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-~ A) On page 14, paragraph 2, sentence 4. At the end of the sentence there §hould be a
rcfcrcnce .(Roberts and Hudson, 1983). ‘

o

present TiOp-normalised chemical data

B) In Chapter 5 and in Appendix 6 all graphs that
"Element ppm/TiO2%" rather than the

X for trace elements should have axes labelled with
labels in the format "Elernent/ TiO,.




ABSTRACT

The Olympic Dam Cu-U-Au-Ag deposit is a syngenetic orebody hosted by the Olympic
Dam Breccia Complex, a high level, hematite-rich hydrothermal breccia system. The
breccia complex occurs entirely within, and clearly post-dates, the Roxby Downs
Granite. -Cu -Fe ,sulphldcdxstnbunon within the deposit is zoned from pyrite-rich
assemblages at depth, upwards to chalcopyrite-rich ores, ultimately to bornite-chalcocite
ores. Minor proportions of paragenetically early magnetite are widely distributed. Felsic
and mafic/ultramafic dykes are broadly coeval with ore deposition. ‘

The Roxby Downs Granite has an age of 1588 + 4 Ma. Prior to this siudy the age of the
breccia complex was unéle&r SHRIMP U-Pb isotopic data for zircons from three
igneous rock dnits constram the minimum age for the bulk of the mineralisation. Two

breccias have ages of 1592.+ 8 Ma and 1584 + 20 Ma respectively. An ashfall tuff

‘horizon from within a diatreme that cross-cuts hematite-quartz breccias contains zircons

with an age of 1597 £ 8 Ma. These three minimum age constraints are within error of the
age of the host granite, meaning that the breccia complex has an age of ~1590 Ma. This

* autobrecciated felsic dykes that intrude hematite-rich Sedimrientary focks and hydrothermal -

age determination allows confident correlation of ore deposition with a major regional |

magmatc episode, the Gawler Ran ge/ Hiltaba-volcano-plutonic event.

Pb isotopic measurements of hydrated U-Th-Y-REE-rich hydrothermal zircon-xenotime
overgrowths on magmatic zircons yualded evidence of complex Pb mobility histories, and

provided no strong évidence regardmg the age of the dcposu SHRIMP analyses of

Olympic Dam pitchblende indicate that U and Pb mob1hty has reset isotopic systematics

heterogeneously, even on a microscopic scale.

apparent from the data of earlier workers. An earlier U-Pb concordia upper intercept

"age" of 1400 Ma for Olympic Dam pitchblende, calculated by regression analysis of

" averaged isotopic analyses, should therefore be regarded with caution.

- Sm-Nd isoto;ﬁc data indicate that the different hematite-sulphide assemblages share an

initial ENd signature of -2.5. This suggests that these ore types are u%enétic at 1590
Ma. This signature also indicates that ore fluids received, contribufions of Nd from

crustal rocks such as the host granite (ENd -5) and from rocks or magmas derived from

This open system behaviour is also .

the mantle at 1590 Ma. In contrast, the volumetrically minor magnetite-rich assemblages -

have the same initial Nd signature as the host granite, suggesting that they are possibly
cogenetic. The hematitic ores and breccias yield a fourteen point Sm-Nd isochron age of
1572 + 99 Ma consistent with the age constraints provided by zircon geochronology.
The least altered ;naﬁc/ultramafic dykes within the deposit have an initial isotopic

signature of ENd +4 and are therefore a plausible source of the primitive Nd component ‘

in the hematitic rocks. With progressive alteration, these dykes have become depleted in

T
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_and b) the sequential activity of a granite-rela
mineralisation, and a-fluid derived by 1

_several of the elements that are enriched in the Olympic Dam ores and breccias,

particularly Cu, Cr, Ni, V, Mn, Nb and Y. The trace element and Nd isotopic
relationships SUongly implicate the mafic/ultramafic dykes, or their plutonic.or extrusive
equivalents, as metal sources. Interpreted primary enrichments in incompatible elements

suggest a strongly alkaline affinity for the mafic/ultramafic rocks.

ic Dam breccias and maﬁc/ultramaﬁc dykes

Rb-Sr isotopic systematics of the Olymp
r after ore deposition.-No firm conclusions

show evidence of open system behaviou

" regarding ore genesis are drawn from these data.

In view of the data presented, plausible hypotheses of ore genesis include: a) fluid mixing

granite-related fluid, and a saline meteoric fluid transporting

involving a hypogene,
ed from the Gawler Range volcanic pile,

metals of economic interest that have been leach

alkaline mafic or ultramafic pluton.
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ted fluid that produced magnetite-rich
ate-stage exsolution of magmatic volatiles frofman




1 INTRODUCTION

1.1 Rationale

The Olympic Dam copper-uranium-gold-silver deposit is located in central SSuth

Australia approfaimately 520 km NNW of Adelaide (1at.30° 27°S, long.136° 53'E). Itis
approximately 30 km west of Andamooka and is situated on the Andamooka 1:250,000

and the Mattaweara 1:100,000 scale r‘nap sheets. The deposit contains in excess of 30
of Au and 7000 tonnes of Ag,

in the world (see Ore reserves,
] association and similar

million tonnes of Cu, 1 million tonnes of U, 1200 tonnes
making it one of the largest concentrations of these metals
table 1.1). No other deposit is known to have the same meta
grades. Consequently there has been much curiosity and specul
¢ ,@394?1,5,,.,,@‘,ﬁ_,@?@?_,g,, H"'Olympi-c Dam-type” deposits,

ation regarding possible
~ geneti
developing exploration straiegies.

Table 1.1 Resource and reserve statement for Olympic Darn (after Reeve et al., 1990).

Million e U30g Au Ag
. tonnes v % ‘ kg/t ght ght
Inferred 2000 - 1.6 0.6 0.6 3.5
resource '
Measured . . 450 2.5 0.8 0.6 6.0
and indicated
resource

The mineralisation at Olympic Dam is hosted by the hematite-rich Olympic Dam Breccia
tirely within the Roxby Downs Granite. The spatial

Complex which occurs en
sts a genetic link, and

tween hematite breccias and the host granite SUgEE

relationship be
ntinents also share a spatial

ally comparable Proterozoic ironstones in other co

parti
However, beyond noting the empirical

association with alkalic felsic igneous rocks.
y not been possible to establish the role of the granite, i.e.

Aassociations it has previousl
hemical trap for metals sourced

whether it is a source of metals, a necessary geoc

ewhere, or even if there is a temporal link between granite emplacement and ore

els
genesis.

everal different Cu-Fe sulphide associations

Within the Olympic Dam deposit there are s
ite, chalcocite) some of which,

(pyrite chalcopyrite, chalcopyrite, bornite * chalcoc

appear to be paragenetically later than others. There are also widely varying lithological

mainly with a view to :




fa_cies represented, includi°ng the predominant subvolcanic breccias whose clast:
populationn may be dominated by hematite or granite, volcanogenic rocks in diatreme
zones, finely laminated sedimentary rocks deposited in a quiescent lacustrine
environment, autobrecciated felsic énd mafic dikes, and coherent dolerite in}frusives.
Lithological and mineralogical complexity have. hitherto made it difficult to establish
which are the requisite features for forming this type of deposit, and which features are of
pqrely local and Perhaps lﬁsser signiﬁéance. It’is imgonant to understand which
geological features are essential to primary ore genesis, and which may represent later
modifying events. For example, if there is no temporal link between the host granite and
the hematite breccias, then the role of the host granite-may be only as a trap for ore
metals. Similarly, if the paragenetically later sulphides appear to represent a much later

- modifying event affecting a lower grade !'protore”, then ore genesis models would need

to account for two developmental stages. Clearly the importarice of understanding which
hydrothermal products are temporally linked with which rock units cannot be overstated

for developing a genetic model.

In order to address these problems an investigation of the geochronology and radiogenic
isotope systematics of various deposit rock types has been undertaken. The first aim of
the study has been to establish the age of the Olympic Dam Breccia Complex and several
key regional rock units regarded as potential metal sources. This aim has been achieved,
with U-Pb zircon ages showing the breccias have an age of ~1590 Ma which correlates
with the Gawler Range Volcanics, the products of a major regional volcanic event on the
Gawler Craton. Having erected the geochronological framework, the second aim has
been to use radiogenic isotopes to correlate between the various mineralogical subgroups
within the deposit in order to establish groups of rock types which appear to be
cogenetic. Sm-Nd isotopes have been particularly useful in this regard, having enabled
the recognition of; a) linked geneses for ores and hematitic breccias, and b) isotopic

differences between hematitic ores, the host granite and magnetite breccias. The third aim

has been to use isotopic characteristics of the ore to trace sources of the fluids and/ or
metals. These studies have strongly implicated the involvement in ore genesis of mafic/

ultramafic rocks produced during the Gawler Range Volcanic event.

Field work was carried out in part during ten months of employment as a mine geologist
at Olympic Dam during 1988, and subsequently during visits to the mine in July 1989,
March 1990 and July 1991. The sampling strategy was aimed at collecting
geographically separate samples of each of the lithological and mineralogical subgroups
discerned on the basis of macroscopic observations. Seventy seven samples were taken
from the Olympic Dam deposit and a further ten samples from relevant regional rock
units. The petrographic and geochemical work undertaken has been primarily directed at
characterising the samples as support for the isotopic work. The nature of the sampling
strategy was governed by the aim of identifying isotopic gx’éa;tﬁngs rather than to provide

\
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comprehensive geochemical coverage. This study should thcreforé not be'vicwed as an
Olympic Dam. Indeed the isotopic work

_ attempt at a deta__ilcd geochemical study of
described establisﬁ"eéwhich of the lithological groups can be regarded as cogenetic, and

in so doing erects a suitable framework within which a later detailed geochemical study
may be conducted. "

Over 100 regular and polished thin sections were made and 80 whole-rock samples were . .

crushed for geochemical analysis. Mineral separations were carried out for 9 samples for
U-Pb zircon geochronological studies, and 39 samples were dissolved and prepared for

isotope dilution analysis of Rb-Sr and Sm-Nd isotopes.

'1.2 Previous work

~-Roberts and Hudson (1983) p ublished the _fitéi,t_,,g?%?,lp,gii??l,_ descrip
¢ in the commercial development of

Dam deposit. Their work took place at an early stag com
y sparsely spaced surface drilling. They interpreted
metals to be

-

the deposit and is based on relativel
the host breccias to be of sedimentar
eeve et al. (1990), with the relatively recentav
derground exposures and close-
lcanic magmatic/

y origin and the introduction of ore
related to local volcanism. R ailability of a

large volume of detailed information obtained from un

spaced drilling, reinterpreted the geology and favour a subvo

the host breccias and the mineralisation. Oreskes and

hydrothermal origin for both
Eir'laudi (1990), who concen
distribution of thre REE within the deposit, concluded that the brecciati
of metals resulted from hypogene hydrothermal fluids venting at the palaeosui’f ace.

wrated on the rare earth element (REE) mineralogy and

on and introduction

Haynes (1979), Lalor (1984, 1986), Esdale et al. (1987) and O'Driscoll (1985).dcscribcd

valuation of the deposit.
geological setting of Olympic Da
Middle Proterozoic iron oxide-rich deposits have been noted by Hauck and Kendall
(1984), Meyer (1988), Hagni and Brandom (1988, 1989), Kisvarsanyi and Kisvarsanyi
(1989), Hauck (1989), Einaudi and Oreskes (1989), Hitzman et al. (1990, Philpotts et

al. (1991) and Hitzman et al. (1992). Oreskes (1990) discussed the U content of
n the implications of the linked transport and -
nisms. The

General similarities

various aspects of the discovery and €
m and other

between the mineralisation and/ or the

Olympic Dam hematite, focussing ©
hemistry and depositional mecha

the U-Pb zircon data presented in
Johnson and Cross

precipitation of Fe and U for fluid ¢

geological implications of a preliminary assessment of
Johnson and Cross (1991a, b).

£ Nd isotopic analyses of various Olympic Dam

) discussed fluid inclusion and stable isotope
at Olympic Dam.

Chapter 3 have been summarised by
(1991b) also discussed the significance O

rock types. Oreskes and Einaudi (1992

constraints on the temperaturcs of formation for various ore types
assess the viability of

Haynes et al. (submitted), have used geochemical modelling 10
several_ ore enesiy’ models. These workers favour a model in which ore

tion of the Olympic




deposition results from the mixing of a hypoger;e fluid, possibly -of magmatic derivation,

_with a metal-bearing meteoric fluid which has interacted with basaltic rocks. Discussion

of aspects of the models proposed by earlier workers is included through the text.

" 1.3 . Thesis structure

geology and

. This thesis is divided into eight chapters. Chapter 2 describes the regional
: ‘the specific

the main geological features of the dcbosi{. After describing the deposit,

aims of phé project and the sampling strategy are discussed. Chapter 3 documents the U-

Pb zircon geochronology of the deposit, discussing analyses of igneous zircons and

hydr othermal mantles around magmatic zircons. In Chapter 4, attempts at dating
pitchblende by .ion probe are discussed. This work explains the discrepancy between the -
- ~1400. Ma deposit age-postulated by Trueman. et al. (1988) on the basis of pitchbl
dating, and ;hé'-~1590 Ma age proposed in Chapter 3. The geochemistry of the Olympic
'Dam breccias is examined in Chapter 5 with particular attention to elemental gains and
losses for the deposit during ore deposition. In Chapter 6 the geochemistry of the altered ',
mafic/ ultramafic dykes is investigated to assess their petrogenetic affinities. The dykes
| appear to have alkaline characteristics and are therefore a plausible source for many of the
er 5. Sm-Nd isotopic stwdies of the

deposit's elemental enrichments described in Chapt
ed fluids

deposit are documented in Chapter 7, revealing that ore genesis probably involv

which had interacted with mafic or ultramafic rocks at 1590 Ma. The evidenc
genesis models consistent

e of the

preceding chapters is summarised in Chapter 8, and the ore

with the new data are discussed.

ende .. .



2 GEOLOGICAL SETTING

2.1 Reglonal Geology

Olympic Dam is located in the northeast of the Gawler Craton (Figure 2.1), an Archaean
and Proterozoic terrain onlapped to the west by the Tertiary Eucla Basin, the north by
Mesozoic sedimentary rocks of the Ackaringa Basin, and bounded to the east by the
Torrens Hinge Zone, a major northerly trending fault zone separating the Gawler Craton
from the Late Proterozoic-Cambrian Adelaide Geosyncline. Archaean rocks are known
in the Sleaford Complex to the west, and the Mulgathmg Complex in the south of the
_craton (Creaser, 1989). The deposu occurs in Middle Proterozoic basement rocks

beneath an incomplete sequence of undeformed Late Proterozoic and Cambrian

sequence has been described by Mason et al. (1978), Preiss (1987), Parker (1990) and
Reeve et al. (1990). At Olympic Dam the lowermost units of Stuart Shelf stratigraphy are
not present, the deposit being directly overlain by members of the Wilpena Group. The

Adelaidean sedimentary rocks of the Stuart Shelf are thought to be the undeformed-

equivalents of the metasedimentary rocks of the Adelaide Geosyncline to the east.
Together these sedimentary provinces have been interpreted to represent the fill of a Late
Proterozoic intracontinental rift where extension was followed by partial closure (von der
Borch, 1980) which resulted in compressional deformation within the Adelaide

Geosyncline.

To the southwest of the Stuart Shelf, deformed granitic rocks and me}ésedimentary rocks
of the of the Early Proterozoic Lincoln Complex and Hutchison Group are intruded by
undeformed granitic rocks of the Hiltaba supersuite (Reeve et al., 1990}. The Hiltaba

granitoid‘s are thought to be cogenetic with the felsic rocks of the Gawler Range

Volcanics (Giles, 1988 and Creaser, 1989; Figure 2.1), an enormous outpouring of
predominantly felsic magmas covering an area of at least 25,000 km2. The rocks are
mainly welded ashflow tuffs with lesser airfall tuffs and lavas. They comprise an
assemblage of dacites, rhyodacites and rhyolites, w1th subsidiary potassic andesites and
tholeiitic basalts (Blisset et al., 1989), and were extruded at ~1590 Ma (Fanning et al,
1988; Creaser, 1989). The combined volume of the volcanics and the Hiltaba supersuite
granites has led a.number of workers to conclude that crustal underplating and/ or mantle

diapirism triggered extensive crustal melting to give rise to the felsic magmas (Giles,

1988; Wyb@m et al., 1987). Geophysical evidence supports this view indicating the
presence of large volumes of mafic material in the lower crust beneath the Gawler Range
Volcanics (Stewart and Foden, 1990). The volcano-plutonic event is interpreted as an
episode of incipient intracontinental rifting (Reeve et al., 1990).

r

3

sedimentary Focks of the Stuart Shelf (Figure 2.1). The-stratigraphy of the- Stuart Shelf -
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. The Gawlcr Range Volcanics include a ?elétively minor proportion of basaltic rocks
)\ . (Giles, 1988; Blisset et al., 19'89) and these probably represent samples of magma which
caused crustal melting. The basaltic rocks of the Roopena Volcanics (~40 km southwest
of Port Augusta; Figure 2.1) have been correlated with the basalts of the Gawler Range
Volcanics on the basis of their geochémistry (Giles and Teale, 1979), and zircon dating
of a tuff associated with the Roopena Volcanics (this study; 'LChapter 3) indicates that they
are indeed correlatives of the Gawler Range Volcanics. This correlation increases the
amount of known basaltic magmatism associated with the Gawler Range volcanic event

Beneath the se;iimentary rocks of the Stuart Shelf similar geological r'clatiohships are -
equivalents of the Hutchiso

__evident in the basement rocks. Deformed Early Proterozoic
Group and Lincoln Complex are intruded by. the post-orogenic Hi
granitoids. In the vicinity of Olympic Dam these granitoids form a complex of plutons

which Reeve et al. (1990) referred to as the Burgoyne batholith. The Burgoyne batholith
¢ Dam Suite to tht east near

ltaba supersuite.

consists of at least two suites of granitoids, the Whit
Andamooka, and the Wirrda Suite to the west near Olympic Dam (Creaser, 1989).
Plutons range in composition from quartz monzodiorite t0 granite and have A-type
geochemical characteristics (cf. Collins et al., 1982). The Roxby Downs Granite which
hosts the Olympic Dam deposit is an evolved pluton, and is a m_embér-of the Wirrda
Suite. The entire Burgoyne batholith was emplaced at 1585 10 1600 Ma (Creaser, 1989; -

Mortimer et al., 1988a).
2.2 Geology (;f khe ‘Olympic Dam deposit
2.2.1 The Roxby )6owns Granite

The Olympic Dam mineralisation is restricted to the Olympic Dam Breccia Complex
(Reeve et al., 1990)‘, which occurs wholly within_t%e Roxby Downs Granite (formerly
the Olympic Dam Granite). Where unaltered, the Roxby Downs Granite 1s a pink;red,
medium to coarse grained rock which by the Streckeisen (1976) classification scheme is a
quartz-poor sycnbgranite. Its approximate modal composition is 50%alkali feldspar, 20-

25% sodic plagioclase, 20-25% quartz, 5-8% amphibole+biotite, accessory magnetite,

zircon, sphene, apatite and trace fluorite, allanite and aranothorite (Reeve et al,, 1990).

Alkali feldspar commonly displays rapakivi textures (K-feldspar rimmed by albite).
Geochemically the granite displays an A-type signature (high contents of K70, REE, Zr,
Y, U, Thand F). The most detailed work to date on the Roxby Downs Granite is that of
Creaser (‘1'989), who concluded that the granite is the product of fractional crystallisation

nite melt derived from partial melting of a+deep-crustal tonalitic source.

of a quartz-monzo
1989) by conventional U-

The granite has been precisely dated at 1588 + 4 Ma (Creaser,

Pb zircon techniques.




2.2.2 Host Breccias

- The most complete account of the Olympic Dam Breccia Complex is that of Reeve et al. |

(1990). Much of the folfowing description of the deposit is adapted from that source, .
although most of the features have also been observed by the author during employment
as a rhipe geologist in 1988. The breccia complex cor{sists of a variety of breccia types
with the main components ;Je'irig granite and hematite. There is a broad concentric
lithological zonadtion from pristine granite surrounding the deposit, through fractured
granite, granite-dominant breccias, heterolithic breccias, Hematite-dominant breccias,
through to hematite-quartz breccias in the core of the deposit. Figure 2.2 shows a

----schematic plan view of the deposit at the main develggmém level of the mine; Figure 2.3

shows a schematic cross section. The breccia complex can be divided into two general
compositional varieties, granite-rich and hematite-rich breccias. Reeve et ai."(~199Q)
stressed that any subdivisions are arbitrary and that there is a continuum of compgsitional

variability between granitic and hematitic end members.
- 3

Granite-rich breccias vary from matrix-poor types showing crackle or jigsaw textures, to
more matrix-rich types where such textures are absent. Matrix consists of granite-derived

fragments and/ or hematite.

Hematite-rich breccias are widespread and are the most important host rocks for
mineralisation. Their compositional variability ehcompasses: a) Heterolithic breccias with
abundart hematite and granite clasts in a hematite matrix; b) Hematite breccias with
dominantly hematite clasts in a hematite matrix; and c¢) Hematite-quartz breccias with
clasts of hematite and granite-derived quartz in a hematite-quartz matrix. - Clasts in all
breccia types are generally angular and appro_ximétely equidimerisional. They are highly
variable in size from less than 0.5 cm up to blocks several metres abross. Generally

clasts are less than 20 cm across (Reeve et al., 1990).

- | N7

Figure 2.2 (overleaf). Simplified geological plan of‘ Olympic Dam at-the main
development level of the mine (modified after Reeve et al., 1990). Note the lithological
zonation from the host granite at the margins to progressively more hematite-rich

lithologies in the centre of the breccia complex.

Figure 2.3 (overleaf). Mine-scale cross section of the Olympic Dam depdsit (after
Reeve et al., 1990). Note the zonation from granite and granite-dominant breccias at the .

) margins of the deposit, to progressively more hematite-rich breccias near the centre. The
bornite-chalcopyrite interface is shown as a convolute dotted line. A diatreme structure

(V1 from Figure 2.2) is represented in the centre of the section.

N\
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The.described zonation from outermost granite breccias to the hematite-quartz bre'vcoié;
core applies on a deposit scale (Figures 2.2 and 2.3). However, the deposit,cannot be
~viewed as a single breccia pipe representing é' single brecciation episode There is
abundant evidence for multiple brécciation events. For example, hematite clasts probably -
rTepresent broken vein or matrix hemauze from earlier breccias; metre-scale clasts are
' commonly observed to be fragments of pre existing breccias. These in, turn may contain
1 clasts of earlier breccias. The evidence for overprinting of multple brecciation episodes
.- suggests that the complex is.a set of nested breccia pipes which are commonly
‘ . * transgressive to each other. The breccias probably formed dominantly by hydrotherrnai
e e brecciation of the Roxby Downs Granite, in contrast to the diatremes in the deposu" -
o (described bélow) which are thought to have formed by exploswe 1meracnon of mafic/ -
- ultramafic magmas with wet surficial rocks after the main breocrauon cvent(s)

Minor components occurring as dicrete clasts in the breccias include fluome barite,

<

sidérite, and sulphrdes s pltchblende
2.2.3 Surficial rqck types
22.3.1 Laminated 'hérrlatiteQQuartz sandstone

Finely laminated hematite-quartz rocks occur locally as a ~200 m thick sequence truncated
above by the unconformable base of the Late Proterozoic Adelaidean sedimentary rocks.
Clasts of hematite-quartz sandstone occur in many of the breccias. Reeve et al. (1990)
interpret these rocks as sediments deposited in a maar take environment. Roberts and =~
Hudson (1983) suggested a ]ake environment with ﬁrmarolic input of iron. These
sediments and the mterpretatlon of their environment of formation are particularly
important to this study. A felsic dyke which intrudes them has provided a date which is

crucial to mferrmg the age of the breccia complex (Section 3.3.1)..
P2
2232 Diatremes . >

Surﬁcxa] rocks are also locahsed in several dxstmctrve zones Wthh have been interpreted
by Krcmarov (1987), Bradbury (1988) and Reeve et al. (1990) as dratreme structures.
L These zones are labelled V1 to V5 in Figure 2.2 However, Oreskes and Einaudi (1990)
. " ‘describedv one of these zones as-a down-faulted package of volcaniclastic rocks which
T ) they interpret as being ~200 million years older than the breccia complex. The central
-"diatreme" (V1, Figure 2.2) has-been exposed by underéround development and has’
been the subject of eiténsive rnapping prior' to the cornmencernent of this omjecL

"‘Lorenz (1985) provrded a detmled revrcw of the processes and products of diatreme
formanon Diatremes are subvolcamc structures Wthh occur below small explosrve




yolcanoes ("mga.rs"). Diatremes form by phreatomagmatic processes i.e. an interaction
of magma and external water (mostly groundwater) Biving rise to powerful vapour
explosions, or by explosive degassmg of rapldly ascending, volatile-rich magma.(e.g.

_kimberlites; Mitchell, 1986). They are typically cone- shaped, constricting downwards to

a root zone which is usually a dyke or dyke swarm. Diatremes are predominantly filled
with pyroclastic rocks which are well-bedded in the upper levels but disrupted by
collapse structures and fluidisation fabrics at lower levels. Narrow pyroclastic vents may

-+ cut the pyroclastic rocks. - Slabs of country rock may occur near the diatreme walls.
- Reworked surficial eruptives may. be dep051ted on the crater floor and subside into the
' dlatreme durmg or followmg subsequent cruthons (Lorenz 1985)

All of the diatreme features listed above have been observed in the zones of volcaniclastic
rocks at Olympic Dam The exposed "diatreme" (V1, Figure 2.2) is elliptical in plan,
measuring 500 m x 200 m at the unconforrﬁity surface. The upper parts are dominated
by subaerial volcanics which taper rapidly downwards into two texlxﬁinations. At the
apices of these two inverted cone structures there are altered mafic/ 'uliramaﬁc dykes and

tuffisites (intrusive tuffs) of subvertical orientation, If the diatreme interpretation is |

correct, then these two dyke zones would represent root zones. The surficial rock types

within the "diatreme" consist of a chaotically disrupted sequence of volcanogenic cobble
conglomerates, lapilli tuffs and laminated ash-fall tuffs. All of these rock types are
sericitised and/ or hematitised. Cobbles are predominantly porphyritic felsic rocks,
although'vesicular mafic/ ultramafic cobbles also occur. Ash-fall tuffs show soft-
sediment deformation fabrics e. g. slump folds and abundant stnall-scale faults of variable
offset, attitude and sense of movement. Fragments of basaltic material (Krcmarov, 1987;
Bradbury, 1988) up to 10 cm across are interspersed with the surficial rock types. They
have wispy shapes, very fine grainsize and pervasive sericite and chlorite alteration (Plate
1). Krcmarov (1987), Bradbury (1988) and Reeve et al. (1990) interpret the wispy

_basaltic fragments.as juvénile pyroclasts i.e. fragments of the magma which was

explosively emplaced to produce the diatreme. Their fine grainsize would thus result
from their origin as quench-fragments of basaltic glass. These fragments commonly

" occur concentrated in subvertical zones around the margins of relatively coherent blocks

of surface rock types. Such zones may represent the "narrow pyroclastic vents" of

Lorenz (1985). '

If the zones of surficial rocks described above are not diatremes, the only plausible
-alternative is that they are down-faulted packages of the surface rocks which overlay the

dcposit. This intc‘fpretatioﬁ has been advocated by Oreskes and Einaudi (1990). It could
explain-the various tuffs and the rounded cobbles within these zones, but it does not

. explain the presence of the wispy basaltic fragments, which cannot be interpreted as
' epiclastic when their delicaté fabrics are considered. Nor can it explain the overall conical




Plate 1 Diatreme lithologies. a) Zone of volcaniclastic diatreme-fill. Rounded brown
cobblesat lower left are sericitised felsic volcanics, clasts in a volcanogenic
conglomerate. Elongate yellow-green fragments are juvenile mafic/ultramafic intrusive
pyroclasts which form streaming fabrics from lower right to upper left, interpreted to
result from the explosive intrusion of the mafic/ultramafic melt. A large block of
laminated ash-fall tuff occurs behind the hammer. b) Drillcore sample through
diatreme. The delicate textures of the mafic/ultramafic pyroclasts (yellowish-green)

‘ndicate in sizu quenching. Rounded brown felsic cobbles present in upper section of
photograph.




shape of the structure, and the presence of basaltic'dykes immediately below the
‘structure. Collapse of crater-fill could account for the faulted contacts reported by
‘Oreskes and Einaudi (1990), but it is also likely that late-stage faults (Sugden and Cross,
1991) nucleated on the margins of volcaniclastic units because of the competency contrast
between these and the hard hematite wallrocks.

In in'cw of the abundant similarities to documented diatreme characteristics, the diatreme
'interpretation is favoured in this work.. Zircons from a tuff within this diatreme have
. .-provided a da;e which is believed to represent the age of the active diatreme. As such it
represents-an important minimum age constraint on the rocks intruded by the diatreme

A
2.2.4 Igneous Intrusions

The driving force of the diatremes was the explosive intrusion of mafic/ ultramafic

magmas, probably int’o’wet unconsolidated near-surface units. Tile igneous intrusive

rocks evident from this event are the juvenile mafic pyfoc]asts described above, and the

- cohergnt dykes intcrpretcd as feeder dykes in the diatreme root zones. There are other

e : coherent mafic/ ultramafic dykes locally abundant near the-diatremes. They are fnvariabiy
strongly altered to se}'icité + chlorite * serpentine + hematite as_s"émblages. Their general

mafic affinity can be discerned. by the presence of chlgomian spin\é“ls and olivine

. pseudomorphs, and by their Cr and Ni contents which can be up to ~2400 ppm and

~1900 ppm respectively (Appendix 2). This study illustrates the importance of these

tocks in ore genesis at Olympic Dam. The dykes are therefore discussed in detail in

‘ Chapter 6.

T ‘Mc‘:di.um graincd dolerite has been intersected in drillcore in the eastern part of the breccia
. complex. Itsrelative lack of alteration suggests it is much younger than the breccias, and
a Rb-Sr mineral-whole rock isochron indicates it has an age of 1059 * 69 Ma (Creaser,

1989).

5,

Felsic intrusive rocks are largély restricted to the southern parts of the breccia complex
where they are observed only in drillcore. They occur as sericite altered fragmental dykes
| . emplaced into hematitic sediments and breccias. Their fragmental nature is interpreted to
" be due to the intrusion of felsic’magma into wet unconsolidated material with consequent
autobrecciation and quenching of the felsic fragments. Two such dykes have been dated
as paﬁ of this study and a more detailed description of their mode of occurrence is

presented in Chapter 3.

¢
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2.2.5 Alteration

Sericite, hematite, chlorite and silica are the main alteration phases. Sericitisation occurs
throughout the deposit whereas hematitisation is niorc abundant near the centre of the

. deposit. Chlorite alteration is patchy but tends to ‘be more abundant at ‘depth.
Silicification occurs in discrete zones with irregular shapes. Minor carbonate alteration
affects the northeastern part of the deposit (Reeve et al., 1990). Much of the hematite in
the deposit is thought to have replaced pre-existing minerals including those of granitic.
and secondary hydrothermal origin.

226 Velns ~ T e e o

' Hematite, sericite, chlorite and barite veinlets are common. Larger barite-fluorite veins
. are also widespread. Veinlets of copper sulphides * pitchblende are locally abundant bt

are not an important form of economic mineralisation on a deposit scale.

2.2.7 | Mineralisation

The Olympic Dam deposit contains anorr;alo'us concentrations of Fe, Cu, U, Au, Ag, Ba,
F and light rare earth elements (LREE). When normalised to the bulk composition of the
continental crust (Taylor and McLennan, 1985) the enrichment factors of the anomalous - -~
metals aret: Fe 3:6; Cu 333; U 745, Au 267; Ag 75; La 125; Ce 91. The most
anomalous §oncenuadon in the deposit is that of uranium. Weak mineralisation is

widespread in most breccia types outside of ore zories. Background levels in non-ore
breccias can be"up 10 0.5% Cu, 200 ppm U, 0.5 ppm Au and 1 ppm Ag (Reeve et al.,
1990).

Ore zones are generally within hematitic breccias, although they are absent from the
hematite-quartz breccias at the centre of the deposit. Copper generally occurs with
uranium, with minor and variable gold and silver. Gold ore occurs in separate zones

hosted by either granitic or hematitic breccias.

[+

2.2.7.1 Copper

The main copper minerals are the sulphides chalcopyrite (CuFeS3), bornite (CusFeSs)
and chalcocite (CuzS). These are most common as disseminated gfains intergrown with

t Enrichment factors calculated using the "medsured and indicated resource” grades
(ngnle 1.1) for Cu, U, Au and Ag, 30-60% Fe, 2000 ppm La and 3000 ppm Ce (sce.

text).




matrix hematite. On a deposit scale the sulphide mineralisation displays a broadly vertical
zonation from pyrite at Jepth, upwards to chalcopyrite, then bornite and‘ chalcocite
(Oreskes and Einaudi, 1990; Reeve et al., 1990). Comparatively minor, essentially
sulphide-fre¢ zones containing native copper or gold occur locally above or adjacent to
the chalcocite-bea‘ring zones. Because mineralogical boundaries and, to a lesser extent,
lithological boundarles within the breccia complex are highly 1rregu1dr and locally
convoluted, the above- mentioned zonation is also developed laterally on scales of metres
to hundreds of metres. The interface between chalcopyrite- and bornite-bearing zones is

typically sharp and readily mappable (e.g. Figure 2.3 and 5.18; see also Figure 2.b of

'Reeve etal., 1990). At the interface, bornite + chalcopynte may coexist. over short
mtervals (<5m) however chalcocite + chalcopyrite is never seen. The sulphide

abundance is generally similar on either side of the interface, but copper grades in the
bornite-chalcocite zones are typically 2 to 3 times higher than those in adjacent
chalcopyrite (-pyrite) zones (4- 6% and <3% respectively). Copper minerals occur as
disseminations, mi‘cr'oveinlets and fragments. Contrary to the claims of Oreskes and
Einaudi (1992), fragments of sulphide and sulphide-bearing rock fragments are
consbicuous and widespread throughout many of the hematitic and (to a lesser extent)

granitic breccias.

<

Oreskes and Einaudi (1990) interpret the bornite/ chalcopyrite interface as the result of -
weathering and supérgene enrichment of a primary chalcopyrite + pyrite ore. However,
Roberts and Hudson (1983) and Reeve et al. (1990) argue that the gross zonation pattern

is of primarj Hypogene origin with only minor localised areas of supergene enrichment.

They cite the absence of typical supergene textures (e.g. chalcocite rims on the other

sulphides), the absence of any leached zone near the unconformity, and sulphide textures
indicative of high temperature cry‘stall'isaktion (symplectic intergrowths of bornite and
chalcocite) to support their case. The qrigin'of the sulphide interface is discussed further

~

in Chapters 5 and 7.

2.2.7.2 Uranium -

Uranium is present' at above background levels in all copper mineralised zones. In many
areas in the deposit uranium is concentrated in a relatively narrow zone associated with
the upper portions of the bornite-chalcocite zones. However, there are also some zones
of high grade U which are transgressive to the sulphide interface, demonstrating that the

sulphide species is not the sole control on high grade U mineralisation. This poihlt r3ises
the possibility that uranium and copper sulphide mineralisation may be tempofall); disi‘m

in some cases. ;

In general, chalcopyrite-pyrite mineralisation is of low to medium U content (~250 to 700
: ppm U). There are also zones in which rich chalcocite-bornite ore contains relatively low




i
.'

T g =

U concentrations. In some cases sericite-altered granite breccias with only low hematite

contents may contain significant U concentrations.

Most of the U.,occurs as pitchblende (U3Og; partially oxidised and hydrated uraninite;
UOy). It usually occurs as fine grained (less than 5 jim to tens of pm) disseminations, or
as aggregates of fine grains. This form of U is probably syngenetic with the hematite and
sulphides. Other forms include colloform and crustiform cavity-filling textures and
veinlets. These are interpreted as indicating remobilisation of U. Pitchblende may occur
as rims to, and replacements of, other breccia components such as hematite and
sulphides. Other U minerals which have been observed include coffinite [U(Si04)1-

1988).
2.2.7.3 Gold

Gold occurs in low to moderate concentrations (0.3 to 1 ppm) in all Cu-U mineralisation
but does not show a clear correlation with Cu or U content (Reeve et al., 1990). Gold
also occurs in higher grade zones (several ppm) which are spatially distinct from the Cu-
U zones. Cu sulphide inclusions and sericite intergrowths have been observed with
gold, demonstrating their contemporaneous growth. Gold inclusions in hydrothermal

rims on zircon grains have also been observed (see Plate 3).

2.2.7.4 Silver

Silver occurs with all Cu mineralisation, mostly within Cu sulphides. The silver content

of gold grains is generally <3 wt% (Reeve et al., 1990).

22.75 Other elements ,

The Olympic Dam deposit is strongly enriched in the LREE, with abundances of ~2000
ppm La and ~3000 ppm Ce common for mineralised zones. The hematite-quartz breccias
at the centre of the deposit, although essentially barren of Cu-U mineralisation, contain
higher LREE concentrations than the surrounding breccias. Fluorine occurs
predominantly as fluorite in the form of disseminated grains, clasts and veins. Fluorite-

Figure 2.4 (overleaf). Gravity and magnetic contours superimposed on the deposit
geology. Olympic Dam is situated on coincident positive anomalies in gravity and
magnetic signatures (slightly offset). The mass of dense hematite can account for the
gravity anomaly, but the magnetic anomaly remains a matter for spéculation.

13

x(OH)4x] and brannerite-[(U,Ca,Ce)(Ti;Fe)20¢]-(Reeve et-al., 1990; Trueman etal., ...
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rich ore zones may contain up 10 ~2% F (Reeve et al,, '1990). Sericite is also enriched in
fluorine (up to 1%). Most hematite breccias are rich in Ba (0.5 to 5 wt%), present as

"disseminated barite grains and as barite veins.

2.3 Olympic Dam geophysical char‘acteristic‘s

The location of Olympic Dam coincides with positive anomalies in both the gravity and
magnetic data (Figure 2.4). The gravity anomaly can be attributed to the dense hematite-

- rich breccias within the deposit (Roberts and Hudson, 1983). However, the magnetic
) manomaly cannot be accounted for by the rocks ‘within the deposn and presumably results
.. from a large magnetic body beneath the current depth of drilling. Magnetité-rich breccias

are present in minor quantities within the depos&, but may be more prevalent at depth.

«_This suggestion provides a plausible explanation for the-magnetic anemaly.” It may also

be caused by a large mafic/ ultramafic pluton beneath the deposit, as was suggested by
Reeve et al. (1990). Mafic/ ultramafic dykes within the deposit, which appear to be
coeval with formation of the breccias, may have been sourced from such a pluton. In
Section 3.4 a firm correlation is established between the age of the Olympic Dam Breccia

Complex and the age of the Gawler Range Volcanics. In this regard it is interesting to

note that the Gawler Range Volcanic province is also underlain by a positive gravity

-anomaly (Creaser, 1989; Stewart and Foden, 1990). This suggests the presence of a

major mafic intrusive at depth. Stewart and Foden (1990) interpret the inferred large
mass of mafic rock to be the cause of the large scale crustal melting manifested by the
Gawler Range Volcanics. Indeed gabbros contemporaneous with the Gawler Range
Volcanics have been intersected in drill holes on the margins of the positive gravity
anomaly (Stewart and Foden, 1990). The positive magnetic anomaly at Olympic Dam and
the inference that it may represent an underlying mafic pluton is ‘i‘mportan't to this study
because there is strong independent evidence from Sm-Nd isotopic systematics (Chapter
7) that mafic/ ultramafic rocks or magmas played an integral part in ore genesis.

2.4 Problems to be addressed

-

From the description of the deposit it is clear that radiogenic isotope studies can help to -

\ , .
solve some of the problems associated with deriving a genetic model for Olympic Dam.

The first of these problems is unravelling the geochronology of the deposit. At the
commencement of this project the age of brecciation was poorly constrained. A

* maximum age of ~1590 Ma is indicated by U-Pb zircon dating of the Roxby Downs

Granite which hosts the bfeccias (Creaser,1989; Mortimer et al., 1988a). A minimum
age of 676 200 Ma is indicated by Rb-Sr \dating of the Woomera Shale (Webb et
al.,1983), a correlative of the Tregolana Shale which directly overlies the deposit.
Sericite from hydrothermally altered granite wallrock has yielded Rb-Sr dates from ~1520

14
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Ma down to 1315 Ma(Gustafson and Compston, 1979; Creaser, 1989). Rb-Sr éges for
altercd» volcanics in the deposit range from ~1360 to 750 Ma (Gustafson and Compston,

1979).

Trueman et al. (1988) calculated a 1390 = 100 Ma U-Pb discordia age from ion
microprobe analyses of Olympic Dam pitchblende and interpreted this as.a primary age
for U mineralisation. Idisagree with this interpretation because there is abundant
evidence in the data of Trueman et al. (1988) and from this project that there has been a
proionged history (~1 Ga) of U/Pb mobility after primary mineralisation was emplaced.
This calls into question the methods of data treatment employed by Trueman et al.

‘"("1‘988)‘.’ ‘Examination of this age calculation is important because the teported age led

Oreskes and Einaudi (1990) to suggest that ore formation occurred 200 Ma after
emplacement of the host granite. The pitchblende data are discussed in detail in Chapter

4.

Clearly, there'were no precise constraints on the minimum age of the brecciation event, or
whether economic mineralisation is temporally associated with the emplacement or
brecciation of the host granite. Thus the specific geochronological questions to be

answered in this project are:

1) What is the age of the Olympic Dam-Breccia Complex? A minimum age can be

oobtained by dating felsic dykes (mentioned above) which intrude the complex.
' ' -~
2) What are the ages of Cu-U-Au-Ag mineralising events; i.e. is economic mineralisation

_coeval with the main brecciation episodes? Thisproblem can be addressed by attempting
to date hydrothermal minerals e.g. pitchblende and hydrothermal mantlesaround zircons
by U-Pb methods, and by generating Sm-Nd and Rb-Sr isochron ages for ore and non-

ore rock types.
N |
3) What are the ages of the various intrusive bodies wighin the deposit e.g. diatremes,
dolerites and felsic dykes? Do their ages imply any association with ore-forming or ore-
. modifying processes? A

4) Which rock units from the regional geologyjhave ages appropriate for their

consideration as potential sources for Olympic Dam metals?

£2

With the geochronology of the deposit established, the framework is in place for Sm-Nd

and Rb-Sr studies. The specific problems investigated in this par of the project are:-

1) What are the isotopic signatures of the different ore and alteration types? The ore and
alteration types with similar isotopic signatures are interpreted as cogenetic, whereas
different signatures imply different modes of origin or different modification processes.

15
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This approach enables the identification of those rock types which are an integral part or
preduct of the ore-forming process, and those rocks which are not necessarily involved

in ore genesis.

2) Isotopic tracing of ore provenance. The isotopic signatures of various regional rock
units which are thought to be plausible source rocks are compared with Olympic Dam
ores. This enables the identification of the possible metal sources for Olympic Dam.

2.5 Sampling strategy’

_The sampling strategy undertaken to_address these problems was to'take ~5

geographically separate samples of each broad cat‘egory of ore mineralogy and alf;riﬁ'tibﬁ_
mineralogy (see sample location map, Figure 2:5). The categories sampled are: pyrite-
rich ore, chalcopyrite-rich ore, bornite/ chalcocite ore, barren hematite breccia, hematite-
quartz breccia, leached hematite, sericitised granite, hematite altered granite, magnetite-
rich breccias, and laminated hematite-quartz sediments. These rock types were sampled
for geochemical cc;mparisons and subsequent sample selection for isotopic. analysis. The
program of analysjs for the ore types described is designéd to test whether any given
category may represent a modified version of a different (perhaps primary) éategory, or

whether all categories are coeval.

The intrusive and intrusion-related rocks sampled are: altered mafic/ ultramafic dykes,
dolerite dykes, ash-fall wff from a diatreme zone, and felsic dykes. These were sampled

- for chemical analysis and dating. The regional samples taken for 1sotopic traéing work

and dating are from the Roopena Volcanics, Pandurra Formation sandstone, magnetite
mineralisation from the Acropolis prospect, and a post-deformation anorthositic gabbro
from about 30 km east of the deposit. Each of these rock units is discussed in more detail

in later sections of the thesis.

~

Figure 2.5 (overleaf). Mine scale sample location map. Symbols used for sample
rock type are the same as used in figures pertaining to geochemistry of the deposit

(Chapters 5 and 7).
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3 U-Pb ZIRCON GEOCHRONOLOGY

3.1 ‘Importance of the age of the deposit

Among recent -workers there has been some consensus on the génesis of the Olympic
Dam breccias and mineralisation. The models of Reeve et al. (1990) and Oreskes and
Einaudi (1990, 1992) both invoke hydrothermal circulation associated with magmatism
as the cause of brecciation and the precipitation of hematite and ore minerals. However,
there are sxgmﬁcant geochronologlcal differences between the models of these workers

 and these have important 1mphcatxons for ore genesis. Reeve et al. (1990) proposed that
~ the depos1t formed in a subvolcanic environment as an integral part ‘of a major regional -

magmatic event, the Gawler Range/ Hiltaba volcano-plutomc event. Oreskes and Einaudi

17

(1990) suggested a magmatic heat source for the hydrothermal system but argued that the . -

| deposit formed approximately 200 Ma after the Gawler Range/ Hiltaba event, indeed at a

time for which no magmatic events are known on the Gawler Craton. It is important to
recognise the age relationships between the deposit and the rocks in which it occurs. The
model of Reeve et al. (1990) implies that the tectonic setting giving rise to large scale
crustal melting (the Gawler Range Volcanics/ Hiltaba supersuite granitoids) is the
requisite environment for metallogenesis. In contrast, if the deposit is 200 Ma younger
than its host rocks (Oreskes and Einaudi, 1990) the implication is that the host rocks are
incidental to ore genesis except perhaps in a role as a trap for ore mineral precipitation.
This would mean that the occurrence of Olympic Dam-type deposits need not be limited
to the tectonic environments indicz;ted by the rocks which host the Olympic Dam deposit

itself. .'

A

The purpose of this chapter is to establish the age of the Olympic Dam Breccia Complex.
It includes SHRIMP (Sensitive High Resolution Jon Microprobe) U-Pb dates on zircons
extracted from igneous rocks which constrain the age of the breccia complex. These
dates allow definite correlation between the depo’éifand'regional events thereby more
firmly establishing the tectonic environment of ore genesis. Knowledge of the age of the
deposit also allows age corrections to be appliéd to data obtained from other radiogenic
isotope systems (Rb-Sr and Sm-Nd; see Chapter 7) enabPing gheir use as tracers’ of ore

metal provenance.

-

This chapter also reports SHRIMP analyses of zircons from Strongly altered samples of
the host granite. The age determined for the granite from these samples agrees with that _
determined previously from samples of fresh granite (Creaser, 1989). Pb isotopic ratios
'from hydrothermal mantles around granitic zircons provide evidence of Pb and/ or U
mobility throughout the history of deposit until recent times. Several rim analyses are
interpreted as indicating an age fcjr hydrothermal activity consistent with the constraints

obtained from igneous zircons.

N
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All of the Olympic Dam rocks dated in this study are strongly hydrothermally altered.
: Thxs study shows that such rocks can be dated using the ion microprobe, as this tool

allows identification of zucon grains with disturbed xsotopw systematlcs and rejection of

analyses of those grains frorn age calculanons ‘

3.2 SHRIMP analytical. procedures
\.

Zircons were separated from ~1 kg samples using a combination of heavy-liquid and
magnetlc separation methods Hand- pleCd zircons were mounted in epoxy and
sectioned by polishing. U- Th-Pb analyses were performed on the ion microprobe
~ SHRIMP at ‘the Australian Nauonal “University. The details of the method are set out in” R
Compston et al. (1984) and Compston et al. (1986). A primary Oy beam is used to
sputter material from a ~30 pm diameter area on the polished and carbon or gold-coated
zircon. Each analysis is the mean of seven-cycles through the Pb, Th and U masses.
Pb/U ratios are referenced to a value of 206Pb/238U = 0.0928 (equivalent to an age of 572
Ma) for the standard zircon SL3. Reproducibility of Pb/U for the standard analyses
varied from 0.5 to 2.8%, and is combined with errors calculated from counting statistics
to give the errors quoted in the data tables. Ages were calculated using {a\dicgenic.
207pb/206Pb ratios weighted according to analytical precision and as such they are - -
_insensitive to uncertainties in Pb/U. The contribution of the hydride 206PbH to the
/g 207pb/206Pb ratio was corrected where necessary by monitoring discrepancies between
the 207Pb/206Pb ratio rheasured for the standard zircon and its knowa value. In most
cases no correction'was necessary and, where made, the coirections are small (e.g. 0.3%
or a difference 0f\~0.0003 in 207Pb/205Pb ratio). Similarly, small excesses.in 204pp
counts, which* affect common Pb correcnons were momwred by comparing the
measured and expected 204Pb counts for the standard zircon. Where necessary, -
corrections were apphed o the analyses for the sample zircons. Quoted eqms are at 95%
confidence limits unless otherwise stated. In general, analyseﬁ showmg evxdence of *
ancient Pb loss are rejected in age calculanons Any further analyses which appear to be
statistical outliers (with 207Pb/206Pb rafios more than twa stanidard devxanons from the
k o - " mean) are rejected uerauvely The Jusnﬁca on” t‘x'{;;thls is that they fepresent analyses of
grains which have undergone small amouﬁt%leﬁanc;lent lead-loss. Rauos 9f radlogemc
isotopes have been corrected for common le USﬁl'g the measured abundance of 204Pb.
The common Pb fraction (f206%; see data Tables) is generally low;’ wuh the 1 excepuon of
those zircons formed or altered by hydrothermal processes Decay constants used are o

those recommiended by Stelger and Jager (1977).

7

3.3 Minimum age constraints

133 analyses of 114 grains were_‘ob‘tainecl from seven samples ﬁom Olympic Dam. The
analyses are listed in Tables 3.1 to 3.9. Three samples are rocks which, according to-




Dam Breccia Complex. In each case the field relationships and 2 brief rock description

_— S . _ 9
field relationships, provide minimum age constraints on the formation of the Olympic

are included with -the results. In addition, analyses of zircons obtained from three

samples of altered Roxby Downs Granite are reported. ‘These confirm the grahitc age of

1588 + 4 Mareported by Creaser (1989). This is a maximum &ge constraint for the

formation of the breccias. The altered granite samples were a'nalysed‘ primarily in an. ‘

attempt to directly date hydrothermal ovérgrowths on magmatic zircons. _Although these
rims do not yield unambiguous age information, their Pb isotopié ratios provide
information about Pb, U and Th mob,xhty, and about common Pb compositions. They

also- provide some direct evidence that the hydrothermal overgrowths formed at-
. approximately the same time as is indicated for the brecciation event. |

3.3.1 Felsic dykes T s : .

Samples RX3222 and RX3223 consist of sericite-altered porphyritic felsic fragments
hand-picked from matrix-poor (<5%) intervals of yolcaniclastic breccias intersected in
vertical diamond drill holcs RD32 and RD647 respectively. Sample localities are shown
in Fxgure 2. 5 Fragmems were carefull(y inspected to avoid contamination by mamx

matetial. - - . _ <

3.3.1.1 RX3222 (RD32, 364-367m)

Volcanic fragments were cp_l]ccted from the central zone of a 7 m interval of volcaniclastic

breccia occurring within laminated hematite-quartz sandstones in the southeastern-central
pén of the deposit- (Figure 2.5).. The zone sampled is a mau-ix-_poor shatter breccia with
fragment sizes predominantly less than 5 cm, ranging up to ~10 cm. Towards the
margins of the unit the volcanic fragments tend to be more dispersed and martrix-
supported. The matrix consists of sericite-hematite altered granular felsic microclasts

variably mixed with hematite-quartz sandstone in which layering has been disturbed or |

destroyed. In the volcanic fragments, original tabular'plagioclase phenocrysts have been

replaced by fine-grained sericite. Zircons occur as discrete euhedra in the groundmass |

which consists of fine-grained intergrowths of sericite + quartz * hematite, probably-the

alteration products of a primary glassy groundmass. Many volcanic fragments,

_ especially those dispe’rscd in sandy matrix, have ragged and delicate outlines with

numerous millimetre-scale apophyses.

This volcaniclastic unit lies approximately 50 m below the unconformity between the

“breccia complex and the overlying Tregolana Shale. It is the uppermost of three such

units occurring within a several hundred metre thxck disrupted sequence of finely
laminated hematite-quartz sandstones underlain by intraformational rubble breccias. The

hematite-quartz sandstones are interpreted to represent the surficial (crater-lake) product

of the venting hydrothermal system at Olympic Dam (Reeve et al., 1990). They contain




L e e Lk LT ) :

Plate 2 Felsic dykes. A) RD32, 380m. Sericitised porphyritic fragmental felsic rock
occurs in the left of the photograph. Finely laminated hematite-quartz sandstone eccupies! B
the righi three metres of drillcore. The central metre (right of pen) contains a sheet-like
zone of felsic' fragments which is transgréssive to-the Ia‘minael in the hematite-quartz
sandstone, illustrating the intrusive nature of the felsic rocks. The laminae are disturbed
immediately around the felsic fragments but are coherent within centimetres of this zone.

°

: B) : Sericitised felsic fragmental dyke (central metre of drillcore) emplaced into
S . " heterolithic breccias. Elongate delicately shaped fragments attest to in situ quench
N : fragmentation. “Inclusions” of hematite breccia within zones of jigsaw fit of felsic
= B ' fragments (centre-left) also indicate an intrusive origin for the felsics. The dykes in A)
“and’ B) are intcr;ircted to resul\t from the emplacement of felsic magma into wet
“unconsolidated hematitic sediments and breccias, causing autobrecciation and quench

+

ﬁagmcntat{o‘n of the magma.
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of that expected from.analytical uncertainties alone. Analyses 18-1 and 26-1 have

\ .

both clastic hematite"and interstitial microlaths of hematite indicative of imr situ .»
precipitation. The latter are consistent with the hydrolhermal input of iron to the crater .

lake. Trace element and Nd isotopic data provide evidence to support the interpretation
that these sedimentary rocks are an integral part of the Olymplc Dam system (Johnson
and Cross, 1991b; Chapter 7). The underlying rubble breccias and. similar rocks
elsewhere within the Olympic Dam Breccia Complex have been interpreted by Reeve et
al. (1990) to be subsided remnants of the crater-lake deposits.

It is unlikely that the delicatg outlines of the felsic fméments would have been preserved
if the volcaniclastic units were emplaced by mass transport processes, so an epiclastic
origin for these rocks is considered 1mplau51ble ngmﬁt:antly, sandstone in the marginal

mixed wuh volcanic fragments, but beyond the limits of volcanic fragment dispersal the
sandstone is well bedded and comparauvely undisrupted (although locally contorted or
microfaulted). Dilational fabrics, other than late- -stage crdckle veining, are restricted to
the volcaniglastic zones.. This rules out the possibility that the felsic rocks were
fragmented as part of the main brecciation episodes at Olympic Dam. The volcaniclastic
zones show no evidence of signiﬁcJant panicle attritioy or cataclasis, so selective fault-
related brecciation of felsic dykes is also an implausible explanation for their origin.

The fragment morphologies and general fabrics of the volcaniclastic units are distincn'vel?

" hydroclastic. Locally, narrow sheet-like zone's of fragmental felsics cross-cut sandstones

in which bedding is preserve_d (Plate 2 ), supporting an intrusive mechanism of
emplacement. The overall characteristics of these felsic rocks suggest that they formed
by autobrecciation of feldspar-phyric magmas as they intruded (and locally fluidised) wet
unconsolidated sedlments Intrusive volcaniclastics (fragmental dykes) of this type have
been referred to as pepentes {(see Fisher and Schmincke, 1984; and Cas and Wright,.
1987 for brief reviews, and Thornton, 1989 for a concxse definition), and this term was

. adopted for Olympic Dam felsic fragmental dykes by Reeve et al. (1990). The

emplacement of these peperites prior to the 11th1ﬁcauon of some of the reworked surficial
ejecta of the Olympic Dam hydrothermal system provides a minimum age constraint for
the onset of the hematite-producing hydrothermal acuvity. ' ‘

" About ninety zircon gralas were prepared in Mount Z-737. Most of the grains are clear

euhedral crystals typically ~100 pm Iong by ~50° um across. Many show weak internal
zoning. Twenty-one analyses were made on exghteen grams and these are presented in
Table 3.1. All have very low levels of common. Pb (f206 generally <0:4%; see Table
3.1) and are therefore 1nsensmve to the common Pb composmon chosen. In this case
average crustal Pb (Cummmg and’ Rlchards, 1975) of 1590 Ma was used. All analyses
combined yield a wexghted mean 207Pb/206Pb age of 1593 = 7 Ma with scatter in excess

20

~facies of these-volcanic-units-has been reworked largely homogemsed -and-thoroughly —--—- .
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! 20"’Pb/l%Pb values which lie more than 26 away from the weighted mean. When these 5,
‘ _ points ar'e.rcjcctcd the excess scatter is removed and an age of 1592 + 8 Maresults. This

s Ts the preferred age for this sample. ‘
Figure 3.1 is a concordia plot displaying the analyses for RX3222. The reverse
discordant points were analysed in a separate session to those showing slight normal
discordance, which suggests that the reverse discordance may be an artifact of run .
conditions and may relate to the different conductive coatings on the standard (carbon
then gold, with a carbon-coated sample) between the two days of data collection. The
207ppy/206P ratios are unaffected by uncertainties in the Pb/U calibration. -

0.35 : _
SERERA . E}b o RX3222 R L
g Felsic Dyke
0.25 | 1400

1592 + 8 Ma

. 4 207y, 235
0.15 P R P
2.0 3.0 : ° 4.0 5.0

Figure 3.1 Concordia diagram for dyke sample RX3222. Analyses rejected from the
age calculation are shaded black (one sigma error boxes). 1592 + 8 Ma (weighted mean
207pp/206pPb, 95% confidence) is a minimum age constraint on the hematite-quartz
sandstone unit intruded by the dyke. As such, this date constrains the age of the onset of
hematite deposition at Olympic Dam (see text). :

Blocks of hematite-quartz sandstone similar to the sandstone intruded by the felsic dyke
* are found 1ocally within some of the main breccia bodies of the deposit. Some of these
_ | blocks contain chalcopyrite-mineralised, altered granitic bombs which deform the
? - sedimentary laminae below them. The surroundifg hematite-quartz sandstone is
‘ unmineralised. If it is assumed that the hematite-quartz sandstone observed as blocks
was deposited contemporaneously with the sequence of apparently identical sedimentary
rocks intruded by the felsic dyke from which RX3222 was obtained, then 1592 + 8 Ma
may also represent a minimum age constraint for the onset of chalcopyrite mineralisation.




This supports the proposition that the metals 6f economic interest were mtroduced at the

same tlme as the iron.
3.3.1.2 RX3223 (RDG647, 474-478m)

These volcanic fragments were collected from the central part of a 30 m interval of
volcaniclastics occurring within Cu (-U-Au-Ag) mineralised hematitic breccias
approximately 900 m east of RX3222 (Figure 2.5). In general they show more intense
hydrothermal alteration than fragments comprising RX3222. They are commonly more
brownish (weakly hematitic), contain less groundmass quartz, and sericite + 'hematitfl:
replacement of plagioclasé is'more conspicuous. Some fragments also have narrow (<5

- mm) bleached rinds. Otherwise they are petrographically and geochemically similarto  * *~

RX3222 fragments, and are believed to belong to the same magmatic suite.

The unit sampled is the central one of five prominent volcaniclastic units intersected in
diamond drill hole RD647, and it lies approximately 120 m below the breccia complex-
Tregolana Shale unconformity. It is directly overlain by 15 m of medium-grained

hematite breccia containing bornite-chalcocite + minor chalcopyrite mirieralisation

averaging approximately 2.5% Cu. A 6 m transition zone of heterolithic hematite-
volcanic breccia contains 1 m intervals assaying from 1500 to 2000 ppm Cu, and 0. 3 to
1.6 ppm Au, whereas the matrix-poor zones sampled are only slightly anomalous i in Cu
(~50-100 ppm). The heterolithic and/or matrix- Tich margins of Yseveral other
volcaniclastic units are more strongly mineralised, with assays for 1 m intervals ranging

from 0.2 to 4% Cu, and from 0.03 to 0.1% U (typical Olympic Dam Cu-U ore contains
0.06 to 0.08% U). .

All of the principal volcaniclastic units in RD647 have fabrics and clast mofphologics'

comparable to those described for volcaniclastics in RD32 (e.g. RX3222). Granitic
breccias overlying, intercalated with, and underlying the volgﬁaniclastics show extreme
disaggregation and patchy fluidal layering of varying orientations. Similar wispy and
diffuse layering occurs in the associated hematitic breccias, and the matrix in framgwork-

supported granite breccias completely underlying the volcaniclastics also exhibits highly

irregular fluidal layering.

—

The volcaniclastics themselves are interpreted to be peperites, i.e. dykes which

undcrwent quench fragmentation as they intruded and mixed with wet, unconsolidated, -

fine- to.medium- gramcd hydrothermal breccias (Plate 2 illustrates peperite fabric). The
host breccias were locally fluidised and/or further disaggregated by this phreatomagmatlc

ctivi‘iy A significant proportion of the finer-grained hematite-sericite matrix in the
thCl'Oll[th parts of the pcpentes and especially that W1thm the framework- supported
volcamc rich parts, 1s sulphide- poor Gradational textures with-granulated margins of
larger (pyro-)clasts suggest that this matrix material is probably hydroclastic ash, rapidly

)
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altered during the phreatomagmatic activity accompanying peperite emplacement. In the 2
hematite breccias, copper sulphides occur both in the clasts and disseminated throughout
the matrix. Thin bornite rims have also been observed on several hematite clasts in
breccias adjacent to the peperites. In the heterolithic peperites, sulphides tend to be
.confined to the hematite clasts and hematitic matrix. These. features, and the Cu-U gra'de
distribution described above, strongly suggest that the RD647 peperites intruded pre-
existing Cu-U mineralisation.

If the interpretation that these pepeﬁtés are fragmental intrusives is valid, and they do

indeed postdate the Cu-U(-Au) mineralisation in their host breccias, then their age

provides a definitive minimum age for the onset of Olympic Dam ore genesis. The

. altered nature of thertnf‘l‘(?s sample and RX3222 suggests that .they do not post-date
T ;*"'ci:culation*of"hyd}othermalﬂuids'at-Olympi:c"Dam’-and'therefore*should'probably"b\e""-’

regarded as coeval with the hydrothermal system.

. —Ninety zircons from RX3223 were prepared in Mount Z-737. They are similar in
morphology to those in RX3222, but show a pale brown colour in many of the grains in
contrast to the very clear grains in the previous sample. Single analyses were made of

eighteen grains (Table 3.2).

; ' o RX3223 . . 100 o
| 030+<  Felsic Dyke - " 1600
> : 1500,
1400
S 1300
o

;' ) 1200 ”~
020F - 1100 ’
' ' _, \ 1000 s

oo} 1584 + 20 Ma

- ' 207pb/.235U

. I L I
O'OOO.O 1.0 2.0 3.0 40 5.0

Figure 3.2 Concordia diagram for dyléc sample RX3223. Analyses rejected from the
age calculation are shaded black (one sigma error boxes). 1584 + 20 Ma (weighted

mean 207Pb/206Pb, 95% confidence) constrains the minimum age of the hematitic
‘ breccias which the dyke intrudes, and possibly also the Cu-U mineralisation hosted by

“ e " the breccias (see text).
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Figure 3.2 (concordia diagram) shows that several analyses having a moderate degree of 24
discordance have lower 207Pb/206Pb ratios than the main group of concordant or near-
“"  concordant analyses. The zircons from RX3223 also have higher levels of-common Pb
than RX3222 (f206%, see Tables 3 1 and 3. 2). These features indicate that, the zircons
from RX3223 have more disturbed isotopic systematics than those from RX3222, and
this correlates with the observation that this sample is more strongly altered than
RX3222. The weighted rriean_ 207pb/206Pb age for this sample, excluding the four most
discordant points (2.1, 5.1, 6.1 and 7.1) on the criterion of ancient Pb loss, is 1577 £ 16
Ma. This age has scatter well in excess of that expected from analytical error, and much
of the scatter rests with point 29.1 for which the 207-P__b/206Pb value lies more than 20
---away-from the-weighted mean ratio. If this analysis is rejected, tﬂe,calculated.agc is.1584 . . .
+ 20 Ma. This age still has scatter slightly in excess of that expected from analytical
uncertainties although no further points warrant deletion as outliers. The excess scatter is
assumed to result from small amounts of ancient disiurbance. The preferred age for this
sample is therefore 1584 + 20 Ma (n=13). This age is indistinguishable from that of the’

other dyke sample RX3222 (1592 + 8 Ma).

