfields in 

terms of gold signatures; Beaconsfield with a fineness mean of 

934 (range 900-950), Lefroy with a fineness mean of 972 

(range 952-993) and a later mineralising event in New Pinafore 

Mine with a fineness mean of 832 (range 814-857). These gold 

signatures can be used to identify the origin of gold grains and 

suggest the general conditions of mineralisation. 

Research by Krupp and Weiser (1 992) has demonstrated that in 

well-aerated river waters, gold grains will develop a silver 

poor rim. This is a function of the formation of silver chloride. 

The nuggets scanned in this study also showed silver poor rims. 

Both goldfields were mineralised at depth (hypothermal), either 

close to the source of the mineralising fluids or in a region of 

low grade metamorphism and/or deformation. This is supported 

by the low fineness differential between fineness of the core 

and margin of gold grains, indicating an environment which was 

stable within a narrow range of temperature and fluid 

composition. Huston et al. (1992) argues that "The presence of 

consistently high fineness electrum indicates high temperature 

(300-35Q°C) gold deposition." The gold from Beaconsfield and 

Lefroy has a very narrow and high fineness range, significantly 

more so than the samples studied by Huston et al. (1992). This 

suggests that the Beaconsfield and Lefroy goldfields were 

mineralised at temperatures greater than 35Q°C. 

The fineness data suggests both deposits are hypothermal 

(;;?!3 5 0°C) and that the Beaconsfield mim~ralisation would have 

occurred at a slightly lower temperature than that at Lefroy. 
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CHAPTER 5 : PETROLOGY AND 
MINERALOGY OF THE REEF 

5. 1 0 INTRODUCTION 

Chapter 5 

Both thin sections and polished thin sections of the 

Beaconsfield drill core were described to determine the 

petrology and mineralogy of the reef. 

5.20 PETROLOGICAL DESCRIPTIONS 

At Beaconsfield, the reef is restricted to the quartzose elastic 

sediments of the Transition Beds. These range from siltstones 

to fine sandstones. The quartz grains of these often show 

evidence of re-crystallisation. In Plate 1, the central clast 

retains a "beard" of recrystallised quartz and is surrounded by 

large strained quartz grains. The host sediments appear to have 

suffered a low grade metamorphism. Sericite is common in the 

matrix and is associated with residual clays (Plate 2). Chlorite 

does occur, as do detrital minerals such as chromite and 

tourmaline. The grade of metamorphism had not been 

sufficiently intense to remove the sedimentary features (e.g. 

bedding). 

Syngenetic pyrite occurs evenly distributed within the clasts of 

fine sediments. Often this primary pyrite has been skeletonised 

by the degree of induration. Some of this pyrite has been 

"sweated out" and recrystallised along the boundaries of the 

clast (Plate 3). At times the fine sediments are carbonaceous, 

with anastomosing fine black films of carbon weaving through 

the clay and sericite matrix and the syngenetic pyrite (Plate 4). 

The ankerite is pervasive (Plate 5), occurring as veins as well 

as in patches and has several generations . 
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PLATE 2: 

PLATE 3: 

PLATE4: 

PLATE 5: 

PLATE 6: 

PLATE 7: 

PLATE 8: 
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Sample B4 530. 7 m (PTS=polished thin section) 
The central clast retains a "beard" of recrystallised quartz and is 
surrounded by large strained quartz grains. Primary pyrite inside the 
siltstone clast, secondary pyrite surrounding the clast (opaque). 
Width of field = 2mm (XPL=Crossed Polarised Light, TL= Transmitted 
Light) 

Sample 811 699.9 m (PTS) 
Fine sericite is common in the matrix of the host siltstones. 
Width of field = 1 mm (XPL, TL) 

Sample 84 S30. 7 m (PTS) 

A siltstone clast in a brecciated quartz vein containing "skeletonised" 
primary pyrite. Some of this pyrite has been "sweated out" and 
recrystallised along the boundaries of the clast. 
Width of field=2 mm (XPL, Reflected Light=RL) 

Sample 811 701.S m (TS= Thin Section) 

lndurated carbonaceous lithic sandstone with cross-cutting ankerite 
veins. 
Width of field= 1 mm (XPL, TL) 

Sample B 1 3 604 m (TS) 

Ankerite occurring as a patch between coarse and fine grained quartz in 
a vein. 
Width of field= 1 mm (XPL, TL) 

Sample B13 673 m (DC=Split Diamond Drill Core) 

Brecciated quartz-carbonate vein containing 0.03 ppm Au( fire) in 
conglomerate. 

(HS=Hand Specimen) 

Sample B1 SA 889.8 m (DC) 
Strongly brecciated quartz-carbonate vein in the Tasmania Reef, with 
7.SO ppm Au(fire). 
(HS) 

Sample B11 B 691.2 m (DC) 

Fine-grained, carbonaceous sandstone with quartz and carbonate veins 
at the edge of the Tasmania Reef, with 1.00 ppm Au(fire). Evidence of 
post-vein brecciation. 
(HS) 

Note: The plates relating to these descriptions are on the following page -+ 
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The host rocks and the reef have been brecciated at least three 

times, i.e. prior to veining (Plate 6), during sulphide deposition 

(Plate 7), and post-veining (Plate 8). In most cases, the 

brecciation has been very intense, producing narrow zones of 

shattered minerals (Plate 9) or shattered large euhedral pyrite 

crystals, often containing gold within the micro-fractures 

(Plate 10). 

5.30 TASMANIA REEF 

The reef is a sulphide mineralised quartz-ankerite (Pease, pers. 

comm. 1984) vein associated with disrupted quartzose elastic 

sediments with minor stringer veins. There are four styles of 

intersection of the Tasmania Reef as delineated by drilling 

These intersections illustrate the strong lithological control 

placed on the reef by the Transition Beds. Assay values were 

provided by Goldfields Exploration. 

5.31 Diamond Drill Hole 811 - (High Au, base metals and moderate As) 

This drill hole consisted of three wedges, 11, 11A and 11 s 

with gold assays of 59 ppm, 9 ppm and 13 ppm 

respectively. The thickness of the reef was 4.5 m and 

averaged 23.6 g/t. 

The ankerite-quartz vein (Plate 11) was well mineralised 

by gold, copper (1466 ppm), lead (133-820 ppm) and 

zinc (675-1 OOO ppm), but moderate values of arsenic 

(620-1395 ppm). These intersections were approximately 

130 m from the footwall of the Cabbage Tree 

Conglomerate, close to the centre of the reef. 

5.32 Diamond Drill Hole B10~12,J2.1sA~16 - (Low Au, high As) 

These intersections were close to the hanging wall, close 

to the Gordon Limestone contact. The reef was a well 
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Sample 84 518.8 m (PTS) 
Intense brecciation of the reef, producing narrow zones of shattered 
pyrite infilled by chalcopyrite. Subsequent precipitation of carbonate 
shows no brecciation. 
Width of field = 2 mm (XPL, RL) 

Sample B4B (PTS) 
Shattered large euhedral pyrite crystal containing gold within the 
micro-fractures. 
Hosted by quartz. 
Width of field = 1 mm (TL, RL) 

Sample B11 699.8 m (DC) 

The ankerite-quartz vein is well mineralised by gold (32 ppm), 
copper (1466 ppm), lead (133-820 ppm) and zinc (675-1000 
ppm), but moderate values of arsenic (620-1395 ppm). 
(HS) 

Sample B15A 889.6 m (DC) 
The reef is a well mineralised pyrite/arsenopyrite, but brecciated 
ankerite-quartz vein with 8.67 ppm AU(fire) and 6269 ppm As. 
(HS) 

Sample B13 690 m (DC) 

A weak carbonate quartz vein in the Cabbage Tree Conglomerate. The 
gold values could not be measured (<0.01 ppm) and arsenic values 
were very low (3.3 ppm). 
(HS) 

Sample 811 701 m (DC) 

The first generation of quartz is coarsely crystalline (0.3-2 mm), 
with the white crystals growing at right angles from the host rock 
(bottom left). Subsequently, ankerite and pyrite crystallised. 
(HS) 

Sample B11 699.4 'm (DC) 

The first generation of ankerite is associated with the majority of the 
non-auriferous pyrite precipitated during the second phase of 
mineralisation. 
(HS) 

Sample B4A 517.6 m (PTS) 

First generation quartz crystals growing out from the vein wall. Void 
filled with carbonate. 
Width of field = 2 mm (XPL, TL) 

NQm: The plates relating to these descriptions are on the following page -+ 

Petrology and Mineralogy of the Reef 





60 Chapter 5 

mineralised pyrite/arsenopyrite, but brecciated ankerite

quartz vein (Plate 12). Assays of DOH 81sA are gold (8.67 

g/t), copper (133-359 ppm), lead (261-565 ppm), zinc 

(556-943 ppm) and arsenic (6269 ppm). The average reef 

thickness was 2.5 m with a gold assay value of 9.0 g/t. 

5.33 Diamond Drill Hole 89, 811 - (Low mineralisation) 

Towards the edges of the reef there was no evident 

veining, but the ground became broken at the depth in 

which the intersection was expected. This illustrated the 

"patchy" nature of the reef close to the upper contact 

with the Gordon Limestone. The assay values for DOH 817 

are gold (0.45 ppm), arsenic (145 ppm), copper (25 ppm), 

lead (68 ppm) and zinc (700 ppm). The broken ground (0.5 

m thickness) was associated with minor stringers. 

5.34 Piamond Drill Hole 813 - Within the Conglomerate - (No Au, As) 

This drill hole intersected the reef as a weak quartz

carbonate vein in the Cabbage Tree Conglomerate (Plate 

13). The gold values could not be measured (<0.01 ppm) 

and arsenic values were very low (3.3 ppm). The base 

metals were assayed as being copper (451 ppm), lead 

(305 ppm) and zinc (159 ppm). This intersection 

illustrated the lithological control of the Cabbage Tree 

Conglomerate on the reef. 

5.40 MINERALOGY OF THE TASMANIA REEF 

Eight phases of development of the Tasmania Reef can be 

determined from the study of polished thin sections (Figure 

5.a). Most of these phases have been preceded by a period of 

· brecciation, some more intense than others causing micro

fracturing and straining of quartz crystals. The major minerals 
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are quartz, ankerite, pyrite and gold, with minor chalcopyrite, 

arsenopyrite and accessory minerals of sphalerite and galena. 

5.41 Quartz 

There appear to be four generations of quartz. The first 

generation of quartz is coarsely crystalline (0.3-2 mm), 

with the white crystals growing at right angles from the 

host rock (Plate 14). The quartz was determined as 

a-quartz by IR and XRD methods. Finer-grained a-quartz 

(<15µm) tends to be associated with the gold in phases 

three and four, as discussed later (Plates 20 and 21 ). 

These quartz crystals (generations 1-3) often have 

undulose extinction as a result of subsequent 

deformation. The final phase (i.e. seven) of quartz occurs 

as a bluish fine-grained matrix cementing previously 

brecciated minerals and wall rock (Plate 37). At times 

this quartz occurs in dilational cracks in pyrite crystals. 

5.42 Carbonates 

While the ankerite and calcite are not intimately 

associated with gold, carbonates are all-pervading in the 

reef and occur in patches in some host sediments. The 

carbonates are coarse-grained and have a creamy colour, 

more so than the milky quartz. In many instances, the 

carbonate crystals exhibit evidence of subsequent 

deformational forces. The first generation of ankerite is 

associated with the majority of the non-auriferous pyrite 

(Plate 15) precipitated during the second phase of 

mineralisation. 

During phase five (post-gold), ankerite crystallised with 

pyrite and arsenopyrite (Plate 30). The following pulse of 
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Sample B4A 513.4 m (PTS) 
The first generation of microscopic gold, incorporated in an euhedral 
pyrite crystal (Phase 3). 
Adjacent minerals are chalcopyrite (yellow) and sphalerite (grey) and 
were formed in Phase 6. 
Width of field = 1 mm (RL) 

Sample B4B 558.4 m (PTS) 
Fine inclusions of gold in fractured pyrite with some inclusions of 
chalcopyrite. Pyrite in quartz. 
Width of field = 1 mm (TL, RL) 

Sample B4A 515.1 m (PTS) 
Two types of gold occurence - free gold in finely crystallised quartz, 
and recrystallised gold in pyrite. 
Width of field = 1 mm (TL, RL) 

Sample B4A 518.6 m (PTS) 
Small free gold grains (A) in finely crystallised quartz. 
Width of field = 1 mm (RL) 

Sample B4A 518.6 m (PTS) 
Same as Plate. 20, but under transmitted light showing the micro
crystalline quartz often associated with gold (A). 
Width of field = 1 mm (TL) 

Sample B4A 513.4 m (PTS) 

Gold in pyrite. The early stages of gold replacing pyrite, forming 
exsolution(?) structures in pyrite. 
Width of field = 0.7 (RL) 

Sample B4A 513.4 m (PTS) 

Gold fillings in micro-fractures in pyrite caused by 
recrystallalisation. 
Width of field = 1 mm (RL) 

Sample B4A 518.8 m (PTS) 

Gold/Pyrite (A) in a micro-crystalline quartz vein, cutting a 
carbonate section of the reef. 
Width of field = 4 mm (TL) 

NQle.: The plates relating to these descriptions are on the following page -+ 
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fluids (phase six) precipitated further ankerite in 

association with pyrite, chalcopyrite (- 2%) and minor 

sphalerite and galena (Plates 32 to 34). The final 

phase of the reef development consisted of the formation 

of fine cross-cutting veins of carbonate containing 

vugs. These veins often caused minor lateral 

displacement (Plate 38) and were associated with 

brecciation (Plate 39). 

5.43 Pyrite 

This mineral is the major sulphide in the reef and it has 

two sources; recrystallisation from the host rocks 

(Plates 1 and 3) and the ascending ore fluids. In the 

latter case, pyrite is associated with three phases of 

mineralisation. The bulk of the pyrite was preciptated 

with the first pulse of carbonate rich fluids (Plate 15). 

The following silica-rich fluids crystallised both pyrite 

and gold. At that stage, the pyrite formed coarse euhedral 

crystals containing small inclusions of gold (Plate 17). In 

phase five, the pyrite was associated with ankerite and 

arsenopyrite (Plates 30 to 32) and at times it replaces 

ankerite (Plate 35). 

5.44 ~ 

Gold has several forms in the reef and these are 

classified as follows:-

( i) Very small inclusions in pyrite (Plate 17). 
(ii) Small exsolution? structures in pyrite (Plate 22). 

(iii) Large inclusions in pyrite (Plate 1 O). 
(iv) Fillings in micro-fractures in pyrite (Plate 23). 
(v) Coarse grains partially replacing euhedral 

crystals of pyrite (Plate 25). 

Petrology and Mineralogy of the Rdef 



PLATE 25: 

PLATE 26: 

PLATE 27: 

PLATE 28: 

PLATE 29: 

PLATE 30: 

PLATE 31: 

PLATE 32: 

65 Chapter 5 

Sample B4A 518.8 m (PTS) 
A closer view of plate 24. Euhedral pyrite with recrystallised gold, in 
quartz. 
Width of field= 0.5 mm (RL) 

Sample B4 518.8 m (PTS) 
A thin vein of gold connecting a finely crystalline quartz vein with a 
euhedral pyrite crystal containing recrystallised gold. 
Width of field = 2 mm (TL, RL) 

Sample B4A 517.6 m (PTS) 
Gold in quartz, but containing fragments of the adjacent euhedral 
pyrite crystal. 
Width of field= 0.2 mm (RL) 

Sample B4A 513.5 (PTS) 
Gold in quartz with an included pyrite crystal fragment. The pyrite 
fragment is a relic of Phase 4 when the gold was recrystallising and 
the pyrite was out of equilibrium. 
Width of field = 1 mm (RL) 

Sample B4A 518.8 m (PTS) 
A coarse grain of gold (in quartz) almost completely replacing an 
euhedral pyrite crystal, the remains of which can be seen in the top 
right of the gold grain. Note the way in which the gold invades the 
adjacent quartz. 
Width of field = 2 mm (TL, RL) 

Sample B4A 513.3 m (PTS) 
Arsenopyrite has an acicular and fine needle-like habit and is often 
embedded in ankerite. The large crystals are pyrite from a previous 
generation, some of which have been partially replaced by the 
arsenopyrite. 
Width of field = 2 mm (TL, RL) 

Sample B4A 513.5 m (PTS) 
Partially remobilised pyrite crystals (light grey) in a carbonate 
vein. Subsequent mineralisation precipitated needle-like crystals of 
arsenopyrite. 
Width of field = 1 mm (TL, RL) 

Sample 84 517.6 m (PTS) 
Pyrite (white-yellow crystals) surrounded by later chalcopyrite 
(yellow) and sphalerite (dark grey) in carbonate. 
Width of field = 0.2 (RL) 

Note: The plates relating to these descriptions are on the following page -+ 
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(vi) Coarse grains completely replacing euhedral 
pyrite crystals (Plate 29). 

(vii) Discrete grains in quartz (Plate 20). 
(viii) Discrete thin threads in quartz (Plate 26). 

The gold occurring as very small (<30µm) inclusions in 

pyrite is not related to the subsequent micro-fracturing. 

This was the initial gold deposited with the pyrite and 

quartz during phase three. Prior to phase four, the 

existing pyrite suffered extensive micro-fracturing. 

Subsequently, a second generation of gold was 

precipitated in and around the fractured pyrite (gold 

forms described in points ii to viii above). There is some 

evidence for remobilisation of the first generation gold 

from the body of the pyrite and into the micro-fractures. 

This remobilised gold may have "seeded" the coarser 

second generation gold. It is unlikely that there would be 

sufficient first generation gold to be remobilised and 

then replace the large coarse euhedral parent pyrite 

crystals. Phase four appears to be the major gold 

mineralisation event in which gold replaced euhedral 

crystals of pyrite (partially or completely) and also 

formed free gold grains in finely crystalline quartz. 

5.45 Other Sulphides 

Arsenopyrite was deposited separately from the other 

minor sulphides during phase five and is not associated 

with the gold mineralisation. This mineral has an 

acicular and fine needle-like habit, embedded in ankerite 

(Plate 30). Chalcopyrite occurs as coarse grains, at times 

replacing pyrite and containing inclusions of sphalerite 

(Plate 32) and minor galena. Occasionally, the sphalerite 
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Sample B4B 558.4 m (PTS) 
Cha!copyrite in a carbonate vein with adjacent quartz and pyrite. At 
the boundaries, chalcopyrite grains show disequilibrium between it, 
and quartz and carbonate. 
Width of field = 2 mm (TL, RL) 

Sample B4A 513,3 m (PTS) 
Brecciated pyrite crystals (very light grey at the bottom), adjacent to 
a crushed zone. The crushed carbonate has been significantly replaced 
by sulphides such as sphalerite, chalcopyrite and minor galena. 
Width of field = 1 mm (RL) 

Sample 84A 514.2 m (PTS) 

Pyrite replacing a carbonate crystal along cleavage lines. 
Width of field = 1 mm (RL) 

Sample 84 527,8 m (PTS) 
Chalcopyrite and pyrite (from a previous phase) in a carbonate which 
in turn is in a 1-2 cm quartz vein. 
Width of field = 1.5 mm (RL) 

Sample 811 B 692 mm (DC) 
Phase 7: A broader scale brecciation shattered adjoining host rock; 
these fragments were then annealed by fine blueish-white quartz 
crystals. 
(HS) 

Sample B11 B 692,5 m (DC) 
The final phase of mineralisation emplaced thin "vuggy" veins of 
ankerite through the previous minerals. 
(HS) 

Sample 811 B 690 m (DC). 
A quartz-carbonate vein consisting of blueish microcrystalline quartz 
(Phase 7) cut by a small carbonate vein containing vugs and brecciated 
clasts. 
(HS). 

Sample 84A 517.6 m (PTS). 
Free gold in quartz, adjacent to a carbonate crystal. 
Width of field = 2 mm (TL, RL). 

~: The plates relating to these descriptions are on the following page -+ 
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replaces the ankerite (Plate 34). The sphalerite has a 

pale colour, suggesting that it is the low-iron end 

member. This in turn indicates that these minerals were 

formed at lower temperatures, at the waning stages of 

reef development. Meneghinite (CuPb13Sb1S24) occurs as a 

rare mineral in the reef. 

5.50 PARAGENESIS 

Most of the eight identified phases of reef development (Figure 

5.a) have been preceded by brecciation to some exent. This form 

of deformation caused host rock fracture (phases one and 

eight), intensive micro-fracturing of the pyrite (phase four), 

strongly shattered sulphides in narrow zones (phase six) and 

strained quartz/ankerite crystals. The phase four deformation 

was instrumental in remobilising some of the first generation 

gold and providing suitable sites for deposition of the second 

generation gold. 

PHASES OF PARAGENESIS 
MINERAL 

1 2 3 4 5 6 7 8 

Quartz x x x x 
Ankerite x x x x 
Pyrite x x x 
Gold x x 
Arsenopyrite x 
Chalcoprite x 
Sphalerite x 
Galena x 

14 15, 16 17, 18 10, 19 30,31 32,36 37 38,39 
PLATES 20,21 22-29 

40 

Figure 5.a: The sequence of mineral deposition in the Tasmania Reef, Beaconsfield. 
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After the initial brecciation, the first mineral precipitated was 

quartz, the crystals of which grew into the centre of the vein 

from the host rock (Plate 14). Further fracturing paved the way 

for the emplacement of the extensive ankerite and pyrite 

veining within the fault zone (phase two and Plates 15 and 16). 

Phase three heralded the first and minor gold mineralisation. 

Quartz, pyrite and gold were co-precipitated, with the gold 

forming very small inclusions (<3µm) in the pyrite crystals 

embedded in the quartz (Plates 17 to 21). Then, a significant 

phase of brecciation caused intensive micro-fracturing and 

shattering of the euhedral pyrite crystals. This deformation 

remobilised the very small gold inclusions in the pyrite, moving 

the gold into the micro-fractures. The phase four ore fluids 

precipitated quartz and coarse grains of gold. The gold formed 

as discrete grains and thin threads throughout the finely 

crystalline quartz. Some of the gold precipitated adjacent to 

pyrite crystals in the quartz and some replaced or partially 

replaced the euhedral pyrite crystals which initially contained 

the first generation gold (Plates 22 to 29). 

A following pulse of ore fluids (phase five) introduced thin 

stringers of ankerite containing fine needle-like crystals of 

arsenopyrite and pyrite. Phase six was associated with the 

deposition of the minor sulphides in ankerite. The chalcopyrite 

contains inclusions of sphalerite and rare galena. The 

chalcopyrite replaces pyrite and at times, the sphalerite 

replaces the earlier ankerite. Prior to this phase, there had 

been a period of intense brecciation which developed thin strips 

· of shattered sulphides within the ore (Plates 32 to 36). At the 

outset of phase seven, broader scale brecciation shattered 
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adjoining host rock; these fragments were annealed by fine 

blueish-white quartz crystals (Plate 3 7). The final phase of 

mineralisation emplaced thin "vuggy" veins of ankerite through 

the previous minerals (Plates 38 and 39). 

5.60 MINERALOGY OF SALISBURY AND LEFROY 

While no gold mineralisation was observed in the Salisbury 

samples, historical descriptions (Twelvetrees, 1903) indicate 

that there were two types of occurrences of gold. Gold was 

associated with quartz veins containing pyrite, arsenopyrite 

and stibnite, but unfortunately, the micro-relationships were 

not described. Adjacent to the serpentinite, iron-stained 

silicious formations contained patchy amounts of gold, which 

was often coated with a black manganese layer. There were 

unconfirmed reports that nuggets of gold were found in large 

vugs in this formation. 

The mineral suite at Lefroy has a few significant additions in 

comparison to the Tasmania Reef. The gold at Lefroy is 

intimately associated with quartz pyrite, chalcopyrite, 

meneghinite (CuPb13Sb1S24) and an unknown sulphide containing 
r 

Zn, Sb, Fe and Cu. Historical records describe a macro- · 

relationship between gold, arsenopyrite and stibnite (Gee and 

Legge, 1979). 

5.70 SUMMARY 

The Tasmania Reef is a major quartz-ankerite 395 m long vein, 

emplaced along a pre-existing fault with a strike of N50°E and 

50-60° to the southeast. The reef has an average width of 2.5 m 

and demonstrates a strong zonation, with a quartz/ankerite rich 

core, merging into an auriferous/sulphide quartz zone and then 
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a barren quartz/ankerite outer zone. More specifically, the 

zonation of the reef broadly relates to the mineral paragenesis 

which consists of eight phases. These are in order: milky 

coarse crystalline quartz (phase one), creamy ankerite/pyrite 

(phase two), quartz with auriferous pyrite (phase three), 

auriferous quartz (phase four), ankerite/arseno-pyrite (phase 

five), ankerite/ chalcopyrite/sphalerite/galena (phase six), non

auriferous fine blueish-white quartz (phase seven) and "vuggy" 

ankerite (phase eight). 
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CHAPTER 6 : HYDROTHERMAL 
GEOCHEMISTRY 

6.1 0 INTRODUCTION 

Chapter 6 

A study of stable isotopes was conducted to determine the 

source of the hydrothermal solutions relating to the gold 

mineralisation. The major aspect of this study involved 41 

measurements of ()34S on sul~hides (mainly pyrite) extracted 

from reef quartz. Further analyses of ()180 (eleven samples) and 

an arsenopyrite geothermometric study (six analyses) were 

conducted to provide data to develop a model for the 

mineralisation in this area. 

6.20 STABLE ISOTOPE STUDIES 

6.21 Sulphur Isotopes 

Sulphur comprises four stable isotopes and in terrestrial 

materials the approximate average abundances are : 

325 = 95.02%, 335 = 0.75%, 345 = 4.21% and 365 = 0.02%. 

