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Joe Lord, 1919-

T he Organizing Committee has decided to take 
this opportunity to acknowledge the major 

contribution that Joe Lord has made in ensuring 
Western Australia remains a focus for exploration 
and mining by promoting the need for the geological 
community to he well informed and up-to-date. This 
conference, Kalgoorlie 'lJ7 in Kalgoorlie, 
epitomizes his approach, where, despite having 
occupied very senior positions in hoth Government 
and industry, Joe has never lost sight of the 
importance of geology at the grass-roots level, in 
the bush where the discoveries are made. 

Following a varied career as a geologist in 
government and industry, Joe took over the reins of 
the Geological Survey of Western Australia 
(GSW A) in 1% 1. lIe led the (;SW A as it 
experienced a period of major growth and provided 
very positive support and encouragement ror rapid 
expansion of the minerals and petroleum industry, 
primarily in the areas of oil and gas, bauxite, iron 
ore and nickel. This period saw a rise in the role 
and iniluence of geologists, and Joe's stability and 
integrity provided a role-model during the exciting 
and heady days of the nickcJ hoom. Joe remained 
committed to hasic fieId geology, ami under his 
guidance and in response to his drive, the GSW A 
succeeded in completing the systematic mapping of 
Western Australia at 1 :250 000 scale. This ensured 
that basic data from which new concepts and 
exploration modeIs cou ld he developed, was 
available over the whole State. .1m: had great 
foresight in recognizing the importance or having 
basic geological maps as an essent ial tool ror 
promoting an understanding the geological 
evolution of various regions throughout Western 
Australia. lIe also recognized the va lue of hydro
geological mapping in such an arid environment. [Ie 

established the regional orrice of the GSWA in 
Kalgoorlie which was the start of a new wave of 
more detailed geological investigation and mapping. 
The results of this detail ed work played a signiricant 

role in the recent gold boom in the Eastern 
Goldfields and the latest outcomes are being 
presented at this conference. 

Joe has succeeded in integrating 
deveIopments in mineralization studies with 
regional-scale geological investigations and 
academic research. I Ie played a key role in the 
establishment and success of Geoconferences WA 
(Inc), as a voluntary organization to promote 
geological conferences and meetings in Western 
Australia, through the provision of seed funds and 
experienced people to heIp with the organization. 
Geoconferences has made a strong commitment to 
supporting young geoscientists as they broaden 
their geological experience. 

To many young geologists, Joe might at first 
glance be regarded as traditional and conservative. 
This perception mereIy rel1ects the fact that Joe is 
rapidly approaching his eightieth year rather than 
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recogmzlng his amazingly energetic and spirited 
support for new ideas. In fact, .Joe is a visionary as 
he strives to ensure that the professional 
development of all geologists in W A continues at a 
high level. 

Following his retirement from the position of 
Director of GSWA in 1980, Joe has voluntarily 
devoted an enormous amount of his personal time 
and effort in promoting geological conferences and 
meetings to the general geological community. He 
has taken on, lead administrative roles in major 
international events such as the International 
Archaean Symposium and the International 
Kimberlite Conference that attract experts from 
around the world to Western Australia where they 
pass on the latest developments to our local 
geologists. He has also been concerned to involve 
local geological groups in regional centres in 
encouraging and supporting meetings in places such 
as Southern Cross and our current conference in 
Kalgoorlie. This strong regional commitment has 

provided the avenue for the results of work in 
government institutions and academic and industry 
research to be passed to the general geological 
community well in advance of journal publications. 
In addition, local geologists are given an 
opportunity to exchange information on their 
current projects that can only improve the overall 
understanding of geological environments, controls 
on mineralization and the latest exploration 
techniques. The obvious impact of this approach is . 
that the geological community is informed, 
enthusiastic and successful. The varied program, 
quality of presentations and sell-out attendance at 
this conference attests to the success of this 
approach. 

We would like you to join us in 
acknowledging the magnificent contribution that Joe 
has made to the continuing vitality and success of 
the mining and exploration industry in Western 
Australia. 

T. J. Griffin and D. F. Blight 

Geological Survey of Western Australia 
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Archean tectonics: lessons from the modern 
plate tectonic cycle 

J.N. Ludden 

Centre de Recherche Petrographiques et Geochimiques, (CRPG-CNRS), 
Vandoeuvre-Ies-Nancy, France 54501 

T he Archaean geological period represents one 
third of the history of our planet, Its record on 

Earth starts at about 4.0 Ga, the age of the oldest 
rocks known, and ends at around 2 .5 Ga. 
Paradoxically, despite the fact that much of the 
growth of continental crust probably occurred at this 
time, this period of the Earth 's history is poorly 
known. Two fundamental reasons for this are: (i) the 
complexity of the tectonic and thermal history of 
Archaean regions, where any traces of the original 
tectonic or petrological character of the rocks have 
often been eradicated, and (ii) the difficulty in 
applying modern analytical methods such as 
palaeontology and palaeomagnetism to Archaean 
terranes. Only through detailed multidisciplinary 
studies involving geological mapping, high-precision 
(U/Pb) geochronology, thermal studies involvingArl 
Ar, tracer geochemistry, all coupled with seismic and 
other geophysical studies, will we stmi to understand 
the tectonic processes that created these ancient 
cratons. 

The southeastern Superior province is the only 
region of the Archaean which has a substantial 
multidisciplinary data-base. Tectonic interpretations 
of this craton, although providing a convincing ar
gument for plate-tectonic regimes comparable to 
those of the modem Earth, remain untested in older 
cratons and in the other major Archaean cratons of 
the Earth. An important objective ofthe next 10 years 
should be to obtain comparable data sets in other 
Archaean cratons. Still lacking in the Superior and 
other cratons are high-resolution geophysical stud
ies of the asthenosphere-lithosphere boundary and 
also the crust-mantle boundary. Although modifica
tion of these two impotiant tectonic boundaries must 
have occurred in post-Archaean time, their structure 
provides important clues to craton maturation, CJUstal 
deformation, and the sources of mineral resources. 

Most of the discussion presented here will be . 
based on multi-disciplinary studies of the Superior 
province, where, as stated above, plate-tectonic re
gimes comparable to those of modern Eal1h are an 
accepted dogma. Nonetheless, much of the debate 

surrounding Archaean tectonic regimes concerns the 
possibility that high thermal fluxes resulted in dis
tinct tectonic styles in the Archaean (e.g., Fyfe 1978, 
Campbell & Jarvis 1984). In this paper, I suggest 
that more detailed study of the tectonics of certain 
regimes in the current plate tectonic cycle may help 
to better understand Archaean tectonic processes. 

The Cretaceous Earth, Large Igneous 
Events and Arc accretion 

1t is now clear the Cretaceous Earth, was not 
only characterised by a warm climate, but also by a 
massive increase in the flux of volcanic products 
from hot-spots (Larson, 1991). In contrast to the 
present day, where most oceanic magmatism occurs 
at oceanic ridges, in the Cretaceous, magmatism was 
dominated by hot-spots and lidge hot-spot interac
tion, resulting in giant igneous provinces, such as 
the Ontong-Java plateau. This plateau alone has a 
surface area of one third that of the USA with a 
mafic-ultramafic crust 30-40 km thick (Coffin et aI., 
1994). Although we have little idea of the mantle 
structure beneath this feature, it is undoubtedly un
derlain by a depleted mantle root. The plateau is cur
rently impinging on the New Britain Arc and ap
pears to be in the process of being subducted and 
recycled back into the mantle. 

Many authors have suggested that Archaean 
crust is composed of accreted mafic oceanic plateaus 
(e.g., Storey et aI., 1990; Abbott, 1996). However, 
as stated above, the current tectonic cycle seems to 
be quite effective at removing these features. 
FUl1hermore few extensive sequences of oceanic 
plateaus are preserved in the geological record. 
Pieces of Wrangellia now accreted, or in the process 
of accreting in northern Canada and Alaska are 
rapidly uplifted and eroded, their lower portions 
having been removed during the accretion process. 
There is nonetheless good evidence that many of the 
volcanic rocks in greenstone belts have an affinity 
with oceanic plateaus, and this is the case for many 
of the mafic sequences of the Abitibi belt, the largest 
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of the Archaean greenstone belts. However, as for 
the modem regime, these oceanic plateau fragments 
served as catalysts for crustal accretion, by choking 
the s 'ubduction zones, causing local plate 
reorganisation, often resulting in trench roll back and 
marginal basin formation. 