R 3.3.2 Diatremq/&uff

A third minimum age constraint for the Olympic Dam breccias is provided by a date from
two samples (RX2820 and RX45'214) taken fron:x;a tuff horizon within the diatreme |
designated as V1 in Figure 2.2. The same zone was described by Oreskes and Einaudi
(1990) ag a down-faulted package of volcaniclastic rocks which they interpret as beihg
older tha} the breccia complex. The interpretation of the sampled horizon as a tuff within
a diatreme is critical to the significance of the date obtained for these samples. The
reasons for interpreting these rocks as a diareme have been discussed in detail in Section

2.2.3.2. “ , N

Samples RX2820 and RX4544 were taken "from a band of well-sorted ash-fall tuff
approximately 20 cm thick occurring within vol‘canogenic‘ conglomerates. The ash
fragments are éngular, have irregular shapes, and generally range in size from 0.5 to 1
mm. Clear, unstrained, apparently volcanic quartz grains are abundant. They
typically subhedral fragments, perhaps of larger euhedral grains. The nbn-qu
fragments are strongly altered, with sericite the dominant alteration phase, and lesser
chlorite and hematite. Accessory zircon is also present within thes¢ fragments. Tabular
sericite aggregates (50 to 100 um long by ~10 um across), probably pséudomorphing
plagioclase, are common. They display intersertal textures reminiscent of those
commonly found in the groundmass of volcanic rocks. A small proportion of the clasts
appear to be lithic fragments of sericite-altered granite. The volcanic quartz fragments

and the relict fine-grained igneous texture within many of the other fragments, coupled




r

with the angular margins of the fragments, are the criteria used to classify this rock as a
tuff, - . , ‘

- Zircons obtained from two sarnples,_‘b‘f the .tuff were mounted and analysed separately.

The preferred age quoted below is derived by combining the data from the duplicate
samples. '

3.3.2.1 RX2820

Twenty-one analyses of sixteen grains yielded Proterozoic ages; five analyses of
morphologically distinctive zircon gave Archaean (2880 Ma).ages. The Proterozoic

range in size and shape from squat grains ~50 to 100 pm by 200 pm, to more elongate
grains ~100 by 300 um. An'aI)"tica_l data are presebnted in Table 3.3. Analyses 6.1, 20.2
and 21.1 were rejected from the age calculation due to ancient Pb loss, resulting in a
weighted mean 207Pb/206Pb age of 1597 + 9 Ma.

The Archaean grains are brown, strongly zoned and rounded, and are never observed

with clear Proterozoic rims. Consequently contamination during mineral processing,
rather than zircon inheritance, was suspected. RX2820 was the only sample received in

grains are a qontaminam in RX2820, or are inherited from an older source. Results for
RX4544 (below) indicate that these Archaean grains are a contaminant, and for this
reason the analyses. with Archaean ages are not included in Table 3.3.

3.3.2.2 RX4544

RX4544 was processed entirely in the samp]e preparation laboratories at the Australian
.National University. Thirteen analyses were made on eleven grains, primarily to check
whether the Archaean grains analysed in RX2820 represent contamination during sample
processing. ‘All zircons from RX4544 are similar in morphology and size to the
Proterozoic grains described for RX2820. A disproportionate number of dark, Suongly
zoned zircons were analysed because these most closely resembled the Archaean grains
observed in RX2820. . None yielded Archaean ages; their brown colour presumably
results from metarrﬁqgtisation due to their relatively high U contents (Table 3.8). The

" absence of Archaean zircons in this sample confirms that the Archaean grains in RX2820

represent a contaminant.

Anélyses 2.1,3.1,4.1 and 10.1 were rejected from age calculation because of evidence
for ancient Pb loss. The remaining riine analyses yield a weighted mean 207Pb/206Pb age
of 1599 + 19 Ma and therefore verify that the 1597 + 9 Ma date obtained from RX2820 is -

ar

25

~~grains analysed-are euhedral, clear and unzoned; or pale brown and weakly-zoned.- They-.. -

. prepared form, having been crushed in an industrial laboratory. Sample RX4544 was =~
collected from precisely the same locality to resolve the question of whether the Archaean
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an age of the tuff rather than an age for contaminant grains. On the basis that the two

samples are duplicates and that their ages are stat1st1cally identical, it is reasonable to pool -

the data from these samples

3. 323 Pooled data: RX2820 and RX4544

‘ Wﬁen the data are pooled and the same analyses deleted as for the individual dates, the
© twenty-seven points yield a weighted mean 207Pb/206Pb age of 1597 + 8 Ma. 'Data for

* . the two samples are presented in Figure 3.3.

1800

- Diatreme tuff
(030 & 1600
< RX2820 +4544 Cseo g 1100w |
| E 1400 4
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. ~ 1200 -
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Figure 3.3 Concordla diagram for the pooled data from duplicate diatreme tuff samples
RX2820 and RX4544. Analyses rejected from the age calculation are shaded black (one
sigma error boxes). Field relationships suggest that 1597 £ 8 Ma (weighted mean
207pb/206p, 95% confidence) is the age of diatreme activity,. and therefore represents a
minimum age constraint for the hemaite-quartz breccias intruded by the diatreme (see

text).

It is possible that some of the zircons analysed were derived from the relatively

uncommon granitic fragments in this wff. However, zircons are present within volcanic
fragments in the tuff, and such zircons are expected to dominate in the sample. Any
ranalyscd zircons derived from the granitic fragments have ages not resolvably different
from the main (volcanic- derxved) populanon and.their inclusion will not adversely affect

the calculation of an age for the tuff. 1597 £ 8 Ma is therefore the preferred age of the '

diatreme tuff. Given the dJatreme interpretation, the tuff must have been deposited on the
crater floor of the active diatreme before its collapse, consequcnt soft-sediment
deformation, and emplacement at its present relative 1ével. 1597 + 8 Ma is therefore a

" date on diatreme activity. As such it represents a minimum age constraint on the rocks
. ! <o IO

9

4




which the diatreme intrudes, namely the hematite- -quartz breccias in the core of the

" deposit. It may also constrain the minimum age of a bornite-chalcocite ore zone whxch

appcars to be cross-cut by the northern part of the diatreme.

There is a superficial discrepancy between the age for the diatreme tuff '(1597.:t 8 Ma)
and the age of the Roxby Downs Granite (1588 + 4 Ma). Although the ages appear
diétinc)t at the 15 level, they are unresolvable at the 95% confidence level. The apparent
age discrepanc& may relate to a hydride contribution to elcv.ated‘207Pb counts during
analysiS, although the“data for the zircon standard are ambiguous in this regard. Field
relatipnships indicate that the diatreme cannot be older than the granite, and the zircon age
of 1597 + 8 Ma demonstrates that the diatreme is not ‘considerably younger than the

meaning of the age is not in queéstion and that it does constrain the minimum age of the

e,

LS

main brecciation event at Olympic Dam.

3.3.3 Summary

Tﬁe thrée ages discussed above (RX3222, RX3223, RX2820+4544) each provide a

. minimum age for the hematite-producing hydrothermal system. Two of the samples
(RX3223, RX2820+4544) clearly post date the onset of brecciation, and probably also

provide minimum age constraints for Cu sulphide mineralisation. The third sample
(RX3222) prov1de9»a}rmmmum age for epxclasuc reworking of the surficial parts of the
Olympic Dam Breccxa Complex (producing the hematite-quartz sandstones). The three
dates, 1592 + 8 Ma, 1584 + 20 Ma and 1597 + 8 Ma are the same within error.
Moreover these three minimum age constraints cannot be resolved from the age of the
host granite, 1588 + 4 Ma, which provides a maximum age for the deposit. The Olympic
Dam Breccia Complex therefore has an age of ~1590 Ma.
]
3.4 Zircons in hydrothefrﬁally altered granite

Some Olympic Dam zircons have narrow (generally .10-50 pm) irregular to euhedral
overgrowths of optically distinctive "zircon" (see below). The distribution .of these

27

__granite. Therefore, while it is acknowledged that there may be an unresolved hydride
contribution to increasing the calculated 207pp/206ph, age, it is apparent that the geological

mantled zircons is not well understood. They have been observed in some hematite-rich

ore zones, and in zones of sericitised granite and granitic breccia.

~

The petrographic characteristics of the zircon overgrowths strongly suggest that they are

hydrbthérmal precipitates on magmatic-primary grains. An jon- and electron microprobe

study of these overgrowths was undertaken to: » - , /

(1) see if the compositions of core and overgrowth pairs are consistent with
magmatic and hydrothermal origins respectively, and

LY
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2) obtam U Pb isotopic ages whlch might be inferred to dxrectly date Olympic
Dam Breccxa Complex hydrothermal activity.

To facilitate rmcroprobe work, mixed populanons of mantled and unmantled zircons were
extracted from three samples of intensely. sericitised granite microbreccia (RX3698,
RX3212, and RX4533). A single in situ mantled zircon grain occurring in a chalcocite-
bornite mineralised breccia’ (RX066) was also analysed. The 1sotop1c data for these
zircons are listed in Tables 3.4 t03.7. Asa whole these data are considerably complex.

It is advantageous to first describe and dxscuss the comparauvely stralghtforward subset

of the data obtained from the unmantled zircons and the cores of mantled zircons. These
are simply termed granitic zircons in.the followmg section. The populations in each of

include grains with obvious core-overgrowth textures (Plates 3 and 4), clear and unzoned
grains without overgrowths, and clear to brown grain$ exhibiting regular growth zone
patterns. The grains are euhedral to subhedral, equant to elongate, and range in size from
100 pm across (equant),'to 100 pm by 200 um (elongate). The darker brown grains
appear to be metamict, showing many fine cracks and an overall opacity. Granitic

zircons from all three samples are $imilar in size and appearance.

3.4.1 Granitic zircons .

"34.1.1 RX3098

Seventeen analyses wefe obtained from zircon grains interpreted to be of magmatic
origin. The concordia plot for RX3698ﬂ(Figure 3.4) shows four analyses which are
strongly discordant (2.3, 5.2, 9.1, 13.2). These points are therefore rejected from age
calculation, giving a weighted mean 207Pb/206Pb age of 1573 £ 9 Ma. However, this
date includes scatter well in excess of that expected from analytical error, with probable
outliers having low apparent ages interpreted to result from ancient lead loss. Iterative
deletion of outliers yields an age of 1595 + 11 Ma (95% confidence) based on nine
analyses (7.1, 4.2, 8.1 and 10.1 deleted). This is the preferred age for this sample.

] &

34.12. RX3212 ' A

Twenty four analyses of cores or unnmmed grains were collected from a total of eleven
grains. The concordia plot (Figure 3.5) shows many discordant analyses. When these
are deleted the weighted mean 207Pb/206Pb age is 1549 + 9 Ma (95% confidence; deleting
1.1, 3.1, 3.2, 34, 42, 52, 5.3, 6.1, 11.1 and 6.6). This calculation results in
excessive scatter about the mean 207Pb/206Pb ratio. Deleting analyses 4.1, 8.1 and 9.1
ter and ylelds an age of 1598 + 14 Ma based on 11 analyses This is the-

removes this scat
preferred age for this sample.

¢

 the three samples display similar size dlStI‘lbUthnS and opucal ‘characteristics. They .
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F iguré 3.4 Concordia diagram for zircon cores and unmantled grains from RX3698, a
- sample of intensely sericite altered granite breccia (one sigma error boxes). Analyses
rejected from the age calculation are shaded black (one sigma error boxes).
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Figure 3.5 Concordia diagram for zircon cores and unmantled grains from RX3212, a
sample of altered granite breccia. Analyses rejected from the age calculation are shaded
black (one sigma error boxes). The preferred ages for this sample and RX3698 are in
agreement with the more precise age of 1588 + 4 Ma (Creaser, 1989) determined from

relatively unaltered granite. :

34.1.3 RX4533

Although six cores were analysed, it appears that the setting used to monitor the zo‘be

background was inappropriate, introducing an unnecessarily large uncertainty into the
~measurement of 204Pb at low abundances. For this reason the 204Pb corrected

~
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207Pb/206Pb ratios cannot be used for the cores, and no age has'been calculated. The
204pb/206Pb ratios of the hydrothermal overgrowths are not significantly affected by the

high background because their 2_04-Pb counts are very much higher than those for the

zircon cores. Th(; uncertainty introduced into Lh'e‘204Pb/206Pb ratios for the overgrowth
analyses as a result of the high background has a maximum value of ~5%, but'is
generally less than 1% This small degree of uncertainty does not adversely affect the
Pb-Pb isotopic arguments made below. ;

The two determinations of the age of the Roxby Downs Granite reported abové, viz 1595
* 11 Ma and 1598 % 14 Ma, agree within error. They are also both within error of the

more precise age of 1588 =4 Ma determined by Creaser (1989) and Creaser and Cooper
(in press) on samples of relatively unaltered Roxby Downs Granite.

3.4.2 Overgrowths mantling granitic zircons
’ [

Many of the inferred magmatic zircons extracted from RX3698, RX3212 and RX4533
were enclosed in'~10 to 50 um wide mantesof a clear to pale yellow translucent mineral
with ‘sligi’nly lower reflectance than the zircon cores (e.g. Plates 3. and 4). - These
overgrowths are composed of a material intermediate in composition between zircon and
xenotime (YPOg4) - a mineral which is isostructural with zircon (Deer et al., 1966).
Electron microprobe analyses presented in Table 3.5 show that, relative to the magmatic
zircon cores, the overgrowths contain anomalously high concentrations of ThO2, UO2,
Y203, P205, Yb203, CaO and BaO. Anpalysis totals are generally low, typically around
90%, indicating that. the overgrowths contain significant water, either as OH- substltutmg
in the zircon structure or as adsorbed molecular water in metamict grains (Mumpton and
Roy, 1961). Pupm (1980) discussed the formation of "hydrozircon" rims rich in U, Th

" and Y in the late stages of Crystalhsanon of hydrous granmc magmas. These typically

have a "distinctive zoned structure” similar in appearance to many of the overgrowths
observed in 'this study (e.g. Plates 3 and 4; cf. Figure 6a of Pupin, 1980). Rubin et al.
(1989) also described hydrothermal zircons with relanvely high concentrations of U, Th
and Y, and low totals (by electron microprobe) which they attributed to the water content
of the grains. Cyrtolite, an altered form of zircon, is known to contain appreciable water
(Deer et al., 1966), along 'with U, Y, and "other rare elements” (Dana, 1932).
Compston et al. (1984) reported enrichments of U, Th, Y, Yb, and P in metamict zircon.

4

The zircon cores observed in this study are chemically distinct from the overgrov;"ths. _By
contrast with the latter, the cores contain only a few hundred ppm U and Th (Table 3.6;
cf. Table 3.4), no appreciable Y, P, Yb, Ca or Ba, and electron microprobe analyses of
them have totz_ils very close 1o 100% (see Table 3.5). These differences, and the
dissimilarities in optical properties, indicate that the overgrowths had a substantially
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rcon with hydrothermal overgrowth, from
f data in Tables 3.4 and 3.6). a)

Plate 3 Photomicrographs of granitic zi
sericitised granite breccia sample RX4333 (grain 4; ¢
arised light. Clear granitic zircon core contains less than 150 ppm U, in contrast
w overgrowth which contains over 5000 ppm U.

vergrowths typically have lower reflectance than the

pits made by ion probe anulysis. Width

Plane pol
to the translucent yello
b) Reflected light. Hydrothermal o
granitic zircon cores. Note inclusion of gold and

of frame is 325 pm.




Table 3.5. Selected electron probe’ analyses of magmatic zircon cores and

hydrothermal rims.
Cores ' Ovérgrowth’s, .
‘Oxides RX3698 5.3 RX3212 5.1 | RX3698 5.1 RX4533 8.1 RX4533 92 RX321293
LD ' | |
P20s5 | <0.03 <0.02. 1.96 0.06 0.05 1.12
Si0 3273 32.88 2591 - 31.36 29.9 31.86
Z0;  ~f 6631 6570 4550 - 6378 596 51.97
HfOp 1.20 147 - 1.03 1.73 155 1.09
ThO, 0.06 <0.06 2.15 0.12 <0.07 0.13
U0y 0.07 <005 | 172 0.39 . 0.36 ‘_ 223
Y903 20,057 T <0.04 < 854 L8 064 < 2,03
Yby03 0.04 002 0.5 0.18 0.04 0.15
Ca0 <0.01 <0.01 1.26 0.1 0.21 1.05
BaO <0.03 <0.03 0.21 <003 ° 004 0.24
Total 100.41 100.07 88.78 99.53 92.39 91.87

different mode of origin to that of the cores. The habits, chemical signature, and
geological setting of the overgrowths clearly point to a hydrothermal origin, whereas
most of the cores are essentially identical to magmatic zircons observed in the Roxby
Downs Granite. Some that are not identical contain patches of "zircon" with
Comparativcly lower reflectance and higher U and Th than the host magmatic zircon.
These patches occur adjacent to cracks - consistent ‘with an origin by alteration of
magmatic zircon in contact with a hydrothermal fluid. The zircons with such patchy
alteration zones frequently lack overgrowths, which is somewhat surprising given that
the zircon exterior must have been at least partially exposed to the fluids which penetrated
‘the cracks. This observation argues ' against any suggestion that the zircon mantles
formed by alteration.of magmatic zircon rims. The fact that the magmétic zircons do
display some alteration effects raises the:possibility that some zircon mantles formed by a

combination of new mineral growth and alteration of pre-existing zircon.

An age for the hydrothermal Qvergrowths should date the hydrothermal event. However,
the compositional difference$ between these overgrowths and the standard zircon (SL3)
allow the possibility of different matrix effects during.ion probe analysis. This means
that it cannot be assumed that the relative igﬁn yields for Pb, U and - Th will be the same for
unknowns and standard. Accordingly lmle weight is given to the Pb/U ratios and the Pb,
U and Th concentrations listed for overgrowths in Table 3.6. Where comparisons are
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;avaxlable for U and Th determinatons by electron probe and ion probe, they are found to |

differ by 5 to 25%of the i ion probe total for U, and by 12 to 100% for Th. However, the
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Pb 1sotoplc ratios of the overgrowths are unaffected by problems in cahbrann g Pb toU
and Th, and these are discussed below. g

3 .4.2.1 RX4533

‘Measured ratios of 207Pb/206Pb versus 204Pb/206Pb for granitic zircon cores and
hydrothermal zircon overgrowths from RX4533 are plotted in Figure 3.6a. The shaded
. area is the field of permissible lead composmons for a system formed at 1590 Ma and
containing common Pb of an averagc crustal composition (Cumming and. Rlchards
1975) The }ower bound is limited by the composition of radiogenic lead formed from
day uranium decay. All of the analyses for RX4533 plot within this field. When

" viewed togethar; the hydrothermal overgrowths-do-not-adhere-to a single mixing array, .. .. B

and it is likely/that the grain-to-grain variations in Pb isotopic compositions represent
closure to Pb/ mobility at different times during the deposit's history. This is not

surprising considering the likelihood of groundwater circulation through the deposn asa

result of thermal convection generated by in situ uranium decay.

Comparatively more order is apparent among the data for samples with 204Pb/206pb
ratios:lower than 0.004. Figure 3.6b shows that all except two analyses of the magmatic
zircons lie on a mixing line between 1590 Ma crustal Pb and radiogenic Pb of 1590 Ma

age. The other two magmatic zircon analyses plot on a possible mixing trend along wit

analyses of three of the hydrothermal overgrowths (2.2, 5.1, 9.1). These three analyses
each include a proportion of magmatic zircon core; ~25% of the spotin 2.2, ~60% in 5.1,
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and ~10% in 9.1. The isotopic compositions measured therefore have contributions of

- - - . ‘e \ -
common and radiogenic Pb from magmatic zircon adjacent to the hydrothermal ,

overgrowth. Howeyer, the overgrowths contain ~5000, ~1600 and ~7800 ppm U
respectively, in contrast to ~200 ppm U in the cores. The dominant influence on the
measured Pb isotopic composition is therefore the radiogenic Pb contributed from the
overgrowths. The observed trend is the result of mixing of at least three different
_components of Pb. They are: a) Pb with a 207Pb/206Pb ratio of approximately 0.1; b) a
common Pb equivalent to a ‘15'90 Ma Cumming and Richards (1975) crustal Pb; c) Pb
with a radiogenic 207Pb/206Pb subcomponent possibly as low as ~0.06. “The fact that

such highly radiogcnic‘ Pb (U contents up to ~8000 ppm in the hydrothermal

overgrowths) has a 207Pb/206Pb component of approximately 0.1 is permissive of the
 interpretation that the hydrothermal Tims foﬁned at approximately 1690 Ma. The low

207pp/206Pb component is consistent with an origin as radiogenic Pb introduced into the
'zm:ons after about 600 Ma, probably in the Phanerozoic. This component rnay represent

isotopic dlsturbance well after mineral fonnauon | B / :
| /

' The plot of measured 208Pb/206Pb versus 204Pb/206Pb (Figure 3.7a) shows lth‘e
~ hydrothermal overgmwthfanalyscs lying on a mixing trend between a common Pb

o




Plate 4 Photomlcrographs of gramtlc 21rcons with hydrothermal overgrowths from
sericitised granite breccia sample RX4533 a) Grain 2, plane polansed light. b) Grain
9 (central zircon), plane polarised light; wxdth of frame is 325 um for both. Analyses of

the i)ydrothegnal rims on these grains- afd gram 35, together with analyses of two
magmatic zircons, ylelded a linear array it 207pp/206ph versus 204F*b/206Plzmspace.. The

radiogenic end-member of the mixing line is perm1sswe of an mterpretauon of an age of

approximately 1590 Ma. 5 , ‘
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Figure 3.6 Isotopic ratios for magmatic zircons and their hydrothermal overgrowths
from altered granite sample RX4533 (gold ore). (a) 207Pb/206Pb versus 204Pb/206pp
(one sigma error bars). The stippled area represents the field of permissible lead
compositions for a mineral formation age of 1590 Ma with common Pb of average crustal
composition at 1590 Ma ("C+R" denotes Cuniming and Richards [1975] model for
crustal Pb isotopic evolution). -(b) The analyses with lower 204Pb/206Pb from (a).
Three hydrothermal overgrowth analyses (2.2, 5.1, 9.1; see plate 4) and two altered
magmatic cores (shaded black) form a possible mixing array betweefi 3 components: i)
Pb with a 207Pb/206Pb ratio of ~0.1; ii) crustal Pb of 1590 Ma (Cumming and Richards,
1975); iii) Phanerozoic Pb (low 207Pb/206Pb). The high 207Pb/206Pb component in such

highly radiogenic Pb is permissive of the interpretation that the hydrothermal -
roximately 1600 Ma. Howgyer, the data are far from

overgrowths formed at app
- conclusive. : R

v | -
component with a higher 208pp,206Pb (more thorogenic) signature than 1590’Ma crustal
" Pb,and a radiogenic end-member which is dominated by uranogenic (206Pb) lead. The

“
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Figure 3.7 a) Plot of measured 208Pb/206Pb versus 204Pb/206Pb for altered granite
sample RX4533, with reference line to 1590 Ma average crustal lead ("C+R! denotes
~Cumming and Richards, 1975 model for crustal Pb isotopic evolution). Possible origins
of the trend are discussed in the text (one sigma error bars). b) Th/U versus radiogenic
. 208pp/206pPh jsochron diagram showing the good fit of data from core analyses to the
theoretical isochron for 1590 Ma. This indicates closed system isotopic behaviour in
~ these granitic zircons. The converse is trug for the overgrowths. )

? : 7
low 208Pb/ZO6Pb radiogenic end member is consistent with local derivation (from within
the deposit). The high 208pb/206Pb "common"” Pb end-member may have been derived
from the breakdown, during hydrothermal alteration, of uranothorite, a primary
accessory phase in the Roxby Downs Granite (Creaser, 1989). The trend may result

% from a post-1590 Ma isotopic dlsturbance which incompletely mixed lead from the above

-~

g

two SOllI'CCS.

The plot of radiogenic 208Pb/206Pb versus Th/U (Figure 3 7b) illustrates that the analyses
of RX4533 hydrothermal overgrowths plot well away from the theoretical isochron, o
mdlcatmg either Pb mobility, or differential mebility of U and Th, or both. This is :

I




— Ma'

probably a function of their degree of metamictisation due to their high U and Th.

contents. In contrast, the magmatic zircons conform more closely to thie 1590 Ma

isochron, indicating closed system behaviour since crystallisation.

3.4.2.2 RX321’2,,,

The magmatic cores and hydrothermal overgrowths analysed from sample RX3212 show
relatively low levels of common Pb in the 207pb/206Pb versus 204Pb/206Pb diagram
(Figure 3.8a). All analyses plot within the field of permissible Pb compositions for
grains of 1590 Ma age having average crustal common Pb. The hydrothermal

overgrowths plot along a trerid from a point on the 1590 Ma crustal common Pb mixing
-line towards-a zero-age:-radiogenic-end-member. - This-indicates-that-these -grains-have -

been 6pen_systems with respect to Pb mobility in recent times. Recent Pb mobilization
within the deposit has been confirmed by Guthrie (1991) and workers from the
Commonwealth. Scientific and Industrial Research Organisation (CSIRO; unpublished

- data). Their analyses of whole-rock samples from the breccia complex indicate that, on a

local scale, the deposit is not in secular equilibrium with respect to U, Th and Pb
isotopes. However, the average isotopic make-up of all samples analysed approximates
to an equilibrium composition, suggesting that groundwaters have not flushed Pb from

the breccia complex as a whole in geologically recent times.

On the 208Pb/206pPb versus 204Pb/206pb diagram (Figure 3.8b), the ovcrgr?)wths form a
mixing array, from an indeterminate common Pb end-member to a radiogenic end-
member with very low 208Pb/206Pb (~0.02). When viewed in conjunction with the
evidence for mixing with recent or present day Pb (above), it appears that the recent Pb
component has a low 208Pb/206Pb ratio. Thissuggests that the source of the recent Pb is
rich in U relative to Th, which is consistent with it having been derived locally from the
uranogenic Pb of the Olympic Dam deposit. This suggestion is consistent’ with the

findings of the CSIRO study (above).

The magmatic zircons plotted in Figure 3.8b show an overall negative correlation
between 208Pb/206pPb and 204Pb/206Pb. They form a mixing trend from a radiogenic
end-membe¥ with a relatively high 208Pb/206Pb ratio (~0.4), to common Pb compositions
which coincide with' the trend defined by the hydrothermal overgrowths (which is
interpreted to result from recent Pb mobility). This in turn suggests that the negative
correlatgon observed for the magmatic grains in 208Pb/206Pb-204Pb/206Pb space is also a
ion of recent Pb mobility. The 208Pb/206Pb (radiogenic) versus Th/U plot
) shows that several of the magmatic zircons conform to the theoretical 1590
, indicating that they have remained closed systems with respect to Th, U

manifés
(Figure 3.
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~ Figure 3.8 Isotopic ratios for granitic zircons and hydrothermal overgrowths from
altered granite sample RX3212. (a) Measured 207Pb/206Pb versus 204Pb/206Pb (one
sigma error bars); shaded area is the field of permissible lead compositions for a mineral
formation age of 1590 Ma with the same age common Pb of average crustal composition
("C+R" denotes Cumming and Richards, 1975 model for crustal Pb isotopic evolution).
. Overgrowth analyses form a mixing array (see arrow) between a common Pb end-
member close to the 1590 Ma common Pb - radiogenic Pb tremds and a zero-age

radiogenic Pb. This indicates Pb mobility until recent times. (b) Measured 208pp/206ph

versus 204Pb/206Pb with reference line to 1590 Ma average crustal lead. Overgrowth
analyses form a trend showing that the zero-age Pb end-member observed in (a) is




Figure 3.8 contd. strongly uranogenic (low 208Pb/206pPb). This i si ith its 37
dc;nvatlpn locally (within the ore deposit) rather than fzom an :x%ct)ir::mss;ir;E:Z lthT;:Z ‘
magmatic cores form a trend toward the rim array of recent origin, indicaring that they too
have gaffered “"zero-age" isotopic disturbance. (¢) Th/U versus radiogenic 208Pb/206Pb
isocH#fHn dlagr?m: The poor fit of data to the theoretical 1590 Ma isochron attests to Pb,
U or Th mobility in this sample, consistent with evidence from the Pb—Pb:plots (aand b).

and Pb. However, the hydrothermal grains and mahy of the othér magmatic grains show

evidence of differential movement of U, Th and/or Pb. For the hydrothermal grains this

evidence of isotopic disturbance is consistent with that from Figures 3.8a and b. For the_

magmatic grains it is consistent with the discordance shown by maﬁy of the grains on the

o concordia plot (Figure 3.5) and provides further justification for deleting low
o . yzordanc_e points from the age calculation (above). '

s The Pb isotopic data for RX3698 magmatic zircons and hydrothermal overgrowths are
plotted in Figures 3.9a and 3.9b. The 207Pb/206Pb versus 204Pb/206Pb diagram (Figure
3.9a) indicates that all of the zircons analysed have isotopic compositions within the
permissible field of leads for zircons of 1590 Ma age with common Pb of average crustal
composition. Most of the magmatic grains form a tight cluster with low common Pb, but

‘ three have relatively high 204Pb/206Pb ratios indicating that they are isotopically
disturbed. - The overgrowth compositions, do not conform to a tight mixing trend.
Assuming that the hydrothérmal overgrowths in all graings are penecontemporaneous, the ~ _
lack of linearity may represent evidence for different times of closure to Pb and/or U
mobility since mineral formation. For the hydromef}nal overgfowths, if the 207Pb/206Pb
compos,ition.is extrapolated back to zero 204Pb/206Pb (parallel to the common Pb
extrapolation field), the y-intercept is at 207Pb/206Pb values as low as ~0.06. “This
indicates a radiogenic Pb component of an age %’/ounger than approximately 600 Ma and
supports intcrprétations of a long and complex history of Pb mobility. Alternatively the
lack of linearity of the data in Figure 3.9 a) could be interpreted as evidence for a poorly
mixed common Pb from a single‘isotopic disturbance episode. The 208Pb/206Pb versus, -
204pp/206Pb data (Figure 3.9b) are consistent with both of the above interpretations. The
data indicate.incomplete mixing of a variety of Pb sources, namely:

&

".a) A 204Pb-rich 1590 Ma crustal Pb component.

- b) A stron gly thorogenic component, possibly from Th-rich Roxby Downs Granite

minerals such as uranothorite or monazite.

c¢) A uranogenic Pb component consistent with local derivation from within the

- deposit.
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Figure 3.9 Isotopic ratios for magmatic zircons and hydrothermal overgrowths from
altered granite sample RX3698. (a) Measured 207Pb/206Pb versus 204Pb/206Pb (one
sigma error bars); shadeéd area is the field of perrhissible lead compositions for a mineral
formation age of 1590 Ma with the same age common Pb of average crustal composition
("C+R" denotes Cumming and Richards, [1975] model for crustal Pb isotopic
evolution). Overgrowths do not form a discrete mixing array, which suggests they have
had different ages of closure to Pb and U mobility. (b) Measured 208Pb/206Pb versus

' 204pp,/206Ph. The spread of data indicates poor mixing of Pb from a variety of sources
(see text). (€). Th/U versus radiogenic 208Pb/206Pb isochron diagram. The poor fit of
data to the theoretical 1590 Ma isochron attests to Pb, U or Th mobility in this sample,
consistent with evidence from a and b.




Figure 3.9c shows a poor fit of the data to the theoretical 1590 Ma radiogenic 39
208pp/206pb - Th/U isochron for analyses of both cores and overgrowths. This attests to

* differential mobility of U and Th, and/or mobility of Pb in these grains, and is consistent
with the degree of isotopic dlsturbance indicated for the magmauc zircons on the

* concordia plot (Figure 3.4).
3.4.2.4 RX066

Nine spot analyses were collected from within a single mantled zircon grain in a polished
thin section of this sample of hematitic ore breccia. Plate 5 shows the zircon which
displays three distinct zones; a homogeneous core, a patterned overgrowth on the core,
and a dlscontmuous outer overgrowth “The analyses are listed in Table 3.7. N

e T, s - - e L e e

-.The homogeneous core of the gram probably represents magmatrc 2.1rcon denved from
the Roxby Downs- Gramte although' analyses 1-1, 1 -2, 1- 3, and 1-9 show higher
concentrations of U anid Th than are typrcal for the gramuc zircons analysed from other
samples (see Table 3.7;cf. Tablé 3.4). If thé core is indeed magmatc, its hrgh Uand Th
contents suggest that it has been affected by hydrothermal alteration. Analyses 1-6, 1-7
~and 1-8 are from the patterned overgrowth and these show gven hlgher U contents (2100
ppm, 7900 ppm and 3050 ppm respecuvely) 1nd1cat1ng an-origin from either
[ - hydrothermal precipitation or from intense alterauon of magmatic zircon. For either mode
g of origin, their Pb isotopic signatures are ltkely to be dominated by radiogenic Pb derived
| from hydrothermally introduced uranium. The same applxes to analyses 1-4 and 1-5 from
the outer overgrowth; these have U contents of 6700 ppm and 8800 ppm respectively. - )

8

e

In a plot of 207Pb/206Pb versus 204Pb/206pb (Fi gure 3.10a) the analyses all fall within
the field of permissible lead compositions for a mineral forming at 1590 Ma with
common Pb of average crustal composition, but they doanot conform to a single mixing .
array. This indicates closure to Pb and U mobility at different times for the different
‘subdomains analysed, Assuming that the core zircon is derived from the Roxby Downs

Gramtc, three factors indicate that the core analyses are within domains which have .

< disturbed isotopic systematics:
1) They have 204Pb/206Pb ratios in the range of 0.0004 to 0.0012,-considerably

higher than the range typrcal for the granitic zircons (0.00015 to 0.0003; see Table

3.4 OA.
: - 2) *Althé‘trgh inconsistent, all of the core analyses have 207Pb/ZOéPb apparent ages
L well bilow the age of the granite (~1590 Ma). : -
3) The core has U and Th contents well above the typical range for the granite but
— | b below the concentrations in what is interpreted to be purely hydrothermal zircon -

c()nsrstent with alteraﬂoragf\%}astme zircon low in U and Th by fluids ennched inU
j .
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Plate 5. Reflected light photomicrographs. A) RX066, a single zircon grain analysed

in situ. The grain is 100 pm long and has three distinct’zones; a homogeneous core (C),

a patterned overgrowth (O) and a dmcontmuous outer rim (R). The core is probably

granitic; the othe%?iwo zones are interpreted. as,,of hydrothermal origin. The grain occurs
within fluorite el inrergrown with hematite (light). Analyses discussed in text.

B) refer Chaptﬁ?éi '/RX3'642 I, Pitchblende (grey) intergrown with chalcopyrite
(yellow) from the innermost zone of concentric mineral growth in vug sample RX3642.
Large'pitchblend@ﬁﬁ%‘jﬁs afford inclusion-frec zones for ion microprobe analysis.

Interlocking;hematité:gr'ains at upper right. Width of frame is 1.3 mm.

’
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Figure 3.10. Isotopic data for sample RX066, a single zircon with three distinct
growth zones analysed in situ (see plate 5). (a) Measured 207Pb/206Ph versus

204pb/206Pb (one sigma error bars); shaded area is th%lﬁe]d of permissible lead '

" compositions for a mineral formation age of 1590 Ma with
average crustal composition”("C+R" denotes Cumming and Richards, 1975 model for

crustal Pb isotopic evolution). The two possible mixing trends shown are discussed in
the text. (b) Measured 208Pb/206Pb versus 204Pb/206Pb with best fit line for core and
outer rim analyses only. The colinearity of core and outer rim analyses is consistent with
the core having been altered by the same hydrothermal fluids which produced the outer
rim. The analyses of the patterned overgrowth (6, 7 and 8) illustrate open system

behaviour of Pb and/ or U and Th.

-

v

. These factors ,ind%café that the zircon has undergone ancient isotopic disturbance. In
207pp,/206pb-204Pb/206Pb space (Figure 3.10a) two possible mixing trends are apparent.
One comprises three of the zircon core analyses' (1-2, 1-3 and 1-9) and one analysis of
the pattérned overgrowth (1-6). This trend indicates mixing between radiogenic Pb with
a 207pb/206Pb value of approximately 0.1 and a component which consists of a common
Pb subcomponent (high 204Pb/206Pb) plus a radiogenic component with a distinctly
lower 207Pb/206pb (possibly around 0.07):. The low 207Pb/206Pb radiogenic Pb
indicates that this trend is the result of Pb mixing at & time much later than 1590 Ma,

probably later than ~900 Ma.

e same age common Pb of |




s

The second possible mixing trend (Figure 3.10b) is formed by core analysis 1-1 and two 41
analyses of the dlscontmuous outer rim, 1-4 and 1-35. 'I'hls trend indicates rruxmg
between radiogeni¢ Pb with a 207Pb/206Pb value of about 0.95 and a Pb component
which again comprises a high 204Pb/206Pb common Pb subcomponent and radiogenic Pb
with a value of 0.07 t0 0.08. This trend also indicates complex isotopic disturbance at an
age much younger than 1590 Ma. Both trends support the interpretation that the isotopic
. systematics were strongly disturbed at a time later than approximately 900 Ma. The data
also are permissive of the interpretation that hydrothermal zircon/ xenotime growth and
alteration of magmatic zircon occurred at approximately 1600 Ma. If this is the case it
would be consistent with the age of the ore depooist as determined by dating magmatic
zircons (above). However, it is important to reinforce that the data from the

- hydrothermal zircon/-xenotime are complex, ambiguous, and ultimately inconclusive. o

.The remaining two apalyses (1-7 and 1-8) are of the patterned overgrowth rimming the
‘ .zircon core. On the 207Pb/206Pb versus 204Pb/206Pb plot (Figure 3.10a) these analyses
lie well below the others, and probably represent areas of the zircon grain which have
undergone disturbance much later in the deposit's history than is apparent for the other

analyses

The plot of 208pp/206Pb versus 204Pb/206Pb (Figure 3.10b) shows a trend between the
core analyses and those of the discontinuous outer overgrowth. The trend is from low
204pp/206Pb - high 208Pb/206Pb for the core, toward high common Pb (high
204py,/206Pp), - low 208Pb/206Pb values for the overgrowth. The colinearity of the
{ overgrowth analyses and the core analyses is consistent with the core having been altered
‘ by the fluids which produced the rim, as is suggested above on the basis of elevated U

and Th concentrations in the core.

34.2.5 Summary

The hydrothermal overgrowths mantling relict magmatic zircons, and the hydrothermally
altered magmatic zircon populations, have yielded information -on several points of

interest. .

1) Although some of the data permit the interpretation of formation of hydrothermal
zircon/ xenotime at ~1590 Ma (the age of the deposit indicated from magmatic zircon
dates), the data are far from conclusive in this regard. The possible mixing arrays tHfat
permit this interpretation indicate major isotopic disturbance at ages of about 900 Ma

or younger.




l'«

2) Most of the analyses of zircon overgrowths indicate Pb and/or U and Th mobility
since formation, with closure to mob1hty of these elements at varying times from 1590
Ma to the present.

3) RX3212 zircon overgrowths show evidence of mixing involving " zero-age" Pb

which has a strongly uranogenic compositon, consistent with local derivation (within

the deposit). Magmatic zircons from the same sample also show evidence for recent
Pb mobility, consistent with the Pb-loss trend displayed on the concordia plot.

3.5 Diséussion,

(Oreskes and Einaudi,1990), REE and Cu concentrations in pyrite and chaicopyrite ores
(Johnson and Cross, 1991b; Chaptér 5), Cu and U concentrations (Roberts and Hudsen,
1983; Oreskes and Einaudi, 1990; Reeve et al. 1990; Chapter 5), and U concentrations in
hematite (Oreskes, 1990), all suggest that Cu, U and REE were introduced

contemporaneously with Fe (hematite). Nd isotopic data (Johnson and Cross, 1991b;

Chapter 7) Support this conclusion. Therefore the implication of the minimum age
constrains provided by the zircon dates for the hematite-producing hydrothermal system,
is that primary economic mlnerahsanon was also 1ntroduced at ~1590 Ma. Textural
relatlonshlps and metal distributions in RD647 support this interpretation.

In a regional perspective, the dates reported here are the same within error as the age of

.the Gawler Range Volcanics, (1592 + 2 Ma ; Fanning et al., 1988), an enormous

outpouring of prcdormnamly felsic magmas which forman extensive volcanic province
covering an area of at least 25,000 km2 (seé.Chapter 2). Thus the brecciation (and
poSSibly the mineralisation) event at Olympic Dam can be correlated with a major thermal
event that affected much of the Gawler Craton. This provides strong evidence in support
of the genetic' model of Reeve et al. (1990) who argued that the deposit formed as an

integral part of the Gawler Range Volcanicevent. Indeed, despite their altered nature, the

dykes dated in this study bear trace element geochemical similarities to the Gawler Range

Volcanics (Figure 3.11 overleaf). -

The dated peperite dykes are representatives of the volcanic rocks thought by Oreskes and
Eipaudi (1990) to show ev1def§3€/ for "emplacement during hyd:otherrnal act1v1ty and
Hitzman et al. (1992) suggest that these dykes may represent "...a direct magmatic
affiliation” for the deposit. I agree with these geological interpretations. However, the
correlation in nge between the Olympic Dam Breccia Complex and the Gawler Range
Volcanics doees not agree with the age of brecciation as suggested by Oreskes and Einaudi
(1990, 1992). These workers interpret the ~1400 Ma pitchblende date détermined by

42 .
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Figure 3.11 Comparison of incompatible element chemistry of the dated dyke samples
RX3222 and RX3223 with felsic variants of the Gawler Range Volcanics (shaded field).
The similar geochemistry coupled with the age correlation (see text) indicates that the
~ dykes are correlatives of the Gawler Range Volcanics. Data for Gawler Range Voleanics
after Blisset et al. (1989) mantle normalising values of Ringwood (1991)

z

Trueman et al. (1988) as the actual age of formation of the breccia complex, in contrast to

the present interpretation of this date as a minimum age for ore formation (Chapter 4). 4

The genetic model of Oreskés and Einaudi (1990) which follows from their acceptance of
this age as being that of mineralisation, and which cannot relate the formation of the
deposit to any know regional geological events, needs revision in hght of the new age
constraints reported here. They suggested that the- large-scale hydrothermal activity at
Olympic Dam probably required a magmati¢ heat source. Iagree with this intérgretation
and suggest that the magmatic heat source is related to the Gawler Range volcanic event.
Other evidence used by Oreskes and Einaudi (1990) and Einaudi and Oreskes (1989) to
support the proposition that there was a long time intefval between granite emplacement
and ore *deposil:ion includes the coarse-grained nature of the host granite, coupled with the
interpretation that the deposit formed in a near-surface environment. They suggest that a
long interval is required to allow time for the uplift and unroofing of t%xc plutonic body

43

However, the geochronological data now show that the Olympic Dam breccia'tion event -

occurred soon after emplacement of the Roxby Downs Grairiite, thus 1mp17ymg that the ‘
granite was emplaced at a high crustal level. ”ghc Roxby Downs Gramte isa member of

the Hiltaba supersuite of granitoids and these hayeybeen descnbed as high levol mtruswes
(Webb et al., 1986; Fanning ¢t al., 1988; Giles, 1988; Mortifner et al* 19883 Creaser

1989; Reeve et al., 1990) on the basis of theirintrusive relanonshlps wnh volcamc rocks
{ . o .

<

t . o "
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regarded as cogenetic using geochcmieal criteria (Giles' 1988;. Creaser, l§~89)' The
Roxby Downs Granite, as a member of this suite, can therefore reasonably be postulated

as a high level intrusive. Quahtanve hornblende - gcobaromeay mdlcates that the -
lL gramtmds of the Burgoyne bathohth crystallised at pressures less than 200 MPa, i.e. a
' maxxmum depth of appmaurnately 7 km (Creaser, 1989) The granite 'may have
! crystallised at considerably shallower depths. If the granite magma intruded its own hot
\j | . ejecta blanket the thermai gradient. between the magima and Lhe country rocks could be
sufficiently low to allow the development of the coarsely crystalhne texture now observed

(e.g. Giles, 1988). The rounded dacitic’ cobbles preserved in the dlatremc structures
within the deposit may be remnants Bf such an overlymg volcanic pllC Reeve et al.
(1990) suggested, that the hydrothermal system may even have vented through both the

Roxby Downs . Granite and some overlyxng volcanics (Gawler Range Volcamcs

TR equivalents).
3'6 Conclusions regarding Olympic Dam ' - -

The application of the ion micsoprobe SHRIMP to the geo,chronolofgy of the Olyrnpic :
Dam deposit has advanced our understanding of the genesi/sjaf the ofebody. The dates ‘ ,’ .
reported here allow a confident age correlation between the deposit and, regional .
©  magmatism, thereby estébliséng the tectono-ma’%matie environment of ore formation.
" Three minimum age constraints from intrusive ro?!ks at Olympic Dam agree within error X
’ with the age of the granite which hosts the: deposn thereby constraining the age of the _
- Olympic Dam Breccia Complex to be ~1590 Ma. Brecéiation occurred in a near-surface .
% . environment, probably within a few million years (<8) of emplacement of the host
granite. This implies that the %ramte was emplaced at-a high’ crustal level p0551bly

sl mtmdmgacomagmaue voleanic pile. . y : N .

Analyses, of zircons from hydrothermally altered gramte prov1de two separate .
confirmations of the ~1590 Ma age of the gramte determined by Creaser (1989) The .

3 hydrothermal zircon/ xenotime rims analysed havewery complex 1sotoplc systematics_ -

: ’ . .dominated by evidence for disturbance hundreds of millions of years after 1590 Ma.
Some rims indicate disturbance in geologically recent times. The data are pemusswe of
‘ the interpretation that growth of hydrothermal zircon/ xeriotime and alteration of magmatlc
' zircon occu;fed at 1590 Ma, the age of the deposit indicated by 1gneous zircons.
| However, the data are too tenuous to be construed as strongly suppomng this

»
P . ". ' T

'mterpretatlon o : - ‘

a° ! o

a

- A . The Olympic Dam Breccia Complex can be correld in age ththe Gawler Range/

- b .Hxltaba volcano-plutonic event. Indeed the two dyke dated 1n this study share trace
ks of thé Gawler Range Volcanics,

element and petrographic similarities with felsic
. - - . i . 9 |
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. indicating that they are direct correlauves The age correlauon prOVIdes ?u porl for the
" interpretation of Reeve et al. (1990) who suggested that the deposlt formed in a -
subvolcanic environment as an lntegral part of the Gawler Range/ Hiltaba event. Itis,

Lo " jnconsistent with the geochronologlca I framework proposed by Oreskes and Emaudx
«
SR (1990, 1992). : t :

E’: , o ~ The age of the deposxt clearly relates metallogene51s to a particular tectonic semrtg i.¢. an
e S énvironment of large scale crustal melting caused by the emplacement into the crust of
' large volumes i hot mantle derived melts, probably an mtracom:mental rift setting (Reeve

et al.;'1990). ‘ ‘ g T

5'

37 Regtonal ltthologtes dated

.‘,

e

o . . R . Two rock umt\ Wthh occur well outsxde the 11m1ts of the Olympu: Dam deposu have
- been dared as part of this project. The ﬁrst is an anorthositic gabbro which occurs in the
Proterozoic basement beneath the Stuart Shelf sedlmentaxy rocks near Andamooka (see
" Figure 2.1). .The second is a tuff which accordm.g 1o field relationships and geochemlcal '
SR correlations (below) is interpreted to be contemporaneous w1th the basalts of the Roopena
4 T Volcamcs, which crop out ~40 km southwest of Port Augusta (thure 2.1). Both were
- " dated in order to constrain the age of/ mafigzrocks considered as potenUal analogues for

SQuICes of héat and/ or metals for Olympic Dam.
] @ i

. Lorr "
3.7.1 Bill's Lookout gabbro (RX45\6~ZL/ .

" RX4567 wds’ sampled from Westém Mmmg Corporation dnllhole BLDI, dnlleﬂ at the
S , "Bill's Lookout locality which lies northeast of the Andamooka Opai erld adjacent to.
‘ : . R Lake Torrens (Figure 2.1). The hole was drilled to test coincident gravity and magnetic L
o _ anomahes, and intersected gabbro, the likely cause of the geophyswal anomalies, at about ¥
- 550 m-depth. Theé gabbro 18 a<dark green medium to coarse grained rock containing ‘
relanvely minor anorthositic zones, LAis only weakly defonned and hene is mterpreted -
. Y to have been relauvely h,ttle affected’dy the Kimban Orogeny (1850 —~1700 Ma; Fanning :
" ét al., 1988 Creaser, 1989:.Parker, 1990), p0551b1y even.empldced after the Kimban .
h Orogeny Indeed Credser (1989; g.41) was ‘unsure whether to classify thegabbro as
: belongmg to S«élte 2" (older, deforned mtrusxvcs) or to "Suite 3" (undeformed Hiltaba
,supersuxte‘mt:ruswes) /thh regard to this project; it W/{s therefore conmdered possible - .

o

S - that the gabbro.was emplaced at the. same time as the post- orogemc Hiltaba supersuite
gramtmds and the Gawler Range Volcanics. If this wasMase then the gabbro, as a
Oraneous maﬁc {ntrusion, would have warranted mvesnganon as possxbly being

) OFE gcne&s at Olymplc Dam:

PR , Rx/567 was %en from one of the a@on&%&mc zones because thesq'wcre thought to be-

."._'9‘@..{ i " . .A,iz“ o

Lot : the: rnos't ltkpiy to co:;tam ztrcon . The anor{hosne conslsts essenually of ~70% (by e
' ' 4‘0 N ' . & v
- .‘ ) Gy ] ) . i . o . ."‘,v I N ’_J&_. . «‘( v"g, - R
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‘3.8 and Figure 3.12). All analyseé together yie : :
scatter in excess of that expected from analytical uncertainty. The scatter rests with .

volume) plagioclase and 30% relict clinopyroxene. Grains of clinopyroxene are euhedral

and tabular, up to 5 mm long, and are extensively altered to hornblende around the grain
margins and .along éleavag‘e traces. Plagiocfasc .grains are euhedral, up to 10 mm long,
and have undergone extensive alteration to sericite. Cracks within plagioclase grains are
occasionally filled by secondary amphibole. The anorthosite contains accessory
magnetite (martite), pyrite and zircon. Zircons are observed as im:lividu.a‘l,CClFlant

euhedra up to ~50 pm across, and as clusters of subhedral grains ~150 by 100 pm. They -
ent within some.

gcne:fally occur within plagioclasg grains but are. also pres

clinopyroxenes. The rock is weakly'defonﬁed, with a foliation defined mainly by

veinlets of secondary amphibole.
display kinks where the foliation is transgressive to the mineral cleavage.

0.350 \‘9_3 .® Gabbroic Anorthesite
R : B
0.250
1764 +12 Ma
| 207y, 235y
0.150 L B B b — .
2.9 30 - .40 0 50 6.0

Figure 3.12 Cbncofdi diagram for sample RX4567, a gabbroic anorthosite erm the
"Bill's Lookout" prospect near Andamooka (drillhole BLD1). Analysis 9-1, rejected
' rror boxes). At 1764 1 12 Ma, the

from the age calculafion, is shaded black (one sigma € '
o old to be considered a plausible source of

age of the gabbro demanstrates that it is too ol
heat or fluids for Olympic Dam ore genesis.

©

-

About 200 zircens were extracted and prepared in mount Z-904. The grain are mostly

fragmients of larger"grains-measuring up t0 ~150 4
clear and generally unzoned. Thirteen analyses were made on eleven g}‘ains (see Table
1d an-age of 1761 +12 Ma, but this has

analysis 9-1 and when this is deleted the resulting age is 1764 £ 12 Ma with no excess

scatter. This is the preferred age for the anorthositic gabbro. o :

Cleavage traces in relict clinopyroxene commonly -

m Widg-apgl ~300 pm long. They arg -

N



- sequence congisting of ~70 m of sxlts&mes
" - tuff horizon, and a second basalt horizo

47

- The calculated age can be correlated with the discordia upper intercept age of 1755 £ 12

Ma calculated by Fanning et .al. (1988) for the McGregor Volcanics, a bimodal suite of

" acid tuffs and basaltic lavas cxposcd in the Moonabie Range southwest of Whyalla .

(Fanning et al., 1988) The deformation and alteration of the gabbro may be due to the
effects of the late stages (D3) of the Kimban Orogeny, O 10 the thermal and stress regime
imposed durmg thg'=1590 Ma,emplacement of the adjacent Opal Fields Suite (Burgoyne

bathollth/ Hiltab supersuttc) granitoids. The "Bill's Lookout" gabbro age is ~170 m.y.

older than the Olympxc Dam Breccia Complex and it is therefore not a plausible source of

_ heat or fluids for ore genesis at Olympu: Dam. For this reason the gabbro has not been

invest/iéated further in this study.’

372Roopena TUI o

“The Roopena Volcanics are a sequencc of basalts which occur on and around Roopena

Station (Figure 2.1). The main area of basalt outerop is an erosional remnant lyingina . «{ .

palaeotopographtc low in the unconformably undcrlymg Moonabie Formation (Figure

3.13). Basalts are confined to the area betweep the Roopena Fault to the west, the

’ Moonable Formation to the south, and to the north and east by the sandStones of the

Formation which unconformably overlie the volcanics (Figure 3.13). There are

Pandurra
ena Fault near Iron

numerous smaller areas of basalt outcrop occurring west of the Roop
Knob and these may also belong to the Roopcna Volcanics (Bhsset et al 1989, Gawler

- Range Volcanics! map sheet).

. . R .‘ R (\, 3 . -_ . , . - ) .
) &é{m some confusion over the age relationships of the rocks in this

n the past there has
{ area . The Roopena Volcamcs have

30 Ma (Compston et al, 1966) and 125
question by an mdlcated Rb-Sr age of 1

been dated by Rb-Sr methods yielding ages of 1317
6 + 120 Ma (Webb et ak, '1982).. However,

these ages were called into 224 4 51 Ma for shale

hterbeds in the overlying Pandurra Formauon (Fanning et 1983), and by a
the Roopena Volcanics and basalts of the

(thes and Te:ale, 1979). Blisset et al. (1989) -

geochemical correlation rrrade ‘between

seemm% older Gywler Range ‘Volcanics
also equ ed the Roopena Volcanics with the Gawler ga.nge Volcamcs .

¢ RX4574 wis taken as part of this study in order to provide further age

Sampl
a tuff horizon that occurs at a

constraints’on the oopena Volcanjcs. It1s a sample of
dcptlm of 94m in dnllhole "Roopena DDH6"(drilledt by the South Australian Department o
of Mines and Energy, see Figire 3.14). . Thes drillhole is collared ifi the basalts of the <O

Rmpena Volcanics (e. g sample RX4576)~/ﬁasses through apparently conformable ‘
and \Lolcamclast? sandstones, the sampled

nat ~106 m depth. The lower basalt horizon
Both are dark

gloc:lase and-

4

. (eg sagmple RX4573) is smular in appearance to the basalt at the surface
green strongly aLtc:red amygda.lof’eial rocks consmtmg ongmally of. pla

-~

[ . , A . = PR ! .
. ale < =7 - e B R




[

V98,

e

Zone

a— 5 Falll

crysialline basement

i
)
18
13
'.
A\
LEGEND
cz | Surficial deposits Cainozoic
P T T
Pim Macleay Beds .
subsurface Adelaidean
— , Middle - Late Proterozoic
'Pbp | Pandurra Formation v
2~Pef-.1 ‘Roopena Volcanics
: /'/y Backy Poifit Beds .
©,0 Corunna ? ~1 600 Ma
0 "0 ] Conglomerate: .
——— Rhyolite )
“Ppv~’1  Gawler Range v ‘
. Volanics”____v__._ —_—
§§§§§§3 Acid igneous breccia .
NS R 1 ’~1740 Ma L
-Pra’]  Moonabie Formation pid Fault
Undifferentiated felsic ‘ 9 / Unconformity

Figure 3.13. Geology

of the Roopena area. Note location of Roopena DDHG6

4.was obtained. (Modified after *

from which the dated tuff sample RX457
Thomson et al., 1976; Figure 14)
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Figure 3.14 Summary ‘log of Roopena DDHé (South Australian Depamnent of Mines
" and Energy). Basalt horizons at the surface and at 106-116m- are geochemically
@d RX4573; cf. Figure 3.15). Dated rhyolitic tuff '§ampl¢ RX4574
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clinopyroxene with an intergranular texture. Plggiocl,a'se has -been extensively altered to
sericite, and pyroxene and rare olivine phenbcryﬁts.ha een altered to chlorite,
serpentine and hematite. The only obvious péttographic di ferences between RX4576
(surface basalt) and RX4573 (basalt at 106 m depth) are the presence of octahedral

hematite after magnetite grains in RX4576, the presence of silicification in RX4576, and

the presence of carbonate alteration in RX4573.

1000 &
) F
e 100
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o "
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e 0 :
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" RbBaThUNbK LaCePbSrP Zr Ti Y AlGa

. Flgure 3.15 Geochemical.comparison between altered basalt samples RX4576
(surface sample of Roopena Volcanics) and RX4573 (Roopena DDH6, 106m). Note the

similarity of signatures for relatively immobile elements (closed symbols) suggesting that
the two basalt horizons are genetically related. The differences in signature for the other
elements (open symbols) are interpreted to result from element mobility during alteration

(mantle normalising values of Ringwood, 1991).

|

\

The geochemistry of the two basalt ‘hofizons is compared in'Figure 3.15. This diagram
illustrate$ that the elements generally regarded as relauvely 1mmob11e (Nb,P, Zr, Ti, Y-

and Al; shown by Cclosed symbols) have similar 51gnatures in both samples. The
elements which show differences in 51gnature ﬁopen ‘Symbols if Flgure 3.15) are more
mobile and are likely to hdve been dxsturbecf tiing: the extensive alteration. experienced
by these rocks. The geochemlcal 51gnatux‘es therefore suggest that the two basaIt

horizons are geneucally related
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leen the geochermcal correlation between the basalt unit below the tuff honzon withdhe
surface basalts of the Roopena Volcamcs- and the fact that the sequence of volcamcf and
volcanogemc sedlments in: whxch the tuff occurS\appears to be. conformable, it is
reasonable to rega:d the lower ba§’alts as being. cogenenc with the Reopend lecamcs

~

P
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. ie. having formed in different pulses of essentlally the same volcanic event. The lower »

basalt and the felsic tuff dated should therefore be regarded as part of the Roapena

- Volcanits. . This means that the zircon age reported below represents ‘the age of the

o Roopena Volcamcs » o .

“The dated sﬁrple (RX4574) isa salrnon -pink, rhyolmc tuff’ dlsplaymg fifie laminations —
~and graded bedding. In thin section it displays a-vitroclastic to eutaxitic texture and
consists: almost entirely of devxmﬁed glass shards and angular fragments of volcanic
quanz The shards are moderately ﬂattcned parallel t0 thc bedding plane but cannot have

 been mtensely compacted because they show remnant cuspate shapes and no evidence of
m long by

- e

deformation around the angula_r quartz grams Shards vary in size up to 500 pr
50 po wide and are invariably altered to sericite. Shard rims are clearly defined by,,,,, N
g, The interstices Bétween larger shards dre filled .~

probably devitrified quartzo-
pendix 2.

| T ‘narrow Zones of ¢ opague oxide dustin
| with microcrystalline aggregates of quartz and sericite,
feldspathic glass. The chemical composition*of the (rhyolitic) tuff is listed-in ap 4
Figure 3.16 shows that the geochemical signature of RX4574 is similar to the felsic rocks
of the Gawler Range Volcanics for some elements (Ro, Th, U, Nb, K, P, Zr, Ti, Al),

others (Ba, La, Ce, Pb, sr, Y).

: but shows a marked contrast for

. Z-905.
Approximately 150 zircons were extracted from the tuff and prepared in Mount 0

nce for an inherited zircon
Most of’the zircons are clear and unzoned but there is evide
unzoned nms around brown zoned

compofient, with several grains displdying clear
dral, equant and typlcally,SO to 100 pm across,

cores.’ The grains are generally euhe
: ;

although they range in size up to 200 Hm by 100 pm. ,
and three age poputlations of

Thlrty nine analyses were made on thlrty -one zircon grains,
rdia dJagram of these data and

_zircons aré recognised (Table 3.9). Figure 3.171s a concorn ¢ 1587
illustrates thc three age populations. The pnncxpal zm%m Populauon has a e 0

i 15 Ma (n—jl analyses 6-1 and 31-1 deleted on the grOunds of ancient Pb loss). This
is the same age as the Gawler Range Yolcanics (1592 £ 2 Ma; F anmng et al., 1988) a".d .
* confirms that this zuff is properly regarded as a-correlative of these volcamcs This - -

correlatron suggests that the differentes in geochemlcal signature between th.e tuffsamP Ie
RX4&EA and the felsic rocks of the Gawler RangC VO canics (Figure 3.16) may reﬂect |

* the altered nature of thc sampl SR s

~

n

pear to be mhented from pre: CXIStmg rocks, with five

5-1) prov1dmg a pooled age of 1741 £ 40 Ma.
n 207Pb/206Pb ratio is greater t than that expected
any a result of vanable disturbance of the
ilated into the rhyolitic magma

Four zircon grams ana}ysed -ap

analyses (20-1, 20 2, 22-1, 22-2 and 2

o o The obsérved standard error. on the mea
i from analytrcal uncenalntles and is Pmb

ISOtOplC systemaucs of these gratns when the)’ were assimi

'
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Figure 3.16 Comparison of chemical signatures of rhyolitic tuff sample. RX4574 from
Roopena (DDH6, 94m), and the felsic rocks of the)Gawler Range Volcanics (data from
Blisset et al., 1989). The signatures are similar for Rb, Th, U, Nb, K, P, Ti, and AL
Other elements (excluding Ba) show similarity in pattern shape but differ in degree of
enrichment. Mantle normalising values of are those of R@vood (1991). e
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- : Figure 3.17 Concordia diagrdm for sample RX4574, a rhyolitic tuff from a
e . ; conformable sequence of the Roopena Volcanics (Roopena | 6, 94nh). The age of the
o ' _tuff (1587 % 15) is indistiguishable from that of the Gawler Range Vglcanics (1592 + 2;
Fanning et al., 1988), thereby cofirming the correlation between Roopena Yolcanics
“and basalts of the Gawler Range Volcanics proposed by Giles and Teale (1979).
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L \ at ~1590 Ma. The inheritance age of 1741 + 40 Ma is within error of the age of the

" McGregor Volcanics (~1740 Ma; Fanning et al., 1988). The Moonabie Formation,

which underlies the Roopena Volcanics, is interlayered with the Mchegor Volcanics in

the Moonabie Range (Webb et al., 1986). The McGregOr Volcanics are therefore a

probablggsource of much of the volcanogenit detritus in the Moonabie Formation, and

possibly are the ultimate source of the 1741 * 40 Ma inherited zircons in the Roopena
tuff. '

A single discordant analysis (26-1) has an appafent age of 1848 + 23 Ma (207be2§06Pb

age, 1o error). This age can be correlated wjth the agé of the Tidnamurka Volcanics

(1806 % 27 Ma) in the Peake and Denison Inlier in the northeast of the Gawler Craton ‘
_(Fanning et al., 1988), _thyodacites of the Bosanquet Formation near Kimba (184519 ‘ o

Ma; Rankin et al., 1988), and with the gramtmds of the Domngton Suite (1843 +2 Ma; -

Mortimer et al., 1988b). :

As mentioned above, the main age population of zircons from the Roopena tuff (1587 +
‘ 15 Ma) shows that the tuff can be correlated with the Gawler Range Volcanics. The
similarity of geochemical signatures of the two basalt horizons, above and below the tuff,
suggests that they are genetically related and therefore that the mégma' chamber from - .
7 _ which they emanated existed through the timé interval in which the dated tuff was
deposited. It is therefore concluded that the age of the rhyolmc tuff effccnvely constrains

the age of the Roopena Volcanics.