Depending upon the type of the earth material and its 

history, a greater or lesser degree of isotope 

fractionation will have occurred, hence producing a 

characteristic ()34S. Some of these characteristic ()34S 

values of natural materials are listed in (Figure 6.a). 

There are several significant causes for the variations in 

isotopic fractionation in nature; processes such as 

diffusion, crystallisation, isotope exchange reactions, the 

reduction of sulphate ions by anaerobic bacteria and 

chemical reactions which favour a particular isotope. 
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Earth Material ()34S range 

Iron Meteorites -0.5 + 1.3 

Mantle derived rocks 0 ' + 1 

Felsic igneous rocks 0 +2 

Modern Seawater +20 

Devonian Seawater +18 ' +25 

Magmatic Ores 0 +5 

Sedimentary Sulphides -40 +20 

Figure 6.a: ()34S values for earth materials (after Barnes, 1979). 

6.22 Oxygen Isotopes 

Oxygen comprises three stable isotopes, the present day 

atmospheric composition being : 

160 = 99.8%, 170 = 0.04% and 18Q = 0.2%. 

Fractionation can be caused by physical, biological or 

chemical processes. The equilibrium exchange reaction 

between quartz and water concentrates 180 in the quartz. 

The degree of fractionation is dependent upon the species 

in equilibrium and the temperature (Brownlow, 1979). 

Knowing the o 180 of vein quartz, experimentally 

determined equilibrium oxygen isotope fractionation 

curves can be used to estimate the () 180 of the waters, 

provided that the temperature of the mineralising fluids 

is known (Figure 6.b). 
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Chapter 6 

Figure 6.b: Experimentally determined equilibrium oxygen isotope 
fractionation curves for various mineral-water systems, all 

based on using a = 1.0412 for calcite-water instead of 
1.0407 (after Taylor, 1979). 

There is a significant variation in the 61 so of natural 

waters, depending upon their fractionation history and 

source. The characteristic 61 ao values of some natural 

waters are listed below (Figure 6.c). 

Natural Waters f> 18Q of the waters (%0) 

Meteoric Waters - 1 8 0 

Standard Mean Ocean Water 0 

Devonian Marine Limestones +22 +25 

Primary Magmatic Waters +5.5 +10 

Metamorphic Waters +5 +25 

Figure 6,c: () 18Q of natural waters (after Barnes, 1979). 
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6.23 Arsenopyrite Geothermometry 

In this study, arsenopyrite geothermometry and oiao 
values of the quartz were used to determine 01 so of the 

mineralising waters. The exact chemical composition of 

arsenopyrite is dependent on the temperature at 

formation. Hence, using an analysis of the atomic 

percentage of arsenic in arsenopyrite and with the aid of 

experimentally determined curves, the temperature of 

mineralisation can be calculated as per Kretschmar and 

Scott, 1976 (Figure 6.d). 
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Figure 6.d: Pseudobinary T-X section along the pyrite-loellingite join 
showing arsenopyrite composition as a function of temperature 
and bulk composition (Kretschmar and Scott, 1976). 
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6.30 SAMPLE PREPARATIONS 

Individual sulphide crystals were extracted from the drill core 

and then examined for impurities. Clean samples were 

identified and then powdered for use in the sulphur isotope 

study. 

The samples of vein quartz were hand selected on the basis of 

purity, making certain that no carbonate was incorporated in 

the sample. The quartz used for the oxygen isotope analysis 

was powdered and dried overnight at 110°C to remove any 

adsorbed water. 

The arsenopyrite crystals selected for the geothermometric 

study appeared to be texturally in equilibrium with the pyrite. 

These samples were analysed using the JEOL Electron 

Microprobe at the Central Science Laboratory, University of 

Tasmania. 

6.40 ANALYSIS 

6.41 Sulphur Isotopes 

The sulphur for isotopic analysis was extracted from the 

sulphide, by using Cu20 as an oxidizing agent at 950°C. 

The resultant S02 was analysed on a VG Micromass 6020 

stable isotope mass spectometer (C.S.L, University of 

Tasmania), using techniques described by Ohmoto and Rye 

(1979). Three standards were run several times 

throughout the programme of analyses. These pyrite 

standards provided consistent results, they were : 

"New Zealand R2268" ({)34S = +3.30 ± 0.08%0), 
"Tullah" ({)34S = + 15.20 ± 0.15%0), and 
"Broken Hill" ({)34S = +3.71 ± 0.08%0). 
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The isotopic composition of sulphur is expressed in terms 

of ()34S where : 

34S Sample 
[ 

(34S/32S) Sample l 
1 x 100%0 

= (34S/32S) Standard -

The internationally accepted standard is troilite (FeS) 

from the Canyon Diablo meteorite (i.e. ()36ScoT). 

6.42 Oxygen Isotopes 

The quartz was loaded into a Ni vessel with an 

atmosphere of nitrogen. The sample reacted overnight 

with BrFs at a temperature of 550°C. The oxygen was 

liberated in the following manner : 

Si02 + 2BrFs ---~ 02 + SiF4 + 2BrF3 

The oxygen was separated and converted to C02 which was 

analysed by mass spectrometry to determine the 18Q/16Q 

ratio. The standard used was a clean quartz sand ("NBS 

28") which has a o 180 value of + 9.64%0 relative to 

Standard Mean Ocean Water (S.M.O.W.) The data are 

expressed in terms of ()180 where : 

[ 

(180/160) Sample l 
------- -1 x 1000%0 
(180/160) Standard 

180 Sample 

6.43 Arsenopyrite Geothermometry 

The analyses of the arsenopyrite samples by the electron 

microprobe were reported in weight percent of the 

constituent elements. These values were converted to 

atomic ratios for each of Fe, As and S. 
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wt%Fe wt %As wt% s 
i.e. Atomic Ratio, Fe:As:S 

55.847 74.9216 32.064 

x y z 

Hence, the percentage As in arsenopyrite can be 

determined as : 

y 
% AS= x 100 

x+y+z 

6.50 RESULTS 

6.51 Sulphur Isotopes 

LOCATION 

D.D.H. 84 

These analyses can be subdivided on the basis of their 

gold content. Twenty-eight samples of auriferous quartz 

reef contained {)34S values ranging from +7 to +11.1%0, 

with a mean of {)34S equating to +8.9%o (Figure 6.e). 

Thirteen sulphide rich, but barren, quartz samples exhibit 

{)34S values ranging from +7 to 24.7 with a mean of 

+ 13.5%0. These samples were either located away from 

the gold reef or the pyrite showed evidence of secondary 

re-crystallisation (i.e. a later pyrite phase). 

PYRITE CHALCOPYRITE 

l\b Range%o Mean %0 l\b Range%o Mean %0 

21 +7 ~ +11.1 + 8.9 3 +6.5 ~ +9.3 + 7.9 
(Beaconsfield) 

Lefroy 3 +12.1 ~ +12.7 +12.4 1 +12.5 +12.5 
(Native Youth) 

Barren 13 +7 ~ +24.7 + 13.5 - - -
D.D.H. 84 

Figure 6.e: Sulphur Isotope Values 
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6.52 Oxygen Isotopes 

The eleven samples analysed came from the Salisbury and 

8eaconsfield goldfields. The two Salisbury samples were 

collected from a large adit in the southern end of the 

field, an adit in which gold had been found (Powerline 

Adit). Company records indicate that up to 1 2 ppm gold 

had been assayed from channel samples (mineralised) 

within this adit. The 8eaconsfield samples were 

collected from drill core (DOH 84, 84a, 81 1 ) and the Ophir 

dump. The Ophir sample was a non-mineralised specimen 

of massive barren milky reef quartz. These results are 

listed in Figure 6. f below. 

Location Sample Value (%0) Gold Assa~(ppm) 
Powerline rg +18.7 12 
Powerline r r +20.1 12 
Ophir Dump 104 +22.8 0 
Tas. Reef B4:51 5 +17.5 23 
Tas. Reef B4:519.4 +17.4 35 
Tas. Reef B4:520 +17.5 19 
Tas. Reef B4:520(repeat) +17.8 19 
Tas. Reef B4A:490 +18.4 0 
Tas. Reef B4A:490(repeat) +17.6 0 
Tas. Reef B4A:514.2 +17.7 75 
Tas. Reef B4A:515.5 +17.4 45 
Tas. Reef B4A:517.6 +17.3 79 
Tas. Reef B11 :701.5 +19.6 354 

Figure 6. f: Quartz Oxygen Isotopes ( () 1 80quartz) 

6.53 Arsenopyrite Geothermometry 

Six analyses of arsenopyrite from the Tasmania Reef, as 

intersected by DOH 84, were used to determine the 

temperature of crystallisation. The percentage of arsenic 

in the arsenopyrite as calculated, was plotted on the 

Kretschmar and Scott (1 976) pyrite-loellingite phase 

diagram (Figure 6.d) to determine the temperature of 
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formation. The range in temperature varies from 3 70° to 

440°C with a mean of 408°C and an average As = 31.42%. 

(Figure 6.g). 

Sample Atomic ratio %As in Temperature 

(DOH 84) Fe/As/S arsenopyrite ± ·c 

1 a) 0.5815/0.5454/0.5605 32.32% 440# 

1 b) 0.6254/0.5977 /0.6279 32.29% 440 

1 c) 0.6216/0.58700.6463 31.65% 410 

2a) 0.6164/0.5751/0.6351 31.48% 410 

2b) 0.6177 /0.5741 /0.6369 31.39% 410 

2c) 0.6239/0.5575/0.6591 30.29% 370 

# This result should be considered dubious as 8% wt of the arsenopynte is mmor elements not used in 
further calculations. 

Figure 6.g: Temperature of Formation of the Tasmania Reef 

6.60 DISCUSSION 

Common to Beaconsfield, Salisbury and Lefroy goldfields are 

the following features :-

a geological structure that trapped the gold mineralisation 
(i.e. faults and fractures); 
a heat engine to drive the transport mechanism of the ore 
fluids (i.e. metamorphism, deformation and/or magmatic 
intrusion); 
a source of ore fluids (e.g. metamorphism, granitoid, 
ultramafic), very much enriched in 180 (i.e. ()180quartz between 
+ 17.4 %0and+19.6%0; 
a source of sulphur with an appropriate ()34S (i.e. heavy, ()34S 
between +6.5%o and 24.7%0). 

These features need to be matched with the analytical data 

to produce a coherent and logical model of deposition. Such a 

model is described below. 
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6.61 Gold Trap 

The pre-existing fault structure of the Tasmania Reef 

was the localised expression of a channel for the 

ascending mineralising fluids. Sibson et. al., (1988) 

modelled the deposition of quartz and gold in high-angle 

faults, to demonstrate that cyclic fluctuations or pulses 

of ore fluids were integral to the mineralisation process. 

The eight phases of mineral paragenesis at Beaconsfield 

would be a function of such cyclic fluctuations. As these 

pulses of ore fluid moved up the high-angle fault, 

thermodynamic and pressure factors changed, initiating 

chemical instability and hence precipitation of 

ore/gangue minerals in a confined zone. Hui et. al., (1993) 

described the formation of hydrothermal gold 

mineralisation in terms of polystage and pulsation 

processes. These processes would produce the discrete 

zones within the reef, as described in Section 5.50. 

The cross-cutting Tasmania Reef is restricted to the 

Transition Beds sequence (upwardly fining grits to 

shales) and does not persist into the Cabbage Tree 

Conglomerate (to the west and stratigraphically lower) 

nor does it persist into the Gordon Limestone (to the east 

and stratigraphically higher). The true width of the reef 

ranges from several centimetres to 8 m reflecting 

variations in the elastic properties of the enclosing wall 

rocks (A.C.M. Report, 1987). 

These factors indicate that both structural and 

lithological controls are significant in determining the 

trap environment. 
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6.62 Heat Engine 

Once a suitable trap or environment exists, a mechanism 

for driving the ore fluids from the source to the site of 

deposition needs to be established. The Tabberabberan 

Orogeny and associated middle Palaeozoic granitoids have 

driven ore fluids in both the west and east of the State. 

While a major fault zone would permit hydrothermal fluid 

transport without a point source of igneous heat (e.g. an 

intruding granite magma), the thermal gradient from a 

deep seated source to a site of deposition would also be a 

suitable mechanism to move mineralising fluids (Sibson 

et al., 1975). 

The western metallogenic province is associated with a 

granite/adamellite batholith intruded between 332 Ma and 

367 Ma, producing significant Sn, W and Ag-Pb-Zn (vein) 

deposits. The eastern metallogenic province is associated 

with granitoids ranging in composition from granodiorite 

to alkali feldspar granite (Duncan, 1994 ). These have been 

intruded between 348 Ma and 395 Ma. Inside the one 

kilometre sub-surface contour of the batholith, 

significant Sn (greisen) disseminated, Sn-W (vein) and 

gold (reef) deposits occur. Hence, either the western or 

eastern batholith could provide the required heat source. 

Locations of these deposits are located on Figure 6. h. 

However, the gold mineralisation at Beaconsfield and 

Lefroy is more likely to be related to the Tabberabberan 

metamorphic and/or deformation processes, rather the 

magmatic processes associ2ted with the granitoid 

emplacement. While both mechanisms have advantages 
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and disadvantages as discussed later, magmatic and/or 

metamorphic processes could generate the heat required 

to drive the ore fluids from the source to the site of 

deposition. 

MIDDLE - LATE DEVONIAN 

E:±J Gran1te/adamell1te 

~ Granod1orrte 

ORDOVICIAN - LOWER DEVONIAN 

LJ Wuraw1na Supergroup 

I:• :-:I Math1nna beds 

? R I PH EAN - CAMBRIAN 

LJ Sedimentary and volcanic sequences 

PROTEROZOIC 

~ Unmetamorphosed 

~ Metamorphic rock 

sequences 

MINERAL DEPOSITS ,i~i~~~~~~~~~ 
.t. Gre1Sen/dissem1nated , ~ 

depasit(ma1nly Sn) 

• Stratabound replac
ement(ma1nly Sn, W) 

• Sn-W vein deposit 

t Gold reef 

-4--... Gravity-derived contour 
of granite/crust sub
surface at 1 and 4 km 
below sea level 

0 50km ----
Figure 6.h: Mid-Palaeozoic mineral deposits and pre-Carboniferous 

geology (Surrett and Martin, 1989, p271). 

6.63 Metal Source 

There could be several sources of the gold and silver. In 

the absence of suitable volcanics or intrusions from 

which the metals could be leached (the closest outcrop of 

Mount Read Volcanics is 60 km away), the source is 

unlikely to be the host sedimentary rocks (minor 

Cambrian slates, Ordovician conglomerates, sandstones 
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and limestones). However, Taheri and Bottrill ( 1 994) 

suggested that ?Cambrian volcanic rocks could be a deep 

crustal source for the Northeast gold deposits. 

5500000mN 

GOLDFIELDS & MAJOR GRANITOIDS 
IN NORTH EAST TASMANIA 

°> 
/ 

/ 
( BEACONSFIELD 

\~ ' . -, 6 
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' .... ___ 9 

5400000mN 
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-9-
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OTHER POSSIBLE ..p 
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SOOOOOmE 
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Figure 6.i: The distribution of the mc.jor goldfields in northeastern 
Tasmania, showing relat :onships to granitoids, after Leaman 
and Richardson( 1992) in Bottrill et. al., ( 1992) 
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Figure 6.j: Interpreted Devonian thrust wedge in northeast Tasmania. 
Likely pathways for the auriferous fluids are shown with 
solid arrows. Diagram from Bottrill et. al., (1992). 
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However, a magmatic plume of ore fluids derived from an 

underlying granitoid magma would provide a feasible 

source for the metals, particularly if it was associated 

with the eastern batholith, since this granitoid has 

generated significant gold reef deposits. While the 

Beaconsfield gold reef is 60 km away from the closest 

surface expression of the western batholith (Dolcoath 

Granite) and 50 km away from the closest surface 

expression of the eastern batholith (Diddleum 

Granodiorite), it is 6 km above the batholith, as shown in 

Figure 6.i., (Leaman and Richardson, 1992; in Bottrill et. 

al., 1992). Likewise, while the Lefroy goldfield is 

approximately 35 km away from the closest surface 

expression of the eastern batholith, Lefroy is located 2 

km above an eastern batholith. 

Alternatively, the Cambrian ultramafics (pyroxenites) 

two kilometres west of Beaconsfield may have been a 

source of the metals, which were mobilised during the 

low grade metamorphism and deformation associated 

with the Tabberabberan Orogeny. Serpentinite was 

intersected at the base of drill holes at Salisbury (DOH 

S 1, Sz) and Beaconsfield (844.3m DOH B13). Historical 

records of the Salisbury goldfield indicate that gold 

nuggets were associated with pale yellow-green 

serpentinite (Twelvetrees, 1 903). It is unclear if the 

ultramafic rocks were regarded as the source or 

depositional environment of the gold. The Lefroy 

goldfield is 14 km to the north-east of these Cambrian 

pyroxenites and ultramafics are unknown in that area. 
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A final proposal for the source of gold mineralisation 

would be a deep seated magmatic plume derived from the 

base of the crust, which rose up through deep faults. Both 

goldfields are 20-30 km from a seismic traverse between 

Savage River and Binalong Bay (Vitesnik in Surrett and 

Martin, 1989). This traverse indicates that the depth of 

the Moho is approximately 26 kilometres below the 

surface. If the faults or shear zones were sufficiently 

deep, they would provide a channel for the ascending 

fluids. The model proposed by Keele et. al., ( 1994 ), 

matches well with the discussion above. This model 

describes northeastern Tasmania as a gently west

dipping thrust wedge, which intersects with a ramp 

through the middle crust. This intersection is likely to be 

the point of fluid input from the mantle as a magmatic 

plume, (Figure 6.j.). 

6.64 Source of Sulphur 

The sulphur isotopes of this study (Figure 6.e) indicate a 

combination of sources of the sulphur. 

The pyrite associated with the mineralisation has a 6345 

mean = +8.9%o and a range of +6.5 to 12. 7%o. Pyrite not 

associated with the mineralisation has a {)34S mean = 

+ 13.5%0 and a range of +7 to +26.7%0. These values are too 

high to have been derived from a deep seated magmatic 

source and yet are too narrow and heavy to be produced 

from sediments or bacterial action. Alternatively, the 

observed values are too light to be purely derived from 

either Devonian seawater ( + 18 - +25%o) or connate pore 
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fluids which had originated from seawater. These factors 

indicate mixing or fractionation of parent fluids prior to 

the precipitation of the ore. To allow significant 

fractionation to occur, either the boiling of the ore fluids 

caused the loss of 32S leaving sulphides enriched in 34S or 

sufficient time elapsed in a long fractionating column to 

produce enrichment in 34S at the zone of ore deposition. 

6.65 Source of the Transporting Waters 

The oxygen isotope values (6180) for the quartz samples 

were + 17.3%0, + 17.9%0, + 18.6%0 and +22.8%o (Figure 6. f). 

Using the temperatures of formation of arsenopyrite 

(Figure 6.g), the following equation was used to calculate 

the oxygen isotope values of the initial mineralising 

fluids. ()180H20 = ()180Si02 - 3.5 (106fT2) + 2.73 

This equation describes the relationship between oxygen 

isotope fractionation and temperature for the quartz -

water system (Figure 6.b). Substitution of the 

appropriate temperature and quartz oxygen isotope values 

will generate the data in Figure 6.k. 

QUARlZ OXYGEN ISOTOPE VALUE (() 1 80 water) 

l> 180water= + 17 .3%o +17.9%o + 18.6%0 +18.6%0 

Lowest Tas. Reef Mean Highest 
370°C +11.4 +12.0 +12.7 +16.9 

410°C +12.4 +13.2 +13.7 +17.9 

440°C +13.2 +13.8 +14.3 +18.5 

Figure 6.k: Oxygen isotope values for parent waters 

These oxygen isotope values for the mineralising fluids, 

ranging from + 11 .4%0 to + 1 8. 5%o clearly indicate that they 

were of a metamorphic origin (Figure 6.1). 
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Figure 6.1: Plot of D vs b 18Q for oilfield brines and several calculated 
fields {Taylor, 1979). 

6.66 Temperature of Deposition 

The temperatures determined in this method have a mean 

of 408°C, well within the regional metamorphic field of 

300°-600°C (Figure 6.1). 

Six kilometres south of Beaconsfield, Burrett (1978) 

collected conodonts from the Gordon Limestone at 

Flowery Gully. This limestone is stratigraphically above 

the gold mineralisation, at the top of the Ordovician. 

Using the conodont colour index, Burrett determined a 

temperature of 300°C associated with the Tabberabberan 

Orogeny. Given the geographic and stratigraphic 

separation from Beaconsfield, these two temperature 

determinations are consistent. 
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6. 70 SUMMARY 

A suitable model for the deposition of gold must explain the 

origin of the metals and ore fluids, a physical transport 

mechanism and a depositional environment. During the Devonian 

Period, the Tabberabberan Orogeny would provide a deep 

geothermal system through which Devonian seawater (high 

()34S) and metamorphic waters (high 0180) have circulated. As 

the waters mixed down to 12 km (as proposed by Green et al., 

1982, for the Woods Point Dyke Swarm, Victoria), a deep seated 

magmatic plume (gold rich) interacted with the system. The 

resultant fluids moved up fault zones and the ore was 

precipitated at a temperature around 41 Q°C (as per arsenopyrite 

study). These results support the hypothermal, high 

temperature (>350°C) nature of the mineralisation as 

determined by the study on the fineness of the gold (Chapter 4 ). 

This model is consistent with that proposed for the formation 

of many of the Eastern Australian gold deposits, (Solomon et. 

al., 1994). Wilson et al. (1988) found that all known gold-

bearing veins had oxygen isotope ( o, 80) value of higher than 

1 5. 7%o, indicating major deep-seated metamorphic fluid 

sources. They considered that many of the areas studied were 

structurally and tectonically placed to enable significant deep 

crustal and upper mantle contribution to ore-bearing fluids. 

Beaconsfield, Salisbury and Lefroy gold deposits have 

geological similarities with, for instance, the Woods Point Dyke 

Swarm in Victoria and hence could have had a similar genesis. 
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CHAPTER 7 : ANALYSIS OF QUARTZ BY 
ION BEAM TECHNIQUES 

7.10 INTRODUCTION 

This section of the study investigates the relationships 

between gold content as determined by fire assay and trace 

element composition of vein quartz. Ion beam techniques were 

chosen, because these techniques provide an accurate and 

precise determination of elemental concentrations for the 

elements Z=3 and Z=9 up to Z=92 at ppm level. The mass of the 

quartz powder sample used for the ion beam analyses was 400 

mg, while the fire assay samples consisted of one metre long 

D.D.H. core splits. The trace element composition of the ninety

one samples of auriferous vein quartz were compared with two 

hundred and thirty-six samples of non-auriferous vein quartz. 

The ion beam techniques used were Proton Induced X-ray 

Emission (PIXE) for Z=l 4-92 and Proton Induced Gamma Ray 

Emission (PIGME) for Z= 3, 9-13. The bulk chemical composition 

of the samples was determined simultaneously for up to sixty 

elements by combined PIXE/PIGME. The repeated use of 

duplicate analyses as monitors and the rigorous mixing of the 

quartz powders, ensured that the analyses were representative 

of the bulk sample. Even though these techniques provide the 

analysis of a small area of the sample's surface, for the above 

reasons, the analyses were reproducible. These analyses were 

conducted by facilities at the Lucas Heights Research 

Laboratories, with support provided by the Australian Institute 

of Nuclear Science and Engineering. 
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7.20 SAMPLE SELECTION AND PREPARATION 

Quartz samples were selected from the 8eaconsfield drill cores 

of DOH A6, 84 , 85, 811 , 812 , 813 , 815 , B16 , 817 , and Salisbury drill 

cores of DOH S1 , S2, S4 S5 . A summary of the characteristics 
' 

of these drill holes can be found in Chapter 3, Figure 3.c. The 

initial 2 gram quartz samples were chosen to be as free of 

impurities as possible (ie. carbonates, sulphides, rock 

fragments). 

The reef intersections from all available Beaconsfield core 

were intensively sampled. Outside the reef, all existing quartz 

veins with a width of greater than 4 mm were sampled. In 

order to generate a data set of non-mineralised samples, 

sampling of quartz veins in barren drill holes, both at 

Beaconsfield and at Salisbury was conducted. These non

auriferous (or barren) samples give an indication of the 

background levels of trace elements in quartz. 

All samples were finely ground (approximately 1 0 µm) by hand 

in an agate mortar, leached overnight in hot fuming nitric acid, 

rinsed three times with distilled water and dried at 9Q°C. This 

process removed all carbonate and sulphide impurities 

intergrown with the quartz. 

A 400 mg sample of the clean quartz powder was mechanically 

mixed with 1 00 mg of spectrographically pure graphite in an 

acrylic vial (containing an acrylic ball) for ten minutes in a 

SPEX mixer. When mixing was complete, the sample was poured 

into a 13 mm diameter aluminium cup, smoothed and covered 

with a cleaned disc of the hard acrylic plastic melinex. The cup 

was pressed briefly at a pressure of 2 tonnes. The melinex disc 

was turned over and the pill was re-pressed at a pressure of 3 
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tonnes for one minute. At regular intervals, graphite blanks 

were prepared in the same manner (ie. without the quartz) to 

monitor potential contamination. · A random series of duplicates 

was analysed, to monitor the reproducibility of the techniques. 