Crust formation appears to be relatcd to 
magma production and recycling in the arc system. 
At the same time, and probably associated with the 
rapid eruption of the giant igneous provinces in the 
Cretaceous, the active margins were characteIised by 
intense plutonism, resulting in the creation of the 
Cretaceous batholiths of North and South Amelica, 
and continental arcs such as the Banda-Sunda 
system. The Earlh now appears to have reached a 
steady-state in terms of crust production and 
destruction. If one could predict the geology of the 
post-Mesozoic Eatth at the end of the cunent tectonic 
cycle, the features most likely to remain will be the 
plutonic complexes ofthe active continental margins 
and, in some regions, where crust accretion was 
dominated by transcurrent motions , erosional 
remnants which may contain more abundant mafic 
complexes of arc or oceanic aillnity (i.e.,thc tClTanes 
of the northern Canadian Cordillera). Even here 
though, uplift, deformation and erosion, will expose 
their reworked, middle crust. 

The Superior province has long been cited as 
having been formed by arc accretionary processes 
of one form or another (e.g., Hoffman, 1989; Card, 
1990; Kimura et aI., 1993; Percival et aI. , 1994). It 
has been the site of several hundreds of UlPb 
determinations, more than 1000km of 
LlTHOPROBE seismic reflection and refraction 
profiling, and detailed mapping, specifically in major 
mining areas of the Abitibi, Wawa and other belts. 
Models analagous to modem plate tectonics are 
applicable, but the rates of convergence and accretion 
may have exceeded those nOlmal for the present day. 
Accreted crust was warm and subjectto more ductile 
deformation than in modem accretionary zones. 

Fig. ·1 Location ' of LlTHOPROBE Line 48 across the 
. Abitibi greenstone belt-Opatica Plutonic Belt 

boundary in the southeastern Superior province. 

A seismic image of a major tectonic boundary 
in the Supelior Province is shown in the lower part 
of Fig. I . In this figure, a suture-zone which appeat:~ 
to be rooted in the middle crust below the Abitibi 
belt, plunges below the Opatica Plutonic Belt (OPB); 
the latter is a belt oftonalitic rocks, characterised by 
somewhat older ages than the Abitibi belt tonalites 
and also more radiogenic Pb and Nd isotope compo
sitions. Calvert et al. (1995) suggested that the su
ture-zone is a relict subduction zone, with the Abitibi 
greenstones being thrust onto the gneisses of the OPB 
and the lowcr crust of the Abitibi belt being imbri
cated below the accreting greenstone belt and the 
OPO gneisses . The pluton (CP) on the interpreted 
section, stitches the greenstones and the OPB gneisses 
and has been dated at 2700 Ma (Davis et aI., 1995). 
Although metamorphism has complicated the zircon 
history in the OPB gneisses, the difference between 
their age of formation and accretion appears to be 
about 100 million years, and is comparable to mod
em oceanic cycles. In contrast, similar relationships 
between stitching plutons, the greenstones of the 
southern Abitibi belt, and the Pontiac subprovince to 
its south indicate accretion about 2785 Ma, only 20 
million years after their formation. 

A major pulse ofkomatiite-tholeiite volcanism 
at 2715-2710 Ma created many of the volcanic as
semblages of the southeastern Superior Province. If 
these volcanics were related to plume activity, this 
plume must have impacted close to or on the active 
margin resulting in rapid tectonic accretion of the 
volcanic edi f1ces. Nonetheless, the seismic images 
across the entire belt, indicate that mafic igneous 
rocks only make up a relatively minor part of the 
upper crust. Shown as an inset in the upper part of 
Fig. 2 is a detailed image of the Matagami volcanic 
complex overlying the Bell River layered intrusion 
at 1- 2 km depth. This mining camp is host to numer
ous massive sulphide deposits. The allocthonous na
ture of the rocks and, as the geochemistry of these 
volcanic rocks indicates, their probable formation as 
an Archaean oceanic plateau, poses several questions 
as to the use of modern oceanic plateau stratigraphy 
as an exploration guide, and even their potential for 
ore reserves. 

Marginal basins, lithosphere thinning and 
delamination 

Walln oceanic lithopshere is being subducted 
in some regions of the modem Earth, for example 
the Juan de Fuca plate off western North America 
and the Nazca plate of southern South America. In 
these regions shallow-dipping subduction zones pro
vide evidence for underplating of continental 
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mation of Archaean crust. lithosphere. Andesitic magmas (Adakites) character
istic o[ slab melts (MaI1in, 1992), provide us with 
some possible analogues for Archaean tonalites and 
thus an insight into an environment that may have 
been normal [or subduction in the Archaean. In a 
synthesis oCthe rheology ofa thick (2Skm) Archaean 
oceanic plate, Ranalli (1996) indicates that, although 
this plate would be layered in terms of rheology (i.e., 
it would have a plastic lower crust), the soft lower 
crust would be easily delaminated and recycled into 
the mantle. This process together with a more 
vigerous convection regime implies that lithophelic 
delamination may have been imp0l1ant in the for-

A model for delamination of the mantle 
lithosphere, taken from a review by Burg & Ford 
(1996) is shown in Fig. 3. This process is thought to 
occur in modern mountain chains and has been de
sClibed as an impOltant mechanism for creating late 
extensional collapse of an orogen. The resul ty of such 
collapse would be a rapid transfer of hot mantle to 
the base of the crust, with the potential of prograding 
the lower crust to granulite facies, and exposing deep 
crust by extension (Burg et ai. , 1994). 
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Fig. 2 LlTHOPROBE seismic line 48, shot across the Abitibi greenstone belt-Opatica Plutonic belt (OPB) 
boundary. The lower diagram shows the regional interpretation of the data. Note the reflector dipping to 
the north into the mantle below the OPB, and the shear-zone north of shot point 7000 which juxtaposes 
rocks of different seismic character. Shown in the upper diagram is an expanded section to 2 km of the 
volcanic rocks in the Matagami mining camp. BAS is the Bell Allard massive sulphide deposit. Refelectors 
are concordant sills and Fe-rich volcanic horizons. 
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tonalitic-granitic magma on a massive scale into the 
middle crust. Rapid thinning of the lithosphe!ic man
tle and the transfer of enOlmous quantities of magma 
late in Archaean orogens, may well be the cause of 
the commonly observed domed (diapiric) pattern of 
many granite greenstone belts (Choukroune et al., 
1995), where rafts of supracrustal material have been 
trapped by !ising granitic instrusions. This process 
appears to be more advanced in cratons such as the 
Dharwar and the Pilbara craton. In other cratons, 
extension appears to have been related to a 
transpressive environment, resulting in lateral extru
sion of immature crust that was not extensively re
worked by late plutonism (i.e. in the southeastern 
C" •• __ ....: _____ •• : _____ .l .1.._ V:l __ • ____ •. : ___ \ 

IJUP\.l11Vl 1'1 V V 111""""" UUU 1..11\ .... .1 1l5'1l1l pI V V HI\..\..I J. 

(a) after thickening 

(c) delamination of 

mantle lithosphere 
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~};~~r::-:mn!mg2 
p~i~;~::;-;:,~:;;.:;:.;~.::;.::: >- <.~_~~:~:~: ... :: 
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thin~ed mantle [Irhosphere 

:~":, <.:, 

W4;m.~lill~~j 
'~';'artial mt'lti".r{ -. <;) v:. 

of'tHfhellfl."plu·rp 

Fig. 3 Model for delamination of lithosphere, taken 
from Burg &Ford (1996). 

Lithospheric roots and the extent of 
Archaean crust 

As stated in the introduction, understanding 
the formation, modification and preServation of deep 
mantle lithopshere presents a major challenge to geo
physicists and petrologists over the next decade. Pre
liminary work in the Supe!ior province indicates that 
the mantle below the late-Archaean crust has pre
served a late-Archaean fabric, and has maintained 
its anisotropy since this time (Senechal el al., 1996). 
Furthermore, seismic reflection studies of the 
Grenville province indicate that Archaean crust and 
lithosphere continues for many hundrcds of 
kilometers below the Grenville cover rocks 
(Martignole & Calvert, 1996). However, U!Pb zir
con dating of lower crustal material from below the 
Abitibi indicates relatively young agcs of 2.4 Ga 
(Moser & Heaman, 1997) perhaps related to 

Neoproterozoic extension, and possibly caused by 
lateral injection of younger magmas along the crust
mantle boundary of the late-Archaean lithosphere. 
These results remain enigmatic and require a major 
world-wide initiative aimed at understanding two of 
the most fundamental tectonic interfaces on Earth, 
namely the crust-mantle boundary and the lithophere
asthenosphere boundary. 