L
The age correlation between the Roopena Vplcanics and the Gawler Range Volcdnics

* g | confirms the géoch ical correlation of basalts made by Giles and Teale (1979) and
~Blisset et al. (1989)/ It'is significant because itrepresents recognition of the largest areal
extent of mafic volcanism yet observed to be associated with the Gawler Range Volcanic
event. The other exposures of basalts (e.g: near Kokatha) occur low in the Gawler )
Range Volcanics stratigraphy, whereas the Roopena Volcanics are stratigraphically higher
than the Corunna Conglomerate, a unit thought to be contemporaneous with the later
s stages of the Gawler Range Volcanic event (Blisset et al., 1989). This demonstrates a
continuing input of mafic magmas thrOugh the duration of the Gawler Range volcanic
event. The existence of chronostrangraphlcal /y late basaltic volcanism in the Roopena
Volcanics also illustrates that the late stage mafic/ ul/amaﬁc magmatism in the Olympic
Sy * Dam depo/lt evident as dykes and diatremes, is not a unique occurrence in the Gawler
e \ ‘ Range vent. This point has implicatiohs for models of ore genesis because it more
S v f clearly/illustrates. the availability at high crustal levels of a source of i intense heat whxch '
—_ e . : : ' ) wofxld able-to drive hydrothermal cuculauon
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© 4 U-Pb PITCHBLENDE GEOCHRONOLOGY

r

4.1 Introduction

The main uranium mineral in the” Olympic Dam deposit is pitchblende which, as
mentioned in Chapter 2, occurs n a variety of forms Fine grained disseminauons in

hematitic breccias may be pnmary forms whereas cavily- filling colloform, crustiform
and-vein occurrences in both hematitic and altered granitic rocks are\probably secondary.
Pitchblende at Olympic Dam also has a variety of mineralogical associations. with high
grade'U frequently concentrated in a narrow (10-20 m) zone within bornite-chalcocite- ore
zones. However, it can also occur in zones of continuous high U concemration which

mineralisation, suggest that U has undergone at least localised remobilisauon after the
primary mineralisation evem at ~1590 Ma (probable primary mineralisation age
established in Chapter 3). This raises questions about the importance of remobiliséti.on
processes in forming economic concentrations of U at Olympic Dam. Remob{ljsa‘tion of
U may have been episodic and related to regional geolpgical events which provided
anomalous heat and fluid fluxes, e.g. the emplacement of the Gairdner DygSwarm
dolerites at ~1060 Ma, the sealing of the unconformity above the deposit in the Late

- Proterozoic, or perhaps deformational eve‘ms in the nearoy Adelaide Fold Belt (early
~ Palacozoic; von der Borch, 1980). .

-y

v A ‘ " CooEd Lt .
It 1s also possible that U remobilisation has. Been more or less continuous, perhaps with

U dissolvmg in oxidised groundwaters as complexes of U6+ and reprecipitating in more
reduced microenvironments e. g.'in contact with sulphide minerals The heat generated
by radioactive decay of U in the deposit may have been sufficient to drive low level fluid
circulation throughout the deposit's history, thus féfcilitating the semi-continuous
mobilisafﬁon of U. The uranium series disequilibrium observed by Guthrie (1991)
mdicates that U has been mobile eVen in recent times at Olympic Dam, which is
consistent wnh the "semi-contjnuous” remobilisation model. The question of which U-
remobihsauon model is more apphcable at Olympic Dam can be addressed by daung the

different forms of uramum/mineral n. An ioh microprobe study of @lympic Dam

piLchblende was initiated for this purpose and o attemp[ 1o date the primary, mmerahsauon

event. Recognition of major remobihsauon events would 1llustriate potentlally 1mponam )

evems in upgrading the deposu -and would lend support to.age. interpretations based on
the U-Pb discordia regressron approach (e.g: Trueman et al. °l988) ‘On the other hand

- recognition of continual mlcroscale Pb and U remobilisauon evems in pitchblendes would

52

o aretr ansgresswe to the chalcopyme -bornite sulph/de interface, The variety of modes of :
occurrence of piichblende and particularly the- presence of secondary: styles of

' indicate Lhat the assurnpuon of episodic Pb loss implicit in’ ihe dlSCOI’dla regre551on of Pb-" .
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U data is not justified, and that age mterpnetattons would be better based on apparent o

| - U 207Pb/206Pb ages as mmtmum age constraints.
il . P : .
- o o Previous attempts 10 date uramum mmerallsatron using the 1on mrcrOprobe ﬁlude that.
described by Shimizu and Hirt (1982) in which the Pb 1sotopzc compositions of
'1nclu510ns of galena w1th1n urﬁtumte were used to place;minimum age constramts on
urammte formation. Hmthorne Bt al (1‘979) dated uraninite from the thwatersrand
-Reefs by ion mlcroprobe These workers noted vdriable common Pb and obtamed dates :
which.were slightly lower than the accepted ages for the’ urdninites in the region. Reed off
al. (1987) and Trueman et al. (1988) provtded further descrrptrons of- datiny prtchblende
: drrectly using an ion probe and both cpnmbuttons refer to datm g 8F the stfne samples
- TS oy Olympic Dam “These- workers digd- not use awraninite standard.to cahbrate P,b/U
. " ratios’ mtemally, but rather measured Pb and. U concentrauons by electrdn probe analyﬁs -
-  in the ion probe p’lts and converted-Pb/U atomtc ratios to 1sotoptc ratto ustrlg the«Bb/Plﬁ’
: xsotoprc,data*' In dertvmg aidiscordi® through meatis of ion probe analyses hey 1mpltc1tly
assumed, that all of thé%ttchblendes analysed and used in the regression shared a common . - o
. . "age of precrpttatton and thaf Pb loss for all samples occurred in awsmgle event They \ \
O | » thereforée tentattvely proposed that the discordia upper intercépt age g?fp 140&) Ma "
represents the age of the prtmary mrnerallsatlon event at Olymptc Dam. It i$ iraportant to -
: - assess ‘the validity- of this age calculatton because it has been used by Oreskes and Emaudt
(1990 1992) to erect an ore gene31s model whtch postulates that ore deposmon occurred o
~200.Ma after emplacement of the Roxby Downs Granite. The key issue-.in the ~:'~ P '
' oredtblllty of the I4OO Ma dlscordla age is the nagure of U’ remob1lrsat10n whether it is’ ‘
episodic, or more- or- less continuous. The data presented in this study 1ndtcate that
moblltty of U and/ or Pb has affected the U mineralisation for over one billion years and - ° .
o _ SN oo grefore suggest that the use: of the discordia approach is 1nappropr1ate (see section 4. 62° )
L b : below) This provides a simple explanatlon for the dtscfgpancy between ﬁ'te'frl'terpreted - ’ 5
: pnmary mmerallsatton age of ~1400 Ma presented by Trueman et al. (1988) and tha“
| - . primary mmerallsatlon age of ~1590 ‘Ma 1nterpreted from the ugcon geochronologlcal Y
s o work presented tn)Chapter 3 : , % . / “_ail ﬁ\ ) ;;\4’.

‘., L "
i By - A Covs

. o In zircon geochronol@gtcal st*udtes usm?SHRIMP '206Pb/238U ratios of unknowns‘aare AN
L -. ) : b allbrated usmg the correlated ion yrelds of Pbt, %l and UO+ from a sc’ltdard zigcon. for L
' which the 206Pb/238U ratlo is known from’Thermal Iomsauon Mass Spectrometry
(TIMS). No spch standard was in use for urammte/ pttchblende at the. commencement of * g

. this stud/yé Although use of* such a standard would have been ghe ideal way to approach

‘ .-1on probe studles of pxtchblende it. was recggnlsed that d,evelopmental "work for a
: urarumte standard would: represent a substanttal 1nve§mt§nt of u;he and: etTort In ordgr to ’ _'t:.» ?
- ' 2 assess tBe mertts with regard to the Olympxc Dam pttchb /nde @ppltCauon of mvestmg R /
Ve _ - tﬁe tifne on edevelopmg a\urammte standard, areco(arssance ion: probe study was .ggf;
undértakerr In view of the prehmr%ary nature thhls Study, the CHten&a”LEed for sample o ‘
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. coarsest puchblende available were selected: including a traverse of three samples from

the outer to the inner growth bands of a vug filled by thalcopyme and, pitchblende

(RX3642 1- 3) a vein of pitchblende + chalcocite within sermte altered ‘granite

(RXB?OQ) nd a coarse-grained puchblende + bornite/chalcocite intergrowth (RX4569).
All of the amples are probably secondary forms of mineralisation.

4.,2 : Samples

'

- RX3642 was taken from the "37 DNW Green 5 Undercut locahty and is a sample of a

selection was ease of sampre preparauon and analysis. Consequemly five samples of Lh€ : >

vug filled with concemnc layers of chalcopyrite, silty black hematte and’ Crustiform”

. pirchblende. Three samples representing different chrbnostratigraphic layers were cored
* from a polished thin section of this sample and mounted in a single ion probe mount.” In

each of the three vug-samples the pitchblende is Coarse grained and relatively free of

visible inclusions. with individual grains up to ~500 um providing large areas of pure

pitchblende for analysis (see Plate 5 ).

RX3700 was sampled from drill hole RD 783 at 675m depth and is a sample of a 3mm

wide vein of pitchblende + chalcocite which cuts sericitised granite. The pitchblende has

* colloform habit with individual grains up to ~150 Hm across. and is intimately inergrown -
. with chalcocite. The puchblende has a "dirty" appearance with ubiquitous miicroscopic °

inclusions which could nol be avoided during analysis {see Plate 6). The inclusions are

generally less than 1 um m size and, although they have not been definitely identified. the
electron probe in Energy Dispersive Spectrum (EDS) mode showed a copper peak for

-scans of this sample. suggesting that the inclusions may also be chalcocite.

RX4569 was sampled from the™" DNW Green 3" st\oogand 1s a sample of coarsely

intergrown pitchblende and bornite/ chalcocite. It is from an ore zope which Oreskes and
Einaud‘i (1990) suggested has a supergene ornigin 'i.e._ secondary enrichment. in a
weathering environment. ofa primary chalcopydte-rich ore . Although the pitchblende +
bornite imergrowths are coarse (zones up to 3 cm wide). the colloform pitchblende
invariably has micron-scale inclusions of bornite £ ch\alcocite (EDS scans on the electron

" probe showed the presence of copper) and hematite such that it is 1mp0551ble to analyse a.

~30 pm dlameter spot without analysing inclusions along with the pchhblende (see Plate
6). The fact that pitchblende occurs as inclusions within sulphide grains in the same
sample as sulphide in'clusions within pitchblende suggests that the two minerals

- precipitated contemporaneously. This in wrn suggests that a reliable date on the
pitchblende in this sample would represent a date on the bornite/ chalcocite mineralisation

in this Jocality and may be of relevance to the question of supergene enrichment.
: .0
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Plate 6. A) RX3700.. Pitchblende (light g
Mottled appearance of pitchblende is due to even
of a Cu-mineral, probably chalcocite (see text).

'B) RX4569. Pitchblende (mid-grey) intergrown wi
(pink). Sulphide inclusions within pitchblende, und vice

rey) intergrown with chalcocite (white].

ly distributed inclusions (many < 1pm)

th chalcocite (white) and bornite
versa within the same sample,

indicate contemporancous growth for these minerals: Chalcocite infilling polygonal
ation of sulphides after pitchblende precipitation.

cracks (right) may represent remobilis

Width of frame is 325 pm for A) and B).




4.3 Analytical Methods

Analysis was carried out using SHRIMP at the Australian National University. Each
analysis consists of the mean of four scans through the masses 204Pb, 206pb, 207pp,
208pp, 238y, 248(ThO), 254(UO) and 279(U03), with respectlve count times of 10s, Ss,

10s, 10s, s, SS Is,and Is. "The Pb/Pb isotopic ratios are accepted as measured and
common lead corrections are made based on the abundance of 204Pb using average |

crustal Pb compositions (Cumming and- Richards, 1975) appropriate tQ.the 207Pb/206pp

hydrides to the Pb peaks measured because of the reconnaissance nature of the s'tudy(

_ However, it is' recognised that this would be necessary for routine analysis of unknowns,

and that monitoring of hydrides would be faciljtated by the use of a $tandard uraninite

with known isotopic ratios.

Determination of Pb/U ratios is more complex than Pb/Pb ratios. During ion probe

'analysis the sputtering process does not yield Pb* and U™ ionic species in the same
. relative abundance as the Pb/U elemental ratio in the samplé. The 206Pb/238U ratio

therefore has to be determined indirec‘[ly and this can be done by two methods: (A) The
method used by Trueman et al. (1988) and Reed et al. (1987) il which electron probe
measurements of Pb and U are used in conjunction with the Pb isotopic composition to
calculate 206Pb/238U, .or (B) The method described by Compston et al. (1984, 1986) for
zircon analysis in which 206Pb/238£} is determined by calibrating the correlated yields of
Pb and U ionic species for a mineral standard with known 206Pb/238U. Method (B) is
regarded-as preferable because it relies on one_"analysi‘s’;jté‘“chnique only and in so doing
avoids the. possibility that the Pb/U ratio determined from the relatively narrow beam of
the electron probe is not representative of the Pb/U ratio over the whole volume analysed
by the ~30 um beam of the ion probe. In view of the unavailability of a'uraninite/
pitchblende standard at the commencement of this study, the internal 206Ph/238y
calibration method could not be employed immediately. One of the aims of the.
reconnaissance study was to ascertain whether pitchblende would yield well-correlated

abundances of Pb and U ionic species in a similar manner to zircojps because, if this were

the case, it would suggest that routine ion probe analysis of pitchblende would be feasible

if a standard uraninite was developed. Consequently, 205Pb/238U ratios were determined
b‘}/a modified internal _calibration method which allowed for the absence of a mineral

“ standard. For comparison, they were also determined by using electron probe Pb/U

determinations. The calibration method is discussed-in detail in Section 4.4 and the

results of the two methods. dre listed in Table 4.1,
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~ ages indicated for each anilysis. No allowance was made for the contribution-of Pb - ...




4.4 Lead - Uranium calibration

‘The standard procedure for IW Pb/U ratios for SHRIMR analyses of ‘zircon

is to derive a calibration curyve which relates the measured ionic ratios of 206pp+/238+

and 254(UO+)/238U+ for a standard zircon with known 206Pb/238(J . * The 206pb/238U

ratio for the unknowns is then calculated from the following equation: . ‘
R

'

(206Pb+/238U+meas_)

* 206Pb/238U ampie = 206Pb/238Ugq. ‘- |

where 206Pb+/238U+ .5 ‘Tepresents the. measured ionic ratio for the sample, and.

206pp+/238U+ 41 'is the ionic ratio calculated by applying the équatioﬁ of the calibration

curve to the measured UO+/U* for the sarﬁple. In the absence of a uraninite/ pitchblende

standard the calibration curve was derived by a modified version of the method described

above. With a standard, the calibration curve would be derived from the correlated
254(U0+)/238U+ and 206Pb+/238U+, or 270(UOQ2+)/254(UO+) and 206Pb+/254(U0O*) ionic
ratios, with the assumption that the standard has a homogeneous Pb/U elemental ratio.
This assumption cannot be made in the present study because the analyses are. on

different pitchblende grains. To circumvent this problem, the Pb/U calibration was

derived by the following procedure:

(i) One ion probe.analysis (3642-3.2), which had also been analysed by electron probe.
was arbitrarily designated as a standard analysis to which all others would be related.

L3

The atomic weight of the Pb analysed by this spot was calculated;
}
{206+(207.207Pb/206Pb)+(208.208 Pb/206Pb)+(204.204Pb/206PD) }
At. Wt. Pb = (2)
1+207pb/206ph +208ph/206Ph+204ph/206Ph

The atomic weight was used to convert the PbO, wt% value from electron probe analysis
into molecular prbpbnions which, when divided by the molecular proportions of UO2.
yields the Pb/U elemental ratio for the standard analysis. The 206Pb/238U isotopic ratio
was then calculated using the Pb/U elemental ratio, the Pb isotopic data, and the

constancy of the isotopic proportions of U.

The use of this analysis as a standard with "known" 206pb/238U assumes that the Pb/U
ratio as determined from electron probe analysis is representative. of the whole volume
analysed by the larger beam of the ion probe. This assumption may not be valid and, if
incorrect, will cause a systematic error in all of the Pb/U isotopic ratios calculated from
this "standard" analysis. However, this will not detract from the val}le of the
reconnaissance calibration exercise because its aim is to test the method rather than the

1
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Figure 4.1 Calibration of Pb/U ratios for ion probe pitchblende analyses: a)
‘ 206pb+/254(UO)* covaries with 270(U0,)*/254(UO)* for all of the Olympic Dam samples
d except RX3700 (see text). b) Similar plot to'a) but without the data for RX3700; the
© covaridtion of ionic ratios approximates a curve which can be expressed by the quadratic
Pb+/UO*= 0.20559.(U02/U0)2 - 0.085795.(UO,/UO) - 0.10941.
Scatter about the curve results in an uncertainty of 10.8% in Pb/U calibration (see text).

1

. !
absolute values of the ratios. In routine analysis, a standard uraninite with known
206Pb/238U would be uséd and thereby remove the above assumption.

(ii) For each unknown the 206Pp+/UO+ measured was normalised to the standard
analysis using equation (3)in order to enable plotting of the values, of 206Pb+/UO* and
UO,*/UO for a constant Pb/U (that of the standard).

: 2 Pb/Uep S[d
206Pb*+/UO*porm. = 206Pb+/UO%peas, x n 3) -

Pb/Uep Sample )
Subscript "ep"” indicates values detennjisn;d by electron probe.

x




vy

(iii) g‘he normalised Pb+/UO+ values are then plotted against the measured UOo+/UO+
values (Figure 4.1) and the two variables are observed to be related by the quadratie

' Pb*/UO* = 0.20559.(UO»/UQ )7- O 085795. (UOQ/UO) 0.10941 . 4)

‘; & /

“This curve excludes the da?é for sample RX3700 because this sample yielded
anomalously hig_h Pb+/UO* rélative to the other samples, which may be due to radiogenic

Pb accumulated within the Cu sulphidé; inclusions unavoidably anafysed with the

__pitchblende (above). The scaft‘ér about the curve equates to an ‘uncertainty of 10 8% in
the calibration of the Pb/U ratio and this errpr has been 1ncorporated in the uncertamues in o

isotopic ratios quoted in Table 4.2. This uncertainty is unacceptably high for routine
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analysis but may be an artifact of the use of different pitchblendes with different Pb/U .

ratios normalised to a standard Pb/U value. The calibration uncertainty is significahtly
reduced by derivation of the calibration curve from a single standard uraninite (see
Appendix 1). An analogous calibration curve was derived for the correlated ratios

206pb+/U+ and UO*/U+ (Figure 4.2) but this calibration was not used because the scatter -

about the curve was equivalent to a greater uncertainty of 17%.
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Figure 4.2 Covariation of 206Pb+/238U+ with 254(UO)*/238U+. The data show more
scatter about the curve (17%) than in Figure 4.1. This curve was therefore not used to
calibrate Pb/U ratios.

(iv) Having derived the calibration curve, the calculation of 206pp/238y for the
- unknowns is analogous to the method used for zircons: ’

(206Pb*/UO* meas)
206Pb/238Uypinown = 206Pb/238Ugg, (5)

(206Pb+/UO*cq1c.)




>

where "200Pb*/UO%cac " is the value calculated by processing the UD,+/UO* of the

~unknown through the calibration equafif)n (4). Table 4.1 lists the data necessary to
follow the calibration procedure. -

Figure 4.3 shows a comparison between the 206Pb/238U values calculated usiﬁg the
UO»/UO-Pb/UQ calibration curve, and.the "true" valugs calculated using the electron
probe PhO; and UO; concentration data. '

g RX3700 - \
] o]
2 0.3 y o®
‘5 @
o o]
a 0.21 ol m
a
o . a ’t
< 0.1 °
z . B
g ] o=
0.0 T \m
0.0 0.1 02 0.3
206pb/238U ’

(electron probe calibration)

Figure 4.3 Comparison between 206Pb/238U ratios calgulated using the UO2/UO-
Pb/UQ calibration curve and values calculated using electron probe Pb/U elemental ratios.
Excluding the data for RX3700 (see text) there is an approximate 1:1 relationship
indicating that the internal Pb/U calibration method is successful.

With the exception of RX3700, in which sulphide inclusions in pitchblende were
unavoidably analysed, there is an approximate 1:1 relationship between the values
calculated by the two different methods. This suggests that the UO2/UO-Pb/UO
calibration technique'is capable of coneéﬁy calibrating Pb/U ratios for pitchblénde. The
small differences between the values calculated by the different methods probably result
from heterogeneities in Pb/U ratio within the arcas.analysed by the ion probe beam, thus
rendering non-representative the Pb/U ratio calculated from the relatively small beam of

the electron probe. The achievemnent of successful internal Pb/U calibration provides

justification for pursuing the development of a uraninite standard. Work was initiated on
a coarse crystalline uraninite, which had préviou’sly been analysed by thermal ionisation
mass spectrometry (TIMS), from the Musoshi copper deposit in Zaire (Richards et al.,
1988). The developmental work, and the reason it was ceased, is discussed in Appendix

1.
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4.5 Results =

The results of each analysis are listed in Table 4.2 and plotted on a concordia diagrarh in-

Figure 4.4, the, most striking feature of the which is.the long narrow error boxes. These
result from the large (10.8%) Pb/U calibration uncertainty contrasted with the
207pb/206Ph error which is small because of the low errors from counting statistics on the

large Pb peaks.

7.

i gg:) Olympic Dam-
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"Figure 4.4 Concordia diagram for Olympic Dam pitchblende analyses showing the
- broad scatter of apparent ages. The long narrow error boxes result from the large

uncertainty in Pb/U calibration (10.8%) and the very small uncertainty in 207Pb/206pPh
ratios due to very high Pb counts. The reverse discordant points are for RX3700 (see

text).

The data for each sardple were processed by regression analysis in order to ascertain
which samples had been subjected to ancient Pb loss, and at what time. Where ancient
Pb loss is indicated from the lower intercept of discordia, the upper intercept is regarded
as the best estimate of the age of formation of pitchblende in that sample. Where the
lower intercept is within error of the origin and the errors on the intercept are large, it is
not clear whether Pb loss is recent or ancient. In such cases the weighted mean
207pb/206Ph age is used as a minimum age estimate. If the points are relatively
concordant this esumate will be gose to the true age of mineral formauon Results for the

individual samples are dlscussed below.

RX3642-1: This sample is th%nnermost of the traverse of three taken across the
concentric bands of a viag filled th chalcopyrite, pitchblende and hematite. The six

\,
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Table 4.2 Ion microprobe data for Olympic Dam pitchblende

Measured ratios -

. ~ Radiogenic ratios .
. Sample 204py,;  208pp; 206 = 206py;  207pyy 207pp;  207py206py,
No. 206pp  206pp % B8y 35y 206pp age t 1o
Vug samples - chalcé'py;ite + pitchblende .
3642-1.1 0.000097 0.0050 0.17 ~0.0494 £ 53 039 + 0.04 00577 +2 51847
3642-1.2 0.b000091 0.0049 0.16 0.0667 %72 0.54 + 0.06 ‘0.0589 t2 564%7
3642-1.3 0.000105 0.0053 0.18 0.0652+ 70 0.52 = 0.06 0.0576 2 5156
3642-1.4 0.000130 0.0062 0.23 0.0414 1 45 . 0.32 £ 0.03 0.055%9. 2 44:178 9
T 3642-15 0.000106 0.0050 0.19 0037440, 029 % 003 005702 483%8
3642-1.5a 0.000100 0.0048 0.18 0.0450t 48 0.35 1 0.04 0.0569 + 2 487t 9
3642-2.1 0.900095 0.0050 0.17 _0.0389 + 42 0.(30 +0.03 005633 4621t 10
3642-2.2 0.000139 0.0058 0.25 0.0400t43 031 +0.03 005543 429+ 11
3642-2.3 0.000118 0.0050 0.21 0.0351+38 0.26.x003 005453 3911x11
3642-2.4 0.000077 0.0044 0.14 0..0405 + 44 031 £ 0.03 6.0554 3 420+ 1A0
3642-2.5 0.000100 0.0049 _0.18 0.0424 + 46 0.32'% 004 00555 +3 43213
3642-3.i 0.000067 0.0031 0.11 0.?2]2 + 238 2.60 + 0.28 0.0854 t1 1324 £ 2
3642.3.2 \ 0.000069 0.0034 0.11 0.1905 + 205 2.22 + 0.24 0.0:846 11 | 1307 £ 2
3642-3.3° 0.000069 0.0033 0.11 0.1898 + 204 2.21 + 024 00845 £ 1 1303 £ 2
3642.3.4 0.000072 0.0032 0.12 0.1932 + 208 2.23 + 0.24 0.0838 % 1 1288 £ 2
3642-3.5 0.000069 0.0033 0.11 0.2044 £ 220 2.39.:1: 0.26 0.0848 £ 1 1310+ 2
1642.3.6  0.000080 0.0043 0.14 00545+ 59 047 % 005 00625+ 2 692+8
3642.3.7 0.000067 0.0036 0.11 0.1657 £+ 178 1.85 £+ 0.20 0.0808 % 1 1218 £ 3
3642.3.8 0.000084 0.0039 0.14 0.1091 £+ 117 1.17 £ 0.13 0.0775 £ 2 1134 £ 5
3642-3.9 0.000070 0.0031 0.11 0.1372 1 148 1.57 2 0.17 0.0'829 t2 1266%5
3642-3.10 0.000060 0.0028 0.10 0.1580 + 170 1.84 £+ 020 00846t 2 1305%4
3642-3.11 0.000102 0.0049 0.18 0.0510+55 0411004 00586 %3 554} 10
B_orru'te-ci;alcocite-pilchblenﬂe intergrowth
4569.1 0.000143 0.0066 0.25 0.0999 + 108 0.82 £ 0.09 00593 +2 57816
4569.2  0.000189 0.0099 0.33 0.0892 1196 073 0.08({ 0.0590 £ 20- 568 £ 8
4569.3 0.000168 0.0084 0.29. 0.0846 £ 91 0.69 £ 0.07 00590+ 2 566 £ 7
’ 4569.4 0.000155 0.0075 0.27 0.0838+90 0.69 +0.07 00593 +2 578 £ 9
4569.5 0.000282 0.0138 -0.49 (0.0871 £+ 94 0.71 £ 0.08 0.0590 3 566t 10
4569.6  0.000135 0.0063 0.24 0.0758 £ 82 . (5-.62 + 0.07 0.0589 £ 2 563t 9
4569.7 0.000249 0.0116 0.43 0.0730+79 0.59 +0.06 0.0585 »:I;“3 550+ 11
Chalcocite-pitchblende vein ‘ »
3700.1 0.000091 0.0046 0.15 0.3203 345 3.48 £ 038 0.0788 .:t 1 1168 £ 3
3700.2 0.000088 0.0049 0.15 . 03126 + 336 3.34 £ 036 0.0776 £ 1 1136 £ 3
3700.3  0.000093 0.0048 0.15 03548 + 382 3.88 % 0.42 0.0794.1: ‘l 11823



»

Table 4.2 continued S _ o o ' .
Measured ratios Radiogenic ratios . '
' Saimple . 204pb;  208pp;  £206 206ppy 207pp/ 07pp;  207ppy206p
B . _ . » * No. 206pb 206pb g, v 238U , ! 235U T 206pb bage + 1o

. Chalcocite-pitchblende vein . )
‘ 37004 0.000103 0.0050 0.17 1‘0.3161_ +340 342%037 00784%1 115743
P . 37005  0.000080 0.0042 0.13 03083 +332 3351036, 0.0787 1" 1164 +3
3700.6  0.000086 0.0044 0.14 02576 + 277 2.86 + 031 0.0806+1 .1212 %3
37007 0.000094 0.0053 0.16 0.1959 + 211 197 021 00729+2 1012%5
137008 0.000080 0.0043 0.13 03055 +329 3223035 0.0765%1 1107%2 T
.3700.9 -0/000066 0.0050 0.11 0.2904 + 313 2.98 + 0.32 0.0745+2 1056 %5

.

a f206% denotes percentage of 206pb that is common Pb
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analyses made on this sample have hndergone \/arying degrees of ancient Pb l'oss and
form a discordia with an upper intercept indicating an age of 574 + 85 Ma and a lower
mtercept 1ndlcat1ng Pb loss at 101 £ 76 Ma (MSWD 0.171, Model 1; see Figure 4.5a).

RX3642-2: This sample 18 from d band - of pltchblende + chalcopyrite between the
outermost and innermost bands i in the traverse of three samples : ae?g’;s the vug. Five
analyses were made in what appears to be the same generation of crustiform puchblende.
A poorly defined discordia can be derived, with an upper intercept of 594 + 568Ma and a
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lower intercept of 135+ 299 Ma (Figure 4.5b). The errors are so large as to render these _ _

analyses is the minimum age of 439 *+-27 Ma indicated by the weighted mean

207pb/206Ph ratio. _
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Figure 4.5 Concordia diagrams for individual samples of Olympic Dam pitchblende.
a) b) and ¢) are RX3642-1, -2,-and -3, the innermost , middle, and outermost samples
respectivély of a traverse.across pitchblende+chalcopyrite growth layers filling a vug.
The apparent ages from a) and ¢) show a’chronostratigraphy across the vug; b)
‘provides only a minimum age estimate. d) RX4569 yielded seven near-concordant
analyses which indicate an age of 568 + 8 Ma. The significance of the data is discussed

.n the text.

RX3642-3: This s'ample is the outermost in the traverse of three vug-samples. Eleven
analyses were made from what appears to be the same growth band of piichblende. They
show highly variable degrees of ancient Pbloss and form a discordia with an upper
intercept-of 1342 % 35 Ma and a lower intefcept of 257 + 50 Ma (MSWD 0.499, Model

- 1; see Figure 4.5C)..
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* Within each of the three samples, RX3642-1; 2 and 3 the'variéble levels of discordance,

even‘froni analyses only hundreds of microns apart, provide evidence for microscale
heterogeneous disturbance of the Pb-U isotopic systematics. When the larger scale is
examined by comparing the data for the three samples, some order is apparent. As would
be expected the oldest age calculated (1342 = 35 Ma) is from the outermost band of
pitchblende in the vug. The innermost sample, RX3642-1, ylelded an apparent age of
pitchblende formation of ~570 Ma. Ignoring the middle vug-sample for which the data
provide only a meamngful mlmmum age estimate (~ 440Ma) the analyses demonstrate a
real chronostratigraphy of puchblende growth from the outer layer of the vug (~1340 Ma)

suggest that Pbﬁloss has eccurred at ~260 and ~100 Ma, and possibly in recent times.
Considering the fact that the three sampleé are from within centimetres of each other it is
noteworthy that Ehey do not indicate the same Pb loss age. This is consistent with
multiple, perhaps many, very localised Pb loss “events" which may have affected all of
the samples such that the\obserVed isotopic signatures are the result of many overpn'nted
Pb losses. This therefore suggests that the discordia regression approach may be
yielding "ages" of no geological significance save for a crude minimum age esumate
The true age of the pitchblende in the vug is of minor geological importance because it is

obviously a secondary form of mineralisation. The main importance of these "age"

determinations 1s the contribution made to the understanding of U and Pb remobilisation

processes in pitchblende.

RX4569: This sample of coarse pitchblende intergrown with bornite yielded the most
coherent age data of any of the pitchblende samples analysed. The seven analyses are
near concordant and all apparent 207Pb/206Pb ages agree at the two standard deviation

_level, yielding a weighted mean 207Pb/206Pb age of 568 + 8 Ma (Figure 4.5d). This

indicates that any Pb loss from this sample has occurred in recent times. A plot of the
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to the inner layer (=570 Ma). If one assumes episodic Pb lass, the lower intercept ages

o UCTUE O

uncorrected 207Pb/206Pb ratio versus 204Pb/206Ph (Figure 4.6) illustrates thé consistency

of the data showing an apparent mixing line between a common Pb of unknown

composition and the radiogenic 207Pb/206Pb composition corresponding to an age of,

~570 Ma. The coherence of these data suggests that this zone of pitchblendé has not
undergone ancient Pb loss and that this age may be geologically meaningful as an age of

formation of bornite+chalcocite+pitchblende in this locality.

RX3700: Nine analyses were made in this sample taken from a vein of pitchblende +
chalcocite in sericitised granite. As mentioned earlier, aﬁoma]ously high 206Pb*/UO+
ratios (relative to UO2+/UO%), possibly due to excess radiogenic Pb in chalcocite -
inclusions in the sample, led to the omission of these data from the derivation of the
calibration curve. The same anomalously high radiogenic Pb content is manifest as
reverse discordance for thesé analyses on the concordia diagram (Figure 4.4). This
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Figuré 4.6 Regular mixing array between a common Pb of indeterminate composition
and radiogenic Pb. The coherence of the data suggest that the subdomains analysed have

undergone the same Pb and U mobility history.- Y-intercept 207Pb/206Pb corresponds to
an age of approximately 570 Ma. ’

indicates that in the analysed areas there is insufficient U to support the amount of

. radiogenic Pb analysed and this is may result from migration of Pb into sulphide

- inclusions from outside the volume analysed. An alternative interpretation is that the

~sample has undergone U loss. With such Pb and/ or U mobility likely, the 207Pb/206Ph

" ages can only be interpreted 4s minimum estimates of the age of pitchblende formation,

and these range from 1212 £ 3.to 1012+ 5 Ma. Regression analysis was not performed

for these analyses because of their reverse discordance.
4.6 Geological implications
4.6.1 Data from this study

The major feature of the above results is the abundant evidence for disturbance of the Pb-
U isotopic systematics in each of the samples except RX4569. The rahge_ of apparent
pitchblende formation ages (~1340, ~570 Ma) and Pb loss ages (~260. ~100 Ma and
possibly recent) indicate that these’samples have not had simple isotopic histories. Even
allowing for the possibility of multiple events of pitchblende growth, if the Pb-loss was
episodic one wou'l:d expect some evidence of the same Pb-loss "events” from all of the
'samples, par;icularl.y those taken within ceniimetres‘of each other (RX3642-1. 2 and 3).
This is not observed. In all probability these samples have experienced multiple
intermittent Pb-loss events which implies that the upper intercept pitchblende "formation
ages" have no geological meaning because multiple Pb-loss events would have rotated the
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discordia towards artiﬁoizilly high "age" upper intercepts. The information gained about
the primary mineralisation age from these data is therefore limited. The only valid
conclusion is that primary mineralisation was emplaced before 1320 Ma, the oldest
apparent 207Pb/206Pb age measured (3642-3.1; see Table 4.2).

Amid the abundant evidence for easily reset isotopic systematics, the analyses of the
bornite-chalcocite rich sample RX4569 are remarkable for the consistency of their
207pb/206Pb ages . The pitchblende in this sample has a mean 207Pb/206Pb age of ~570
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Ma and, given the uniformity of the 207Pb/206Pb ratios, is unlikely to have undergone

any isotopic disturbance until recent times. The analyses also show this sample to

. contain higher levels of common Pb than the other samples (f206%. Table 4.2) and

common Pb compositions indicating a well-defined mixing array (Figure 4.6). This is
consistent with RX4569 having formed from modification of a protore with relatively
low common Pb, by the introduction of a fluid with an exotic common Pb component,
and lends support to the supergene hypothesis of Oreskes and Einaudi (1990). Although
from this sample alone it could be arglied that the 570 Ma age represents the age of a
major Cu and U supergene remobilisation event, data from the study of Trueman et al.
(1988) are inconsistent with this interpretation. Bornite-chalcocite-pitchblende ores from
nearby localities which would logically also be categorised as supergene if the supergene
hypothesis of Oreskes and Einaudi (1990) is correct, have apparent ages of ~ 1220, 1830
and ~1360 Ma, considerably older than the 570 Ma affor sample RX4569 (see Table
4.2).

It is interesting to compare the data of Trueman et al. (1988) with those of this study.
The analyses of both studies are displayed together on a concordia diagram in Figure 4.7
and for clarity the errors on the analyses are shown as uniform. This diagram illustrates
the range of the ratios measured and the impossibility of fitting a single discordia through
all of the data, a point noted by Trueman et al. (1988 p.38). However, these workers
derived a single discordia through means of the analyses shown in Figure 4.7 (with the
exception of the data denoted as "this study") and tentatively interpreted an upper
imércept formation age of ~1400 Ma and a lower intercept Pb loss age from the
discordia. The assumptions implicit in this treatment of the data are that all of the
pitchblende samples share the same age of formation and that all have only lost Pbin a
single Pb loss event. The data'from the present study indicate that these assumptions do
not necessarily apply at Olympic Dam (see data above) and therefore suggest that they are
questionable for the data of Truen)an et al. (1988). Indeed Trueman et al. (1988, p.29)

* recognised the problems raised by these assumptions and expressed doubts about the

Figure 4.7 (overleaf) Concordia diagram showing all analyses from this study and
those of Trueman et al. (1988). Errors are shown as a uniform proportion of the isotopic
ratios for clarity. The data indicate apparent ages of mineral growth and Pb loss which

span a range of over ong billion years.
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validity of averaging their data. It is possible to test the above assumptions by plotting
and examining the distribution of the data for all of the analyses on separate concordia
diagrams for the individual samples. If the assumptions are valid then each of the
samples should display an array of analyses which yield approximately the same upper
and lower intercepts of discordia as the other samples. The data of Trueman et al. (1988)

have here been examined by regression analysis using the program "Isoplot" (Ludwig, -

1992). Regressions were performed using 16 absolute errors and an error correlation of
0.99. The data are plotted in 4.8 a) to f); summarised in Table 4.3 and discussed
below. All ages are quoted at the 95% level of confidence. '

462 Data of Trueman et al. (1988)
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RD398W1/ 554.6m. The four analyses for this sample show ancient Pb loss and form a

discordia with intercepts of 1414 + 79 and 633 + 246 Ma (MSWD 0.738, Model 1;
Figure 4.8a).

\

RD481/369.5m. The six analyses from this sample form a cluster of points rather than a
well defined discordia with a range of 206Pb/238U and 207Pb/235U ratios (Figure 4.8b).
Regression analysis yields intercepts of 1242 £ 107 and 227 + 447 Ma (MSWD 0.197,
Model 1). The lower intercept has an extremely large uncertainty which suggests that Pb
loss could have occurred at any time from ~675 Ma to recent times. The weighted mean
207pb/206Pb age is 1224 £ 20 Ma and, considering the fact that the data are ~80%
concordant, this is thought to be close to the true formation age of the pitchblende in this

2

sample.

RD481/ 370.8m. Regression of the analyses for this sample yields intercepts of 917 +
288 and 228 + 364 Ma (MSWD 0.104, Model 1; see Figure 4.8c), although the actual

uncertainties may be significantly greater because there are only three analyses involved

(Ludwig, 1992). In view of these large uncertainties the intercept ages are not used.
However, considering the linearity of these analyses on the concordia diagram, and the
near-concordance of the uppermost point, the minimum age of 828 + 97 Ma indicated by
the weighted mean 207Pb/206Pb ratio is probably close to the age of formation of the

pitchblende in this sample.

RD481/ 371.1m. The six analyses for this sample form a cluster of points and have
statistically identical 207Pb/206Pb ratios indicating that Pb loss for this sample is recent

(Figure 4.8d). The minimum age estimate, 1356 £ 13 Ma (weighted mean 207pp/206ph -

age), is therefore probably close to the true age of pitchblende growth in this sample.

RD327/ 509.1m. The six analyses for this sample display varying degrees of ancient Pb
loss (Figure 4.8¢) and form a discordia with intercepts of 1163 + 270 and 273 * 152 Ma
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Figure 4.8 Concordia diagrams of for the data from the individual samples of Trueman
et al. (1988). The indicated ages of mineral growth and Pb loss are discussed in the
text.(MSWD 6.42, Model 2). The analyses plot in two groups of three and it is possible
that the two groups have different ages of formation (~800 and ~600 Ma) and have
undergone recent Pb loss. This may explain the relatively poor fit of the six point

discordia.
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Figure 4.8 continued Concordia diagrams of for the data from the individual samples
of Trueman et al. (1988). The indicated ages of mineral growth and Pb loss are

discussed in the text.
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Figure 4.8 continued Concordia diagrams of for the data from the individual samples
of Trueman et al. (1988). The indicated ages of mineral growth and Pb loss are

discussed 1n the text.




RD327/ 514.2m. The five analyses for this sample yield an upper imeréepl ageof 451 %

38 Ma and a lower intercept with infinite error (Figure 4.8f). Considering the fact that
the data are ~80% concordant, the minimum age estimate of 545 + 31 Ma provided by the
weighted mean 207Pb/206Pb ratio is probably close o the true age of pitchblende growth

for this sample. : ' o

Table 4.3 Summary of age information gained from regression analysis and weighted
207pb/206ph calculati ic Dam pi '

mean calculations for Olympic Dam pitchblendes. Data from this study and

from Trueman et al. (1988). 207Pb206Pb ages have been calculated where data are

__concordant or indicate recent Pb loss.

Sample No. ) Sample typed Upper Lower MSWD Model Weighted mean
mtercept®  intercept? . 207pp,206py age®

This study

RX3642-1 Vug cpy + pitch. 574 +85 101+ 76~

RX3642-2 " 594 + 568 . 135 + 299 439+ 27
RX3642-3 . " 1342+ 35 257+ 50

RX4560P bn-cc ore 568 + 8
Trueman eral(1988) '
RD398W1/554.6m pitch+bn-cc veins 1414 + 79 633 £246 0.738

RD481/369.5m bn-cc ore 1242 + 107 227 + 447  0.197 1224 + 20
RD481/371.1m vein pitch. 1318 £99 -116+ 489 0.166 1356 + 13
RD327/509.1m pitch+bn veins 1163 +£270 273+ 152 6.42 2

RD327/514.2m pitch.+bn-cc 451 + 38 1.53 1 545 + 31

RD481/370.8m _pitch.veins 917 £ 288 228 + 364 0.104 1 - 828 + 97

a. . All regressions calculated using "Isoplot" version 2.50 with an error correlation of 0.99; intercept
errors are quoted at 95% confidence level

b. Not regressed because analyses are concordant and near concordant

¢. Weighted mean 207pp/206py age errors quoted at 95% confidence level

d "pitch.” = pitchblende; "bn" = bornite; "cc" = chalcocite; "cpy” = chalcopyrite

When all of the samples analysed in this study, and those ahalysed by Trueman et al.
(1988) and are considered, eight yield ages which can be interpreted as approximating the
time of precipitation of pitchblende for the respective samples. From those eight samples
(RX3642-1 and 3, RX4569. RD398W1/554.6m, RD481/369.5m, 370.8m, 371.1m, and
RD327/514.2m), four distinct ages of pitchblende growth have been determined; ~1350-
1400 Ma, ~1220 Ma, ~830 Ma and ~570 Ma. Four distinct Pb-loss ages can be
_determined from the same eight samples; recent times, 101 + 76 Ma, 257 * 50 Ma, and
633 + 246 Ma. The remaining samples have lower intercept errors greater than 100%
(except RD3§7/509.1 which is ignored because it is not clear that a single regression of
the six points for this sample is the appropriate treatment). There are therefore at least
four distinct g&es of Pb loss documented, only one of which (633 * 246 Ma) overlaps
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ages correlates closely with any known regional geological events. Of the apparent Pb-
loss ages, 633 + 246 Ma overlaps with’the interpreted age of deposition of the Tregolana
Shale which overlies the deposit (676 + 200 Ma; Webb et al ., [1986]).date on Woomera
Shale, a correlative of the T'regolana Shale).

The range of-ages of pltchblende growth and Pb loss shown by the individual samples
data (Table 4.3, Figure 4.8) is open to two 1nterpretauons

a) The samples have a geologically real range of formation and disturbance ages.

. which may reflect the ease with which U is dissolved and reprecipitated, or

b) The pitchblénde in the samples all formed at the same time but the samples have

undergone widely varied Pb-loss histories.

In either case the assumptions implicit in the taking of means of the multiple analyses of
different samples and plotting these for regression analysis appear to be violated. For
this reason the ~1400 Ma "primary mineralisation age" of Trueman et al. (1988) is
regaided as the result of a questionable treatment of data.

The variety of apparent ages for pitchblende growth and Pb loss events caﬂculated above
atiests to the easé with which pitchblende is isotopically disturbed. This is not surprising
when the near-surface environment of ore formation is considered (Reeve et al.. 1990;
Oreskes and Einaudi, 1990). Uranium is easily mobilised as complexes of US7 in
oxidised environments, as is illustrated by the occurrence of "roll-front" and
"unconformity-type" U deposits (Hoeve and Quirt, 1987; Adler, 1964). Moreover the
radioactive decay of the U within the deposit would have provided a low-level heat
source for the duration of the history of the deposit, and this would be capable of driving
continuous circulation of groundwaters. It is therefore likely that interpretation "A™
(above) is correct, i.e. that pitchblende at Olympjc Dam has undergone varying degrees
of dissolution and reprecipitation with each flux of oxidised groundwaters through the
deposit. This makes it unlikely that any isotopically undisturbed primary uranium
mineralisation will be found within the deposit. There is certainly no reason to believe
that any of the samples analysed in this study or those of Trueman et al. (1988) listed
above represent primary mineralisation. Indeed the interpretation by Oreskes and Einaudi
(1990) of the 1400 Ma age of Trueman et al. (1988) as the age of ore formation is
perplexing in this regard. " These workers are the strongest proponents of the supergene
enrichment hypothesis for forming the bornite-chalcocite ore zones at Olympic Dam. Yet
it is the same "secondary” ore zones which have been sampled and analysed by Trueman
et al. (1988) to yield the 1400 Ma age which Oreskes anq Einaudi interpret as the age of

primary mineralisation.

with any pitchblende growth" ages (~570 Ma, ~830 Ma). None of the pitchblende growth , 7
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Whether some remobilisation took the form of a major supergene enrichment event has

not been resolved by the ion probe studies of piichblende. However. considering the

range of ages of bornite-chalcocite ores which could be classified as supergene (~1360
Ma, ~1220 Ma. 830 Ma, 570 Ma) it is apparent that the isotopic data show no evidence of
a single supergene event. The data indicate that if a supergene event has occurred it was'
prior 10 ~1360 Ma, in which case the ages measured for these samples have recorded
localised resetting "events”. The main conclusion from the totality of data is that there
has been a protracted history of intermittent U mobility at Olympic Dam.

. ‘ ,
b

- The main contribution made by the reconnaissance 1on probe study of Olympic Dam

pitehblende 1s that it has demonstrated that Pb JZd U ionic species are sputtered in a
correlated manner amenable to methods of internally calibrating 206Pb/238U ratios 10 a
standard of known 206Pb/238U. This provides justification for develepmenLaJ‘ work on a
uraninite standard in order to establish ion probe analysis of uraninyte/ pitchblende as a
routine procedure. The developmental work was commenced as part of this study but
was not completed because complications in 1ts pursunt exceeded the scope of the study.
A descriptiron of the work including reasons for 1ts cessation can be found 1n Appendix .

Another contribution of the reconnaissance study is the recognituon of the suscepubility of
pitchblende to microscopically variable isotopic disturbance as evidenced by the
heterogeneous isotopic signatures measured within pi-tchblendes which appear from field
relauonships to have the same age of formauon. This has implicatons.for the usefulness
of the method. The apparent ease of isotopic disturbance syggests. that primary
mineralisqtion ages cannot be measured by ion*probe for uraninite unless there has been
an anhydrous efvironment since mineral formation. It also uggestsithal ion probe
analysis may assist in the interpretation of conventional TIMS analyses of pn‘chb]ende/

uraninite by identifying isotopic disturbance (perhaps evident as microscopic
heterogeneity). One would be dfsinclined to interpret a TIMS age calculation as a primary
age if 10n probe anal'yses demonstrated that the isotopic ratios measured b'y TIMS were
averages of isotopically disturbed subdomains: Ion probe analysis of pitchblende also
has potential to identify remobilisation events which have not affected the U-Pb

systematics of more resistant minerals such as zircon.
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5° GEOCHEMISTRY OF THE OLYMPIC, DAM BRECCIAS
5.1 Introduction | “ ‘
The entire volume of the Olympic Dam Breccia Complex is believed to have been
ongmally occupied by the Roxby Downs Granite, which subsequently underwent

hydrothermal brecciation and iron-metasomatism. Many elements in addition to Fe (e.g.
Cu, U, Au, Ag, REE, Ba, F) were introduced or remobilised during this hydrothermal

, activity Within the metasomatised rocks Roberts and Hudsaon (1983) noted positive
» correvlatlrons between Cu U and LREE, and a more poorly deﬁned correlatlon between

these elements and F These workers also noted that U and REE can  occur in hlghm
concentrations without hlgh concentrations of Cu, but that the reverse is not usually
observed. Oreskes and Einaudi (1990) noted the increase in LREE content which
accompanied sericite alteration of granite and introduction ef iron, and Oreskes (1990)
discussed evidence from back-scattered electron imagery that Olympic Dam hematite is
uraniferous, suggesting that U and hematite were co-precipitated. Reeve et al. (1990)
discussed the anomalous concentrations of the ore metals, and REE, Ba and F mainly

from the perspective of mineralogical mode of occurrence.

Fluid inclusion and stable isotopic data (Oreskes ahd Einaudi, 1992) suggest that ore
formation involved the mixing of two fluids. Nd 1sotoplc data (Chapter 7) indicate the
input of REE from two or more distinct sources dunng ore formation, consistent with the
above suggestion. Recent work by Haynes et al. (submitted) investigated Olympic Dam

+ ore genesis using computer-aided geochemical modelling. They simulated fluid-rock and

i, fluid-fluid reactions in an attempt to test the plausibility of different mineralisation

. " hypotheses. Their results indicate thiat the observed ore-mineral assemblages are most

e

closely "reproduced” in modelling by the mixing of two fluids:

A) A hot, saline, relatively reduced magmatic or deeply ¢irculated crustal water,

and
B) A cooler, saline, relatively oxidised meteoric water.

The geochemical data gathered in the present study are considered in the light of this

14

model.

To date, no geochemical studies of Olympic Dam breccias have focussed on comparisons
between the various ore and breccia types based on the premise that their differences may
reflect origins by different processes or different stages of hydrothermal evolution. One
purpose of this chapter therefore, is to examine the geochemistry of different Olympic
Dam breccias and ores classified aeeording to macroscopic features which indicate origins
by possibly distinct processes. The sampling strategy for the project as a whole was




~...undergone.leaching (vuggy. breccias + oxidised sulphide$); 7) silicified breccias, 8) © -
* magnetite-rich breccias; 9) hematite-quartz sediments; 10) hematite-quartz breccias;_ 11)

primarily aimed at assessing the isotopic characteristics of the different lithological

categories, in keeping with the main emphasis of this thesis. The sample¢ suite therefore
-cannot . be viewed as suitable for a comprehensive geochemical study of the deposit.
_ Nevertheless the limited database available for-each rock type does allow new insights

74

into the elemental gains and losses during hydrothermal activity. The lfolloWing )

lithological categon'es are used in the study: 1) fresh" Roxby Downs Granite, 2)

chlorite-altered granite breccias, 3) sericite-altered gramte breccias, 4) hematite-altered
granite breccias, 5) "barren hematitic and heterolithic breccias, i.e. those with no v151ble
Cu sulphide mmerahsanon 6) hematitic breccias whose textures suggest they have

pyritecrich ores; 12) chalcopyrite-rich ores; 13) bornite/chalcocite-rich ores. There is
unavoidable overlap between some of these lithological categories, e.g. the magnetite-rich
breccias are overprinted by chalcopyrite mineralisation and therefore could also be
classified as chalcopyrite ores. The classification scheme is therefore somewhat artificial.

5.2 Paragenetic considerations

5.2.1 Magnetite/ hematite

- Magnetite has been described as a paragenetically early phase at Olympic Dam (Reeve et
al., 1990; Oreskes and Einaudi, 1992; Haynes et al., submitted). On the eastern side of

the deposit there is a relatively small (~30 m) zone of breccias containing highly irregular
patches of magnetite-rich assemblages. Two samples were taken this zone as part of. this
study. RX4536 contams ~40% magnente and ~25% hematite (XRD data; Appendix 4),"
with hematite occurring predominantly as replacement of magneme and with minor late
chalcopynte replacing pyrite and magnetite. RX4537 shows a greater degree of hematite
replacement of magnetite, and chalcopyrite replacement of pyrite (petrographic
descriptions in_:‘\;}pendixA*,. sample locations shown in Figure 2.5). In these examples

‘the hernatite-chalcopyrise assemblage is clearly overprinting a primary magnetite-pyrite

aSsefnblage (Plate 7). No-other comparable zones of magnetite-rich breccias ‘are known

. 3
in the deposn although many of the hematitic rocks within the deposit (excl uding

hemame -quartz breccias) have very fine (<5 pm) inclusions of magnetite within hematite

-grams (e.g. RX4529, RX4531, RX4513,; RX4510, RX4549; see Plate 7). There is
~ therefore evidence that ma“gnexite may have been a widespread precursor to hematite at

Olympxc Dam However, the observanon that magnetite is paragenetically early at
Olympic Dam does;not necessanly lmply that a w1despread magnetite-dominant protore
was replaced by hematlte because the same replacement effect could be created by an in
sztu evolution of hydrothermal fluid chemlsn'y and/ or redox conditions in an essentially -

continuous sequence ‘of mmeral prec;pnanon (Haynes ct al., submitted).

&
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Plate 7. Reflected light})hotomicrdgraphs. :A) »RX4537~, maénéti[e—rich breccia. Note
paragcncfic relationships; hematite (h, pale grey) occurs as fine clongkatc grain‘s and as
replacement of magnetite (m, pale brown ). Chdlcopyrite (c) rcplaces’pyrité (p). Gangue

is predominantly sidegite. Width of frame is 650 um. C

B) RX21529, hematitic breccia. Inclusions of magnetite (m) ranging in size from 10 um
t0/}<lium occur throughout hematite (h) grains, suggesting a more complete replacement

of magnetite than is illustrated in A). Width of frame is 325 um.

v



5.2.2 Pyi‘i/{e/ chalcopyrite

Pyrite i§ the paragenetically earliest 'sulphjde mineral observed at Olympic Dam. It occurs
with relatively minor replacement by chalcopyrite in the magnetite dominant breccias and
also in some hematitic ores (e.g. RX4529, RX4531). Pyrite is more completely replaced
by chalcopyrite ‘in many Cu-ores, which often contain chalcopyrite with remnant
inclusions of pyrite (e.g7RX4508, RX4512). Monomineralic grains of chalcopyrite are.

--also common.. The paragenetic sequence described attests to temporal changes in fluid

chemistry in the localities where chalcopyrite is replacing pyrite. It is hot immediately
~ apparent whether this represents an evolution in fluid chemistry during the same overall
hydrothermal event, or a two stage ore genesis in which a pyrite- (and perhaps ma’gr'leu'tc)
bearing precursor assemblage was ovprp;intcd by .a Cu-bearing hydrothermal fluid
unrelated to the system which. produced the pyritic rocks, Trace element and isotope
geochemical comparisons (Chapter 7) are therefore made to test which of these models is

the more likely.

5.2.3 Bornite-chalcocite ore

—- v

As described in Chapter 2 there is a sulphide zonation pattern at Olympic Dam from
" pyrite-rich ores at depth, upwards into chalcopyrite * pyrite, through an abrupt boundary
between chalcopyrite and bornite, into the bornitetchalcocite assemblage above the
bornite/ chalcopyrite interface. There are two main morphological types of bornife-
chalcdcite ore zone; those with a narrow (10-30m) vertical extent which form a covering
zone above the chalcopyrite ores, and ore zones with large (>50m) vertical extent and
"flame-like" morphology. "Although chalcopyrite is seen to be replaced by bornite over a
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. short (metre-scale)-interval near the bornite-chalcopyrite interface, chalcopyrite remnants

are rarely observed within the higher level bornite-chalcocite ores. Bornite is often
observed to be intimately intergrown with chalcocite in vermicular textures. However

where bornite occurs without chalcocite, it commonly contains parallel submicron

exsolution lamellae of chaiqopyn'te.

Two models for the origin of the bornite-chalcocite ores have been put forward. Oreskes
and Einaudi (1990) proposed that these ores represent the product of supergene
" enrichment of a primary chalcopyrite + pyrite ore, whereas Reeve et al. (1990) and
Haynes et al. (submitted) suggested that the sulphide zonation pattern could be the
product of geochemical fronts in a system in"which hypogene fluids mixed with meteoric
fluids. The temporzil differences between these models have important exploration
implications. Trace element data for the bornite-chalcocite ores are therefore compared
with the data for the other ores and breccias with the aim of ascertaining which of the

aboveé two models is more likely to be valid.




-

5.3 Analytical methods =~ -

Major and trace element data are listed in Appendlx 2. Major element concentrations for
53 samples of Olympic Dam breccias, sedlmemary rocks and vanably altered granites
were analysed in d_uphcate by X- -ray fluorescence (XRF; Philips PW- 1450 equipment) at

the Australian Bureau of Mineral Resources using Li-tetraborate glass fusion discs
(method after Norrish and Hutton, 1969). Sample powders were prepared using a“
- tungsten-carbide mill:-Iron-rich samples (>50 wt% total Fe) were diluted with pure silica

prior to fusion in order to approximate the analysis conditions for a silicate rock. Trace
elements were analysed by XRF at the Department of Geology, ANU, using pressed
powder pellets (Chappell, 1991). Major and trace element results were calibrated against
synthetic and standard rock samples. Analyses are accurate to 1% of the concentration of
each major element oxide with the exception of NayO (£2% relative). HyO+/- and CO»
were determined by microabsorption. FeO concentrations were determined by titration.
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The presence in many samples of both sulphide and sulphate minerals (barite) .

necessitated the calculation of SO3 and 'S totals. in samples containing no fresh K-
feldspar (all except RX4523, RX4524 and RX4527) Ba was assumed 10 be present as

barite, and sufficient sulphur was calculated as SO3 to account for the Ba total. The

remaining sulphur was allocated-as S (sulphide).

Many samples.have high concentrations (1% 'up to ~15%) of elements generally regarded
as trace elements e.g. Cu, Ba, and less commonly La, Ce. All of these elements have
been analysed as trace elements (i.e. as pressed powder pellets), assuming no absorption
of the primary X-Ray beam by the elements concerned. At high concentrations (>1%)
this assumption is not valid, and this has contributed to several analyses having totals
which differ by more than 1% from 100%. (trace element totals expressed as oxides are
included. in the rock total; see Appendix 2). Where this occurs, the only element totals in

" error are those "trace elements” for which the concentration is very high (percent levels).

The data far the other elements are not affected.

The precision for trace elements is typically 1 to 4% relative (95% conﬁdcnéc) for
concentrations greater than 100 ppm (Chappell, 1991). For concentrations below 100
ppm, the relative precision percentage increases from the above values to a maximum of
~30% at the lowest levels of detection. The lowest level of detection is 0.5 to 1ppm for

most elements, 5 ppm for La and Ce, and 2 ppm for Ba. For most elements, at a

concentration of ~IO ppm, the relative error is 5 to 10%.

Rare earth element (REE) concentrations were determined for 43 samples by mstrumcntal

" neutron acuvauon (INAA) according to the methods of Chappell and Hergt (1989). The
v data are listed in Appendix 3. Where discrepancies exist between INAA data and XRF

detcrrnmat;ons of La and Ce, the former are regarded as more reliable. INAA data are




used in the discussion of full REE patterns for a subset of the samples in Section 5.8.
~ However, the XRF data are used in a general discussion of La and Ce distn'bution
(Section 5.6) because more samples were analysed by this method, and this cnablcs

~ examination of trends for the entire sample suite.
5.4 Data treatment

The origin of the Olympic Dam Breccia Complex by hydrothermal brecciation and iron

with variable proportions of two maJor components, gramte and hematite, means that
total iron content is a useful variable by which to compare the major and trace element
distributions within the deposit. Howeve;, the concentrations of the two metals of most
economic interest, Cu and U, do not correlate with total Fe content, but do correlate with
' cagh other (Figure 5.1; U vs total Fe plotted in Appendix 6). These geochemical.features
and the paragenetic differences described in Section 5.2 for Fe oxides’and Cu-Fe
sulphides, suggest that Cu and U may have been introduced:to the deposit in a separate
fluid from Fe. For this reason, some of the elements discussed below are compared to

Cu content, particularly where no correlation with Fe is evident.’

The introduction of iron to the deposit was accompanied by extreme mobility of many
elements. In breccia systems, the precipitation of hydrothermal matrix minerals can cause
an apparent net depletion of elements present in a given volume of the protolith, even
though they may have behaved in a geochemically immobile manner. To examine the
geochemistry of the Olympic Dam Breccia Complex in terms of element mobility and the

net gains and losses of elements, it is therefore necessary to identify at least one element

which appears to have been immobile and by which the relative mobility of other

elements can be gauged (e.g Gresens, 1966; Grant, 1986). This approach allows

measurement of dilution of elements due to the introduction of hydrothermal matrix

minerals, which is very large especially in the breccias. . ‘

Of the elements commonly regarded as relatively immobile (Ti, P, Zr, Y,.Nb, Al), the
only two from the Olympic Dam data fqr-which the concentrations demonstrate a good
correlation are Ti and Zr (Figure 5.2). Itis assumned that this correlation resulté from the
relative immobility of these elements during hydrothermal processes, rather than a
remérkably fortuitous. constancy of proportion of these elements had they been
hydrothermally transported in significant amounts. In Chapter 3 evidence is presented
for at least limited mobility of Zr (hydrothermal zircon overgrowths) and this is probably
the cause of sorhe of the scatter in Figure 5.2. TiO7 has therefore been selected as the

least mobile element.

—
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-~ metasomatism-of the host granite,'and. the result that the breccias comprise a spectrum
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Figure 5.1 Variation diagrams for Cu, Fe;O3 (total) and U. a) Cu and Fe,Oj (total)
concentrations are not correlated; b) In contrast, Cu and U concentrations are.

The discussion of the geochemistry of the breccias (below) investigates the relative
mobility of the various elements by examining the changes in element/TiO2 ratios which
accompany increases in total Fe and, in some cases, Cu. Enrichment factors have been
calculated for each element by normalising the element/TiO ratio to the corresponding
ratio for pristine granite (sample SS-87 of Creaser, 1989). This approach assumes that
the TiO; measured in the samples under discussion is derived from the Roxby Downs

Granite. The enrichment factors are listed in full iri Appendix 5 and are presented in_

summary form in Tables 5.1 and 5.2. Figures 5.3 and 5.7 djspiay the range and mean
enrichment factor for each lithological category for major and trace elements respectively.
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Figure 5.2 Correlated concentrations of TiO; and Zr are interpreted as evidence of the
relatively immobile behaviour of these elements during hydrothermal processes at
Olympic Dam.

The validity of the enrichment factors is dependent on the immobility of Ti. Confident
resolution of one enrichment factor from another (to determine relative enrichments)
depends on the degree of uncertainty in the immobility of Ti. An approximation of this
uncertainty can be obtained from Figure 5.2 which shows a regression through the TiO;
and Zr data. For the purposes of calculating an estimate of maximum uncertainty, all
scatter in the data has been arbitrarily attributed to mobility of Ti. The residuals of the
data have been calculated as a percentage of the corresponding TiO; concentration. Most
samples ‘have residual/TiO; ratios less than 50% (eight samples with low TiO;
concentrations have higher ratios). This means that for most samples, the maximum
amount that a TiO concentration could have differed from the measured value (prior to
any limited hydrothermal Ti mobility leading to the present concentration) is 50% of its
present value. The element/TiO; ratios for most samples are confidently estimated to lie
between 0.67 and 2 times their calculated values. This approach breaks down at low
TiO, values, where residuals expressed as percentages become very high even though the
absolute value of the residual may be no higher than for the other data plotted. On the
basis that the majority of the data have residuals less than 50%, and because there are no
obvious outliers at low TiO concentrations, 50% is the figure applied to all of the data as
an estimate of maximum scatter. Use of this figure means that it is reasonable to regard
any calculated enrichment factors (listed in TabBle 5.1) between ~0.7 and 2 as not
resolvable from 1, and this ﬁeld‘is indicated on all plots in Figures 5.3 and 5.7. Only
values falling outside this range are interpreted as demonstrating significant mobility of

that element.
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The following section is an examination of the geochemical behaviour of the elements
analysed, in terms of their relative mobility during hydrothermal processes, net
enrichments and depletions, and controls on element distribution. The elements are
grouped according to the conventional classification of "Major” and "Trace" elements,
even though members of the latter group may occur in percent level concentrations. The
discussion of the data is on an element by element basis and relates the data to the
lithological categories mentioned above. A summary of the principal enrichments and
depletions with interpretation follows in the Section 5.7. Reliable determinations of Au

writing. It is therefore not possible to determine the enrichments or depletions of these
elements in the various ore types, and they are not discussed in the following

geochemical overview.
5.5 Major elements

Si0O;. The scatter in the plot of SiO2/Ti0O2 vs total Fe (Appendix 6) and petrographic
observations indicate t{hat SiO2 has been mobile during hydrothermal processes at
Olympic Dam.. SiO7 has been lost from rocks within all of the rock categories except the
silicified breccias (Figure 5.3 a-1). The rock categories which show only loss of SiOp
(rather than both gains and losses) are: chloritised granitic breccias, magnetite breccias,
hematite-quartz sandstones, and hematite-quartz breccias. In general SiO; appears to
have had limited mobility and been weakly depleted relative to the host granite.