The analyses of the 52 samples which were duplicated are 

listed in Appendix 11. Some samples were analysed up to six 

times over several years. Others were prepared several times 

from the parent powders and analysed. This process generally 

confirmed the reproducibility of sample preparation and 

analytical techniques, especially for the elements of major 

concern (ie Li, F, Na, Al, K, Fe, Ge, As, Rb, Zr). Occasional high 

anomalous values of Cl indicated some surface contamination, 

while occasional erratic values of Al, S, Ca, Ti, Fe and As may 

reflect fine mineral inclusions. Even when the analyses 

indicating some form of contamination were removed, the 

remaining data set (N=327) demonstrated similar positive 

correlations as did the original data set of 348 analyses [eg 

AU(fire) correlated strongly with Ge, As and Li]. This suggested 

that these identified minor contaminants were not significant. 

A further series of duplicate samples was prepared to 

determine the minimum mass of quartz powder that could be 

satisfactorily processed into a pressed pill. Maintaining the 

ratio of quartz powder to carbon as 4: 1 , the following amounts 

were satisfactorily pressed into pills: 300 mg : 75 mg, 200 mg 

: 50 mg, 100 mg : 25 mg and 50 mg : · 12.5 mg. Even the pills 

with 50 mg quartz powder were suitable for analysis and 

provided consistent results, indicating that this analytical 

technique is a powerful one for very small samples. This is 
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significant when sampling small quartz veins in drill core 

which are to be analysed using several techniques. 

A further powerful aspect of these analytical techniques is the 

ability to analyse fragments of quartz, with very little 

preparation other than cleaning the surface. As an initial pilot 

study, a few small irregular samples of quartz were placed on 

the target stick and successfully analysed, even without carbon 

coating. A more rigorous trial was conducted using 13 thin 

slices (SO micron) of quartz mounted on glass slides. With a 

PIXE analysis using 2.SmV protons, the majority of the yield 

comes from the first 20 microns of the sample. Hence, there 

would be no interference from the glass backing slide. The 

quartz slices could be microscopically studied, marked if need 

be to identify homogenous quartz segments and then analysed by 

PIXE/PIGME. Provided that the sample was analysed with the 

electron flood on (ie. a carbon filament which provides surplus 

electrons, preventing charge build up), there was little 

difference between samples coated with carbon and those not 

coated. Some difficulty was experienced in accurately 

positioning the beam on the target, but this could be overcome 

without difficulty. 

Using these quartz slices, 34 analyses were compared, 13 from 

acid cleaned quartz slices and 13 (plus 8 duplicates) from the 

equivalent powder pressed pills. These analyses are listed in 

Appendix 12. A comparison of these analyses indicated that 

there was such a strong correlation between these two sets of 

relevant analyses, that a future study using quartz slices as 

samples would be worthwhile. The following mean elemental 

concentrations were consistent between both the 2 data sets 
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and the total powder data set (N=327): Li, F, Na, Cl, S, K, Ca, Mn, 

Fe, Co, Cu, Ge, As, Rb, Ag (Figure 7.a). However, the quartz 

slices had greater mean concentration of Zr and Cr. This could 

reflect a statistical abberation in this pilot study. This could 

be checked in future studies by increasing the length of the run. 

In addition, the quartz slices tended to have lower mean 

concentration of Au, Ti and Ni, mainly due to the heterogeneous 

nature of these elements and their loss during the cutting of 

the quartz slices. The distribution of the other elements was 

similar between the quartz powder and the relevant quartz 

slice samples, and consistent with the total powder data set. 

The careful use of acid cleaned quartz fragments or slices in 

the future, may reduce the sample preparation time and 

potential contamination. A few preliminary statistical 

analyses of these quartz slices (N=1 3) provided significant 

Spearman Rank correlations for Al:Li(Rs=0.845,p=0.001 ), 

Al:K(Rs=O. 735,p=0.01 ), Au(fire):Ge(Rs=O. 550,p=0.05) in all 

samples and Au(firef Li(Rs=0.859,p=0.001) in reef quartz. The 

significance of these figures will be discussed in more detail 

later. The similarity between these correlations from this 

pilot study and those from the quartz powders (N=327) in Figure 

7.s, suggests that this method of sample preparation is able to 

provide comparable results. 
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SAMPLES Au Ge As Cl K Ti Mn Fe Na Li 

POWDERS 

(N = 21) 

Mean( porn) 51 1.4 1.5 507 400 9.4 3.7 114 162 8.4 

S.D. 201 2. 1 2.7 422 303 20.1 5.5 53 195 6.8 

SLICES 

(N = 13) 

Mean(oom) 0 0.9 2 518 471 0 1 1 119 146 5.2 

S.D. 0 1.2 5.5 193 313 0 22 1 1 5 90 6.9 

TOTAL 

POWDERS 

(N = 327) 

Mean<oom) 8 1.4 7. 1 467 618 45 7.9 188 219 6 

S.D. 76 2.5 37 334 664 106 22 338 496 9.2 

SAMPLES Al Ni Aa Cr s Ca F Rb Co Cu Z r 

POWDERS 

(N = 21) 

Mean( ppm) 751 6.6 4.9 2.1 251 284 2.3 0 0.7 0.7 0.2 

S.D. 492 4.2 17.9 1.1 321 485 4.6 0 2.1 1 .6 0.9 

SLICES 

(N = 13) 

Mean( ppm) 461 0.4 5.3 87 197 293 1 0.2 1.6 1.3 7.2 

S.D. 459 1 19.1 123 126 506 2.5 0.8 2.5 4.2 25.8 

TOTAL 

POWDERS 

(N = 327) 

Mean( ppm) 1118 8.2 2.3 10 188 373 6.6 1 .2 1 .6 1.3 3 

S.D. 1315 10.4 12.3 48 257 877 12.8 3.5 5.8 3.5 14.5 

Figure 7 .a: A comparison of the elemental means between selected quartz powders 
and relevant quartz slices and the total data set (N=327) of quartz powders 
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Figure 7.b: Experimental arrangement of an accelerator installation used for 
in-vacuum analysis, (i) Schematic layout, (from Bird et al. , 
1983) (ii) The ion beam analysis facility in use at the Australian 
Atomic Energy Commission, Lucas Heights, Australia . 
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7.30 ANALYTICAL TECHNIQUES 

At Lucas Heights, an automated facility for bulk sample 

analysis by PIXE and PIGME has been developed on one of the 

beam lines of the 3 MeV Van de Graaff positive ion 

accelerator (Figure 7.b). Up to 60 samples can be loaded on a 

target stick for analysis in a vacuum chamber, where they are 

bombarded in sequence with high energy protons. These protons 

are collimated by a graphite aperture before entering the target 

chamber. 

A Si(Li) detector and a Ge(Li) detector, for measurements of 

x-rays and gamma rays respectively, are placed around the 

target chamber (Figure 7.b). If required, filters can be placed in 

a holder directly in front of the Si(Li) detector. Analyses can 

be determined by PIXE and PIGME independently or 

simultaneously. These are techniques in which high energy 

protons cause a variety of interactions when they impinge upon 

a sample, as illustrated in Figure 7 .c. Figure 7 .d describes the 

yields for elements as determined by the two methods. 

For a more detailed discussion of the theoretical aspects of 

these ion beam techniques, the reader is directed to Cohen and 

Clayton (1990), Bird and Williams (1990) and Bird et al., (1983). 

7.31 Proton Induced X-Ray Emission (PIXE) 

When an incident high speed proton interacts with a 

target atom, an electron may be ejected from an inner 

shell (K, L, etc.). This vacancy is then filled with an 

electron from an outer shell and in doing so the 

excess energy is emitted as a characteristic prompt 

x-ray (Figure 7.e). 
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Figure 7.c: Ion Beam Interactions (from Bird et al., 1983). 

Figure 7.d: PIGME and PIXE yields for all elements for 2.5 MeV protons 
(from Bird et al., 1983). 
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The energy of the x-rays emitted is characteristic to the 

parent atom and the number of the x-rays is proportional 

to the concentration of the parent element. The x-ray 

spectra (Figure 7. f) are stored in a computer file. 

Element concentration and minimum detection limits are 

calculated from these spectra using the PIXE analysis 

package, PIXAN (Clayton, 1986). 

The proton energy used was 2.5 MeV protons with a beam 

current of about 300 nA. The aperture was set at 1.5 mm 

with a 3.3 mm steeple. The beam spot size was 1.5 mm 

and run times were adjusted so that the total charge 

collected was 1 OOµC. Since the main interest was in x

rays with energies above 3 keV, a Mylar pinhole filter was 

placed in between the target and the Si(Li) detector 

containing a 26 µm Be window. The filter consisted of a 

50 µm Mylar slice attached to perspex (1.9 mm thick) 

containing a 0.8 mm hole. This reduced the count rate in 

the detector from the low energy x-rays and so reduced 

the electronic dead time to a manageable level. Detailed 

instrumental conditions are listed in Appendix 9. 

The analysis package of Clayton gives a very conservative 

estimate of the minimum detectable limit (MDL) for each 

peak area. The peak areas associated with MDL for each 

element were converted to a concentration in quartz, 

again using the theoretical yields of the PIXAN program. 

These minimum detectable limits (MDL) for repeated PIXE 

analyses of an oil shale, are displayed in Figure 7.g. 
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Figure 7.e: The K x-ray spectrum for Cu showing K alpha and beta peaks 
together with the corresponding energy level transitions, (from 
Bird et al., 1983). 

PIXE SPECTRUM 
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Fe 

Au 
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35 

Figure 7.f: A spectrum of a PIXE analysis of a gold bearing, acid cleaned quartz powder (Beaconsfield 
sample B4s1 526.2 m). The dashed curve is the experimental data and the solid curve is 
the fit to the data generated by the PIXAN program (aayton, 1986). The peaks, from the 
left to right, are as follows: Si(Ka ), K(Ka)• Fe(Ka)• Fe(K~)· Ni(Ka)• Cu(Ka)• Au(La)• 

Au(L~ ), Au(Ly ), Ag(Ka) & A9(K~ ). 
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Figure 7.g: Minimum detectable limits for 2.5 MeV protons, PIXE 
reactions versus atomic number 
(adapted from Cohen et al., 1989). 
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The following elements were analysed using their Ka 

emission lines: S, Cl, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, 

Zn, Ga, Ge, As, Se, Br, Rb, Sr, Y, Zr, Mo, Ru, Ag, Cd and Sn. 

The La emission lines were used for Cs, Ba, La, W, Au, Hg, 

TI, Pb, Bi, Th and U because the Si(Li) detectors are more 

sensitive to the La emissions. In the list of analyses in 

Appendix 4, Ga, La, W, Se, Br, Mo, Ru, Hg, TI, Bi, Th and U 

are not given due to their very low and erratic levels 

and/or mediocre minimum detection limit. 

The PIXAN analysis package of Clayton (1986) was used 

to find the peak areas associated with each element and 

then convert them to a concentration (ppm) and 

associated minimum detectable limits. For each bulk 

sample analysis, elements with a concentration less than 

the relevant MDL and/or excessive +/- error values, had a 

zero elemental concentration ascribed to them. 

7.32 Proton Induced Gamma Ray Emission (PIGME) 

When a sample is irradiated by high energy protons, 

characteristic gamma rays are produced for certain 

elements in the sample, as a result of the incoming 

particle reacting with the nucleus of the atom. The 

spectrum produced by a gaussian peak fitting program, is 

stored in a computer file for further analysis (Figure 7 .h). 

The mean detection limits are extracted by using 3 times 

the standard deviation of the background. 

Instrumental conditions used were identical to those 

used for the PIXE analyses as the PIGME analyses are 

conducted simultaneously. 

Analysis of Quartz by Ion Beam Techniques 



104 Chapter 7 

The following elements were analysed by PIGME: Li, F, Na, 

Mg and Al. Some typical detection limits are illustrated 

in Figure 7.i. Further details on instrumental settings can 

be found in Appendix 9, with the analyses of the second 

data set listed in Appendix 8 (both non-normalised and 

normalised). 

PIGME SPECTRUM 

e+ (pulsar) 

Al 
(Al) 

10°.__..__,__.__.__.__.__.__.___....___..___.__.__, ____ .__.__.__.__.__..__. 
0.0 0.5 .1.0 1.5 2.0 

GAMMA-RAY ENERGY (MeV) 

Figure 7.h: The PIGME spectrum obtained from the pressed pill containing 20% C and 
80% SGR 1 standard. The gamma-ray peaks are well separated from each 
other in energy. Elemental peaks in brackets were not used for analysis. 

The concentration of silica was normalised to a Si value 

of 46.6667% by weight, with all the associated elemental 

concentrations being adjusted by a corresponding amount 

(i.e. the Si content of the quartz was used as an internal 

standard). Prior to normalisation, the few analyses 
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signific·antly low or high Si values were 

For all the quartz samples (N=348), the non-

normalised Si mean concentration was 346492 ppm with a 

standard deviation of 34791 ppm and a standard error of 

1876 ppm. The maximum Si value was 4221 52 with the 

minimum value being 215927 ppm. Note that these values 

include the 20% carbon in the pressed pill. 

s~•s 
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•Al 
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Fe .s~ •• Cu 

•er Rhe 

• Hn 

F 
O.IL...--~~-~~-""""'.":----l..--...L.--...1_--l--_J 

10 20 10 l+O 

z 
')O bO 70 80 

Figure 7 .i: Minimum detectable limits for 2.5 MeV protons, induced PIGME 
reactions versus atomic number (adapted from Bird et al., 1983). 
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7.40 VARIABILITY AND REPRODUCIBILITY 

Throughout the analyses, each stick contained at least two 

reference standards and one carbon blank. The latter provided a 

form of quality control for sample preparation (i.e. 

contamination of Si or Fe), sample handling (i.e. surface F, Na or 

Cl) and scattered radiation in the chamber (i.e. Ni or Ti from 

chamber walls or stick). The repeated analyses of the 

reference standards provided an indication of the technique's 

precision and accuracy. The most important standard used was 

SRM 278 (NBS), important because it was obsidian and hence 

had a similar major element matrix and stopping power to 

natural quartz. Four pressed pills of SRM 278 were prepared 

and analysed approximately forty times in total. The mean of 

these analyses was used to calibrate the program which 

calculated the absolute elemental concentrations of the quartz 

samples. Duplicates of the following additional 

international(*) and laboratory standards were prepared and 

analysed several times; SRM 612* and 614* (Trace Elements in 

Glass), SRM 620* (Soda-Lime Flat Glass), RGM-1 * (Rhyolite, 

Glass Mountain), GSR-1 * and GSR-3* (Granites, China), SGR-1 * 

(Shale, Green River), MA-N* (Granite, GIT-IWG), GH* (Granite, 

CRPG), TASGRANI (Granite). Using this wide range of standards, 

it was confirmed that a typical granite matrix (plus 20% 

carbon) could be used as the basis for the batch analyses. This 

is because the stopping power of 2.5 MeV was very similar for 

all of ~he standards, ranging between 109.2 and 110.1 (Figure 

7.j). The certified values and the PIXE/PIGME analyses of these 

standards and the carbon blanks can be found in Appendix 1 2. 
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Mean Matrix Comoosition of Standards( +20% C and Stonnina Power at 2. 5 MeV 

Standard Si% Al% Fe% Mg% Ca% Na% K% 0% C% Ti% Stoo(2.5) 

GSRl 27 5.7 1.2 0.9 1.8 3.4 39.8 20 109.2 

GH 28 5.4 0.7 0.4 2.3 3.2 39.7 20 109.4 

MA-N 25 7.5 0.2 0.3 3.4 2.1 39.0 20 109.4 

RGM-1 27 5.8 1.0 0.2 0.6 2.5 2.9 39.4 20 0.2 109.3 

Glass 612 27 0.9 6.9 8.3 36.9 20 109.8 

Glass 620 27 0.8 1.8 4.1 8.5 0.3 37.3 20 110.1 

TasG 27 5.8 1.2 0.3 1.0 1.6 3.1 39.7 20 0.1 109.2 

Figure 7.j: Standards plus 20% C; major compositions and stopping power at 2.5 MeV 

The medium term reproducibility of precision (i.e. Standard 

Deviation/Concentration) was measured by analysing the SRM 

278 (obsidian) samples over two years during four separate 

occasions. A comparison of the certified values for elemental 

concentrations with the analysed values provided an indication 

of the accuracy of the technique (i.e. Average Analysis/ 

Certified Value). These results are listed in Figure 7k for the 

standard SRM 278 (obsidian). 

Element 14verage Standard Certified %Precision %Accuracy 
Concentration Deviation Value (100cr/x) ( 1 OOx/xc) 

(Xppm) (a) (xc ppm) 
F 400 4 400 1.0 100.0 
Na 28775 295 28776 1.0 100.0 
Al 59885 216 59906 0.4 100.0 
Si 285103 8460 273207 3.0 104.4 
K 25828 647 27626 2.5 93.5 
Ca 5939 160 5620 2.7 105.7 
Ti 1092 47 117 5 4.3 93.0 
Mn 335 1 1 322 3.2 104.1 
Fe 11590 184 11416 1.6 101.5 
Ni 5 6 3 108.0 182.1 
Cu 6 2 5 31.0 124.3 
Zn 36 3 44 8.0 82.4 
Rb 96 4 102 3.7 93.7 
Sr 47 2 51 5.1 92.4 
Pb 14 2 1 3 18.0 103.0 

Figure 7.k: Repeated analyses of SRM 278 (obsidian) to determine precision and 
accuracy of the techniques. The material analysed consisted of 80% 
obsidian and 20% carbon in a pressed pill. 
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This exercise has demonstrated that these ion beam techniques 

have excellent precision (0.4 - 3%) and accuracy (93 - 104%) for 

F, Na, Al, Si, K, Ca and Fe. This justifies the use of Si as an 

internal standard for this study. In addition, the precision (3% 

- 5%) and the accuracy (92% - 104%) of the analyses for Ti, Mn, 

Rb and Sr were very good. The elements with poor precision 

and/or accuracy were either present in concentrations at, or 

below the MDL (i.e. Ni, Cu), or generated spurious or erratic 

results (i.e. Zn, Pb). These latter four elements were not 

significant in the clean quartz samples used in this study. 

In a similar exercise, five different polymineralic standards 

with 20% Carbon (four granite and one rhyolite) were repeatedly 

analysed using the calibrations derived from the obsidian 

standard (SRM 278). The analysed elemental values for each of 

these standards were compared to the certified values for Si, 

Al(PIGME), Fe, Na, K, F, Zr, Rb, Sr and Mn. In this instance, 100 x 

mean of the analyses, divided by the certified value was used as 

an indicator of accuracy, the optimum accuracy being 1 00%. 

These additional standards provide a more reliable guide to the 

absolute accuracy of elements. The data in Figure 7 .I 

demonstrates the excellent accuracy of the PIXE/PIGME method 

for Si(100-106%; mean 104%), Al(94-105%; mean 101 %), 

Fe(100-110%; mean 105%), Na(95-105%; mean 100%), K(96-

105%; mean 100%), Rb(95-103%; mean 99%) and Mn(98-110%; 

mean 104%). This exercise demonstrates that the PIXE/PIGME 

method maintains excellent accuracy over two years of 

analytical runs for a range of five suitable polymineralic 

standards, for the available common seven certified elements 

(Si, Al, Fe, Na, K, Rb and Mn). 
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ROCK 
STANDARDS 
Sample Si Al(PIGME) Fe Na K F Zr Rb Sr 
Tasorani(te1 
'Tas9) 
Mean 277169 54445 13668 15412 29436 na 67 189 105 
Standard 271840 58160 12477 16144 30548 na 128 200 116 
% Mean/Std 101.9 93.6 109.5 95.4 96.3 na 53.0 94.5 90.0 

Granite 
(MAN) I 

Mean 250131 76448 2747 36350 22274 16163 na 2979 67 
Standard 249030 75075 2630 34662 21118 13600 na 2880 67 
% Mean/Std 100.4 101.8 104.4 104.8 105.4 118.8 na 103.4 100.0 

Granite I 
(GH) 
Mean 298681 55686 8091 22987 32936 3374 303 309 7 
Standard 283440 53280 7500 22880 31600 2800 120 312 8 
~ Mean/Std 105.3 104.5 107.8 100.4 104.2 120.5 252.1 99.0 81.2 

Granite I I 
'GSR 1) 
Mean 289172 57423 11988 18592 33480 2339 110 373 82 
Standard 272320 57120 11920 18560 33280 1880 134 373 85 
% Mean/Std 106.1 100.5 100.5 100. 1 100.6 124.4 82.3 100.0 96.1 

Rhvolite 
(RGM1) 
Mean 287721 59425 10490 25383 27739 333 176 na 78 
Standard 274640 58560 10480 24800 28800 320 164 na 89 
IJ6 Mean/Std 104.7 101.4 100.1 102.3 96.3 103.9 107.3 na 87.2 

Figure 7.1: A summary of Rock Standards plus 20% Carbon, using the parameters 
derived from the obsidian (SRM 278) mean calibration 

7.50 ANALYTICAL RESULTS 

Inspection of the initial data bank of 348 analyses showed a 

few samples (6%) which had very high outlying elemental values 

(mineral contamination?). Nine samples containing greater than 

10,000 ppm Al, Fe or Ca were removed, as were five samples 

containing greater than 6800 ppm K, 4500 ppm Na, 2000 ppm Cl, 

1 OOO ppm S, Au or Ti. In addition, five samples containing 

spurious results of Sn, Cu, F and Li were deleted, leaving a data 

bank of 327 analyses, including duplicates (Appendix 6). 
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While sample preparation would remove sulphide and carbonate 

contamination, there could be some inclusion of sericite or 

feldspar as small intergrowths within the quartz. Since the 

ratio of mole K and mole Al is characteristically different for 

orthoclase (KAISi30G) and muscovite (KAl2[AISi3010HOH,F2]), 

any samples containing significant amounts of either of these 

contaminants should display a ratio of mole K:(mole K+ mole Al) 

= 0.592 (orthoclase) or mole K:(mole K + 3 mole Al)= 0.326 

(muscovite). When the mole K/(mole K + x mole Al) ratios were 

calculated for each sample, there was very little evidence of 

significant contamination of the quartz powders by either 

orthoclase or muscovite intergrowths. In each instance, the 

mineral ratio is 2 standard deviations outside the sample mean 

(Figure 7 .n). The results of these calculations are listed in 

Figure 7.m. Further more, neither XRD or electron microprobe 

analyses detected such inclusions in the quartz. 

A similar approach was used to determine whether different 

K:AI ratios could characterise reef or barren samples. Using 

this approach for the total data pool, there was no significant 

indication of the presence of orthoclase or muscovite in either 

the reef or barren quartz samples. 

Mineral Sa moles (N=286)* 
Name Mineral Ratio Mean Standard 

Deviation 

Orthoclase mole K/(mole K + mole AD=0.592 0.283 0. 1 51 

Muscovite mole K/(mole K + 3 mole Al)=0.326 0.128 0.097 

(* :- samples with zero K or Al have been ignored) 
Figure 7.m: - Potassium and Aluminium ratios for orthoclase and muscovite, as 

well as the sample mean and staridard deviation of the quartz 
samples. This demonstrates the absence of signifcant orthoclase or 
muscovite in the samples. 
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Orthoclase Ratio 

.1 .2 .3 .4 .5 .6 .7 .8 .9 
mol K/(mol K + mol Al) 

Muscovite Ratio 

.1 .2 .3 .4 .5 .6 
mol K/(mol K + 3 mol Al) 

The frequency distribution of K/ Al ratios for quartz powders. This demonstrates 
the absence of orthoclase or muscovite in the quartz samples. 
(i) The top graph represents the orthoclase ratio {mol K/(mol K + mol Al)} 
(ii) The lower graph represents the muscovite ratio {mol K/(mol K + 3 mol Al)} 
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The averages and statistical parameters for common elements 

in the 91 gold bearing and 236 barren quartz spot samples are 

shown in Figure 7.o, together with the gold fire assay values of 

the one metre core splits. Inspection of the individual data 

shows that of the 91 spot samples which correspond with 

mineralised core, 74 show no PIXE detectable gold (minimum 

detection limit 3 ppm). As a consequence of the heterogenous 

distribution of gold, PIXE detectable gold is a poor indicator of 

the presence of gold in the much larger core sample (ie gold 

assay). The PIXE analysis for gold confirmed the absence of 

gold mineralisation in all of the 236 barren quartz samples. If 

some of the quartz veins outside the reef contained any 

detectable gold, it would be reasonable to assume that about 

1 5% of these veins would have been identified by PIXE analysis. 

By further inspection of Figure 7.o, it can be seen that there are 

a range of elements that do provide a crude indication of gold 

mineralisation, as well as a range of elements that indicate 

barren vein quartz. 

Au Au Ge As Cl K Ti Mn Fe Na Li Al Ni 
I( fire) foixe) 

0 0 0.8 1 .6 489 629 46 6 172 230 3 101 9 
0 .2 2 9 339 680 105 15 300 568 6 131 1 1 
0 0 0.1 0.6 22 44 7 1 20 37 0.4 86 0.7 
0 0 0 0 0 0 0 0 0 1'4 0 0 0 
0 3 16 95 194 5556 758 128 3554 4343 40 9038 56 

236 236 236 236 236 236 236 236 236 236 236 236 236 

Au Au Ge As Cl K Ti Mn Fe Na Li Al Ni 
(fire) (pixe) 

52 28 3 21 410 589 43 13 231 190 14 1382 6 
78 142 3 67 314 626 1,, 34 421 225 1 1 1284 8 

8 15 .3 7 33 65 12 4 44 24 1 135 0.8 
0.02 0 0 0 0 0 0 0 0 41 0 315 0 
354 993 1 1 415 1510 3835 663 264 3018 1322 83 8393 73 

91 91 91 91 91 91 91 91 91 91 91 91 91 

Figure 7.o:- Chemical composition of sorting by gold fire assay (all concentrations are in ppm). 
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Comparison of the two segments in Figure 7.o indicates that the 

gold bearing quartz samples have on average, higher mean 

values of Au, Ge, As, Li, Mn, Fe and Al and lower mean values of 

K, S, Na and Cl, than the barren quartz samples. To quantify this 

comparison, the mean of each trace element in reef quartz was 

divided by the mean of the same trace element in the barren 

quartz. If the resultant quotient was greater than one, that 

trace element was regarded as being concentrated in the reef 

quartz. If the resultant quotient was less than one, that trace 

element was considered as being concentrated in the barren 

quartz. The results of these calculations are listed in Figure 

7.p below:-

Trace Element Reef Mean/Barren Mean 
Al 13.60 Elements concentrated 
As 10.50 in reef quartz 

Ag 5.00 
Li 4.67 
Ge 3.75 
Mn 2.17 
Cr 1.56 
Fe 1.34 
F 1.00 Elements distributed 
Sr 1.00 evenly throughout the 

Co 1.00 reef and non-reef quartz 
Rb 1.00 
K 0.94 Elements concentrated 
Ti 0.94 in barren quartz 
Cl 0.84 
Na 0.83 
s 0.62 
Ni 0.56 

Figure 7.p Concentration of trace elements in reef quartz in 
comparison to trace elements concentrated in barren quartz. 
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In the table in Figure 7.o, the influence of outlying extremes on 

both averages and standard deviations is considerable. 