Conclusions 

The data base for understanding the tectonic 
evolution of Archaean cratons is limited. Only in the 
Superior province are adequate multidisciplinary data 
_ .. _:1_\"1_.~ _ •. ~ .. :.l ___ 1_.: .. _1 •. r.~ _~_"<-_:_. ~_ + __ 
UYU1J.UVJ."" LV pIVY.lU\,.f l'"'U .... ".lV""J.] J..".l.l.l.l ""'VU~L-1.UU.lLVl.l ""''''-

tonic processes. Models proposed for this craton must 
be tested in older cratons and other major cratons of 
similar age across the Earth. 

It appears that, even within the current plate 
tectonic cycle, mantle convection has undergone cata
clysmic changes, resulting in enormous outpoorings 
of magma in the Cretaceous, associated with a con
vection regime that must have been different from 
that presently operating on Earth. Although these 
events formed enormous quantities of crust, the geo
logical record indicates that this crust is destroyed 
by subduction processes, and the dominant process 
of crust fOlmation is in arc systems. Nonetheless, 
these oceanic plateaus do play an important role in . 
perturbing the arc-acccretion process and may in fact 
act as a catalyst in accreting arc-crust. 

Given that Archaean oceanic crust was thicker, 
it would be more likely to delaminate during 
orogenesis. It is suggested that late-extensional col
lapse of orogens, in some cases resulting in complete 
removal of the mantle lithosphere and massive trans
fer of heat and magma into the lower and middle crust, 
may result in both the common granulite-grade 
terrnanes of the Archaean, and middle crustal plu
tonism resulting in doming and diapirism. 

One 0 f the most important challenges to the 
Archaean geologist over the next decade is under
standing the nature of the lower crust and mantle 
lithosphere and their interfaces (the crust-mantle 
boundary and the lithosphere-asthenosphere bound
ary) and, in particular, to constrain their evolution 
through time. 
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Tectonic Evolution. of the Yilgarn Craton 

J.S. Myers 

Geological Survey of Western Australia 
100 Plain Street 
East Perth, WA 6004 

The Yilgarn Craton is the largest known 
remnant of Archaean continental crust in 

Australia. The margins of the craton are faults and 
sutures that truncate Archaean structures within the 
craton and juxtapose Proterozoic orogenic belts of 
various ages against the craton. Internally, the 
Yilgarn Craton is also dominated by fault-bounded 
tectonic units of various ages and diverse origin that 
were amalgamated hetween ca. 2.7 - 2.6 Ga. 

The oldest known components of the Yilgarn 
Craton are 3.73 Ga layered megacrystic 
anorthosites and associated amphibolites, intruded 
by sheets of 3.6 Ga granite in the Narryer Terrane. 
This ancient remnant of continental crust was 
successively invaded by granite between 3.5 and 3.3 
Ga, associated with episodes of high grade 
metamophism, deformation and melting. The 
Murchison, Southern Cross and southwest Yilgarn 
terranes contain 3 Ga metavolcanic rocks intruded 
by sheets of granite at 2.9 Ga, as well as remnants 
of older continental crust. In contrast, the granite
greenstone terrain of the Eastern Goldfields appears 
to largely be derived from volcanic rocks and 
granites that formed between 2.7 and 2.6 Ga. 

All these rocks were repeatedly deformed and 
recrystallized between 2.7 and 2.6 Ga, and were 
stabilized as a coherent craton by 2.6 Ga. The deep 
crustal structure of the Eastern Goldfields indicates 
that the granite-greenstone terrain is a relatively 
thin allochthonous sheet, resting on older, 
imbricated slabs of continental crust. 

This talk will outline the history of tectonic 
interpretations of the Yilgarn Craton; review 
current hypotheses; and highlight avenues for future 
investigations. 

Evolution of tectonic interpretations 

Previous interpretations of the tectonic 
evolution of the craton have been diverse. During 
the 1960's and 1970's the greenstones were 
considered to be remnants of primordial sima tic 
crust that was deformed by the diapiric 

emplacement of steep-sided granite batholiths 
(Glikson, 1979). In the 1980's most models 
interpreted the greenstones and granites as products 
of intracratonic rifting (Gee et aI., 1981; Groves & 
Batt, 1984; Blake & Groves, 1987). The latter 
authors concluded that there was no evidence of 
subduction-related processes in either the granites 
or greenstones. In contrast, Barley & McNaughton 
(1988) interpreted the Norseman-Wiluna belt in. 
terrns of a westward-dipping subduction wne, and 
this was further elaborated by Barley et al. (1989) 
and Morris (1993). Other contrasting models have 
recently been proposed: Campbell and Hill (1988) 
and Hilletal. (1991) suggested that the Yilgam 
Craton reflects plume tectonic rather than plate 
tectonic processes; and Glikson (1993) concluded 
that peaks in granite-greenstone generation were 
related to meteorite impacts. 

During the 1970's and 1980's the Yilgam 
Craton was known as the Yilgarn Block and was 
loosely subdivided into three granite-greenstone 
provinces (Eastern Goldfields, Southern Cross and 
Murchison provinces) and a Western Gneiss 
Terrain (Gee et aI. , 1981). The boundaries between 
these units were not based on mapped features, but 
were arbitrary lines drawn through regions of 
granite separating either greenstones, characterised 
by different proportions of major rock types, or 
granitic rocks containing different proportions of 
gneiss. 

Between 1980 and 1996, most of the 
Murchison and Eastern Goldfields provinces, and 
the northern part of the Western Gneiss Terrain, 
were mapped in detail by the Geological Survey of 
Western Australia (GSWA) (see Watkins & 
Hickman, 1990; Swager, 1997; Myers, 1990), with 
support in the Eastern Goldfields during the 1990's 
from the the Australian Geological Survey 
Organisation (AGSO). This work led to major 
advances in understanding the regional geology and 
tectonics. The Yilgarn Block was renamed the 
Yilgarn Craton to conform with current terminology 
and to emphasise the three-dimensional structure 
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(Trendall, 1990). The outcrop of Archaean rocks 
known as the Yilgarn Block does not represent a 
horst block but, especially to the east and northeast, 
extends for over 300 km beneath a thin cover of 
younger rocks. The tectonic unit also has limited 
vertical extent, and forms a thin raft of continental 
lithosphere. The Yilgarn Craton was found to 
comprise a number of fault-bounded rafts and 
slices of continental crust with different geological 
histories before ca. 2.7 - 2.6 Ga when they were 
assembled as the Yilgarn Craton (Myers, 1995; 
Wilde, et al., 1996; Swager, 1997). This assembly 
was accomplished in a number of episodes, with 
numerous relatively small tectonic units known as 
terranes assembled into rafts of continental crust 
referred to as superterranes (Myers, 1995), before 
further amalgamation of these rafts of continental 
crust as the Yilgarn Craton. 

A substantial advance in understaning the 
three dimensional structure of the craton resulted 
from a seismic reflection profile across 213 km of 
the Eastern Goldfields region in 1991 (Swager et 
al., 1997). This profile· indicated that the 
greenstones of the Eastern Goldfields are truncated 
at a depth of 4 to 7 km by a regional detachment, 
and thus form a relatively thin allochthonous sheet 
resting on imbricated slabs of continental crust. 
The seismic reflection profiling also revealed that 
many granite plutons are sheet-like bodies rather 
than steep-sided diapirs. These plutons are thus 
similar to the predominant structure of granites, 
determined by direct observations from outcrops, in 
the Murchison and Narryer terranes that form the 
northwest part of the Yilgarn Craton (Myers & 
Watkins, 1985; Myers, 1988). 

The rapid expansion of U-Ph zircon 
geochronology, especially using SHRIMP, during 
the 1990's has provided increasingly tight 
constraints on the temporal evolution of tectonic 
structures in the Yilgarn Craton (Nelson, 1995, 
1996, 1997; Nemchin et al. 1994; Nutman et al., 
1991; Pidgeon & Wilde, 1990; Wiedenheck & 
Watkins, 1993). Meanwhile the widespread 
availability of high quality aeromagnetic data has 
provided new insight into the geological structure of 
poorly exposed ground. 