TiO». As mentioned above, TiO; appears to have been the least mobile element during
hydrothermal processes at Olympic Dam (see TiO; correlation with Zr; Figure 5.2). The
decrease of TiO7 concentration with increasing toial Fe (Figure 5.4) is therefore believed
to result from dilution of granitic TiO; concentrations as Fe is added as matrix and

replacement minerals.

Al»03. Hematite replacement of alkali feldspar in rocks which preserve a granitic
texture (e.g.RX4520) provides mineralogical evidence for loss of AlpO3 during ore
genesis at Olympic Dam, which is supported by analytical data (Figure 5.3 ¢, d, ¢, f, j, k,
1). In contrast, alteration of granitic feldspar to sericite appears to have occurred with no
discernible AlO3 mability. Only minor AlpO3 was lost during chloritic alteration (Figure
5.3 a and b). The chalcopyrite-rich and bornite-chalcocite ores have higher ranges of
Ai203 enrichment factors than the other hematite-rich rock categories. This may result
from a lesser degree of AlpO3 depletion during mineralisation. However, it is also

possible that the paragenetically late introduction of Cu (Section 5.2) was accompanied
(/AS expected, the geochemically similar trace element Ga,

by an enrichment in Al203
shows the same relative enrichment in the Cu sulphide bearing ores (below).
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and "Ag concentrations for the present sample-suite were net available at-the time of - - ——-
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Figure 5.3 Enrichment factors for major elements in Olympic Dam breccias calculated
as element/TiO, of sample divided by the same ratio for unaltered granite (sample SS-
87), assuming immobility of TiOy. Shaded area is field for which enrichment factors are
not resolvable from 1 due to uncertainty in TiO; immobility (see text). Bars represent
range of enrichment factors for each element; diamonds are means. Where bar crosses

X-axis the range minimum is zero.
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Fi‘gure 5.3 continued.
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Fe203. All rock categories except sericitised granite breccias show significant
enrichments in Fep;O3 (Figure 5.3 a-1). [Sericitised granite breccia samples have
engichment factors not-resolvable from unity (i.e. range from 0.7 to.2) indicating minimal

. gain of loss of Fe203 during this style of alteration).

FeO. The highest enrichment factors for FeO are evident for the magnetite breccias and.
sulphide-bearing ores (Figure'5.3j, g, h, i) reflecting Fe2* present in magnetite, siderite

~and the various Cu Fe sulphldes The rano of FeO/T102 in fresh gramte (sample SS- 87)
is 3.65. The ratio is lower for hemante altered and sericite-altered granitic breccxas

(Figure 5.3 b and c), consistent with alteration by an oxidised fluid (oxidising Fe2+ to
Fe3+‘)~. In contrast, the chloritiséd granitic breccias have been enriched in FeO (Figure
5.3 a) suggesting that they may have been altered in reduced conditions, possibly by a
separate fluid to that which effected hematite alteration. This style of alteration may be

related to the relatively reduced fluids respjys'bresior magnetite precipitation.

MnO. All rock categories except for sericitised granite breccias show a net gain in MnO

(Figure 5.3; Table 5.1); sericitised granite breccias appear to have lost MnO. The highest

enrichment factors occur for the magnetite breccias and pyritic ores (Figure 53jand g)
and this may reflect a mineralogical control on MnO concentration, due to a rhodochrosite

component in siderite which is common in these rock types. Notwithstanding the -

siderite-rich assemblages, there is a scattered positive correlation betwéen MnO/TiO2 and

“total Fe (Figure 5.4b). This suggests that Mn and Fe precipitation mechanisms were

linked, implying a redox-controiled precipitation.-

MgO. The plot of MgO/TiO3 vs total Fe (Appendix 6) shows considerable scatter in the
data indicating that MgQO has been mobile during hydrothermal rg‘)ccsses at Olympic Dam
(immobility would reveal a flat trend of unchanging MgO/TiO32). However, all of the
rock categories except magnetite brecciés, hematite-quartz sandstone and pyriytic ores
contain samples with apparent gains'in MgO and-samples with apparent losses (Figure

-5.3). This is interpreted to mean that although MgO has be¢n mobile, it has neither been

introduced or removed on a large scale during-ore formation. “Chloritised granite samples
are more enriched in MgO than sericitised and hematmsed ite breccias (Figure 5.3 a,
b and c¢) which is consistent with chlorite alteration bemg caused by different ﬂu1ds to

those responsible for sericite and hematite alteration.

Ca0. Calcium is a relarively mobile element and has previously been observed to be
depleted in even weakly altered samples of Roxby Downs Granite (Creaser, 1989). The.
diagrams showing enrichment facto%s for chloritised, sericitised, and hematitised granite
breccias (Figure 5.3 a, b and c) each show net losses for CaQ, consistent with the above

observation.

_ mineralised breccias and the hematite-quartz breccias, all have CaO enrichment factors

~

The hematitic rock categories, with the -exception of the sulphide-
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Figure 5.4 a) Decreasing TiO; with increasing FepO3 (total) is probably due to
dilution of relatively immobile TiOj as Fe is added during breeciation. b) MnO/TiO;

increases with increasing Fe;O3 (total) indicating addition of MnO durir}g hydrothermal
activity. - .

below 1 (Figure 5.3), indicating loss of C’Sgﬁ)ﬁh@:onuast, the pyritic, chalcopyrite-rich
and bornite-chalcocite ores, and'the hemaﬁti—iiqé@z breccias have been enriched in CaO.

The rélatively high CaO concentrations for mén%crs of these rock categories (~2 10 ~6.

wt%) generally reflect the abundance of fluorite (CaF7) and/or barite into which Ca can

substitute to a limited extent (Deer et al., 1966).

Na0. All of the rock-types except pyrite-rich ores have had a net-dé’pletion in NapO

relative to the host granite composition (Figure 5.3 a-1). This is consistent with the
evidence of Creaser (1989) who observed that NaO has been lost from even weakly

-

a




altered Roxby Downs Granite. It is not clear why the pyrite-rich prés contain rclétively
more sodium than other ore types. The plot of NapO/TiO; vs total Fe (Figure 5.5) ..
illustrates the considerably lower NazO contents of the altered 'gmnite breccias relative to .

the analyses of fresh granite. It also shows an increase in NazO/T 102 for samples with
more than ~50 wt% total Fe. This may reflect the saline nature of the fluids transportlng

Fe.
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Flgure 5.5 Nap_O/’IHOQ versus total iron. showmg that Na has been lost relative to fresh
granite compositions, but has been reintroduced in samples with Fe2O3 (total) greater

than 50%.

K>0. Potassium has been highly mobile with K20/TiO3 ratios varying over two orders.
of magnitude (Appendix 6). The majority of the samples examined have enrichment
factors which indicate loss of KoO (Figure 5.3). Some examples of sericitised granite
(RX4527, RX3698), hematitised granite (RX4526), barren hematitic breccia (RX4563,
RX4564), bornite-chalcocite ore (RX4462), and chalcbpyritc-rich ore (RX4508,
RX4512, RX4578) have enrichment factors not resolvable from 1 indicating no ner
enrichment or depletion in K20O. None of the present samples have been enriched in
'Kzo. Creaser (1989) observed mi_ndr KzQ earichments in relativély weakly altered
granite Samplcs. However, in view of the overall evidence for K0 loss from most of
the Olympic Dam. breccia samples in this study, it is believed that Creaser's samples
‘probably rebresent localised enrichments due to redistribution of granite-derived K70,
rather than the introduction of metasomatic (exotic) potassiuin. K70 concentrations
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decrease with increasing total Fe content, suggesting that KO abundance reflects the .
X . )

relative proportion of (sericitised) granitic fragments in the breccias.

P20s. The scattered trend of increasing P205/TiO7 with increasing total iron (Figure
5.6a) indicates that phosphorus has been introduced during ore genesis. Hematite-altered
- granite is the only rock caiegory'to show no net gain in P2Os (Figure 5.3 ¢). All of the
other rock categories analysed have P,Os enrichiment factors }an_ging well above 2
(Figure 5.3). P2Os5 concentrations: correlatg-_l-\#ith Ce content (Figure 5.6b) which

suggests that P is present dominanily in REE minerals (e.g. florencite, monazite and
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Figure 5.6 a) Scattered positive correlation indicates that Phosphorus
ingoduced to the deposit during hydrothermal activity. b) Correlation between Ce and
P05 suggests that P is present dominantly in REE minerals. High Ce point is for
RX4578, a chalcopyrite-rich ore with the highest REE concentrations recorded at
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- hematite-altered granite breccias have experienced a net Sr depletion (Figure 5.7 ¢)

- )l

Figure 5.6 continued.. Olympic Dam. As an outlier in b), this sample probably has 89
REE dominantly contained in basinaesite, a carbonate, rather than the phosphates
florencite, monazite or’xenotime. : : '

‘5.6 Trace elements

. Copper. All of the rock cétegon'es analysed have been enriched in Cu (Figure 5.7). Cu

concentrations range from 9 pprq (RX4524, "fresh" granite) to 176,500 ppm (i.e.~18%:;
RX 4463, bornite-chalcocite ore). The plots of Cu vs total Fe (Figure '51) and Cu/TiO,

~vs total Fe '(Aﬁf)é‘ﬁdi:}iﬁ)ﬂ show Eﬁé‘t’"’Cuﬁ'ar'fd'Fé"éfé'"ﬂb’t"ééfr‘elaté’d[ ‘Thissuggeststhat™

precipitation mechanisms for Cu and Fe were not closely linked'and implies that these
elements may have been introduced to the deposit in separate fluids.

Uranium. All of the rock categories analysed show some eviderice of U enrichment
(Figure 5.7) although some individual samples are depleted. U concentrations range
from less than 1 ppm to 3650 ppm in the pfesent sample suite. They also correlate with
Cu concentrations (Figure 5.1b). This trend indicates a relative constancy of proportion
of these two elements suggesting linked mechanisms of deposition. Two samples of
altered granite breccias (RX4533 and RX4522) ha'\‘/c uﬂdcrgone depletion in U which
suggests that some of the U present in the ores may have been derived from the host.
granite. U/TiO; ratios do not correlate with total Fe (Appendix 6)and this implies that U
was not deposited by the same meéhanisms as Fe, and may not }ia\,@ been introduced in

the same fluids as Fe.

Rubidium. The calculated enrichment factors for Rb indicate that it has been depleted in
the majority of the samples analysed (Table 5.2; Appendix 6; Figure 5.7 a to 1). The
chalcopyrite-rich ores are the only group to show no evidence of Rb depletion. The near- -
linear correlation between Rb and K>O concentration (Figure 5.8) illustrates that these
elements have behaved in a coherent manner. Rb abundances are therefore probably

controlled by the distribution of sericite, the main potassic phase within the deposit.

_ Strontium. Strontium has been introduced to the deposit during ore genesis, as is -

illustrated by the increase in Sr/TiOy with increasing total Fe (Figure 5.9a). /Snly
The

overall addition of Sr is important because it suggests that Sr isotopes may be useful as
tracers of ore fluid provénance; this subject is discussed in Chapter 7. One sample
(RX4533) has arn extremely high Sr concentration (5370 ppm), well above all of the other

‘samples. RX4533 is a sericite-altered granite breccia and its high Sr concen ation is
- consistent with the geochemical modelling of Haynes et al. (submitted) which ppredicts

that strontianite (SrCO3) will be precipitated when the ore fluid reacts with granite at
relatively low water/rock ratios (i.e with a large proportion of granite). Althoug
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Figure 5.7 Enrichment factors for trace elements in Olympic Dam breccias calculated
as element/TiO; of sample divided by the same ratio for unaltered granite (sample SS-
87), assuming immobility of TiO2. Shaded area is the field for which enrichment factors
are not resolvable from 1 due to uncertainty in TiO; immobility (see text). Bars represent
range of enrichment factors for each element; diamonds are means. Where bar crosses

X-axis the range minimum is zero.
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Figure 5.8 Linear correlation between Rb and K0 indicates that Rb distribution at

Olympic Dam is controlled by the occurrence of potassic phases,

dominantly sericite.

Strontium continued. strontianite has not been identified in

concentration indicates the presence of a Sr-rich mineral.

this sample, the high Sr

Sris also able to substitute for Ba in the solid solution series between barite (BgSO;;) and
celestine (SrSO4). Figure 5.9b shows that for the Olympic Dam breccias, Sr bears a
scattered positive correlation with Ba, with the highest concentrations (except RX4533,

see above) occurring in rocks with high modal barite content, e.g

. the hematite-quartz
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Figure 5.9 a) Scattered increase in Sr/TiO2 with increasing Fe2O3 (total) indicates
that Sr has been introduced to the deposit. b) Sr bears a scattered correlation with Ba,
which suggests Sr distribution at Olympic Dam may be controlled by distribution of
barite which can accomodate sxgmﬁcam amounts of St (see text).

breccias from the centre of the breccia complex. It is therefore suggested that the
dominant control on Sr distribution at Olympic Dam is the occurrence of barite.

Barium. The occurrence of barite clasts and veinlets attests to the mobility of bariurn
during ore genesis at Olympic Dam. Ba concentrations reflect the distribution of barite
throughout the deposit (Appendix 2 XRF data; cf. rock descriptions, Appendix 4). Bais
depleted in the hematitised granite- and chloritised granite-breccias (Figure 5.7 a and b),
and in two of the sericitised granite breccias (RX4533 and RX3698). This suggests that
the Ba observed as enrichments in several of the other rock categories (see Figure 5.7) is

at least partially derived from the Roxby Downs Granite.

Lead. The plot of Pb/TiO3 vs total Fe (Figure 5.10a) shows a positive correlation and
these data can be interpreted in three ways: a) Pb was introduced to the deposit during
ore genesis; b) Pb is radiogenic, produced by decay of the U introduced during ore

deposition; c¢) Both of the above.

A scattered positive correlauon between Pb/TiO; and U concentration for most samiples,

excluding the altered granite breccias (Figure 5.10b), suggests that much of the Pb is
radiogenic. However, the fact that the altered granite breccia samples do not conform to
this correlation means that the Pb/T 102 ratios of thcsc samples are not dommated by
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Figure 5.10 a) Pb/Ti0O; increases with total iron which suggests either that Pb was
introduced during ore genesis, or that Pb is radiogenic and correlates with Fe203 (total)
because of the higher U content of more iron rich lithologies. The correlation between
Pb/TiO; and U b) suggests that Pb is dominantly radiogenic.

- radiogenic Pb. The data for most of the altered granite breccias form a continuation of th
trend of Pb/TiO2 vs total Fe (Figure 5.10a) and this may reflect a primary enrichment in
Pb. It therefore appears likely that the present Pb content of the deposit results from both
low level enrichment in Pb during ore deposition,"and the subsequent accumulation of

radiogenic Pb. - .

Thorium. Thorium has been sparingly mobile at Olympic I‘)am,’_as illustrated by the
plot of Th/TiO vs total Fe (Appendix 6). However, the flat trend of thq data on this plot
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suggests that Th was not mtroduced or removed from the volume of the deposit in an
. _. overall sense. It is hkely that Th present in the Roxby Downs Granite was remobilised
S - due to the hydrothermal breakdown of minerals such as uranothorite and zircon, and ‘
reprecipitated as hydrothermal minerals such as monazite, xenotime and secondary
xenotime-zircon. . The hematite-quartz breccias are the only sample group to show a
"systematic depletion in Th (Figure 5.7). All other groups have ranges of ennchment
'factors which-overlap with the ' 1mmob11e" field (enrichment factors 0. 7 to 2)

TR e ireonium. - The -Zr/Ti0; ratio in unaltered RoxbyDownsﬁGr@giﬁt’e 15880 A plotof
Zr/TiOz vs total Fe (Appendix 6) shows that this ratio is approximately maintained for
samples with total Fe up to 50 wt% indicating that Zr has. been 1mmob11e in these
samples. For samples contammg greater than 50% total Fe, the data scatter to lower
Zr/Ti0 ratios, indicating loss of Zr from these samples. The rock types which include
samples that have Zr enrichment factors significantly below 1 are: barren hematite
breccias, pyrite-rich ores, chalcopyrite-rich ores, bornite-chalcocite ores, magnetite
breccias, hematite-quartz breccias and leached hematite breccias (see Figure 5.7).

. Hydrothermal rims of a mineral intermediate in composition between zircon and xenotime

. are observed around granitic zircons in samples of sericite-altered granite breccia (see
Section 3.4.2). These provide rhineralogical evidence 1o support the proposition of some

Zr mobility in the hydrothermal fluids. 4

Yttrium, Y/TiOj ratios are highly variable over a wide range of total Fe valués (Figure
5.11a) attesting to the mobility of Y during ore deposition at Olympic Dam. Most of the
samples of Cu sulphide-bearing breccias have higher Y/TiO» ratios than the other breccias

which indicates that Y enrichment may have accompanied introduction of Cu.

10000

80

40 60
Fe203% (total)

Figure 5.11a. caption overleaf. .
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" Figure 5.11 The degree of Y enrichment (Y/TiO;) does not correlate with total iron
(a) but does bear a scattered correlation with enrichment in Cu. (b). This suggests that
Y and Cu were deposited by linked processes possibly from the same fluids.
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Figure 5.12 The scattered increase in Nb/TiO; with increasing total iron indicates that
Nb has been introduced to the deposit during hydrothermal activity. The sulphide-

bearing breccias have the highest Nb concentrations.

It is significant that Y/TiO; ratios do not simply covary with Fe content. This might
suggest that three compositional components were involved in orerformation: 1) the host
granite (low Fe, low Y(), ii) the high Fe component (low Y), and 1i1) a high Y (and Cu)
component. The positive correlation displayed on a plot of Y/TiO7 vs Cu/TiO; (Figure

5.11b) supports this interpretation. 7
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Niobium. Eresh Roxby Downs Granite samples contain ~25 ppm’ Nb (SS-87,

99

RX4523 and RX4524). The highest concentration recorded in this study is 1050 ppm in .

sample RX4513, a bornite-chalcocite ore from Mine ‘Area DNW. This suggests that Nb
was mobile during ore deposition. Further ev1dence for the same conclusion is provided
by the scattered array of data on the plot of Nb/T 102 vs total Fe (Figure'5.12) and by the
high Nb enrichment factors displayed in Figure 5.7. In a similar manner to the. data for
Y, the Nb/TiO; data indicate three components involved in ore gene51s 1) a granmc

. component, ii) a high Fe-content component which has not. mtroduced Nb, and iii)a "~

distinct-high Nb.component. The highest Nb. ennchments are apparent.in’the sulp}ude

bearing breccias (see Flgures 5.7 and 5 12).

Lanthanum and Cerium. The introduction of REE during ore deposition is 4 well
documented feature of the deposit (Roberts and Hudson, 1983; Oreskes and Einaudi,
1990; Reeve et al., 1990). Further documentation is provided by the sé?ttercd positive

@ _ L
trend on a plot of La/TiO; vs total Fe (Figure 5.13a). None of the samples analysed in .

‘this study are depleted in La relative to the host. granite (Figure:5.7). The _degrée of

o

enrichment in La (as indicated by the La/TiO3 ratio) is correlated with the dégree of

enrichment in Cr across the entire spectrum of breccia t'ype‘s (Figure 5.13b). This can be
interpreted as suggesting that LREE and Cr were prec1p1tated by hnked mechamsms and
may have been transported in the same fluid. Itis con51stent with the source of La and
the other LREE-having mafic or ultramafic affinities. Sironger evidence in favour of this

( 'suggestion 1s provided\by the Nd isotopic systematics discussed in.Chapter 7. The

discussion of the relationships of La- also apphes to, Ce because there is a-linear

correlation between La and Ce concentratjons for the presem samp]e suite.
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Figure 5.13 a) La enrichment increases.with iricreasing total irbn, an observation
made previously by Oreskes and Einaudi (1990). b) The degree of enrichment of La
and Cr .are correlated suggesung lmkcd mechanisms. of deposition, possibly from the

' same fluid.
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Gallium. In silicate rocks gallium (Ga3+) distribution is usually correlated with A3+
and Ga is concentrated in aluminous phases such as feldspars, micas and amphiboles.
However, for the Olympic Damn breccias, a plot of Ga/TiO; vs Al203/TiO; (Appendix 6)
shows abundant scatter illustrating that Ga and Al203 have been geochemically
Heéouplcd. Ga has been strongly depleted in rocks which show evidence of hematite

replacement of aluminous phases e.g. hematitised granite breccias and hematite-quartz

breccias,.and this feature is consistent with the behaviour of AlO3. Many samples of the
sulphide-bearing breccias show enrichments in Ga (Figure 5.7) suggesting that Ga may
have been introduced. with Cu mineralisation. This is consistent with a'relative

- enrichment of AlLO3 observed in these samples (above).

Vanadium. There is a positive correlation between total Fe content and V/TiO2 ratio

‘(Figure 5.14a),. demonstrating -that V was mtmduced during the mineralisation procless.

100 .

<

The good correlation suggests that V and Fe may have been precipitated by linked

mechanisms, possibly redox- controllcd reactions. RX4533 (sencmsed granite breccia)

"and RX4522 (hematitised gramte breccia) are the only two samples which appear to have

been depleted in V relatlve to the host granite (i.e. they | have V enrichment factors

SIgmﬁcantly below 1; see F]gure 5.7).
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Chromium. Chromium has been introduced during the mineralisation events as the -
corfelation between Cr/TiO» and total Fe (Figure 5.14b) illustrates. This correlation also
suggests that Cr precipitation was controlled by redox reactions. Strong Cr enrichment
(enrichmeht factors up to 125; see Figure 5.7) provides clear evidence for the
involvement of rocks with mafic or ultramafic affinities in providing metals to the
mineralising fluids. Nd isotopic evidence (Chapter 7) leads to the same conclusion.
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. Figure 5.14 Enrichments'in V (a) and Cr (b) are correlated’ with increasing Fe,03
(total), suggesting that deposition of these elements may be controlled by redo7_(

conditions.




Nickel. Ni/TiO3 ratios bear a scattered correlation with total Fe (Figure 5.15) indicating
that Ni has been enriched in Olympic Dam mineralisation. This is consistenf with other

evidence for a mafic input to the mineralising fluids (Nd isotopes, Cr efrichment).

Chloriti_sed granite breccias show a strong enrichment in Ni compared with sericitised

granite breccias (Figure 5.7). Consid_ering the evidence from FeO enrichments (above)
indicating that the chloritised breccias were altered by a relatively reduced fldid, it seems

probable that Ni too was transported in a reduced fluid.
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Flgure 5.15 Ni/TiO, shows_an overall increase with increasing Fe203 (total)
indicating that Ni has been introduced to the deposit during hydrothermal activity.

Zinc The Zn/TiO7 ratio of fresh beby Downs Granite is 50. Most of the breccias
analysed have Zn/TiO; ratios greater than 100 (Appendix 6) illustrating that Zn has been
introduced during the mineralising events. The Cu sulphide-bearipg breccias have higher

levels of Zn enrichment than most of the other samples.

This may be due to the

introduction of Zn in the same fluids as Cu, or it may be primarily controlled by the
propensity of Zn to partition into sulphides. The chlorite- altered granite breccias argmore
enriched in Zn than the sencne and hemadte-altered granite breccias (Figure 5.7 a, b, ¢),
providing further geochemical evidence® of differences between the alteration styles.

5.7 Summary and discussion of major and trace element data

Titanium appears to have been the least mobile element during the hydrothermal
processes which formed the deposit. On the basis of field relationships it is believed that




»

the volume of the deposit was originally occupied by the Roxby Downs Granite. It has
therefore been assumed that all TiO; measured in most Olympic Dam breccias is granitic

in origin and that other elements can be related to TiO7 to determine their relative

mobilities. Enrichment factors were calculated for all elements on this basis.

All of the other elefne_nts for which analyses are available appear to have been mobile
during mineralisation. MgO and Th were remobilised but neither are enriched or depleted
significantly in the spectrum of rock types analysed. The elements which appear to have
been 31gn1ﬁcantly depleted relative to the host granite are:

8102, FeO (largely oxidised 1o FezO3), Ca0, NagO, KzO ALOj and Ga (from

' barren hematitic rocks), Rb Zr (weakly), .

The elements which have been added to the volume of the deposit during ore deposition

arce:

Fe, MnO, P05, CaO (to Cu ores and hematite-quartz breccias) Sr, Ba, Cu, U,
Y, Nb, LREE, V, Cr, Ni, A12013 and Ga (to sulphide ores), and Zn.

The most conspicuous element addition is Fe, almost entirely present as hematite. Sm-
Nd isotopic evidence (detailed in Chapter 7) indicates that the minor magnetite
assemblages are probably cogenetic with the Roxby Downs Granite. Oxygen isotopic
data (Oreskes and Einaudi, 1992) indicate that magnetite formed from relatively hot fluids
(400°C) which were of deep, possibly magmatlc origin. This evidence suggests that Fe
was introduced in a hypogene, granite-related fluid. In view of the fact that Fe is only
transported in solution as Fe2* (Fein et al., 1992), this fluid must have been relatively
reduced and had a high activity of chloride ion (Whitney et al., 1985; Fein et al., 1992).
This indicates that one of the key mechanisms of metal precipitation at Olympic Dam was
the oxidation of aqueous Fe2*. Several of the elements introduced during mineralisation
show enrichments which are well correlated with total Fe concentration, suggesting
precipitation mechanisms closely linked with Fe e.g. redox reactions. These elements
include Cr, V and Mn. The solubility of these elements is strongly affected by their
oxidation state. Cr and V are more mobile in oxidised environments, whereas Mn is
more readily transported as a reduced species (Wedepohl et al., 1969). This implies that
Mn may have been transported in the same fluids as Fe, whereas Cr and V were probably
introduced in an oxidised fluid. Cr has limited mobility in the 3+ oxidation state but is
readily soluble as Cro+ (Wedepohl et al., 1969). The most likely sources of Cr in the
breccias are the mafic/ ultramafic dykes within the breccia complex, or their extrusive
equivalents. These have Cr contents up to 2500 ppm, with Cr now p;edorninantly
present in spinels (Chapter 6). Their more evolved variants may have contained Cr-
diopside. Both Cr phases contain trivalent rather than hexavalent Cr. Although it is
possible that conditions were sufficiently oxidised to convert Cr3+ to Cré+ and thereby
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enhance Cr mobility, with the source rock Ct levels so high, it may also be possible to 104
transport a relatively small. propomon of Cr into the deposit, even with the relatively low
solubility of Cr3+ :

In contrast with those dlscussed above, several of the elements added during ore
deposition show enrichments do not correlate with total Fe, Wthh suggests that their
mechanisms of deposition are not closely linked with the prec1p1tat10n of Fe. These
elements include the main ore metals Cu and U, and La (LREE), Nb, Y, and Ba. This

provides further evidence for the input of hore than one fluid in ore formation. The |

* ‘critical pointin deciding if this represents-evidence to support the "two-fluids" model-of - -+~

ore genesis proposed by Haynes et al. (submitted) is whether there are any temporal
differences for the input of the separate ﬂuids. If all metal introduction was synchronous .
then the "two-fluids" model would seem very appealing. The issue of timing of
introduction of ore components has been addressed by the use of radiogenic isotopes and

1s discussed in Chapter 7. - 2

The association of.elements apparently transported in a separate fluid from Fe (Cr, V,
Nb, LREE, Y, Ba, U).suggests input from mafic-ultramafic source rocks with alkaline

petrological affinities .

5.8 Rare Earth Element geochemistry

5.8.1 Introduction

The Olympic Dam deposii is strongly enriched in the REE, particularly the light REE
(LREE). La and Ce abundances of ~2000ppm and ~3000ppm are common for
mineralised breccias, and the zone of hematite-quartz breccias in the centre of the breccia
complex generally contains higher concentrations of LREE than the surrounding hematitc
breccias (La and Ce mine assay data). This suggests a deposit-scale REE zonation with
the highest concentrations in what Reeve et al. (1990) interpreted as the focus of
hydrothermal activity in the deposit. Oreskes and Einaudi (1990) provided a detailed
study of the REE mineralogy and geochemistry for a selection of Olympic Dam breccia
types. They observed five hydrothdermal REE phases: bastnaesite [(Ce, La)
CO3(F,0H)], florencite [Ce, Al13(PO4)2(OH)g], monazite (Ce, La, Th)PO4, xenotime

- YPO4, and a U-Y-Si-P phase, possibly a bi'itholité_ seriés mineral. The rock types

éxamined by these workers do not include comparisons of the various ore types. They
discussed RE.E distributions in: frésh Roxby Downs Granite, weakly, moderately and
strongly sericite altered gramte granite crackle breccias, strongly hematitised granite,
heterolithic breccias with a range of propornons of hematite and granite clasts, hematite
breccias, hematite-quartz breccias, baritic sediments, and quartz-sericite veins. Their
study revealed that total REE abundances and degree of LREE enrichment increased with
intensity of sericite alteration of the granite, but more importantly with the proportion of
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hematité in the breccias. It was found that the mode of hematite introduction, whether by
formation of breccia matrix or by replacement of granitic feldspar, did not control REE
distribution. Not all hematitic breccias are equally enriched. Oreskes and Einaudi (1990)
concluded that REE concentrations appear to be a function of the degree of Fe
metasomatism and proximity to the geographic centre of the breccia complex. REE
introduction is accompanied by a reversal in europxum anomaly from negative in pristine
granite to weakly positive in altered granite and hematitic breccias. They also observed
that LREE enrichment increases (higher La/Lu ratio) with total REE.

- Thirty two samples of Olympic Dam ores and bréccias have been analysed for REEby

the Neutron Activation technique in the present study. There is some overlap with the"
data of Oreskes and Einaudi (1990) particularly with samples of unmineralised granitic,
heterolithic and hematitic breccias. However, the comparisons between the various ore:

types provide new insights into the processes of REE mobility at Olympic Dam.
5.8.2 Ore samples

5.8.2.1 Magnetite-rich breccias

Figure 5.16A is a plot of the REE patterns of two magnetite-rich breccias from Olympic

. Dam (RX4536 and RX4537) and one ftom the Acropolis prospect, ~25 km southwest of

Olympic Dam (RX4577A). RX4536, a sample of magnetite- 51dente -pyrite breccia with
significant hematite and chalcopyrite rcplacement has a La concentration of ~700X
chondrite, and a LREE enriched pattern (La/Lu = 110) which has a consistent degrcasxng

slope from LREE to HREE (except for the negative Eu anomaly), suggesting coherent

geochemical behaviour for the whole REE spectrum. The pattern for this sample is very
similar to the magnetite ore from the ‘Acropolis prospect (RX4577A), a sample consisting
of 77% magnetite, 15% hematite, 5% apatite, 'lesser quartz and chlorite, and trace
chalcopyrite. It is possible that the partially replaced magnetite breccias at Olympic Dam
are altered equivalents of the Acropolis-style magnetite-rich mineralisation. RX4537 1s a
sample of Olympic Dam magnetite-rich breccia which shows considerably more hematite

‘replacement of magnetite, and chalcopyrite replacement of pyrite than is present in

RX4536. It is therefore interesting to note the higher LREE content of RX4537
compared to RX4536 (Figure 5.16A). It appears that the replacement of -
magnetite+pyrtite by hematite+chalcopyrite was accompanied by enrichment in LREE.

-

5.8.2.2 Pyrite and chalcopyrite-rich ores

Figure 5.16B shows that pyrite-rich hematitic ores have LREE enriched patterns with La
increasing from ~700X to ~3000X chondrite, and La/Lu increasing from ~100 to ~1300
concomitant with a progressive increase in the amount of chalcopyrite rep_lacqnent of

pyrite (cf. Appendix 4; petrographic descriptions). In contrast to the magnetite ores, the
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5.16 continued. Chondrite-riormalised REE dlagrams of Olympic Dam
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chalcopyrite interface. Sample localities for I are shown on cross sccuon in Figure 5.18. -

Nonnahsmg values of Sun and McDonough (1989).

-

REE patterns for these samples have a marked change ir'l gradient towards higher levels
of HREE enrichment than would be expected from the steep-patterns in the LREE. This
suggests that the patterns plotted are the result of superimposing one pattern on another
and this may relate to the replacement of a magnetite-rich by a hematite-rich assemblage.
Petrographic observations of sample RX4529 and RX4531 show that the hematite
contains very ﬁne‘—graiﬁcﬁd inclusions of magnetite suggesting that hematite has replaced
magnetite in these samples. RX4529 and RX4530 also contain abundant siderite, a
mineral common in thé magnetite breccias described above. It is interesting to note that
the flat HREE part of the pattern for the pyrite-rich ores (Figure 5.16B) is subparallel to
the pattern observéd for magnetite-rich breccias (cf.Figure 5 16A). The significance of

the inflexions in the REE patterns is discussed further in Section 5.9.1.

[

In those ore samples where éhalcopy.rit‘c is the dominant sulphide (Figure 5.16C) the

patterns are even more strongly LREE enriched with La values ranging from 5800X to
15500X chondrite, and with a single extreme sample (RX4578) recording the highest

-7 REE concentration yet observed at Olympic Dam (La = ~91000X chondrite). With the

e;éception of RX4578, the REE patterns for the chalcopyrite-rich ores also show an
inflexion towards flat HREE patterns with abundances of Yb of ~70X chondritic values,
again similar to the magnetite breccias. It is apparent from Figures 5.16A, B and C that
LREE-rich minerals were precipitated in greater abundance as chalcopyrite replaced pyrite

* and as hematite replaced magnetite. Figure 5.17 illustrates the corfelation between the

concentrations of the LREE and Cu for pyrite and chalcopyrite-rich ores. From the RE"E




patterns, Figure 5.17, and the paragenetic relationships described earlier, it appears likely ti
that Cu and LREE were deposited in higher concentrations relatively late and that they

were inroduced by linked processes, possibly in the same fluid.
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Figure 5.‘17 Correlation between Nd '(an'd other LREE) and Cu concomitant with
chalcopyrite replacement of pyrite. (Pyritic ores = crosses, chalcopyrite ores = dots,
magnetite breccias = triangles).

5823 Bornite-chal'cocire ores

-

Figure 5.16D shows the REE patterns for the ores which contain bornite, chalcocite or a
combination of the two, as the dominant sulphide species: As mentioned in 5.2.3, these
ores have been variously interpreted as of primary and super‘gené (secondary) origin.

~ Without exception, the REE patterns displayed in Figure 5.16D show evidence-of being
the product of two (or more) superimposed REE signatures. All except RX4513 show
the strong LREE enrichment typical of the pyﬁ'te-rich and chalcopyﬁtc—rich'hcmatitic
ores, and to varying degrees they all show an inflexion toward a flatter, more enriched
HREE pattern than is consistent with their respective LREE patterns. There is
considerable variation in the HREE concentrations, which range from chondrite
normalised values of ~10-30, to ~300. Some of the concentrations of HREE are
considerably higher than those observed in the pyrite-rich-and chalcopyrite rich ores.
REE patterns for samples taken in traverses across the bomnite-chalcopyrite interface
-suggest that there is a systematic increase in HREE concentrations from chalcopyrite ores
to bomite-chalcbcit\e ores (Figures 5.16H and I; cf. cross sectiQ_n, Figuré 5.18).

Interpretations of this enrichment are discussed in Section 5.9.

Figure 5.18 (overleaf) Cross section 586 (marked as A-B on mine-scale plan, Figure
2.1) from Mine Area DNW. Note the location of samples for which REE patterns are

compared in Figure 5.16 1. ,
. . i




o it P

— Wwoot -

<

G e

v

v
80SYXY %
v v

v v v

do ‘

....-..%00
e,

uq,

 ZECLH, SRR

v

|

Anjeoo) ejdweg

sbujuedo euyN

~ soeuelul

(eluAd¥F) wE>aoo_m.;o - Am:oosm:oﬂ sjwog

bonesieieuiw (wnwein¥) Jeddod (sLe<Apsow).
apesb 1eubiy jo uopnquisip pesielsusn

‘uonesifesutl (Wnuein¥) jeddos
(%€ 0<) weayubis jo voNQUISIp pestieieuss

seuoz ABBnA

e selnoalq
zZuenb-slewsy pue sei1oo81q siewey ueleg

- selooeIq m:ﬁ&m:
pue §819981q JIjEWSY SIYN|0IeleH

selooalq eluelb pue eyuelb pesily

+




X ' : , o : : 112
RX4513 is depleted in LREE relative to any of the other hematite-rich ormééne{ite-rich

/ “ breccias analysed. It also has an erratic LREE pattern. This sample has an €Nd sig;lature

' : . similar to those of the most altered maﬁc/ultrama c dykes analysed (Section 7.3.2.1 and
7.4.2) which suggests that it may represent a replaced pomon of one of the dykes.
Although the Ni and Cr concentrations of RX4513 do not support this hiypothesis, its
elevated V content (101 ppm) is matched only by the dykes (Appendlx 2). The concave
downward pattern of the LREE in RX4513 is also very similar to ;he LREE in the least ..

T aliered dyke sample, RX4548 (Figure 6.13). "

5.83 Altered gr'imite

Oreskes and Einaudi (1990) observed that as the host granite is pr_ogfessively seri¢itised,
» it becomes more enriched in LREE and loses the negative Eu anomaly found in pristine
e " “granite. From this they concluded that the REE were introduced from outside the volume
of altered granite, implying that the granite was not the source of the mineralising fluids.
. Figu're'5.]6E shows the REE patterns of fresh granite, sericitised granite and chloritised
i’ ' granite samples from the present study. The latter alteration -sty]étwas not investigated by | A
Oreskes and Einaudi (1990). The two samples of intensely sericitised granite breccia ' 3
(RX3698 and RX4533, a goﬂé\l‘e) have markedly different patterns (Flgure 5.16E).
RX4533 has strong LREE eJnrlchment and a slight posmve Eu anomaly compared to the
fresh granite (SS-87; dat#. fof Creager, 1989), whereas RX3698 1 depleted in LREE
S relative to fresh gramte Similarly, the two samples of chlontlsed gramte show both
- Q: N e LREE enrichment (RX3213) and depletion (RX3214) relatlve to the fresh granite. All
samples show HREE patterns sub-parallel to that of the fresh granite, which suggests the
HREE have not been moblle during alteration. The. small variations in the concentrations
of HREE may be primary or may reflect volume changes of the granite during alteration.
The variable LREE patterns within the chlorite and sericite.alteration categories suggest!

-4

SR : ' " that generalisatiolis about consistently increasing LREE with alteration (Oreskes and

'Einaudi, 1990) may be somewhat simpl’istiq"ij's

1

i : : 5.8.4 Unmineralised hematitic brégéé‘ias and &ediments

584.1 Hematité-quartz breccias o )
: iy

IR € The hematite-quartz. breccias in the gcographlc cenre of the breccia complex have been
" described as having higher LREE concentratlons than other hematitic breccias in the
| deposit (Ogeskes and Finaudi, 1990; Reeve et al., 1990). Flgure 5.16F shows REE

patterns for three samples of’ hemame quartz breccias from thm study (RX4501,

RX4502, RX4503) and these are conslstent with the obServatlons of Oreskes and
Einaudi (1990), havmg La concentratlons of ~ 10000X chondrite, positive Eu anomahes

) .

v T

.




,ghe magnetite-ric_h breccias or hematitic ores discussed above.

RX4503 is a samplc of stuongly sﬂlclfled hematite-quartz-freccia. Quartz occurs
~ interstitial to, and possibly replacing some hematite. The REE pattemn is-parallel to, but
somewhat below, RX4501 and RX4502 suggcsnng thit the intselduction of silica into the

rock has simply diluted the REE concentration. The absen e of any change in the REE
. trend resultant from s:hc1ﬁcat10n suggests that the ﬂu1ds causing this altcranon did not
_introduce REE, and may be interpreted as an. 1nd1<;at10n that mhqﬁcanon is not relatcd 10

2]

i )the pnnmpal ore forming fluids.

&

5842 Heman'u'c breccias and sedimentad rocks

A ) .
‘The REE patterns for four hematitic rock units which lack significant economic

mineralisation are shown in Figure 5.16G. RX4510, a sample of leached hematitic
breccié from Mine Area DNW shows a LREE-enriched pattern but hasia very marked
mﬂean towards high HREE concentratidns. This sample is from ~10m l?clow the
unconforrmty, above the bornite-chalcocite ore zone from which RX4513 and RX4463
were taken. It shares the strong HREE enrichment evident in the latter samples, but
missing from the underlying pyrite and chalcopyrite ores {cf. ore proﬁic Figure 5.18,
Figu;c 5.161). This suggests that the observed HREE-enrichment is a feature genetically

associated with stratigraphic position. It may be related to the event which caused the

leaching in RX4510. However, it_'might also reflect a coeval but distinct,

stratigraphically higher geochemical domain than that in which chalcopyrite ores were

deposited.

. RX4509 is a barren heterolithic breccia from Mine Area DNW from the same ni@nc.cross-
section (586-0_0; Figure 5.18) as RX4510 .- It shows a steep LREE enriched pattern, a

n

" positive Eu anomaly, and a slight inflexion towards higher HREE. Although this sample’

is also from above the bornite-chalcocite ore zone, it does not show the same leached
texture (vuggy hematite, oxidised sulphides), or strong HREE enrichment as RX4510.

RX4505 (Figure 5.16G) is a sample of strongly silicified heterolithic breccia and it has a
REE pattern similar to those of the hematite-quartz breccias (cf. Figure 5.16F). RX4514
is a sample of laminated hematite-quartz sandstone. It contains both clastic hematite: and
finely bladed interstitial hematite, and its finely laminated texmze attests to deposition in a

relatively quiescent environment. These characteristics hav&led to the interpretation that.
this rock unit'was dcposned in a lacustrine environment 1ﬁ? the crater zone of thc venting .

hydrothcrmal system Its REE pattern is very different to any yet recorded at Olymplc

- Dam. Itis very. steep for the LREE and has a convex upward shape for the HREE. A )

plausible explananon for this pattern 1S is that it was ongmally similar to the host granite

and very high La/I:L; ratios (7000). The HREE concentrations are markedly lower than in HS




.;i

”

S
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pattern, underwent a depletlon in LREE and was subsequently exposed 1o an extremely
fractionatéd (LREE-enriched) fluid.

5.9 DISCUSSIOH' - ,
5.9.1 Two fluids involved in ore genesis: REE evidence

The paragenetic relationships described Section 5.2 provide pefr‘ogz:aphic evidence tﬁat
the magnetite-siderite-pyrite assemblage may have been a precursor to hematite-

breccias. REE pat;ei;nS' for relatively unhematitised magnetite-rich breccias show
consistent slopes from LREE to HREE, indicative of formation by a single progess or
from a single fluid. Samples which have remnant magnetite inclusions ‘within hematite
have inflexions in their patterns, with LREE enrichments, but HREE patterns too
enriched to be consistent with the slope of the LREE. The HREE patterns are similar to
those observed for magnetite-dominant breccias. These inflexions are interpreted to

~ result from the superimposition of two REE patterns.

This superimposition of REE patterns lpresumably relates to the observed
hematite+chalcopyrite replacement of magnetite+pyrite, and it could be produced in
several ways. If one assumes that the REE patterns of the whole-rock samples reflect the
relative proportions of the REE in hydrothermal fluids (see below. for converse ca’se),

then the inflected patterns provide evidence for the involvement of two fluids’with

different REE patterns. Considérihg the paragenetic relationships, the fluid richer in__

HREE would be that responsible for magnetite precipitation, and the fluid enriched in
LREE would be the more oxidised, prccipitating hematite and chalcopyrite. The
ﬁrelauvely late precipitation of hematite and chalcopyrite may result from a significant
temporal difference in the activity of the two hydrothermal solutions, but could also result
from the early dominance of a reduced fluid and late dominance of an oxidised fluid in a

two-fluid mixing regime.-

It is important to note that it may not be valid to assume that ‘the‘ REE patterns of the rocks
reflect th_é relative proportions of REE in the hydrothermal solutions. There is a strong
possibility that precipitationtonn"oiled REE fractionation occurred, governed by the
crystallographlc properties of the minerals deposited. If this is the case, the inflected
REE patterns may simply rcsult from the presence of two distinct REE phases; one
enriched in LREE, the other relatively enriched in HREE. Consxdermg the parageneuc

relationships, the implication is that the conditions under which hematite and chaJcopyme'

- chalcopyrite-and -hematite-bornite-chalcocite- assemblages for-many.of the ores.and . .

were deposited stabilised the precipitation of a relatively LREE-enriched phase which had o

not been precipitated under mag'netite-stable conditions, and only a relatively HREE-
enriched phase was precipitated under magnetite-stable conditions. The change in

T




condmons of mineral precipitation from reduced to relatively OdelSCd presumably rclatcs
to the sequential dominance of dlStlnCI fluids. ‘

4
In either of the interpretations above, the inflexions in the REE patterns may reflect the

involvement of two fluids in ore genesis. To test which interpretation is the more likely it
would be necessary to conduct a detailed study of the variations in REE mineralogy and
mineral\-chenﬁsﬁy,;\i‘r_] the different oxide + sulphide assemblages. This would determine
whether or not the ifiﬂ,exions in REE patterns are manifestations of the presence of two
~ distinct REE phases. Such a study of REE mineralogy is;fbeyond the scope of this project

) ""owing'to't'he'relatii;ely late stage in the project at-which-the whole-rock REE data-were. - . ..

abquiréd.

Many samples of other hematitic breccia types also show LREE enrichments, inflexions
in the middle REE, and flat HREE patterns similar to those of the magnetite breccias.
This agaih provides evidence of two superimposed REE patterns, even though there is no
" visible evidence of remnant magnetite. For the same reasons as discussed above, the
. inflexions in the REE patterns are therefore regarded as evidence of the involvement of

two fluids in ore deposition.
5.9.2. Alternative hypotheses for involvement of two fluids

The involvement of two fluids in the genesis of hematite- chalcopynte ores at Olympic

Darn implies one of the following two general models:
o

A) That there were two separate hydrothermal events, ‘one which produced the
magnetite-siderite-pyrite assemblage, and a later event which oxidised the magnetite

to form hematite, and introduced Cu, U and LREE.

B) That the magnetite-rich and hematite-rich assemblages formed in essentally the
same event from the mixing of twd fluids, one reduced and one relatvely oxidised.
In this model the paragenetic relationships and degree of replacemenvobscr\;cd
would be functions of the changing ratios of the two fldids in a variable mixing

regime.

It is interesting to consider thé REE systematics of the bornite-chalcocite ores in this
regard because these require a choice between similar competing models. In Section
5.8.2 (Figures 5.16 A to D) it was established that the bomltc chalcocite ores are more
strongly enriched in HREE than the other ore types analyscd The HREE c:nrlchment of

the bornite-chalcocite ores relative to chalcopyrite-rich ores can be interpreted in two
ways: '

y N | .
1) Bornite-chalcocite ores are secondary and formed by the modificgtion:of a pre-

"

exi.sﬁng chalcopyrite-rich ore by a HREE-enriched fluid.
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2) HREE enrichment relaics to the enhanced precipitation of a HREE-enriched
phase in the bornite-stable field of a hydrothermal system where bornite-
chalcocite ores and chalcopyrite ores were deposited contemporaneously (1 e.
both primary ore types). In this model the two ore types reflect different sets of
physicochemical conditions and the sulphide in'terfaée represents a geochemical
front.

L 4

Option 1) may equate to the model of supergene Weathering and enrichment origin for thc

bornite-chalcocite ores form as a "blanket” by the downward incursion of oxidised low
temperature groundwaters which leached metals from chalcopyrite-rich ores and
reprecipitated them at the redox front at the base of their penetration. The presence of
clasts of ‘bornite and/or chalcocite and of bornite-chalcocite ore in the bréccias is

inconsistent with this model. These indicate that bornite and chalcocite were being

precipitated during formation of the breccia complex rather than in a weathering
environment well after primary Cu-mineralisaton. Option 2) above is therefore a more

likely explanation of the HREE enrichment in the bornite-chalcocite ores.

Opton 2) 1s directly analogous to model B) preSemed above for the LREE-erinchment of
hematte-chalcopyrite ores relative to magnetite-pyrite ores. - The genesis of all three
sulphidef ore types, and their REE systemnatics, can be explaihcd by a model wherein they
represent coeval precipitation due to the mixing in different proportions of two fluids. In
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- bornite-chalcocite-ores-proposed. by. Oreskes and Einaudi (1990). _In_this model, the o

other words, a single mixing event could have generated all of the principal ore -

assemblages observed in ahy given breccia body. This is the model proposed by Haynes
et al. (submitted) on the basis of geochemical modelling. The alternative to this is a two-,
or possibly three-stage model in which a primary magnetite-pyrite producing event is
overprinted by a second event producing a hematite-chalcopyrite assemblage; the bornite-

chalcocite-rich assemblage may have been coeval with the hematite-chalcopyrite-

assemblage or may represent a third overprinting event. In this scenario, all three

mineralisation types may still represent different stages of the same overall (regional
scale) thermal event. The errors associated with the zircon ages determined in Chapter 3
allow as much-as ~8 million years for temporally distinct stages of mineralisation to
devélop (1588 + 4 Ma for the host granite; 1592 = 8 Ma for RX3222, the most precise

minimum age constraint).

The 6hr6nologica] relationship of the deposit with the Gawler Range Volcanic event and
the ihtérprctcd subvolcanic setting.for mineralisation permit the two-fluids model as
proposed by Haynes et al. (submitted). There is abundant field evidence for multiple
episodes of brecc1anon affecting various parts of the breccia complex, e.g. breccias

containing clasts consisting of pre-existing breccias. This attests 1o a variable and




dyqanﬁc fluid mixing regime where the hybogenc fluid involved in the brceciatic;n meets

could wgkrefore have undcrgoﬁe considerable variation at any given locality as hypogene
pulses waxed and waned through time. This provides a plausible means by which to
create the sulphide zonation pattern, its convolute morphology, and the paragenetic and
REE gcochemlcak relationships observed. However, it must also be recognised that the
chronological and geological relationships (above) also aﬂc;w the possibility of temporally
distinct fluids that are manifestations of the same regibnal thermal event.

5,93 Relattonshtp between hemafite-quartz brecéias “and “bornite

chalcocite ores: Evidence from zone morphology, REE and other elements

In the centre of the breccia complex the bornite-chalcopyrite interface descends steeply,
mimicking the margin of the central hematite-quartz breccia zone (Figure 2.3). This zone

'ha§ steep margins and although its deepest limit is beyond the levels of current drilling,

higher in the deposit its lower boundary has been observed to overly more typical
heterolithic breccias. The hematite-quartz breccias are enriched in barite (BaSOg) relative

to the rest of the deposit.

The modelling of Haynes et al. (submitted) suggests that the hematite-quartz breccias are
the product of the extreme oxidation of hematitic breccias by the relatively late downward
incursion of meteoric fluids in the waning' stages of the hydrothermal system. The
morphology of the central hematite-quartz breccia zone, the virtual absence from it of any
silicates other than relict granitic and hydrothermal quartz, and the high concentration of
barite, are consistent with an origin due to leachmg during the descem of a sulphate-rich
fluid. The implication of this interpretation is that the zone now observed in the centre of
the breccia complex, truncated above by the unconformity, is effectively a remnarnt

pendant which may be the lowest projection of a previously more laterally extensive zone

of hematite-quartz rock types which once overlay much of the deposit. The fact that the
bornite-chalcopyrite interface mimics the shape of the present hematite-quartz breccia

zone implies that it formed by related processes. It is therefore important to note the .

complementarity of HREE in the hematite-quartz breccias-(low HREE) and the bornite-
chalcocite ores (high HREE). ‘

-

s -

If the supergene enrichment model of Oreskes and Einaudi (1990) is correct, the
hematite-quartz breccias would probebly represent a zone of wetithering in which metals

were leached from primary chalcopyrite-rich ores; to be reprecxpltated below as bornite-
Chalcocne ore zones. The low levels in the hematite-quartz breccias of relatively less
mobile elements such as Zr and Th, and of the HREE, are consistent with strongly

corrosive leaching. If the "two-fluids” model of Haynes et al. (submitted) is correct and °

the hematite-quartz breccias represent a zone of leaching due to inundation of the meteoric
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meteoric waters. The zone of mixing and the proportions of reduced to oxidised fluid
s




|
]
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* mineralisation events. In this scf

E ‘ a I
fluid following downward retreat of a more reduced hypogene fluid. It is inherent in this 18

model that the bornite-chalcocite ore below the hematite-quartz zone represents
he late stages of, and as a consequence of, primary
12 low:levels of HREE and Zr and Th again relate

) ould be the depositional environment most

remobilisation of metals during

to their enhanced mobility i#
dominated by meteoric fluids.

As discussed in Chapter 3, the hematite-quartz breccias are intruded by several diatremes.
Both of the above models for the genesis of the hematite-quartz breccias have the same
important implication for the date determined on the diatreme tuff (Chapter 3). Both

~ models imply that the bornite=chalcocite-ores below the hematite-quartz breccias formed - .

by the same processes as the hematite-quartz breccias. The date determined for diatreme
activity (1598 + 7 Ma) is a minimum age for formation of the hematite-quartz breccias
and therefore represents a minimum age for formation of the bornite chalcocite ores. This
cannot be reconciled with the supergene model as proposed by Oreskes and Einaudi
(1990) who postulated an origin of bomite-chalcocite ores at an age considerably younger
than 1400 Ma. If the supergene weathering processes invoked by Oreskes and Einaudi

_ are responsible for formation of these ores, these events occurred shortly after 1590 Ma.

5.9.4 Reversal of Eu anomaly

Introduction of REE to Olympic Dam breccias has affected Eu markedly, relative to the
other REE. The négative Eu anomaly observed in fresh Roxby Downs Granite is
lessened with alteration of the granite, and a positive Eu anomaly is evident in some of
the more hematite-rich breccias and ores. The positive anomaly observed provides a
possible insight into the source of the REE for the deposit. In general, REE ions of
higher charge form more stable complexes and are preferentially taken into aqueous
solution (Bau, 1991). This implies that if Eu is present in the source rock as Eu?* rather
than Eu3+, fhc fluid will tend to develop a negative Eu anomaly relative to the source. If
divalent Eu was oxidised to Eu3+ during alteration of the source, no anomaly would
develop in the fluid. Yet Olympic Dam breccias tend towards positive Eu anomalies. If
Eu in the Olympic Dam REE-source was divalent, the only way to achieve the positive
anomaly in the ores and breccias is if the REE-source itself had a positive Eu anomaly.
Similarly, if present in the source as Eu3+, no anomaly would develop in the fluid unless
it was inherited from the REE source. It therefore seems likely that, assuming the
Olympic Dam REE were complexed during transport, the positive Eu anomaly observed
is a feature inherited from the source, possibly due to the selective breakdown of Eu-
enriched minerals (e.g. plagioclasévand/or alkali feldspar; cf. Nash and Crecraft, 1985)
during alteration. This suggests that the source of the REE contained abundant feldspar,
but does not differentiate between a mafic or felsic source rock type. '

4




"5.9.5 Agqueous REE speciation

The plausible ligands available for complexing REE ih‘the Olympic Dam ore forming
fluids include fluorides, sulphates, phosphates and chlorides. The deposit is enriched in
F, SO4 and P20s, and the fluids were undoubtedly enriched in ClI- ion to be able to
transport abundant Fe (Whitney et al, 1985). The stability consfents of REE complexes
of fluoride, isulphate and phosphate anions increase with increasing atomic number
(Wood, 1990) such that these complexes preferentially take. HREE into solution:

. Therefore, if any. of these. hgands were the principal transporters of REE at Olympic

Dam, it mprobable that prec1p1tat1on of REE minerals involved considerable fractionation
of the REE. Without strong precipitation-controlled fractionation it would not be possible
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.to achieve the extremely LREE-enriched patterns observed in the ores and breccias.

However chloride REEycomplexes have stability -constants which decrease with
increasing atomic number, such that they fracuonate LREE into solution (Wood 1990).
If chlorides were the main transporter of REE it is possible that the observed REE
patterns of the ores and breccias could be produced without 51gn1ﬁcant fractionation of

the REE during precipitation. ‘ ?
5.10 Conclusions
The main conclusions of this study of the geochemistry of the Olympic Dam breccias are:

1) All elements analysed except TiO7 and Zr show clear evidence of mobility during

ore genesis; in Some cases mobility is extreme.
2) Mass transfer was dominated by the addition of Fe.

3) Enrichments of Cr, Ni and V in the breccias suggest the involvement of a mafic/

ultramafic source component in ore genesis. The reversal of the negative Eu anomaly -

of the host granite to a slight positive anomaly in many breccias suggests a feldspar-
rich (possibly plagioclase-rich) source for the mineralising fluids. This is also

" consistent with derivation of some of the ore metals from a mafic source rock.

4) A saiine, relatively reduced fluid is required to transport iron into the breccia
complex (as Fe2+). Thermodynamic modelling (Haynes et al., submitted) suggests
that such a fluid is unlikely to transport significant U, and the lack of correlation
. between the enrichments of these elements suggests that they were not transported
together. U is mobile in oxidised environments, and.the U cphccntran’oﬁ data
correlate with Cu. Both of these ore elements were probably introduced to the deposit

in a second fluid during or after Fe introduction.

v




5) Nb, Y, LREE and Ba enrichments also show no correlation with Fe, which

suggests that they too were transported in a separate fluid from iron. Correlation

between La and Cr enrichments, and Nd isotopic data (Chapter 7) indicate i

contribution from a mafic/ultramafic REE source. This point, cofnbined with the
element association indicated as being transported separately from Fe (i.e. Cu, U, Y,
Nb, Ba, LREE, Cr, V), suggests that the mafic/ultramafic source component may

120 -

have had alkaline dffinities. Altered, alkaline, mafic/ultramafic dykes are observed

within the deposit (Chapter 6).

T.6) .LREE-enrichment accompanied"hematit;e + chalcopyrite replacement of magnetite +
" pyrite-rich “breccias.” 'Bor'nite'-‘ch'alcotite"orés are enriched in "HREE relative to

chalcopyrite-rich and pyrite-rich ores. These observations can be interpreted either as
ev,idéhcc for up to three temporally separate stages of ore formation, or as
mé;xifestations of a single fluid-mixing sysfem. The alternative interpretations are
discussed in Chapter 8 in view of the data presented in Chapters 6 and 7.
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6 MAFIC/ ULTRAMAFIC INTRUSIVE ROCKS

6.1 Introduction

Three suites of igneou‘s intrusive rocks are present within the Olympic Dam deposit: -
1) Altered porphyritic fe151c dykes | | ,

2) Relatxvely unaltered dolente dykes -

3). -Altered’ aphync to rTllCTOpOl’p‘hyrltlc dykeSOfm?aﬁc/u]n'afnaﬁcfa_fﬁmf)T (see below). T

_The petrography and geochemistry of the porphyritic felsic rocks have been discussed by

Bradbury (1988) and 'brieﬂy in Chapter 3. Their U-Pb zircon ages coupled with
petrographic and geochemical similarities indicate that these dykes are correlatives of the
Gawler Range Volcanics (see Chapter 3). Bradbury (1988) also discussed the dolérites
in detail. These are quartz tholeiites which have been imerpretcd as correlatives of the

‘Gairdner Dyke Swarm (Bradbury, 1988; Creaser, 1989), an extcnswe suite of north-

northwest striking dykes that occur throughout much of the Smart Shelf. The dolerites
are considerably younger than the main mineralisation events at Olympic Dam (500 to
700 million years younger; see Section 7.3.2). Thcy are’ thcrcfore not relevant to
Olympic Dam ore genesis, except perhaps as a heat source for minor remobilisation of
ore components. The petrogenesis of the ddlerites has not _‘been investigated in this

study. W

q.

The mafic/ultramafic nature of the altered aphyric/ microporphyritic dykes in the deposit

has been documented by Bradbury (1988). These dykes are;of special interest because
the Nd systematics of the breccias and ores strongly imijly that the ore fluids had
interacted with a mafic or ultramafic source at 1590 MZ‘l (discussed in Chapter 7).
Because primitive mantle-derived rocks are implicated in Oj&/mplc Dam ore genesis, it 1s
prudent to examine the petrogenesis of the the maflc/ult{\amaﬁc rocks intruding the
deposn in some detail. Unless otherwise specified, dykes refc;fred to in the remainder of

this chapter are the mafic/ultramafic types.

6.2 Field relationships o ‘g

The mafic/ ultramafic dykes are interpreted to h 2
'‘Bécause they cross cut

ff 3s possible that dyke

emplacement spanned much or all 6 The bre cia
Olympic Dam Breccia Complex and that-only tf
preserved. The dykes occur as both coherent




A) Coherent dyke with typically irreg\ular

Plate 8. Altered mafic/ultramafic dykes.
d changes in dyke width over short

ding hematitic breccias. Pronounce

morphology intru
allrock fractures suggest 4 low "viscosity
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magma.

B) Fragmental dyke sho
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ures, interpreted to result from
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morpholggle f the coherent dykes are generally irregular. They have very fluidal 122

textures and delicate apophyses where the low viscosity magmas have exploited fractures
or unconsolidated zones in the wall-rock. The dykes pinch and swell over very short
distances, ranging in width from centimetres to approximately one metre (Plate 8).
Partial assimilation of fragments of wall rock is commonly observed, but marginal
contact metamorphism is rare. The fragmental dykes occur as wispy tufﬁ‘s,ites indicative
of emplacement of magma into wet, unconsolidated breccias. Juvenile tufﬁsitelfragmen‘ts
occur within several diatreme zonés (see Plate 1; described in Chapter 2). The apparent

low viscosity of the magmas is consistent with a mafic/ultramafic character. |

~6.3 Petrography

The dykes are inVaﬁably strongly altered to sericite and chlorite. Petrographically, their

general mafic affinity is discerned by the presence of chromian spinels and
pseudo‘mdrphwiq' euhedral olivine (Plate 9; also Bradbury 1988).

Six coherent dykes were sampled for this study (RX4539, RX4543, RX4546, RX4547,
RX4548, RX4566). The'roék textures are variable and it is difficult to discern whether
the differences result from rﬁagmatic evolution, hydrothermal altération, deformation, or
any combination of these. Primary textures are best preserved in RX4548 (Plate 9).
‘This sample contains abundant chlorite + serpentine+ sericite pseudomorphs after
euhedral "hopper" olivine. Olivine crystallised both as phenocrysts (up to 1 mm) and as
a groundmass phase. The groundmass contains numerous tabular aggregates of chlorite
and sericite that may represent former fe]dspar\and/or clinopyroxepe crystals. The
remainder of the groundmass consists of fine grained intergrdwths of chlorite + sericite +
quartz.. The only primary minerals present are chromian spinels. ’These are observed as
euhedral inclusions (<5 um to 10 um) within former olivine (Plate 9) and within the
groundmasé. A weak groundmass foliation in this sample is defined by aligned
phyllosilicates. The foliation "wraps" around the pseudomorphs after olivine. It is
difficult to determine whethér it mimics a primary flow alignment of microlites, is a
product of weak shearing, or reflects a degree of dissolution and volume reduction during

alteration.

RX4543 shows’a higher degree of deformation and hematite alteration than RX4548, but
has many textural similarities, including pseudqrrjorphs of olivine, feldspar, and possibly
clinopyroxene. In many cases sericite + chlorite pseudomorphs after olivine are elongate
due to stretching during shearing. The shear fabric is defined by-a preferred orientation
of the sheet silicates in the groundmass, by hematite alieration along grain boundaries,
and by the elongate (former) olivines. Spinel 'occurs as fine inclusions (5~10 pm) in

~ olivine pseudomorphs and as discrete phenocrysts (30-50 um).
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RX4546 and 4539 both show pseudomorphs after olivine and tabular feldspar/

‘clinopyroxene 'in rocks now dominated by quartz and sericite. In RX4546 olivine has
been replaced by aggregates of polygonal quartz grains. Spinel inclusions are present
o wﬂhm the quartz |

Unlike the other samples, RX4547 and 4566 show no textural evidence for pre_-existing‘

olivine. RX4547 is a felted mass of fine grained (<5 pm) sencne ~ Weakly defined. "~

tabular aggregates of sericite may reflect former feldspar microlites. A distinct foliation is

"~ defined by ahgned phyllosilicates and veinletsof hiematite. "It is possible that the primary ~ -~~~

texture has been largely obliterated by deformation.