Consequently, the two data banks .of the trace elements in the 

gold bearing and barren samples, (as classified according to the 

gold fire assay), were combined .in one new data bank (N=327) 

for further statistical analysis. Spearman Rank correlation 

coefficients were calculated between the gold fire assay values 

and all individual trace element concentrations. The Spearman 

Rank correlation is non-parametric and as such is suitable for 

comparison of data with large fluctuations. This statistic (Rs), 

describes the probability (p) that the correlation is not 

significant. This also relates to the number (N) of samples. The 

more important positive correlations between AU(fire) and 

specific elements are highlighted in Figure 7 .q. 

Element Spearman Rank 
Coefficient (Rs) 

Au( fire) 1.00 
Li 0.64 
As 0.53 
c:e 0.45 

AU(PIXE) 0.38 
Al 0.26 

Figure 7 .q: Spearman Rank correlation coefficients between Au( fire assay) of 
splits of one metre core length and chemical composition as 
determined by PIXE/PIGME of cleaned spot quartz samples from the 
same core split. (Number of samples= 327, p=0.01, Rs > 0.25). 

For the number of analyses involved (N=327), correlation 

coefficients of Rs>0.32 are already highly significant (Fisher 

and Yates, 1963). ~ PIXE/PIGME analyses of Au (Rs=0.38), As 

(Rs=0.53), Ge (Rs=0.45), Al (Rs=0.26) and Li (Rs=0.64) show the 

greatest promise as indicators of the gold content of the drill 

core quartz. 
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The statistical process of Cluster Analysis was used to 

determine significant clusters of elements within the total 

data set, reef set and barren set of samples. Spearman Ranking 

was used to determine the significance of the different 

correlations. A summary of these results are listed in Figure 

7.r below. 

Data set Elemental Clusters Correlation Coefficient( Rs 
Al with Ti 0.59 

Al-Ti with K 0.53 
Total Al-Ti-K with Rb 0.48 

I (N=327) Al-Ti-K-Rb with z r 0.37 
Ge with Li 0.50 

Ge-Li with As 0.42 
Cl with S 0.53 
Fe with F 0.40 

Au with ft(:) 0.33 
Fe with As 0.66 

Fe-As with Mn 0.51 
Reef Al with F 0.58 

(N=91) Zr with Ti 0.55 
Al-F with Zr-Ti 0.53 

Al-F-Zr-Ti with K 0.44 
Al-F-Zr-Ti-K with Rb 0.37 

Au with ,llg 0.53 
Ge With Li 0.45 

I 

Cl with S 0.45 
Al with Ti 0.65 

Barren Al":"Ti with K 0.54 
(N=236) Al-Ti-K with Rb 0.51 

Cl with S 0.51 
Fe with F 0.37 

Figure 7.r: A summary of the cluster analysis to determine significant clusters 
of elements using Spearman Ranking(for p=0.001, Rs>0.300). 

These results suggest that Ge/Li, Al/F, Au/ Ag, Zr/Ti and As/Mn 

have significant correlations within the reef quartz, and could 

be used as indicators of gold mineralisation. The elemental 

groupings of Al/Ti/K/Rb, Cl/S and Fe/F were common 

throughout all data sets (reef, barren and total). 

Analysis of Quartz by Ion Beam Techniques 



116 Chapter 7 

The next stage of the statistical analysis determined all 

significant elemental pairs (ie not clusters or groups) for the 

total data, the reef quartz data and the barren quartz data. The 

cut-off values used for significance were high (i.e. Rs>0.325 for 

p=0.001) and related to the number of samples (N). These 

factors are listed at the head of the relevant column in Figure 

7 .s. Each pair of correlating elements was graphed by 

scattergram and if by inspection there was little evidence of 

visual correlation, that pair of elements was deleted from the 

table. 

In Figure 7.s, the correlation coefficient with the greatest 

significance for each elemental pair is indicated by a bold 

figure with a star (*). The elemental ratios with the greatest 

potential to identify auriferous quartz have been underlined. 

The remaining ratios have potential to identify barren quartz. 

As with the cluster analysis, the following elements are 

common to both data sets: Fe, K, Ti and Al. The following 

elemental pairs statistically identify auriferous quartz:-

As: AU( fire), Mn, Fe, Ge, Li 
AUCPIXE): AU(fire) 
E: Ti, Al, K, Fe, Zr 
Fe: Ca, Mn 
Ge: As, Li, AU(fire) 
Li: As, Ge, AU(fire) 
Zr: Ti, Fe, F, Al 
Al: F, Li, Zr 

The following elemental pairs statistically identify barren 
quartz:-

K: Rb, Ti, Al 
Ti: Al, Fe, Rb 
Rb: Zr, Al, Ti, K 
Fe: Al, Ti 
S: Cl 
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Several scattergrams have been included in Figure 7. t. These 

show the relationships between Li/Ge (total data set); Li/ Al, 

F/K, F/ Al (auriferous quartz); and Rb/ Al, K/ Al (barren quartz). 

Sample Number,(N' N=226 N=57 N=169 
For P=0.001,Rs= Rs=0.3200 Rs=0.4100 Rs=0.3200 

ELEMENTAL RATIO TOTAL DATA AURIFEROUS NON-AURIFEROUS 

Al/F ns * 0.603 ns 

Al/Fe 0.574 0.426 * 0.603 
Al/K 0.596 0.579 * 0.622 

Al/Li ns * 0.604 ns 

Al/Rb 0.523 ns * 0.584 
Al/Ti 0.609 0.546 * 0.640 
Al/Zr 0.364 * 0.529 0.335 
As/Fe 0.389 * 0.734 ns 

As/Mn ns * 0.440 ns 

AuJfire)/ As * 0.553 ns ns 

AuJfire)/ Au * 0.362 ns ns 

A u.( fire) I G e * 0.485 ns ns 

A UJfire )/Li * 0.588 ns ns 

Au/Ag 0.400 * 0.675 ns 

F/Fe 0.372 * 0.450 0.341 
F/Zr 0.363 * 0.498 ns 
Fe/Ca 0.403 * 0.593 0.343 
Fe/Mn 0.465 * 0.556 0.423 
Ge/As * 0.411 ns ns 
Ge/Li * 0.506 0.495 ns 
K/CI 0.368 ns 0.344 
K/F 0.388 * 0.454 0.378 
K/Rb 0.544 ns * 0.592 
K/Ti 0.533 ns * 0.568 

Li/As * 0.446 ns ns 
S/CI 0.511 0.500 * 0.477 
Ti/F 0.458 * 0.520 0.438 
Ti/Fe 0.375 ns *0.408 
Ti/Rb 0.462 ns *0.486 
Ti/Zr 0.463 * 0.471 0.449 
Zr/Fe * 0.326 ns ns 
Zr/Rb 0.325 ns * 0.349 

Figure 7.s: - Significant correlations between elemental pairs within all data, 
auriferous and non-auriferous subsets. (* indicates greatest 
significance, ns = not significant at that level) 
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Correlation between Ge and Li for the total Data set; (Rs=0.506) 
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Figure 7.t: Correlations between elements (in ppm) listed in Figure 7.s. 
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Figure 7.t (continued): Correlations between elements (in ppm) listed in Figure 7.s. 
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Correlation between Al and Rb for barren quartz; N=169. 
(Rs=0.584) 
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Correlation between Al and K for barren quartz; N=l 69. 
(Rs=0.640) 
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Figure 7.t: (continued): Correlations between elements (in ppm) listed in Figure 7.s. 
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Initially, Li proved to be a useful simple single element screen 

when the total population was divided into two groups, one with 

Li <5 ppm (N=202) and the other with Li ~5 ppm (N=l 25). The 

low Li group had a strong relationship between Au(fire) and Li. 

This means that samples with no Li are very unlikely to have 

any gold in the core split. In fact, only 9 samples out of 202 Li 

poor samples contained any gold. Hence, the test is simple, no 

Li means no gold! (i.e. a 96% success rate). 

In an attempt to 'sharpen' the predictive value of the 

PIXE/PIGME trace element analyses, a system of numerical data 

evaluation (ie screening) of these chemical analyses was 

developed. This multi-element screening process successfully 

'fine tuned' the characterisation of the auriferous quartz. The 

sequential steps in this process follow:-

(i) In the first stage of the screening process, two elements 

with a high correlation with gold were selected (e.g. Ge, 

Rs = 0.45 and Li, Rs=0.64 ). The value of (mol Ge + mol Li) 

was calculated for each sample and then all 3 2 7 

analyses were ranked on this basis. 

(ii) Visual inspection of the total data bank suggested a cut

off value for determining the optimum correlation with 

gold [e.g. (mol Ge + mol Li) > 1.1 O] All samples with 

values less than that cut-off point were discarded, 

making certain that the bare minimum of Au assay points 

were discarded. 

(iii) The remaining population (e.g. 96 samples) was again 

subjected to the Spearman Rank Test for all elements 

and the mean of gold values calculated (e.g. Au mean = 

44 ppm). 
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(iv) An elemental pair which had an outstanding correlation 

for reef quartz (e.g. Al/F, Rs=0.60) was selected from 

Figure 7.s. 

(v) Visual inspection of the remaining data bank suggested a 

cut-off value for determining the optimum correlation 

with gold (e.g. 11.5 < mol Al < 160). Al was chosen since 

this was the more widely distributed element. All 

samples with values outside that cut-off point were 

placed in the reject population. 

(vi) The remaining population (e.g. 84 samples) was again 

subjected to the Spearman Rank Test for all elements 

and the mean of gold values calculated (e.g. Au mean = 

48ppm). 

This screening process produces a table similar to the 

following:-

SCREEN Column Column Column Column Column Column 
1 2 3 4 5 6 

Spearman Gold Number o1 Reef Barren Probability 
Rank Mean Samples Samples Samples at 99.999% 

Coefficient (ppm) Left Left Left confidence 
for that AU(fire) 

Ge v's Li relates to the 
screen 

None 0.50 14 327 91 236 0.32 
mol Ge + mol Li) > 1 . 1 0 0.47 44 96 71 25 0.33 

11.5 < mol Al < 160 0.48 48 84 66 18 0.35 

Figure 7.u: A screening process to fine-tune the predicability of using trace 
elements (PIXE/PIGME) to characterise auriferous quartz as 
described in the associated text. 
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Several characteristics can be used to determine the 

appropriateness of the screen chosen. Successive screens 

should produce (Figure 7.u)-
( i) an increasing mean of gold fire assays: viz 14-48ppm Au 

(column 2); 
(ii) a decreasing total population of samples left: viz 327 to 

84 samples (column 3); 
(iii) a maximum of reef samples remaining: viz 91 to 66 

samples (column 4); 
(iv) a minimum of barren samples remaining: viz 236 to 1 8 

samples (column 5); 
(v) an increasing probability that gold analyses correlate 

with the elements used for the screen (column 6). 

Seven sets of elements (or multi-element screens) were used 

to separate auriferous samples from barren samples. In each 

case, the initial data set consisted of 327 samples, both 

auriferous and barren. The full table of data can be found in 

Figure 7.v. The following summary illustrates the use of multi

element screens, with different limits:-
Screen 1 : (mol Ge+mol Li), (mol Al+mol F), (mol K). 
Screen 2,3,4 : (mol Al+mol F), (mol Ge+mol Li), 

(mol Na+mol Rb), (mol Ca+mol Cl). 
Screen 5,6 : (mol Al+mol Ti+mol K+mol Rb), 

(mol Ge+mol Li), (mol Na). 
Screen 7 : (mol Al), (10 x mol Ge+mol Li), (mol Na). 

The "efficiencies" of these screens (ie reef samples left 

over/total samples left over) are listed below in decreasing 

order. The initial ratio of reef samples:total samples was 0.28. 

Screen 
Screen 1 
Screen 6 
Screen 2 
Screen 7 
Screen 4 
Screen 3 
Screen 5 

Final ratio of reef samples left : total samples left 
0.84 
0.83 
0.80 
0.77 
0.76 
0.75 
0.73 
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Following the success of this screening process for the total 

data set, the same process was applied to several individual 

drill holes (Figure 7.w). Two barren drill holes DOH 813 and DOH 

Salisbury, were processed. For DOH B 13, 53 barren samples out of 

57 barren samples were removed using Screen 3, while all of 

the 31 barren Salisbury samples were removed by Screen 3. 

Two drill holes which intersected the reef, DOH B 11 and DOH 

B 1 s, were processed using Screen 3. For DOH 811, 32 barren 

samples were removed from the original 33 barren samples, 

while 45 out of the original 49 barren DOH B 1 s samples were 

removed. 

For a further test of the screening process, 26 analyses of 

museum specimens (both Lefroy and Beaconsfield) were 

processed using both Screen 3 and Screen 5. While the detailed 

results can be found in Figure 7.w under the sample set 'Lefroy 

& B'field', in both instances 5 auriferous samples out of the 

initial 6 auriferous samples were retained. At the conclusion 

of the screening process, only 1 out of the initial 20 barren 

samples remained. Hence, the final collection of samples 

contained five auriferous samples and one barren sample, the 

process having removed 1 9 barren samples and only one 

auriferous sample (i.e. an efficiency value of 0.83). 
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I SCREENING PROCESS for al l (N=327} DDH I samI?les 

SCREEN Limits Total Reef Barren Mean Ge v's Li Rs for 

SCREEN 1 N N N Au{ fire} 99.999% 

NONE none 327 91 236 14 0.499 0.3200 
(mol Ge+ mol Li) X>l.10 96 71 25 44 0.471 0.3300 
(mol Al + mol F) 17.0<X<l50 84 66 18 48 0.482 0.3470 

(mol K) 3.00<X<50.0 79 66 13 52 0.502 0.3568 

SCREEN 2 
NONE none 327 91 236 14 0.499 0.3200 

(mol Al + mol F) X>ll.5 251 91 160 19 0.536 0.3200 
(mol Ge + mol Li) X>0.750 115 80 35 40 0.421 0.3200 
(mol Na+ mol Rb) 2.50<X<23.0 100 77 23 4S 0.460 0.3211 
(mol Ca+ mol Cl) 4.70<X<35.0 88 71 17 so 0.524 0.3470 

SCREEN 3 I 
NONE none 327 91 236 14 0.499 0.3200 

(mol Al + mol F) 11.5<X<160 240 89 151 20 O.S43 0.3200 
(mol Ge + mol Li) 0.45<X<4.00 124 81 43 37 0.409 0.3200 
(mol Na+ mol Rb) 2.SO<X<23.0 104 7S 29 44 0.424 0.3211 
(mol Ca+ mol Cl) x<3S.O 9S 71 24 47 0.440 0.3300 

SCREEN 4 
NONE none 327 91 236 14 0.499 0.3200 

(mol Al + mol f) 11.5<X<160 240 89 151 20 0.543 0.3200 
(mol Ge+ mol Li) 0.4S<X<4.00 124 81 43 37 0.409 0.3200 
(mol Na+ mol Rb) 2.50<X<60.0 110 79 31 42 0.383 0.3200 
(mol Ca + mol Cl) 4.70<X<35.0 9S 72 23 47 0.400 0.3300 

SCREEN S Limits Total Reef Barren Mean Au Rs 
NONE none 327 91 236 14 0.499 

mol (Al + Ti + K + Rb) 14.9<X<1SO 263 85 178 17 0.542 
(mol Ge + mol Li) 0.45<X<4.50 122 79 43 36 0.47S 

(mol Na) 2.50<X<23.0 102 74 28 43 0.481 

SCREEN 6 l I 
NONE none 327 91 236 14 0.499 

mol (Al +Ti+ K + Rb) 23.3<X<215 218 83 13S 21 O.S59 
(mol Ge+ mol Li) 0.7S<X<4.SO 100 75 25 45 0.369 

(mol Na) 2.SO<x:<23.0 88 73 lS so 0.418 

SCREEN 7 I 
NONE none 327 91 236 14 -

(mol Al) ll.5<X<160 237 89 148 20 -
( 10 mol Ge + mol Li) 0.72<X<5.00 110 77 33 42 -

(mol Na) 2.50<X<60.0 97 7S 22 47 -

Figure 7.v: Screens used to sort auriferous samples from barren samples 

Analysis of Quartz by Ion Beam Techniques 



126 Chapter 7 

I SCREENING PROCESS for seJ?arate DDH I 
SAMPLE SET Total Reef Barren Mean 

SCREEN Limits N N N Au(fire} 

DDH B13 
NONE none S7 0 S7 0 

(mol Al + mol F) ll.S<X<160 21 0 21 0 
( mol Ge + mol Li) 0.4S<X<4.00 s 0 s 0 
(mol Na+ mol Rb) 2.S0<X<23.0 4 0 4 0 
(mol Ca + mol Cl) 4.70<X<3S.O 4 0 4 0 

DDH Bll 
NONE none 48 lS 33 40 

(mol Al+ mol F) ll.S<X<160 44 lS 27 4S 
(mol Ge + mol Li) 0.4S<X<4.00 19 12 7 92 
(mol Na+ mol Rb) 2.S0<X<23.0 14 11 3 121 
(mol Ca + mol Cl) 4.70<X<3S.O 11 10 1 17S 

LEFROY & B'field 

NONE none 26 6 20 
(mol Al+ mol F) ll.S<X<160 lS 6 9 
(mol Ge+ mol Li) 0.4S<X<4.00 12 6 6 
(mol Na+ mol Rb) 2.S0<X<60.0 6 s 1 

DDH Salisbury 

NONE none 31 0 31 0 
(mol Al+ mol F) ll.S<X<160 17 0 17 0 
(mol Ge+ mol Li) 0.4S<X<4.00 s 0 s 0 
(mol Na+ mol Rb) 2.S0<X<60.0 1 0 1 0 
(mol Ca+ mol Cl) 4.70<X<3S.0 0 0 0 0 

SIEVE Limits Total Reef Barren Mean Au Ge v's Li 

DDH B15 

NONE none SS 6 49 0.93 0.454 
(mol Al + mol F) ll.5<x.<160 Sl 5 46 0.91 0.339 
(mol Ge + mol Li) 0.45<X<4.00 10 3 7 3.29 0.567 
(mol Na+ mol Rb) 2.50<X<23.0 9 3 6 3.66 0.677 
(mol Ca + mol Cl) 4.70<X<35.0 7 3 4 4.70 0.731 

LEFROY & B'field 

NONE none 26 6 20 0.648 
mol (Al+Ti+K+Rb) 14.9<X<lSO 19 6 13 
(mol Ge + mol Li) 0.4S<X<4.SO 11 6 5 

(mol Na) 2.50<X<23.0 6 5 1 

Figure 7.w: Screens used to sort auriferous samples from barren samples 
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7.60 DISCUSSION 

The strong relationship of Ge to the Beaconsfield auriferous 

vein quartz may be explained as follows. Ge02 is very much 

more soluble in water than Si02 at higher temperature 

(Kennedy, 1 950; Morey, 1 957;) and consequently it is enriched in 

late magmatic and hydrothermal fluids. This leads to the 

enrichment of Ge in hydrothermal sulphides (Wedepohl, 1 978) 

and the enrichment of Ge in hydrothermal quartz and agate 

(Blankenburg and Schron, 1982). Similarly, hydrothermal quartz 

(Balitskiy et al., 1969; Tikhomirova, 1 966; Nand, 1 989; van 

Moort et al., 1 990) and siliceous hydrothermal sinters (Uzamasa 

et al., 1959; Krupp and Seward, 1987; O'Shea, 1987) often 

contain several ppm Ge. When Ge is present while quartz 

crystallises, at times it substitutes for Si in the lattice, since 

it has a similar ionic radius. 

Electron microprobe inspection at micron level of the acid 

cleaned quartz rarely indicates the presence of K bearing 

minerals like sericite or potash feldspar (van Moort et al., 

1 990). This was confirmed by the K/ Al ratios discussed 

previously in this chapter. 

The Cl content of the quartz is also too low in comparison to 

the K content to accommodate all the K as KCI in fluid 

inclusions. When the samples are subdivided into mineralised 

and non-mineralised populations, the mineralised population 

has a Cl/K ratio of 0.696 and the non-mineralised population 

has a Cl/K ratio of 0. 777. Conceivably, the K (as would Li and 

Na) may occur as compensating ions in the channels in the 

crystal structure parallel to the C-axis of the mineral. 

Entrapment of such a large ion could only occur during very 
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rapid crystallisation of the quartz. This would have taken place 

during phase four of the reef mineralisation (See Chapter S), 

when gold replaced euhedral crystals of pyrite and formed free 

gold grains in finely crystalline quartz. 

7.70 SUMMARY 

Initial inspection of the 327 samples suggested that only a· few 

elements (Li, As, Ge, Al) had a strong positive correlation with 

gold mineralisation. A process of cluster analysis and a more 

detailed Spearman Ranking of the analyses, unearthed a wider 

range of elements and pairs of elements which have a 

significant positive correlation with mineralisation. These, 

along with a set of elements or elemental pairs which have a 

positive correlation with the barren quartz are listed in Figure 

7 .x. These elements were determined on 400 mg spot samples 

of powdered, acid cleaned quartz using PIXE/PIGME techniques. 

REEF QUARTZ 
Au (m,c,s) 

As (m,c,s) 

Ag (m,c,s) 

Li (m,c,s) 

Ge (m,c,s) 

Mn (m,c) 

Al (m,c) 

Fe (m,c) 

Zr (c,s) 

Cr (m) 

F (s) 

SIGNIFICANT ELEMENTS IN:-

Statistical Techniques used: 

BARREN QUARTZ 
K (m,s) 

Ti (m,s) 

Cl (m) 

Na (m) 

S (m) 

Ni (m) 

Key:- m=significant mean c=significant cluster analysis 
s=significant spearman correlation 

Figure 7 .x: Elements which can be used to indicate either reef quartz or barren 
quartz at the Beaconsfield Goldfield using different statistical techniques 
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The process of hand picking visually pure quartz fragments, grinding 

them to a fine powder and then acid leaching the powders, provided 

pure quartz samples for analysis. The few analyses with grossly 

excessive concentrations (eg. Al, K, Fe, Ti) were deleted. These 

concentrations could have been derived from impurities such as 

chlorite, biotite, muscovite, sphene or orthoclase, not extracted 

during the sample preparation process. The K/ Al ratios of samples 

supported the contention that there was an absence of micron-scale 

non-stoichiometric muscovite or orthoclase fragments. These 

processes provide confidence that the samples analysed in this 

study were pure quartz with ionic defects and/or substitutions. 

The identification of samples with little Li (i.e. <Sppm) or no Li is 

useful in removing the non-auriferous samples, allowing further 

analyses to be done on a restricted number of samples, hence 

reducing the cost. More sophisticated screening procedures were 

developed using combinations of Al-F-Ge-Li-Na-Rb-Ca-CI and Al-Ti

K-Rb-Ge-Li-Na. This screening of PIXE/PIGME analyses of spot 

quartz powder samples, is as least as efficient in determining the 

gold content of reef quartz as is ~onventional fire assay, but it may 

be more expensive. In addition, elemental combinations ( eg Al-F, 

Ge-Li, Na-Rb) when determined on spot samples by PIXE/PIGME are 

also at least as reliable as the conventional indicators of gold 

mineralisation in quartz, (eg. gold fire assay and As halos). The 

importance of Ge as an indicator for Au mineralisation was also 

stressed by van Moort et al., 1990 and 1991. The cause of the high 

Ge, Li and K content is probably capture of these elements during 

rapid growth of hydrothermal quartz containing gold. In the 

Tasmania Reef, such quartz is fractured, microcrystalline and 

contains free gold (ie. phase four quartz). 
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CHAPTER 8 : CORRELATION BETWEEN 
EPR INTENSITY AND GOLD ASSAY 

8.1 0 INTRODUCTION 

Historically, many experienced gold miners developed an ability 

to visually distinguish between barren and auriferous quartz. 

Several physical methods have been developed to quantify these 

differences in quartz; for instance, quartz morphology (White, 

1943; Dowling and Morrison, 1988), the distribution and nature 

of fluid inclusions in quartz (Roedder, 1984), 

thermoluminescence (Sankaran et al., 1983; Hochman et al., 

1984; Charlet and Quinif, 1990), and cathodoluminescence 

(Marshall, 1 988). Several other workers investigated the 

relationship between EPR signals and gold mineralisation in 

quartz (Scherbakova et al., 1976; Matyash et al., 1982). This 

section investigates the use of electron paramagnetic 

resonance (EPR) as an alternative physical method to 

distinguish between barren and auriferous quartz at 

Beaconsfield. 