Recent tectonic interpretations include 
contributions based on geochemistry, sequence 
stratigraphy and comparative tectonics. 
Geochemistry was used by Champion & Sheraton 
(1997), Morris & Witt (1997), Smithies & Witt 
(1997), and Witt & Davy (1997), to infer plate 
tectonic settings of back arc basins and collision at 
continental margins, and to provide insight into the 
nature of diverse basement terranes. Krapez (1997) 

applied concepts of sequence stratigraphy to 
metasedimentary rocks of the Eastern Goldfields 
and used this as a basis for a plate tectonic 
synthesis. He concluded that the Eastern 
Goldfields represented a thin-skinned fold and 
thrust belt, and emphasised the importance of 
transcurrent movement along continental sutures. 
Sengor & Natal'in (1996) compared the tectonic 
evolution of the Eastern Goldfields region with that 
of the Phanerozoic Altaids and Nipponides, and the 
Neoproterozoic granite-greenstone collage of 
Arabia-Nubia, and interpreted all these regions as 
examples of Turkic-type orogeny. 

In the future, major advances will continue to 
be made in understanding the tectonic evolutio'n of 
the Yilgarn Craton by: closely integrated mapping 
based studies of structure and stratigraphy, 
petrology, metamorphism and geochronology; 
further contributions from deep seismic reflection 
profiling and computer modelling of integrated 
surface and subsurface structural data; and 
comparisons with other, better exposed and better 
understood examples of crustal growth through 
time. A major goal will be the delineation of the 
main crustal components of the craton and the 
history of their assembly. 
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SHRIMP U-Pb zircon chronological constraints 
on the evolution of the Eastern Goldfields 
granite-greenstone terranes 

C.R. Nelson 

Geological Survey of Western Australia 
100 Plain Street, East Perth, WA 6004 

A total of 55 SHRIMP U-Pb zircon dates (with 
average 95% confidence error of ±6 Ma) have 

been obtained from the granite-greenstone terranes 
of the Eastern Goldfields of Western Australia 
(Nelson, 1995, 1996, 1997a, b). The principal 
aims of this study were to investigate stratigraphic 
relationships within and between adjacent 
greenstone domains identified during the National 
Geoscience Mapping Accord 1: 100,000-scale 
mapping program, and to establish the emplacement 
ages of granite intrusions with well-characterized 
structural relationships and relate these to the 
timing of major regional deformation and 

. metamorphic events. 

Greenstone deposition 

The greenstone sequences of the eastern part 
of the Yilgarn Craton consist pre-dominantly of 
bimodal _ (mafic-ultramafic and dacitic) volcanic 
lithologies, with volumetrically minor proportions 
of intermediate volcanic rocks, clastic sedimentary 
rocks and banded iron-formation. The new dating 
work indicates that the main episode of greenstone 
deposition commenced at 2710 Ma, with the 
eruption of felsic volcaniclastic rocks from a 
number of volcanic centres. Felsic volcanic rocks 
inter-bedded with komatiitic lavas at three 
widespread sites within the Boorara, Gindalbie and 
Jubilee domains yielded analytically 
indistinguishable dates within error of 2705 Ma, 
and dates on felsic volcanic rocks within 
tectonostratigraphic packages that include 
komatiites, from both the Steeple I {ill and 
Mulgabbie domains, were also found to be 
consistent with an inferred eruption age for these 
komatiite occurrences of 2705 Ma. These findings 
imply that a voluminous eruption of komatiite lava, 
closely preceded and followed by the eruption of 
basaltic lavas, flooded a vast area or the Archaean 

landscape at 2705 Ma, filling topographic lows 
around older . felsic volcanic vents. The 
tectonostratigraphic complexity of the greenstone 
sequences is attributable in part to the undulating 
surface topography at the time of the ultramafic
mafic eruption event and to later folding and thrust 
stacking, but the komatiite unit occurs throughout 
the eastern Yilgarn Craton and provides a useful 
stratigraphic marker. Eruption of felsic 
volcaniclastic rocks from a number of volcanic 
centres continued until 2672 Ma. 

A greenstone sequence in the northern part of 
the Mulgabbie domain is unusual in that it contains 
a high proportion of intermediate volcanic rocks 
(Swager, 1995). A minimum age for this sequence 
is provided by a date of 2710±6 Ma (errors on all 
dates cited herein are at 95% confidence) obtained 
on a tonalite sampled at Outcamp Bore, that has 
intruded the sequence (Nelson, 1997a), indicating 
that the intermediate sequence may be older than the 
mafic, ultramafic and felsic volcanic packages that 
dominate the greenstones elsewhere. Sampling sites 
with suitable lithologies for determination of the 
depositional age of this sequence have yet to be 
identiiied. 

Polymict conglomerates containing clasts of 
locally-derived felsic porphyry, granite, chert and 
mafic rock, occur at widespread localities 
throughout the eastern Yilgarn Craton. Examples 
include the Penny Dam conglomerate (Swager, 
1994a; Ahmat, 1995), the Merougil beds (Griffin, 
1990), the Kurrawang Formation (Witt, 1994) and 
the Yilgangi conglomerates (Swager, 1994b). A 
monzodiorite that has intruded conglomerates at 
Yilgangi has been dated at 2662±5 Ma, providing a 
minimum age estimate for deposition of the 
Yilgangi conglomerates. The monzodiorite has 
intruded the clastic sequence parallel to the trend of 
the regional foliation and is heterogeneously foliated 
parallel to D2, suggesting that it was intruded 
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during D2 deformation. A cross-bedded, even
grained feJdspathic metasandstone from the lones 
Creek O::inglomerate in ' the Kathleen Valley 
contained a population of detrital zircons with an 
age oL2632:t13 Ma, provi.ding , (! ma~imum age of 
2645 Ma for deposition of the precursor sandstone. 
A second population of zircons dated at 2673:t9 Ma 
may have been derived from the nearby Mount 
Keith granodiorite. The dates obtained , for these 
two clastic sedimentary sequences indicate that 
these lithologies were probably deposited either into 
developing D2 synclines, or adjacent to active D~ 
shear zones. 

Basement rocks to the younger greenstones 

Isolated remnants of basement rocks that are 
substantially older than the 2710 to 2670 Ma 
greenstone sequences, but with generally similar 
granitic and greenstone lithologies to those of the 
younger rocks, have been identified throughout the 
eastern part of the Yilgarn Craton. Greenstone 
sequences preserved near Norseman and 
Ravensthorpe in the southeastern Yilgarn Craton 
contain felsic volcanic rocks dated at 2958:t4 and 
2930:t4 Ma respectively. Similar dates of 2921:t4 
and 2903:t5 Ma have recently been reported by 
Wang et al. (1996) from the Lake lohnston 
greenstone belt in the southeastern Yilgarn Craton. 
A biotite-muscovite monzogranite gneiss, sampled 
at Connolly Siding west of Spargoville, was dated 
at 2801:t1O Ma, and a deformed granitic gneiss 
west of the Parmelia Pit in the northern Goldfields 
was dated at 2738:t6 Ma. 'l"he ages of these older 
basement rocks can be matched with those of 
similar lithologies identified in the western part of 
the Yilgarn Craton (Pidgeon & Wilde, 1990; 
Schi0lte & Campbell, 1996), suggesting that the 
yuunger Eastern Goldfields greenstones were 
deposited onto fragments of crust rifted from an 
older margin , of the western part of the craton. 
Xenocryst zircons ranging in age from 2910 Ma to 
2730 Ma identified in the 2710 to 2672 Ma felsic 
volcanic rocks provide further confirmation that the 
exposed greenstone sequences were deposited onto 
continental basement. 

Plutonism 

Apart from the older basement rocks and the 
2710 Ma Outcamp Bore , tonalite uccurrence 
described above, relatively few granitoid bodies 
older than 2675 Ma have so far been identified. 
Pre-D2 granitic intrusives were emplaced mainly 
between 2675 and 2665 Ma, probably , as thick 

sheets into the base of the greenstone sequences. 
Between 2665 and 2657 Ma, massive intrusive 
bodies were emplaced within anti forms that 
developed during regional east-west compression. 
When displayed on a histogram of time versus 
number of analyses (totalling 57, including the data 
of Hill et aI., 1992), dates obtained on granitic 
rocks from the eastern Yilgarn show a symetrical 
distribution, with a sharp peak at about 2660 Ma 
and with the histogram tails diminishing 

,symetrically on either side of the peak to 2710 Ma 
and 2610 Ma. Dates so far obtained on alkaline 
intrusions, such as the McAuliffe Well quartz 
syenite (2651:t5 Ma), the hornblende syenite 
exposed in the Teague Ring Structure (264H:tH Ma) 
and the quartz syenite at Woorana (2644:t13 Ma), 
suggest that these were emplaced over a narrow 
time interval during the later stages of regional 
deformation. 