RX4566 contains many grains of quartz with undulose extinction, probably derived from
assimilated granite fragments. The presence of clusters of zircons within sericite is
consistent with this observation. No pseudomorphs after olivine were observed.
Hematite has almost entirely pseudomorphed abundant euhedral 200 pm magnetite
phenocrysts. “This suggests the pristine composition of the dyke from which RX4566
was sampled was more evolved than the compositions of those containing Cr-spinel.

6.4 Spinel chemistry

Spinels are the only potentially primary igneous phase preserved in these rocks. The :
spinel chemistry has been examined in an attempt to place constraints on the composidoné ‘
and petrogenetic affinities of the parent magmas. Electron probe analyses are tabulated in
Appendix 8 which includes unpublished data supplied by Olympic Dam dperations. “The
range in spinel compositions is illustrated in Figure 6.1. The spinels are rich in Cr203,
typically with 50 to 60 wt% Cr203 and Cr# (100Cr/[Cr+Al]) >65. They have low TiO2
concentr;tions (generally <0.3 wt%). The main compositional variation is in the Mg- )

Fe2+ dimension of the spinel prism (Figure 6.1).

Evans and Frost (1975) documented chromites of metamorphic origin in rocks from Italy
and the USA. The only occurrences of spinel with Cr203 contents as high as the
Olympic Dam dykes were in rocks of amphibolite (and higher) metamorphic grade,
conditions which are clearly not relevant for the Olympic Dam rocks. It is therefore
considered extremely unlikely that the the Olymplc Dam spinels are of secondary origin.

When the spinel data are plotted on a diagram of Cr# versus Ti# (lOOTl/[T1+Cr-PAl]} a
trend of decreasing Cr# and increasing Ti# is evident (Fxgure 6,2). Itis temptmg initially
to interpret this as a magmatic evolution trend suggestmg that the dlffercnt dykes 'were
emplaced at different stages of evolution of th&fparent magma source. ‘The most evolved
spmel compositions are from sample RX4546 taken- from a dyke ‘within"a late srage
diatreme (Vl on Figure 2.2). This dyke is therefore one of the la;est mtruswes in Lhc




F lgure 6. 1. Olymplc Dam spmel compositions represented on the spmel ’
prism (after Haggerty, 1976) The dominant variation is in the Fe" Mg
dimension.

" Chr= chromite (FeCr204); Her= hercymte (FeAl7O4) Mt— magnetite
(Fe304); Mf= magnesmferrr&e (MgFe204) Mg- Tit= magnesiotitaniteé ‘
(MgTiO4); Pc= picrochromite (MgCr204) Sp— spmel (MgA1204) Usp=
ulvospinel (Fe2Ti04) _ _ o
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Flgure 6.2: Cr# versus Ti# for Olymplc Dam spmels showmg a magmatic evolution
wrend of .decreasing Cr# with inicreasing Ti# (see discussion in text). The trend suggests _
that the different dykes were emplaced at different stages of evoiunon of-the pareht
magma chamber .
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| spmel compositions are consistent thh ﬁeld rdatlonsths of the dykes.

Two"samples (RX4543 and RX4548)"show signiﬁcam "within sample” variability of
spinel COmposmons (Figure 6. 2) ’"I/‘,hls nryy be due to heterogeneous reequilibration of
spmels or to hydrothermal a"lterauon Roeder and Campbell (1985) and Scowen et al.
( 1991) have demonStragEed that subsohdus rc?eanh{ranon can cause spmels in mafic rocks
to become richer in Ti and poorer 1%Cr contént. HowevemScowen et al, (1991) also
suggest that:liquidus chromite compositions may be preserved in rapldly qgenched
"materials. The O]ymplc Dam dykes are rapldly quenched intrusives. The within-sample
vanablhty of spmels in RX4543 and RX4548 may also be dué to hydrothennal alteraton.
K,lmball (1990) demonstrated that hydrothermal alteration can lead to significant 1 increases
" in Cr# of spinels by removalof Al, which istaken up by aluminous alteratidn phases
uch as chlorite. She described changes in Cr# from ~20 in unaltered spxnels to ~80 in
fi. Efearly the relatlvelx, minor vanabxhry of Cr# in

. \

. R,X4543 and RX4548 could be® caused by aJteranon e

s

‘ T'hls raxses questions about whethgr the Cr# ‘and Ti#-ratios plotted in Figure 6.2 are close

o 1o the prlmary Glgﬁéﬁls) values foﬁzn; of the samples One important factor- suggests
- . that most of them are: under most circumstarices Ti-and Cr are both hkely to be relatively.

) lmmobxle and remain as residual elements in spmels during alterauop If this is.the case,

then alteranon of spmel by removal of Al (e.g. Kimball, 1990) should result in a posmve B

. orre auon between Ti and Cr concentrations. This is pot observed. The magmauc
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If 'sourced from anhydrous mantle, a magma-produced above 1500°C would have an 127
' MgO content greate{ than 25 wt% ((fampbell and Murck, .in press). This high MgO
l . . _ _content and temperature are unl{kely fO{ Proterozoic melts; the highest MgQ-conten{
[ ‘ : kr_19wn for post-Archaean melts (estimated for a primary magma) is 22 wt% (Campbell
and Griffiths, 1992). It is therefore believed more likely that the implied high MgO of the
melts is a-function of yolatile-ﬁch partial melting (e.g. in a soutce appropriate for the
generation of lamproites, kimbe;lites, lamprophyres, or subduction-related basalts and
picﬁtes). This possibility is discussed further in Section 6.6. . The low TiO2 contents of

the sp'm@:ls suggest cr;)sta._llisétion from a low-Ti melt (< 1.%).

Several spinel'samples have elevated ZnO contents, particularly RX3652 (4-6 wt% ZnO,;

see also 3215, 3261, 3632). -The spinels from RX4548 contain significant MnO (up to

2%). Rock (1991) suggested that magmatic spinels with ZnO > 2% and/or MnO > 2%.

are diagnostic features of lamprophyres. Meyer and Boyd (1972) reported éleVated Zn0O

and MnO in spinel inclusions within a single diamond from Sierra Leoﬁe. Given- the

" evidence presented above that the MgO and FeO contents of the spinels have been

:;fféctc’d by hydrothermal alteration, the concentrations of the oxides' of other divalent

. S cations (e.g. ZnO and MnO) should be interpreted cautiously. \FQr cxémb'lc, the high

- ZnO of some spinels may be due to the uptake of Zn released from olivine as it was

altered to hydrous silicates. Nevertheless, it is possible that ZnO contents as hxgh as ~5

wt % (i.e. RX3652) reflect a lamprophyric affinity.

The Olympic Dam dykes cannot be rcgarded‘ as close analogues of.boninitc's or island arc
basaits because they were emplaced in an intracontinental setting (Giles, 1988).
- However, one furidamcntal petrogenetic feature of boninites and some island arc basalts
"may be comp’arablc: boninites are believed to owe their distinctive compositional '
' characteristics to an origin by hydrous partial melting of a refractory mantle source i.e. a
source that was depleted in incompatible elements by a prior partial mc;ltmg event. The
refractory pdture of the source coupled with melting under hydrou(; condmons has been
used to explain the high Cr, low Ti nature of the rocks (Crawford, 1989). It is possible
* that the éﬁntle that sourced the Olympic Dam dykes underwent similar processes, but in

o . ‘an intracontinental environment, . (
. P | Hetie | .
_ , To surmarise, the spinel compositions suggest that the Olympic Dam dykes may have
L ‘ magmat:tc affinities wnh '
H . ‘)
2 » a)a low Ti variant of an alkalme (klmberhuc or lampromc) rock series,

: §
) b) mafic m’agma derived from a refractory ‘mantle source (bonn_uuc), A

‘¢) ultzamafic magmas from an anhydrous source (ife. komatiites; considered

unlikely), or . C
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. d) alkalic ultramafic magmas (meymechites). '

These options are discussed further (Section 6. 6) in the light of the whole- rock
geochemlcal data presented below.

<

6.5 Whole-rock . geochemistry

XRF analyses of the dyke samples are presented in Appendix 2 and INAA analyses in
' Appendix 3. In Chapter 5 it was observed that Ti and Zr have behaved in a relatively
="~ -immobile -manner ‘during;brccciatibnand'-alteration of the-Roxby-Downs Granite- The- -~ - ~- -
Qear-linear relationship between TiO2 and Zr for the six dyke samples (Figure 6.5a) '
suggests that these elements have behaved in a similarly immobile manner in these rocks,
despite their altered character. Al203 contents range from 11.3 wt% (RX4548) to0 32
wt% (RX4547). .Clearly the higher concentra:ions are extremely unlikelﬂf to be igneous
values. They must therefore result either from hydrothermal introduction of Al or from
the residual concentration of Al203 as other gelements are removed. In this regard it is
interesting to note the near linear correlations of both Ti and Zr with Al203 (Figure 6.5 b
and c). \I'hese correlations suggest that Al has been immobile, and that the high
concentra »ons are due to its residual behaviour during mass loss accompanying .
alteration. This implies very large mass/ volume losses during alteratlon (up to ~60%) in .
order to concentrate Al203 from ~11 wt% to 32 wt%. The only phy«sical evidence that
'may account fpf this is.the foliation developed in some of the dyke samples (Section 6.3).
The residual behaviour of A]203' means that it can be used in a general way as an index
of a.lteranon (higher concentrauon = greater volume loss, i.e. more altered) However, it
is noted that Lhere may have been some variability m’pnmazy A1203 content of the dykes.

Elemental gains and losses during aIteration have been investigated by plotting

element/Ti02 ratios against A1203 (preSemed in Appendix 9); an analogous method to

that used for the breccias (Chapter 5). < These plois indicate that Si, Ca, Mg, Mn, Cr, Nb,

’ ' Cu, Ni, Th, V and Zn have all been lost during’ alteration (usmg data from Krcmarov

- [1987], Bradbury [1988] and this study). The elements that wef.e moblle but which
[ ‘ show no consistent trend of gain or loss over the Al203 range include Na, P, Bz}, Pb,
i Rb, Sr, Y and U. In the case of Na, the lack of consistent trend may be due to its

extensive loss during the earliest stages of alteration (cf. Na20 loss during granite

" . alteration, Chapter 5). Flat elemeny/T 102 versus A]203 trends are displayed by Al, K,

La, Ga and Zr (Appendix 9), suggestmg that they are residual and that they have been oo

, concentrated during alteration.
One sample (RX4548) con51stently has TiO2- normahsed element ratios that form the | . '
least-altered e d-member of the trénds mentioned above (see Appendix 9). It forms the . '
end member for the trends of Sl Mg Ca, Cr, Ni, Cu, Nb, Th, REE and V. -
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RX4548 has the lowest concentrations of any of the dykes for many of the incompatible
elements fepresented in Figure 6.6. It also has the best preserved i 1gneous textures of any
samples exarmned in this study (Section 6.3). This sample is therefore considered to be
the closest availablg approximation to the primary composition(s) (i.e. least altered) of the
dykes and is used below in geochermcal comparisons with various major lithological
categories. The composition of RX4548 and the sense of the gain or loss trend for each
element are presented in Table 6.1.

6.6 Discussion

major element chemistry because even the least altered samplle may have undergone
significant major element mobility and possibly concentrauon changes due to volume
change. However, it is possible to discern a great deal about magmatic affinities by
examining the abundances of the trace elements that show either immobility or a
consistent trend of loss with progressiye altération. For the latter, the element

abundances may be interpreted as minimum values.

Variation diagrams of elements ir’rOl)./mpic Dam dyke15 normalised to model primitive
mantle are presented in Figure 6.6. The first point to note is the strong enrichment in the
incompatible trace elements. In Chapter 5 it ‘'was demonstrated that potassium
me;asomatism is not a feature of Olympic Dam ore genesis. K and Rb were removed
from, rather than introduced to, the volume of the de;poﬂsitt The strong enrichment of K
and Rb in RX4548 is therefore believed to reflect high igneous contents of these
elements, although primary concentrations may ell havg differed from présem
concentrations. One would need to invoke selective metasomatic enrichment of K and Rb
in the &ykes, compared to the remainder of the deposit, to attribute their high levels 10
hydrothermal alteration. The high REE content of RX4548 cannot be attributed to either

metasomatic introduction of REE or to contamination by assimilation of the hematite

" breccia wallrocks because its initial Nd isotopic signature (E_Nd.l»590 = +3.7) is in stark

contrast. to the ore signature, (ENd1590 = -2.5; it is demonstrated in Chapter 7 that the
signéture of“+3.Z is unlikely to result from any later isotopic resetting events). The shape
of the REE pattérn for RX4548 thcrcforg: can be. regarded as primary.

»

" In the following discussion the mantle- m;rﬁ;ahscd patterns of RX4548 and various other
_rock types are compared. The elements. “of - most interest are those which are generally
/ ‘regarded as less mobile (Tl Zr, Hf Nb Ta, REE, Y and Th). These elements have-
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~It'is not possible to confidently determine the magmatic affinities of the'dykes 'usi:ﬁ g’the

generally smooth and consmtem pattems for the less altered -Olympic Dam samples

(Figure 6.6a), which suggests that- thcy have behaved as a coherent group. This too

suggests that the enrichment in mcompanbles is a primary feature. If it wcyg due to -

aherauon the mantle- normalxsed patterns must represent very uniform alteration and a

[N




. Sample No. RX4548 - gain/loss PY1-74
Rock-type mafic/ Mount
ultmaf.dvke Gunson bas.
Si0y 54.05 loss 46:99
TiOp 0.66 constant 0.76
AlLOn . 11.31 constant 9.53
Fe203 5.84 variable 5.49
FeO 6.60 variable 5.99
MnO 0.25 loss 0.30
- MgO 872 loss 12.62
» CaO 1.62 loss - 8.41
Nay0 0.25 variable 1.36
v KO e 1220 e - IIDOL- gAIDy - 240
P05 0.35 variable 0.26
1 SO3 0.02 - -
S 0.01
H>O% 4.02
H>O- 0.52 -
CO 1.27 -
LOI 2.29 - 5.25
*Cu 0.04 -
Rest ' 0.79 = -
Totl . ' 99.83 99.36
\
Rb ' 75 variable 89
Sr 25 vanable 306
Pb 30 vanable 13
Th 255 loss 6
U ¢ 34 variable 2.5
Wis 139 constant 110
Hf 4.2
Nb 95 loss 6.5
Ta 5
Y 51 _ variable 21
Ni 980 loss 512
Cu 350 loss 15
Zn 745 loss 274
Ga 13 constant 13
Vv 138 loss 223
Cr 2510 loss 1643 .
Ba . 380 variable . 1160
La 116 constant 30
" Ce . 295 constant 55
Pr 384 -
Nd . 175 -
Sm 9407 -
Eu MitsT oL - L
T T3 - '
":ﬁ ) 157 ¢ SN \ ;
‘Ho 22795 - - B
Yb ‘..,»‘5.4,5 SEIPR
Lu oo D41, - SR

Table.6. l‘Geochermcal data for th

Behaviour of elements durin SIve
Al,O3 "gain/ loss diagrams”, 1S indicated in
Gunson potasgium-Tic
dykes given fo; comparison (‘

h basalt (Knutson €
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e lcast altered Olympic Dam dyke sample RX4548.

ral, 1992) of
discussed i secFion 6.6).

ive alferation, as determiined by element/TiO2 vs
column two. Data for one sample of Mount

stmilar age to the Olympic Dam"
REE, Ta and Hf by INAA.
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6.6. Trace element compositions of the Olympic Dam dyke samples

normalised to primitive mantle (values of Ringwoad, 1991). THe patterns in a) show
close similarities for samples RX4543, RX4546, RX4548 and RX4566, with the least

altered sample (RX4548; see text) having the lowest’ concentrations for many of the
elements. RX4539 and RX4547 «(6.7b) have suffered greater degrees of element
mobility during alteration, particularly a strong enrichment in HREE.

.
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constancy of proportions of elements in the alteration products. If the pattern shapes are .

interpreted as primary, the differences in absolute abundances can.be viewed as a
function of volume changes during alteration. The important geochemical features shown

—

by the patterns are: = . ‘ s

1) the strong overall enrich“meni in the incompatible elements,

~2) avery pronounced negative Ti,anomaly, -

3) apr;)nounccd negative ~omaly for and Hf, and




‘-

4) alweak negative Nb anomaly, in contrast to the Ti anomal’g/. .
2

The strong negative Ti anomaly implies a low-Ti melt, the same conclusion made on the
basis of the low TiO7 coentent of the spinels (Section 6.4). :

Changes in element concentration due solely to volume ehanges are likely to be minor in
the least altered sample, RX4548; they should be well below a factor of two

- (corresponding to a volume loss of 50% which is unreasonably high for this sample). ‘At
. high-concen rauons “such uncertdinty can.bé ignored on the mamle normahsed plots\.,,m‘.,,..e B

because comparisons are made on a logarithmic scale. ‘ ,

4

The spme] chennstry (Secnon 6.4) and the high Cr. and Ni content of the least altered
sample RX4548 (~ ~2500 ppm Cr “and ~1000 ppm Ni), imply that the magma had a high
MgO content. It is therefore appropriate to’compare the trace element composmon of
RX4548 with high-MgO rock types such as komatiites. In Section 6.4 the MgO contents
 implied by the spinel Cr203 content (if an anhydrous melt) were considered to be
" unrealistically high for post= Archaean melts. The enrichment of incompatible elements
observed in RX4548 is dissimilar to the depleted signatures typically observed in
komatiitic rocks (..g. Cémpbell and Griffiths, 1992; Sun and Nesbitt, 1978; Gruau,
Cen ' 1987; Jochum, 1991; Collerson, 1991). This provides further evidence that the

possibility of komatiitic affinities is unlikely. It is therefore more likely that the Olympic

Dam dykes were sourced from volatile-rich mantle, and a number of enriched

mafic/ultramafic rock types are worthy of consideration as possible analogues for the

i dykes.

The picrites of the Karoo province (South Africa) are among the most enriched known
(Campbell and Griffiths, 1992). RX4548 and the Nuanetsi (Karoo) picrites are
compared in Figure 6.7. The Olympic Dam dykes are obviousiy more enriched in most
of the the incompatible elements than the Karoo picrites. The other significant differences
are the absenee of the pronounced negative Ti, Zr and Hf anomalies in the Nuanetsi

picrites. Clearly these are not closely analogous to the Olympig Dam dykes.

The only rock types known to have ennchmems of incompatible elements (pa.mCularl

REE) similar to RX4548 are carbonatltes nephelenites and members of Rock's (19%H >L

Y E "Iamprophyre clan", e.g. kimberlites, lamproités and lamprophyres T_he absence of
I : * carbonate-rich dykes and Na- or K- metasomat15m associated with the dykes suggests that

a direct carbon titic affinity is unlikely. Flgur 6.8 illustrates comparisons between the
and average compositions for the rocks of

I incompatible elément compositions of
‘ the lamprophyre clan(data after Rock, 1991). It is recognised that there is a wide range

of composxtzons for rocks that fall into these categonestowcver the average -
o composmons are for large numbers %f samples (846 lamprones, 550 “‘tierhtcs, end 456 / /

r'/‘

: . &
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Figure 6.7. Comparison between thé incompatible element composition of RX4548
(normalised to primitive mantle) and the range for the Nuanetsi Picrites from the Karoo
province in South Africa. The Nuanetsi picrites (data from Ellam and Cox, 1989) are
among the most enriched picrites known. RX3548 is significantly more enriched in

many of the elements plotted.

ultramafic lamprophyres) and are therefore weighted towards the more common
comipositions.” The average compositions are adequate for the purposes of cqmpaﬁson§
of degrees of trace element enrichment. - Trace element abundances in RX4548 differ
significantly from the average lamproi'te (Figure 6.8a). In particular, lamproites are more
enriched in Rb; Ba, K, La, Ce and P, have a stronger negative Nb anomaly than
RX4548, and show no evidence of the pronounced negative Zr, Hf and Tt anomalies
observed in the latter. The Olympic Dam dykes therefore are not readily classifiable as

" lamproites.
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There are close similarities bétween RX4548 and trace element compositions of average

kimberlite, ultramafic lamprophyres (Figure 6.8b).and nephelinites (Figure 6.9). Of the
y to have been relatively immobile in RX4548, Th, Nb, Y and the REE

elements likel
iven above) are at least as enriched in

(reasons for suggesting primary REE patterns g

RX4548 as in kimbeérlites, ultramafic lamprophyres and nephelinites. These average

compositions do not show negative Nb anomalies, but théy do show negative anomalies

4n Ti, Zr and Hf, although these are less pronounced than in RX4548 (see below).

The overall enriched nature of the Olympic Dam dykes is interpreted as evidence that they
yre clan, with close trace

are stroﬁgly alkaline rocks, possibly members of the lamp '
mafic lamprophyres.

&lement geochemical similarities to kimberlites, nephelinites.and

'
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Figure 6.8. RX4548 incompatible elements compared to a) an average of 846
lamproite analyses, b) -an average of 550 kimberlite analyses and an average of 456
analyses of ultramafic lamprophyres (averages after Rock,.1991). RX4548 shows

i imil kimberlites and ultramafic lamprophyres, though it is not
extreme enrichment, similar to kimber e re ol lower

as enriched in Rb, Ba, K, La and Ce as lamproites. :
n text) than each of the other categories

¢oncentrations of Ti, Zr and Hf (discussed 1 an _
' imitive mantle values of Ringwood, 1991).

. plotted (data are normalised to pn
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ure 6.9 Mantlc normalised diagram comparing RX4548 with avcragc nephehmte
incompatible element composition (Wedepohl and Muramatsu, 1979). RX4548 has
similar levels of ennchment for Rb, Th, Nb, K, REE and Y (normalisation values of

Ringwood, 1991 ).

Fig

, -
Rock (1991) insists that nephelinites are anhydrous equivalents of Enonch'iqu:?, a type
of alkaline lamprophyre. More general usage suggests that "nephelinite” encompasses
alkaline, anhydrous and volatile-rich melts produccc{ by a low degree of partial melting of

.a mantle source. They are generally rcgardcd as produced from a somewhat greater.

degree partial melting than is requ1rcd to produce klmberlltes but less than that required
to produce alkali basalts and tholcutes Wegepohl and Maramatsu, 1979, Bailey, 1984.
term is adopted here. The high ZnO content of spinels in RX3652

is'consistent with a lamprophync atmbuuon (Sectlon 6.4;.cf. Rock, 1991)

d 1sotoplc evidence (initial ENd = +4; Chaptcr 7) 1nd1cates that the REE werf;a derived
from mantle with a time-averaged LREE depleted sxgnature This implies that the
nts occurred either shortly before or, more
hkely, at the same time as the melting event that produced the dyke magma. The highly:
atterns (Figure 6.10) combined with the Nd isotopic signature suggest
that the enﬁched melt"was produced : a low-degree pamal melt of weakly depleted

mjle in the presence of residual garnet. The higher

contem of HREE in RX4548.than-in the average compositions of klmberhtes and

ultramafic lamprophyres (Figure 6. 8b) suggests a lower propertion of gamet for the
Olympic Dam dykes than in the source for the otﬁer rock categories. This
than klmberhtes Altcmatwely the relatively

a hlgher degree of 'partial mcltmg for the

source of the
may reflect an origin from shallower depths

high HREE in RX4548 ‘may result from
Olympic Dam dyke magmas th

X
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Flgure 5 10. Chondntemormahsed REE' plot of RX4548 compared to the less altered
of the other Otympic Dam dyke. samples. The REE are strongly fractiona ed implying
derivation, by pattifl’ melting in:the presence of residual garnet. .The REE pattern of:
RX4548 is"Interpreted a$primasy; rather than reﬂectlng alteration by the ore-forming

fluids, . because thé@isotoplc composition of ENd 1590 +3.7 is in contrast to the ores”

' "‘srgnature of -2.5 (Chapter 7). It is illustrated in Chapter 7 that the’ calc,,ulated €Nd1590
value of RX4548 is not influencéd by a later 1sotop1c resettmg event, but probably -
represents a pnmary 1gneous value. . _ o - %
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Ocean Island Basalts, (OIB), Group I (basaltlc) kimberlites - and 1ntracontmenta1 nft
' magmas (nephehmtes and carbonautes) share the charactenstlcs of. nme averaged depleted

. Nd SLgnatures and LREE gtrlchment (Mltchell 1986 Nelson 1987 Sun and-

McDonough 1989; Wllson 1989) In contras%it Group 1 kimberlites.and. lamproites

have negative ENd sxgnatures (Mrtchell 1986) mdrcatmg that ennchment in mcompanbies

u -

;esﬂ.ured well before producuon of the erupted rnelt ' :

&

»

The relattvely low corcentrations of Ti, Zr and Hf in 8X4548 requlre exp}tanon Ig i

the dykes were sourced from.garnet- stable asthenosphenc mantle he. low Ti, Zr and Hf‘
imply that re51dua1 mmerals m the &urce preferentlally retamed,thesc elements furing'a’
 low. percentage artial meltmg episode. Mmerals capablqof suppressmg the /a unt 0
Tr Zr and’ Hf avaﬂable to the melt: irclude rutrle 1lmemte *Chnopyro)‘(ene, utanate

v mmerals klmzeymc garnets and cnchtomte senes mmer;ﬂs (Mltchz_l\ 19567 'Sun»ﬁand
McDonough (1989) noted that among samples df. OIB and ktmberhtes with La%s50 ppr/n

"It is common to see decouphng and IOWertng of Ti and.Zr (and by tmphcatton HbH from

; their ﬁE of cdrrespondmg mcompat1b111ty Depletlons m Zr and Hf relaﬁve to Sm are
: common in klmberlltes (Sun and McDon.ough 1989) Flgure 6 11! sho*ws that the WA
Néwlands ktmberhte (Group I; Srmth 198373 in South Africa Has pronounced negatm: . / Ty

"\u"

anomahes for Ti, Zr and Hf and a Wea.k negattve‘,N b anoma/],i (data from Mura.matsu
1983 Mtrramatsu and Wedepohl 1985) Theseare attrthfteg ared by RX4548 though
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Figure 6.11. Mantle- normahscd plot of RX4548 incompatible elements compared to a
low-Ti South African kimberlite (Newlands) Note the strong negative Ti, Zr and Hf
anomalies in KM-1, similar to those in RX4548. Data from Muramatsu (1983), and

Muramapsu and Wedepohl (1985).

to different degrees (Eigure 6.11). The depletions of Ti, Zr and Hf in the Olympic Dam
dykes are therefore consistent with a kimberligc affinity.

" An alternativé interpretation for the Jow Ti, Zr and Hf is that the magma was derived from
shallower depths from "refertilised" refractory (therefore prc)bdbly lithospheric) mantle.
The fluid or melt responsible for the re-enrichment of the refractory source is still
constrained to derivation from time-averaged depleted mantle in the pregence of garnet
and possibly titanate minerals. Such a model evokes compén'soris with the petrogenesis
of boninites, one of the rock categories implicated by the spinel geochemical compansons
(SCCthﬂ 6.4). Boninites are thought to form when refractory mantle is later enriched by
fluids/ melts prior to hydrous melting (Crawford, 1989). Figure 6.12 demonstrates that

the concentrations of TiO?2, Zr and Hf in RX4548 are within the range for rocks that have -

been described as boninitic. Foley and Venturelli (1989) reported ultrapotassic igneous
rocks “of similar origin to boninitic rocks" in localities in southeast Spain, the Italian
Alps, Tuscany and Algeria. These rocks occur in a post collisional, subduction-related
setting. Foley and Venturelli (1989) postulated derivation by hydrous partial melting of
peridotitic mantle that had undergone enrichment in LILE after a major depletion event,
but before the melting event that produced the ultrapotassic rocks. Ini this regard it is

interesting to note the sumla.nty of the concave downwards LREE patterns for RX4548 -

and a typical example of the Western Mediterranean lamproites (Figure 6.13; cf. Nixon et
., 1984). These conuast with the more regular patterns of kimberlites. Such
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"Figure 6.12. RX4548 incompatible elements compared to the broad compositional
“field for boninitic rocks. The upper bound of this field is defined by data for
“ultrapotassic boninitic rocks (analysis CL of Foley and Venturelli, 1989); the lower
“bound is defined by data for a boninite sample from Cape Vogel (analysis 2 of Cameron

"et al., 1983). Note the pronounced negative Nb anomalies for these analyses, a T

characteristic of subduction-related magfas. This is not observed.for RX4548. The Ti,

" Zr and Hf concentrations of RX4548 are within the range of boninidc rocks.
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similarities might be taken to suggest that the Olympic Dam dykes have been deréved by
similar processes. However there are significant geochemical and isotopic differences.
The analyses used to define the upper and lower bounds of the boninitic field in Figure
6.12 both show more pronounced Nb anomalies than RX4548. -Coupled riegativ'e Nb
and Ti anomalies are a characterlsuc feature of subducnon related rocks, relative to rocks
- derived from an OIB-type source. The Western Mediterranean lamproites also have ENd

- .signatures reflecting time- averaged enrichment in LILE (typically €Nd = -1 10; _attributed

t0 subducted sedlments of continental derivation; Miichell and Bergman, 1991; Foley and
Venturelli, 1989). In contrast, the initial ENd value of +3. 7 for RX4548 mdxcatqs

derivation from time-averaged depleted mantle. g

The Olympié Dam deposit and the dykes within it formed as part of the Gawler Range
Volcanics event (Chapter 3), an episode of large scale melting of continental crust
resulting in bimodal volcanism (dominantly felsic). The regibnal thermal event has been
interpreted as the result of diapiric upwelling of mantle material (i.e. a mantle plume) in
an intracontinental setting (Giles, 1988; Creaser, 1989) at 1590 Ma causing incipient
rifting. This tectonic setting is inconsistent with derivation of the Olympic Dam dykes by
the subduction-related processes of boninite petrogenesis. On the other hand, ’lcimberliu'c
magmatism in South Africa has been correlated with plume activity by the palaeo-tracks
* of South Atlantic hotspots, and by comparisons of trace element signatures bctwcén
kimberlites and their "matching" OIB hotspots (le Roex, 1986). The balance of evidence
therefore suggests that boninites, as subduction-related rocks, are not an appropridte

analogue for the Olympic Dam dykes, but kimberlites and rocks formed by similar,

possibly plume-related processes are. Nephelinites are often associated with

intracontinental rifts (eg. East African Rift). As such they too are plausible analogues for

the dykes.
6.7 Rock-type: ' the difficulty in classifying Olympic Dam dykes

The available trace element, Nd.isotopic, and spinel chemistry data indicate that, of the
possible affinities discussed, the Olympic Dam dykes bear closest similarities to Group 1
kimberlites and nephelinites. However, they cannot have had kimberlitic major element

ompositions unless there have been large mass.and ‘volume losses accompanying
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jilteration even for RX4548, the least altered samplé. Kimberlites have high MgO and

low Al203 contents (typically 17-30 wt% and 2.5 to 5 wt% respectlvely, Mitchell,
1986). By comparison RX4548 contains 9 wt% MgO and 11 wi% Al203. The
MgO/TiO2 versus Al203 diagram (Appendix 9) shows a trend of MgO loss with
increasing alteration. If this trend is extrapolated back to an "unaltered” 5 wt% Al203

(reasonable for kimberlites), the corresponding MgO content is within the 20-30 wt%

range i.e. a plausible kimberlitic composition. If this approximates the pristine
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composition, it necessitates approximately 55% mass loss duﬁng alteration to increase

residual A1203 to its present concentration. There is no textural evidence in RX4548 to -

support such a large mass loss. Furthermore, there is no textural evidence of several
features characteristic of kimberlites, e.g. megacrysts of ilthenite, diopside or rounded

~ olivine (Mitchell, 1986). The olivine pseudomorphs in RX4548 are euhedral hopper -

shapes.which Mitchell (1986) suggests are "rare in kimberlites but common in
lamprophyres, mica peridotites and lamproites". Moreover feldspars, for which there are

Olympic Dam dykes cannot be classified as kimberlites, despite the trace element

similarities. o @

The dykes bear trace element similarities to nephelinites. The average nephelinite
composition of Wedepohl and Muramatsu (1979) contains 11.64% Al203, similar to
RX4548. It is therefore tempting to suggest that the. Olympic Dam dykes may be closely
related to nephelinites. However, the SiO2 content of RX4548’ (~54%) is tpo high to
represent a pristine nephelinite compositiori (~40%; Wedepohl and Muramatsu, 1979). If
the dykes are nephelinites, the high,SiO2 of RX4548_rf1ust reflect alteration processes.

This could result from metasomatic introduction of Si, or its residual concentration as 7

other elements were lost. The gain/loss diagram for 5102 (Appendix 9) suggests the

latter process is more likely.

An alternative interpretation for the high Alej (relative to kimberlites) and high S102
(relative to kimberlites and nephelinites) of the Olympic Dam dykes is that they represent
mafic rather than ultramafic melts. In this case the high Cr203 content of the spinels
»\;ould reflect a refractory mé.ntle source rather than an ultramafic melt composition. This

implies a source in the continental lithospheric mantle. Such a source would require an

injection of heat from below to trigger melting, which is consistent with the plume-related
b

tectonic setting (above). Using this model, the time-averaged depleted Nd isotopic
signature (ENd +3.7 for RX4548; Chapter 7) coupled with the elevated concentrations of
incompatible elements suggests that the lithospheric mantle was enriched by low degree
partial melts (and possibly fluids) of asthenospheric origin during the lithospheric melting
event. The Olympic Dam dykes could therefore represent hybrid melts, with major
element compositions dominated by relatively shallow (lithospheric) mantle, and
ihcompatible trace element compositions dominated by low degree partial melts of garnet-

stable asthenosphere.

‘

g A, - .
It is apparent from the above discussion that it is not possible to rigorously classify the

Olympic Dam dykes in terms of rock type due to the uncertainty of original mineralogy
and major element composition. However, the trace element and isotopic data do place

some constraints on the type and origin of the melt.
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i }508,Sibl€,-pscud0morphs,inRX4548,-arc absent in kimberlites. It therefore seems-that-the - -+
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6.8 , Possible .correlatives = S e

Alkaline mafic magmatism of comparable age is known elsewhere on the Gawler Craton. -
Creaser (1989) and Knutson et al. (1992) have reported potassic basalts (referred to as
picritic absarokites by Creaser) 1nterca1atcd with felsic rocks of the 1590 Ma Gawler
Range Volcanics at Mount Gunson, 100 km.putheast of Olympic Dam. These roks are
less altered than the Olympic Dam dykes and contain ‘phlogopite, relict bhvme,d

"-‘"”c1iﬁép‘}ffdkéﬁé'félk"zili*féla§f)é.'r","jiiléigi&Ia'éé:"éhaEthffiiah"s"}iiﬁél."THéEQih‘éI's’%ii’é'ﬁ'dt""é's'"‘ T

Cr-rich as those from Olympic Dam (Cr203 approx. 20-30 wt%; Cr# 67-82; Creaser,
1989). They have high ZnO and MnO contents which, along with the elevated whole-
rock K, Ba, Rb, Th and U, and essential phlogopite, is con51stem with a lamprophyric
affinity (Rock, 1991). Con51der1ng their similarities in age and geochermcaJ affinity, it is
possible that t_he Mount Gunson basaltic rocks are more evolved correlatives of the dykes
at Olympic Dam. The composition of the least altered sample from Knutsé6n et al. (1992)
is reproduced in Table 6.1 for compzin'son with RX4548. The two;samples show similar -
concentrations of TiOz; Zr, P20s5, and Ga, but also show many differences. Some of

the differences may be primary and others due to alteration (cf Knytson et al.,, 1992).

\

6.9 Summary and implications

It is not possible to be specific in classification of the Olympic Dam dykes due to the
paucity of primary mineralogy. High Cr and Ni contents indicate that they were high-
MgO (ultramafic) melts, or mafic melts derived from refractory mantle. The available
evidence indicates that the parent magma haéi strongly alkaline affinities similar to

kimberlites, nephelinites and ultramafic lamprophyres. It was deriyed from either:

A) alow degree partial melt of asthenospheric mantle in the presence of residual
garnet and a mineral that retains Zr, Hf and Ti, possibly a titanate and/ or Ti-rich

clinopyroxene, or

B) a refractory lithospheric mantle source that had undergone re-enrichment shortly
before or during the melting event that produced the magma (i.e. similar to boninite
petrogenesis but in an intracontinental setting). The enriching fluid/melt is constrained

to have a similar source to that described in A).

Optién A is simpler, and implies that the dykes are closely related to nephelinites (rather
than kimberlites; see Al203, above). Option B is more complex and somewhat ad hoc,

but nevertheless-cannot be discounted. Both models are consistent with the accepted

plume-related tectonic setting of the Gawler Range volcanic event.

Despite the occurrence of the alkalic Mount Gunsonﬁasalts (above), the "non-felsic”
component of the Gawler Range Volcanics is dominat y tholeiitic basaltic rocks which -

-
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Giles (1988) interpreted to be derived from lithosphéric mantle at relatively shallow |

depths (<60 km). These are likely to have been melts produced by the upwelling mantle

plume material that is believed to have caused the large scale crustal melting at 1590 Ma. -

The alkaline mafic/ultramafic intrusives within the Olympic Dam Breccia Complex are not
typical of the Gawler Range Volcanics. Indeed it may be that their localised occurrence is
essential for the formation of the Olympic Dam deposit. Their spatial association with the
deposit provides a potential source for the observed enrichments of REE, Y, Ba, Nb, Cr,

" Ni, V and of course Cu in the deposit (Chapter 5). The isotopic data presented in
Chapter 7 1ndlcate that these rocks have played an important role in Olympic Damore ... ... ...
‘genesis. If lamprophync these magmas are likely to be volatile-rich and prone to

explosive emplacement (e.g. the diatremes within the deposit and possibly the breccia
complex itself). Any fluids exsolved from such magmas may also have had the capacity
to transport the elements listed above. This model, which invokes a contribution from
lamprophyre-derived magmatic volatiles, is in contrast to the "two-fluids" ore genesis
model of Haynes et al. (submitted) who suggest that the involvement of mafic (basaltic)
rocks dominantly through the leaching of a bimodal volcanic pile. Itis important to note
that the evidence for the presence of mafic/ ultramafic lamprophyric intrusions within the
deposit does not disprove the model of Haynes et al. Although volatile-rich
lamprophyric/ kimberlitic magmas are unlikely to form extensive flows within bimodal
volcanic complexes, there may have been more typical "Gawler Range-type"” basaltic
flows above the deposit to provide a leachable source of some of the elements in the
deposit. The "two-fluids" model and the possible role of exsolution of volatiles from

mafic/ ultramafic lamprophyric magmas ate discussed in Chapter 8.
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7 RADIOGENIC ISOTOPE GEOCHEMISTRY

7.1 A‘Introduction\ | . - -

In Chapter 3 the age of the hematite-producing hydrothermal system at Olympic Dam was -

established as ~1590 Ma. - Moreover, from the inferred cogenesis of the bornite-
chalcocite ores and the hematite-quartz breccias (based on HREE geochemistry and

_.complementary. zone morphologies; see Section 5.9:3), the diatreme tuff age of 15978 . .

Ma can be interpre}éd as a minimum age for the bornite-chalcocite ores. This means that
the age of all of the major ore types at Olympic Dam is constrained to be ~1590 Ma. Withg,
this knowlcdgé it-is possible to calculate and compare the initial (1590 Ma) ratios for
other radiogenic isp;dpe systems for all of the ore and breccia types, and that is the
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subject of this chapter. Comparison of iniial ratios between the various ores and breccias

reveals which rock types may share a corimon genesis and which have distinct origins.

Another important issue pertinent to Olympic Dam ore genesis models is the source of ore
metals. From the range of rock types within the deposit and the surroundi.ng region, the
principal candidates for metal sources include the host granite and related rocks of the
Burgoyne batholith, the mafic/ultramafic intrusives within the deposit or their plutonic or
extrusive equivalents, and a regionally extensive red-bed sandstone (the Pandurra
Formation) which unconformably overlies basement rocks over much of the Stuart Shelf
to the west of the Olympic Dam deposit. The involvement of a mafic source rock for the
metals has been suggested by Roberts and Hudson (1983)-and Reeve et al. (1990).
Oreskes and Einaudi (1990) invoked a magmatic heat'squrce and dismissed the Roxby
Downs Granite as a possible metal source on the basis of contrasting REE patterns for
altered and unaltered granite. Oreskes and Einaudi (1992) used flluid in¢lusion and
oxygen isotope data to suggest that the involvement of a surface derjved water mixing
with z; metal-bearing magmatic derived water may have been important to ore genesis, but
.did not comment on the petrological affinity of the magmatic source. The speculation

~ about possible sources of ore metals is investigated in this chapter by isotopic tracing

techniques. -

As discussed in Chapter 5, altered and mineralised rocks of the Olympic Dam Breccia
Complex are strongly enriched in LREE. This makes the Sm-Nd isotope system ideal for
tracing studies, and this system is discussed in parts 7.3 and 7.4 of this chapter. In
Chapter 5 it was also established that Sr was introduced to the deposit during ore
deposition. For this reason the Rb-Sr isotopic systematics have also been investigated
(Section 7.5). The samples analysed are representatives of the lithological categories

used for geochemical discussion in Chapters 5 and 6.

-




7.2 Analytical methods _

A | e
Rb-Sr and Sm-Nd isotopic compositions ‘were determined for 32 whale-rock samp‘les
and one mineral separate. Samples were dissolved using HF and HNO3 in teflon bombs
at 200° C followed by treatment with HClO4. Many Olympic Dam samples were also
placed in bombs overnight at '200° C in 6N HCl to dissolve the h1gh concentrations of
iron oxide minerals. Samples were spiked using 47Sm-150Nd and 85Rb-84Sr tracers.
Samples with very high-REE concentratioris were diluted before aliquots cbntaining ~2ug

-.Nd were spiked in order to-avoid. usmg impracticably. large volumes of spike solution.. .. . .
This.procedure introduces a potential source of error if the sample is not fully dissolved

prior to aliquotting. A clear solution is therefore necessary prior to dllutlon, and data
require careful scrutiny to check that the element concentrations as determined by isotope
dilution are in agreement with determinations by independent methods. Sm, Nd and Sr
isotopi‘c-:‘/ratios were measured using a Finnigan MAT 261 -multicollector mass

spectro
filaments. The 143Nd/144Nd ratios have been corrected for mass discrimination by
normalising to 146Nd/144Nd= 0.7219. The errors quoted for 143Nd/144Nd ratios in
Table 7.1 are as measured, and most vary only in the sixth decimal ptace. However, the
reproducibility of the ratio for the standard "nNd-1" over the year in which the analyses
of unknowns were carried out was ~% 0.000010 (20; n=87), and this figure is theréfore
regarded as a more realistic estimate of the error. This translates into an error in initial
ratios (at 1590 Ma) equivalent to £0.2 € units. Measurements of the La Jolla
“international standard during the period of sample analyses yielded a mean 43Nd/144Nd
of 0.511884 + 8 (20 mean; n=23), the cited error reflects external reproducibility rather
‘than in-run precision. Sample/ blank ratios for Nd were all above 25,000 and most were
above 100,000 and consequently have been ignored. Initial 143Nd/144Nd ratios are
expressed in € notation (De Paolo and Wasserburg, 1976) as deviations from a model

primitive mantle (CHUR) where

(143Nd/]44Ndeample).
[ . 1] x 100
(143Nd/'*NdTcHUR)

ENd =

and (143Nd/144Nd)Tchur = (143Nd/1*4Nd)0cHUR - (147Sm/144Nd)0chur -(eM-1).

T represents any designated point in time. The pre.sent day values used for CHUR are:
143Nd/144Nd =0.51265, and 147Sm/144Nd = 0.1967; The decay constant used for
147Sm is A= 6.54 x 10-12y-1, Regression analysis was performed using the program

"Isoplot” (Ludwig, 1992).
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eter in static mode with samples loaded on Ta filaments and with Re ionisation -




The Sm-Nd data have been presented previously in cc;hfcfence proceedings (Johnson and -
Cross, 1991b) with initial € values calculated using CHUR( 143Nd/144Nd = 0.512638
(Wasserburg et al., 1981; Faure, 1986) rather than the value mentioned above. The
revised €Nd (1590 Ma) vah}es”qﬁoted in this study differ by approximately 0.2 € units

from those presented in Joh‘gson and Cross (1991b). i

Measured Sr ratios were normalised to 86Sr/88Sr = 0.1194. The decay constant used for
87Rb is A= 1.42 x 10-!1y-1. Rb isotopic ratios were measured using.the MSZ mass

_spectrometer (Clement and .,(;@mp_ston,,1972),,with,,sample loaded on Re t'riplé‘f_“llaments_., o

7.3 Sm-Nd systematics °

7.3.1 Olympic Dam breccias'

The Sm-Nd isotopic data for all analyses in this project (including initial 143Nd/144Nd
ratios expressed in € units-and calculated for an age of 1590 Ma) are listéd in TaBle 7.1
and 7.2. The data are displayed in Figure 7.1, a plot of in;tial ENd versus copper
concentration, which illustrates several important aspects of the genesis of the deposit.

7.3.1.1 The "Ore Envelope”

v

Most of the hematite-rich rocks analysed have €Nd-values in the range -2 to .-3 and this
field is labelled as the "Ore envelope” in Figure 7.1. The samples within ‘it have a mean

€Nd value of -2.5 and include four samples of bornite-chalcocite ore, thfee samples of :
chalcopyrite-rich ore, two samples of pyrite-rich ore, a leached hematite breccia, a
hematite-quartz brccs:ia, and a siliciﬁcd. hematite-quartz breccia. The three chalcopyrite-
rich ores, RX4512, RX4542 and RX4508 have initial €Nd signatures (-2.4, -2.3 and -
2.6 respectively) close to the mean value. The pyrite-rich ore samples RX4529 and
RX4531 have values of -3.2 and -2.0, more divergent from the mean ENd value of -2.5
and possible reasons for this are discussed below. The similarity in Nd isotopic
compositions within the ore envelope spans a very wide range of copper concentrations
(~100 ppm to ~175,000 ppm). It indicates that all of these samples share a common
source of LREE and can therefore be interpreted as cogenetic. This has particular
relevance to the comparison between Cu ores and hematitic breccias with low Cu
conccntrationﬁ. In Chapter 5 (Figure 5.17) a positive correlation between Nd and Cu

was illustrated for pyrite-rich and chalcopyrite-rich ores (including magnetite-rich

‘brcccias). This was interpreted to indicate that LREE were precipitated in greater quantity

during Cu-mineralisation than during pyrite precipitation. Considering the observation
that, on a local scale, Cu minerals are often paragenetically later than hematite, the fact
that barren hematite-rich breccias and Cu-mineralised breccias have approximately the
same Nd isotopic signature (Figure 7.1) indicates that the LREE introduced during
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7 —6 o ——Granite-related|

110 100 1000 10000 100000 1000000
Cu ppm
@ heterolithic breccia - - ~m._hem-qz sandstone
+ bornite-chalcocite ore o hem-qz breccia
e chalcopyrite-richore ~ * 4 leached breccia :
» fresh granite A magnetite breccia
o chloritised gran. breccia x byrite-rich ore
m sericitised gran. breccia + silicified breccia

Figure 7.1 €Nd, calculated for 1590 Ma, versus Cu concentration. Note the"
hematitic breccias and ores have similar initial siénatures at ENd =7-2.5 (lz;belled "Ore
envelope"), which indicates a shared source of Nd. The magnetite breccia signature of
-4.9 is indistiguishable from the fresh granite signature of -5.0 indicating that the
magnetite-rich assemblage is cogenetic with the Roxby Downs Granite or other
members of the same batholith, rather than with the hematitic rocks. The contrasti.ng

signature of the hematiic breccias and ores demonstrates the contribution of REE from

a source more primitive than the host granite during ore genesis.

The data plotting between the "Ore envelope” andjljanite-related" fields have hybrid

signatures due to contributions from both the grarite and ‘the ore Nd signatures. A

- single sample of bornite-chalcocite ore has a-more pdsjtive ENd value (-0.3) than the

other samples. Geochemical evidence (high V contents and similar LREE pattern to
the mafic/ ultramafic dykes; Chapters 5 and 6) suggest the sample represents hematite

replacement of dyke material. This explains the distinct Nd signature. Data for all

samples are discussed more fully in the text. b



l ‘ " hematite-precipitation are derived from the same source as the LREE introduced in greater ad
concentrations somewhat later during-deposition of chalcopyrite. Thxs implies that the
. sequential deposition of hematite and Cu- -sulphides is a manifestation of a single evolving
» 'hydrothermal system rather than being ‘evidence of temporally separate overprinting

systems.

I

Four of the bornite-chalcocite ores analysed plot within the ore envelope in Figure 7.1
(RX4462, RX4463, RX4511, RX4559). They have €Nd values of -2.9, -2.8, -2.7 and

. chalcocite ores (single stage versus multi-stage) were discussed with particular reference

o differences in REE patterns between these ores and the chalcopyrite-rich ores. The fact
- that these ores have Nd isotopic signatures similar to the chalcopyrite ores and other
, hematitic breccias is readily explained by a single predominant REE source in a single-
i stage ore genesis. Considering the 1590 Ma age of the bornite-chalcocite ores /
’ (mentioned at start of this chapter; see also Section 5.9.3), if the multi-stage (supergene)
model is correct, modification of a primary ore must have occurred at an age not
resolvably younger (by the present U-Pb zircon methods) than primary ore formation.
The REE geochemical evidence (HREE enrichment) and Nd 1sotopic data indicate that if
the muld-stage model is correct, the enrichment event has mobilised HREE and possibly
LREE, but w1thout introducing LREE from any exouc source.

" A sample of hematite-quartz breccia (RX4502) has an €Nd value of -2.7 (Figure 7.1).
As discussed in Section 5. 9 3, these breccias are interpreted as having formed from
heterolithic and hematitic bréccias which have undergone leaching from above by a
sulphate-rich fluid such that all aluminosilicates have been replaced by hematite, and Cu,
U, HREE, Y, Zr, Nb, Ba and Sr have been remobilised downwards. This occurrea .
either during the waning stages of the 'primary mineralisation events (Haynes et al.,

. submitted) or during a later supergene weathering event (Oreskes and Einaudi, 1990).

The low level of HREE in RX4502 and other hematite-quartz breccias (RX4501,
» - RX4503; cf. Figure 5 of Oreskes and Einaudi, 1990), relative to most of the hematitjc
) ' breccias analysed, may be the complement 61’ the HREE enrichment observed in the
bernite-chalcocite ores which lie below, and mimic in form, the outline of the hematite-
" quartz breccia zone. This implies that the two rock types formed during the same
leaching and reprecipitation processes (Section 5.9.3). Their similarity in Nd isotopic
signarures is consistent with the model of Haynes et al. (submitted) which suggests that
the hematite-quartz breccias formed as the final stage of primary mineralisation. If the
‘ ' ' supergene model is correct, the Nd data imply that Nd was not introduced from any.

exotic source (outside the deposit) during the REE-mobilising leaching event (see

discussion of bornite-chalcocite ores, above).

¥

..=2.2 respectively. In Chapter 5 two competing .models for the origin_of the bornite-.. ... -
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RX4503 is a sample of a hematite-quanz brcccm that has undergone silicification; it has

an €Nd 51gnature of -2.6, the same as that of its un51hc1ﬁed equivalent, RX4502 (see

b s111C1ﬁed breccia”, Figure 7.1). This indicates that the silicifieation process did not

¥ T | remoblllse LREE and i is consistent with the parallel narure of the REEjéncrns for these
two samples (Figure 5.16°F). 7 ‘

A sample of laminated hcmatitc-quanz sandsto_ne (RX4514) has an €Nd value of 27
(Figure 7.1). The fact that this sigﬁaturc is identical 16 those of the ores and other

- hematitic breccias indicates that_these sedimentary rocks are an 1ntegral part of the
deposit, and is consistent with th:‘herpretanon presented in Chaptcr 3 that they represent

the surficial (crater) facies of a venting hydrothermal system:

‘RX4510 is a sample of leached hematitic breccia from ~10m below the unconformity,

and above a bornite-chalcocite ore zone in Mine Area DNW (see cross-section, Figure .
5.18). It has an €Nd-value of -2.4, similar to the Cu ores and other "hcmatitvic breccias

' (Figufe 7.1). Its REE pattern shows a steep LREE wend and an inflexion towards strong
HREE enrichment (Figure 5.16.G). The leaching which has affected this sample may or - -
may not be related to the HREE enrichment (see Section 5.8.4), but it has apparently not
affected the initial ENd value which indicates cogenesis of this rock type with the other

hematitic ores and breccias.

7.3.12 Granite-related signatures

-

One sample of unaltered Roxby Downs Granite and four samples of variably altered
Roxby Downs Granite are plotted on Figure 7.1. The sample of unaltered granite (SS-
87: data from Creaser, 1989) has an initial ENd value of -5, well below the ore envelope.
This demonstrates that the host granite cannot have been the sole source of the REE, and .

- therefore of the mineralising fluids, at Olympic Dam.

- ‘ One sample (RX4536) of the paragenetically early magnctitc-sideﬁte-;;yrite assemblage, .
which occurs in a restricted zone on the eastern side of the deposit, has an ENd value of
-4.9. This is the sa’me, signature within error as the Roxby Downs Granite, suggesting
that the magnetite assemblage is derived from fluids in isotopic equilibrium with the
granite. However, a second sample of magnetits—n'ch breccia (RX4537) has an initia_l
€Nd value of -2.1. This sample shows more extensive hematite replacement of magnetite
and chalcop)lrrite replacement of pyrite than is observed in RX4536 (Plate 7; see also
paragenetic relationships, Section 5.2), and the REE patterns in Figure 5.16.A illustrate
that this overprinting has been accompanied by LREE enrichment. It is therefore believed
that the Nd isotopic signature of RX4537 reflects the LREE introduced during alteration .

' of the sample. To test thisohypothesis, mineral separates of magnetite and hematite were

analysed from a single sample (RX3184; the sample was rg:cqived as prepared mineral
¢ ' ’ .
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" replaced
miineral typically associated with the paragenetically early magnetite. It is therefore

separates and no whole rock analysis has been performed). The hematite écpmte has an

ENd signature of -2.3 (Table 7.1), consistent with the hematitic ores plotted in Figure

. 7.1.- In contrast, the magnetite grains Wthh unavoidably contained minor(secondary
. hematite, have a lower €Nd value of -4.0 (Table 7.1). This value is consistent with the

pnstme magnetite assemblage in this sample having a Nd sxgnature such as that of

» 'RX4536 (~-5), with minor alteration to hematite accompamed by LREE-enrichment
" causing-a shift in isotopic composition towards €Nd -2.3. The initial ENd signature of"
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-4.9 for the magnetite-siderite-pyrite breccias indicates that these breccias were in isotopic

from magmatic fluids associated with the granite or the other more mafic members of the

same suite. .

' 7.3/1.3 Hybridsignatures

The samples. of sericite-altered gramte (RX3698 RX4533, a'gold ore) and chlorite-

altered gramte (RX3213 and RX3214) have isotopic compositions intermediate between

the fresh granite signature and the ore signature. The fact that sericitic and chloritic
alteratjon processes have both moved the Nd isotopic signature from granitic (-5) towards
the ore signature (-2.5) suggests that both “alteration styles are accompanied by
introduction of Nd from the same source. Geochemical evidence presented in Chapter 5
(FeO, Ni and MnO enrlchments) suggested that chlorite alteration was effected by
different ﬂu1ds to those responsible for sericitic and hernatitic alteration. The Nd data are
ambiguous in this regard. They are permissive of, but do not support, models attributing
sericite and chlorite alterauon to different fluids. If, as suggested in Chapter 5, chlorite
alteration was caused dommantly by reduced fluids associated with magnetite
precipitation, it is paradoxical that the Nd isotopes demonstrate an input of REE from a

" source with more positive €Nd values than the magnetite (and granite) signature of -5.

This may be a function of mi;cing between a reduced fluid with a relatively low LREE

Concentratlon and €Nd of 5 and an oxidised fluid with a hxgher LREE concentraton and
ENd of -2.5. %

A sample of heterolithic breccia (RX4509; see cross-section, Figure 5.18) containing

clasts of both gramte and hemame has an €Nd value of -3.8, 1ntermed1ate to the end-
member granite and hematite signatures and reflecting the mixture of these componems

" One of the samples of pyme rich ore (RX4529) has an €Nd signature of -3.2, the lowest
Hematite is the -

valuc of the samples grouped in the ore envelope on Figure 7.1-
dominant oxide in this sample but within the hcmame‘ grains there are ‘many fine
inclusions of magnetite (see Plate 7; cf. S¢ttion 5.2), suggesting that hematite has
magnetite in this locality. Moreover, this sample contains ~25% sideﬁte, a

"‘*"equilibrium'WithithC_"RpX'by"DownS'Granite or related plutons; perhaps being derived -~




chalcocite ore which is inte
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su ggestcd that the ENd signature, which is relatively low for a hematite-dominant rock, is *

a mixed signature due in part to the magnetite-siderite assemblage, but dominated by the

overprinting hematitic signature.

A single sample of'bomite-chagcocite ore (RX4513) has an initdal €Nd signature of -0.3.
It is one of three samples (the other samples are RX4462 and RX4463) taken from an ore
zone in Mine Area DNW that has been suggested to have undergone supergene
weathering and enrichment processes (Oreskes and Einaudi, 1990), but the other two

the present study which ovcrlap with and exceed this concentration are the
mafic/ultramaficrdykes (see Chapter 6). The dykes (with one exception; see Sections
7.3.2 and 7.4.2) vary in ENd values from +0.1 to +4.0. The Nd signature of RX4513 (-
0.3) is therefore intermediate between the ore signature and those of the mafic/ulramafic

dykes. Considering its elevated vanadium content and the similar concave downwards

LREE patterns of the dykes and RX4513 (cf. Sections 5.8.2.3 and 6.6), it is possxble
that RX4513 represents an ore which has replaced dyke material, producing a hybnd
€Nd signature. The Nd isotopic evolution trajectory for this sample (discussed in Section

'7.4.2) is consistent with this hypothesis.

RX4531, a pyrite-rich ore, has an ENd signature of -2.0 which is slightly less negative
than most other members of the ore envelope. This too may: reflect a component of

replaced mafic/ultramafic dyke.

4

In summary, Figure 7.1 allows the identification of two distinct Nd signatures:

"a) The hematitic/ ore signature of ENd = -2.5, and

b) Thc granite/ magnetite signature of ENd = -5.

It also allows the recognition of systematic variations in isotopic composition which are

attributable to mixtures of the end-member signatures. *The isotopic analyscs for the
pic Dam ores and breccias are plotted on an isochron diagram in Figure

t closely to a 1590 Ma reference line (drawn through an initial
ave been used to calculate a

samples of Olym
7.2. Most of the samples fi
143Nd/144Nd equivalent to gNd -2.5), and these have h
fourteen point isochron age of 1572 £ 99 Ma (95% confidence; Model 3, MSWD 8.17).
The data which lie well off the line (Figure 7.2) and which have been excluded from the

are from samples which have mineralogical and/ or geochemical

age calculation
substantial granite

differences from the hematmc breccias. These include samples with a
component (RX4533, RX3698, RX3213, RX3214, $5-87, RX4509), and the magnetite

and/or siderite-rich samples RX4536 and RX4529. RX4513, a sample of bornite-
rpreted 10 have replaced maﬁc/uln-amaﬁc dyke material (above)

N

, ,samples have more typical ore ENd signatures of :2.9 and -2. 8. This_ sample hasthe %
highest vanaditm content of any of the breccias analysed (101 ppm) and the only rocks in




1 Olympic Dam breccias
0.5115 :

, ] 1590 ref. g

1572+ 99 Ma
Model 3; MSWD 8.17

05105 1 — ENd(T)=-24= .6
v I 4 LA T > T
1475m/144 Nd
x pyrite-ri_;:h ore m hem-qz sandstone A leached hem. breccia
e chalcopyrite ore o hem-qz breccia a altered mgt. breccia
. bornite-chalcocite or¢c = hem. sepdrate + silicified breccia
O rejected from
isochron age -

Figure 7.2 Sm-Nd isochron plot for the Olympic Dam hematitic breccias and ores.
Most samples fit well to the 1590 Ma reference line. Those which do hot (apen circles)
are samples containing a high proportion of granite or magnetite+siderite, or show
gcochemlga.} evidence of replacement of a mafic/ ultramafic precursor (RX4513; see text).
The remaining samples yield a fourteen point Model 3 isochron age of 1572 + 99 Ma
(95% confidence, MSWD 8.17). Although much less precise, this age is consistent with
the age of the breccia complex determined by U-Pb zircon dating (Chapter 3).

has also been rejected from the age calculation. The isochron age of 1572 = 99 Ma is
consistent with the age determined by U-Pb zircon methods (Chapter 3).

7.3.2 Olympic Dam intrusives

7.3.2.1 Mafic/ultramafic dykes

As discussed in Chapter 6, the alkaline mafic/ultramafic dykes which intrude the Olympic
Dam Breccia Complex are invariably composed of an alteration assemblage dominated by
chlorite, sericite and quartz. The high Cr and Ni contents of the leastalteted of the
szimple, RX4548 (2510 and 980 respectively), suggest that the more primjtivé dykes are
ultramafic. Sm-Nd isotopic analyses for the six dyke samples are presented in Table 7.1.
RX4539 yielded anomalous isotopic characteristics relative to the other samples, and is
therefore discussed separately (Section 7.4.2). The other samples have initial ENd
signatures ranging from +0.1 to +4.0. RX4548 was nominated as the least altered dyke
sample on the basis of its relatively low Al,03 content (residual AlpO3) and its well
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preserved ignebus textures (Chapter 6). This sample has an €Nd initial value of +3.7.

RX4543, which is deformed and shows geochemical evidence of greater alteration, has a

similar signature (+4).

A
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The isotopic data for the dykes sampled in this study and for four samples of
mafic/ultramafic clasts from a diatreme zone (analysed By Wawryk, 1989) are presented
on a plot of ENd versus 1/Nd in Figure 7.3. The I'i_near array of data for three of the dyke
samples (RX4543, RX4548 and RX4566) and three samples from Wawryk (1989; IL,
BAS, and LC_;GS) illustrate that the range in isotopic compositions is a result of mixing of
two REE sources.

-
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Figure 7.3 €Ndjsg0 plotted against inverse Nd concentration for five samples of mafic/
ultramafic dykes from this study (RX4539 omitted due to evidence of isotopic resetting;
see 7.4.2), and four samples of mafic/ ultramafic cobbles from an Olympic Dam diatre
.zone (Wawryk, 1989). The regular covariation of isotopic composition with E)Ed
concentration for six of the samples indicates mixing of two Nd sources at 1590 Ma. ¥he
mixing array is attributed to fluxing of dykes with unaltered signaturés of approximately
- +4 (e.g. RX4548 and RX4543), with fluids in isotopic equilibrium with the host granite
or its volcanic equivalents. Those analyses lying off the mixing line may have
assimilated varying proportons of wallrock, itself a heterogeneous mixture of hematitic
breccias and Roxby Downs Granite, leading to irregular hybrid Nd isotopic signatures
and Nd concentrations. The regular variation of most of the samples suggests that the
least altered end-member samples, RX4548 and RX4543, have not been isotopically
reset after 1590 Ma. The mixing array also indicates that the 1360 Ma four point

"isochron age" of Wawryk (1989) has no geological significance. .

The upper end-member of the mixing line is defined by the mafic/ultramafic melt

- composition. The lower end-member has a similar isotopic signature to the Roxby

g Downs Granite, which suggests that this sample has been extensively fluxed by fluids in

; : isotopic equilibrium with the granite or its cogenetic volcanics. The mixing line is
- ; - probably. the result of hydrotherr;lal alteration rather than wallrock assimilation. In
contrast, the samples which lie off the mixing line probably do so because of vanable
assimilation of wallrock. This could have occurred at depth in the .parent magma

(o NER AN

chamber, or by assimilation of hematitic breccia wallrock.
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The regular variation of €Nd values calculatcd for an age of 1590 Ma for six of the
samples (Flgure 7.3) indicates that the signature of +4 for RX4543 and RX4548 is not
the product of i lSOtOplC disturbance at a later irme and may be close to the magmatic initial
value. This signature is in marked contrast to the ore signature of -2.5, indicating that the
high REE concentrations in these samples are not a product of alteration, but are a
primary igneous feature. The mixing array also demonstrates that the "isochron age” of
1360 Ma calculated by Wawryk (1989) has no geological significance.