8.11 Principles Of The Method 

Paramagnetic materials contain unpaired electrons in their 

atomic orbitals and hence produce dipoles (e.g. rare earths, 

transition elements, Mn2+, actinides, LJ4+). 

The alignment of these atomic dipoles in a magnetic field 

causes paramagnetism. In non-paramagnetic materials, the 

magnetic moments of the electrons (in terms of their spin and 

orbital motions) exactly cancel out, producing no net atomic 

magnetic moment. 

Internally, quartz in its perfect state does not contain any 

unpaired electrons and hence is not paramagnetic. However, 
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natural quartz contains impurities and defect points which may 

produce unpaired electrons and these cause it to show some 

paramagnetic features. 

EPR is based on the resonance of unpaired electrons. That is, 

they resonate between parallel and anti-parallel aligned states 

of their magnetic dipoles, within a strong applied magnetic 

field. During this time, a microwave frequency is 

simultaneously applied. This resonance will occur for specific 

values of a swept magnetic field and is measured as the first 

derivative of the absorption of the applied microwave energy. 

The first derivative is used because the technique of measuring 

phase differences (alternating magnetic field v's absorption 

signal), allows the recording of very weak absorption signals. 

The relationship between the frequency of resonance, ( v) and 

the value of the magnetic field vector(Bres), can be described as: 

where :
h 
v 
g 
f3 
Bres 

hv = gf3Bres, 

is Planck's constant (6.63 x 1 Q-34 J.s.), 
is the microwave frequency (Hz, expressed as s-1), 
is the spectroscopic splitting factor, 
is the Bohr magneton (9.27 x 1 Q-24 J.T.-1) and 
is the magnetic flux density at resonance (expressed 
in Tesla,T; in this report the unit Gauss,G, is used. 1 OG=l mT). 

The Zeeman splitting matrix g, characterises the paramagnetic 

species and as such is dependent upon the state of the unpaired 

electrons. In powder spectra, the effective splitting factor gett 

is calculated from the relationship hv=gf3Bres and is used to 

characterise the first derivative crossovers or other spectral 

characteristics. Care has been taken in using these gett values 

as diagnostic features, because of possible overlaps and 

interferences, especially in complex powder spectra. 
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The determination of the g-factor will detect paramagnetic 

species which may exist in very low concentrations. Under 

typical circumstances, as little as 1 0-1 o to 1 o-a mole of free 

radicals in a 1 g sample can be detected in natural crystals 

(Ewing, 1969). Since paramagnetism is due to the magnetic 

moments of unpaired electrons, EPR is applicable to transition 

metal ions, free radicals, bi-radicals, triplet states, conduction 

electrons in metals and defects in non-conductive crystals 

(Cubitt and Burek, 1980). Natural quartz contains numerous 

impurities within the lattice structure, both as substitutions 

for Si and trapped in the interstitial channels. Quartz also 

contains defects in the lattice structure, such as broken bonds, 

often caused by irradiation. 

8.12 Electron Spin Relaxation 

Since part of this study aims to determine the optimum 

conditions for different components of EPR spectra, a brief 

description of electron spin relaxation follows. EPR records 

changing electron spin transitions caused by the application of 

microwaves at the Lamour frequency. The energies involved 

depend upon a range of atomic factors such as 

electron/nuclear/adjacent ion interactions and temperature. 

Hence, EPR can be used to identify paramagnetic ion species, 

lattice defects and/or the relationships between ions and their 

surrounding lattice environment. 

The major principle upon which EPR is based, is that of electron 

spin relaxation. There are two major types of electron spin 

relaxation; T 1 described as spin-lattice relaxation (or spin

orbit lattice coupling, Pilbrow, 1990) and T 2 described as spin

s pin relaxation. 
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Spin-lattice relaxation (T1 ) is a longitudinal relaxation (i.e. 

takes place parallel to the applied field) and relates to the 

interchange of energy between electron spins and the 

associated crystal lattice. Being dependent on crystal lattice 

electrical fields, T 1 varies significantly with temperature and 

by its very nature, provides information on bonding in the 

lattice. 

Spin-spin relaxation (T 2 ) is a transverse relaxation (i.e. takes 

place normal to the applied field) and relates to the interchange 

of energy between electrons with differing spins. While T 2 is 

independent of lattice energy and hence temperature 

independent, it is very dependent upon the concentration of 

paramagnetic ions. 

Both T 1 and T 2 can be described as having either long relaxation 

times or short relaxation times. The "length" of the relaxation 

time is determined by the amount of microwave energy 

absorbed and this determines the strength of the EPR signal. A 

short relaxation time indicates that the majority of the 

unpaired electrons have rapidly returned to their equilibrium 

positions following the initial absorption of energy. These 

electrons· absorb further incoming microwave energy, and the 

process continues. This continual ability to absorb microwave 

power produces a strong EPR signal. A long relaxation time 

indicates that the majority of the unpaired electrons remain in 

their higher energy state after the initial absorption of the 

incoming microwave power. This reduces the number of 

available unpaired electrons and hence the system is unable to 

further absorb microwave energy. This continual lack of ability 

to absorb energy produces a weak EPR signal. In this situation, 
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the system is described as being saturated (i.e. the sei turation 

of the electron transition). So for example, if an EPR spectrum 

is weak at a high microwave power and strong at a low 

microwave power (all other conditions remaining constant), the 

high power spectrum is said to indicate saturation. 

Since different species will become saturated under differing 

conditions, by careful control of variables such as temperature 

and applied microwave power, some spectral lines can be 

decreased (i.e. saturated) while others can be exaggerated. This 

technique may allow interfering spectral lines to be measured 

under different conditions without one "swamping" the other. 

A full discussion of the theory of EPR is given by Wertz & 

Bolton (1986) and Pilbrow (1990), some practical applications 

of EPR to geology and mineralogy by Calas (1988), and a 

detailed discussion on EPR spectroscopy of a-quartz is given by 

Weil (1984). 

Oscillator 

.___s_. Cavity -N 
resonator 

Field 
sweep 

~lifier 

Figure 8.a: A schematic layout of an EPR spectrometer (JEOL manual). 
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8.20 INSTRUMENTATION 

This study used a ,JEOL JES FE3X EPR spectrometer using the 

X-band settirg. There are four major components of this 

instrument (Figure 8.a) : 
(i) a stabilised electromagnet which generates a 

homogeneous swept magnetic field in the region of the 
sample cavity; 

(ii) a microwave unit for the generation of a constant and 
completely stable microwave radiation (klystron or 
Gunn diode) and for the detection of the absorptive signal; 

(iii) a recorder unit which processes the EPR signal, then 
sends the amplified signal to an X-Y recorder to a 
computer file to be stored for further manipulation; 

(iv) a detector which plots the first derivative of the EPR 
signal against magnetic field strength (Hennig and Grun, 
1983), as illustrated in Figure 8.b . 

Central Science Lab. Sth Mn++ peak russel/.013 

~ Field Centre = 3270 + 50 G I -
4th Mn++ peak 

• 

Peak Height 

3040 3120 3200 3280 3360 3440 
1/cm 

Figure 8.b: The first derivative EPR spectrum for acid cleaned auriferous 
quartz powder (B4A 515.1 m). Power = 1 OOmW, Room Temperature, 
Modulation Width = 1.25 G, Modulation Frequency = 1 00 KHz, 
Amplitude = 1 x1 OOO, Response = 0.3 seconds, Sweep = 2 minutes, 
Microwave Frequency = 9.141 GHz, Sample Mass = 1 00 mg, 
Mn++ Marker used. 
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8.30 SAMPLE SELECTION. PREPARATION AND INSTRUMENT SETTINGS 

The preparation of the EPR quartz powder samples was 

identical to that described in Chapter 7. The EPR analyses were 

conducted on 100 mg of pure (nitric acid) cleaned quartz 

powders and always in identical annealed silica Varian EPR 

tubes with an internal diameter of 3 mm (i.e. maintaining a 

constant filling factor). 

The natural quartz in the drill core samples was very fine 

grained and hence it was not possible to obtain a range of 

coarsely crystalline quartz for single crystal EPR analysis. 

This necessitated the use of finely ground quartz powders, the 

consequence of which, is the loss of specific EPR data due to 

broadening of the spectral line widths. A further complicating 

factor is the complexity of the EPR signal, due to the 

superposition of several components upon the major central 

signal. An attempt was made to characterize the components of 

the spectra using a digital integration of the first derivative, 

to produce discrete absorption curves of each component. These 

curves were integrated again to determine the area under the 

peak. This work indicated significant potential to solve this 

problem (i.e. the resolution of discrete components), but the 

technical support and instrumentation available at the Central 

Science Laboratory (University of Tasmania) were inappropriate 

for the task at hand. 

During the course of this study, two discrete sets of analyses 

were used as a pilot project to determine the suitability of EPR 

as an exploration tool in the Beaconsfield area. During the pilot 

study, techniques of sample preparation were developed and a 

range of instrumental settings was investigated. The large 

Correlation between EPR Intensity and Gold Assay 



137 Chapter 8 

number of samples was required to provide statistical 

confidence in the method employed. The second set of analyses 

(N=11 5) was generated using the optimum instrumental 

conditions previously ·determined. 

The following instrumental settings were used for the first set 

of analyses (N=307). The sample of 1 OOmg quartz powder was 

placed in a Varian annealed silica EPR tube. The tubes used 

were selected to have the same internal diameter (3.0 mm), in 

order to standardize the filling factor. The tube was inserted 

in a consistent and centralized position in a multipurpose 

cavity. The sample was subjected to the following standard 

conditions:-
Field Centre (Field Set): 3365 gauss (336. 5 mT) 
Width (Scan Range): ±1 OOOG, ± SOG, ± 25G 
Microwave Power: 1 OmW 
Temperature: Room Temperature 
Modulation Width (Modulation Amplitude): 2 x 1 Gauss 
Modulation Frequency: 1 00 KHz 
Amplitude (Receiver Gain): 2.5 x 100 
Response (Time Constant): 0.3 seconds 
Microwave Frequency: 9.258 GHz 
Sweep Time (Scan Time): 4 minutes/360 minutes 
Sample Mass: 1 OOmg 

Spectra of the first' derivative were run over sweeps of 

3365±1 OOO G, 3365±50 G and 3365±25 G. The first spectrum 

provided the peak height of the major central signal and a broad 

overview, the other spectra provided details of the shape 

(Figure 8.d). A series of the samples was calibrated against an 

external reference sample (Mn++) and was run under standard 

instrument settings using a double cavity (Figure 8.b). This was 

used as an initial procedure to determine the suitability of 

these calibration and standardisation methods. Several early 

samples from 8eaconsfield (84 1708'6", 84 1706', 84A 1690' and 
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B4A 1687') have provided reproducible spectra for a period of 5-

6 years and have been used as a measure of the reproducibility 

of the EPR results (i.e. 3-4%). In order to determine the 

reproducibility of sample preparation, a series of duplicate 

samples was prepared and analysed (Figure 8.c). Considering 

the "spot-nature" of this procedure (i.e. only 1 OOmg of powder 

is used for analysis), the percentage variation of between 1 % 

and 10% (with a mean of 5%) is satisfactory. The variation is a 

measure of the difference between the mean and the upper or 

lower value. The percentage variation is calculated by dividing 

the variation by the mean. 

Number 

157.0 
126.0 
129.0 
158.0 
160.0 
130.0 

7542.0 
7542.0 

1687.0 
1690.0 

DOH Depth Peak Ht Mean +/- +/-
(m) (mm) (P.Ht.mm) Variation Variation 

84 518.8 32 
84 518.8 26 29.0 3.0 
84 520.0 91 
84 520.0 81 86.0 5.0 
84 522.0 126 
84 522.0 130 128.0 2.0 

812(R52) 899.8 192 
812(R53) 899.8 187 189.5 2.5 

MEAN 
"Standards" (i.e. samples analysed on a re! •ular basis) 

84A 514.2 94.0 3.2 
84A 515.1 109.0 3.7 

Figure 8.c: EPR analyses of samples which have been repeated over 
time to determine a percentage variation. This 
demonstrates the reproducibility of the analyses in terms 
of sample preparation (top section) and instrumental 
accurac;:y (lower section). The measurement of the Peak 
Height is discussed at a later stage. 

% 

10 

6 

2 

1 
5 

3 
4 

In addition to the 204 non-mineralised drill core samples from 

the Beaconsfield and Salisbury goldfields, four discrete hand 

specimens of non-mineralised quartz were analysed from time 

to time as blanks. These samples were collected from King 

Island, Boat Harbour, the Ophir Mine Dump (Beaconsfield) and 
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the Powerline Adit (Salisbury). Throughout this study, these 

"blanks" produced consistently weak or zero signals at the 

standard instrumental conditions. Also, from time to time, 

empty silica tubes were run to monitor potential contamination. 

3310 +/- 25 G 

Oxygen 

g=2.0025 

g:2.007 

Qyy of[AI04] 
0 

Sample 84 515.4m, 

1 OOmg quartz powder, 
9.154 GHz, 
1 OmW microwave power, 
room temperature, 
amp= 3.2 x 100 

g:2.003 

Qxx of [AI04]° 

g=2.001 
E' centre 

g:1.997 

[Ge04fM+]° 

Figure 8.d: First derivative EPR X-band spectrum at room temperature of 
powdered quartz with identified g values. Sample B4(515.4 m) 
with crossovers at g=2.011 (oxygen hole centre), g=2.007 (9yy 
of [AI04]°), g=2.003 (9xx of [AI04]0

), g=2.001 (E') and 
g=1.997[Ge04/M+]

0 

as per Petrov et al., 1990. 

8.40 GENERALISED DESCRIPTION OF EPR SPECTRA 

An EPR spectrum of a single radical species is defined by six 

parameters (Assenheim, 1966) : 
(i) intensity of the signal (i.e. peak height or amplitude) 

which is proportional to the total number of unpaired 
spins in the centres; 
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(ii) g-value of the resonance describing the position of an 
absorption line which then determines the 
characteristics- of the free electrons; 

(iii) the line shape or width which is the reciprocal of the 
time that the resonant electron spins are in the higher 
energy state. A strong interaction between the electron 
spin and the crystal lattice produces broader signals, 
which are common for paramagnetic ions. Weak lattice 
spin interactions produce narrow spectral lines, which a re 
common in free radicals (Hennig and Gron, 1983); 

(iv) stability or decay of paramagnetic centres (e.g. Ge centres 
after irradiation); 

(v) electronic splitting (fs) if more than one electron is 
present; 

(vi) the hyperfine structure (hfs), usually relating to nuclear 
magnetic moments in organic radicals or observed after 
irradiation (e.g. Al in Si02 lattice). 

The first derivatives of natural quartz EPR spectra are often 

complex. Workers in this area have identified a range of 

"centres" located on spectra of single crystals. In an early 

paper, Weil (1984) describes several forms of lattice defects in 

a single quartz crystal, as observed in EPR spectra, these being: 

- electron donors replacing Si (e.g. Al or rarely Ga) 
- electron acceptors (e.g. Ge, Ti, Fe) 
- compensating ions (e.g. H+, Li+, Na+) 
- defects caused by irradiation (e.g. broken bonds) 

Of practical importance for the interpretation of quartz powder 

spectra is Griscom's (1980) paper on electron paramagnetic 

resonance in glasses. This discusses EPR spectra in amorphous 

material (Friebele and Griscom, 1979), and describes the 

spectra in terms of the impurities, the oxygen vacancy (E' or "E 

prime") and non-linking oxygen bonds ("oxygen hole centres"). A 

brief summary of the relevant centres follows below. A more 

detailed discussion of metastable electron-hole centres and 
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other defect centres (Petrov et al., 1989) is beyond the scope of 

this practical study. This project aims to determine any 

statistical relationship between EPR values and trace element 

analysis in acid cleaned quartz powers. For an excellent 

comprehensive discussion of the EPR method of analysis and its 

practical applications, the reader is directed to Pilbrow ( 1 990). 

8.41 The Major Signal located between g=2.0127 and g=1 .9969 

McMorris (1 970) was one of the early workers to observe a 

pronounced EPR signal at g .... 2 for "a dozen extracts of igneous, 

sedimentary and metamorphic quartz, several pegmatitic 

quartzes and one alpha active obsidian". He attributed the 

signal to a-radiation damage, but did not substantiate this 

claim. The same centre can also be observed in some silica 

glasses (Schnadt and Rauber, 1 971 ), flint (Garrison et al., 

1981 ), volcanic rocks (Shimakowa, et al., 1984) and in vein 

quartz as described by van Moort and co-workers (1987, 1988, 

1990, 1992, 1993). After irradiation and immediate EPR 

analysis at <100 K, the signal frequently shows hyperfine 

splitting due to the presence of aluminium. This observation 

indicates that there is a relationship between the signal and 

the presence of aluminium in the sample. Presumably, this 

centre represents what Scherbakova et al. (1976) and Matyash 

et al. (1982) observed in vein quartz and called the "Al-0" 

centre which, they claim, can only be observed at cryogenic 

temperatures. There is confusion in the literature on this 

issue, as can be demonstrated by the following descriptions of 

this EPR centre in quartz. Shimakowa et al. ( 1 984) report that 

the centre (with a minimum at g=2.0025-2.0030) is visible at 

room temperature and cannot be enhanced by x-rays. Imai et al. 
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(1985) report that it is visible at 77 K only and can be e;nhanced 

by x-rays. Then Shimakowa and Imai (1985) reported that there 

are two superimposed centres. 

A study of glasses led Friebele and Griscom (1979) and Griscom 

(1980) to the belief that there is a double oxygen link in the 

silica lattice, which they called "peroxy centre" or "peroxy 

radical centre". This suggested centre occurs at the g value of 

2.0025-2.0030 but their explanation is not universally 

accepted. 

Central Science Lab. 
russsll.067 5th Mn++ peak 

~ Field Centre = 3270 + 50 G I -
4th Mn++ peak 

• 

Minimum at g=2.0025- 2.0030 ___.. 

3040 

Figure 8.e: 

3120 3200 3280 
1/cm 

3360 

The first derivative EPR spectrum for acid cleaned auriferous 
quartz powder (B11 362m). Power = 1 OOmW, Room Temperature, 
Modulation Width = 1.25 G, Modulation Frequency = 1 00 KHz, 
Amplitude = 1 x1 OOO, Response = 0.3 seconds, Sweep = 2 minutes, 
Microwave Frequency = 9.141 GHz, Sample Mass = 100 mg, 
Mn++ Marker used. 
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This signal is well developed in Beaconsfield (Figure 8.e) and in 

those few samples subjected to x-ray irradiation, it does not 

significantly Ghange its intensity. On close examination, the 

signal consists of two adjacent first derivatives, one with a 

crossover at g=2.007 and the other with a crossover at g=2.003 

(Figure 8.d). These crossovers are reminiscent of the Qyy and 

9xx of the [AI04]° centre as described by Petrov et al. (1990) 

and Agel (1992). Agel identified the following [AI04] 0 centres 

in quartz, 9zz=2.059, gyy .... 2.009 and gxx .... 2.003. After the 

description of the first EPR spectrum of [AI04]° in a-quartz by 

Griffiths et al. (1954, 1955), subsequent descriptions of a 

family of related defects have been published. Reviews of this 

field can be found in Weil (1975, 1984) and Pilbrow (1990). 

Evidence of the relationships between the trace element 

content of the quartz and the intensity of the EPR will be 

discussed in the next chapter. 

A quartz powder sample was sent to Dr P. Such (Bruker 

Analytische Messtechnik in Rheinstetten, Germany) to 

characterise this centre using a double integration of the first 

derivative signal. Dr. P. Such analysed sample B4 518.8 in the 

following sequence:-
(a) The initial X-band EPR spectrum (at room temperature) of 

acid cleaned quartz powder is prominent and is shown in 
Figure 8.f(i).The sweep was at ±1 OOO G. 

(b) Further details of the spectrum are shown in 
Figure 8.f (ii), illustrating some influence of the Mn2+ 
centres at ±300 G. 

(c) The Mn2+ spectrum was simulated as per Figure 8.f(iii). 
(d) This Mn2+ spectrum was subtracted from the ±300 G 

quartz spectrum of Figure 8. f (ii). The resultant clean 
spectrum is shown in Figure 8.f (iv). 
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(e) When the base lines to the left and right of the main peak 
are not at the same height, subsequent integration is 
difficult. To overcome this, a quadratic function to 
simulate the background signal was subtracted from the 
curve, to give Figure 8. f (v) with equivalent base lines. 

(f) The first derivative in Figure 8.f(vi) shows gzz at 2.059 
and gxx~gyy with a crossover at g .... 2.006. This curve is 

then integrated to give the absorption peak of the 
intensity of the microwave as a function of the applied 
magnetic flux density. 

(g) The area under the absorption peak can be found by 
integrating again as in Figure 8.f (vii). The resultant 
curve provides an accurate measure of the intensity of the 
EPR signal. 

Unfortunately, this method could not be used on the other 

samples because it is beyond the scope of the analogue 

instrumentation at the Central Science Laboratory at the 

University of Tasmania. Hence, the simple peak height of the 

first derivative signal has been used for the first set of 

analyses as a measure of the intensity of the EPR spectra. This 

measurement was calibrated against the integral of the 

absorption curve during the second set of analyses. 

8.42 Oxygen Hole Centres 

An oxygen hole centre is a defect structure in the lattice, which 

could be caused by the presence of a non-bridging oxygen (e.g. 

Griscom, 1 980). It is visible in most of the Beaconsfield 

samples (Figure 8.d). A detailed discussion on the non-bridging 

oxygen centres is given in Maschmeyer and Lehmann (1983). The 

centre is often observed in quartz subjected to natural or 

artificial radiation at g=2.011 (van Moort, 1989). 
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Figure 8.f· 
too (I) Initial X-band EPA spectrum 

~ 80 (iv) 
(±1 OOOG) for quartz powder of 84 (518.8). 

eo (1i) A more detailed plot of the spectrum of 
40 84(518.8) at ±300 G. 
20 (iii) Mn2+ EPA spectrum 

0 (iv) The resultant spectrum (ii - iii). 
-20 (v) EPA spectrum after removal of the 
-40 background signal. 
-ea (vi) The first derivative was integrated to 
-ea give the absorption peak. 

-100 (vii) The absorption peak was integrated to 
3200 3300 3ol00 J:IOO 3800 3700 3llOO give the area under the peak. 

(GJ 
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8.43 E' Centre 

This is a prominent defect structure in the Si02 lattice and can 

be identified at g=2.001. If a bridging oxygen is removed from 

the lattice, an electron can be trapped in the vacancy. This has 

been identified by Yip and Fowler (1975) as an E' Centre -
I I 

0 0 
I I 

i.e. 0 -- Si -- E '-- Si -- 0 --
1 I 

0 0 
I I 

Hence, the E' centre results from an electron trapped in an 

oxygen vacancy. The signal is observed in the Beaconsfield 

samples (Figure 8.d.). The E' centre is strongly enhanced by 

irradiation, but the response varies from sample to sample. 

This relationship between the intensity of the E' signal and the 

radiation dose, is used for dating studies (Radtke and Bruckner, 

1991; Smart, 1991 ). 

8.44 Iron Centres 

In the literature, there are several interpretations placed on 

spectra which appear to relate to the iron content in silicates. 

For instance, substitutional Fe3+ in quartz powders has a 

paramagnetic centre located at g~4 (Griscom, 1980, Petrov et 

al., 1 990). This is visible in Figure 8.g. Other workers 

studying natural and doped silicate glasses (Frieble et al., 

1971; Bart et al., 1982; Calas and Petiau, 1983) have identified 

broad lines between g .... 1.8 and g .... 2.5. These lines have been 

variously interpreted by these workers as resulting from 

interactions within Fe3+-Q-Fe3+ clusters, Fe3+ - Fe2+ pairs or 

iron oxide particles. 
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8.45 Germanium Centres 

Anderson and Weil (1959) studied the effect of Ge ions 

substituted at Si sites in quartz, on the form of EPR spectra. 

Resonance lines of the Ge centres are only usually seen post

irradiation in pure quartz. There are two Ge centres, one caused 

by irradiation and one stable centre. Anderson and Weil (1959), 

Leyderman et al., (1985) and van Moort and Barth (1989) showed 

for single quartz crystals and quartz powders respectively, that 

Ge centres which were not visible at room temperature, became 

observable after irradiation. 

When quartz with substituted Ge is irradiated with x-rays, a 

centre at g=1.9985 representing [Ge04]- can be recorded. Over 

24 hours, this centre decays to [Ge04/M+ ]° which can be 

measured at g=1.9976. It appears that some of the Beaconsfield 

samples show this centre without having been subjected to 

artificial radiation (Figure 8.d). Nand (1989) measured the 

[Ge 04]- centre in Fosterville samples which had been 

irradiated for ten minutes, using a Au x-ray tube at 50 KV 

and 50 mA. Similar results were observed. 

g=3.8~ 
Iron 
Centre 

g=2.3 
Cu2+ 
Centre 

+ 3268 ± 2000 G 

Sample B15A 766m 

1 OOmg quartz powder, 
9.153 GHz, 10mW, 
room temperature, 
amp=2.4 x 1 OD 

Figure 8.g: First derivative EPR X-band spectrum at room temperature of 
powdered quartz with identified g values. Sample B1 SA (766 m) 

with crossovers at g=3.8 (Fe) and g=2.36 (Cu2+). 
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8.46 Copper Centre 

Some samples show a signal at g=2.36 (Figure 8.g). These 

samples contain significant amounts of copper as analysed in 

core splits (up to 500 ppm Cu in acid cleaned powders). The 

signal is possibly caused by Cu2+ (Griscom, 1980) or may be 

caused by Cu+ (Sonltsev, et al., 197 4 ). It is unlikely to be 

caused by Cu 0 which Amanis and Kliava (1977) indicate is not 

visible at room temperature. 