Deformation episodes and regional 
metamorphism 

Dates have been obtained on a number of 
granitoid bodies whose timing of emplacement 
relative to major regional deformation events have 
been deduced from field observations. The Split 
Rock granodiorite occupies the core of the Scotia
Kanowna dome, a regional F2 anticline, and its 
emplacement at 2657:t5 Ma has been interpreted to 
either predate, or to have been synchronous with, 
O2 regional deformation (Witt & Swager, 1989). 
The Snot Rocks monzogranite displaces the D2 
Kurrawang Syncline to the east and was therefore 
emplaced after commencement of D2 regional 
de1'ormation. The date of 26601:3 Ma obtained for 
the Snot Rocks monzogranite provides a minimum 
time constraint for the main phase of D2 regional 
deformation (and for the deposition of the 
Kurrawang Formation conglomerates). D2 folds in 
the Jones Creek Conglomerate suggest that D2 
deformation may have continued locally until at 
least 2645 Ma. 

The timing of D3 regional deformation has 
been similarly constrained. The south-western 
margin of the Snot Rocks monzogranite was 
deformed by the 0 3 Zuleika Shear, so its 
crystallization age of 2660:t3 Ma provides a 
maximum time for 0 3 shear activity. The Brady 
Well monzogranite, int~rpreted to have been 
emplaced following D3 deformation, has a 
crystallization age of 2658:t13 Ma. These results 
constrain D,' regional deformation to the broad 
interval 2663 to 2645 Ma. The Clark Well 
monzogranite was intruded into a zone of strong 
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Fig. 1 Comparison of the timing of main geological events in the eastern part of the Yllgarn Craton and 
southern part of the Superior Craton. 

deformation associated with the Ida Fault, a major 
Or03 fault separating the predominantly lower 
greenschist facies greens tones of the Eastern 
Goldfields Province from the largely amphibolite 
facies grani te-greenstone terranes of the Southern 
Cross Province. This monzogranite is undcformed, 
indicating that movement on the fault had ceased 
prior to its intrusion. The crystallization age of 
2640±8 Ma determined for the Clark Well 
monzogranite provides an additional younger limit 
for movement on the Ida Fault. Furthermore, 
because the Ida Fault juxtaposes rocks of 
contrasting metamorphic grades, a regional 
metamorphic episode in the Eastern Goldfields 
granite-greenstone terranes occurred prior to 2632 
Ma. 

Upper amphibolite facies monzogranitic and 
granodiori tic gneisses occur ncar the western, 
southern and eastern margins of the Eastern 
Goldfields greens tones. Several of these 
occurrences have igneous protolith ages of about 
2672 Ma, indicating that these gneisses do not 
represent basement to the greenstones. Subvertical 
tectonic movement associated with the emplacement 
of thick granite sheets and the activity of major 
domain boundary faults during Dc and O~ 

deformation were probably responsible for the 
formation of these complex orthogneisses near the 

margins of the greenstones (Swager & Nelson, 
1997). 

Comparisons with other Late Archaean 
granite-greenstone terranes 

Striking similarities in the lithologies, 
stratigraphic assocIatIons and structural and 
metamorphic histories of the Abitibi and Eastern 
Goldfields granite-greenstones strongly suggest that 
they formed by a common process, despite the 
disparate views concerning the formation of these 
two Late !\rchaean provinces (cf. Campbell & Hill, 
1988; Jackson et al., 1994). The new U-Pb zircon 
geochronology data obtained from the Eastern 
Goldfields reveals that volcanism in the greenstones 
of the eastern part of the Yilgarn Craton was coeval 
with that in the Abi tibi Subprovince of the Superior 
Craton of Canada, and that komatiites in the 
Eastern Goldfields and Abitibi terranes were 
erupted synchronously at 2705 Ma (see Fig. 1). 
However, the peaks of major granitoid intrusion and 
compression episodes in the eastern Yilgarn Craton 
post-date those in the southern Superior Craton by 
at leas t IS Ma. Intrusion of late-tectonic syenites, 
transcurrent movement along major shear zones, 
metamorphism and deposition of post-tectonic 
clastic sequences also occurred 25 to 40 Ma later in 
the eas tern Yilgarn than in the southern Superior, 
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indicating that the Yilgarn and Superior cratons 
occupied different tectonic settings between 2710 
and 2620 Ma. There is no evidence of the pn!-2670 
Ma deformation events recognised in the southern 
part of the Superior Craton in the eastern Yilgarn 
Craton, nor of the 2665 to 2635 Ma deformation 
episodes identified in the eastern Yilgarn Craton in 
the southern part of the Superior Craton. These 
two cratons could not therefore have formed on the 
same tectonically active continental margin. These 
comparisons, and comparisons between 'the timing 

of eruption of ultramafic magmas in the southern 
Superior, Pilbara and Kaapvaal cratons at 2715 
Ma, provide evidence of global-scale magmatic 
eruption events during the Late Archaean. These 
considerations indicate that two super-imposed 
processes- global-scale catastrophic convective 
overturn of the Earth's mantle, and plate tectonic 
processes- were in operation during formation of 
granite-greenstone crust in the Late Archaean. 
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Crustal signature of the major tectonic episodes 
in the Yilgarn Block, WA: Evidence from deep 
seismic sounding 

B.J. Drummond 1, B.A. Goleby 1 and C.P. Swager 2 

1 Australian Geodynamics CRC 
AGSO, GPO Box 378 
Canberra, ACT 2601 

A seismic transect of the granite/greenstone 
terranes north of Kalgoorlie (Fig. 1) has shed 

new light on the structure of the crust in the 
Southern Cross and Eastern Goldfields provinces. 
Drummond et al. (1993) argued for a 
predominantly felsic crust, with mafic rocks present 
in minor proportions only in the deepest crust. The 
transect also revealed that the greenstones within 
the Eastern Goldfields Province are separated from 
the underlying quartzo-feldspathic basement by a 
regional . detachment surface at 5-7 km depth 
(Goleby et al., 1993; Swager et al., 1997). 
Granitoids crossed by the transect were shown to be 
thin and tabular rather than deeply rooted diapir
shaped bodies. The greenstone sequence was also 
found to contain a lower unit of probable felsic 
nature which is rellective and therefore probably 
foliated. 

This study builds on the earlier reports, and 
uses the seismic data from the transect to study the 
signatures at depth of the major tectonic episodes 
that shaped the region. They are shown first for the 
greenstone sequences, and then for the deep crust. 
The structural/tectonic nomenclature adopted here 
is similar to that of Hammond & Nisbet (1992) and 
Swager et al. (1997) and apart from the first phase 
of deformation is broadly consistent with that of 
Upton et al. (1997). 

The interpretation given below is summarised 
in Fig. 2, which is a line drawing of the main 
features interpreted in the seismic data. The 
locations of major structures are shown in Fig. 2(a) 
and the locations of subsequent figures are shown in 
Fig.2(b). 

Structures within the greenstones 

A cross section of the greenstone terranes 
based on the seismic data is shown in Fig. 3 

2 Geological Survey of WA 
100 Plain Street 
Perth, WA 6004 

(Swager et al., 1997). Wherever possible rock types 
were allocated by correlation with surface outcrop. 
Deeper bodies of rock which do not crop out were 
allocated a likely composition based on densities 
derived from gravity modelling (Swager et al.,. 
1997). The cross section is dominated by the broad 
anti forms and tighter synforrns attributed to D2; The 
base of the greenstones is interpreted as a 
detachment surface because the dipping limbs of 
several antiforms, particularly the western limbs of 
the Mount Pleasant and Scotia-Knowna Anticlines, 
are truncated on it. It has a distinctive rellection 
signature which was used to trace it throughout the 
region of the transect. 

Hammond & Nisbet (1992) recognised early 
extension along low angle shear zones, with a top to 
the SSE movement sense. Swager et al. (1997) did 
not recognise this in the data from the seismic 
transect and it will not be discussed further here. 

DJ involved NNW-directed thrusting. The 
east-west transect was oriented optimally to map 
the thrust surface at depth only where it is folded 
into a north-south orientation at the surface in the 
eastern limb the Scotia Kanowna Anticline (Swager 
& Griffin, 1990). It can be interpreted in the 
seismic data (Fig. 4) separating apparent west
dipping (in the plane of the transect) greenstones 
from east-dipping greenstones. It soles into the 
basal detachment of the greenstones. 