The signature of +4 shared by RX4543 and RX4548 is evidence that the parent magma
__for these dykes was derived from_a_mantle source with a time- averaged depleted
signature. These are the most positive ENd valies yet measured for magmas produced in
thé Gawler Range volcanic event (one basalt sample from the Kokatha area has an
€Nd)590 value of +2.5; S-S Sun, pers. commun.). However, an €Nd signhature of +4 is
not implausibly high. Constraints on the ithopic composition of depleted mantle are
provided by analyses of samples of komatiites (of probable Archaean age) from cores
drilled near Lake Harris in“northern South Australia. These yield €Ndis9q values of +5
to +7 (M.Fanning, unpublished data).

A

7.3.2.2 Dolerites

Dolerite is known in drillcore at Olympic Dam but has not been exposed in underground

workmgs Consequently it is not known from field relations whether the dolerite

mtersectlons are from separate dykes or a smgle plug. The relatively unaltered state of
much of the dolerite (dominantly clinopyroxene and plagioclase) and the intrusive
relationships observed in drillcore suggest that these rocks are considerably younger than
the Olympic: Dam Breccia Complex. The dolerites were analysed as part of the isotopic
study because of the possibility that they contributed REE during any isotopic resetting of
ores and breccias which may have resulted from dolerite emplacement. Creaser (1989)
equated the Olympic Dam dolerites with the Gairdner dyke swarm which is known from
drillcore and geophysics throughout much of the Stuart Shelf province. Recent Sm-Nd
dating of dolerite dykes from the Gairdner dyke swarm reveals that these dolerites have
an age of 867 £ 47 Ma, whereas dolerites from the Stuart dyke swarm in the Arunta Inlier
and the Kulgera dyke swarm in the Musgrave Inlier have ages of 1076 £ 33 Ma and 1090
+ 32 Ma respectively (Zhao and McCulloch, 1992a). Both of these inliers lie to the north
of the Gawler Craton. A three-point Rb-Sr mineral - whole-rock isochron for one
dolerite sample from Olympic Dam yielded an age of 1059 £ 60 Ma (Creaser,91989) and
this suggests that the Olympic Dam dolerite is correlated with the mafic magmatic event
which produced the Kulgera and Stuart dyke swarms rather than the younger Gairdner

swarm. -
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Figure 7.4 Mantle-normalised plot of the incompatible element compositions of
dolerite samples from Olympic Dam. The similarity of geochemical signatures indicates
that the three samples are from the same generation of dolerite, The "RX" samples are
from this study; SS-305 is the sample dated at 1059 £ 60 Ma by Creaser (1989, three-
point mineral-whole-rock Rb-Sr isochron). Mantle normalising values of Ringwood

(1991).

Two samples of dolerite from Olympic Dam (RX4519 and RX4551) have been analysed
for whole-rock Sm-Nd isotopic compositions. RX4551- was taken from a drill

intersection adjacent to the sample which yielded the 1060 Ma Rb-Sr isochron, and is '
therefore effectively a duplicate sample. . The geochemical similarity between these
samples and RX4519 (Figure 7.4) indicates that they all belong to the same generation of
dolerite. The Nd compositions of RX4551 and RX4519 were calculated for an age of
1060 Ma and yielded the same initial €Nd signature of +3.8 (Table 7.2). This signature
is in contrast to those obtained by Zhao and McCulloch (1992a) for the dolerites of the
same age from the Arunta and Musgrave ‘Inliers (ENd values of ~-7 and +0.7
respectively). However, when the initial ratios of the Olympic Dam samples are
calculated for an age of 870 Ma they are within the range (+2.5 1o +4.1) quoted for the
Gairdner dolerites by Zhao and McCulloch (1992a). The preferred interpretation of this
surprising result is that the dolerites at Olympic Dam have an age of ~1060 M4 and are
related to the same regional thermal event responsible for the emplaccmcnt of the Stuart

and Kulgera dyke swarms. The differences between the initial ENd 51gnatures of the
dolerites from these provmccs may be due to different mantle source matenal and the

variable effects of crustal contamination during dyke emplacemem.
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Zhao and McCulloch (1992b) propose that the enrichment observed in the isotopfc
signatures of the Siuart and Kulgera dykes (ENd =-7 to +0.7) is due to partial melting of
a metasomatised continental lithospheric mantle rather than due to crustal contamination
effects. They cite low values for 8102 (average 48%), Zr (average 48 ppm), Nb (average
1.1 ppm), Ti/V (18), and Zr/Y (~2.3), and high values for MgO% (13%), Zr/Nb
(average 48), and La/Nb (average '6.5) as features inconsistent with crustal
contamination. In contrast the Olympic”Darn‘ dolerite samples have higher values for
SiO2 (average ~49.5%), Zr (150 ppm), Nb (9 ppm), Ti/V (~45), Zr/Y (~5), and lower

undergone crustal contamination. In addition, mineralogical evidence for assimilation of
crustal material was found in dolerite samples RX4518 and RX4552 from which 9 very
small (50 um) spheroidal, transparent hyacinth-coloured zircon grains were obtained in
heavy mineral separates. The morphology of the zircons is interpreted to result from the
partial dissolution of xenocrysts in the dolerite melt. The evidence for crustal
contamination is therefore strong and suggests that the uncontaminated €Nd signature of
the mantle source of the Olympic Dam dolerites must be more positive than +3.8 at 1060
Ma. This means that the source is distinct from that of the contemporaneous dolerites in
the Musgrave and Arunta Inliers. The isotopic composition of depleted mantle for the
Gawler Craton at 1060 Ma would probably have been in the range ENd = +6.5 to +9.0
(M.Fanning, unpublished data on Lake Harris komatiites; see above). It is therefore

possible that the dolerite magmas at Olympic Dam were sourced from depleted mantle and-

have shifted in isotopic composition towards a more enriched (time-averaged) signature

(+3.8) due to the effects of crustal contamination. -

7.3.3 Regional units sampled

- 7.3.3.1 Acropolis prospect

At Olympic Dam the initial ENd values of hematitic ores and magnetite breccias differ
markedly (see 7.3.1). The magnetite signature of -4.9 suggests that it is cogenetic with
the Roxby Downs Granite, a product of 1590 Ma crustal melting, whereas the hematité
signature of ~-2.5 suggests the involvement of a more primitive (mantle-like) component
in its genesis. The possible sources of the REE component in the hematitic breccias are
discussed more fully below, but the contrasting signature between magnetite and hematite
breccias has important implications for ore genesis models and it was therefore thought

necessary to further document the isotopic characteristics of the magnetite-rich
assemblage. The zone of magnetite-dominant breccias at Olympic Dam measures only
~50m in diameter at the present level of exposure, so testing of geographically separate
samples is ot possible within the deposit. However, the Acrqpolis prospect, 25 km
southwest of Olympic Dam, is an iron-rich deposit dominated by a magnetite-apatite
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. values for MgO (4 to 6 %), Zr/Nb (~17) and La/Nb (1), suggesting th’a_t’thése*rocks have



assemblage rather than hematite (mentioned in Section 5. 8.2 1). Acropolis does not 16

show the high levels of enrichment of Cu, U and LREE observed at Olympic Dam. The
magnetite at Acropohs 1s closely associated with felsic volcamc rocks which have been
. correlated with the Gawler Range Volcanics on the basis of their age (1591 £ 11 Ma;
Creaser, 1989) and geochemical similarities. Apatite intergrown with magnetite has been
dated by U-Pb methods at 1602 + 7 Ma (Mortimer et al., 1988a). If the genetic
relationship between magnetite and felsic magmatism (Roxby Downs Granite) indicated
by the Nd isotopic data for Olympic Dam were to hold true for similar deposits, the
W.predlctlon is that the magnente at ACI‘OpOllS would have a 51mxlar signature to the
associated felsic volcamcs The volcanics from Acropohs have not been analysed for Nd D7
isotopes but the regional rocks’ derived from the 1590 Ma crustal meltlng event (Hiltaba
supersuite granitoids and felsic members of the Gawler Range Volcanics) for which data -~
are available range in isotopic composition from -3.6.to -5.7 (Creaser, 1989; 8

geographically separate samples).

A single sample of Acropaqlis magnetite (RX4577A) was analysed for this project. Itis a
sample of massive magnetite with ~15 percent hematite replacement and approximately 5
: percent apatite. It has an initial ENd signature of -3.3. This signature is slightly higher
' than the range for 1590 Ma crustal melts but is well below the Olympic Dam hematite
signature, and this is consistent with the pristine magnetite being cogenetic with the felsic
volcanics. The value of 33 is interpreted as representing a mixture between a more
negative ENd signature for unaltered magnetite, and a higher €Nd value associated with
hematitic alteration. It therefore appears that there is a fundamental difference in genetic
models required for the Olympic Dam hematitic breccias and ores, and the magnetite-rich
rocks at Olympic Dam and Acropolis. This is discussed. further in Section 7.6.

7.3.3.2 Pandurra Formation sandstone

The Pandurra Formation, shown on the regional geological map in Chapter 2 (Figure
2.1), outcrops extensively to the northeast of the Gawler Range Volcanics and forms the
basal sedimentary unit over much of the Stuart Shelf to the west and southwest of
; Olympic Dam. The Pandurra Formation is 2 fluvial sequence of sandstones,
| conglomerates and siltstones which locally overlies basalts of the Roopena Volcanics,
' interpreted to be equivaicnts of the Gawler Range Volcanics (Chapter 3). Fanning et al.
- (1983) generated a Rb-Sr whole-rock isochron age of 1424 + 51 Ma for shale horizons
within the Pandurra Formation. ‘However, these workers suggest that this date could be
interpreted either as an age of deposition or an age of younger diagenetic effects. Itis
therefore possible that the Pandurra Formation is only marginally younger than the
underlying Roopéna Volcanics, and is therefore similar in age to the Olympic Dam

deposit. Considering its present position unconformably overlying basement rocks over
much of the Stuart Shelf (although not directly above Olympic Dam), the Pandurra
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Formation can be conmdered as a potential source for metals in the Olympxc Dam deposit. :

For this reason two samples of Pandurra Formation sandstone were included in the Sm-
Nd isotopic tracing studies. One sample (RX4570) is from the cover sequence above the
Acropolis prospect and it has an €Nd; 590Ma value of -3.1. RX4571 is from the cover
sequence above the Oak Dam prospect and it has an ENd1590Ma value of +2.7. The
implications of these initial ratios for Olymplc Dam metal provenance are consxdered in
the next section.

7.4 Sm-Nd isotopic tracing

- 7.4.1 REE sources

The isotopic results presented above enable some important constraints to be placed on

the possible sources of the mineralising fluids at Olympic Dam. Figure 7.5 shows two o
histograms which compare the Nd isotopic ratios of the Olympic Dam ores with those of ' 2
the regional rock units for which data are available (all compositions calculated for 1590

Ma). Data f‘?or‘the Archaean rocks of the Gawler Craton were obtained from Daly and
Fanning (1990), C.M. Fanning (pers. commun., 1990) and Cowley and Fanning

(1991). The data for the 1590 Ma "Crustal melts” field are from Creaser (1989), and .
those for the mafic. rocks of the Gawler Range Volcanics were kindly provided by K.

Stewart (pers.com., 1991) and S-S. Sun (pers.com., 1991). The analyses of the alkaline
mafic/ultramafic dykes from within the deposit (this study) have also been included in the

latter group for the purposes of Figure 7.5.

Figure 7.5 A shows the data for the samples from Olympic Dam which plot within the
"ore envelope" on Figure 7.1, most with an ENd signature of ~-2.5. This signature is
well above the field occupied by all but one of the analysed Archaean rocks of the Gawler
Craton (Figure 7.5B). A single analysis of an Archaean pillowed basalt has an €éNdj590
of -0.2, and although this is theoretically a possible source analogue for Olympic Dam
REE, it is not thought probable in view of the abundance of Gawler Range Volcanics
magmas and rocks of appropriate isotopic composition formed at the same time as ore
deposition (see below). Figure 7.5 therefore shows that the majority of the Archaean

rocks analysed are unlikely sources for the REE budget at Olympic Dam.

Creaser (1989) analysed two samples of Early Proterozoic granitoids from the Gawler
Craton and these have €Ndjs90 values of -5.3 and -5.4. These afe lower than the values
of the Olympic Dam ores, and therefore Early Proterozoic crust of this type is also an

impossible source for the Olympic Dam REE complement.

o ' The field labCllcd 1590 crustal melts" (Figure 7.5B) represents the felsic rocks of the
Gawler Range 'Volcanics and the Hiltaba supersuite granitoids, and the Olymplc Dam
ores have ENd&values above this field. 'I'hc Archaean rocks together with the crustal

°
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Figure 7.5 Frequency histograms for Nd isotopic compositions calculated at 1590 Ma.
A) Olympic Dam hematitic breccias and ores, magnetite-rich breccias and heterolithic
breccias. B) Regional lithologies grouped as: ‘Mafic rocks of the Gawler Range
Volcanics and alkaline mafic/ultramafics from Olympic Dam, Archaean rocks of the

Gawler Craton, 1590 Ma crustal melts (granites and volcanics), and sandstones of the .

Pandurra Formation. The Olympic Dam ore signature appears to represent a mixture
between pre-existing crustal rocks of the Gawler Craton, and rocks or magmas derived

from the mantle at 1590 Ma.

melts represent the regional crustal material in existence prior to 1590 Ma. Therefore, on
the basis of available Nd isotopic data, pre-existing crust cannot have been the sole
source for the REE within the Olympic Dam deposit. Even if a significant proportion of
the REE content of the fluids is of crustal origin.(discussed below) it is necessary to
invoke a contribution from a fluid with a primitive Nd ’is?topic signature to provide a Nd

’ .

mixture with an €Nd value as high as -2.5.
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The range of isotopic composmons for the mafic and ultramafic rocks formed during the
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Gawler Rangé Volcanic event encompasses the field of the Olympic Dam ores (Figure =

7.5) and these rocks are therefore reasonable source analogues for the REE in the
dep031t With their mafic/ultramafic character, these rocks also represent an appropriate

source for the Cu, Cr, Ni and V enrichments in the deposit (Chapter 5). The alkaline -

affinity of the Olympic Dam dykes (Chapter 6) suggests that they’ are also a plausible

' source of the Y, Ba and Nb enrichments in the deposit (Chapter 5). Whethcr or not they

could constitute a plausxlgle source of U is open to question. However, the U within the

Volcanics ?ﬁve initial ENd values of -2 to -3 and appear to have formed by fractionation
from ‘mantle :
1991). Such felsic magmas and rocks are plausible sources fot U, and on the basis of

their isotopic compositions they should also be considered as potential contributors of,

fluids and/ or metals to the deposit. Felsic rocks withi more negative €Nd sighii’tilres may
also have contributed U and a proportion of REE to the deposit (seesSection 7.6).

Two analyses of the regionally extensive Pandurra Formation sandstone are represented
on Figure 7.5 B. The isotopic composition of RX4570 (€ENd;s9p = -3.1) borders those

of the 1590 Ma crustal melts and the mafic rocks of the Gawler Range Volcanics. The

most likely source materials for the quartzo-feldspathic Pandurra Formation sandstones

-derived melts at 1590 Ma (Stewart, ’pers.cor‘n., 1991; Sun, pers.com.,"

dep051t may be derived from felsic rocks.. S,or_ne,felsw_vanants,of,_,the,_GawlcrmRangcﬁ

are thought to be the Gawler Range Volcanics and the Hiltaba supersuite granitoids -

(Fanning et al., 1983), and the available data indicate that these have €Nd 590 Ma values
more negative than -3.6; generally around -5 (Creaser, 1989). Thus there is a more
primitive Nd component evident in RX4570. With an initial ENd composition of -3.1
RX4570 is not a feasible sole source of the REE in Olympic Dam. However, the
anomalousl Nd eomposition for this sample may be an alteration signature. This raises
the possibility that the sandstone originally had a more negative signature buF-has been
exposed to alteration by fluids with a relatively primitive Nd isotopic composition (see

below).

RX4571, also a sample from the Pandurra Formation, has a Nd isotopic composition of
+2.7 at 1590 Ma which theoretically makes it a plausible source of the Olympic Dam
REE. However, this isotopic composition is much more primitive than is consistent wnh
derivation of the sandstone from Gawler Craton Archaean and Early to Middle
Proterozoic crustal rocks. Again this can be explained as an alteration signature due to
exposure of the sandstone to fluids carrying REE with a relatively primitive Nd si gnature.
Both RX4570 and RX4571 show hematitic alteration, and Fanning et “al. (1983)
observed that ferruginous alteration is a widespread featu‘re of the Pandurra Formation.
The fluids responsible for this alteration may also have modified the Nd isotopic

s




signature to more positive £Nd values. It is therefofe possible to intei'prct the isotopic
compositions of RX4570 and RX4571 in two ways:

: “
A) The isotopic compositions are evidence that analogues of the mineralising fluids

for Olympic Dam have migrated through this sandstone unit. This interpretation
would make the Pandurra Formation a plausible source of U in the deposit, but the
REE and probably Cu would still requir€ a separate, more primitive (mafic) source.

B) It is equally possible that a fluid in Nd 1sotop1c equ111br1um with overlying

mafic volcanics has migrated through the sandstones effcctmg the w1despread

ferrugmous alteration and superimposing a mafic Nd si gnature

Although not present in the drill holes sampléd, the basalts of the Beda Volcanics (~1075
Ma) are observed to overly the Pandurra Formation elsewhere on the Gawler Craton
(Fanning et al., 1983), and these are a possible source of the mafic Nd component
observed in RX4570 and RX4571 (at ~1075 Ma the €Nd values of RX4570 and
RX4571 are again more primsitive than the fields of the Archaean rocks and 1590 crustal
melts). The chondrite-normalised REE patterns for RX4570 and RX4571 provide
evidence which suggests that the possibilr.ity A) is unlikely.
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Figure 7.6 Chondrite- normahsed REE compositions of two samples of Pandurra
Formation sandstones (RX4570 and RX4571), with unaltered Roxby Downs Granite for
comparison (SS-87* from Creaser, 1989). The flat patterns and relatively low REE
concentrations in the sandstones are inconsistent with having been exposed to fluids such
as those prodycing the mineralisation at Olympic Dam (see text for details). Chondnte
normahsmg values are those of Sun and McDonough (1989).
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The REE concentrations of these samples are much lower than any of the altered rocks at
Olympic Dam and the patterns are relatively flat (Figure 7.6;- cf. %igure 5.16).

If these samples h ‘been altered by the same fluids as introduced REE to Olympic Dam
one would expect t¢ see much higher REE concentrations and s’trongly LREE-enriched
patterns, but this is not the case. On the basis of the current (limited) data it appears more
likely that the alterakion and modification of the Nd isotopic composition of the Pandurra
Formation sandstones is unrelated to the mineralising events at Olympic Dam, :and a
" plausible explanation is that alteration was effected by downward pcrcolatihg fluids in
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 isotopic equilibrium with the basalts of the overlying Beda Volcanics (correlatives of the
Gairdner Dyke Swarm; Section 7.3.2.2). This implies that alteration of the sandstone
occurred after ~1075 Ma. The Pandurra Formation is therefore regarded as an unlikely

source of REE or ore metals at Olympic Dam.

7.4.2 Anomalous samples

Two samples from Olympic Dam have, isotopic compositions that are anomalous relative
to the samples of macroscopically similar rocks. RX4513 is a sample of bornite-
chalcocite ore from the northwest of the deposit and it has an €Ndj590 value of -0.3,
above the values of the other hematmc ores (€E=~-2.5). In Section 7.3.1.3 it was
suggested on the basis of vanadium concentrations and LREE patterns that this isotopic
composition may represent a mixture between the ore and mafic/ultramafic dyke
signatures. Figure 7.7 is a plot of €Nd versus time with the isotopic fields of the ores
and other key rock typcs'plot-ted at 1590 Ma, 1060 Ma (the age of dolerite emplacement),

and for the present. It also shows the isotopic evolution trajectory for RX4513, which is N

above the field of the other ores throughout the history of the deposit. This demonstrates
that the anomalous initial (1590 Ma) isotopic composition is not simply a product of a
later REE fractionation resetting event because, if this were the case, the trajectory would
be expected to converge with those of the other ores at the age of the resetting event. The
trajectory for RX4513 is intermediate to those of the ores and the mafic/ultramafic rocks
from 1590 Ma to the present. Thts evidence is consistent with the suggestion made in
Section 7.3.1.3 that RX4513 is a sample wherein hcmat;{e and bornite-chalcocite

mineralisation have replaced a portion of a precursor mafic/ultramafic dyke.

The other anomalous sample is RX4539, a strongly scrlcnc altered maﬁc/ultramaﬁc
dyke This sample has a present day ENd signature of +31.9 and a calculated signature
for 1590 Ma which is 1mp0551bly low at -37.7. Its evolution trajectory is plotted on

Figure 7.7. Field relatJonshlps suggest that the dyke from which RX4539 was sampled

is part of the generation of dykes observed throughout the deposn that are interpreted as
contemporaneous with mineralisation. The anomalous present day isotopic signature and
the negative slope of the evolution trend are therefore probably due to a resetting event

f/



N
o

30 St S
1 " &K
20 3 2
10 3 |
o Q2
wW-10
-20
-30
-407"'1(Tﬁ.r""'*'T”ﬁ"ﬁ*T“‘
0 50g. 1000 1500
Age (Ma) R
GRV mafics [_] Crustal melts R Dolerit¢

‘ -

B Ocs § Althacan

Figufe 7.7 €Nd versus age showing the isotopic compositional

~ fields of the relevant rock types at 1590 Ma, 1060 Ma - the age of

dolerite efnplacement, and at present. Note that the trajectory for
RX4513 is at values intermediate to the ores and Gawler Range mafics/

ultramafics from 1590 Ma to the present, suggesting that RX4513
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of dyke ;sample RX4539 has a negative slope which overlaps with the -
ores signature at ~1060 Ma. This sample may have undergone
isotopic resetfing, including fractionagion of the REE pattern towards

HREE enrichment, due to the hydrothermal circulation caused by

dolerite intrusion at ~1060 Ma.




which has strongly fractionated the REE in this sample (see HREE-enriched pattern, ez

Figure 6.66). In this regard it is interesting to note that the isotopic evolution trajectory
of this sample overlaps with the ﬁeld_for the ores at ~1060 Ma (Figure 7.7), the age of
emplacement of the dolerites within the deposit. It is possible that dolerite intrusion has
caused localised hydrothermal remobilisation of REE within the deposit resulting in REE
fractionation and isotopic resetting in this"san:lple. Such a hydrothermal event ma)/ also
have-had a modifying influence on some of the ores in the deposit.

“f 7.5 'Rb-Srisotopic. systematics

In Chapter 5 it was established th:;t Sr was introduced to the deposit in the ore-forming
processes at Olympic Dam. This makes the Rb-Sr system a potentially useful tool for
isotopic tracing studies in an analogous manner to that described above for the Sm-Nd
system. However, Rb and Sr are generally more mobile than the REE and are therefore
more suscepvtiblve to post ore-deposition remobilisation effects. If such open system
behaviour has affected the Rb-Sr isotopic systematics of the breccias then this system
cannot be used for the purposes of isotopic tracing. It is therefore important to assess the
Rb-Sr results for any evidence of disturbance of the isotopic syStem. Possible post ore-
formation processes which could have remobilised Rb and/ or Sr at Olympic Dam .

include:

a) Barite and fluorite veining events which probably occurred in Late Proterozoic

* or Cambrian times (Sugden, 1989; Sugden and Cross, 1991).

b) The cmplacemém at ~1060 Ma (and possibly ~860 Ma), of regionally extensive
dolerite dyke swarm(s). o L

c) A regionally extensive Rb-Sr isotopic resetting "event", recognised particularly
‘in the granitoids of the Hiltaba supersuite, which is interpreted by Creaser (1989) to

be caused by hydrothermal circulation at ~1500 Ma.

In addition the U-series disequilibrium studies of Guthn'e‘(1990) and the Pb 1sotopic
work described in Chapter 3 indicate that fluids have been circulating through the deposit
transporting U and Pb (and therefore possibly transporting Rb and Sr) in recent times.
There are therefore many possible means by which the Rb-Sr system may have been
disturbed since ore formation at 1590 Ma and this suggests that interpretation of Sr
isotopic data requirgs cbhsiderablc caution. Despite the ample scope for open system
behaviour, the isotopic analyses were made because of the passibility that they would

provide useful data.

Isotopic tracing studies require comparison of the initial 87Sr/86Sr ratios of the various
samples. The Rb-Sr data, including calculated initial Sr rdtios, are presented in Table
. b

~
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7.3. One means of assessing the CI‘Cdlblllty of the calculated initial (1590 Ma) 87Sr/86S;
ratio is to plot these values against 87Rb/86Sr (Figure 7.8 A, B and C). In groups of
samples for which the isotopic systems have remained closed there is no expectation of
covariation between these ratios. Figure 7.8 A illustrates that three samples of altered
maﬁc/ultramaﬁc dykes (RX4566, RX4539 and RX4548) which have impossibly low
calculated initial 87Sr/86Sr ratios (0.5596, 0.6303 and 0.6803 respectively) form a
regular rend of decreasing initial ratio with increasing 83’Rb/86Sr. This type of trend in
obviously altered rocks indicates either that Sr has been lost or Rb gained since the
igneous rock crystallized. The geochemical data presented in Chapter 6 (negative Sr

- spikes on miantle- normallsed diagrams; Figure 6.6) indicate that the mafic/ultamafic

rocks have been depleted in Sr during alteration, possibly due to the breakdown of
feldspar. Figure 7.8 B shows a more detailed scale for the calculated initial 87Sr/86Sr
and it is evident that four more samples with relatively high 87Rb/86Sr ratios
(mafic/ultramafic dyke samples RX4547 and RX4566, heterolithic breccia RX4509, and
granite breccia RX3214) have impossibly low calculated initial ratios. There is also a
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8751/86sr (1590 Ma)

x pyrite-rich ore m hem-qz sandstone a leached breccia
e chalcopyrite-richore @ hem-qz breccia o granite breccia
¢ bornite-chalcocite ore  + silicifiedbreccia A magnetite breccia

w heterolithic breccia
w ultramafics

Figure 7.8 Olympic Dam breccias initial (1590 Ma)87Sr/86Sr plotted versus 87Rb/86Sr
at three different scales for 87Rb/86Sr. The negative correlations in A) and B) and the
impossibly low initial ratios of the samples with higher 87Rb/86Sr ratios, suggest that
samples have either lost Sr or gained Rb in post- crystallisation disturbance ‘(see text).
The initial ratios plotted in C) are plausible (i.e. not impossibly low). Therefore the
scattered decrease in 87S1/86Sr initial with increasing 87Rb/86Sr evident in C) may result
from post-crystallisation disturbance, but may reflect true initial compositons and be
caused mixing of two sources; one with high 87Sr/86Sr and low 87Rb/86Sr, the other

With converse characteristics.

loose inverse correlation between the ratios for these samples. These anomalous "inigal"
ratios are interpreted as products of disturbance of the Rb-Sr isotopic system. The
analyses mentioned above and illustrated in Figure 7.8 A and B are not considered

further.

Figure 7.8 C shows the data for the bulk of the ore and Fe-rich breccia samples plotted
on the same axes as for Figure 7.8A and B. Although these samples have plausible
initial 8751/86Sr ratios they too show a scattered trend of decreasing initial ratio with

increasing 87Rb/86Sr. This trend can be interpreted in two ways:

a) The trend is caused by later isotopic disturbance as for the samples mentioned
above (probably loss of Sr or gain of Rb) such that the 87Rb/36Sr ratio is increased,

with the result that many of the calculated "initial" ratios are in fact ovcrcoﬁected
f

and have artificially low values.




b) The "initial" ratios may be real and thé frend caused by mixing of two sources;
one with low 87Rb/86Sr and high 87.Sf/865r, and the other with relatively high
87Rb/86Sr and low 87Sr/86Sr.

thion a) i§ consistent wi_th the regic_)nal data of Creaser (1989) who documented a similar
negative correlation between 87Rb/86Sr and calculated initial 87Sr/86Sr for the 1590 Ma
granitoids of the region. Creaser attributed this trend to 1sotopic disturbance caused by
low intensity hydrothermal circulation at about 1500 Ma. If the Olympic Dam ore and.

---breccia samples-have been affected by open system behaviour of Rb-Sr then they cannot .~

be used to constrain ore genesis models.

On the other hand, Figures 7.8 A and B indicate that it is the rock types which had a
significant primar)‘/ feldspar component which yield calculated initial ratios that are clearly
erroneous (i.e. impossibly low), probably due to the loss of Sr from these rocks. It is
therefore possible that the rock types consisting predominantly of hydrothermally
precipifated minerals, rather than altered igneous minerals, are showing real initial (1590
Ma) 87Sr/86Sr ratios. Option b) above is therefore worthy of consideration. If it is
assumed that the samples with plausible initial ratios are recording their isotopic
compositions at the time of ore deposition (1590 Ma), then it is interesting to examine the
relationships between their St isotopic signatures and those for Nd which have been used

to recognise rocks types of contrasting geneses (Section 7.3).

Figure 7.9 is a plot of the plausible initial 87Sr/36Sr ratios (> 0.700) versus €Nd|590.
The data show considerable scatter suggesting that they result from more than one
process, but neverthelessdefine a loose trend from Sr initial ratios of ~0.703 and €Nd of
-5 for the granite-related rock units, to Sr initial ratios up to 0.7174 and ENd of ~2.5 for
the hematitic breccias and ores. The granitic 87Sr/30Sr is unusually low and may be the
product of post-1590 Ma loss of radiogenic Sr. On the basis of apatite isotopic

compositions, Creaser (1989) suggested that ~0.709 is a more realistic initial value for .
the granite. Although it is not possible to demonstrate closed system behaviour for Rb
and Sr in these samples, the covariation between Nd and Sr isotopic data calculated at
1590 Ma increases the likelihood that most of the samples represented in Figure 7.9 have
either not suffered Rb-Sr isotopic disturbance, or have undergone a systematic shift

The sample of Jast altered granite (SS-87) plots with a Sr initial ratio of ~0.703 and an
ENd signature of -5. RX4536, the sample of least altered magnetite breccia, has a Sr
initial ratio of ~0.705 and, relative to the range of Sr ratios, plots close to the granite
sample. The Sr data therefore do not conflict with the interpretation made in Section
7.3.1 that the magnetite-rich breccias are cogenetic with the Roxby Downs Granite
particularly considering that the granite initial 87Sr/86Sr probably lies in the range 0.703
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Figure 7.9 €Ndjs590 versus initial 875r/86Sr for samples of Olympic Dam breccias
with plausible initial Sr ratios (>0.700). Two alternative explanations for the scartered
positive correlation are given in the text.

to 0.709 (above). Two samples of sericitised granite breccia (RX3698 and RX4533)
have 87St/86Sr values intermediate between the fresh granite and ores (Figure 7.9), again
consistent with the Nd isotopic data. RX4533 has an extremely high Sr concemration
(~5370 ppm) and, assummg this Sr-enrichment is primary, would therefore have been
relatively resistant to isotopic disturbance. The fact that this sample has an isotopic
composition intermediate to the apparent granite and ore signatures calculated at 1590 Ma
provides further evidence that the other "initial" ratios do approximate the composition at
1590 Ma and are not the result of substantially disturbed isotopic systematics. A
chloritised granite breccia sample plotted on Figure 7.9 (RX3213) has an initial 87Sr/36Sr
value of 0.7159 which is not consistent with the other altered granite samples and lies
below and to the right of the overall rend. This may reflect isotopic disturbance after ore
deposition or may represent the introduction of more radiogenic Sr to this sample than to
the other granitic samples during ore deposition. RX4537, a sample of comparatively
hematitised magnetite breccia, has a Sr isotopic composition of 0.7133 in the mid-range
of the hematitic ores (Figure 7.9). This suggests that the lower Sr initial ratio of the
magnetite has been swamped by the hematite/ ore Sr signature, and this is consistent with
.the change observed in its Nd signature concomitant with hematitic alteration (cf. Section

7.3.1).
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The fact that there is some order in the data in Figure 7.9 warrants investigation, even

allowing that there may have been a systematic loss of radiogenic Sr. The trend of the
data from low €Nd and 87Sr/865r ratios to high ENd and 8751/868r ratios is the converse

. of what is generally expected (i.e. most crust and mantle systems show trends of
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negative slope on Nd-Sr isotopic plots), and the sense of the trend can be explained in

two ways. It may be the product of mixing between sources whase Nd and Sr isotopic

compositions match the apparent end-members of the trend in Figure 7.9, or it may

consxdered ﬂx‘St

The highest initial Sr value plotted on Figure 7.9 is for a chalcopyrite-rich ore sample
RX4542. This sample has a high Sr content (~725 ppm) and a very low 87Rb/86Sr ratio
{0.0063) and would therefore have been resistant to isotopic disturbance. Assuming that
later Sr-loss would shift the calculated initial ratio to lower valueés, the initial 87Sr/86Sr
value of this sample ( 0.7174) can be regarded as a minimum end-member signature for
the ores at Olympic Dam. The question then arises as to what is the origin of the high
875r/863r signature in the ores. Nd isotopic data (Section 7.3) indicates that the rock
units contributing REE components to the ore-forming fluids were felsic rocks (Roxby
Downs Granite and perhaps its volcanic equivalents) and mafic/ultramafic rocks
associated with the Gawler Range Volcanic event. The pristine granitic Sr signature is
relatively low (in the range 0.703 to 0.709, above). If there are no other rock types
contributing Sr to the ore fluids, the implication is that the high initial 87Sr/86Sr ratios of
the ores are associated with the mafic/ultramafic component. Such rocks are not usually
regarded as being likely to have high initial 87Sr/86Sr ratios. However, the Olympic Dam
mafic/ulramafic dykes analysed are enriched in Rb and this enrichment is thought to be a
primary feature of the rocks (see Chapter 6). The magmas which formed these alkalic
mafic/ultramafic rocks were derived from a source which had a time-averaged depletion
in Nd relative to Sm (above). However, this source may have been enriched in Rb (i.e.
had a high Rb/Sr ratio) for a lengthy period (several hundred million years) prior to the
melting event at 1590 Ma if the Rb enrichment process differed from those which would
cause concomitant enrichment in LREE ‘(e. g. metasomatism versus introduction of low
degree partial melts) If this was the case, melting this source would producc magmas
with a high radiogenic Sr content. The alkalic mafics/ultramafics at Olymplc Dam are
therefore plausible sources for the high 8751/86Sr component observed in the ores,
possibly donating St due to the breakdown of feldspar. The same alteration process
would have made relatively high concentrations of Eu available to the ore fluids and this
may explain the positive Eu anomaly observed in many Olympic Dam breccias (see
Chapter 5). Unfortunately it is not possible to verify directly whether the initial Sr
isotopic composition of the mafic/ultramafic dykes is similar to or greater than those of
the ores Bccause the dyke samples analysed show clear evidence of open system isotopic

_reflect derivation of Nd and Sr from different sources. The former explanation is




) W(Webb et al,,
~rad10gemc Sr 51gnature in the ores the expectatlon is that they would cause the ores to

~ radiogenic Sr signature such as the exam

" behaviour. All except RX4543 (“initial" 87Sr/86Sr = 0.7191) have impossibly low

calculated initial 87Sr/B0Sr values (see Table 7.3).

If the mafic/ultramafic rocks are not the source of the radiogenic Sr in the ores, and

assummg that the Nd and Sr of the ores were acquired from the same source(s), older
crust is the only other plausible source of Sr with 878r/86Sr > (0.720 at 1590 Ma. The

etasedlmems and deformed granites of the Early Proterozoic Hutchison Group and the.
Archacan rocks of the Gawler Craton have 875r/86Sr1590 Ma values in excess of 0.720

have more negative ENd signatures.

An alternative explanation for the data array in Figure 7.9 is that the Sr and Nd in the ores

were derived from different source rocks. Sr is more soluble than Nd and is therefore
able to be scavenged by hydrothermal fluids from a wider area than Nd, i.e. from the

more marginal zones of hydrothermal circulation where fluids are perhaps cooler and less

corrosive than in the centre of the system. Itis p0551ble that the more corrosive-central

“ﬁf"eas of fluic circulation, which were capable-of taking both Nd and Sr into solution,

acquired these elements from both felsic and mafic/ultramafic rocks. The marginal zones

of circulation, taking only Sr into solution, may have accessed older crust with a more

ples mentioned above. If this occurred, the Sr

was probably acquired from outside the observed volume of altered rocks around the
Altered examples of Early Proterozoic and Archaean crust are not observed in

deposit:
In view of this, and assuming that the Sr data do

close proximity to the deposit.
approximate the true initial ratios of the ores, the preferred interpretation is that the
radiogenic Sr component in the ores was derived from the Rb-enriched mafic/ultramafic
source.

Because of the ample scope for post ore-deposition disturbance of the Rb-Sr isotopic

ystem cannot be used to place firm constraints on ore genesis models at

system, this s
data illustrate that the

Olympic Dam. However, the above discussion of the Sr isotopic
calculated injtial ratios for most of the ore samples are plausible and that they can be

interpreted in a geologically reasonable manner. The data do not conflict with the better

constrained interpretations made on the basis of the Sm-Nd isotopic data.

7.6 Discussion and summary v
The Sm-Nd isotopic studies have elucuiated several important aspects of the genesis of

the deposit. Three principal end-member isotopic signatures have been identified:

i) The granite-related signature of ENd -5; this includes the fresh Roxby Downs

Granite and the magnetite-siderite-pyrite assemblage.

1986 Creaser 1989) However 1f these ‘were the sources of thew e




R e PR R

| point whole-rock isochron age of 1572 £ 99 Ma.

ii1) The mafic/ultramafic volcanic rock signature with the most primitive
composition yet measured for 1590 Ma volcanic rocks of the Gawler Craton at £Nd

+4.

Mégnetite is the paragenetically earliest Fe oxide in the Olympic Dam breccias and its
Granite. The magnetite could result from a fluid phase exsolved from the grianr;tcvmelt as
it crystallized, or it could be related to a fluid derived from a separate perhaps slightly
later pluton from the same suite as the Roxby Downs Granite. The evidence that the host

" granite had solidified and been unroofed prior to brecciation suggests that the latter

possibility 1s more likely.

The signature of ENd ~-2.5 for hematitic breccias and ores is distinct from the magnetité
signature (-5) and, assuming both hematite and magnetite were precipitated from
solunon this provides isotopic evidence to support the suggestion made in Chapter 5 that
ore genesis involved two fluids. If magnetite was a widespread precursor to hematite,

the implication is that there was a temporal difference between the activities of the two
fluids. If magnetite and hematite are precipitates of different stages of the same
mineralisation cycle, the two fluids were circulating and mixing'during a single event.
These alternative models are considered further in Chapter 8. The hematitic ore Nd
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ii) The hematite-breccia and ore signature of ENd -2.5. These samples yield a lg'

__initial E;Nd composmon of 5 strongly Suggests that 1t is cogenenc thh the Roxby Downs )

signature (ENd -2.5) also indicates that the Roxby Downs Granite cannot have been the -

sole source of REE and therefore of mineralising fluids at Olympic Dam. The isotopic
data 1nd1cate that barren hematitic breccias share the same Nd source as the LREE-
enriched chalcopyrite ores. This in turn indicates that the fluids responsible for oxidising
magnetite to hematite share the same REE source as (i.e. are cogenetic with) the fluids
which introduced copper. It is therefore probable that hematite-and chalcopyrite were
precipitated due to reactions of the same REE-enriched oxidised fluid.

The Sm-Nd data have established that the Archaean crust of the Gawler Craton and the
1590 Ma crustal melts cannot have been the sole source of REE in the deposit, and that
ore genesis at Olympic Dam involved a primitive REE component. The available
geochronological data, and the isotopic and REE data for the two samples of Pandurra
Formation sandstone indicate that it was probably not a solirce of REE for Olympic Dam.
By iniplication, the Pandurra Formation is also unlikely to be a.source of the ore metals.
Of the regional rock units for which Nd isotopic data are available, the most likely source
of primitive REE corhponents are the mafic rocks of the Gawler Range Volcanics and the

alkaline ultramafic/mafic rocks observed within the deposit.

sources for Cu.

These are also suitable




The range of Sm-Nd isotopic compositions displayed by the mafic/ultramafic rocks in
Figure 7.5 may be due to different magma sources, varying proportions of crustal
contamination, or in the case of the dykes at Olympic Dam, to varying degrees of
hydrothermal alteration (Section 7.3.2).} At Olympic Dam the most primitive ENd
signature observed is +4. The mixing array shown in Figure 7.3 illustrates that this is the
"least aliered” signature in an-alteration wend towards higher Nd concentrations with

lower €Nd values. _",It is therefore reasonable to assume that any unaltered
mafic/ultramafic extrusive rocks which may have been leached 1o provide REE and Cu

~ ' for the deposit had isotopic comipositions of approximately +4. The constancy of theore

signature (ENd -2.5) suggests that this was the signature of the ore fluid that oxidised
magnetite to hematite and introduced Cu to the deposit. Isotopic tracing indicates the
involvement of a mafic/ultramafic REE source in ore genesis. If the alkaline

mafic/ultramafic rocks at Olympic Dam had a pristne signature of ENd +4, then the ore
fluid signature must represent a mixture between Nd derived from the mafic/ultramafic

rocks and rocks with a more negative £€Nd signature. The Roxby Downs Granite,
comagmatic intrusives, and perhaps its eruptive equivalents are likely sources of the latter
REE component. 1f one assumes that the ore fluid has acquired its REE complement
from these two end-members, it is possible to estimate the relative proportions of the
rocks involved. Assuming a mafic/ultramafic end-member with €Nd of approximately
+4 and a Nd concentration of ~175 ppm (as for RX4548 and RX4543), and a granitic/
felsic volcanic end-member with €Nd of -S and a Nd concentration of ~70 ppm (Table
7.1), the rock fraction "f" of mafic/ultramafic rock can be calculated using the following

mixing equation:
EM = EaXAf + EBXB(1-f) / XAf + XB(1-))

where €) is the isotopic composition of the mixture (-2.5), X is the Nd concentration,
and A and B denote the mafic/ultramafic and felsic components respectively (after Faure,
1986 pp 229). Solving for f yields an estimate of 0.133 (or approximately 13.5%) for
the rock fraction of mafic/ultramafic volcanic/hypabyssal rocks contributing REE to the
mineralising fluids. This necessitates that the majority (~86%) of the rock leached to
afford REE and other ore metals to the mineralising fluid was the felsic end-member.
Such rocks are certainly plausible sources for the uranium within the deposit. If the
mafic/ultramafic rocks which contributed REE to the deposit had acquired an ENd
Si gnature more negative than +4 due to assimilation of crustal material during magma
ascent, their proportional contribution to the Olympic Dam REE must be higher (ile. a
greater proportion of rock leached). Therefore the rock fraction figure of 13.5% given
“above should be viewed as a minimum contribution for the mafic/ultramafic rocks. It
should also be noted that the dykes at Olympic Dam are all altered, and volume reduction
and residual behaviour of REE during alteration may have increased the Nd concentration
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in these rocks abpve their igneous levels (see Chapter 6; the Nd isotopic signature of

RX4548 and RX4543 precludes the high REE concentrations being of metasomatic

‘ origin). If the dyke Nd concentratibns were originally lower than the 175 ppm used in

~  calculations, then mixing relationships again‘ dictate that a higher proportion of
mafic/ultramafic rocks (relative to felsics) contributed REE 1o the deposit.

Using the minimum proportion of ~14% mafic/ultramafic rocks contributing metals to the
ore fluid, it is possible to use mass balance calculations to test if the rock volumes
inferred to be leached are in fact geologically reasonable. The ore resource figures quoted
in Table 1.1.indicate that there are ~32 million tonnes of Cu metal within the deposit. The
e s o -0 llOWin G- parameters-are-assumned-for the purpose of calculatons: - T

1) The felsic component (granite and volcanics) contain 15 pbm Cu

ii) The mafic/ultramafic component contains 100 ppm Cu (estimates after Haynes

et al., in press)

iii) Mafics/ultramafics have a density of about 3.2; felsics have a density of about
2.6. '

It 1s also assumed that the source rock leached has donated 100% of its contained c6pper.
Clearly this is not a reasonable éssumption but 1t allows the caqulétion of the minimum
rock mass/ volume required to donate mctalsl. The mass balance calculation results in 1.7
x 1011 tonnes of mafics/ultramafics and 1.0 x 1012 tonnes of felsic' material required to be
" leached. These figures equate to rock volumes of 52 km3 of mafics/ultramafics and ~390
km?3 of felsic rocks. This can be visualised as a 1 km thick sequence over an area of
approximately 20 x 20 km, with 10 to 15% of the volume occupied by mafic/ultramafic
rocks and the remainder by felsic rocks. Even allowing for & leaching efficiency of well
below 100%, these rock volumes are not unreasonably large, considering that the volume
of mineralised rock in the Olympic Dam Breccia Complex is in excess of 35 km3. This
therefore reinforces that the calculated proportions of mafics/ultramafics (14%) and
felsics (86%) in the source are reasonable." Similar mass balance calculations for U
indicate that only 5 km3 of mafics/ultramafics and 39 km3 of felsic rocks are required 1o
contribute the deposit's complement of U (assuming 10 ppm U in the felsic source and
0.6 ppm U in the mafic/ultramafic source, and 100% leaching efficiency). These
volumes are véry much smaller than the volumes calculated for Cu, and this probably
relates to the more resistant nature of the ‘primary minerals that contain high
concentrations of U (e.g.zircon, monazite) which would result in much lower leaching
efficiencies for U than Cu. The REE content of the deposit can be accounted for from
even lower source-rock volumes at 100% leaching efficiency; only ~1 km3 of
mafics/ultramafics and ~7 km?3 of felsic rocks are required to yield the Ce content of the
deposit [assuming an average Ce content of 1500 ppm in the breccias of the deposit,
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~380 ppm Ce in the mafics/ultramafics as per mean of RX4543 and RX4548 and 150 172~
ppm Ce in the felsic rocks as is indicated for the Gawler Range Volcanics and Hiltaba
granitoids from the data of Giles (1988) and Creaser (1989)]. The relatively low
solubility of REE and the resistant nature of their primary mineral hosts suggest ‘that they )
would be leached much less “efficiently than Cu and U. It is apparent from these’
«calculations that the limiting factor on the minimumm volume of source-rock required is the

volume necessary: to contribute Cu to the deposit.

In Section 7.5 it was suggested that the maﬁc/_ultramaﬁé rocks represented by the dykes

in the deposit-are a plausiblé source of - the radiogenic Sr signature of the Olympic Dam

.ores. If this is_the case it has.implications for the evolution of the mantle source of the -
mafic/ultramafic magmas. The dykes (eg. RX4548 and RX4543) are strongly ennched .
in LREE but have time-averaged depleted Nd 1sotop1c; signatures (up to +4). This
combination of features indicates that LREE enrichment to the pre".pnt highly fractionated

. N # levels did not occur long before”melting of this source; otherwise the Nd isotopic
signature would have evolved to more negative (enriched) values. However, in Section |
7.5 it was suggested that the mantle source of the mafic/ultramafic dykes may have been
enriched in Rb relative to Sr for several hundred million years prior to melting at 1590
Ma, because this allows.time for the accumulation of the radiogenic Sr observed in the
ores. This raises the possibility of mantle enrichment events for Rb which do not cause .
"enrichment in LREE. ~This may relate to the dlfferenccs between the enriching properties |

of mantle-derived metasomauc fluids, which perhaps transport alkalis but not REE, and

low degree partial melts which would transport all mcornpanbles. The timing of such

} hypothetical events cannot be constrained because the pre-enrichment isotopic

composition of the source is unknown. , ! }
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' 8 - SYNTHESIS

8.1 Summary

This chapter reviews the contributions made by this study to the undcfstanding of ore .

genesis in the Olynipic Dam deposit. It also assesses the geological, chronological and
gcochcmlcal factors which must now be considered by models of ore genesis for this

deposit. Two plausxblc modcls of ore gcnc51s are thcn considered in the light of the new

One of the most important advances made by this study is in eétablishing the age of the
deposit (Chapter 3). Prior to this geochronological work the age of the deposit was -not
well constrained. The only published estimate of the age of mineralisation was 1400 Ma

* (Oreskes and Einaudi, 1990,.1992). However, it is apparent that these warkers had

taken at.face value the up’pcr intercept age estimate of a discordia calculated from the
pitchblende analyses of Trueman et al. (1988). In Chapter 4 it is demonstrated that U and

Pb have been mobilised from the pitchblendes analysed by Trueman et al. (1988), and

from pitchblendes analysed in this study, and that this mobility had taken place over a
period spanning one billion years since prirriary mineralisation was deposited. This'open
system behaviour of U and Pb clearly violates the requirements of the discordia
regression approach adopted by Trueman et al. (1988). The 1400 Ma-age calculation is
therefore the result of an inappropriate treatment of data, and it has been considerably

misleading for ore genesis models for Olympic Dam. This situation highlights the-

dangers associated with accepting an isotopically determined "age" without investigating

how it was derived.

Largely on the basis of the isotopic work of Trueman et al. (1988), the ore genesis model
erected by Oreskes and Einaudi (1990) stipulates that mineralisation occurred
approximately 200 million years after emplacement of the host Roxby Downs Granite.
These workers proposed that a magmatic heat source was necessary. to drive
hycirothermal' circulation, but make no attempt to account for the fact that this requires ore
depo.sition to have occurred at a time for which no magmatism has actually been recofded:
on the Gawler Craton. If such a large time period did elapse between emplacement of the
host rocks and deposition of the ore, then it must be assumed that the tectonié setting
indicated by the host rocks does not nccessanly bear any relevance to the tectonic settmg

"

required for metallogenesis.

The isotopic work presented in Chapter 3 (this study) strongly suggests that Olympic
Dam mineralisation is an integral part of the tectonomagmatic history of its host rocks.
The U-Pb zircon ages of two felsic dykes and a diatreme-tuff presented in Chapter 3 place
firm minimum age constraints on brecciation and mineralisation events at Olympic Dam.

Y]
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The ages. calculated are not resolvable. from the max1mum age constrajnt provided by the

host granite, meamng that the deposit has an age of 1590 Ma. This.age determination

therefore enables a confident correlation between ore gencsm and the major regional

thermal event that produced the Gawler Rz;ngc Volcanics and the Hiltaba supersuite
' gramtmds _The tectonic setting unphcd for metallogencsm is one of major crustal melting

caused by the emplacement of la:ge volumes of mantle-derived melts into the crust. Giles

(1988).interpreted this thermal event to be ‘due to mantle dlapmsm and Reeve et dt.
~ (1990) suggested it @presems an event Qf mcxplent intracontinental rifting. The strongly
ToUToTopTTtt o -alkaline nature of the mafic/ultramafic: dykes within the-deposit-(Chapter-6)-is-consistent - - .
A , with styles of magmatism common in continental rift settings such as the East African g
let where rifting and magmatlsm are probably associated with mantle plume activity

{(anﬁths and Campbell, 1991) E

A second important result from this study is the recognition (from Sm-Nd isotopic tracing
studies; Chapter 7) of a primitive Nd component in the hematitic ores and brece¢ias. Of
the regional rock units for which Nd data are available, the most likely sources of the
pi‘imitivé Nd component in the deposit are the mafic and ultramafic rocks produced’
during the Gawler Range Volcanic event. Such rocks are clearly plausible sources for
,‘ contributing the Cu, Cr, Ni and V enrichments observed in the breccias (Chapter 5). The
- ) ore fluid isotopic signature (ENd -2.5) reflects contributions from granite or felsic
volcanic-related sources (ENd -5) as well as mafic/ultramafic sources (ENd +4). Mass
balance calculations (Chapter 7) indicate that the ore signatilre céuld result from as little as
~15% rock fraction of n}aﬁc/ultramaﬁc rocks contributing to the ore fluid. The
involvement of mafic/ultramafic rocks in ore genesis effectively rules out models that
'suggest ore metals were derived solely from the host granite or related plutons of the
Burgoyne batholith. This is one of the less obvious ways in which Olympip Dam ore
genesis is fundamentally. different to the genesis of porphyry-copper type deposits.

The geochemical data presented in Chapters 5 and 6, combined with the isotopic data in-
Chapter 7, have revealed several interesting relationships between various rock types
" within the deposit, and these are important for the ore gengsis models discussed below.
The elements that have been introduced to the Roxby Downs Granite to form the deposit
include Fe, Mn, P, Sr, Ba, Cu, U, Y, Nb, REE, V, Cr, Ni and Zn'(Chapter 5). The
‘ chemistry of the altered mafic/ultramafic dykes (Chapter 6; Appendix 9) indicates that
T during progres—sivc alteration they were dcpieted in many elements, including Mn, Nb,
Cu, Ni, Zn, V and Cr. When one considers that Nd isotopic data implicate these dykes
as possible sources of REE for the deposit, it is interesting to note the complementarity of
elemental losses from the dykes and elemental gains in the breccias. This observation
strengthens the interpretation that the dykes or their plutonic or extrusive equivalents were '

an important metal source.




The geochefnistry of the breccias (Chapter 5) suggests that ore genesis at Olympic Dam
could have involved up to three distinct overprinting hydrothermal stages to produce the
observed magnetite-pyrite-siderite, hematite-chalcopyrite, and hematite-bornite-chalcocite
types of mineralisation. However, the geochronological constraints indicate that all of
these stages must havé occurred within ~8 million years after granite emplacement. The
fact that several elemer‘_}';‘al enrichments in the breccias (including Cu, U, LR_fEE, Nb, Y

‘and Ba) do not correlate w'ith'-;otal iron is interpreted to mean that these elements may
_have been introduced in fluids separate from those which introduced iron. As discussed

in Chapter 5, these geochemical relationships could be 1nterpreted as ev1dence for either
a) ore deposition due to mixing of a saline, reduced, Fe-bearing fluid with an oxidised
fluid carrying the other elements (e.g. Haynes et al., submitted), or b) an origin by the
sequential activity of these contrasting hydrothermal fluids. The contrasting REE patterns
of the magnetite-rich breccias (paragenetically early) and the later qhaicopyn’te-rich
hematitic breccias (Chapfer 5) permit the same two interpretations. The interpretation of
the HREE enrichment observed in the bornite-chalcocite ores (and in some other breccias)
relative to the chalcppyrite-rich ores presented in Chapter 5 requires a similar choice
between a) fodels involving fluid mixing events whereby the chemical conditions in the
upper levels of the hydrothermal system enhanced the precipitation of bornite, chalcocite
and HREE-enri'c.hcd phases, and b) models involving temporally distinct oxidative
overprinting of chalcopyrite-rich ores (supporting a supergene weathering rﬂodel). The
major and trace element geochemical data and apparent paragenetc relationships thcrcfor?

allow the possibility of one, two or even three stages of ore genesis.

The isotopic data presented in Chapter 7 reduce these options. The similar initial ENd

_signatures of bornite-chalcocite ores, chalcopyrite-rich ores, pyrite-rich hematitic breccias

and barren hematitic breccias indicate that all these rock types share a common Nd
source, and are therefore cogenetic (see "ore envelope”, Figure 7.1). This suggests that
they are products of a single evolving hydrothermal system rather than the result of
distinct overprinting events involving fluids of differing provenance. In contrast, the
magnetite-rich breccias have the same Nd isotopic signature as the fresh Roxby Downs
Granite (ENd -5). This suggests that the magnetitc-ﬁch rocks may be products of fluids
exsolved from the crystallising granite itself and/or related plutons of the Burgoyne
batholith, or from deeply circulated meteoric waters that equilibrated with these rocks
alone. The Nd isotopic evidence therefore confirms that two fluids were involved in ore

genesis, and limits plausible ore genesis models to those involving ‘only one or two

principal stages, namely:

a) those which propdse that magnetite-rich breccias may be a distinct first stage
produced by granite-related fluids, with Cu-REE enriched oxidised fluids overprmung

at a later time, or ‘ o : .
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b) those which propose that magnetite-rich breccias and hematitic breccias, are coeval
products of the mixing of reduced Fe-bearing granite-related fluids with oxidised Cu-
U-REE enriched fluids.

8.2 Requirements of ore genesis models

The results of this study and the data of previous workers necessitate that any plausible
model of Olympic Dam ore genésis must account for the following features:

1) The Olympic Dam Breccia Complex and its zones of economic mineralisation w‘ere
fdr,med at ~1590 Ma as part of the Gawler R'ange /Hiltaba volcano-plutonic event.
Metal]ogenesi's is therefore believed to be linked to an intracentinental extensional
(rifting) tectonic setting that was probably sited above a diapiric upwelling of -
anomalously hot mantle (Giles, 1988), i.e. 2 mantle plume.

All significant paragenetic stages of sulphide mineralisation (magnetite-pyrite-
siderite, chalcopyrite-hematite, bornite-chalcocite-hematite) are constrained to have

formed within ~8 million.years of emplacement of the host Roxby Downs Granite.

Geochemical and Nd isotopic correlations indicate that barren hematitic breccias,
pyrite-rich breccias, chalcopyrite-hematite ores, and bornite-chalcocite-hematite
ores are all products of the same evolving hydrothermal system rathar than
products of distinct superimposed systems. The fluids which produced these ores

interacted with, and probably acquired ore metals from, rocks or magmas derived

from the mantle at.~1590 Ma. !

Magnetite-rich assemblages are isotopically similar to the Roxby Downs Granite

and are isotopically distinct from hematitic breccias.

Alkaline maﬁc/ultrarnaﬁc magmas were emplaced within and bélow the Olymplc
Dam Breccia Complex during its formation.

6) The Nd isotopic signatures of the alkaline mafic/ultramafic dykes within the deposit

. imply that they are representative of source rocks for at least some of the

mineralising fluids. These rogks and their parent plutons/r_nagmas are plausible
sources of Ye enrichments of Cu, Cr, Ni, V, Ba, Nb, Y and REE in the deposit.

7) The deposit overlies a positive magnetic anomaly.

8) Fluid inclusion and oxygen isotopic data (Oreskes and Einaudi, 1992) indicate that

at least two sources of fluids of contrasting temperature and composition were,

involved in ore genesis.




8.3 Ore genesis

There is consensus among previous workers that ore genesis at Olympic Dam probably

involved a magmatic heat source driving hydrothermal circulation (Roberts and Hudson,
1983; Reeve et al., 1990; Oreskes and Einaudi, 1990; Haynes et al., submitted). Oreskes
and Einaudi (1990) suggested a magmatic heat source but were non-specific about the
petrological affinities of the magma involved, or whether metals were introduced from a

hypogene source or from above. Oreskes and Einaudi (1992) suggested that ore |

deposition involved two ﬂuid"s, oqre'of 7"deep-‘séé'tevd i)ossibiy magmétié oﬁg{'h-" from-
which magnetite-rich assemblages were formed, and a cooler fluid, possibly of surficial -
origin, responsible for deposition of hematite and probably Cu ores. Although ihey did
not éxplicitly favour introduction o% metals from above, these workers implied that it is
possible. Haynes et al. (submitted) most clearly ‘proposed a model involving metals
introduced from above. Reeve et al. (1990) suggested that ore deposition involved both ;
magmatic fluid, possibly associated with mafic magmatism, and meteoric waters. These
workers favoured the introduction of metals in hypogene magmatic fluids. All of the
above workers agree that metal precipitation involved fluid mixing and redox-controlled
reactions. The fundamental differences worthy of closer consideration concern whether
metals were primarily introduced from above or belgw. These contrasting models imply
quitc'different geological controls on ore formatio _ As such they are of considerable
importance for exploration for this type of deposit. The two general models are

considered below.

8.3.1 Fluid-mixing model
/\,,
The fluid mixing model of Haynes et al. (submitted) stems from numerical modellin g of

the chemistry of hypothetical ore fluids, the compositions of which were constrained by
mineralogical, textural, and fluid inclusion data. The model suggests:

1) Ore deposition is due to the mixing of a hot (at least 250°C), relatively reduced,
saline (10 wt% NaCl equivalent) hypogene fluid with cooler, saline, more oxidised

“ meteoric water.

2) The hypogene fluid was in chemical and Nd isotopic equilibrium with the Roxby
Downs Granite and related granitoids of the Burgoyne batholith. It could have
been a magt\natic water derived from the granite itself or a deeper related plutoﬁ of
the Burgoyne batholith, or possibly a "deeply circulated” crustal water which was
ultimately of meteoric origin. The reduced fluid is viewed as the medium which

transported the large quantities of iron into the deposit.




3) The modelled meteoric fluid is saline (10 wt% NaCl equivalent), oxidised, cooler
(150°C), and was the main transporter of Cu, U, Au, and Ag.

4) With the exception of Fe, the aissolved metals were predominantly acquired by
leaching of a birnodal volcanic pile. The mafic component of this volcanic
sequence contributed the primitive component of the Nd isotopic signature of the
hematitic ores. The meteoric fluid therefore transported significant amounts of
REE to the deposit. ' ’ -
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Mineralisation is believed to have occurred through hundreds or perhaps thousands

of brecciation cycles and associated fluid-mixing events as pulses of the hypogene
fluid were introduced. Metal precipitation was controlled mainly by redox

reactions. ‘ -

The different paragenetic stages of mineralisation are interpreted to result from
temporal fluctuations in the proportions of the two mixing fluids during any given
mineralisation cycle: i) magnetite-éiderite-pyrite ores formed when and where the
reduced hypogene fluid was dominant, ii) hematite-challc‘:opyrite and hematite-
bornite-chalcocite ores formed as the hypogene fluids became progressively more
diluted by the meteoric fluids, and ii'i) hematite-quartz breccias formed due to the
progressive inundation of the breccias by oxidised meteoric waters as the input of

ypogene ﬂuids waned.
8.3.1.1 \Implications * .
4

None of the data from the present study are inconsistent with this model. However,
several implications of this model warrant further consideration. Haynes et al.
(submitted) state that genesis of an Olympic Dam style deposit does not require "an exotic
event or unusual rocks". A Cu-U deposit could be formed from meteoric waters that had
access to any sequence of felsic (for U) and mafic (for Cu) source rocks. The Cu-source
(bimodal volcanic pile) need not contain strongly alkaline rocks of the type observed at
Olympic Dam except to contribute the REE enrichment which characterises this particular
deposit. This implies that the unusual alkaline mafic/ultramafic magmatism occurring
during ore deposition at Olympic Dam is not a necessary feature for the formation of a
Cu-U-Au-Ag deposit, but rather is a local coincidence arising from the tectonomagmatic

setting of the depos‘it. v

The model of Haynes et al. (submitted) also requiwé specific geomorphological and
hydrological setting: It requires a source of saline meteoric waters which were in a
somewhat confined hydrological systern such that fluids leached bimodal volcanics over
an area of at least 20 x 20 km (Chapter 7 mass balance calculations; assuming a volcanic




sequence 1 km thick). Metal-bearing brines must have been focussed into the.presen't

. approximate lateral dimensions of the deposit, i.e. an areal extent of approximately 3 x 5

km where they mixed with the more reduced granite-related fluid. Haynes et al.
(submitted) suggest that a playa lake in an arid environment is the likely setting. These.
workers also suggest that other Middle Proterozoic Fe-rich deposits, which are generally
dominated by magnetite (Acropolis; Great Bear magmatic zone in Canada; Kiruna,
Sweden; deposits in southeast Missouri, USA; see Hitzman et al., 1992), formed from
the equivalent of the deeply circulated crustal or magmaﬁc fluid, and are not as enriched -

_,in Cu, U, Au and Ag as the Olympic Dam deposit because they did not form beneath

saline lakes or within zones of oxidised groundwaters which equilibrgted with suitable

source rocks.
&

Existing thermodynamic data indicate that it is not possible to transport significant Cu in a
250°C hypogene fluid of the composition of the deep crustal/ magmatic fluid of Haynes et
al. (submitted). Their modelled fluid contains only 3 ppm Cu. However, a hypogene
source of Cu (and other metals) may be plausible if the parameters used by Haynes et al.
(submitted) to model fluid composition are not entirely appropriate. For example, these
workers were forced to limit the temperature of their hypbthetical hypogene fluid to
250°C and a salinity of 10 wt% NaCl equivaient because at higher levels of both
parametérs the thermodynamic data are unreliable. However, they recognise that ore
formation temperatures indicated from fluid inclusions and oxygen isotopes suggest that
the hypogene fluid was significantly hotter (up to 400°C). Measured salinities in fluid
inclusions range well above 10 wt% NaCl equivalent. Such increased estimates of
temperature and salinity may dramaticaliy increase the solubility of Cu in the hypogene
fluid (e.g. Helgeson, 1969). It is therefore necessary to consider the possibilities for
hypogene introduction of ore metals raised by Reeve et al. (1990).