8.4 7 Manganese Centres 

M n2+ ions have a characteristic hyperfine sextet, which if well 

developed, is located on a very broad EPR signal at g=2 (Robins 

et al., 1981; lkeya et al., 1986; van Moort, 1987). Some quartz 

samples in this study showed the Mn2+ sextet prior to acid 

treatment (Figure 8.h), but not in the cleaned powders. This 

suggests that the Mn2+ was in the carbonate. The Mn2+ signals 

from a marker sample (Mn2+ in MgO powder), are useful as 

standards and were incorporated into the spectra to help 

characterise other spectral lines (Figure 8.i). 

M n2+ Sextets 

Figure 8.h: The Mn2+ sextet in an EPR spectrum of quartz powder, prior to acid 
treatment (Sample 14A 490 m). Room Temp., 
Frequency= 9.258 GHz, Amp= 3.2 x 100 
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3rd Mn2+ peak 

' 
4th Mn2+ peak 

' 
Oxygen Hole 

+ 3265± 50 G 

g = 2.0025 - 2.0030 

Figure 8.i: 3rd and 4th Mn2+ spectral lines which help characterise spectra. 
The 4th line (right) has a value of g= 1.981. The separation of these 
two spectral line is 86. 9 ± 0. 1 gauss. Sample 84 499.3 m, 10 mW 
power, 1 OOmg quartz powder, amp= 5 x 100, Room Temp. 

8.50 STANDARDISATION 

The previous study suggested two sets of instrumental 

settings, one to measure the E' spectral line and one to measure 

the strong central peak. The former was measured at O.OSmW 

and the latter at 1 OOmW. The following conditions were taken 

as standard conditions while measuring the EPR signal for the 

second set of samples (N=l 10):-
Field Centre (Field Set): 3270 gauss (ie 327.0mT) 
Width (Scan Range): ±SOG 
Microwave Power: O.OSmW or 1 OOmW 
Temperature: Room Temperature 
Modulation Width (Modulation Amplitude): 0.32x10 Gauss (0.0SmW) 

or 1.25 Gauss (for 1 OOmW) 
Modulation Frequency: 1 00 KHz 
Amplitude (Receiver Gain): SxlOOO (for O.OSmW) or 

1x1000 (for lOOmW) 
Response <Time Constant): 0.3 seconds 
Microwave Frequency: 9.141 GHz(or as tuned) 
Sweep Time (Scan Time): 2 minutes/360 minutes 
Sample Mass: 1 OOmg 
Marker Used: Manganese Peaks numbers 3 & 4 

(Mn2+ thermally diffused through MgO powder) 
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The double cavity contained the same mass (i.e. volume) of the 

Mn z + standard, inserted in the same position for all 

measurements. All spectra simultaneously recorded the MnZ+ 

lines (numbers 3 and 4) and the powdered quartz EPR spectra. 

The MnZ+ spectral lines were used for calibration and 

standardisation. The ratio of the heights of the third line to the 

fourth line should be constant for standard conditions. Any 

significant variation of this ratio indicated an uncontrolled 

variable and hence the relevant data were disregarded. In most 

instances, both the heights and integrals of these spectral lines 

maintained a relatively constant ratio throughout the study. 

This is reflected in the following data and plot (Figure 8.j). 

Power O.OSmW lOOmW 

Ratio Mn2+(3)/Mn2+( 4) Mn2+(3)/Mn2+( 4) 

Number N=l 1 N=27 

Mean 0.70 0.288 

Standard Deviation 3.0E-2 0.009 

Minimum 0.69 0.270 

Maximum 0.77 0.313 

Rs (for Mn Ratio} 0.700 0.871 

As a check of the consistency of results, several selected 

duplicated samples were prepared for EPR analysis. The Mn 

ratios for these samples are listed below in Figure 8.k and 

confirm the consistency of the instrumentation and method of 

sample preparation. 
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47.5 + 
+ 

45 + 
+ + 

42.5 

40 
0 + 0 37.5 .,.... + .......... 
M 

35 .._,, 
c 
I: 

32.5 
+ 

30 + 
+ 

27.5 
+ ++ 

25 
80 90 100 110 120 130 140 150 160 

Mn(4) 100 

Figure 8.j:- A plot of the relative heights of Mn2+(peak 3) and Mn2+(peak 4) for 
N=27, demonstrating the consistency of these relative values at 1 OOmW. 

Sam(!le Du(!licate Power Mn2+fil Mn2+1..1.l. Mn2+U)L 
Plots (mW} (mm} (mm} Mn2+1..1.l. 

MS Sa 100 47 212 0.22 
Sb 100 4B 219 0.22 

MS 2a o.os 10B 160 0.6B 
2b o.os 129 1B1 0.71 

M2 Ba 100 46 210 0.22 
Bb 100 4S 21S 0.21 
Be 100 46 210 0.22 

Figure 8.k:- A comparison of Mn ratios, Mn(3rd peak)/Mn(4th peak), for duplicate 
samples. 

8.60 SIGNAL CALIBRATIONS 

Eight samples (2 duplicates) were used to accurately calibrate 

the strong central signal. Two of these plots (M3: B46 5 2 6. 2, 

M22: Bi, 403) are shown in Figures 8.m and 8.n. A N.M.R. 

Gaussmeter provided a measure of the frequency protons (vp) 

and the EPR provided a measure of the frequency of electrons 

(ve). Using the following equation, an accurate value of geff was 

calculated for twenty positions on each of the curves. 
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B(gauss) = 234.866 Vp (MHz) ....... (i) 

g value = 71 7.47752 Ve (GHz) ....... (ii) 
B(gauss) 

Substituting (i) into (ii) 

g value = 3. 102065 x Ve (GHz) 
Vp (MHz) 

Figure 8.1 lists the measured and calculated values which relate 

h . F' tot e spectra in 1gures 8 (M3) d 8 (M22) .m an .n 
CALIBRATION SAMPLE M3(B4B526.2m) CALIBRATION SAMPLE M22(B11403m) 
Location ~ Ve g value Location ~ Ve g value 

A 13761.1 9102.235 2.01217 A 13756.1 9101.629 2.01276 
R 13765.8 9102.235 2.01148 B 13764.5 9101.625 2.01153 
B 13767.7 9102.235 2.01120 c 13772.1 9101.626 2.01042 
c 13774.0 9102.235 2.01028 D 13777.2 9101.625 2.00968 
D 13778.7 9102.241 2.00960 E 13782.0 9101.627 2.00898 
E 13783.8 9102.241 2.00885 F 13790.0 9101.629 2.00781 
F 13782.9 9102.241 2.00898 G 13792.5 9101.629 2.00745 
G 13793.1 9102.241 2.00750 H 13797.3 9101.630 2.00675 
H 13799.5 9102.241 2.00657 I 13806.8 9101.630 2.00537 
I 13806.3 9102.241 2.00558 J 13820.4 9101.629 2.00340 
J 13813.1 9102.241 2.00459 K 13823.8 9101.629 2.00290 
K 13820.4 9102.241 2.00353 L 13827.0 9101.630 2.00244 
L 13828.4 9102.241 2.00258 M 13832.3 9101.630 2.00167 
s 13833.0 9102.237 2.00171 T 13835.9 9101.630 2.00116 
M 13833.5 9102.237 2.00163 N 13841.2 9101.630 2.00039 
T 13836.8 9102.237 2.00116 0 13851.8 9101.631 1.99886 
N 13840.3 9102.237 2.00065 p 13858.7 9101.632 1.99786 
0 13849.1 9102.237 1.99938 Q 13876.0 9101.632 1.99537 
p 13858.1 9102.239 1.99808 
Q 13866.4 9102.239 1.99689 

Bold Fi_qures ( S & I) relate to the centre of the scan. 
INSTRUMENT AL CONDITIONS for M3 INSTRUMENTAL CONDITIONS for M22 

Field Centre (Set) 
Width (Scan Range) 
Microwave Power 
Temperature 
Modulation Width 
(Amplitude) 
Modulation Frequency 
Amplitude 
(Receiver Gain) 
Response 
(Time Constant) 
Microwave Frequency 
Sweep (Scan) Time 
Sa mole 

3248.9 G Field centre (Set) 3244.8 G 
± 40 G Width (Scan range) ± 40 G 
25mW Microwave Power 25mW 

Room temperature Temperature Room Temperature 
1 x 1.25G Modulation Width 1 x 1.25G 

lOOKHz 
1 x 104 

1 second 

9.10229 GHz 

(Amplitude) 
Modulation Frequency 
Amplitude 
(Receiver Gain) 
Response 
(Time Constant) 
Microwave Frequency 

8 minutes Sweep (Scan) Time 
Cavity overfilled Sample 

100KHz 
2 x 104 

1 second 

9.101641 GHz 
16 minutes 

Cavitv overfilled 

Figure 8.1:- Calibration figures for samples M3 (B4s 526.2m) and M22 (B11 403m) 
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Field Centre =3248.9 ± 25 G 
s @ g=2.00171 

Chapter 8 

~ 
[AI04]0 gyy 

@ g = 2.00750 [Ge04/M+]o 
@g=1.99808 

[AI04]0 gxx ~ 
@ g = 2.00353 

K Si(?) E' 
M @ Q = 2.00116 

Minimum @ g = 2.00258 

Figure 8.m: The calibration plot of sample, M3 (B4s 526.2). lnstumental 
conditions are described in Figure 8.1 

I 
A B 

Field Centre =3244.9 ± 25 G 
I @ g=2. 00537 

[AI04]ogyy 
@ g = 2.00745 

[AI04]0gxx 
@ g = 2.00340 

Minimum @ g = 2.00244 

[Ge04/M+]o 
@ g = 1.99786 

Figure 8.n: The calibration plot of sample, M22 (811 403). lnstumental 
conditions are described in Figure 8.1 
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The following centres are identified by their relevant inflection 

points on these spectral curves:-

Centre g value (M3 position) g value (M22 position) 
Oxygen Hole Centre 2.01120 (B) 2.01153 (B) 
[Al 04]0 gyy 2.00750 (G) 2.00745 (G) 
[Al 04]0 gzz 2.00353 (K) 2.00340 (J) 

Minimum of Central Signal 2.00258 (L) 2.00244 (L) 
(Si?) E' 2.00116 (T) 2.00116 (T) 
[Ge 04/M+] 1.99808 (P) 1.99786 (P) 

These two spectra demonstrate the compexity of this "major 

central signal", with up to eight paramagnetic species 

influencing the spectral lines. This aspect and the spin-lattice 

nature of T 1 (i.e. lattice dependent not concentration 

dependent), suggests that caution should be taken if this 

central signal is to be used as a direct measure of paramagnetic 

ion concentration. It is probably more appropriate for the 

intensity of the signal to be used as a measure of disturbance 

within the crystal lattice. 

8.70 PILOT PROJECT (N = 307) 

In the initial description of EPR at 8eaconsfield, van Moort and 

Russell (1987) identified the fundamental parameter of the 

spectra of the quartz powders to be the major central V-shaped 

signal (minimum at g=Z.0025-2.0030). The peak height of this 

function was best measured at a low scan speed in the 

compressed pattern of the sweep over ±1 OOO G. Finer details 

were shown in the narrower sweeps over ±25, ±50 or ±100 G, in 

which the derivatives suggested superimposition of various 

peaks (Figure 8.d). 

8.71 Initial Results 

The plots of the peak heights down drill hole DOH 84 (84, 84A and 

B4 s) as given in Figure 8.o, indicate that the highest values 

tended to occur in the samples from the cross section through 
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the reef (i.e. where the gold values range between 20 and 900 

ppm). The plots of the peak heights in B11 and B12 given in the 

same figure also indicated that the highest values occurred in 

the samples from cross sections through the reef (i.e. where 

gold values range between 0.4 and 354 ppm). The peak heights 

from samples from outside the reef (i.e. where the gold values 

are 0.01 ppm or less) had a mean value of 4. 7 cm in comparison 

to 7.6 cm for the reef samples. 

0 300 

• • • ,. 
+ 

100 + + 400 
300 

• 84 500 
• 84A 
& 848 

• • + + 811 <'I ... 
m •• • 812 m .., 

.,.: 
~400 • • • ... 
< m .., • 600 ... m 2 ..,· 

] m • ... 
.2 • ::c ... I-• a.. 

w ..... -' ::c ORE ZONE + roo 0 

I-
a.. • w 
0 

+ 
600 +:t + + 800 + 

... 

0 5 10 15 
900 

20 25 
PEAK HEIGHT (cm) 

Figure 8.o: A plot of EPR peak heights as a function of depth for quartz 
powders from diamond drill holes intersecting mineralisation at 
Beaconsfield. The position of the reef intersection of DOH Bi 2 has 
been adjusted to coincide with that of DDH Bi 1 (after van Moort and 
Russell, 1987). 
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The plots of the peak heights from the barren drill holes B13 and 

S1 (where the gold values are <0.02 ppm) and from the drill hole 

S2 (where with one exception, the gold values are <0.02 ppm) 

indicated that the quartz from these unmineralised drill holes 

is considerably less paramagnetic. In the barren hole of DOH 

B13 (72 samples), only 17 samples had peak heights greater than 

5 cm. The majority of these strong signals occurred within 

2 OOm of the surface. 

Van Moort and Russell (1987) and Nand (1989) suggested that 

gold and/or gold mineralisation could be correlated to the 

intensity of the EPR signal at depth. 

Plots of peak height with depth for several drill holes suggest a 

halo effect of EPR peak heights around the reef. This halo 

effect causes statistical problems when determining a 
• 

significant one-to-one correlation, reducing the significance 

[i.e. AU(fire) vs Peak Height]. It also causes difficulties when 

separating the population into two sub-sets and a certain 

amount of overlap is unavoidable. 

8. 72 Discussion of the Pilot Project 

In the first instance, three hundred and seven core spot samples 

(Beaconsfield and Salisbury) were analysed by EPR as a pilot 

project. The first stage in determining the relationship 

between quartz and gold mineralisation was to separate the 

samples into two sub-sets. All mineralised samples (i.e. Au(fire) 

~0.02 ppm, the cut-off used at Beaconsfield by the mining 

companies) were extracted from the initial pool of data. The 

result of this subdivision is illustrated in the table that 

follows (Figure 8.p), where the EPR peak height represents the 
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amplitude of the first derivative signal as indicated in Figure 

8.b. 

Population Number Gold Mean Peak Height Sp. Rank @ p=0.001 
(ppm) Mean (cm) Coeff. 

All Samples 307 14.5 7.4 0.469 0.190 
Au<0.02 ppm 204 0 5.7 0.500 0.190 
Au>0.02 ppm 103 43.1 10.9 -0.084 0.200 

Figure 8.p: Au(fire) vs EPR Peak Height (cm), with the subdivision of the 
initial population into mineralised(N= 103) and 
non-mineralised samples (N=204). 

Both the total data pool and the non-mineralised samples 

displayed a very strong correlation between the lack of gold and 

peak height (Rs=0.469 and Rs=0.500 for 307 and 204 samples 

respectively, at a 99.999% confidence level, p = 0.001 ). This 

data also provides a process whereby the mean Peak Height of 

the EPR signal can be used to identify whether a sample is 

potentially auriferous or not. Both the mean Peak Height of the 

non-mineralised group (5.7 cm) and the total data pool (7.4 cm), 

suggest that a value between 5 cm and 7 cm could be used as a 

Peak Height cut-off point (i.e. for the instrumental settings 

described previously). 

While there are two distinct populations, mineralised and non

mineralised, the EPR method at this stage can confidently 

distinguish the non-mineralised population. From a large initial 

population of 307 quartz samples and using the peak height (at 

g=2.0025-2.0030) cut-off of <5 cm), a group of non-mineralised 

samples was set aside. This process demonstrated that there 

is a strong relationship between peak heights less than 5 cm 

and the absence of gold mineralisation in quartz. Thus, while 

the EPR method can be used successfully to screen out non

mineralised samples, it cannot be used to predict gold values in 

Correlation between EPR Intensity and Gold Assay 



158 Chapter 8 

reef quartz in the same way as fire assay will. However, EPR 

provides an efficient technique to indicate where there is no 

gold mineralisation. The remaining small population of samples 

which will contain both some auriferous quartz and barren 

quartz, would need to be analysed by another method. 

8.80 FINAL EPR STUDY 

Since the pilot study indicated the suitability of using EPR to 

identify barren quartz, a second more rigorous study was 

conducted to confirm these results and to fine tune the 

procedure. In the initial stages of this second investigation, 

ten samples (M1-M1 O) were analysed at different temperatures 

(at 10 K, 138 K {-1 35°C} and 295 K {22°C}) and a wide range of 

microwave powers (from 0.01 mW to 200 mW). Prior to the 

analyses of the main body of samples, the signals from two 

samples were accurately calibrated. These studies used a 

Varian V-4202 EPR Spectrometer courtesy of the Department of 

Physics, Monash University, Melbourne. 

At the University of Tasmania, a selected set of samples 

(N=11 O) was re-analysed using strictly standardised 

conditions, once at a low microwave power (0.05 mW) and once 

at a high microwave power (100 mW). 

The spectra of these analyses were stored in a computer file 

for further processing (e.g. the integration of the first 

derivative). This section of this study used the JEOL TES FE3X 

EPR Spectrometer located at the Central Science Laboratory, 

University of Tasmania. 
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8.81 Temperature and Microwave Power Studies 

A study of the spectra from the quartz powder samples listed in 

Figure 8.q as M 1-M 1 0, showed that there were three major 

signals or components. These signals appeared in most of the 

spectra under particular conditions. For the purposes of initial 

discussion, these major signals/components have been 

identified as Component X, Y and Z. Since the major purpose of 

this study is to assess the application of EPR as an exploration 

method by using a large number of acid cleaned quartz samples, 

it is beyond its scope to unambiguously quantify the species 

that generate specific sections of the spectrum. That 

quantification is best left to more extended studies using a 

small number of individual quartz crystals. Hence in this 

current work, any identification of species which may generate 

a particular segment of the spectrum, is only a tentative 

suggestion. 

MEAN PIXE/PIGME ANALYSES OF OU ARTZ SAMPLES FOR MONASH WORK! 
Deeth AY. Ge £!. ! Ii !!.!!.. Fe f !!!. bl. al ~ 
!ml fire) No. 

518.8 35.5 5 332 382 34 14 178 2 188 18 1626 M1 
515.0 23.0 3 326 475 16 5 97 5 106 13 1262 M2 
526.2 17.4 0 510 1222 115 10 249 22 148 12 2582 M3 
527.8 41 .8 3 333 316 0 5 159 3 86 15 1076 M4 
802.0 0 0 224 90 0 0 33 0 96 0 438 MS 
700.5 38.5 5 229 363 0 9 37 0 167 10 998 MG 
515. 1 45.0 4 294 342 0 10 72 0 146 7 970 M7 
515.3 45.0 4 176 306 16 4 82 8 94 15 1149 MS 
712.5 0 0 211 74 0 0 55 7 61 0 319 M9 
726.0 0 0 182 136 0 0 71 0 105 0 361 M10 
403.0 0 0 345 3074 186 0 410 50 52 0 6025 M22 

Figure 8 q: Chemical compositions of quartz powders used for Monash EPR work 
(all concentrations are in ppm) 
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The standard instrumental settings used are listed below:
Field Centre (Field Set): 3250 gauss (325 mT) 
Width (Scan Range): ±200 Gauss 
Microwave Power: various (0.01-200mW) 
Temperature: 1 OK, 138K, 275K 
Modulation Width (Modulation Amplitude): 1.25x1 Gauss 
Modulation Frequency: 100 KHz 
Amplitude (Receiver Gain): various(2.5x1 Q3 - 8x1 Q4) 
Response (Time Constant): 0.25 second 
Microwave Frequency: 9.1 GHz(depending upon tuning) 
Sweep Time (Scan Time): 2 minutes 
Sample Mass: 1 OOmg 

Component X (Figure 8.r) appeared in the spectra of samples M2, 

M3, MS, M6, M7 and MB. The optimum conditions for recording a 

high EPR signal for this component proved to be a low 

temperature (1 O K) and a microwave power between 1 mW and 

30 mW (with a receiver gain of 8 x 1 Q3). At other temperatures 

and lower powers the signal could not be detected under these 

instrumental conditions. The signal has the properties, 

including the correct shape of hyperfine structure, which are 

attributed to [AI04]0
• 

Since the sample was powdered rather than a single crystal, 

these hyperfine spectral lines are broader than would be the 

case for a crystal. If these spectral lines were caused by Al 

within the crystal lattice, the minimum concentration in the 

six quartz powders exhibiting hyperfine splitting, was 440 ppm. 

Two (Ml, M4) of the four samples not producing these spectral 

lines had less than 440 ppm Al, while two (M9, M 1 O) had more 

than 440 ppm Al (see Figure 8.1). This data suggests that if the 

species concerned is [AI04] 0
, the Al exists in at least two 

environments, one responsible for these spectral lines and one 

which could be saturated under these conditions. 
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... ... 
Field Centre = 3250 ± 200 G 

Scale=40G 

Component X, (Al centre ?) 

T 
i 

. Component Z, (Strong Central Signal) 

Different spectral traces of the same sample, M3 (B4s 526.2). 
Components X, Y and Z are evident in these spectra. Power was varied 
from O.OSmW to 1 OmW, temperature at 10 K, gain = 8 x 1 o3. 
Instrument settings as described under Figure 8.q 
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Component Y (Figure 8.s) is significant in the spectra for all 

samples. In the spectra for M1, M3 and MS, this spectral line 

can be observed for all temperatures (10 K, Figure 8.r; 138 K, 

Figure 8.t; 295 K, Figure 8.u) and is temperature dependent 

(Figure 8. v). Component Y has a small signal under the optimum 

conditions of low microwave power (0.05-0.1 mW) and hence has 

a short spin-lattice relaxation time. 

The intensity of these lines for M3 has been plotted in Figure 

8.v, Peak Height against Microwave Power. This illustrates 

both the temperature dependence (i.e. 10 K v's 275 K) and 

saturation at 5.0mW. The rapid reduction of intensity over the 

small power range (0.1 mW - 5.0mW), is a result of the rapid 

approach of complete saturation. The spectra in Figures 8.r, t 

and x demonstrate the difficulty in measuring the intensity of 

this spectral line as the power increases. This is caused by 

significant interference of Components X and Z (see below) at 

powers greater than 0.1 mW. This interference and saturation 

prevents the characterisation and measurement of this line at 

moderate to high powers. 

Component Y appears to have the properties and form of one or 

more of the E' centres (e.g. Si E') or a free radical. To define 

more clearly this spectral line, sample M9 was subjected to 43 

repeated scans which improved the signal/noise ratio, hence 

producing a much cleaner spectrum (Figure 8.s). This clearly 

demonstrates the presence of the E'(?) signal in sample M9. 

This technique of multiple and sequential scans would reduce 

the error of measuring the signal strength while measuring 

comparative intensities, but it is very time intensive and not 

feasible for a large data set. 
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Field Centre = 3250 ± 50 G 

Component Y 

Component Z 
(strong central sigr 

3225 

(E') 

I 

3250 

MAGNETIC FIELD (GAUSS) 

3275 

A combined spectra generated by 43 scans of the EPR signal of M9 
(B11 712.5). This significantly reduces the noise level. 
Components Y and Z are evident in these spectra. 
The E' signal (Comoonent Y) in the major central signal has 
been emphasised by this process. Power= 0. 1 mW, Temperature=138 K 
Modulation Width = 1.25 G, Modulation Frequency = 1 00 KHz, 

Amplitude = 5x1 o5, Response= 0.25 seconds, Sweep= 2 minutes, 
Microwave Frequency = 9. 1055 GHz, Sample Mass = 100 mg, 
No. Scans = 43, Mn++ Marker used. 
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• -· •·r-· - ·-· -

Scale=40 G 

Field Centre = 3250 ± 200 G 

GAIN: POWER: 

4 x 103 

8 x 103 

8 x 103 

Figure 8.t: 

10 mW 
Component Z 

1.0 mW 

0.1 mW 

Component Y, (E' centre) 

Different spectral traces of the same sample, M3 (645 526.2). Components Y (low 
power only) and Z are evident in these spectra. Power was varied from 0.1 mW to 
1 OmW, temperature at 138 K. Modulation Width (Modulation Amplitude): 1.25x1 Gauss 
Modulation Frequency: 100 KHz, Response (Time Constant): 0.25 second, Microwave 
Frequency: 9.1 GHz, Sweep Time (Scan Time): 2 minutes, Sample Mass: 1 OOmg 
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Field Centre = 3100 ± 200 G 

POWER 

195 mW 

20 mW 

5 mW 

0.1 mW 

Figure 8.u: 

Component Z ___. 

'i.. 

Different spectral traces of the same sample, M1 (84 518.8). 
Power was varied from 0.1 mW to 195mW, temperature at 295 K. 
Component Z is evident in these spectra. 
Modulation Width (Modulation Amplitude): 4 Gauss 
Modulation Frequency: 1 00 KHz, Gain = 8x1 o3 
Response (Time Constant): 0.25 second 
Microwave Frequency: 9.1 GHz; Field Scale: 1 major unit = 40 G 
Sweep Time {Scan Time): 2 minutes, Sample Mass: 1 OOmg 
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Power(mW) vs Peak Height(mm) for M3 at 10 K & 295 K (gain=1 x1 o4) 
for Component Y 

Chapter 8 

p 6.5 
• E' (10 K) 

1'.7L1 E' (295 K) 
e 6 
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4.5 
H 4 
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g 
h 2.5 

2 t 
1.5 

m 1 
m 0.5 

0 
0.05 0.10 1.00 

Power (mW) 

5.00 10.00 

Figure 8.v: Peak Height v's Power for T =10 K & 295 K for the E' signal 
(Component Y). Sample M3 (B4s 526.2). Power was varied from 
0.05mW to 1 OmW. 