ENE-WSW shortening emplaced the general 
NNW-SSE trends seen today in the Eastern 
Goldfields. It resulted in broad synformal and 
antiformal structures, many of which are Cored by 
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Fig. 1 Regional geology and location of the transect. 
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Fig. 2 Line interpretation of the structures along the transect. (a) Main geological features. (b) Upper, 
middle and lower crust and Moho. Boxes to show the locations of Figs. 3-6. 

granitoids. The Mount Pleasant and Scotia 
Kanowna Anticlines are two D::, anti/"orms crossed 
by the transect. In the Mount Pleasant Anticline, the 
greenstones have parallel layers /"olded into a hroad 

anticline (Fig. (j o/" Swager et aI., 1997), but the 
east side o/" the Scotia Kanowna Anticline (Fig. 4) 
appears to consist or a series o/" west directed thrust 
slices. 
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Fig. 3. Cross section of the greenstones (Fig. 10 of Swager et aI. , 1997). 

0 3 & 0 4 

A number of generally N-S strike slip faults 
are mapped throughout the region. Some, like the 
Zuleika Shear and Emu Fault sole into the basal 
detachment of the greenstones (Fig. 3). The Mount 
Monger Fault also sales into the hasal detachment 
but may also displace the eastern side of the 
detachment surface downwards. Faults which sale 
into the basal detachment tend to he non-reflective, 
and they are interpreted hy ofrsets in rellections or 
changes in dips of greenstones from one side of the 
fault to the other. The fault labelled "F" in Fig. 4 is 
an example, where the dips in the green-stones 
change from west-dipping to the west or the fault to 
sub-horizontal to the east of the rault. 

Other faults and shear zones cut through the 
basal detachment and penetrate as deep as the upper 
crust (Bardoc and Avoca Faults) and the middle to 
lower crust (Ida Fault). These faults tend to be 
reflective. Drummond & Golcby (1993) suggested 
that the reflections from the faults probably 
originated from broad alteration zones along the 
faults, and subsequent coupled mechanical and fluid 
flow modelling is consistent with that hypothesis 
(Upton et aI., 1997). 

o , 

Structures deeper in the crust 

The crust excluding the greenstones can be 
divided into generally unreflective upper crust and 
reflective middle to lower crust (Figs. 2, 5 & 6). 
Reflections from the middle crust in the western and 
eastern thirds of the transect show west directed 
thrust slices that have their crests near 10 km depth 
in the Southern Cross Province. The tops of the 
thrust slices are near 15 km depth in the east of the 
transect in the Eastern Goldfields Province, and 
ahout 10 km below the basal detachment of the 
greenstones. 

The angular relationships between underlying 
and overlying slices varies from high angle to 
broadly conformable (Fig. 5). The seismic 
reflectivity within the thrust slices varies, 
suggesting a heterogeneous middle crust. The tops 
of the thrust slices are mostly domal (within the 
plane of the section) suggesting that they have not 
been unroofed and eroded. Nor have they been 
planed hy roof detachment. The bottoms of the 
thrust slices sole into the lower crust in which 
rellections are sub-horizontal. This approximately 

V IH=1 (approx) 

~ 

x o ... 
0. 

3 0. 
~ 

Fig. 4 Migrated seismic data from the eastern side of the Scotia Kanowna Anticline. Thick dashed line is 
basal detachment. Medium weight lines are the D1 surface, a fault and boundaries of thrust slices. 
Thin lines are form lines within the greenstones. 
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O~ ______________ ~19km V IH= 1 (Approx.) 

Fig. 5 Part of the crustal column from the Southern Cross Province. Reflections marked "0" are 
diffractions and should be ignored. Unmigrated data. 

10 km thick zone can he interpreted across the 
entire transect. 

The west directed thrust slices cannot he 
interpreted in the middle crust in the zone hetween 
the Ida rault and the l3ardoc Shear (Fig. (j). Very 
strong rellections are recorded in the footwall hlock 
of the Ida Fault. Below about 7-10 km, they are 
mostly parallel to the Ida Fault. IIowever, the 
hanging wall hlock of the Ida Fault is mostly 
unrellective ("NR", for no rel1ections, in rig. (j), 
except for strong rcllections from the Bardoc Shear, 
weak, east-dipping planar rel1ections inter-preted on 
the basis of mechanical modelling of Upton et al. 
(l997) to be D4 shears. and a swarm of weak 
horizontal rellections with limited lateral individual 

continuity lying between 15 and 20 km depth 
(approximately), and extending [rom around CDP 
9,000 to 14.000 (Fig. 2). This swarm is interpreted 
as sills . 

Several west dipping retlectors extend 
upwards frum above the tops of the mid crustal 
thrust slices towards to surface. Several are marked 
in Fig. 5. Others lie helow the basal detachment of 
the greenstone belts (Fig. 2). The Avoca Fault, 
which is the most rel1ective, displaces the basal 
detachment and can be traced through the 
greenstone succession (Fig. 3). The Avoca Fault 
soles into a zone of disrupted middle crust which 
might he interpreted as flower structures indicative 
of strike slip movement, although this interpretation 
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is far from certain. 

Discussion 

The transect gives only a tw() dimensional 
view of the crust. Even though movements in and 
out of the section might be inferred by the nature of 
some features, such as Bower structures, they 
cannot he confirmed. The interpretation of a 
detachment under the greenstones seems reason
ably robust because of the angular relationships 
between the greenstones and the surface. If the 
greenstones are underlain by a detachment they may 
be in whole or in part allochthonous, hut the 
relative ages of structures deeper in the crust 
suggests that this may not he so. 

No structures that can he allocated to 0 1 

have been identified deep in the crust. The west 
directed thrust slices in the middle crust which sole 
into the apparently ductile lower crust are larger 
than, but have the same sense of movement as those 
in the eastern side of the Scotia Kanowna Anticline. 
They could be allocated to O2, The Ida Fault 
penetrates to the lower crust and appears to have 
used a boundary at the top of a major thrust slice to 
link through the relatively brittle middle crust into 
the ductile lower crust. Faults which dip west may 
have done the same, or, as in the case of the Avoca 
Fault, may have linked through suh-vertical zones 
similar to flower structures. 

The reflections interpreted as sills cut all 
other features and are interpreted as the youngest. 
They are probably equivalent to Proterozoic dykes 
mapped at the surface. 

No robust estimate has heen made yet of the 
amount of crustal shortening needed to create the 
mid-crustal thrust slices. Preliminary estimates vary 
from as low as about 50 percent to much greater 
values. 

At this stage of the interpretation, no 
unequivocal reason can be offered for why the 
region in the middle crust in the hanging wall of the 
Ida Fault, and extending east as far as the outcrop 
position of the Bardoc Shear, is devoid of 
reflections equivalent to those associated with 
middle crust thrust slices found everywhere else 
along the transect. This may he a region of different 
crust caught up in the early tectonics that shortened 
and thickened the crust by west directed thrusting 
and created the thrust slices to the east and west. 
Alternatively, it may have heen Iluxed hy 
considerable volumes of l1uids and several thermal 
pulses, which might have ohliterated any pre
existing fabric. It is the region which underpins 
much of the mineralisation in the region. 
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Fig. 6 Seismic data from the upper to middle crust 
for the region between the Ida Fault and 
Bardoc Shear. "NR" zones of no reflections; 
"S" sills. Unmigrated data. 

© Australian Geological Survey Organisation 1997 



20 

Acknowledgments 

This paper is published with the permission 
of the Executive Director of AGSO and the 
Director of the Australian Geodynamics CRe. 

References 

Drummond, B.J., Goleby, B.R., Swager, c.P., & 
Williams, P.R., 1993, Constraints on Archaean 
crustal composition and structure provided by 
deep seismic sounding in the Yilgarn Block, are 
Geology Reviews, 8, 117-124. 

Drummond, B.J., & Goleby, B.R., 1993 - Seismic 
reflection images of the major ore-controIling 
structures in the Eastern Goidfieids provinc!::, 
Western Australia. Exploratioll Geophysics, 24, 
473-478. 

Goleby, 8.R., Rattenbury, M.S., Swager, c.P., 
Drummond, 8..1., Williams, P.R., Sheraton, 
.I.W., & Heinrich, c.A., 1993, Archaean crustal 
structure from seismic reflection profiling, 
Eastern Goldfields, Western Australia, AGSO 
Record, 1993/15. 