8.3.2 Fluids from an alkaline mafic/ultramafic magma
An alternative model worthy of consideration involves the following sequence of events:

1) The Roxby Downs Granite was emplaced at 1590 Ma as a product of large scale
crustal meking-above a diapiric upwelling of hot mantle. B

2) Late-stage fluids exsolved from the crystallising granite, or perhaps from a slightly
later pluton of the Burgoyne batholith, n;ay have caused some brecciation, and
precipitated magnetite-siderite-pyrite assemblages. This type of mineralisation has
analogues associated with similar felsic rocks in cbmpaf'able tectonic settings (e.g.
Acropolis; Kiruna, Sweden; southeast Missouri, USA; Great Bear magmatic
zone, Canada). Metal precipitation occurred due to gradients in temperature,
pressure and redox conditions consequent upon release of rhagmatic fluids and

mixing with cooler oxygenated groundwaters. The interpretation of the genesis of
: .
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the magnetite-rich assemblage is not significantly different to that of previous
workers for the same rock type, but the Nd isotopic data presented in this study

provide definitive constraints.

E

3) Alkaline mafic/ultramafic dykes within the deposit imply emplacement of a more

substantial body or bodies of this magma type following the emplacement of the

Roxby Downs Granite and its associated magnetite-rich mineralisation. The

positive magnetic anomaly associated with thé deposit may be taken as evidence

for the presence of such a pluton.

4) Heat from the alkaline mafic/ultramafic magma may have initated convective

hydrothermal circulation leading to leaching of iron and other elements from
granitic country rocks and possibly from the quenched margins of the
mafic/ultramafic rnégma chamber. If these fluids leached granitic rocks only, this
may have resulted in further precipitation of magnetite-rich assemblages in Nd-

isotopic equilibrium with the Roxby Downs Granite.

5) The mafic/ulramafic magma exsolved a late-stage aqueous phase trapped within a

sealed carapace. As crystallisation progressed the fluid phase became enriched in
CO3, H0, Cl, F, and incompatible elements e.g. REE, Ba, Nb, Y, Cu (if
undersaturated in S) and possibly U.v This provides a mechanism which can
explain the greater degcc of REE-enrichment and LREE fractionation observed in
the hematitic ores and breccias compared to the mafic/ultramafic dykes [cf.
Chapters 5 and 6). The Cl-rich fluid may also be capable of transporting large

quantites of Fe.

6) When the vapour pressure of the volatile phase exceeded the confining pressure,

7)

the cupola ruptured, releasing hot, saline, metal-laden brines upwards. Regional
scale faulting may also have triggered fluid release. Explosive release of volatiles
would also cause brccc1at1on of the overlying rocks. These fluids may have been
focussed by the fractured naturc of the granitic and magnetite-rich breccias above.
Alternatively fluid flow could have been controlled by regional-scale structures.
Metal deposition was presumably controlled by gradients in temperature, pressure

and redox conditions upon mixing with groundwaters.

Release of pressure from the crys/allising magma allowed its upper levels to
quench and seal, and the build up of volatiles recommenced. RCpcnuve release of
volatiles may be the cause of the multiple overprinting brecciation eplsodes which

are evident in the deposit.

8) The sulphide zonation in the deposit could have been produced in a similar manner
to that proposed by Haynes et al. (submitted), i.e. due to the varying proportions

180




of mixing between hypogene and meteoric waters, with oxidation conditions
acting as an important control on the stability of different sulphide species.

8.3.2.1 Implications

In many respects this model is-similar fo that proposed by Reeve et al. (1990). Like the
fluid-mixing model of Haynes et al. (submited), this model has specific implications and

potential pitfalls:

Nd isotopic constraints indicate that the hematitic ores have an initial composition (ENd

(€N -5 and +4 respectively). If the "alkaline magmatic volatiles” model is correct, the
ore isotopic signature suggests that a high proportion of Nd was acquired from the
granitic country-rocks after fluids were released from the mafic/ultramafic pluton.

It is implicit in the model that the key factor in forming the ore deposit is the emplacement
at high crustal levels of a volatile-rich alkaline mafic/ultramafic magma. The model places
great importance on the petrological affinities of the dykes within the deposit, and on a
means of focussing the flow of reduced magmatically derived volatiles,\into a more

oxidising environment.

This model suggests that the emplacement of magnetite-rich mineralisaiion is probably
associated with emplacement of the granite. It therefore implies a temporal difference
between emplacement of early magnetite-rich mineralisation and later hematite-dominant
(Cu-U-enriched mineralisation). However, the field relationships and geochronological
evidence suggest that the two styles of mineralisation are products of different

evolutionary stages of the same regional thermal event.

Granitic magma and maﬁc/LfItramaﬁc magma were sequentially emplaced at high crustal
levels in approximately the same locality. Their spatial coincidence may be controlled by
crustal-scale structures (e.g. O'Driscoll, 1985; Sugden and Cross, 1991). Their temporal
coincidence is not surprising given the interpreted tectonic setting of the deposit.

The fluid derived from the mafic/ultramafic magma is envisaged to be sufficiently reduced
and saline that it is able to transport la;rge quantities of Fe. Such a fluid is unlikely to be
capable of transporting U as oxidised U*. Oreskgs (1990) suggested that it is possible
to traﬁsport U4 as fluoride complexes. On the other hand, U may have been introduced
to the deposit as U6+ following leaching of U from felsic country-rocks by oxidised

meteoric waters.
If the "alkaline magmatic volatiles” model is correct, one would expect a degree of aikali

metasomatism associated with the deposit. The geochemical data presented in Chapter 5
indicated that K and Na have been lost from the Roxby Downs Granite during alteration
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and ore deposition. Creaser (1989) reported zones of sodic metasomatism in remote

parts of the Burgoyne batholith, but the abserice of potassic metasomatism in the vicinity
IS

of the deposit needs to be explained if this model is to be accepted.

On the basis of the data presented in this study it is not possible to choose the more
probable of the two principal ore genesis models discussed. Refinement of plausible
models awaits more detailed petrological and geochemical studies.

8.4 Conclusions

Olympic Dam deposit. The conclusions that can be drawn from the data presented are:

1) The deposit has an age of 1590 Ma and can be correlated with major regional
magmatism, i.e. the Gawler Range/ Hiltaba volcano-plutonic event. A pre-existing age
determinaton (1400 Ma) derived from isotopic analyses of pitchblende is shown to have

resulted from an inappropriate treatment of data.

' &
2) The initial Nd isotopic signatures of Olympic Dam hematitic ores and breccias have a
primitive Nd component. The most likely source of this component are mafic and
ultramafic rocks or magmas produced during the Gawler Range/ Hiltaba volcano-plutonic

event. .

3) Relative to the precursor Roxby Downs Granite, the Olympic Dam ores and breccias

are enriched in many elements, including Cu, Cr, Ni, V, Mn, REE, Y, Nb and Ba. This
=~

suite of elemental enrichments is consistent with derivation from an alkaline mafic or

ultramafic source.

4) The mafic/ultramafic dykes within the deposit have alkaline petrological affinities.
Their incompatible trace element enrichments (interpreted as a primary igneous feature;
see Chapter 6) are comparable to those of kimberlites, nep}]elenites and ultramafic
lamprophyres. With increasing degree of alteration, these dykes are progressively
depleted in Cu, Cr, Ni, V, Mn and Nb. The trace element and isotopic comparisons
between the hematitic ores and the mafic/ ultramafic dykes strongly implicate these dykes
or their plutonic or extrusive equivalents as sources of metals for the deposit. .

5) Nd isotopic data indicate that magnetite-rich assemblages formed from fluids in
isotopic equilibrium with the Roxby Downs Granite. These may have been magmatic
fluids derived from the granite or a cogenetic pluton, or fluids*which had equilibrated

with the granite.

6) The data presented are inconsistent with the ore genesis model of Oreskes and Einaudi
(1990), mainly due to their interpretation of the age of the deposit. The new data are
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This study has made several significant contributions 1o understanding the geriesis of the




permissive of the model of Haynes et al. (submitted) which suggests that ore genesis is
due to the mixing of a hot, saline Fe-bearing magmatic or deeply circulated fluid, with a
cooler, saling Cu-U-REE-bearing meteoric fluid. The latter fluid is interpreted by these

workers to have leached the metals of economic interest from a bimodal volcanic pile.

' The data presented also permit a model of ore genesis involving the sequential activity of
magmatically derived fluids; firstly, Fe introduction associated with late stage
crystallisation of the Roxby Downs Granite or a cdgcnetic pluton, followed by
introduction\SLCu, REE and possibly U transported by volatiles exsolved from an
alkaline mafic/ultramafic pluton.
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APPENDIX 1 THE MUSOSHI ‘URZ\NINITE STANDARD

Al.l" In_troduction

‘
A reconnaissance ion microprobe study of Olympic Dam pitchblende has been described
in Chapter 4. It demonstrated that Pb and U ionic species sputtered from pitchblende are.
correlated and amenable to internal calibration of Pb/U isotopic ratios. Despite’
disturbance of the U-Pb isotopic systematics, in many cases Olympic Dam pitchblende
retains sufficient radiogenic Pb to yield concordant or near-concordant data: Although
open system behaviour requires that geological interpretation of the analyses must be

~~approached with caution, the reconnaissance study was an-analytical success:~For this s =

reason developmental work on a suitable uraninite standard was commenced and the

purpose of this appendix is to document that work. S

A uraninite standard should be coarse-grained, free of inclusions, homogeneous, and
have concordant U-Pb systematics. A suitable uraninite which fits most of the above
criteria has been well-documentéd by Richards et al. (1988). The sample is from the
Musoshi stratiform copper deposit in Zaire where cubic 'ura"ninite with few inclusions
occurs in veins as undeformed centimetre-sized euhedra and coarse aggregates. The
veins also contain dolomite, feldspar, quartz, biotite, molybdenite, rutile, copper
sulphides and native copper. Uraninite only occurs in the veins where they have
propagated into a relatively reduced shale (Richards et al., 1988) which suggests that
reduction of dissolved U+ was the cause of uraninite precipitation. Conventional U-Pb
analyses (TIMS) of the Musoshi uraninites are concordant to near-concordant, defining a
discordia line with intercepts of 514 £ 2 and 4 = 82 Ma. A small amount of recent Pb
loss can be inférred from these data. Dr J.P. Richard)g kindly supplied samples of these
uraninite grains for selection of a standard for the ion probe. Specimen No.}9 of
Richards et al. (1988) was selected because it had yielded a concordant analysis. The
data from the conventional analyses of these workers. were confirmed by analyses on the
same material by Mr M. Fanning at the Austr;a.lfan National University. The data are

listed in Table A1.

Fifty-four areas were analysed in two separate ion probe sessions. The analyses consist
of four scans through the mass spectrum with the following steps; 204pp, 206pp, 207pp,

208pb, 238U, 248(ThO), 254(U0) and 270(UQ3)." In each scan the uranium species were
counted for 1 second, 204Pb, 207Pb and 208Pb for 10 seconds, and 206Pb and 248ThO

were counted for 5 seconds. The 207Pb/206Pb ratios measured in the first session were
consistcntly' higher than the conventional analyses (discussed in more detdil below). The
sample was re-polished with new pads to eliminate the possibility that the high
207pp/206Pb ratios were caused by contamination with Pb from the polishing pad, which
‘had previously been uséd to polish Olympic Dam pitchblénde, and the second analytical
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session was undertaken. The same problem was evident so a third analytical session was

made in an atternpt to determine whether isobaric interferences were the cause of the

problems in measuring Pb isotopic ratios.

Table Al Thermal ionisation mass spectrometry data for the Musoshi uraninite sample
No. 350W-1040(H), Specimen no. 9, of Richards et al. (1988)

wt  *207pp; 208pp; “204pp; U9 Pb % *207pp, *206ph; - Age
(mg) 206pb 206p 206pb 235U 238U 207pb/206pb
e e f g 1362~ 0,057 0.00034~ 0.00000 83.67 6.33 - 0.6604- —0.0832 -S43 - -

4

b 0.0038 0.057610 0.00053 0.00003 67.24 5.03 0.65307 0.08222 5149z 1.2

b _0.0062 0.057636 0.00017 0.00001 8123 6.03 0.64846 0.08160 516 + 1.1
a Analysis of Richards et al. (1988)
b Analyses of M. Fanning, Australian National University

* Radiogenic ratio

Al.2 Pb/U calibration

In the ion probe study of'Olympic Dam pitchblende (Chapter 4) the covariation of
206Pb+/UO+ and UO,*/UQO+ yielded a calibration curve with a Jower degree of scatter .
(10.8 % error) than the curve derived from 206Pb+/U+ and UO*/U* ratios (17.2% error).
This is not the case for the Musoshi uraninite. A plot of 206Pb*/UO* against UO2*/UO*
for t_hq data from session 1 (Figure Al) demonstrates that these ratios are not well-
correlated and the data from session 2 have an overall pé)brly-deﬁned negative correlation
(Figure A2). The difference in relative ionic‘yields between the Olympic Dam
pitchblende and the Musoshi uraninite may be auributable to different sputtering
conditions caused by the different mineral structures of uraninite (UO7) and its oxidised

and hydrated variant, pitchblende (Winchell and Winchell, 1951).

In contrast the data for Pb+/U+ and UO*/U+ ratios are well correlated. Figure A3 shows
these ratios for the data from session 1 and a curve can be derived which relates the

variables by‘ the folloWing quadratic équation: A .
206pb+/238U+ = 0.005239\).(UO/U)2 + 0.042408 .(UO/U) - 0.32608

_ : The data scatter about this curve with a relative standard deviation (uncertainty) of 6.9%. T
) It analyses 1.5 and 2.1 (the two points circled in Figure A3) are deleted as outliers the

uncertainty is reduced to 5.0%.
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The data for session 2 yield similar results (Figure A4) with a calibration equation of
206pp+/238U+ =0.01352 .(UO/U)2 - 0.075439 .(UO/U) + 0.10227.

The scatter about the curve equates to a calibration uncertainty of 7.2%. Deletion of
analyses 5.2 and 7.1 (circled points in Figure A4) reduces the uncertainty t0 5.9%. A




plot of the data from both sessions (Figure A5) shows that the data lie on the same curve, 198

i.e.: .
206pb+/238U+ = 0.005839 .(UO/U)2" + 0.027910 .(UO/U) - 0.23816
Musoshi uraninite - sessions 1 and 2
2
+
+_§ o session 2
B ”%‘" - ""E:f"s"é‘s’SiESh” j
3 0
Figure A.5

with an uncertainty of 7.8%. I analyses 5.2 and 7.1 (session 1) and 1.5 (session 2) are
" deleted as outliers the un‘cem{inty is reduced 10 6.6%. “The absence of significant drift in
calibration between sessions is in contrast to the drift observed for zircon analysis
(Compston et al., 1984). Further analytical sessions are necessary to assess the long
" term repré@ucibility of the uraninite Pb/U calibration. It is possible that the much greater
quantities of Pb and U in.uraninite ¢ompared to zircon influence the reproducibility. On
the basis of thqaboi)é'dbservations it is appropriate 10 expect an uncertainty of around 5
to 6% for the 206Pb/238U ratios of the standard, larger than the 2 to 2.5% uncertainty for
this ratio in a stax;dard zircon (e.g. Compston et al., 1986; Claoué-Long et al, 1990).

-

The uncertainty in the calibration curve is a major corhponcnt in the precision of Pb/U

h isotopic ratios quoted for unknowns. The correlations between Pb and U species

sputtered from the Musoshi uraninite suggest that it is a suitable standard in terms of

Pb/U calibration.

g . ~—

Al.3 Pb Isotopic measurements

. The Pb isotopic ratios measured by the ion probe are listed in Table A2. 204Pb/206Pb -
" ratios are not reported. The peak measured as mass 204Pb in the first two analytical
'sessmns was subsequently identified as due to an adJacent isobaric 1nterfenng species.




Table A2. Ion icroprobe data for the Musoshi uraninite
Sample  207pp/  208pp/  206pp+; “206pb; yOr/U*  UO*/  ThOY  ThUR
No. . 206py 206py, 238k 238+ Uo+ Ut -
Session 1
11 005912 000040 13617 00957 14457 1313 000047 0.00004 .
12 | 005617 000050 11614 00901 13335 1277  0.00054 0.00004
13, 005870 000042 11719 00907 13221 1291 000477 0.00040
14 005920 000018 07449 00674 11269 1279 000098 0.00010
S15 - 0.05975 - 0.00022 - 10275 0.0896 1 1692 1286 0.00131" “0.00012"~ -~ T
16b 005954 000011 08587 00790 11160 1309 000155 0.00015
7 005793 000011 08201 00730 11269 1258 000084 0.00008
0.06075 - 0.00044 08540 00759 11452 1312 0.00131 0.00013
005044 000027 08593 00780 11047 1297  0.00076 0.00008,
005976 000029 08499 00748 11568 1298  0.00120 0.00012
21 005967 0.00063 06452 00606 10769 " 1257 000715 0.00074
22 00591 000056 07996 00704 11453 1287 000091 0.00009
31 006045 000140 03253 00413 7876 1412 001318 0.00186
32 7006105 000195 03107 00410  7.617 1403 000865 0.00126
33] 005812 000186 03144  0.0414 7646 1369 000914  0.00133
3.4 \_ 0.05831 0.00058 07340 00663 11097 1246 000281 0.00028
35 005913 000081 06432 00634 16195 1231 000216 0.00023
Session 2 ‘
Musl.i 005959 000023 05793 00628 9221 1174 000117 - 0.00014
12 005929 000047 03459 00433 7982 1203 000322 0.9004'5 |
13 005910 000037 04669 00524 8911 1231 0.00166 0.00021 ~
14 006039 000037 02760 00378 7292 . 1246 000136  0.00021
15 005994 000064 02812 0038  7.354 1246 - 0.00658 0.00099 .
16 006023 000035 O0.1645 00266 6189 1326 ° 000129 0.00023
21 005929 000031 01699 00267 6362 1314 000089 0.00016
22 005952 000020 01689 00263 6355 1324 000052 "0.00009
30 005931 000032 0.1792 00276 6497 1310  0.00044 0.00007
32 006040 000023 01567 00259 - 6053 1309 000106 0.00019
.33 005931 000032 0.1253 00215 5817 1379 000153 0.00029
13b 005931 000031 0.1521 00249 6105 1339 000130 0.00024
34 005969 000261 0.1146 00200 5723 1378 003172 0.00615
34b 005923 000270 01968 00304 6475 1307 003891 0.00667
35 005922 000048 0.1123 00192 5845 1427 000020 0.00004
36  00S88] 000032 00999 00180 5554 1429 000023  0.00005
41 005957 000077 00852 00159 5371 1452 000580 0.00120
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Table A2 contd. o o L ‘
Sample  207pb;  208pp/ 206pp+/ 206pyé; VOO UOZY  ThOv hUE
NO..‘ 206Pb'» 206pb 238u-# : 238uo+ uo+ Ut '

Se;vlsion 2 cond. o
42 006163 000038 00946 00172 5512 1482 000094 0.00019
(435006297 .0.00044 01001 “TUTES" - 5.463 1475 000107 0.00022
44 005968 000037 00864 00157 .5509 1483 000113  0.00023
17 005861 - 000038 -02121 © 00309 * 6852 1317 _ 0.00301 0.00049
L1b 005947 000018 04013 00506 . 8028 - 1285 000130 0.00018
1.2b  0.05836 0.00038 02737 -0.0380 . 7.210 - 1287 0.00249. 0.00038
_13b. 005725 0.00038 02929 - 00395 7415 1306 000132 000020
18  0.0595 000031 01257 00207 6056 1424 000154 000028
44b 005956 0.00029 © 0.0928 00164 5625 ' 1453  0.00121 0.00024
45 005957 000049 01160 00203 5679 © 1398 ° 0.00094 0.00018
46 005990 000036 00864 < 00160 5330 1420 000057 0.00012
47 005893 000072 00867 00160 5371 1460 000509 0.0105
47b 005922 000044 0.1026 00184 - 5547 1394 000398 0.00080
51 006381 00003 00876 00161 5433~ 1463 000040 0.00008 -
52 005797 000023 01205 00211  5622° 1458 000069 0.00014
53 005964 000040 00822 00154 5321 1474 0.00067  0.00014
SRR 6. 00588 OO0RIZ® 02041 00304 6572 1121, 000096 0.00016
' 62 005953 000027 0.1497 00238 6.193 %372 000046 7 0.00008
637 005844 400020 ' 01511 00239 6212 = *1377 000056 000010
7.1 005872 000067 01821  0.0269 §T966 1.354  0.00685 _ 0.00109

- a Th/U=1.11. ThO*/UO*: assumes the relanbnshlp observed for zircohs (Compston A

et al,, 1984) apphcs also to uraninite o
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For the third session a fragment of Pb metal was used to correctly align the spectum for

204Ph. In this session no 204Pb was detected in the Musoshi uraninite. This is
consistent with the 204Pb/206Pb ratios measured by conventional analysis (Table A1) and
so 204pp/206py, ratios are not glven

The mean of the 207pp,/206pp ratios for both sessions listed in Table A2 is 0.05920 with.
an uncertainty of 2.7% (relative standard deviation). This 207pp,/206Pb ratio corresponds -
to an age of ~575 Ma, con51derab1y higher than the age of 514 Ma as determined by
‘TIMS This discrepancy could not be caused by mass fractionation in the-ion probe
 becduse this process favours the i ghter isotopes ‘and therefore tends 10 yield Tower ~~ 7

207pb/206Pb ratios (Ireland et al., 1990). Scan&thr0ugh the mass spectrum indicate that ‘
adjacent peaks, possibly REE molecular species, are fully resolved from the 207Pb peak
and are therefore not responsible for the elevated 207Pb/206Pb ratiq, Elevated
207pb/206Pp ratios may be caused by interference from Pb hydride species, i.e. 200PbH*
contributing to the peak at mass 207 as these are not resolved even at the high mass
‘resolution (6500) of SHRIMP (Compston et al., 1992). Long and'Himon (1984)
discuss the causes of, and relationships between different metal hydride species in

secondary ion mass spectrometry. They conclude that the most 1mportant sources of

hydrogen contributing to metal hydrides are:
.. \ |
i) the residual water vapour pressure in the sample chamber,

...( . . h . ‘
«11) water in the matrix of the minerals analysed, and

iii) OH within the primary-beam bombarding the sample.

Filtering of the primary ion beam during the course of this work eliminates the presence
of OH. However, both i) and ii) are possible causes of a hydnde problem. The residual
water vapour pressure 1s minimised by the use of a llqmd N3 cold trap in the source
chamber but nevertheless may vary from one fiay of data accumulation to the next, and_
for this reason the data for sessions 1 and 2 are considered separately below.

The mean 207Pb/206Pb ratio for session 1 is 0.05869 with a relative standard deviation of
4.1%, reflecting the considerable scatter shown by the histogram of 207Pb/205Pb values
(Figure A6). Variably elevated 207Pb/206Pb ratios are not likely to be caused by the °
water bound within a sample unless the water is dlsmbuted heterogeneously. The
variation is more hkely to be caused by changing water vapour pressure conditions within
the sample chamber. The regular variations of, subsets of the 207Pb/206Pb and
208pp)206Ph ratios through time (Figures A7 and A8) are consistent with this hypothesis.
The 208pb/206pp ratios in particular show wide variation with a relative standard
deviation of 90% (mean value 0.00063) Although residual vapour pressure was
probably a contnbutor to the elevated and vanable 207Pb/206‘Pb ratios measured durmg
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*cannot be discounted. . ) oo L

The 208Pb/206Pb ratios for session 2 are lower than those for session 1, and they do not
show the same variability. The data are illustrated in a histogram (FigureA9b) and, with
the exclusion of the two outliers with 208Pb/206Pb ratios of ~0.0027, yield a mean value

of 0.00038 and a relative standard deviation of 38%. From the lower degree of scatter

‘session 1, the possibility that water within the uraninite' was also yielding Pb hydrides .
4 . .
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relative to the 208Pb/206Pb ratios from session 1 one can infer more consistent, probably
lower, residljaj water vapour conditions during session 2 than in session 1. Nevertheless

201

the 207Pb/206Pb ratios measured in session 2 are again erroneously high (0.05957, -
relative standard deviation = 2.0%) which suggests that Pb hydrides may yet have

affected the mgasurements during this session. The possibility must therefore be
considered that both analytical sessions have high 207Pb/206Pb ratios because of hydrides
generated by water within the uraninite sample, an effect that is not c;l;imi’nated by the use
of a cold trap. An appro:éimation of the maximum hydride proportion may*be calculated
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Figure A.9

by determining the 208pb/207Pb ratio and assuming that all of the ions measured at mass
208 are actually 207PbH. This provides a deliberate overestimate of the hydnde
proportion as there is a small component of real 208pb in the sample (TIMS data; Table
"A1). If this estimate is used to correct the raw cgunts for 207Pb and 206pp, the corrected
+207ph/206ph ratios are somewhat lower than‘the true value, 0.0576. This provides
further evidence that hydrides are a plausible source of the systematic error in the
207pb/206Pb ratio. - Had the deliberate overcorrection for hydrides still yielded high




207pb/206Pb ratios it would have seemed unlikely that hydrides were the cause.of the 203

problem

Further use of the Musoshi uraninite as a standard requires development of a method for
determining the proportion of the Pb peaks attributable to hydride interferences. Hydride
R interfcrences can also affect SHRIMP zircon analyses (Compston et al., 1992). The
pracucc used to correct for hydrides in zircon analy51s is to assign a hydride proportion to
the 207Pb/206Pb ratios of the unknowns based on thé discrepancy between the measured
- 207pb/206Pb of the standard zircon (corrected for common Pb) andits true radiogenic
_value. This assumes that the difference is due totally to Pb hydrides caused by the
residual water vapour préssure of the s’amp'le chamber. This method is inapplicable to
uraninite/ pitchblende dating because it cannot be assumed that there is either negligible or
uniform water contents in these minerals; pitchblende may have water contents ranging
from -2 to -5 wt % (Winchell and Winchell, 1951). It cannot even be assumed that the
water content of the pitchblende in a single sample will be homogeneous. The hydride

correction appropriate to a uraninite standard will not be comrect for an unknown with a . .
_different water content, which means that separate corrections will need to be applied for
each analysis of standard and unknowns. o
Hydride corrections for uraninite could be made by measuring mass 209 (208PbH;
assurﬁing there is no Bismuth in the sample) and using the 209/208 ratio as the hydride
fraction by which to adjust the counts of the Pb peaks, or by measuring mass 239
(238UH) and calculating the (approximately constant) relationship between the UH/U
and PbH/Pb ratios, a method described by Trueman et al. (1988) based on the
experimental work of Long and Hinton (1984). Alternatively, measurements of Pb
hydrides could be made directly on the hydride peaks adjacent to 206Pb, 207Pb and 208Pb
using a microprobe with sufficiently high mass-resolution to separate hydrides from the
Pb peaks. In cither case Pb isotopic ratios would need to be recalculated after adjusting

the raw counts for the Pb isotopes by the following arithmetic relations;

]

' 206Pbyye = 206Pbeqs. + £.206Pb,

+

s . ‘
¢ 207Phye = (1+6).(207Pbpeas. - £.206Pb); and

208Pbyrye = (1+£).(298Pbmeas, - £:207Pb)
where f is the hydﬁde factor PbH*/Pb*.

The development of the Musoshi uraninite standard was initiated primarily to enable the
rapid dating of many samples from Olympic Dam. The inability to reproduce the true
207ph/206Ph ratio of the Musoshi uraninite with ion probe analyses, probably because of




- hydride interferences, was not forseen because the crystalline uraninite was not expected 204
to have a significant wa o "’e ent. The reallsanon of the hydnde problem coincided with

samples was very fine-giihed (<< 30um, the diameter of the ion probe beam).
Although the hydride problem could be overcome by further technique development, the
work required was id‘cemed to be outside the scope of this project w_hen it became
apparent that little progress could be made with the Olympic Dam samples. No further
. work.on the Musoshi uraninite was undertaken. o

Al.4 Summary

Ton microprobe analysis of the Musoshi uraninite has indicated that it is a suitable
standard with respect to calibration of Pb/U isotopic ratios. However there are some
unresolved problems with the Pb isotopic ratios measured, primarily the elevated
207pb/206pb ratios. The future development of the Musoshi uraninite as a standard for
ion microprobe analysis will require that Pb hydride peaks are monitored by either

A) using sufficiently high mass resolution that the hydride peaks are separated from
the Pb peaks with which they would otherwise interfere, or

B) measuring hydride peaks where there are no potential interferences from other Pb
isotopes e.g. measuring 208PbH at mass 209 or 238UH at mass 239.

If the hydride problem is verified and overcome the Musoshi uraninite will be a viable

standard for routine ion probe analysis of uraninite/ pitchblende samples.

v
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APPENDIX 2

Whole-rock geochemical data

a

.XRF data have been recalculated according to the following method:

1) Sufficient sdlphly has been allg“cated as SO3 1o account for the Ba concentration
(assuming Ba is present as barite). The rérnaining sulphur is allocated as S.

- -2) Loss onignition has been calculated-asi-—-— - -
LOI = MLOI + {(FeO x 1.11134) - FeO} - CO; - H,0* - H2O - §,

where MLOI is measured loss on ignition.
g . ' ' {
" 3) Copper percent has been calculated as Cu metal (rather than CuQO).
4) For the whole-rock total, the other trace elements are calculated as element

oxides and are given as a percentage.
Possible sources of error in whole-rock totals include:

A) The High iron content of the samples; many samples contain >50 wt%.total iron, with
some as high as 95 wt%. Desbite the 1:1 dilution of the rock powders with pure silica
prior to fusion, the iron contents are still well above the range of the calibration
standards. This necessitates a large extrapolation in iron determinations, and may

contribute to errors 1n the whole-rock totals.

B) Ba totals; errors in Ba determination cause errors in calculation of SO3 (abovéﬁ and

205

therefore in calculation of S and LOI totals. Under ideal conditions, the precision of Ba

determinations is * 1-4% (relative) for Ba > 100 ppm. High Ce contents cause
interferences and increase the uncertainty for Ba. Many of the samples have high Ba and

- Ce concentrations and are thefefore prone to errors in whole-rock totals. -

C) .Self-absorption; elements usually regarded as trace elements and therefore analysed
in pressed powder pellets are assumed not to absorb any of the primary X-ray beam.
This assumption is not valid at high concentrations (>1%) and will tend to cause
underestimates of the concentrations of the elements concerned. This effect therefore may
contribute to low whole-rock totals. In the present sample suite the elements which may
be of concern are Cu (up to ~15%), Ba (up to ~5%), La and Ce (up to ~2%).

D) All divalent iron has been ¢alculated as FeO. This is not appropriate for rocks -

_containing a high proportion of Cu-Fe- and/or Fe-sulphides. The®standard "oxygen

equals sulphur” co“‘rrgction may be applied where the sulphide mineral contains sulphur in
N f



a 1:1 molar rafio with Cu and Fe (e.g \\;ﬁ'gre the only sulphide present is chalcopyrite - 206
CuFeS»). However, this correction is not applicable where the sulphide minerals have
S:metal ratios which differ from 1:1 (e.g. pyrite -FeS»,'bornite -CusFeS4, and chalcocite
-Cu3zS). The Olymplc Dam samples typically contain assemblages of two sulphides of
differing S: metal ratio. In many samples the sulphides occur as exsolution intergrowths.

The exact proportion of Fe2* in the sulphides is therefore not known, and it would be |
misleading to attempt to correct for Fe2* attributed as FeO rather than as Fe sulphide.
For this reason, Fe2* remains expressed as FeO in the following table, recognising that

_this will tend to cause whole- rock totals_to-be-erroneously - high-for- samplcs ‘with-high-

sulphide contents.

From the abc)\;e points it is apparent that the samples for which the totals are most likely
to be in error are the those with high concentrations of Fe, Ba and Ce, and hlgh contents

of Cu-Fe sulphldes




Appendix 2 i XRF geochemical data.

* See AvZendix 2 explanatory notes, page 205.

—————— 0.04 -

Sample 4501 4502 4503 4504 - 4505 4506 4507 4508 4509 4510
RX No. .
ANU No. 89- 89- 89- 89- 89- 89- 89- 89- 89- 89-
’ 105 106 107 378 379 374 380 381 382 383
Rock hem- ' hem-  silic. leached silic. pyrite- silic. chalco- barmren leached
type gzbx qgzbx hem<qz bx bx " rich bx pyrite hem. bx  bx.
) bx ore’ = ore
Si02 5.39 3.87 16.50 0.32 35.59 3.47 60.10 12.76 26.19 5.20
TiOp 0.13 . 0.11. 0.06 0.22 0.15 0.06 0.24 0.06 0.16 - 0.14
AlpO3 0.40 0.41 0.29 0.18 0.67 1.51 3.07 5.26 2.87 2.68
FepO3 80.39 -'79.03 78.23 . 86.51 59.52 86.38 26.27 64.13 63.49 85.65
FeO 0.36 0.41 0.42 0.26 0.46  1.50 4.81 0.99 0.48 1.68
MnO.. .. 0.04_-.0.04 —.0.04 - -0.06 - -0.02--.--0.04—-0.08— - 0.02- -~0:04
MgO 0.08 0.1t 0.04 0.10  0.06 0.18 0.46 0.16 0.12 0.39
Ca0 0.10 3.83 0.02 0.02 0.06 0.65 0.48 3.77 0.00 0.10
NazO 0.40 . -0.34 0.39 0.75 0.24 0.26 0.26. 0.33 0.39 0.27
K70 0.04, 0.04 0.00 0.04 . 0.11 0.02 0.14 1.49 0.67 0.29
P205 0.36 .0.26 0.25 0.14 0.34 0.22 0.14 0.37 0.14 0.37
SO3 2.87 2.11 0.21 1.39 0.53 0.03 0:06 1.25 1.29 0.46
S 0.28 -0.11 0.00 1.04 0.00 3.45 0.10 1.91 0.00 0.03
Ho0* 0.56 0.18 0.15 0.09 .0.16 0.00 0.25 0.21 0.51 0.00
HOr 0.49.  0.14 0.12 0.15 0.14 0.00 0.06 0.07 0.17 0.71
COyp 0.23 0.20 0.22 0.02 0.03 0.05 Q;48 '0.07 0.46 0.00
LOI 2.13 1.37 ° 0.10 0.00 0.71 0.08 .39 2.62 0.60 0.81
Cu 0.07° 0.01 0.01 0.03 0.03 1.32 .50.09 1.90 0.05 0.06
Rest 6.42 497 - 0.82 6.55 1.29 0.39 70.24 3.11 2:95 1.34
. . i
Total 100.74 97.55 97.87 97.87 100.11 99.61 98.73 100.48 100.59 100.22
* » * . *
!
Rb 2.5 4.5 1 3 6.5 -9 65 33 16
Sr 785 940 202 428 196 142 67 696 298 319
- Pb 104 64 104 59 83 41 16 65 26.5 55
Th 8.5 1 28 8.5 28 17:5 17 18 20. 48
U 85 41 25.5 22.5 46.5 131 . 39 438 46 145
Zr <1 <1 35 <1 98 3 174 43 80 15
Nb 54 11 6.5 60 61 131 -~ 30.5 50 40 598
Y 59 57 18 10 14 31 32 115 66 319
Ni 8 8 13 6 7 17 8 14 <l 26
Cu 650 149 114 268 298 13170°° 880 19027 491 617
Zn 19 18 19 26 22 66 114 80 27 102
Ga <.5 <.5 3.5 <.5 2.5 14.5°, 10 3.6 6.6 9.2
v 32 15 31 20 45 49 25 18 16 37
Cr 63 51 23 145 19 L2244 18 22 23 26
Mn 55 17 39 47 38 62% 770 23 16 - 70
Ba 49300 36200 3680 56340 9050 510%1\;\ 1090 21500 22200 7950
La 2790 2580 1280 510 700 800 °, 168 1650 1380 890
Ce 4580 4140 1660 880 1010 1180 = 220, 2470 2140 1510
INAA yes yes yes no yes yes no _yes yes yes
Sm-Nd no yes yes no no no no yes yes yes
Rb-Sr no yes yes no no no no .° yes yes yes

207




Appendix 2 ii.

XRF geochemical data.
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* See Appendix 2 explanatory notes, page 205.

 Sample 4511 4512 4513 4514 4515 4516 4517 4518 4520
RXNo. v - - .
ANU No. 89- 89- 89- 89- 89- 89- 89- 89- 89- 89-.
384 385 386 387 388 389 390. 365 391 392
Rock bn- chalco bn hem-qz hem-qz hem-qz hem-qz dolerite dolerite leached
type chlcite pyrite  chlcite sst. sst. sst. bx bx
. ore ore ore -
Si02 19.48  23.59 0.36 20.10 28.58 23.18 10.37 49.07 51.00 47.82"
TiO . 0.12 0.10 0.08 0.20 0.29 0.22 0.28 2.29 2.55 0.46
AlhO, 2.41 3.62 0.92 3.70 7.82 2.96 0.24 15.04 14.34 0.14
~Fep03 \55.09 62.32 80.68 63.74 53.90 62.12 77.52 4.24 -14.47 4549
FeO' 5.04 1.05 5.89 1:75 0.72 0.74 = 0.44 9.18 1 1.75 0.63
"MnO - 0.04 0.02 0.04 0.04 0.02 0.02 0.10 0.18  0.19 0.1
“"MgO~ T T0:27770.237777°0015 19377058 7 066 0.49 4.53 3.78 0.69
CaO 0.19 0.15 0.06 0.04 0.10 0.16 0.63 9.94 5.21 1.27
Naz0 0.31 0.31 0.31 0.34 0.40 0.36 0.32 2.66 2.56 0.28
K20 0.58 1.02 0.16, 0.62 2.07 0.72 0.02 0.38 0.92 0.00
P05 0.29 0.27 0.04 0.20 0.31 0.30 0.26 0.20 0.22 0.10
SOs 0.09 0.44 0.02 1.43 0.94 1.95 2.82 0.00 0.01 0.00 .
S 3.50 1.63 2.34 0.07 0.02 0.10 0.00 0.04 0.03 0.01
Hp0* 0.33 0.10 0.66 0.48 0.04 0.79 0.30 1.42 1.69 0.75
HyO 0.21 0.23 0.05 0.03 0.26 0.14 0.10 0.33 0.46 0.06
COp 0.19 0.10 0.05 0.09 0.06 0.06 0.89 0.30 0.64 1.86
LOIL 0.00 0.30 0.00 2.66 . 2.36 2.10 2.29 0.25 0.02 0.00
Cu 11.47 2.50 11.46 0.02 0.02 0.02 0.05 0.02 0.02 0.00
Rest 1.50 1.81 0.47 3.03 2.17 4.09 5.81 0.15 -0.19 . 0.16
Total’ 101.11 99.78 103.74 100.46 -.100.66 100.69 102.92 100.22 100.05 99.88
»* L -
Rb 60 35 96 39.5 10.5 31 <0.5
Sr 303 351 .39 505 483 535 675 206 217 42.5
Pb 130 134 141 48 74 75 93 24 14 21
Th 41 30 75 16 39 27.5 21.5 1.5 2.5 34
3] 2180 837 730 22.5 31.5 26.5 80 1 1 15.5
Zr 81 60 82 179 HE 24 147 159 369
Nb 179 149 1050 16 33 25.5 60 8.5 9.5 29.5
Y 87 75 101 6 14 20 31 30 33 24
Ni - <1 <1 <1 7 6 9 4 -48 59 4
Cu 114692\ 24950 114560 166 193 204 473 235 230 35
Zn 10.8 30 60 - 238 302 226 49 124 167 7
Ga 8.1 14.9 9 11.5 26.5 7 <.5 25.5 24.5 0.1
Vv 31 26 102 15 17 18 26 300 330 16
Cr 22 21 8 23 40 34 65 56 84 21
Mn 122 35 48 134 61 55 660 1370 1290 1170
Ba 1550 7540 280 24500 16200 33500 48300 83 124 2
La 1730 1320 68 7 780 830 790 1060 11 12 300
Ce 2390 1950 155 750 800 1030 1290 27 26 390
INAA “yes yes _ yes yes no no no no yes no
Sm-Nd yes yes yes yes no no no no yes no
Rb-Sr yes yes yes yes no no no no yes no
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* See Appendix 2 explanatory notes, page 205. -
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* Appendix 2iii XRF geochemical data.
Sample 4521 4522 4523 4524 4525 - 4526 4527 . 4528 4529 4530
RX No. -
ANU No. 89- - 89- . 89- 89- 89- | 89- 89- 7 89- 89- 89-
393 394 367 368 395 396 397 398 375 399
Rock silic. hem. “fresh” “fresh" chlor. hem. sericite leached pyrite- pyrite-
type bx altered granite granite altered altered altered breccia rich siderite
_granite . granite granite granite ore vein
SiOp 91.32 75.75 . 70.67 70.27 53.36 68.02 70.47 0.53 5.33 0.29
TiOp 0.26 0.44 . 0.45 0.42 0.56 0.50 0.44 0.29 0.06 0.04
AlpO3 1.82 0.13 1296 13.69 9.70 13.17 13.58 0.75 0.18 0.80
FesO3 3.54 22.61 1.58 1.44 20.43 5.68 2.15 92.58 65.53 43.06 .
FeO 0.2t 0.24 1.50 1.13 5.07 1.00 2.04 0.45 14.34 14.61
MnO 0.01 002 007 004 004 004 005 014 092 066
TMgO T U006 T 0.02° T 0.62° 0.45 3.70 0.96 0.82 1.02 1 0.48 0.31
CaO 0.03 0.00 1.02 1.13 0.15 0.22 0.27 1.26 0.44 0.41
NapO 0.12 0.17 "3.15 3.77 0.20 0.29 0.22 0.35 0.32 0.25
K70 041 0.03 5.49 5.32 1.47 7.33 6.79 0.00 0.00 0.23
P205 0.32 0.04 0.07 0.07 0.46 0.06 0.06 0.51 0.32 0.33
SO3 0.12 0.03 0.04 0.04 0.00 0.02 0.02 0.03 0.00 0.00
LS. 0.01 0.03 0.08 0.01 0.01 0.00 0.00 0.09 3.34 21.50
Hyot 4 0.44 0.13 0.72 0.56 0.51 1.26 1.91 0.37 2.30 1.37
HyO" 0.10 0.02 0.17 0.08 0.22 0.45 0.18 0.11 0.22 0.71
COy 0.12 0.03 0.76 0.38 0.15 0.35 0.39 1.44 7.84 9.45
LOI 0.08  0.18 0.22 0.32 3.39 0.38 0.06 0.00 0.00 1.70
Cu 0.01 0.03 0.01 0.00 0.00 0.00 -0.01 0.02 0.25 1.04
Rest 0.58 0.17 0.22 0.20 0.59 0.19 0.20 0.92 0.23 0.72
Total 99.56 100.06 99.79 99.33 100.01 99.92 99.67 100.86 102.10 97.48
- = *
Rb 18.5 1.5 227 223 64 243 249 2
Sr 214 10.5 69 82 194 42 34 197 26 34.5
Pb 7 25 34 . 26 13 5 7 112 37 570
Th 21 27.5 51 34 95 68 52 . 195 18.5 7.5
U 10.5 9 12 10 29 15 21.5 38 116 3650
Zr 232 412 324 269 407 409 338 267 <1
Nb 22, 345 28 25.5 48 30.5 28.5 112 - 675
Y 9’ 107 58 44 28 96 53 25 61 75
Ni 2 2 3 3 51 4 3 12 .22 795
Cu 86 252 99 9 35 8 77 151 2460 10360
Zn 12 23 39 30 204 37 69 396 47 385
Ga 6 <.5 18 19.5 24 17.5 18 4 4 1.5
\Y 7 4 14 12 32 16 16 24 26 11
Cr 6 6 2 2 36 4 2 52 8 4
Mn 3 26 670 330 240 370 370 680 7550 4370
Ba 2040 460 680 740 7 340 350 580 0 12
La 1040 92 82 73 1690 © 102 151 2830 163 62
Ce 1360 167 152 136 1950 159 240 3]/%0 320 111
INAA no no no no no no no no yes yes
Sm-Nd no no no no no no no no yes no
Rb-Sr no no no no no no no no yes no




Appehdix 2 iv XRF geochémical ‘data'.

* See Appendix 2 explanatory notes; page 205.
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“Sample 4531 4532 4533 4534 4535 - 4536 4537 4539 4540 4541
RX No. . ' - ’ K . ‘ ]
ANU No. 89- 89- 89- |9- 89- 89- 89- 89- 89- 89-
377 400 401 402 403 - 404 405 407 408 409
Rock pyrite- dolerite ser. alt. barren bn- magnt. magnt. mafic/ chlor. chalco
type rich - gran.bx  hem. chlcite siderite siderite ultmaf. altered pyrite
ore (Au ore) bx ore bx bx dyke granite ore
SiOp 4.86 50.25 66.49 2.15 6.29 0.95- 6.32 59.80 58.34 16.68
TiOp 0.02 2.47 - 0.74 0.00 0.08 0.04 0.14 1.49 0.53 0.10
AlyO3 0.79 15.07 18.21 0.57 130 - 0.48 3.15 21.92 14.39 2.17
. Fep03 86.92 13.39 1.32 9487 69.49 56.54 54.08 2.24 6.19 ~ 56.46
FeO 0.87 1.57 0.38 0.34° 6.78 27.82° 20.80 0.49 8.53 3.06
MnO[ 0.04 0.17 0.01 0.04 0.04 0.87 0.70 0.02 0.06 0.06
“MgOh T 00127 T4TI® T3 0147 0147770754 00707 059 T 076
Cal 2.23 5,45 0.20 0.12 0.18 0.33 0.80 0.02 0.90 6.06
NapO 0.21 2.78 0.58 - 0.37 0.39 - 0.23 0.26 0.28 0.21 0.38
K70 0.00 1.10 4.39 0.02 0.20: 0.00 0.16 6.80 3.30 0.02
P705 0.06 0422 0.92 0.37 0.39 Q.06 0.26 0.60 0.18 0.60
SO3 0.00 0.01 0.25 0.00 0.15 .00 0.00 0.02 0.03 0.00
) 3.14 0.04 0.23 0.07 2.68 2.74 2.78 2@10.01 0.34 3.77
Ho0* 0.55 2.20 2.73 0.20 0.30 0.41 1.44 4.13 0.31 0.36
HyO 0.25 0.41 ~ 0.42 0.20 0.20 0.11 0.17 0.77 0.60 0.52
CO, 0.03  '0.92 0.07 0.16 0.18 6.67 6.23 0.03 0.12 0.14
LOI 0.00 0.00 0.62 0.17 0.00 1.52 0.00 0.00 3.53 1.80
Cu 0.71 0.02 0.02 0.17 11.00 0.79 1.82 0.00 | 0.27 5.27
Rest 0.25 0.17 1.54 0.53 0.73 0.29 0.51 1.05 0.41 1.17
9
Tartal 101.05 100.41 99.50  100.49 100.50 100.39 100.32 100.27 " 99.00 98.94
* =
Rb 36.5 150 11 : 10.5 263 141
Sr 51 216 5370 281 309 31 238 39.5 126 369
Pb 91 9 168 120 77 46 52 37 14 105
Th 36 - 3.5 55 16 15.5 10 21.5 26 73 13
U 381 0.5 12 1.83 218 463 397 38.5 102 1160
Zr 6 159 354 11 26~ 2 68 224 391 31
Nb 365 9 138 24 21 111 185 73> 40 129
Y 54 32 50 299 14 » 132 99 5760 46 274
Ni 27 55 2 13 9 11 19 <1 18 12
Cu 7080 194 224 1680 109950 7900 18180 48 2680 52680
Zn 30 194 17. 194 211 273 427 131 318 52
Ga 6.5 25.5 91 8.5 8 10.5 185 18.5 22 8
v 61 280 10 80 41 18 23 330 2% 22
Cr 9 73 19 270 29 10 26 230 6 33
Mn 29 1270 <2 - 111 55 6170 5660 14 410 178
Ba 10 117 4340 18 2490 14 64 280 460 24
La 177 10 980 1240 1410 200 870 65 730 2540
Ce 300 27 1170 1660 2090 380 1280 131 950 3660
INAA yes no yes no yes  yes yes yes no ‘yes
Sm-Nd yes no yes no ho yes yes yes no no
Rb-Sr yes no yes no " no yes yes yes no no




+

Appéndix 2 v’ XRF geochemical data.

.

Sample 4542 4543 4544 4546 4547 4548 4549 4550 4551 4552
RX No. . . ' i
ANU No. -~ 89- 89- 89- 89- 89- 89- - 89- - 89- 89- 89-
a 410 411 369 413 414 415 376 416 417 .. 366
Rock chalco  mafic/ ash-fall mafic/ mafic/ mafic/ pyrite- silic. bx. dolerite dolerite
type pyrite  ultmaf. rff ultmaf. ulunaf. ultmaf. rich (Au ore)
ore dyke dyke dyke dyke ore .
SiO2 18.52 32.24 62.10 68.40 41.37 54.05 4.44 47.46 49.10 50.27
TiOp -0.24 1.40  0.72 0.90 1.95 0.66 0.06 0.25 2.39 2.18
AlyO3 5..8.5 24.15 - 19.40 15.17 32,07 11.31 0.57 0.79 12.53, 13.471 |
Fep0O3 50.25 12.93 2.91 - 1.03 7.56 5.84 8378 4320. 3.90 ° ‘8.63&
FeO 8.80 - 9.01  0.74 0.62 0.00 6.60 0.61 0.52 10.75 5.9
MnO 0.06 020 0.02 008 002 025 004 004 020 _
“MgO T TOI75TTTT283 7 T0.87 T 075 033 . 8.72 0.20 0.30 6.01 6.10
CaO 3.51 1.05 0.25 0.84 0.02 1.62 2.76 0.21 9.58 8.37
Na20 0.35 0.56 0.51 0.36 0.71 0.25 0.43 0.14 2.32 2.14
K70 0.02 5.02 5.95 4.49 8.06 1.22 0.04 0.03 0.51 026
P,05 1.06 0.58 0.23 0.39 Q.75 0.35 0.41 0.53 0.20 0.18
SOz 0.00 0.12 0.05 0.55 0.38 0.02 0.00 148 0.01 0.00
S 1.64 0.00 0.01 0.06 0.00 0.01 3.52 0.00 0.01 0.04
H,O* 0.13 4.62 3.20 1.85 4.08 4.02 0.3'7 -0.27 nd 1.12
HyO" 0.40 1.19 1.09 0.78 0.36 0.52 0.24 0.02 nd 0.27
COp . 0.14 0.70 0.06 ‘009 0.05 1.27 0.04 0.11 " nd 0.20
LOI 3.00 1.25 0.73 1.62 0.57 2.29 0.00 1.68 2.55 0.78
Cu 2.12 0.00 0.02 0.05 0.00 0.04 1.12 0.02 | 0.03 0.02
Rest 2.13 ©1.45 0.50 1.37 1:54 0.79 1.38 3.39 0.17 0.15
Total 98.97 99.10 9937 99.41 99.82 99.83 100.01 100.44 100.25_100.23
»
Rb 218 = 370 217 331 75 2 20.5 7
Sr 780 100 269 181 423 25 163 505 176 - 181
Pb 83 66 41 45 33 30 177 61 .3 2
Th 51 33.5 21 23 41 25.5 10 43 1.5 2
U 800 57 48.5 8 42 34 1040 35 1 <0.5
s 65 236 231 146 321 139 17 183 148 132
Nb 137 101 15 61 126 95 176 148 9 7
Y 109 99 29 85 2120 51 124 143 32 29
Ni 33 1910 30 65 <l 980 127 7 69 94
Cu 21190 23 236 488 1 350 11160 233 252 210
Zn 166 3230 244 307 48 745 5700 35 88 123
Ga 18.5 40 16.5 14 38 13 9 <0.5 21.5 23.5
\% 47 280 104 200 93 138 33 15 320 300
Cr 81 2280 460 250 110 2510 20 19 88 112
Mn 260 1450 83 650 <2 2120 84 105 1580 1490
Ba 25 2010 920 9480 6440 - 380 40 25400 109 69
La 4320 250 500 124 1070 111 810 1510 13 10
Ce 6170 440 790 420, 1880 260 1360 1970 32 26
INAA yes yes no yes yes yes .  yes no yes no
Sm-Nd yes yes no yes yes yes yes no yes no
Rb-5r yes yes no yes yes yes yes no yes no
* See Appendix 2 explanatory notes, page 205. , T
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Sample 4553 4559 . 7A560 4561 4562 4563 4564 4566 . 4567
RX No. - S ) ; T
ANU No. 89- 89. 7 89- 89- ° 89- 89- ~89- 89- . 89- . 89-
RN 418 419 420 - 421 422 423 ° 424 . 425 426 427 "
' -Rock _dolerite” bn:  barren barren sericite barren  barren  mafic/ anorth. dacite
type chlcite  hem. hem. " .altered hem. hem. ulimaf. gabbro
. ore "bx bx  ‘gran. bx . bx: bx dyke - o
Si0p '49.77 25.66 -~ §56.53° 38.01 69.73  4.77 3.05 .50.78 46.42 . 62.60
TiO3 . 2627 036- W40 - 021 6:36 0.06 006 154 171 1.21
AO3 - 13.52 '3.67 ~ 3.79 098 1693 3.75 2.84  26.11 19.03 13:80
. FéyO3 13.06 38.10 ¢ 29.91 5517 1.79  80.48 91.05. 2.77 3.01  2.03
FeO . 3.03 891 - 0.24.. 0.29 0.55 0.47  0.24. 0.99 -7 6.40 5.54 .
MnO" 0.19 002 - 0.03 002 - 001 004 0.04 0.02 0.16 0.05
. MgO 4.98 0.16 - 619 ~ 0.10  0.30 0.14  0.16 0.84 518 1.54
S gt 519677 004700027 70067 0. 18T 0,007 U 0.08° 70.94 10.52  2.12
Nay0 2.44 - 032 0.14  0.33 0.30 0.37 0.31 . 0.48 -232 447
K70 0.70 0.70 0.83 0.02 4.82 0.81 . °0.76 8.08 192 2.90
P,05 0.22 0.88 1.01 0.71, 0.04 . 0.04 0.12 0.75 034  0.33
SO3 0.00 1.00  0.96  0.00 0.05 2.59  0.04 .0.02 002 0.02
S 0.02 2.38  0.03  0.03 ‘0.07 0.00 0.0l 0.00 0.21 0.05
. H,0*. 1.89 0.74 0.62 0.24 2.38 035 .0.29 263  2:60 1.81
H,0- 0.26 0.17  0.11  0.11 0.22 0.08 0.09 1.15 0,14 To0.11
COyp 0.64 0.06 0.03 0,09 0.12 0.02  0.08 0.02  0.13 . 0.80"°
LOI 0.71 0.21 1.47 040 0.30 1.48°  0.28 1.80  0.21 039
Cu 0.01 10.82 0.05 0.02 021 :0.08 0.03 - 0.00 0.01-, 0.00
Rest 0.17 * 3.01 3.08 1.14 0.56 5.11 0.45 0.58 0.17  0.18
Y N T
‘ Total 100.21 }7.01 . 99.44° 97.93  98.92 100.64 99.98 99.50 100.50. 99.95
. » . L * * . r
Rb 20.5 42 44.5 3.52[ 36 345 431 . 79 ‘86
St = 182 805 800 - 382 82 283 123 34 * 316  °51
Pb 10 137 124 63 135, 45. 50 18 10 4
Th 2.5 61 92, 63 66 16.5 22 35 <0.5 41.5
U <0.5 142 95 ‘84 1420 * 157 29.5 30 1 10.5
/s 164 107 272 140 312 . <l 6 270 37 489
Nb 9 247 229 665 T . . 8 274 101 3 29
Y 33 28 37 97 55 28 75 110 13 67
Ni 63 <1} 6 9 4 . 16 8 161 39 <1
Cu 141 -106240 535 234 2130 760 262 13- 86 7 o
) © Zn 170 101 165 14 20 , 45 8% 1860 86 53 "
Ga 25 22.5 21.5 4 19 . 3.5, 115 30 0 195 21.5
\ . 360 34 26 25 19 41 42 © 310 240 21
.Cr 93 45 55 43 <2 9 27 380 149 2
Mn 1590 48 27 <2 ~10 .35 31, % 97 1420, 380
Ba 85 17100 16400 0 790 44400 650, 330 290 . 360
La R V) 3690 3500 3350 750  .240°. 970 91 7 80
; Ce* 25 5280. 5100 4500 1110 . 380 ° <1440 290 14 149
INAA no yes no no no no no yes: no no
‘. St-Nd no yes no no no " no no yes no no
Rb-Sr no yes no- no no no no’ yes no 2 no
* Sée Appendix 2 explanatory notes, page 205.
& .. “
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XRF géochemical data.

Appendix 2 vii

: _ »7" Sample 2570 4571 4572 4573
' RX No, ' .
ANU No. 89~ 89- 89 89- %5- ; 53- 93- 93-
. 428 429 4§o 431 432 g?9 Ozow :
Rock wand-  sand- amphib  ser.  rhyolite hem. sor. alt. sl alt. magnt <MABNL
type stane stone -olite alt. tuff alt, pasalt | basalt  apatite apht
L basalt basalt i rock FGER
sio; . 78.22 90.82  49.93 ‘4158 7247 5605 57.08 s6.63 119 220
TiOy 043 - 0.13 330 1.67 036 13)0 1.77 175 049 029
A0y 903 . 555 1416 1660 1219 L 1766 1755 06T 0.61
v«  Fe03° 693 1.00 . 8.52. .201 1.01 10.10 4.06 425 68.06 6981 .
[REEE NSNS Lol 0B 014 8,96 T1A9 — el 11 = 0.597 g2 2297 241907 25T T
ST Med? . c0a1 . 0020 011 001 osr. 007 006 90 0.10 . 0.D8
oo ' MgO . 035 004 3.82 5.03 037 316 353 287 041 0.29
. A Cs0O’ 0.07 © 0.00 0.74 - 4.47 - 1.84 0.81 0.83 0.85 198 0.2]
. A Nsy0 « 019 0.1 020 019 018 026 477 755 029 0.2
—~ : K20 - 267 0,69 . 442 316 3,48 “034 058 063 0.00 000
S P205 207 oo o060 037 o011 029 038 037 182 ,2-17
" SO3 0.02 0%0 ' 0.01 0.00 0.01 ¥ 0.13 0.01 0.01 010 04 N
o ‘, s 000 000 012 003 001  0.00 g00 000 09l _0.00
o | HyO* V40 150 297 5l 178 149 9% 287 002 ¢ 0.02
Sl P s Ho' o 047 011 030 112 0.40  0.72° 1.46 1.1 000 008 \
o ‘ . co, . 002 042 0.0l 590 - 192  0.12 .0.04  0.08 0.07 0.03 N
; : Lol ~ 000 000 1:43 0.4 136  0.59 074 058 0.00° 0.0
Q- 000 000 008 00} 001 000 009 000 004 000
- Rest_ 0.14 , ©0.04 035 017 . 0.09., 0.38 014 014 . 027 0.16
_ - Total 100,30 100.58 100.02 99.96 99,715 100,51 100.44 100.38 100.22 100.55
e ' Rb 136 25 80 170 . 158 ! 105 0 ¥
' ' Sr 80 74 */320 .A) 16,5 13528 27546 éz, 64 156 13
- . S I AR S U
- Th % 8~ 85 25 29 7 4.5 y a4 1Y
U 5.5 2 - 13, <0.5 5.5 1.5 1 1 4.5
Z 148 74 255 140 201 143 4 14a 11 ’
Nb 105 35 . 155 45 175 S 45 o4 38 » 42
Y - -23 11 57 25 53 31w 33 33@ 177 45
Ni 25 3 66 65 § . 565 54 37 LA
Cu 18 10 750 116 57 16 .+ 5 3 3gy 119
Zn o T4 10 945 273 g2 . b4 194 205 278 318
: Ga - 125 5 w24 22 13 10 14.5 14.5 19 18
T v T a4 5 360 300 . 9 150 194 203 ND o MDD
. .. Cr 28 3 102 74 2 52 93 94 ND N7
- | g Mn 1070 153 860 7540 4490 660 470 s00 MO MO
i . Ba : 370 41 230 - 39 107 2250 168 - 167 1650 740"‘;
o} Cla. a4 19,77 10 27 20 pgen 190 D ND
» y o Ce 91 35 &/‘*107. 22 59 41 0 34 3o ND ND
. ) . S .
INAA . yes yes ~ no .no no* no no no yes po
Sm-Nd yes =~ yes no no. . no ' he ' mo . no yes no.,
o Rb-Sr_ yes yes no ® no . mno no no no yes noy')
. L S T o : L
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AN No 93 8-, 8% !
016 795 794 434 191 433
. Rock chalco  felsic: felsic chlor. chlof "fresh’  SET- bn :
type pyrite dyke dyke ranite alt. chlcite chlcue graniie
ore m.
$i07 3228 69.52 70.65 70.07 356.49 0% : 5 _
¥ TiOz 019 062 063 041 033 sy 045 020 3
AlyO3 - 1331 15.19 13.91 {495 14.58 y3.51 13.64. 14.29 3.64 2.37 .
Fey03 17,99 344 <45 218 598 212 e 1as 6083 FAO 1.02
o b 420,43 0321036 spg 083 - LS ELI S 739"
,.0.01 0.0! 001 0.06 0.6 001 000 0,04  0.06 0.03
mo4g 031 029 0.8 047 03 026 034 023 0.47
Ca0 26 7043 o2 230 084 048 02 000 257 0% 119
NazO 020 029 0:20 028 024 020 032 023 0.36 035 3.35,
\ K»20 3.?6 4.29 4.29 4.15 299 3,53 g.47 ©3.97 0.71. 0.10 5.46
P05 034 0.9 005 009 0.17 009 007 00s. 053 0068 0.06
503 O 042 o019 o003 003 017 0lg eos 015 0 0.00
s . 131 o000 000 060 038 0.03 007 0.02 207 589 0.02
HyO% 2.08 .2.65 222 1.97 4.0% 271 1.04 1.99 0.73 0.46 j.13
HyO- 037 047 032 025 019 089 0.14 022 0.27 0.13 (.53
€Oy 200 003 003 0.2 004 037 005 006 002 000 0.54
LOI 520 o035 031 1.8 060 oo 040 o8 019 000 OFd
Cu 23 o000 000 004 032 & 00 oos 00 776 17.65 000
. ‘ Rest 7,10 1.03 "0.57 +0.39 042 0.38 0. 54 .29  0.08 045 0 29
. , Total 93;!Tﬂ 99 ¢2. 99.60 99.03 99 08 99.91 gg.44 9938 97&00 98.22 100.24
g , "
4 .
Rb 129 200 226 134 g 127 2% 124 39 8 235
- . St sgo 180 62 120 12 2o B0 7 et
Pb 100 16 15 16 20 4 14 11 103 g8 13
U 205 23. 21 s, . 188 245 75 1.5 1422 59@ 15.6
, L 177 590 575 339 33, 361 358 251 436
Nb 431 34 31 30 39 4] 285 30.5 '3 51»"3 28.0
N Y 498 27 84 g6 57 34 64 36 555 65:2 58,
4 ' Ni 30 . 3 4 3 23 3 3. 1 36 2
N o sigks 4y 21 - 376 3160 400 ea0 110 T18) resss ]
S Zn 03 330 353 8 234 o5~ 40 i7o124 208 1o
g Ga 28 30 jes 165 233 R U 9 4 186
R | v 1 18 i 15 15 6 N
",. B . Cr 4 4 3 7 5 . <? 4. - 2
AL Mn 50 so 4 430 ag0 34 14 .20
- Ba 1130 3220 <570 450 2120 3040 1350 2530 14190 150,
_ La j2340 179 93 800 g0 14 240 g 552 11l 82
2 Ce 29040 250 yso 1080 » 970 j20 390 94 1084 2071 176
S / «INAA yes, ~no.  no no yes  yes no yes yes yes YO,
SmNd . N9 no po * MO yes yes no yEs yes yes ves TN
Rb-Sr oono ne no no yes yes no Tyes yes yes yes -
¥ See Appendix 2 explanatory notes, page 20 ) .
R & o [ata from Creaser (1989) ’ '




INAA Rare Earth Element data (PP™:
~omie 4501 4502 4503 54506 4°0¢ 4509 4510 4511 4512
’;/ ﬁ'NO. . . M :
“ , - 1280 630 ’
(4 ° 2900 2663 1087 690 730 1430 1750 1590
Ce Sl00° 3300 1436 860 y000 2230 1600 970 3130. 2850
Pr 242 110 o
, Nd 430 656 300 160 260 40 310 290 910, 740
- §m, - 34 53.5 253 18 25 37 e 53 54 P
Eu rg .26 104 46 EI A 830
Dy 11.7 5.6 :
*Ho 41 187 099 22 28 2
Yb 3s 307 11 - 18 4 1 0.7 39 15 10
Lu 035 036 014 026 0.56 17 ' ' 6 3
o 45134514 4519 reormars R 33 4535 4536 asdT
¥ No. _ s ,
‘ , © 1070 1010
La .97 770 15 165 150 185 - 178 400
. ce 50 610, 325 440 710 370 1150 1440 375 1530
a— Pr . ’W 8
Nd 116 37 20 130 465 108 11795 32490 . 187 410
Sm 5 2.1 5.5 16 61 8 77 71 34.3 35
Eu 2 15 188 3.2 5.3 1.9 oy 3 7.07 7.1
Tb 2.8 0.7 1.4 2 2.6 1.7 : s 4.11 2.8
Dy \“‘/ 28 14 33
Ho- 0.9 /3 1.1 . o 5
Yb 137 1.2 3 ;s 15 8 e 04 107~ 8.6
" Sople 4539 4341 1542 4543 4546 7547 4548 4549 4551 4559
kX No. .
i " g
' . 12 116 830 135
La g0 2450 3787 249 p52 1222 5 2970
Ce 120, 3360 5740 498 450 232 32895; 1660  29.5 3900
Pr J 501 831 26 155 620 ,
Nd 72 990 1267 215 188 9},1 407 %0 19 650
sm JE S VE N L N 125 e 10 5.2 29
Eu - 41 jo 209 833 o4 698 3og 36 168 72
™ - 52 g4 535 431 3.5 3% 57 ' L1 22
oy - 276 23, 253 e ,
Ho 118 Cog s, 38 34510 .
Yo Jle 2.6 107 84 3.9 ! o4l 32 2L s
Lu 3e a9 178 12 gas 2 A _' 46 0.6
~Somple 4366 “Tez 4463 3313 3214, 3698 s5.37°
(/ RX No ' i
ta . 102 . f Nz 92, °
Ce 330 -~ 80.8 343 40 1o 4 100 1835
P io1 <20 <20 687 24 : )
Nd 249 354 15 233 477 39 - 79462 \‘17‘;3 0 17
: $m a8 632 15 44 549 498 AT % 23 18 127
. ) En 136 1.13 0.66  2.97 No145 21 ‘13 172 12 . 093 1.6]
- ///M‘\ T™ - .74 0.81 0.46 416 8.4 9.63 81 10.6 ) 1.3, 1.7
- Dy 30.4 5.2 2.59 246 1 i§/ 62 Ll b
' Ho 46 0 1.05 0.59 4.89 . . s 237
b 63, 266 127 o7 41 26 75524 Zg; 23 a3 s
oo . 0803 018 156 58 573 188 T 0.7 0.9 .-
SR )

N
~_APPENDIX 3

o Data for SS-87 from Crease

F(1989) *
! A’%

~

A

&




Pt

—_———— . A

/
216

- APPENDIX 4

Mo

Sample Descriptions

Brief descnpuons of the sam_plcs are glven below. XRD data are also presented where
available. Abbreviations: anat = anatase, ap = apatite, ba = barite, bi = biotite, bn =
bornite, bst = bastnaesite, cb = carbonate, cc = chalcocite, cpx = clinopyroxene, cpy =

' chalcopynte dg= dlgemte dj —dJurleue dol = dolomite, flo = florencite, flt = fluorite, = -
fsp = feldspar hem = hematlte ilm = 1lmemte, kaol = kaolinite, mg@= magnetite, ol =

olivine, pitch =pitchblende, plag = plagioclase, py = pyrite, qz—quartz rut = rutile, ser

= sencne serp = serpentine, sid = siderite.

i) Olympic Dam sam;ples .