Component Z (Figure 8. t) was evident in all spectra for all 

samples and for all temperature regimes. This collection of 

spectral lines is the dominant signal in the quartz powders and 

was the signal used in the early portion of this study (i.e. the 

major signal located between g=2.0127 and g=1 .9969). 

Component Z becomes saturated at very high power values 

(>200 mW, Figure 8.w), with optimum conditions for recording 

these spectral lines being high microwave power (50mW to 

1 OOmW) at room temperature (295 K). The signal is 

temperature dependent (e.g .. for M1 with power= 1 OOmW; at T= 

10 K, Peak Height = 36 mm; while at T = 295 K, Peak Height = 

128 mm; other conditions constant). This component has a high 

signal intensity at high power values (50mW to 1 50mW). 
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POWER {mW) v's PEAK HEIGHT {mm) 

Trend to saturation point 

~~~ 
Optimum Power ~ 

M 3 

e 200 
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h 
M 1 

t 

0.01 o.os 0.1 1 s 10 20 so 100 200 

Power (mW) 

Figure 8.w: Power (mW) v's Peak Height (mm) for T = 29S K for the major central 
signal (Component Z) in samples M1 (B4 S18.8) and M3 (B4 S26.2). 
Power was varied from 0.1 0 mW to 200 mW. 
Modulation Width (Modulation Amplitude): 1.2Sx1 Gauss. 
Modulation Frequency: 1 00 KHz. Amplitude: 4 x 1 04 • 

Response (Time Constant): 0.2S second (M1 ), 1 second (M3). 
Microwave Frequency: 9.1 GHz. 
Scan Range: ± 200 Gauss. Sample Mass: 1 OOmg. 
Sweep Time (Scan Time): 2 minutes (M1 ), 4 minutes (M3). 
The relevant EPR traces are located in Appendix 13. 

The different saturation and absorption conditions of 

Components Y and Z, allow for their separate and discrete 

measurement by using different power settings and different 

temperatures. Hence, this pilot study indicated that a 

microwave power setting of 0.05 mW will allow measurement 

of Component Y with minimal interference. Conversely, a 

microwave power setting of 1 OOmW will allow measurement of 

Component Z without significant interference. Satisfactory 

measurement of Component X can only be conducted at a low 

temperature (10 K) and at a moderate power setting (30 mW). 
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Field Centre = 3250 ± 200 G 

Gain= 1x104 Power 

5.0 mW 

Component Z 

Component Y 

Scale=40 G ... .... 

Different spectral traces of the same sample, M3 {B4s 526.2). 
Power was varied from 0.1 mW to 5 mW, temperature at 295 K. 
Components Y {low power only) and Z are evident in these spectra. 
Modulation Width (Modulation Amplitude): 1.25x1 Gauss 
Modulation Frequency: 1 00 KHz 
Response (Time Constant): 0.25 second 
Microwave Frequency: 9.1 GHz 
Sweep Time (Scan Time): 2 minutes, Sample Mass: 1 OOmg 
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8.82 Absorption v's Derivative Curves 

The digitalised spectra were stored as computer files and then 

manipulated to provide print-outs of derivative curves (Figure 

8.y), absorptive curves and the total area of the absorptive 

curve (Figure 8.z). The derivative curve was used to measure 

the peak height of the relevant signal. To ensure that all final 

data could be compared, the peak heights of interest were 

scaled to the fourth Mn2+ peak height [i.e. (signal peak 

height)/(Mn2+{4} peak height) x 100]. 

The absorptive curve provided information on the significant 

components of the signal measured (i.e. position and area under 

that segment of the spectrum) and the area under the total 

signal of interest. This area was normalized relative to the 

area of the Mn2+( 4) peak (i.e. the Mn2+ peak was scaled to 100 

units). This powerful technique had the potential to provide the 

normalized areas under each component of the signal and 

identify each component. As such, this would have greatly 

increased the understanding of the form of the quartz powder 

spectra. The total integrals of both the major central signal 

(1 OOmW) and the E' signal (O.OSmW) were used in the following 

statistical analyses. Unfortunately the integral of the E' signal 

(O.OSmW) was included with the majority of the central signal, 

hence diluting the usefulness of this data. 

Appendix 13 lists the integral values (for O.OSmW and 1 OOmW), 

relative peak heights (for O.OSmW and 1 OOmW) and trace 

element content for the relevant quartz powders. It is 

important to note that all peak heights in this study have been 

standardised against the fourth Mn2+ peak as per previous 

discussion. The g value of this Mn2+ peak is g=1 .981 and 
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EPR Derivative Curve 
Power= 100 mW 

3rd Mn2+ peak 
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Chapter 8 

Figure 8.y:- Derivative curves with the associated Mn2+ peaks. The top 
spectrum depicts the strong central signal ( 1 OOmW) for B4A 
518.5 m (Reef), the lower spectrum shows the E' peak (0.0SmW) 
for B4A 490.1 m (Reef). 
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Figure 8.z:- Absorptive curves with the associated Mn2+ peaks. The top 
spectra depicts the strong central signal ( 1 OOmW), the 
lower spectra includes the E' spectral line (0.0S)mW. 
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remains constant over the frequency range used. This allows 

the position of a component of a signal to be measured. The 

difference between the third and fourth peaks is 86.9 + 0.1 

Gauss. This can be used as a cross check of the accuracy of the 

spectral trace. 
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Figure 8.a.:- Graphical presentation of the strong relationship between 
Peak Height and Integral for 1 OOmW conditions. (N=95, 
Rs=l.000 & p=0.0001). 

Given the current difficulty of obtaining integral values for 

signals, it was seen to be an advantage to determine the 

relationship between peak height and the integral of a signal. If 

there was a simple relationship, this would justify the 

measurement of peak height as an indicator of the signal 

intensity. Indeed, a comparison of peak height against the 
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integral did demonstrate a one-to-one relationship for spectra 

recorded under 1 OOmW conditions (i.e. for N=95, R5 =1.000 & 

p=0.0001 ). This relationship has been graphically represented 

in Figure 8.a. A strong relationship was also demonstrated for 

peak height v's integral value under O.OSmW conditions (i.e. for 

N=93, R5 =0. 700 and p=0.0001 ). The consistency of these 

relationships provides another method for identifying and 

screening out outlying data points. 

A further outcome of this study was to produce a calibration 

curve between the lntegral(1 OOmW) values and Peak 

Height(1 OOmW) values, by removing the 3% outlying points and 

then calculating the mathematical relationship. The x values 

were represented by the lntegral(1 OOmW), with the y values 

being represented by the Peak Height(1 OOmW). 

The first approximation was a linear relationship (Figure 8.(3) 

with: 

y = 0.087x - 18.968 

The second approximation was a second order regression 

polynomial with a tighter fit (Figure 8.y) with: 

y = -2.478 + 0.040x + 2.507E-Sx2 

Caution should be taken in extrapolating these relationships to 

analyses not derived from acid cleaned quartz powders and not 

standardised to the fourth peak in the Mn++ EPR spectrum. 
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Figure 8.B:- A linear calibration curve of Integral( 1 OOmW) values and 
Peak Height( 1 OOmW) values for acid cleaned quartz powders. 
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Figure 8.y:- A second order calibration curve of Integral( 1 OOmW) values 
and Peak Height( 1 OOmW) values for acid cleaned quartz 
powders. 
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8.83 Results of the Final Study 

When the population (N= 11 O) was subdivided into reef samples 

and barren samples, there were several correlations between 

the gold fire assay values and the EPR results. In the auriferous 

subset, the normalised Peak Height (1 OOmW), Integral (1 OOmW) 

and Integral (O.OSmW) demonstrated significant correlations of 

Rs=0.200 (N=63), Rs=0.400 (N=47) and Rs=0.300 (N=S 1) 

respectively with AU(fire) values. 

This population of data contained 35 duplicate analyses which, 

for some statistical processes, may skew the results. All of 

these duplicates were randomly removed (i.e. there was no 

preferential selection) to provide a population of 77 analyses. 

The quartz veins sampled within SOm from the surface, 

consistently contained no evidence of mineralisation, but 

displayed strong EPR signals. The five shallow samples in this 

population were removed, since their presence strongly 

effected the statistical correlation. Three small veinlets 

sampled just outside the assayed reef and hence had been 

regarded as having a zero Au value by the mining company, also 

had strong EPR signals. These were likewise removed, producing 

a final population of 70 auriferous and barren samples. 

When this population (N=70) was statistically analysed for 

correlations between EPR values and gold assay content, 

significant correlations were found between AU(fire) and the 

normalised Peak Height ( 1 OOmW), and the standardised Integral 

(1 OOmW). These correlations were Rs=0.410 (N=70, p=0.380 at 

p=0.001) and Rs=0.380 (N=57, p=0.330 at p=0.01) respectively 

with AU(fire) values. This indicated that the EPR signals could 

be used as an indicator of gold mineralisation. 
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PEAK HEIGHTS FOR AURIFEROUS SAMPLES 

...__ Cut-off value, 25 units 

0 Values less than 25 units 

• Values more than 25 units 

40 60 80 100 120 140 160 180 

Pk Ht(l OOmW) 

PEAK HEIGHTS FOR BARREN SAMPLES 

.... Cut-off value, 25 units 

200 

~ Values less than 25 units 

• Values more than 25 units 

40 60 80 100 120 140 160 180 200 

Pk Ht(1 OOmW) 

Figure 8.6:- Frequency histograms plotted for mineralised samples, N=44 (top) and 
barren samples, N=26 (bottom). These EPR values are relative Peak 
Height units measured at a power of 100 mW. These plots demonstrate 
the "cut-off" at 25 units. 
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Frequency histograms were plotted for the reef and barren 

populations, to determine the most suitable range of EPR values 

to predict mineralisation. These plots, (Figure 8.l>) indicated a 

"cut-off point" of 25 units. Hence, the use of this "cut-off 

point" (25 units), will select 33 (80%) of the auriferous 

samples and at the same time will discard 18 (62%) of the 

barren samples. Further statistics highlighting the use of EPR 

as a discriminator for gold mineralisation are listed below in 

Figure 8.E. 

Population Nt Au Mean NR NB NR:NB 
Total 70 31.6 oom 41 29 1.41 

x >25 units 44 49.3 oom 33 1 1 3.00 
X<25 units 26 1.5 corn 8 18 0.44 

Figure 8.E:- Demonstrating the use of the discriminatory Peak Height 
value of 25 units. NR=number of reef samples, 
Ns=number of barren samples. 

This table demonstrates the concentration of gold samples 

above the cut-off (mean 53.8 ppm) v's below the cut-off (mean 

3.6 ppm) . The ratio of reef samples v's barren samples (i.e. 

NR:N 8) further demonstrates the screening power of this cut-off 

value ( 4.36 above the cut-off value v's 0.40 below this value.) 

8.90 SUMMARY 

The initial (pilot) study suggested that EPR could be used to 

identify the barren samples with significant confidence. 

However, this study of raw EPR data could not confidently 

identify reef samples. The final study used digitalized spectra 

and standardised instrumental conditions specific to two power 

settings· (i.e. 0.05mW and 1 OOmW). This study indicated that 

EPR could be used to separate reef samples from barren 

Correlation between EPR Intensity and Gold Assay 



179 Chapter 8 

samples. This could be done using Peak Height (1 OOmW), 

Integral (1 OOmW) and Integral (O.OSmW) of the signal. The 

most successful set of conditions for predicting the occurance 

of gold mineralisation was using the Mn2+ normalised Peak 

Heights (power=1 OOmW, Mn2+ standard) with a cut-off value of 

25 units. This technique, for the 70 samples studied, had an 

80% success rate. 

Correlation between EPR Intensity and Gold Assay 



180 Chapter 9 

CHAPTER 9 · EPR AND TRACE ELEMENTS 
IN QUARTZ 

9.10 INTRODUCTION 

In this section, the relationships between EPR and trace 

element concentration of the acid cleaned quartz powders are 

described. The first data set (N=307) contains EPR analyses 

recorded by an analogue recorder, the second set of EPR data 

(N=11 O) contains digitally processed data. In the first data set 

investigated, only those Beaconsfield samples which had trace 

element analyses (e.g. PIXE/PIGME), were studied for the 

relationships between EPR and quartz chemistry (N=120, see 

Appendix 6). The relationship between EPR and trace elements 

was investigated by Spearman Rank coefficients, Rs corrected 

for ties. The table relating population size and probabilities 

can be found in Appendix 7. For a 99.999% positive significance 

for correlation (p=0.001) between two factors for 120 

samples, p is conservatively taken as 0.320. Unless indicated 

in this chapter, the quoted p values are for p=0.001. 

Throughout this section, the following statistical parameters 

are used: 
N = sample size 
p = critical probability at a 99.999% level of 

significance (i.e. p = 0.001) 

Any correlation coefficient Rs above p is regarded as a highly 

significant statistical correlation. The EPR signal used in this 

section is the strong central signal with a minimum of 

g=2.0025-2.0030. 

EPR and Trace Elements in Quartz 



181 Chapter9 

A previous section of this report describes the various 

paramagnetic centres expected in clean natural quartz. 

These are: 
- electron donors ..... Al and Ga 
- electron acceptors ..... Fe, Ti and Ge 
- compensating ions ..... H+, u+, K+ and Na+ 

- crystal lattice defects, and 
- sub-microscopic inclusions. 

9.20 EPR AND THE INITIAL POPULATION (N=120) 

When the total population is statistically analysed by 

Spearman Ranking (Figure 9.a), there is a strong primary 

relationship between EPR and K (Rs=0.660), Ti (Rs=0.653), Fe 

(Rs=0.583) and Al (Rs=0.546). 

EPR INTENS11Y K LL u. il !:..L Au(f} £!. As g_ Ge 
v's ELEMENT 

All: N=120 0.660 0.653 0.583 0.546 0.343 0.354 ns 0.338 ns ns 

Cl<20oom N=51 0.575 0.634 0.485 0.423 rs rs ns ns ns ns 
a~2ewn N=G9 0.771 0.704 Q672 0.731 0.328 Q325 ns ns 0.375 ns 

Ge<1 oom N=65 0.629 0.701 0.543 0.44 rs rs 0.471 ns ns ns 
Ge~ 1 i+m N=55 0.741 0.608 0.638 0.757 0.425 Q432 ns 0.418 ns 0.526 

Ti<4oom N=54 0.779 0.568 0.401 0.629 0.543 0.600 ns ns ns 0.512 
li~4wnN=66 ns 0.404 0.433 ns rs rs ns ns 0.487 ns 

Figure 9.a: Correlation between EPR Intensity (Peak Height) and Trace 
Elements in quartz powders. (ns = not sigificant) 

e..@. 
D=().001 

0.32 

0.443 
0.38 

0.395 
Q425 

0.519 
0.426 

There is also a group of elements with a weaker, but 

significant secondary(?) relationship with EPR. These are 

AU(fire) (Rs=0.354), Li (Rs=0.343), and As (Rs=0.338). Five 

elements (i.e. Ti, Cl, Mn, Ge, Zr) have two distinct populations: a 

subset of high chemical analyses for that element, and a subset 

of chemical analyses which were below the MDL for that 

element. The bimodal populations of Ge, Ti and Cl are 

illustrated in the scattergrams in Figure 9.b. 

EPR and Trace Elements in Quartz 
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(i) EPR Peak Height (cm) v's Ge (ppm) 
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Correlation between EPR and bimodal trace elements in quartz: 
Rs=0.194 EPR v's Ge (note log-log axis) 
Rs=0.653 EPR v's Ti (note log-log axis) 
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(iii) EPR Peak Height (cm) v's Cl (ppm) 
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Figure 9. b (continued): Correlation between EPR and bimodal trace elements in quartz: 
(iii)Rs=0.209, EPR v's Cl (note log-log axis) 

9.30 EPR AND ATOMIC RATIOS 

The relationship between the presence of substitutional Al and 

compensating K, Li and Na in selected vein quartz crystals was 

originally investigated by Bambauer ( 1 961 ). In a study on 

chalcedony, Fiorke et al. (1982) the ratio between the 

substitutional atoms and the compensating ions to confirm 

their location in the quartz crystal lattice. They plotted the 

Lmol( 112Ca+112Mg+K+Na+Li) against the Lmol(Al+Fe) to justify 

their assertion that large amounts of Al and Fe impurities were 

substitutionally incorporated in the lattice. These atomic 

substitutions were balanced by the compensating ions of Ca, 

Mg, K, Na and Li located in interstices of the quartz structure. 

The Beaconsfield samples were processed in a similar manner, 

except that Ca and Mg were not used because they were not 

significant in the quartz powders. The other three 

EPR and Trace Elements in Quartz 
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compensating ions (Na+, u+ and K+) were assessed in the light 

of the strength of their correlation with Al and Fe. This was to 

determine which were the major compensating ions in the 

Beaconsfield quartz. Relevant Spearman Rank coefficients 

were calculated and these are listed in the Figure 9.c below. 

mol (Element) Fe Al Al+Fe 
Na 0.241 0.492 0.485 
Li 0.228 0.242 0.241 

Na+Li 0.331 0.564 0.557 
K 0.744 0.850 0.855 

Figure 9.c: A matrix of Rs values for N=l 20 and p=0.320 demonstrating the 
importance of K+ as a compensating ion. 

While there are only weak correlations between Li and Fe, Al or 

Al+Fe, there are significant correlations between Na and Al 

(Rs=0.492) and also Al+Fe (Rs=0.485). However, the 

correlations between K and each of Fe (Rs=O. 7 44 ), Al 

(Rs=0.850) and Al+Fe (Rs=0.855) are highly significant. This 

suggests that K+, not withstanding its large ionic radius, is the 

most prominent compensating ion in the Beaconsfield quartz. 

The individual concentration of each element was divided by its 

atomic weight and then summed. Progressively, these 

elemental sums were totalled and the Spearman Rank 

Coefficient calculated. If, for a subsequent ratio, the 

Spearman Rank Coefficient diminished as a result of adding an 

element, it was concluded that the previous mix of elements 

were the optimum mix. An example of this process follows. 

In correlating K with Fe 
Fe+Ti 
Fe+Ti+Zr 
Fe+ Ti+Zr+Mn 
Fe+ Ti+Zr+Mn+F 
Fe+ Ti+Zr+Mn+F+Y 

Rs=0.744 
Rs=0.787 
Rs=0.788 
Rs=0.794 
Rs=0.809 
Rs=0.732 

EPR and Trace Elements in Quartz 
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Hence, with a Rs=0.809, the optimum is reached with a ratio 

of rmol(K) vs rmol(Fe+ Ti+Zr+Mn+F). The results of similar 

calculations are shown below (Figure 9.d) and those marked 

with a "*" have been plotted in Figure 9.e. 

l:mol l:mol Rs 
( compensatina ions) ( substitutina atoms) 

K Ti 0.799 
K Al 0.850 
K Al+ Fe 0.855 

* K+Na Al+ Fe 0.869 
K Al+ Ti 0.860 

* K Al+ Ti+Fe 0.865 
K Fe+ Ti+Zr+Mn+AI 0.866 
K+Na Fe+ Ti+Zr+Mn 0.750 

* K+Na Al+ Ti+Fe 0.860 
K+Na Fe+ Ti+Zr+Mn+AI 0.861 
K+Na+Li Fe+ Ti+Zr+Mn+AI 0.856 

* K+Na+Li+Ge Fe+ Ti+Zr+Mn+AI 0.876 

Figure 9.d: Correlations between compensating ions and 
substituting atoms (N= 120 and p=0.320) 

(i) Compensating Ions v's Substituting Ions 
90 

80 + 
+ 

70 

+.f !.+ 
+ 

60 + t.. + + + so + .; 
++ + * 

+ + 
40 + + + + + + + 
30 + + + + 

+ +++ ++ r + + + + 
20 + + 
~ ++++ + 

10 ~t~ + + + 
0 

0 2 4 6 8 10 12 14 16 

mol (K)x1 OOO 

Figure 9.e: Trace element ratios in quartz: 
(i) Rs=0.850, N= 120, mol(K)x1 o3 v's mol(Al)x1 o3 
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(ii) Compensating Ions v's Substituting Ions 
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(iii) Compensating Ions v's Substituting Ions 
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Figure 9.e(continued): Trace element ratios in quartz(N=120): 
(ii)Rs=0.860, N= 120, mol(K+Na)x103 v's mol(AI+ Ti+Fe)x103 
(iii)Rs=0.869, mol(K+Na)x1 o3 v's mol(Al+Fe)x1 o3 
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(iv) Compensating Ions v's Substituting Ions 
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Figure 9.e(continued): Trace element ratios in quartz(N=120): 
(iv)Rs=0.876, mol(K+Na+Li+Ge)xl o3 v's mol(Fe+ Ti+Zr+Mn+Al)xl o3 

22.5 

This data indicates that most of the Al+Fe (and Ti, Zr) analysed 

is balanced by the presence of K+Na (and Li, Ge) in the quartz 

structure. The Fe and Ti may also be involved in substitutions 

as electron acceptors. The Zr, F and Mn in these statistics 

suggest that they too, may have a role in the substitution. The 

first of these two groups contain elements (Al, Fe, Ti) with a 

strong individual correlation with K, while the latter group 

contains elements (Zr, F, Mn) with weaker individual 

correlation with K (see Figure 9.a). The three compensating 

ions, K+, Na+ and u+ will occur in structural interstices. 

Calculations on the correlation between the intensity of the 

EPR signal and substitution/compensating ions also 

demonstrate a strong relationship (Figure 9.f). While K has the 

greatest effect on the EPR (Rs=0.660), the addition of Na and Li 

does not destroy that relationship. Hence, at Beaconsfield 

while K+ appears to have the strongest effect on EPR as a 

EPR and Trace Elements in Quartz 
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compensating ion, 

compensating ions. 

Na+ and u+ are also significant 

EPR l:mol Rs 
Peak height of K 0.660 
the centre with K+Na 0.636 
a minimum at K+Na+Li 0.649 
g=2.0025 to Al 0.546 
2.0030 Fe 0.583 

Fe+ Al 0.557 
Fe+ Ti 0.618 
Fe+Ti+AI 0.568 
Fe+ Ti+Zr 0.629 
Fe+ Ti+Zr+AI 0.616 
Fe+ Ti+Zr+Mn 0.632 
Fe+ Ti+Zr+Mn+AI 0.569 
Fe+ Ti+Zr+Mn+Ge 0.637 
Fe+ Ti+Zr+Mn+Ge+AI 0.569 

Figure 9. f: Correlations between trace elements and EPR signal 
(N=120 and p=0.320) 

An inspection of the data (Figure 9. f) reveals that, while 

individually Al and Fe have a high correlation with EPR 

(Rs=0.546 and 0.583 respectively), subsequent combinations 

tend to weaken the correlation. In a similar fashion, when 

Lmol(AI) is added to any combination of Lmol(Fe+ Ti+Zr+Mn+Ge), 

the Rs value diminishes [e.g. for Lmol(Fe+ Ti+Zr+Mn+Ge) vs EPR, 

Rs=0.637; while for Lmol(Fe+ Ti+Zr+Mn+Ge+AI) vs EPR, 

Rs=0.569] (Figure 9.f). Hence, it is likely that most of the 

atoms of the following elements will be substituted in the 

quartz lattice as electron acceptors, i.e. Fe, Ti, Zr, Mn and Ge. 

9.40 EPR AND THE BIMODAL ELEMENTS 

The statistical analysis of the samples, N=120 (Section 9.20) 

demonstrated that some elements had a strong bimodal 

distribution when plotted against EPR (Figure 9.b). The 

elements which showed this bimodal nature most distinctly 

were Cl, Ti and Ge. Independently, each of these elements was 

EPR and Trace Elements in Qµartz 
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used to screen the total population (N=l 20) into two subsets, 

using the natural cut-off points described on the scattergrams 

(i.e. Ti ~4 ppm, Ge ~1 ppm, Cl~ 30 ppm). 

9.41 EPR v's Ti 

The statistical relationship between EPR and the two 

populations of Ti is plotted in Figure 9.g. For the low Ti 

population (Ti < 4 ppm), N=54, giving p=0.4260. The high Ti 

population (Ti~ 4 ppm) has N=66, giving p=0.4000. 

In the low Ti population, there are strong correlations between 

EPR and K (Rs=O. 779), Au(fire) (Rs=0.690), Al (Rs=0.629), Li 

(Rs=0.543) and Ge (Rs=0.512). In the high Ti population, there 

is only a weak correlation between EPR and Fe (Rs=0.433). 
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EPR INTENSITY vs TRACE ELEMENTS 

K Ti Fe Al Li Au(f) Cl Na Ge 

II Ti<4ppm; N=54 ~ TI ~ 4ppm; N=66 

p=0.001 

(Levels of 
significance) 

Figure 9.g:- Correlations between EPR and Trace Elements in Quartz in Low 
and High Ti Populations. 
(Vertical axis=Spearman Rank Coefficient) 
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The high correlation of Rs=0.690, between the intensity of the 

EPR signal and gold in the core as determined by fire assay, 

suggests that the Ti < 4 ppm screen has identified the 

auriferous quartz samples. In this population, the EPR was able 

to determine which elements (i.e. K, Al, Li and Ge) came into 