I-lammond, R.L., & Nisbet, I3.W., 1992, Towards a 
structural and tectonic framework for the central 
Norseman-Wiluna greenstone belt, Western 
Australia, The Archaean: Terrains. Processes 
alld Metallogeny, cds, Glover, .I.E., & Ho, S.E., 
Geology Department (Key Celltre) and 

. University Extensioll, The University of Westem 
Australia, Publication, 22, 39-49. 

Swager, c.P., Goleby, B.R., Drummond, B..J. 
Rattenbury, M.S., & Williams, P.R., 1997, 
Crustal structure of granite-greenstone terranes 
in the Eastern Goldfields, Yilgarn Craton, as 
revealed by seismic reflection profiling, 
Precambrian Research, in press. 

Swager, c.P., & Griffin, T., 1990, Geology of the 
Archaean Kalgoodie Terralle Northern Sheet 
1:250,000, Geological Survey of Western 
Australia. 

Upton, P., Hobbs, B., Oru, A., Zhang, Y., Zhao, c., 
Drummond, 8., & Archibald, N, 1997, Thermal 
and Deformation Modelling of the Yilgarn Deep 
Seismic TranseCt, Australian Geodynamics 
Cooperative Research Centre Conference, 
Ballarat, Victoria, 22-25. 

© Australian Geological Survey Organisation 1997 



21 

Granite-greenston~ structures from regional . 
geophysics in the northern Eastern Goldfields 

A.J. Whitaker 
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Archaean outcrop in the northern Eastern 
Goldfields Province (EGP) is exceedingly poor 

and most rock relationships are obscured by well 
developed regolith. The region contains many major 
mineral deposits, particularly of gold and nickel 
(Fig. 1). Most of the known mineralisation is 
located in areas of outcrop or subcrop of 
greenstones, but with extensive though more 
difficult and expensive exploration potential in 
areas covered by thick regolith. Aeromagnetic and 
gravity data are little effected by the regolith and 
images of these data provide a reliahle means of 
mapping boundaries and structures of many 
important lithologies. The Australian Geological 
Survey Organisation (AGSO) and the Geological 
Survey of Western Australia (GSWA) have 
acquired 400 m line-spacing aeromagnetic and 
nominal 4krn station spacing gravity data over 
much of the northern EGP to assist new geological 
mapping undertaken as part of the National 
Geoscience Mapping Accord (NGMA). A grid cell 
size of 100 m has been used for images of the 
aeromagnetic data and a cell size of approximately 
1 krn was used for images of the gravity data. This 
places constraints on the size of geological features 
that can be resolved. Considerably more geological 
information is provided by closer flight-line spacing 
(aero-magnetics) or station spacing (gravity). 

The area described in this paper extends from 
120° to 123°E and from 25° to 28°S (Fig. 1). It 
includes the eastern margin of the Southern Cross 
Province and extends from the geographical centre 
of the EGP, west and north, towards the margin of 
the Yilgarn Craton. 

Geological setting 

The EGP occupies the eastern third of the 
Archaean Yilgarn Craton ami is mainly composed 
of granitoids and lesser greenstone helts trending 
between north-northwest and north. The 

greenstones of the EGP differ from those of the 
Southern Cross (SCP) and Murchison Provinces 
(MP) to the west (Williams, 1974; Gee, 1979; Gee 
et aI., 1981) in their structural pattern and lesser 
amount of banded iron formation (BIF). The EGP 
can be subdivided into western and eastern parts 
(e.g., Williams, 1974; Gee et aI., 1981), the western 
belt, the Norseman - Wiluna Belt, contains more 
significant mineral deposits and less BIF than the 
eastern belt. Ages for greenstone sequences in the 
central and southern EGP range from about 2.71 to 
2.67Ga {Nelson, 1997} while granite intrusion in 
the northern EGP ranges from 2.67 to 2.65 Ga 
(L.P. Black, written comm., 1994). In the north the 
EGP is overlain by · the Palaeo-proterozoic 
Earaheedy Basin and Meso-proterozoic Bangemall 
Basin. 

Geophysical domains of the northern EGP 

Four main components of the upper crust are 
defined in the northern EGP from the interpretation 
of gravity and aeromagnetic data: mixed gneiss
migmatite-granite domains, banded gneiss domains, 
greenstone domains and discrete granite intrusions. 

Gneiss-migmatite-granite domains 
The gneiss-migmatite~granite domains 

account for over 60 percent of the northern EGP. 
They include the Southern Cross, Ballard, Laverton 
and Eastern gneiss domains, which were previously 
described by Williams & Whitaker (1993) and the 
Yandal gneiss domain (Fig. 1). The domains have 
many features in common although they exhibit 
their own local character and structural style. In 
general the domains are separated from one another 
by greenstone belts or major shears zones or faults. 
All are associated with low to moderate gravity 
values (-700 to -600 !-lm.s·2) and low to moderate 
magnetisation. The domains contain few well 
defined internal boundaries. Some irregular areas of 
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deposits of the northern Eastern Goldfields Province. 

© Australian Geological Survey Organisation 1997 



variable but slightly higher average 
magnetisation are attrihuted to compositional 
banding in gneiss. 

The Yandal, Laverton and Eastern gneiss 
domains contain some rounded to lensiodal 
shaped bodies, 20 to 40 km diameter, which are 
interpreted as granite. The hodies are generally 
elongate parallel to the regional treml and contain 
little or no interpreted compositional hamling. 
Some of these hodies correlate with slightly lower 
than average magnet is at ion and with lower 
gravity values relative to the surrounding domain. 
The bodies have well-defined houndaries where 
they abut anomalies attrihuted to gneiss. 

Granitoids from each of the domains have 
been chemically analysed. All uomains are 
dominated by High-Ca and Low-Ca granite 
suites (Champion, this volume) and cannot be 
discriminated on the hasis of variation in granite 
geochemistry. 

Three of the gneiss-migmatite-granite 
domains, Yandal, Laverton and Eastern gneiss 
domains, are inferred to continue northwards 
under the Earaheedy Basin. Gravity data indicate 
that the domains link up with granite exposed 
north of the basin (1a & 1 h, Fig. 1). Adjacent 
greenstone is also interpreted to extend under the 
Earaheedy Basin. Farther north, at least some of 
the gneiss-migmatite-granite domains are 
interpreted to be overlain directly by the younger 
Bangemall Basin. In these areas greenstone may 
be at explorable depths. 

Banded gneiss domains 
Banded gneiss domains (Fig. 1) occur on 

the margins of, or within the gneiss-migmatite
granite domains and commonly abut greenstone 
domains or major lineaments that may he traced 
into greenstone domains. The banded gneiss 
domains correlate with arcas of higher average 
gravity anomaly (-100 !J.m.s'2 higher) and highcr 
magnetisation than the adjacent gneiss
migmatite-granite domains and are interpreted to 
be of different average composition. The handed 
gneiss domains are preferentially elongated to the 
north-northwest or north and magnetic anomalies, 
inferred compositional banding, arc parallel to 
the local orientation of the domain. Detailed 
gamma-ray spectrometer data (e.g., 200 m or 100 
m flight line spacing) show similar alignment of 
anomalies where the domains arc exposed at the 
surface. Some banded gneiss is cut hy banding
parallel lineaments, faults or shear zones. The 
lineaments arc readily identified where they 
extend beyond the domains and where they cut 
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inferred fold closures in the handed gneiss. 
Boundaries of the handed gneiss with adjacent 
gneiss-migmatite-granite domains are generally 
irregular and poorly defined while those with 
adjacent greenstone are sharp. The banded gneiss 
domains commonly enclose amphibolite and 
minor greenstone aligned parallel to borders of 
the domain. Enclosed greenstone is generally of 
moderate metamorphic grade (amphibolite 
facies). 

Greenstone domains 
Greenstone domains probably account for 

about 25 percent of the northern EGP and host 
most of the known mineralisation. Greenstone 
consists of mafic volcanics, locally dominant 
felsic volcanics, ultramafics (subordinate) which 
are thought to be mainly extrusive, mafic 
intrusives and various sediments including locally 
abundant BIF. The broadest extent of greenstone 
is located in the south, from west of Leonora to 
east of Laverton. Farther north, greenstone 
occurs as a number of relatively narrow belts, 
often bounded by prominent lineaments and 
separated by gneiss-migmatite-granite domains. 
The greenstone domains correlate with gravity 
highs (-500 to -200 !J.m.s·2) . There is some 
correlation of moderate gravity' high with 
outl-Toping areas of sediment and felsic volcanics 
and higher gravily with basalt and ultramafic 
rocks. Mafic rocks are inferred to underlie the 
sediment and felsic volcanics in these areas 10 
explain gravity values that are higher than those 
of adjacent granitoid. The higher gravity values 
are discontinuous along the greenstone belts. 