RX4501 Hematite - quartz breccia. Hem clasts 1 to 8 mm, gz clasts to 3 mm, minor ser
altered granitic clasts. Hem clasts show varied textures; interlocking hem, fans
of hem blades, euhedral pseuaomorphs of cb. Matrix of fine tabular h'emup‘_*to
50 um long. Disseminated ba and qz grains. - -

RX4502 Hematite - q‘uartz"'breccia (XRD hem 78%, qz 8%, ba 7%, flt 6%, flo 1%, bst

~ 1%). Red and brown hem clasts up to 5 mm. Qz clasts up to 3 mm. Tabular

hem 100 x 50 pum. Hemr'replaces euhcdral hexagonal grains (?migt or ¢b). Qz

has weakly undulose extinction and may represent relict granitic qz. " Some qz

. with trace cpy inclusions. Ba as veinlets and digseminated grains. Flt as
dlsscrmnatcd grams :

RX4503 Stlzczfed hemame quartz breccia (XRD hem 74% qz 25%, ﬂo 1% ba <1%).
Fine grained bladed hem 10-15 x 5 pm with interstitial qz.

RX4504 Hematite - barite breccia (XRD hem 89%, ba 11%). Soft friable rock. Ba

clasts up to 3 mm occur in fine-grained rrgtrix of interlocking hem grains up to

-

50 pm with interstitial ba. :
RX4505 Silicified heterolithic breccia. Hem clasts up to 20 mm. Clasts of pre- exlstmg
granitic breccias are silicified. Qz occurs as relict granitic material, fine-grained
(<20 p.mj replacement of ser matrix of earlier ser altered granitic breccia, and as
* prismatic érystéls (up to 1 mm wide) in open vugs. Anastamosing gz veinlets

| cut hem. Matrix of interlocking hem (~10 um) with interstitial qz.
RX4506 Pyrite- rzch ore. Fme grained, equigranular hem- py cpy-qz-flt-chl. Py up to
0.5 mm across; some grains fractured. Py cemimonly has replacement selvages

of cpy. Py ogé,nr as remnant inclusions where cpy replacement is more -

grains up to.0. 5 mm. Rare.anhedral mg inclusions up to 10 um in large hem
grains. Chl mtergrown with qz and hemn in mamx

comﬁfete Hem as acicular 20-100 pm?ains in mam'x and as larger euhedral




RX4507 Siliceous heterolithic breccia. Clasts of black hem, brown hem and layered
granite in a black hem matrix. Granite clasts consist of qz,-ser and minor chl
Hydrothermal qz distinguished by mosaic pattern of fluid inclusion traJls which
are absent in granitic qz. Hydrothermal gz occurs as large 1mm grains and as
aggregates of smaller 100 um grains. Matrix of hem, ser and chl. A

RX4508 Chalcopyrite-rich ore (XRD hem 62%, ser 14%, qz 9%, flt 6% cpy 4%, ba

4%, flo 2%, chl <1%). Cpy mmerahsed heterolithic breccia. Hem and granitic

clasts occur in hem matrix.  Cpy in matrix and within clasts of earlier cpy -

" “mineralisation. pr gralns up to 300 pm, conimonly contain remnant py.
Carollite forms a border between cpy and py. Monomé&erahc cpy occurs but
monomineralic py is absent. Clasts of earlier cpy mineralisation do not contain
py remnants. Fine (<10 um) amorphous pitch is intergrown with some cpy.
Matrix hem (30-100 pm) intergrown with serand chl. .

RX4509 Barren heterolithic breccia (XRD hem 61%, qz 28%, ser 7%, ba 3%; chl 1%).
Clasts include hem, qz and altered granite. Granitic fragments consist of qz, ser
and chl. Matrix of fine-grained hem (<50-400 um) and intergrown qz. Ser and

gz stringers may represent dlsaggregated granite. .

: ‘RX4510 Leached hematitic breccia (XRD hem 85%, qz 4%, chl 7%, ba 2%, flo 1%, ser

1%).. Sample has porous; vuggy texture. Hem fragments up to S mm in a fine-
grained (50-100 pm) hem matrix. Red "earthy" grains up to 1 mm diameter
consist of trace cpy and hem boxwork textures in mi‘crocrystalline brown earthy
intergrowth. These red grains rhay represent oxidised (leached) cpy. Qz occurs
- - irfragments of chl altered granite and as discrete grains. | _
RX4511 Bornite-chalcocite ore (XRD hem 59;73, qz 26%. bn 11%, ser 4%). Clasts Of,, )
hem and granite in a black hem matrix. Granite fragments are strongly ser
altered and partially disaggregated High proportion of qz grains within granite
clasts suggests volume loss. Matrix of intergrown hem (10-300 pum), qz (up to
1 mm) and fine- gramed ser (~5 um). B‘p gra;ns up to 1 mm, not intergrown
“Wwith cc. Bn has fine lamel}ae (~0.5 um) of cpy wh1ch generally occur in three
on’entationé. Bn veinlets in hém grains, hem and qz inclusipns in bn.
RX4512 Chalcopyrite-rich ore (XRD hem 63%, qz 26%, ser 5%, cpy 4%, ba 1%, chl

- 1%). Heterolithic. breccia with clasts of herh and ser-altered granite in a hem
matrix. Cpy in matrix. Matrix of interlocking bladed hem (up to 0.5 mm), qz,

- ser and flt. ‘Complex’ sulphide paragenesis: cpy replacing py (py remnants
within cpy); epy Timming bn; cpy inclusions in bn; oriented cpy lamicllae within
bn; bn partially rims-py remnants within cpy, but bn and py not otherwise in
contact. Paragenenc relationships suggest py was prec1p1tated first;. followed by
coprecxpltauon of cpy and bn.

RX4513 Bornite-rich ore (XRD hem 88%, bn 6%, dg 4%, ser 3%) Steely grey hem

i



hem grains are kinked. Fine (1-5 pm) mgt inclusions in hem. Cc occurs
interstitial to hem and as veinlets wit.hin'pem (X@.E) indicates dg (CugSs), but

optically it resembles Cc CuzS). Bn and cc in vermicular intergrowths. Seris a

minor matrix mineral,

RX4514 Hematite-qzlartz sandstone (XRD hem 63%, qz 22%, chl 7%, ba 5%, ser 3%,
flt 1%). Rhythmically layered clastic hem and qz. Upward fining layers of qz '
vary in thickness from 20 um to 400 pm. Qz laminae interlayered with hem
layeré. Hem as clasts (~100 um acrossjj and as microlaths (~1 pm) suggesting
discontinuous laminae of chlorite (150 nm wide). All laminae are disrupted by
microfaults with offsets of 0.3-2 mm. Fine laminae suggest quiescent aqueous
deposition, probably lacustrine. Chl laminae may represent a minor component
of airfall tuff. | N

RX4516 -Hematite-quartz sandstone. As for RX4514 except laminae are.cut by

microveinlets of ba which occupy dilational zones forming fine tension gashes.

RX4517 Hematite-quartz breccia. Clasts of hem and qz in a matrix of hem, gz and ‘ﬂt

Hem occurs in interlocking masses. with variable grain size (10-400 um). Qz
(~30% by volume) occurs as ragged grains with undulose extinction consistent
with derivation from granite. Accessory zircon associated with qz and minpr .
ser. Zjrcons have optically discontinuous overgrowths which may represent
hydrothermal zircon.

RX4518 Dolerite - hyaloclastite margin. Holocrystallme medium grained, subophitic

dolerite consisting of equigranular plag and cpx, with lesser mgt (ilm exsolution;
ongmally titanomagnetite). Chl alteration of plag and cpx; ser alteration of some

plag.

" RX4519 Dolertte Medium gralned holocrystalline dolerite consists of plag, cpx and

mgt. Plag extensively altered to ser, and cpx to chl. Mgt contains ilm lamellae
along cleavage traces (probably originally titanomagnetite).

RX4520 Hematitised granite. Granitic texture; vuggy, friable hem .and qz. Hem
replaces alkali fsp. Granitic gz is equigranular. Cb veinlets ~200 pm wide.

RX4521 Siliczﬁed granite breccia (approximately qz 90% and hem 10% by volume).
Original granitic texture almost obliterated by silicification. Relict granitic qz up
to 5 fnm. Angregates of fine (1, um) polygonal gz preserve relict outline of
coarse gi‘ains'of alkali fsp. Hem localised in 2-3 mm microbreccia veinlets and
as matrix to quartz grains. Rare ser veinlets are ~0. 5 mm wide. Local vugs are
filled w1th prismatic 9z and hem. _

RXd4522 Hematite altered granzte breccia. Granitic texture preserved. Alkah fsp
replaced by hem. High proportlon of qz suggests volume loss during
replacement of fsp. Vemlets (tcrlOO um) of polygonal qz (~4O pm). Trace cpy

. 1n veinlets. : j
PO .

o ' S
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--both-clastic input-and-in-situ precipitation-of hem. Trace clastic cpy.~Thin~ "




‘ | | 219
- RX4523 Roxby Downs Granite. Holocrystalline, coarse-grained qz, perthitic alkali fsp,

plag and minor bi. Chl and ser alteration of plag. Chl altegation of bi.
Accessory mgt and zircon. Minor micrographic intergrowths of alkali fsp and
qz. Hem dusting imparts brown colour to fsp. — |
RX4524 Roxby Downs Granite. As for RX4523. ,
RX4525 Chloritised granitic breccia. Chl altered granite clasts and hem clasts in a hem
matrix. Chl replacement of fsp has destroyed granitic texture. S’amble
.dominated by disaggregated qz and chl. Trace mgt inclusions (<5 pm) within

B TV < YO

RX4526 Hematite- and sericite-altered granite. Flem and ser alteration of fsp. Granitjc
texture preserved. o B

RX4527 Sericite-altered granite. Granitic kge ture modified by al‘ter'ation. Higher
proportion of qz than unaltered granite, suggesting volume loss and textural
collapse during alteration.of feldspgr. Complete ser and chl replacement of pleg
and alkali fsp. - , _ ,

RX4528. "Leached” black hematite. Red and black hem clasts in a black hemy matrix.
Minor ser and ba in matrix. Texture of hem clasts varies from massive to fine-
grained (10 um)! Very few hem grains have mgt inclusions. ‘

RX4529 Pyrite-rich ore (XRD hem 61%, sid 25%, qz 8%, py>6% cpy 1%). Matrix of
sid and qz aggregates intergrown with, hem. Coarse grained hem (up to"2 mm)
and fine acicular hem (20 x 250 pm). Ubiquitous mgt inclusions (0.5-2 um) in
coarse hem suggest hem has replaced mgt. Mgt inclusions absent from fine
hem. Py of variable grainsize, 20 um to 1 mm, intergrown with hem; rare mgt
inclusions in py; hem inclusions in py are common. ‘ Very few grains of py
show cpy replacement. A single large (2mm) grain of monomineralic cpy has
hem and sid intergrowths.

RX453O Pyrzte -siderite vein - brecciated vein with sid interstitial to py. Py ﬁ'agments up
to 1 cm. Some py rimmed by .pitchblende then by cpy. This rock represents the
structurally deepest sulphides sampled from the deposit.

RX4531 Pyrite-rich ore (XRD hem 83%, qz 6%, py 5%, flt 3%, chl 2%, cpy 1%).
Hem clasts in matrix of hem +qz + chl +flt. Fine clastic qz'(~200 um) possibly
of granitic origin. Chrﬂnergrown with qz. Hem as interlocking blades and as*
curving rosettes of grfmns up to 600 pm long. Py grains as both equant
fragments of larger grams and elongate grains interstitial to bladed hem. Many
py grains show emlnor replacement by c¢py at margms Most cpy=as
monomineralic grams mtergrown with lem. Very fine (< 1 um to 5 um) mgt
inclusions (rarely. up. to 25 pm) present in hem Flt is present as matrix grains
and veinlets (~20 pm). ’

RX4532 Dolerzte._ Ho]ocrystalline, medium grained §ubophitic dolerite.
Glomerophenocrysts of plag in groundmass of intergranular plag and cpx grains

—

¢




(~600 um) Euhe:dral 0.5-1 mm magnetite grains. Ser alteration of plag Chl

alteration of plag and cpx.
RX4533 Intensely sericitised granite breccia (gold ore) (XRD qz 66%, ser 30%, flo 2%,

hem 1%, trace ba). Granitic texture destroyed by ser replacement of fsp and by.

‘brecciation. Mantles of recrystallised polygonal qz around granitic qz grains.

Matrix of . felted ser«(280 pum) and minor hem. Gold (5-10 pm) occurs

intergrown with ser matrix, with aggregates of hem, and at qz grain boundaries.
RX4534 Barren hematitic breccia - massive fine-grained hem. Hem grains (102200 um)

~generally tabular and interlocking (similar to basal_ticﬁtexmre).»rManyofasmevlargerw
hem grains contain fine (<3 um) inclusions of mgt. Large (fmm) gz grains are

probably granitic. Trace native Cu intergrown with dg; grains up to 100 pum
generally appear to be polygonal aggregates of smaller'grajns (1-5 um-) with
bluish grey dg(?) rims. Ba veinlets cut across the hem.

RX4535 Chalcocite-bornite ore. Hem clasts (1-3 mm) and gz clasts (0.5-1 mm) in a
fine-grained (5-25 pm) hem marwix. Larger hem grains (0.5-1mm) appear to be
clasts. - Vermicular intergrowths of bn and cc/dg occupy ~10% volume of rock.

_ Sulphides are intergrown with herr. matrix and typically contain hem inclusions.

RX4536 Magnen'te -siderite-pyrite- breccia (XRD. mgt 39%, hem 24%, sid 27%, py 5%,
cpy 2%, chl 2%, trace qz). Euhedral mgt 0.2- 1 mm partially replaced by hem.
Sid and cpy replacement o[ mgt also oceurs. Py grains 30-300 um across.
Local cpy replacement of py. Sid present as large fragments (~400 pm) and
smaller matrix grains (~20 um). Chl intergrown with sid, qz and hem. Hem
generally appears to replace mgt, but small blades (~100 pm) ingcrstiti,al to larger

grains are also observed.
RX4537 Magnetite-hematite-siderite-pyrite breccza (XRD hem 40%), mgt 21%, sid 18%,
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chl 6%, qz 5%.-cpy 4%, py 4%, flt 1%, flo 1%). Hem predommamly present

as replacement of mgt,-but primary hem blades are also present. Martite

. common. Abundant cpy replacement of py. Euhcdral rhombs of 5id. RX4537
. is amore hem + cpy-altered equivalent of RX4536
RX4539 Mafic/ultrymafic dyke. "Basaltic” texture preserved, pseudomorphs of ol and
‘»plag Eyhedryl ' hopper-shaped olivine phenocrysts replaced by ser anid mipor
“ chL Tabular plag(") laths replaced by aggregates of fine ser. Groundmass of
, t‘mely ‘mtergrown set and qz ‘Parallel veinlets of hem crosscut groundmass.
RX4540 Chlormsed gmnzte brecc;a Granmc texture modified by volume change upon

chl + ser replacemcnt of fsp Remnant perthmc texture prcscrvcd by selective y

: , .chl replacement of plag and ser rep]acemcnt of alkali fsp grains. - Ser veining cuts
/'- * " chl- -qz mxneralogy Oxldes include mgt (up to lmm) and ﬁem with mgt

. inclusions. Cpy compnses 2% by volume.

RX4541 Chalcapyme»rzch ore. Equzgranular rock with hemn 40%, cpy 10%, qz 30%

and flt 15%. Qz and flt evenly distributed throughout hem and cpy. Hem as

‘-
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interlocking bladed and acicular grains which range from <10 g to Imm. Mgt

inclusions (<5 pum) present in.hem grains. Cpy intergrown with hem,
commionly with hem inclusions. Minor chl intergrown with gz, flt and hem,
#542 Chalcopyrite-rich gre (XRD hem 53%, qz 20%, chl 14%, cpy 5%, 1t 5%, flo
4%). Abundant qz intergrown with chl, probably represents altered granitic
. fragments. Tdbular hem 20-400 um long evenly distributed with qz and fit.
Red-brown florencite(?) evenly distributed, but commonly associated with chl
altered granitic fragrhe'nts‘ Cpy is monomineralic (i.e. no rcmnaﬁ':t py) and varies
- -—from-$ wm-inclusions-in-hem, to-1- mm- grains-with-hem-inclusions. = s
RX4543 Mafc/ultramafc dyke (XRD ser 35%, chl 48%, hem 11%, dol 6%). Fine
grained ser with brown hem dusting; sheared fabric; fragments include clasts of
" hem wallrock. Porphyritic texture. Pscudomorphs of olivine replaced by chl
+serp + ser. Olivine pseudomorphs (up to 650 um long) are deformed; elongate
parallel to the shear foliation. Foliation defined by aligned phyllosilicates, hem
alteration along aligned grain boundaries, and elongate olivine pseudomorphs.
Groundmass of intergrown chl, ser andrhem. Tabular aggregates of ser (40x100
‘um), probably after plag, visible wheére the foligtion is less intense. Cr-rich
spinels (electron probe data) are abundant within pseudomorphs after olivine.
- Spinels typically 5-10 um but range up to 50 um. ‘
RX4544 Ash-fall wuff, - from diatreme VI. (XRD qz 72%, ser 19%, anat 3%, hem 2%,
chl 2%, ba 1%, trace flo, trace flt). Tuff consists of angular fragments of qz and
" volcanic fragments generally 400-800 pim. Abundant unstrained, glassy qz
.probably of volcanic origin. A lesser proportion of strained gz with undulose
extinction and recrystallised, polygonal textures probably of granitic origin.
Volcanic fragments consist of ser, chl, hem and gz, but commonly preserve
interlocking textwres. Oxide (hem?) rims’define relict plag crystals.
Groundmass between volcanic fragments consists of ser and chl. Zircons (25-
100 pum) are observed within volcanic fragments and within intersttial ser.
RX4546 Maﬁc/ultramafzc dyke (XRD qz 75%, ser 15%, anat 4%, ba 3%, chl 2%, flt
1%). Porphyritic "basaltic” texture. Interlocking laths of ser after plag (~50 x .
400 pm). Olivine phenocrysts (500 um) pseudomorphed by aggregates of .
polygonal gz '(25 pm). Some olivines replaced by ser + qz intergrowths.
Euhedral spmels (commonly hem altered) occur within relict olivines. Many
veswles filled by concentrically banded cb, and less commonly-with prismatic
qz. _
RX4547 Maficiultrdamafic dyke. Aphyric texture. Massive fine-grained ser, generally
<5 um. Weakly defined tabular aggregates of'ser with margins defined by hem.
may represent pseudomorphs after plag. No ev1dencc of olivine pseudomorphs -
Q\' or spinel grosms. Ahgned phyllosilicates and parallel ‘veinlets of hem form a

. foliation.




RX4548 Mafic/ultramafic dyke (XRD qz 59%, ser:-_l 1%, chl 22%, hem 3%, cb 5%, 1% 22?
unidentified phase). Porphyritic texture. ‘Well preserved:outlines of former .-
F olivine phenocrysts (up to 1 mm) pseudomorphed by chl + serp + ser
: intergrowths, in a groundmass of qz + ser + chl. Tabular aggregates of sert qz -
may represent primary plag or CpX. High percentage of gz indicated by XRD is
not readily observed. Vermicular cb alteration affects primary olivines and the
groundmass phases. Euhedral chromian spinels (<5 to 10 wm) occur as

: inclusions within pseudomorphs after olivine. Groundmass has weak foliation

) ‘_d,'é‘ﬁncd,,,by, aligned phyllosilicates. -which wrap _around-pseudomorphs-after-. . ..
olivine. - : ‘

RX4549 Pyrite-rich ore. Hem clasts in a hem-rich matrix. Hem, qz, pY, cpy and chl
evenly distributed throughout matrix. Hem grainsize ranges from 10 um to 500
um. Hem present as interlocking grains intergrown with, gz, chl, py, and cpy.
Py and mgt (<5 to 40-um) inclusions in hem. Discrete (1mm) zones are richer in
mgt. Fine interstitial hem blades may also have mgt inclusions. Py as large (1
mrn) grains which show variable degrees of cpy replacement. ~

RX4550 Siliceous heterolithic breccia (gold ore). Hand Specimen: Polymict breccia
with granite and black hem clasts in black hem matrix. Abundantﬁz. Approx.
70% qz, 28% hem. Qz as individual clasts with undulose extinction, and as
intergrowths with ser in clasts of silicified granite. Qz also as veinlets (100 pm
wide). Carbonate veins of similar width. Hem and qz cvenl'y distributed. Hem

© as fine laths (5 um to 500 pm). '

RX4551 "Dolerite (XRD plag 42%, cpx 22%. qz 16%, mgt 5% chl 10%, ilm 4%, hem

! 1%). Medium grained, holocrystalline, equigranular dolerite. Plag crystals
typically ~1 mm, and cpx 0.5-1 mm. Chl and qz veinlets. Plag and cpx altered

. by ser and chl.
RX4552 Dolerite: as for RX4551

RX4553 Dolerite: as for RX4551

RX4559 Chalcocite-rich ore (XRD hem 49%, qz 34%, ser 7% cc(dj) 5%, flo 3%, ba
2%). Heterolithic breccia with clasts of hem and ser altered granite in a hem
matrix. Disaggregated granitic qz clasts are very angular. Hem ds interlocking

Hem inclusions in cc have cuspate margins suggesting cc
Notable absence of bn

-

tabular grains.
_ replacement of hem Cc also has ge inclusions.
4 R
: B intergrowths with cc.
RX4560 Hematitic breccia (gold ore). Polymict breccia with hem + granite +qz clasts in
o
a hem matrix. No visible sulphides. Qz as clasts 600 um wide with undulose -

\) | extinction, and as intergrowths with ser; probably altered granite clasts. Qz also
as aggregates of fine polygonal grains. Barite as disseminated grains to ~400

pm width and as veinlets. Matrix of hem + ser. i , /

]




RX4561 Hematitic breccia. Polymict breccia with granite and black hem clasts in a 23
black hem matrix. Approx. 70% hem, 30% qz. Qz as individual grains up to
2mm wide with undulose ex;tinction; also as polygonal aggregates of
recrystallised qz. Hem and qz evenly distributed in matrix; hem from 10 pmto_

- | "+ 500 um long, generally tabular, Clasts of massive hem also present.

’ » RX4563 Massive hematite. Massive black hem with barely discernible clasts of black
hem in black hem matrix. Clasts of hem up to 1 ¢m long within matrix of
hem#ser+qz+bq. Ser+qz+ba fine-grained intergrowths interstitial to hem.

_ Interlocking bladed hem in both ¢lasts-and matrix.- .In clasts-hem:is commonly-— - -

P aligned length parallel, also kinked. Hem from ~5 pum to lmm.

RX4564 Massive hematite: Black hem clasts in a black hem matrix. Interlockin g bladed
hem grains from 10 um to Imm. Larger grains commonly Pseudomorphmg

- octahedral 6r thombohedral shapes, possibly mgt or cb. Mgt inclusions in hem
‘Cb interstitial to henf: Minor .

present in some of these pseudomorphs.
aggregates of fine ser also dlsscmlnated throughout.
RX4566 Mafzc/ultramafzc dyke Approximately qz 40%, ser 50%, hem 10%.
Abundant gz grains have undulose extinction, probably granitic in origin., The o
Groundmass of felted ser. Euhedral grains of hem after mgt contain fine migt %
/ inclusions. Clusters of zircons (10-25 m) occur within ser and are probably
granite-derived. Weak foliation throughout.
RX4578 Chalcopyrite mineralised heterolithic breccia. Sample received as rqck powder, '
hence no microscopy was performed. Granite and brown hem clasts in hem
matrix. Wispy maﬁc/ultramafxc fragments present. Abundant flt. Cpy
. mineralised matrix. ‘ ‘
RX4462 Bornite-chalcocite ore (XRD hem 67%, ser 9%, qz 6%, bn 7%, dg 5%, chl
=4%, flo 2%). Hem clasts in hem-rich mamx‘.._. Hem as large grains (0.5 x 1.5
mm) and finer grairted in matrix (20 x 5 um).” Qz and ser evenly distributed in »
‘matrix. Vermicular intergrowths of bn and cc/dg occur interstitial to bladed hem.
Sulphide mclusxons in hem have cuspate margins suggestmg hem replacement Of

,!‘(

sulphides. ,
! ' RX4463 Bornite- rzch ore (XRD hem 63%,
Hem clasts in hem matrix. Bn in matrix. Interlocking tabular hern with grain

: . size ranging from 5 x 20 pm to 100 x 300 um. Bn occurs without cc in’
mterstlccs between hem grains, imming qz and replacing hem. Some bn grains
show growlh zoning with concentric oxide rings marking hiatuses in growth -

' Chl, ba and qz are distributed evenly through matrix.

RX3212 Sericitised Roxby Downs Granite. Coarse gmmed holocrystallme T’uigranular -

texture. Higher proportion of gz than infrikgh granite. Feldspars réplaced by ser -
(XRD qz 69%, ser 26%, flt 4%, hem 1%, nit <1%). Coarse gz grains (up to
3mm) ranging to, 40 um as discrete grams or polycrystallmc aggTegatcs ie.

bn 19%, chl 11%, flo 4%, ba 2%, qz 1%).

I3
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recrystallised granitic qz retaining original grain outline. Embayed gz observed
- -with ser infill; possibly corroded. Ser generally fine-grained (<30 um) although
“coarser grains (~O.5-1mm5 are present. Hem in veinlets with fine-grained qz,

and as disseminated grains in ser matrix.
RX3213 Chloritised granite breccia. Granitic texture with green chlor+ser replacement

of fsp. Higher proportion of gz than in fresh granite possibly due to volume

loss during alteration of fsp. Approximate modal composition, gz 50%, chl
40%, hem 5%, ser 5%. . Accessory zircons have translucent (hydrated?)

mantles. :
RX3214 Chloritised granite breccia. As for RX3213. b
~RX3697 -Weakly altered Roxby Downs Granire.
equigranular granite. ‘Mcdal composition approximately alkali fsp 60%, qz

35%, plag 4%, opaques 1% with accessory zircon and cpy. Alkali fsp is

penhmc texture accentuated by ser alteration along k-fsp lamellae. Minor chl

alteration, especially-of plag.
RX3698 Intensely sericitised granite breccia. Clasts of sericitised granite and qz ina

sericite matrix. (XRD: qz 77%, ser 21%, hem 1%, rut 1%). Proportion of qz
higher than in fresh granite. Minor flt disseminated through ser. Accessory
zircons associated with flt; zircons have dark translucent rims of lower

reflectance than zircon cores. Veins of coarser grained ser (~500 pm) cut

groundmass of fine (<20 um) ser.

RX3222 Felsic peperite dyke. Sericite altered fragmental porphyrmc dyke with
phenocrysts of altered plag in a qz fsp groundmass (XRD: qz 80%, ser 13%,
.hem 2%, chl 2%, ba 2%, anat 2%) Ser pseudomorphs of plag phenocrysts in
fine- -grained groundmass of qz + ser. Hem alteration along traces of cleavage in
plag. Acccssory zircon and flt present.

_ RX3223 Felsic peperite dyke. As for RX3222, but browner colour due to stronger

hematite alteratlon (XRD: gz 78% ser 16%, hem 3%, anat 2%, ba<1%).

i) Regional sa‘mples : :

RX4567 Anorthositic. gabbro - Bill's Lookout prospect. Holocrystalline coarse- grained
" inequigranular rock. Pale green plag and dark green to black amphibole with
heterogeneous texture due to anorthositic clots. Plag up to 8 mm but typically 3-

* 5 mm, occurring in. clots.~ Coarse ophitic textures suggest amph is replacing
.cpx. Amph 2 x 5 mm, up to 10 mm. Relict cpx is strongly altered to’dmph,

especially along cleavage traces. Amph: alteration is within cpx and as fine (50 X.

100 um) ragged grains around margins of cpx and plag. Chl alteration. also

in plag. Mgt grains are partially hematitised. Accessory zircons occur within
Rlag as discrete grains approxlr_nately 50x 30 pm and Within anhedral clusu:rs

w

. ! e

present in cpx. Plag extensively altered by ‘ser. Amph alteration w1thm fractures
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l of grains 150 x 100 pm. Weak foliation through rock defined by veinlets of -
' 4 secondary amph which cut cpx and plag. Fohanon causes kinks in cpx cleavage -
whete they cross-cut at high angles ~ : -
RX4570 Sandstone - Pandurra Formation (XRD qz 85%, ser 11%, hem 4%). Well
_ sorted sandstone, angular to subangular gz and ser altered fsp. Qz grains of -
g ' .varied texture; clear unstrained qz (may: be volcanic), qz with undulose
extinction, and qz grains which are compoz,ltcs of smaller polygonal grains.
RX4571 Sandstone - Pandurra Formation (XRD qz86%, ser 3%, kaol 11%, hem 1%
ilm <1%). Similar to RX4570, but grains are{nore rounded and the fsp are kaol
altered. Grainsize ranges from 200 um to 1 mm (average 400 um).
-~ RX4573-Altered basalt- Roopena Station.~Pale green ser + ‘chl-altered fine-grained ™
vesicular basalt Strongly altered; Chl and ser alteration of plag grains up to éff)O
‘ : Hm long. Plag pseudomorphs are lath shaped and define ad mtergranular
texture. Opaques and chl oceupy interstices between plag pseudomorphs 0
possibly after primary fcrromagne51an minerals. Amygdales ‘filled by chl and

zeolites. Cb veins present.
RX4576 Altered basalt - Roopena Station. Pale green ser + chl altered fine- gramed

vesicular basalt.. Intergranular texture. Plag replaced by ser and chl occurs as
pseudomorphs up to 250 um long. Ferromagnesmn mlﬁe Is replaced by chl,
serp and hem. Octahedral hem grains probably pscudomqg;s of mgt. Elongate
tabular aggregates of chl with length parallel trams of hem may, rcprcscn.t cpx
with hem alteration alon g cleavage traces. ‘ '
RX4574 Rhyolitic tuff - Roopena. Salmon pink laminated fine- gramed rock (XRD Az
78% ser 9%, dol 8%, chl 2%, anat, 2%) Vitroclastic to eutaxitic texture.
Flattened shards arc parallel to macroscopic laminations (bedding). Shards are
entirely altered to fine intérgrowths of ser + gz with concentrated oxide dusting
around the rims deﬁning.thé shard shapes. Shards are typically 500 pm x 50
pum with remnant cuspate shapes despites flattening. Fine grained ser + qz
occurs interstitial to shards. Angulﬁr ﬁagménts of clear, unstrained (volcanic) qz -
lie length parallel to the remnant shards. The shards are not deformed arou?’d the'
’ qz grains suggesting the rock has not been heavily compacted. Cb replaccmem

affects some shards Accessory zircon observed

RX4577A Magnetite- apaijle rock - Acropolis prospectt (XRD-mgt 77%, hem 15% ap

5%, qz 3%, chl-<¥%). Massive mgt + ap. Equigraniilar euhedral mgt ~50'to
400 um. Minor patchy hem alteration wnh mgt, but more commonly rimming

- ‘mgt. Ap is coarse- gramed (~400 um) w1th ra.re pr m&luswns
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: A,ppendlx 5 is-an adjunct to Chapter 5 It consists of tables of ennchmem factors for
major elements (Appendrx 5. l) and trace elements (Appendrx @_) for the Olympic Dam.
brcccm. samples Enrichment- factors are calculated as elemem/l‘xoz ratio of sample
'd1v1dcd by. the correspOndmg ratio in a sample of unaliered Roxby Downs Granite (SS-
°87 see Appendﬁ? ?.) Thrs approach relrcsf on the relative 1mmob111ty of TiO2 dunng
"Hydrothermal proccsscs at Olymplc Dam Thc vahdrty of this assumpuon is dxscu‘ss’od in
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Appendix 5.1. Major element enrichment factors for Olympic Dam breccias.

FeD

Samb‘le Si0Oy AlO3 Fe203 .MnO MgO  CaO . Naz()\ ' IKzO P‘iOS
Barren Hematitic breccias )
RX4s09 09 05 1478 08 32 06 00 03 03 55
RX4560 0.8 03 279 02 - 09 04 002 004 01 160
RX4561 10 01 979 04 1.2 04 . 01 02 001 214
kx4563 04 18 4998 2.1 8.4 19 00 07 09 42
RX4564 *° 0.3. 14 5654 1.1 84 22 05 06 09 127
~“Bornite-chalcacite'ores™ - s e
RX4511 © 09 06 , 1710 115 42 18 05 03 03 153
RX4513 002 03 3757 202 63 15 03 - 04 01 32
) RX4535 04 0.5 3236 232 63 14 08 06 02 309
RX4559 04 03 . 394 68 07 04 004 01 01 155
" RXase2 07 17 3777 381 8.4 46 148 07 08 559
RX4463 0.04 04 1346 00 40 10 04 01 00 220
Chalcopyrite-rich ores
RX4508 1.1 2.5 3982 45 42 22 217 06 17 390
RX4512 13 1.0 2322 29 2.5 19 05 04 07 171
'+ RX4541 09 06 2104 8.4 76 . 26 209 04 0.01 380
RX4542 04 07 780 100 32 25 51 02 - 001 280
- ' RX4578 0.9 20 353 2.5 13 11 106 02 15 113
Hematite-quartz sandstones d _ .
RX4514 0.5 05 1187 . 24 25 78 01 02 02 63
RX4515 05 08 692 07 09 16 01 02 05 68
RX4516 0.6 04 1052 0.9 12 24 03 02 02 86
. Hematite-quariz breccias ) ‘ ,
RX4501 02 0.1 2304 08 3.9 05 03 03 002 175
RX4502 02 0.1 2677 10 4.6 08 - 120 - 04 003 150
RX4517 02- 002 1032 04 4.5 14. 08 01 _ 001 59
Leachedbrecci‘as |
RX4504 001 Q02 1465 0.3 3.5 04 003 04 00 4.0
RX4510 02 05 2279 3.3 3.6 23 02 02 01 167
RX4528 001 0.1 1189° 04 6.1 2.8 L5 01 00 1L
Magnetite breccias . ,
RX4536 0.1 03 5266 - 1905 2753 109 28 07 00 9.5
RX4537 02 06 1439 407 633 40 20 02 01 118
Pyrite-rich ore
Rx4s06 03 07 s¥64 68 84 24 31 05 002 232
RX4529 0.5 01 4069 655 . 1941 65 25 06 00 338
RX4530 004 06 4011 1001 2089 63 35 07 04 522
~ .
2
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Appenfdix 5.1 contd.

NazO0  K,0 P05

Sample : SiOp AlO3 FepO3 FeO  MnO  MgO  CaO

Pyrite-rich ore contd. |

RX4531 13 L1 16192 119~ 253 49 385 12 00 190
RX4549 04 03 5202 238 8.4 27 159 08 005 432
Silicified breccias’ ‘ .

RX4503 1.5 0.1 4858 1.9 84 .05 01 07 00 264
RX4505 1.3 0.1 1478 0.8 1703 01 02 01 143
TRX4507°13T 04 408 US53 T 42 LS T 07 00 0.04 3.7
RX4521 19 02 51 02 05 02 0064 01 01 718
RX4550 1.0 ©~ 0.1 644 0.6 2.0 1.0 0.3 0.1 0.01 134
:'Unaltered " G(wlite ' .

RX4523 08 08 13 0.9 2.0 i1 08 08 08 1.0
RX4524 09 09 1.3 707 1.2 0.9 0.9 1.0 09 L1
$S-87 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 16° 10
RX3697 08 09 27 0.2 0.3 04 02 01 13 10
Chloritised Granite | ‘

RX4525 05 05 136° 2.5 0.9 53 01 004 02 52
RX4540 0.6 0.8 4.4 4.4 1.4 1.2 0.6 0.05 0.4 2.1
RX3213 06 08 42 54 1.4 12 05 005 04 20
RX3214 07 07 15 26 15 07 - 04 004 05 11
Sericitised Granite

RX4527 09 09 18 1.3 1.4 15 02 01 L1 09
RX4533 05 07 07 01 02 04 01 01 04 79
RX4562 10 13 19 04 04 07 02 01 09 07
RX3212 09 10 20 02 03 06. 19 01 07 14
RX3698 16 16 16 03 00 08 00 01 L1 12
Hematitised Granite

RX4520 06 001. 368 04 44 12 10 01 00 14
RX4522 09 001 190 01  06- 004 00 004 001 06
RX4526 07 08 42 05 1.0 16 - 02 0l 10 038
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APPENDIX 6

mineralisation events at Qlympic Dam..
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,Appendix 6 is:an adjunct to Chapter 5. It contains ‘variation diagf‘amé" in which
element/TiO2 ratios (for SiO2, MgO, K20, Cu, U, Th, Zr, and Zn) are plotted against’
total iron. These diagramns are used to assess fhe mobility of the above elements relative
to TiO3. In Chapter 5 it is ar'g/ued that Ti has been the least mobile element during
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Sample locations.

Sample
Number

RX4501
RX4502
RX4503

RX4504
_ RX4505.

RX4506
RX4507
RX4508
RX4509
RX4510
RX4511
RX4512
RX4513
RX4514
RX4515
RX4516
RX4517
RX4518
RX4519
RX4520
RX4521
RX4522
RX4523
RX4524
RX4525
RX4526
RX4527
RX4528
RX4529
RX4530
RX4531
RX4532

" RX4533

RX4534
RX4535

ANU#

89-105
89-106
89:107
89-378

89-379__

89-374
89-380

189-381

89-382
89383
89-384
89-385
89-386
89-387
89-388
89-389
89-390
89-365
89-391
89-392
89-393
89-394
89-367
89-368
89-395
89-396
89-397
89-398
89-375
89-399
89-377
89-400
89-401
89-402
89-403

Locality/
Drill hole#

33MK56W Dr
32MJ53 Sick.
32MIJ54 S Dc
Grzly Acc.Inc.

26NB56 C.Ac . .

RD44
RDas
RD501
RD501
RU2-314
RU3 653
RU3-653
RU3-307
RD32 -
RD32
RD829

" RD829

RD160
RD160
RD602
RD602
RD781
RD161
RD161
RD602
RD478
RD478
RD77A
RD16W1
RD16W1
RDI6W]
RD160
RU2-275
RU33-59 ‘
RU33-59

Appendix 7

Hél;a‘ Mine

depth (m) Coordinates ‘
Northing  Easting’
200604.0 200942.0
200342.0 200867.0
200173.0 200930.0
200059.0 - 200977.0

e ..-200674.0..201128.0..

512-514 200800.6 201000.0

" 588-500 200800.6 201000.0

535-537 200944.0 199942.5

. 439441 200945.8 199944.7

7779 200963.7 199931.4
105-106 200817.0 201019.0
93.6-94.3 200808.9 201009.6
2426 2008743 199877.0
503.8  199206.9 201206.7
353.5  199202.2 201200.3
4223 199293.5 201107.0
7343 199282.7 201111.0
769.4  200175.2 201466.0
693 200177.9 201471.4
673.3  199804.1 200397.5
640 199804.1 200397.5
3294  199898.6 200396.0
7364 1975792 202798.9
955.8  197571.4 202802.2
563.1  199804.4 200398.0
882  202394.3 201206.2
892.3 2023943 2012064
654.4  199996.5 201010.0
1142.1  200046.8 200794.8
1236.65 200046.8 200794.8
644.8  200999.3 200005.4
703.6 . 200177.5 201470.6
212371998248 2011790

724 . 200460.1 2010133
102-10488200440.7 200995.2
4

®

AMG
coordinates
Northing
6630886.91
6630614.88
6630463.57
6630362.48

6630995.6 .

6631091.42
6631091.42
6631002.0.
6631004.24
6631018.83
6631111.55
6631101.6

6630919.75
6629580.49
6629574.51
6629643.40
6629633.72
6630581.99
6630585.8

6629987.94
6629987.94
6630079.86
6628336.92
6628330.02
6629988.34
663269191
66‘32691.96
6630308.63
6630311.05
6630311.05
6631069.63
6630585.23
6630177.67
6630761.91
6630739.04

Depth (m)

~ below surface

Easting

680996.05

680979.67
681077.83
681148.44

681162.44

681010.02
681010.02
679946.59

679948.34

679931.48
681025.01
681017.59
679897.77
681557.52
681552.29
68144141
68144765
681600.60
681605.28
680638.03
680638.03
680616.07
683464 91
683469.83
680638.45
680865.60
680865.79
681194.22
680973.23
680973.23
679995.99
681604.59
681396.44
681096.87
681083.41

419
427
448
461

513
589
536

440 -

344
386
390
388
504
353
422
734
770
693
673
640
329
736
956
563
882
892
654
1142
1237

705
387
383
368

- 237




Appendix 7 continued

Sample
Number

RX4536
RX4537
RX4539
RX4540
RX4541

| RX4542

RX4543
RX4544
RX4546

- RX4547

RX4548
RX4549
RX4550
RX4551
RX4552
RX4553
RX4558
RX4559
RX4560
RX4561
RX4562
RX4563
RX4564
RX4566
RX4569
RX4578
RX4462
RX4463

RX3222

RX3223
RX3212

RX3213

RX3214
RX3642
RX3700
RX3697

ANU#

89-404
89-405
89-407

89-408

89-409

89410

89411
89-369
89-413
89414
89-415
89-376
89-416
89-417
89-366
89-418
89-370
89-419
89-420
89421
8§9-422
89-423
89-424
89-425
89-372
93-016
93-017
93-018
89-795
89-794
89434
89-791

'89-433

89-373
89-371
89-792

Locality/

" Drill hole#

38NG52 S.Dc
38NG52 S.Dc
38NG52 S.Dc
39NHS51SE.Dc
39NHS51SE.Dc

39NHSISEDc:

33MKS6W Dr
33NB53W Dr
33NB53W Dr
33MKS6W Dr
RU3-739
RD545
RU4-144
RD222
RD268
RD271
RU3-898
RU3-401
RU3401
RU3-402
RU3-751
RU3-751
RU3-898
32MJ54S Dc.
29Green 3 Nth
RU3-923
RU3-769
RU3-321
RD32

RD647
32LKS8NW D
39NHS1SE Dc
40LJ57 L.Lp
37Green5U/cut
RD783

36DC Blue Ex

Hole
depth

47.6

. 568-569

134-136
756-758
753.6
681-683
45.3
64-65
69-70
35
25-26
77.1
8.3

14-15
38
130

364-367
474478

675

Mine AMG
Coordinates coordinates
Northing Easting Northing
200250.0 201695.0 6630704.69
200250.0 201695.0 6630704.69
200198.0 201697.0 6630654 36
200175.0 201730.0 6630639.06
200162.0 201734.0 663062724

200165.0 201733.0 6630629.95

200598.0 200911.0 6630874.33
200465.0 200860 6630733.43
200465.0 200860.0 6630733.43
200598.0 200853.0 6630861.75
200648.0 200851.7 6630910.28
200733.7 200994.7 6631024.96
199413.8 201350.8 6629813.72
197587.2 203637.8 6628526.71
200231.2 201337.3 6630608.74
200099.0 201473.0 6630509.12

200451 2011019 6630772.19°

199860.5 201085.8 6630192.31
199860.4 2010814 6630191.25
199862.4 201144.0 6630206.79
201050.3 1999486 6631107.10
201019.0 199913.9 6631069.01
2004259 2010764 6630742.21
200250.0 200898.0 66305318
200847 199883  6630894.38
200737.4 199987.5 6630810.08
201054.7 199908.5 ?’\&531 102.69
200959.1 199970.2/ 6631022.75
199202.5 201200.5 6629574.85
199103.8 2021024 6629674.14
201061.0 199945.0 6631116.76
200173.5 201731.0 6630637.82
200745.0 199847.0 6630787.02
200770 199910  6630825.07
201500 199700 663149212
200540.0 200105.0 6630642.87

681863.45

Depth (m)
below surface

Easting
681807.92
681807.92
681821.15
681858.36
681865.08

483 -

482
481
489
490

238

680967.09
680946.16
680946.16
680910.47
680898.36
681019.36
681653.31
684282.11
681462.81
681623.96
681185.34

681297.71

681293.44
681354.12
679929.48
679902.40
681165.89
681029.89
679909.57
680035.36
679889.38
679970.35
681552.42
682454 26
679923.65
681859.66
679896.53
679952.63
679589.28
680192.86

488
417
418
419
418

417.

_568
470
757
754
682

409
404
402

428

423

445
418
450
390
404
413

410

366
470
413
490
495
463
675
453

Lo




Appendix 7 continued .
Sample ANU# Locality/ ' Mine ‘ o AMG Depth (m)
Number Drill hole# . Coordinates coordinates h Below surfacc
- Northing Easting  Northing  Easting
"RX3698 89-793 29NB49S Dr 199854.0 201193.0 6630209.21 681403.77 "380"
Regional Samples ' : ' & ‘
RX4567 89426 BLD-1 : 6636900 712800 695
RX4568 89427 BLD-1 | L 6636900 712800 71
RX4570 89428 ACDIS - | 6610238 670899 565

SRR

" RX4571 89429 AD20 4396 " 6570375 714455 440

RX4572 89-430 WRDI17 ‘ 6608767 685913 650

RX4573 89431 Roopena ' . 6376657  .724793. - 1135

DDH6 | -
RX4574 89-432 Roopena . 6376657 724793 94
' DDH6 . - '

RX4575 93-019 Roopena ‘ | 6376657 724793

N Stalion

RX4576 93-020 Roopena : 6376657 724793

. Station

RX4577 93-021 ACD7 o .' 6612400 670620
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Appen‘t\j‘mix 8

Spinel mineral-chemistry data

,Analysis 4548 4548 4548 4548 4548 4548 4548 4548 4548 - 4546A  4545A
RXNo. -5 -5B -SC . .6 .8 . -1@ -11 -12 13 4 34

Si0, <09 017 0.18 0.13 0.09 051 0.10 <09 <09 <.09 <09
TiO, 0.19  0.21 021 0.20 0.10 <09 <09 0.13 "0.21 1.61 1.51
ALO3  3.83 731 746 9.67 6.64 787 593 7.10 4.09 12.06 11.85
V,03 <10 <10 <10 <10 <10 <10 <.10 <10 0.12 0.27 0.20
Cr,05 53.58 58.42 59.12 54.72 58.46 45.46 52.66 58.06 S57.10 39.44 39.7]
Fe;O3(a) 11.77 5.02 3.51 7.51  4.44 1588 12.82 5.77 8.95 1599 15.95
FeO 22.36 16.14 17.01° 15.45 20.15 21.28 19.77 1898 23.44 23.71 23.69
MnO - 0.77 0.55 0.58 046 <23 201 040 <23 037 <19 0.25
2%) "5.91 10.73 10.08 11.68 8.17 6.78 8.36 8.69 S5.61 7.5 734
Cz0 <06 <06 <.06 <06 <.06 <06 <06 063 038 <06 <06

Total = 98.41 98.55 98.15 99.83 98.05 99.79 100.04 9936 100.27 100.66 100.50

Cations calculated on the basis of 4 oxygens and Fe3*/Fe2* partitioning assuming 3 cations

Si 0.000 0.006 0.006 0.004 0.003 0.018 0.003 0.000 0.000 0.000 0.000
Ti 0.005 0.005 0.005 0.005 0.003 0.000 0.000 0.003 0.006 0.040 0.038
Al ~ 0.161 0.291 0.299 0.374 0.271 0.319 0.239 0.285 0.169 0.474 0.467
v 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.007 0.005
Cr 1.512 1.559 1.589 1.421 1.602 1.235 1.424 1.561 1.581 1.039 1.051
Fe>*» - 0316 0.128 0.090 0.186 0.116 0.411 0.330 0.148 0.236 _0.401. 0.402
Fe?* 0.668 0.456 0.484 '0.424 0.584 0.612 0.566. 0.540 0.687 “D.661 0.663 «
Mn 0.023 0.016 0.017 0.013 0.000 0.059 0.012 0.000 0.011 0.000 0.007
Mg 0.315 0.540 0.511 0.572 0.422 0.347 0.426 0.441 .0.293 0.377 0.366
Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.023 0.0i4 0:000 0.000

. . i

Cr# 90.37 84.28 84.17 79.15 8552 79.49 B85.63 84.58 90.35 68.69 69.21]
Ti# 0.30 0.29 0.28 027 0.14 000 000 0.18 0.32 2,60 244
Fe2# = 67.97 4577 48.64 42.59 58.04 63.78 57.02 55.06 70.09 63.66 64.42
Fe3# 1589 645 4.54 938 5.82 2090 16.56 7.41 11.88 20.95 20.92

Analysis 4543 4543 4543 4543 4543 4543 4543 4543 4543 3215 3215
RX No. - 2B -3 5 -5B -6 - 6B - 1C -9B - 13C -1 -2

]
kY

$i0, 043 0.12 0.13 <10 <10 <10 <10 0.25 -0.30 0.16 033
Tio, 040 055 037 044 052 050 075 031 036 019 027
'ALO, T 13.30 3427 14.58 15.36 14.39 1443 1507 12.56 1274 9.17 945
V,0, <10 0.12 0.15 <11 0.11 <11 <IlL <11 <11 000 0.00
Cr,0;  48.63 4871 5035 50.00 48.89 51.02 49.43 52.83 52.42 56.35 57.76
Fe,O(z) 4.06 3.88 1.60 274 18.64 3.27 4.28 208 230 4.69 437
FeO 26.48 76.06 26.47 26.03 _11.65 22.84 2590 2573 25.96 17.39 11.67
MO~ 026 <21 <22 <22 <22 <22 <22 .<23 038 019 0.00.

. 5.64 5.22 5.87 7.36 7.75 637 5.72 5.44 .10.00 13.93
oS > 16 - 0.59 0.81

Zn0 - .
. Ca0 <.07 <.07 <.07 <.07 <.07 <.07 <07 <07 008 0.00 0.00

Total 98.72 99.35 98.86 100.44 101.56 99.83 101.80 99.49 99.97 98.73 98.59

i lculated on the basis of 4 oxygens and Fe3*/FeZ* partitioning assuming 3 cations
(S:iauons ca]O.(])IS 0.004 0.004 0.())l(g)0 0.000. 0.000 0.000 0.008 0.010 0.005 0.01!
Ti 0.010 0.014 0.009 0.011 0.012 0.012 0.018 0.008 0.009 0.005 0.007.
Al 0.535 0.566 0.581 0.600 ~0.538 0.562 0.581 0.501 0.506 0.363 0.364
Vv 0.000 0.003 0.004 0.000 0.003 0.000 0.009 0.000 0.000 0.000 0.000
Cr 1.311 1.297 1.347 1310 1.226 1.332 1.277 1.413 1.397 1.498 1.493
Fe3* 0.104 0.098 -0.041 0.068 0.445 0.081 0.105 0.053 0.058 0.119 0.107
Fe2* 0.755 0.734 0.749 0.721 0.309 0.631 0.708 0.728 0.732 0.489 0.319
Mn 0.008 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.011 0.005 0.000

‘348 0382 0310 0.289 0.273 0.501 0.679
Mg 0.262 0.283 0.263 0290 0 \ 9501 0.679

%2 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.003 0.000
Cr# 7104 69.60 69.85 68.59 69.50 7034 68.75 73.83 73.41 80.49 80.40
Ti# 0.55 074 049 057 070 065 098 041 048 027  0.38
Foow 74722 72.16 73.99 71.32 47.04 62.31 6952 7161 72.81 49.39 3196
Fo3 B2 01 207 3.45 20014 412 536 270 297 601 545

)
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Appendix 8 contd. Spinel mineral-chemistry data

Analysis 3215 3215 3215 3215 3215 3261 3261 3261 3261 3261 3632

RXNo. -3 .4 -5 -6 -7 -1 -2 -3 -6 -7 -1
Sio, 034 0.16 034 013. 0.19 0.7 006 0.11 0.17 0.06 0.14

, TiO, - 0.22° 0.17 0.21 0.8 0.18- 02 0.11. 0.18 0.19 0.18 0.21

; : ALO; 843 920 9.84 8.67 895 919 873 9.19 9.05 893 9.57
V,0; 0.00 0.00 0.00 0.00 000 060 0.00 0.00 0.00 0.00 0.00 .
Cr,0;  53.74 58.05 58.78 5826 5878 57.75 57.26 58.57 58.76 52.84 58.68 .
Fe,O5(a) 4.43 404 299 533 515 506 550 480 507 591 4.93 3
FeO  25.56 16.00 12.30 1272 11.94 1542 1585 12.38 9.61 23.81 13.76 :

MnO 0.10 0.00 0.00 0.00 0.00 0.15 0.01 0.07. 0.09 0.47 0.00 ’
MgO 478 11.33 13.77 13.41 1391 1190 11.32 13.71 1535 5.52 13.06 o
Zn0 0.41 0.26. 0.46 0.06 ¢.51 0.08 000 002 0.13 0.30 0.42 y
CaO  0.00 000 000 0.00 0.00 ~ 0.00 °'0.00 .0.00 0.00 0.00 0.00- : '
Total 98.01 99.21 98.69 98.76 99.61 -99.94 98.84 99.03 9842 98.02 100.77

% - S R S s
2

Cations ¢alculated on the basis of 4 c;xygens.and Fe3*/Fe?* partitioning assuni%g 3 cations

Si 0.012 0.005 0.011 0.004 0.006 0.006 0.002 0.004 0.006 0.002 0.010
Ti 0.606 0.004 0.005 0.004 0.004 0.005 0.003 0.004 0.005 0.005 0.005
. Al 0.350 0.359 0.378 0.336 .0.343 0.355 0.343 0.354 0.346 0.368 0.360
1 , \% 6.000 0.000 0.000 0.006 0.000 0.000 0.000 0.000 0.000 0.000 0.000
. ' Cr 1.497 1.521 1.516 1.516 1.510 1.498 1.509 1.512 1.509 1.462 1.497
Fe* 0.117 0.101 0.073 0.132 '0.126 0.125 0.138 0.118 0.124 0.156 0.120 .
Fe?* 0.754 0.444 0.336 0.350 0.325 0.424 0.442° 0.339 0.261 0.698 0.372- .
Mn 0.003 0.000 0.000 0.000 '0.000 0.004 0,000 0.002 0.002 0.014 0.000 ' ‘
Mg 0.251 0.560 0.670 0.657 0.674 0.582 0,563 0.667 0.743 0.288 0.628 .
Zn 0.011- 0.006 0.011 0.001 0.012 0.002 0.000 0000 0.003,0.008 0.010
Ca © 0.000 0.000 0.000 0.000 0.000° 0.000 0.000 0.000 0.000 0.000 0.000
Cr# . 81.05 80.90 80.04 81.86 81.49 80.84 8148 81.03 81.35 79.89 80.61
Tid 0.32 021 0.26 0.22° 022 0.27 016 0.21 027 027 0.27
Fe2# 7502 44.22 33.40 34.76 32.53 42.15 43,98 33.70 26.00 70.79 37.20
Fe3# 5.96 5.10 3.7t  6.65 6.37 632 693 595 6.27 7.85 6.07
) Analysis 3261 3261 3261 3261 3632 3632 3632 3632 3632 3632 3632
RX No. -2 -3 - 6 -7 -1 22 . -3 24 -5 -6 -7
- $i0, 0.06 0.1 0.17 0.06 0.14 0.11 0.29 0.15 0.18 0.31 0.16
; ' TiO, 0.11 0.18 0.19 0.18 0.21 020 0.08 0.22° 0.20 030 0.15

N AlLO; 873 9.19 9.05 893 957 9.2 925 870 904 10.15 9.04
; V,0;  0:00 0.00 0.00 000 000 000 0.00 000 0.00 0.00 0.00
Cr,05  57.26 58.57 58.76 52.84 58.68 °59.35 5840 58.71 60.41 52.13 56.82
Fe,Oy(a) 5.50 4.80 5.07 591 4.93 431 4.29 4.03 3.66 4.87 412
FeD 15.85 12.38. 9.61 23.8]1 13.76 13.52 .14.29 1895 '13.43 24.58 18.98
MnO 0.01 0.07 0.09 0.47 0.00 ©0.00 0.00 0.13 000 0.14 0.11
MgO 11.32 13.71 15.35 5.52 13.06 12.85 1239 9.59 1338 563 9.24

; Zzn0 ° 0.00 0.02 0.13 030 0.42 0.70 0.58 0.31 - 0.09 0.57 0.19
] ) Ca0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 :
‘ Total 98.84 99.03 98.42 98.02 100.77 100.16 99.57 100.79 100.39 98.68 98.81
. Cations calculated on the basis of 4 oxylgcns and Fe3*/Fe?* partitioning assuming 3 cations
) Si 0.002 0.004 0.006 0.002 ©.010 0.004 0.001 0.005 0.006 0.011 0.005
*Ti 0.003 0.004 0.005 0.005 0.005 0.005 0.002 0.005 0.005 0.008 0.004
Al 0.343 0.354 0.346 0.368 0.3’:60 0.350 0.357 0.340 0.345 0.413- 0.360
A% .. 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 .0.000 0.000 0.000
Cr 1.509 1.512 1.509 1.462 1.497 1.527 1514 1.538, 1.545 1.423 1.517
Fe3* 0.138 0.118 0.124 0.156 0.120 0.106 0.106 0.101 0.089 0.127 0.105
Fe?* 0.442 0.339 0.261 0.698 0.372 0.369 0.392 0.526 0.364 '0.711 0.537
Mn 0.000 0.002 0.002 0.014 0.000 Q.000 0.000 0.004 0.000 0.004 0.003
Mg 0.563 0.667 0.743 0.288 0.628 0.624 0.605 0.474 ,0.645 0.290 0.465
Zn 0.000 0.000 0.003 0.008 0.010 0.017 0.014 0.008 0.002 0.015 0.005
"Ca 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Cr# 81.48 81.03 81.35 79.89 -80.61 81.35 80.92 81.90 81.75 77.51 80.82
Ti# 0.16 ,0.21 027 0.27 0.27 0.27 0.11 0.27 - 0.26 0.43 0.21

Fe2# 43.98 33.70 26.00 70.79 37.20 37.16 39.32 52.60 36.08 71.03 53.59
Fe3# 693 595 6.27 7.85 6.07 5.35 5.36 5.10 450 6.47 530
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Appendix 8 contd. Spinel mineral-cherrustfy data

Analysis 3632 3652 3652 3652

RX No. -8 -1 -3 -8
'Si0, 0005 0.14 030 0.16 ’
TiO, 0.21 0.14 0.15 0.09

AlLOs  8.67 9.37 9.62 8.91
V,03 0.00 0.00 0.00 0.00 ;
Cr,0;  56.58 58.39 59.15 55.88 :
Fe,O5(a) 4.96 2.81 2.84 3.97

FeO 20.52 10.94 10.64 14.88

MnO . 0.11 0.12 0.01 0.2 Co. )

MgO 8.25 11.53 12.67 8.10 v . :

ZnO 0.28 5.02 4.26 6.2 ,

Ca0 0,00 07007 T0.00° T0IQ0 T T e e e s e e

Total 99.63 98.46 99.64 98.41

»

Cations calculated on the basis of 4 oxygens and Fe3*/Fel* partitioning assuming 3 cations

Si 0.002 0.005 0,010 0.006
Ti 0.005 0.004 0.004 0.002
Al 0.346 0.369 0.371 0.361
v 0.000 0.000 0.000 0.000
Cr - 1.514 1.544 1.523 1.520
Fe* 0.126 0.071 0.070 0.103
FeZ* 0.581 0.306 0.292 0429 -
Mn 0.000 0.003 0.008 0.006
Mg 0.416 0.575 0.619 0.415
Zn .0.007 0.124 0.103 0.158
Ca 0.000 0.000 0.000 0.000
Cr# 81.40 80.71 80.41 80.81
Ti# 0.27 0.21 0.21 0.1

Fe2# 58.27 34.73 32.05 50.83
Fe3# 6.34 3.58 3.56 5.19
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APPENDIX 9

Appendix'9 is an adjunct to Chapter 6. It contains element enrichment/depletion diagrams

for the mafic/ultramafic dykes discussed in that chapter. Increasing Al;03 concentrations’

correspond to increasing degree of alteration of the dykes due to the residual behaviour of
Al during alteration. Ti has also behaved in a relatively immobile manner (see Chapter 6)

243

By plotting element/TiOz ratios versus AlpQO3 it is possible to monitor which elements

were lést, which were gained, and which were immobile with increasing degree of
hydrothermal alteration. There is an apparent complementarity between losses from the

elements, e.g. Cr, Cu, Mn, V, Ni, Zn.
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