the system with the auriferous fluids (i.e. phases 3 and/or 4 ). 

9.42 EPR v's Ge 

Another distinctly bimodal population, that of Ge < 1 ppm and 

Ge ~ 1 ppm, is plotted in Figure 9.h. The low Ge group has N=65, 

giving p=0.3950 while the high Ge group has N=55, giving 

p=0.4250. 
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(Levels of 
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Figure 9.h: Correlations between EPR and Trace Elements in Quartz in Low and 
High Ge Populations. (Vertical axis=Spearman Rank Coefficient) 

The low Ge group contains correlations between EPR and Ti 

(Rs=O. 701 ), K (Rs=0.629), Fe (Rs=0.543), Zr (Rs=0.4 71) and a 

weak correlation with Al (Rs=0.440). Of these, Zr and Ti have a 

EPR and Trace Elements in Qµartz 



191 Chapter9 

lower correlation with EPR in the high Ge group. In the high Ge 

group, there are strong correlations between EPR and Al 

(Rs=0.757), K (Rs=0.741), Fe (Rs=0.638), Ti (Rs=0.608), Ge 

(Rs=0.526) and AU(fire) (Rs=0.432). There is a weak but 

significant correlation between EPR and Li (Rs=0.4250). 

The correlation between EPR and AU(fire), suggests that the Ge 

~ 1 ppm screen separates out the auriferous samples from the 

barren samples. The elements with stronger separation into 

the high Ge group are K, Al, Li, Ge and Fe. This indicates that 

these elements were part of the mineralising fluids and 

contribute to the paramagnetism of the quartz. 

9.43 EPR v's Ymol(Ge+ Ti) 

To confirm the correlation between EPR and AU(fire), the second 

screen of Ti <4 ppm was applied on the population of Ge ~ 1 ppm. 

With a final sample size of 27 and p=0.580, for p=0.001 there 

were still strong correlations between EPR and AU(fire) 

(Rs=0.805), K (Rs=0.699), Al (Rs=0.686) and Li (Rs=0.608). Once 

again, the screening process has separated out the auriferous 

samples, and the EPR correlations indicate that K, Al and Li are 

important substitutions in quartz crystallised in the auriferous 

quartz phases 3 and/or 4. 

9.44 Ge Correlations 

Since the previous sections show that Ge is an important 

substitution in auriferous quartz, the correlations between Ge 

and all other trace elements were calculated for the total 

population (N=120), Ge <1 ppm (N=GS) and Ge ~1 ppm (N=55). 

These are listed in Figure 9.i and are plotted in Figure 9.j. 
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Ge Au(f) As Cl EPR Na Li Al Al+ Fe K+Na+Li 
CORRELATIONS 
IAll Ge; N= 1 20 0.550 0.379 0.475 ns ns 0.381 ns ns ns 
Ge~ 1 ppm; N=55 0.562 0.487 0.578 0.526 0.661 0.549 0.561 0.554 0.597 

Ge <1 nnm: N=65 ns ns ns ns ns ns ns ns ns 

Figure 9.i: Correlations between Ge and Trace Elements, EPR, mole ratios in quartz 
(ns = not significant) 

p=0.001 

0.320 
0.385 
0.425 

For the total population (N=l 20 and p=0.320), there were 

significant correlations between Ge and AU(fire) (Rs=0.550), Cl 

(Rs=0.475), Li (Rs=0.381) and As (Rs=0.379). The study of the 

high Ge samples highlighted further significant correlations. 

This population of Ge ~1 ppm had N=55 and p=0.385. There were 

correlations between Ge and Na (Rs=0.661 ), Cl (Rs=0.578), 

AU(fire) (Rs=0.562), Al (Rs=0.561 ), Li (Rs=0.549), EPR 

(Rs=0.526) and As (Rs=0.487). 
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Figure 9.j: Ge Correlations between EPR, Mole Ratios and Trace Elements 
in Quartz 
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The plot of the Ge correlations in Figure 9.j demonstrates the 

ON/OFF switching effect that Ge has. That is, in the high Ge 

population, element X has a high correlation with Ge, while in 

the low Ge population, element X has no significant correlation 

coefficient with Ge. This further illustrates the importance of 

Ge in quartz as a discriminating criterion for mineralised and 

non-mineralised quartzes. 

SPEARMAN TOTAL DATA REEF SAMPLES BARREN SAMPLES 
CORRELATION RATIO 

Sample Number(N) N=66 N=41 N=25 
For o=0.001.Rho= Rho=0.385 Rho=0.490 Rho=0.600 

(For p=0.01 ),Rho= (Rho=0.31) (Rho=0.39) (Rho=0.49) 
0.05mW Peak Height 

ll 
* Ti 0.430 0.546 

Sample Number(N) N=57 N=35 N=26 
For D=0.001.Rho= Rho=0.410 Rho=0.520 Rho=0.600 

(For p=0.01),Rho= (Rho=0.33) (Rho=0.42) (Rho=0.49) 
0.05mW Integral v's 

Al (0.391) (0.475) 
F (0.438 
K (0.384) 
Li (0.330 (0.506) 
Ti (0.320) 

Sample Number(N) N=70 N=41 N=29 
For D=0.001.Rho= Rho=0.380 Rho=0.490 Rho=0.554 

(For P=0.01 ),Rho= (Rho=0.30) (Rho=0.39) (Rho=O. 449) 
100mW Peak Ht v's 

* Au( fire) 0.410 (0.380) 
Al (0.300) 

* Li 0.410 
( 0 .""345)'-""'"'"""""" """"'"" H 

......... -,,,, __ - .. -........ --.. ~ .. ---
Ti 
Zr (0.304) (0.390) 

Sample Number(N) N=57 N=31 N=26 
For o=0.001.Rho= Rho=0.410 Rho=0.550 Rho=0.590 

(For p=0.01),Rho= (Rho=0.33) (Rho=0.45) (Rho=0.48) 
100mW Integral v's 

Au( fire) (0.380) (0.450) 
Al (0.330) 
K (0. 330) 
Li (0.3601 
Ti (0. 345) 

Figure 9.k: Significant Correlations with EPR values between elemental pairs within all data, 
auriferous and non-auriferous subsets. The * and bold numbers indiate greatest 
significance. Blank cells indicate a lack of significant correlation at the p=0.01 level. 
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9.50 EPR AND THE SECOND POPULATION (DIGITAL DATA. N=70) 

This set of EPR data was processed digitally in an attempt to 

determine any relationships between the integral of the EPR 

signal and the trace elements in the quartz. The four types of 

EPR data in Figure 9.k (O.OSmW Peak Height, O.OSmW Integral, 

1 OOmW Peak Height, 1 OOmW Integral), were statistically 

processed using Spearman Ranking. 

The Peak Height for the 0.05 mW signal strongly correlated 

with the concentration of Ti in both the reef data (Rs=O. 546, 

p=0.490) and the total population (Rs=0.430, p=0.430). There 

were less significant correlations with Al, Cl, Fe, F and K 

(p=0.10). Since the digital recording of the 0.05 mW spectra 

contained the majority of the strong central signal, the 

similarity of the correlation results between the Integral 

(0.05mW) and Integral (1 OOmW) were expected. In each 

instance, the EPR Integral value correlated with the 

concentrations of Al, K, Li and Ti. In addition, F (and less 

significantly Au and Cl, for p=0.1 O) correlated with the 

lntegral(0.05mW) and AU(fire) (and less significantly F and Sr, 

for p=0.1 O) with the lntegral(1 OOmW). The Peak Height(1 OOmW) 

demonstrated strong correlation with AU(fire) (Rs= 0. 41 O, 

p=0.380) and Li (Rs=0.410, p=0.380), and with a p=0.01, 

correlated with Al, Ti and Zr. Less significant correlations 

(p=O. 1 0) were found for F, K and Sr. Similar correlations were 

found within the mineralised sub-set of data (Figure 9.1). 

In summary, the three EPR sets of data (O.OSmW Integral, 

1 OOmW Integral, 1 OOmW Peak Height) identified similar 

elements, viz: AU(fire), Li, Al, Ti, Zr, K, F. Hence, EPR has 

identified elements that could be an electron donor (Al), 

EPR and Trace Elements in Qµartz 
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electron acceptors (Ti, Zr) or compensating ions (Li, K). In 

addition, EPR has identified a significant relationship with 

AU(fire), i.e. mineralised quartz. This is unlikely to be a direct 

causal relationship, but rather a function of a "third party", 

such as crystal lattice defects in the auriferous vein quartz. 

This physical attribute of the quartz is likely to be a function 

of the formation conditions unique to mineralisation. The 

similarity of results and the one-to-one relationship between 

1 OOmW Integral and 1 OOmW Peak Height data (see Section 

8.82), justifies concentrating on the 1 OOmW Peak Height data, 

especially since it is the larger data set (N=70). The strong 

correlation between O.OSmW Peak Height data and Ti values 

suggest a relationship between Ti and the production of the E' 

signal. However, this statistical test in itself, does not 

justify a causal link. 

(i) Al v's the E' Integral for 0.05 mW 
140 

120 + 

~ 100 
E 
If) 
q 
0 ..._, .... ..., 
!..... 
O'I 
'1-

+" ..= 
LLI 

80 

60 

40 
+ 

20 

+ + 

+ 
+++ 

.; 
+ 

+ 

+ 
+ 

+ ..... + 
+ + + 

+ + + 
+ + + 

0---"+--~---..~..--------.-----..---,.--...--.---.-----..~...-...---.---.-----..~~ 

250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 
Al 

Figure 9.1: Correlation between EPR signals and Al or Kin Reef Quartz. 
(i) Al (ppm) v's E' Integral for 0.05mW; N=29, Rs=0.572, p=0.001 for p =0.5541. 
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(ii) Al v's the Peak Height for 100 mW 
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(iii) K v's the E' Integral for 0.05 mW 
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Figure 9.1 (continued): Correlation between EPR signals and Al or K in Reef Quartz. 
(ii) Al (ppm) v's Peak Height for 100mW; N=35, Rs=0.345, p=0.05 for p=0.3246. 
(iii) K (ppm) v's E' Integral for 0.05mW; N=29, Rs=0.604, p=0.001 for p =0.5541. 
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(iv) K v's the Peak Height for 100 mW 
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Figure 9.1 (continued): Correlation between EPR signals and Al or K in Reef Quartz. 
(iv) K (ppm) v's Peak Height for 1 OOmW; N=35, Rs=0.474, p=0.01 for p =0.4182. 

In an attempt to confirm and clarify these relationships, four 

different subsets of the second data set were extracted. These 

were:- samples with a Peak Height (1 OOmW) > 25 units (N=42), 

all reef samples (N=39), samples with Li > 0 ppm (N=43) and 

samples with Ge > 0 ppm (N=34 ). The full range of elements 

was tested for significance in each of these subsets. 

9.51 Samples with Peak Height (1 OOmw) > 25 units 

For N=42 and p=0.001, p=0.4800 was used as a cut-off point in 

this subset. As with the following subsets of data, the 

majority of the elements identified have values of Rs 

significantly greater than p. The value of > 25 units for the 

Peak Height was derived from the work in Section 8.82 in the 

previous chapter. The following elements had significant 

correlations.:-

EPR and Trace Elements in Quartz 
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Li: AU(fire) (Rs=0.663), Ge (Rs=0.543) 
Al: K (Rs=0.791 ), Ti (Rs=0.525), Fe (Rs=0.500) 
K: Ti (Rs=0.516) 
F: Ti (Rs=0.633), Zr (Rs=0.508) 

Fe: Mn (Rs=0.480) 
Peak Height 0.05mW: Ti (Rs=0.482) 

9.52 Reef Samples [AurnreL> 0.02 ppm] 

Chapter 9 

For N=39 and p=0.001, p=0.4900 was used as a cut-off point in 

this subset. The following elements had significant 

correlations.:-
Li: Ge (Rs=0.530), Integral 0.05mW (Rs=0.511) 
Al : K (Rs=0.812), Li (Rs=0.673), F and Zr (Rs=0.493) 
K: Ti (Rs=0.576), F (Rs=0.567), Li (Rs=0.499), Integral 
0.05mW (Rs=0.522) 
F : Ti (Rs=0.589), Zr (Rs=0.556), Fe (Rs=0.495) 
Fe : As (Rs=0.612), Mn (Rs=0.579), F (Rs=0.495) 
Peak Height O.OSmW: Ti (Rs=0.579) 
Integral O.OSmW : K (Rs=0.522), Li (Rs=0.511) 

9.53 Samples with Li > 0 ppm 

For N=43 and p=0.001, p=0.4800 was used as a cut-off point in 

this subset. Four outlying data points (2 high Al, 1 high K and 1 

high Li) were removed to simplify the graphical presentation 

(Figure 9.m), but this did not significantly alter the statistics. 

This subset was chosen because of the strong correlation 

between Peak Height (1 OOmW) and Li (Figure 9.k). The following 

elements had significant correlations.:-
Li: Al (Rs=0.725), Ge (Rs=0.508), K (Rs=0.492), 
Integral 0.05mW (Rs=0.525) 
Al : K (Rs=0.789), F (Rs=0.550), Zr (Rs=0.543), 
Ti (Rs=0.525), Integral 0.05mW (Rs=0.566) 
K : Ti (Rs=0.607), F (Rs=0.570), Zr (Rs=0.504 ), 
Integral 0.05mW (Rs=0.569) 

F : Ti (Rs=0.661 ), Zr (Rs=0.575), Fe (Rs=0.548) 
Ti : Zr (Rs=0.490), Peak Height 0.05mW (Rs=0.51 O) 

EPR and Trace Elements in Quartz 
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Peak Height 0.0SmW : Ti (Rs=O. 51 O) 

Integral O.OSmW : K (Rs=0.569), Li (Rs=0.525), 
Al (Rs=0.566) 

Relationship between Al and K in cleaned quartz powder 
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(ii) Relationship between Li and Al in cleaned quartz powder 
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Figure 9.m: Correlations for the subset of Li> 0 ppm. N=43, p=0.480 for p=0.001 
(i) Al v's K (c')ncentrations in ppm), Rs=0.789 
(ii) Li v's Al (concentrations in ppm), Rs=0.725. 
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(iii) Relationship between Li and Ge in cleaned quartz powder 
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Figure 9.m(continued): Correlations for the subset of Li> 0 ppm. N=43, p=0.480 for p=0.001 
(iii) Li v's Ge (concentrations in ppm), Rs=0.508 

9.54 Samples with Ge> 0 ppm 

For N=34 and p=0.001, p=0.5200 was used as a cut-off point in 

this subset. This Ge subset was chosen because of its strong 

and persistent correlation with Li, as well as its potential to 

subsitute for Si in quartz. The following elements had 

significant correlations:-
Li: Ge (Rs=0.543), Al (Rs=0.560) 

Al: K (Rs=0.844), Fe (Rs=0.589), F (Rs=0.553), 

Zr (Rs=0.543), Ti (Rs=0.527) 
K: Ti (Rs=0.674), F (Rs=0.580), Fe (Rs=0.541) 

F: Ti (Rs=0.634), Zr (Rs=0.580), Fe (Rs=0.565) 

In addition, for N=34 and p=0.02, p=0.3810, 
Peak Height (100 mW) : Ge (Rs=0.414 ), Li (Rs=0.408). 

9.60 DISCUSSION OF DIGITAL DATA SET (N=70) 

Within the data set, there were strong correlations between 

the EPR signal and AU(fire), Li, K, F, Al, Zr and Fe. This data set 

contained reef and non-reef samples. All the four subsets of 

EPR and Trace Elements in Quartz 
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data (Li rich, Ge rich, reef quartz and strong EPR signals) 

demonstrated very significant correlations between 

compensating ions (Li and K) and substituting ions (Ge, Al, Ti, 

Fe). This strongly supports the contention that these ions are 

an integral part of the quartz structure. The scattergrams in 

Figure 9. m have been plotted to demonstrate these 

relationships: Al/K, Li/ Al and Li/Ge. 

Relationship between Al and F in cleaned quartz powder 
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Figure 9.n: Correlation between Al and F for subset of Li > 0 ppm. 
Al v's F; Rs=0.7590, N=15, p=0.7246 for p=0.001and no nil F values. 

The elements Ti, F and Zr had relatively low numbers of data 

points (N=l 6, 15 and 7 respectively), suggesting that the 

calculated correlation could be a statistical aberration. The 

correlations in question were recalculated and plotted with all 

nil values removed. Ti and F (Figure 9.n) maintained their 

correlations, sometimes becoming more significant, sometimes 

becoming slightly less significant. However, with a population 

of seven, correlations with Zr could not be justified in this 
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data set. The extraction of these four subsets confirmed the 

previous correlations and brought to light additional 

significant correlations (eg. Ti v's EPR, E' for 0.05 mW; Figure 

9.o). 

Relationship between Ti and the E' EPR Signal at 0.05 mW 

140 

120 

100 

80 

60 

• 40 .. 
• 

20 

0 
0 

Figure 9.o: 
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Correlation between Ti and EPR for the subset of reef quartz. 
Ti v's EPR: E' (0.05 mW); Rs=0.501, N=11, p=0.4762 for 
p=O. 1 0 and no nil Ti values. 

• 

400 

lnaddition, the four subsets of data (Li rich, Ge rich, reef 

quartz and strong EPR signals) demonstrated significant 

correlations (p < 0.02) between AU(fire), Ti, Li, Ge, F, Al, K and 

the four measurements of EPR intensity (Peak Height for 100 

mW, Integral for 100 mW, Peak Height for 0.05 mW, Integral for 

0.05mW. These correlations have been graphically presented in 

Figure 7 .p. A further study could investigate the different 

sensitivities for the four EPR intensity measurements for the 

elements in each data subset. At this stage, each type of EPR 

measurement has at least a correlation (with differing levels 

of significance) with Ti, Li and K. 
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(i) DATA SUBSET: Peak Height(l OOmW) > 25 units 

• Pk Ht(l OOmW) ~ lntegral(l OOmW) E3 Pk Ht(O.OSmW) ~ lntegral(O.OSmW) 
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(ii) DAT A SUBSET: REEF QUARTZ 

• Pk Ht(lOOmW) 12l 1ntegral(l OOmW) B Pk Ht(O.OSmW) ~ lntegral(O.OSmW) 
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Figure 9.p: 
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Correlations (p ~ 0.02) between elements and EPR measurements 
(i) Data subset: Peak Ht > 25 units (ii) Data subset : Reef Quartz 
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(iii) DATA SUBSET: Li > 0 ppm 

~ lntegral(l OOmW) E3 Pk Ht(0.05mW) ~ lntegral(0.05mW) 

Ti Li Al 

(iv) DATA SUBSET: Ge > 0 ppm 

~ lntegral(l OOmW) E3 Pk Ht(0.05mW) ~ lntegral(0.05mW) 

Correlations (p 5. 0.02) between elements and EPR measurements 
(iii) Data subset: Li~ 0 ppm (iv) Data subset: Ge~ 0 ppm 
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9.70 SUMMARY 

Using two discrete populations of EPR data, one generated by an 

analogue recorder and one generated digitally, similar 

correlations were calculated. The intensity of the EPR signal 

had signficant correlations with AU(fire). Li, K, Ti, Al and F. A 

systematic sorting of elements vs EPR, optimised the 

correlation coefficients into three groups within the quartz : 

Al (electron donor, substitution atom); 

Fe. !!, Ge, Mn and Zr (electron acceptors, substitution atoms); 

K, Li and Na (compensating ions, interstitial ions). 

The elements underlined above, are those that have had the 

major influence in the mineralisation of, and the generation of 

the EPR signal in the Beaconsfield samples. 

Two elements which showed distinct bimodal populations, 

were used to improve the correlation with EPR and distinguish 

the auriferous quartz samples. Low Ti and high Ge separated 

out auriferous quartz samples, in which there were high 

correlations of EPR vs AU( fire), K, Al, Li and Ge. The 

mineralised fluids must have contained these elements when 

the quartz was crystallised during the auriferous quartz phases 

3 and 4 (see Section 5.50). 

Hence, the significant elements correlating in the non

auriferous quartz with EPR are Cl, Ti and Fe. The elements 

correlating in auriferous quartz with EPR are Au, Li, Ge, Al and 

K. 

EPR and Trace Elements in Quartz 
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CHAPTER 1 0 : CONCLUSION 

1 0. 1 0 INTRODUCTION 

The quartz vein samples in this study have come from three 

adjacent areas on opposite sides of the Tamar Fracture System, 

northern Tasmania: Beaconsfield, Salisbury and Lefroy. They 

were selected to provide a significant number of auriferous and 

non-auriferous quartz samples for comparison. The detailed 

PIXE/PIGME chemical analyses of these acid cleaned quartz 

powders and the EPR analyses of the same samples, were 

compared using the Spearman Ranking test to determine any 

significant correlations. 

10.20 EPR STUDY 

The Mn2+ EPR spectral lines (peak numbers 3 and 4) were used 

for calibration and standardisation of the quartz powder E PR 

spectra. The ratio of the heights of the third Mn2+ peak to the 

fourth Mn 2+ peak were constant for standard conditions, 

providing confidence in the digital measurement and processing 

of the EPR spectra. 

A calibration curve between the EPR lntegral(1 OOmW) values 

and EPR Peak Height(1 OOmW) values was calculated. This 

justified the use of the Mn2+ normalised Peak Height 

measurements, useful because the Integral values were 

difficult to generate. This relationship follows, 

with x = lntegral(1 OOmW) and y = Peak Height(1 OOmW):-

Y = -2.478 + 0.040x + 2.507E-Sx2 

A study of the EPR spectra under differing temperature 

conditions (10 K, 138 K, 295 K) and microwave power settings 

(0.01 - 200 mW), identified three major signals or components 

Conclusion 
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(X, Y and Z). The optimum conditions for recording both 

Component X ([AI04 ] 0
) and Component Y (E') are a low 

temperature (10 K, 138 K) and a microwave power greater than 

1 mW. 

Component Z is the dominant central signal in the quartz 

powders and occurs at all temperatures. The optimum 

conditions for this signal are high microwave power (eg. 100 

mW) and room temperature (295 K). The different saturation 

conditions of Components X, Y and Z allow for their separate and , 

discrete measurement by using different power settings. 

A study of approximately 200 samples demonstrated that EPR 

could be used to separate reef quartz from barren quartz. This 

could be done using the Mn2+ normalised Peak Height(l OOmW), 

the lntegral(l OOmW) or the lntegral(O.OSmW) of the signal. 

10.30 TRACE ELEMENTS AND EPR 

PIXE/PIGME analyses of Al, F, Ge, Li, Na, Rb, Ca, Cl, Ti, K, Fe, As, 

Mn, Au, Ag, Zr and S demonstrated significant correlations both 

within this group and with reef /barren samples. 

A system of numerical data evaluation (screening) was 

developed to distinguish between mineralised and barren quartz. 

Successful screens which are good indicators for the presence 

of gold mineralisation are:- Screen 2 {mol(Al+F), mol(Ge+Li), 

mol(Na+Rb), mol(Ca+CI)} and Screen 6 {mol(AI+ Ti+K+Rb), 

mol(Ge+Li), mol(Na)}. 

It was also determined that all barren samples contained no Li. 

Further, samples with EPR values of the Mn2+ normalised Peak 

Height(l OOmW) greater than 25 units, could be identified as 

reef quartz. 

Conclusion 
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The technique for discriminating between mineralised and 

barren quartz, was improved by using elements which display a 

bimodal distribution (i.e. Ti, Ge) when plotted against AU(fire)

Both the low Ti and the high Ge populations produced highly 

significant correlations between EPR peak height vs AU(fire) K, 

Al, F, Li and Ge. 

This correlation between the strong central EPR signal and the 

trace elements in clean quartz powders, suggests the following 

roles in the quartz lattice for these impurities :-

Al (electron donor, substitution atom); 

Ti and Ge, with possibly Fe, Zr and Mn (electron acceptors, substitution); 

K, Na and Li (compensating ions, interstitial ions). 

The cause of the high Ge, Li, Al, F and K content is probably 

capture of these elements during rapid growth of hydrothermal 

quartz containing gold. In the Tasmania Reef, such quartz is 

fractured, microcrystalline and contains free gold. 

1 0.40 CONDITIONS OF GOLD GENESIS 

Electron microprobe analyses of gold grains .were used to 

determine the gold signatures of each goldfield : 

Beaconsfield with a fineness mean of 934 and a range of 900-950; 

Lefroy with a fineness mean of 972 and a range of 952-993. 

These signatures (high mean, narrow range) indicate that these 

goldfields were mineralised at depth, at a high temperature 

(~3 S0°C) and can be classified as hypothermal. 

The suggested model for ore genesis is as follows :-

* Deep (> 1 2 km) waters of marine (high f,34S) and metamorphic 

(high f,1 SQ) origin circulated in the Tamar Fracture System. 

Conclusion 



209 Chapter 10 

* These waters then interacted with a plume of magmatic 

or deep-seated metamorphic mineralised fluids to precipitate 

the mineralisation. 

10.50 MINERAL PARAGENESIS 

While the magnitude of this mineralogical study was not as 

extensive as the chemical and EPR studies, the paragenesis of 

the Tasmania Reef minerals was determined. This paragenesis 

consisted of eight phases; four barren ankerite phases, two 

barren quartz phases and two auriferous quartz phases. In one 

auriferous phase, the gold occurs as free grains in quartz. In the 

other phase, the gold occurs in fractures within the pyrite. 

10.60 SUMMARY 

The following table describes the relationships between the 

trace elements in the acid cleaned quartz powders and gold 

mineralisation as defined by fire assay:-

PIXE/PIGME 
DETERMINED . 

REEF QUARTZ 

BARREN QUARTZ 

Li F Na Al S Cl K Ti Mn Fe Ge As Ag 

Using the EPR cut-off of > 2 5 units to define Reef Quartz and 

<25 units to define Barren Quartz, a similar table describes the 

relationships between the trace elements in the acid cleaned 

quartz powders and gold mineralisation:-

EPR DETER M IN ED L i F Na A I S C I K T i Mn Fe Ge A s Ag 
(25 Unit cut-off) :-

REEF QUARTZ 

BARREN QUARTZ 

Conclusion 
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