The greenstone domains are of relatively 
low average magnetisation but highly magnetised 
units of ultramafic rocks, amphibolite, and BIF 
are moderately abundant, and help identify local 
structures within the domains. The margins of the 
greenstone domains appear largely concordant 
with adjacent gneiss-migmatite-granite and 
banded gneiss domains. The greenstone at the 
margins is commonly at a higher metamorphic 
grade (amphibolite facies: Binns, 1976; Williams 
& Whitaker, 1993) than in the inner parts of the 
greenstone domains. Interpreted tight fold 
closures (wavelengths less than 5 km) are 
relatively comri1on but larger and more open 
folds arc rare. 

By' far the most continuous anomalies in 
the greens lone domains are associated with the 
north-northwest and north trending lineaments, 
shears zones or faults . These lineaments can be 
traced for several tens of kilometres to in excess 
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of 150 kilometres. Most lithological trends in 
comparison can be traced for a maximum of 
about 30 kilometres. The short strike length of 
magnetic units relative to the extent of greenstone 
domains, common ahrupt terminations of 
lithological trends, and the erratic distrihution of 
the higher gravity values, are though the indicate 
that greenstone geology is severely dislocated. 

Interpretation of the geophysical data does 
nOI support a separation of the Norseman-Wiluna 
Belt in the west frbm the rest of the EGP as was 
suggested hy Gee (1979). The eastern houndary 
of this belt in the northern EGP coincides with 
the Celia Lineament, which marks the houndary 
between the Laverton gneiss domain with 
greenstone of the Norseman-Wiluna Belt, or 
granite which has intruded greenstone to the west 
(2a, Fig. 1). To the south the Celia lineament 
correlates with an inferred fault within greenstone 
(2b, Fig. 1). The average magnetisation and 
gravity anomaly of greenstones on either side of 
the lineament are similar. BIFs are unusually 
abundant east of the lineament in the south of the 
northern EGP but are also known west of the 
lineament farther south. Ultramafics, including 
komatiites, are known on both sides of the 
lineament and mineral prospectivity either side of 
the lineament, particularly that of gold, is thought 
to be similar. Variations in lithology of the 
greenstones either side of the lineament in the 
northern EGP are considered here to result from 
either facies changes or tectonic dislocation. 

Gold and nickel mineralisation are not 
directly identified from the regional aeromagnetic 
data or gravity data. There is an empirical 
association of gold mineralisation with some 
regional lineaments though these deposits are 
commonly small. However, the geophysical data 
can be used to place deposits in a regional 
context and assist the recognition of similar 
structural settings that may also he mineralised. 
Some larger gold deposits are spatially associated 
with greenstone which is discordant with the 
dominant regional alignment, particularly where 
the greenstone parallels contacts with adjacent 
gneiss-migmatite-granite domains (e.g., Lance
field, Mount Morgans, Sons of Gwalia). Gold 
mineralisation also occurs in or adjacent to 
granite plutons which have intruded greenstones 
adjacent to major lineaments (e.g., Granny Smith 
& ·Porphyry; Fig. 1). The role of these granites in 
the mineralising process is currently heing 
investigated. 

Granite plutons 
The greenstone domains are intruded · by 

many granite plutons. The larger plutons are 
associated with the lowest gravity values in the 
northern EGP (-850 to -700 !-lm.s-2) but many 
small hodies are not resolved by the 4 kIn spaced 
gravity data. Pluton magnetisation ranges from 
low to high, and some bodies are zoned, having 
more highly magnetised margins. The zoned 
plutons form part of the High-Ca suite (HCa, 
Fig. 1) of Champion (this volume). Poorly 
magnetised granite is common within the 
greenstone domains and is difficult to 
discrimimlte from sIJrroIJ!ldi!lg greenstone '.':ith 
similar magnetisation. Granite plutons are 
uncommon in the gneiss-migmatite-granite and 
handed gneiss domains. 

Combined images of gradients of the 
aeromagnetic (near surface) data and gravity data 
(deeper crustal level) give information on geology 
variation with depth. From these images, 
indications of dip attitude and direction, 
particularly of granite greenstone contacts, and 
relative thicknesses of granite, may be inferred. 
Several areas of greenstone in the northern EGP 
are interpreted to be underlain by dipping granite 
contacts, and in some other areas, thin sheets of 
granite are inferred to overlie greenstone. Two 
thin sheets, both labelled HF in Fig. 1, are 
composed of high ' High Field Strength Elements' 
granite of Champion (this volume). 

Some granite plutons appear to have 
greenstone deformed around them - asymmetric 
tails of greenstone are drawn out parallel to the 
prominent local shear direction. These plutons 
may have heen intruded either before or early in 
the deli.)rmation history of the greenstones. Other 
plutons form elongate or lensoidal shaped bodies 
that are parallel to the trend of local greenstones. 
These bodies are inferred to have intruded during 
derormation of the greenstone. There are also 
some ovoid to nearly circular granite that cut 
across greenstone. These probably postdate the 
main deformation of the greenstones. Isotopic 
dating is heing finalised on samples from these 
settings to establish whether the apparent timing 
relationships are significant. 

Other features of the region 

Very localised «500 m) magnetic 
anomalies of moderate to high amplitude and 
showing normal and reverse polarisation are 
scattered across all domains of the northern EGP. 
Several of the normally polarised anomalies 
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correlate with outcropping syenite. However, 
most anomalies are in region<; of cover and could 
represent a wide variety of intrusive types. 
Several larger elongate hodies (to 2 or 3 km) of 
highly magnetised syenite occur in greenstone 
adjacent to the western margin of the Eastern 
gneiss domain, at McAullife Well, south east of 
Leonora, and within the Laverton gneiss domain. 
Two other highly magnetised bodies intrude 
greenstone in the Laverton area: the Mount Weld 
Carbonatite (4 krn diameter; C in Fig. 1) and a 
major layered intrusion (12 by 8 km; LI Fig. 1). 
The layered intrusion is associated with gravity 
high gravity (-2S0~) and has strong handing of 
magnetic anomalies which are attrihuted to 
compositional layering. Some of the ahove 
syenites and other intrusives arc spatially 
associated with lineaments, but there is no 
obvious regional control of their distrihution. 

Lineaments, comprising poorly magnetised 
shears and faults and moderate to highly 
magnetised or reverse polarised dykes, cut all 
domains. Shears and faults are most evident in 
the moderate to highly magnetised gneiss
migmatite-granite and banded gneiss domains 
because of contrasts in magnetisation. Faulting is 
readily inferred where the boundaries of domains 
or moderate to highly magnetised units are off 
set. Shears and faults are less evident in the 
greenstone domains as most rock types are of 
similar low average magnetisation. Lineaments 
have commonly been shown as much longer than 
can be interpreted from field and aeromagnetic 
data. The Ida Lineament (4, Fig. 1), for example, 
has been shown as a feature extending from 
southwest of Kalgoorlie in the south to past 
Wiluna in the north (e.g., Myers, 1995). This 
lineament is interpreted from aeromagnetic data 
as a series of en echelon faults southwest and 
west of Leonora, but these do not appear to be 
directly linked or aligned with significant faults 
and shears farther north. 

Dykes in the southern part of the area, and 
of either normal or reverse magnetic polarisation, 
are commonly orientated 80 - 90°, with some 
oriented at about 70°. Many of these dykes are 
composed of similarly aligned en echelon 
segments. A dyke swarm oriented approximately 
330° is located largely within the Eastern gneiss 
domain. In the north, curvilinear dykes trending 
east to northeast are common, as also are dykes 
orientated at approximately 280° and 30°. 
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Discussion 

The greenstone domains of the northern 
EGP cannot be distinguished from those of the 
southern EGP in terms of average magnetisation, 
abundance of highly magnetised units and gravity 
anomalies. However, they differ from those of the 
Southern Cross (SCP) and Murchison Provinces 
(MP) to the west in containing less BIF and being 
aligned north -nor.thwest and north rather than 
north-northwest and north-northeast. There are 
no corresponding geophysical anomalies in the 
gneiss-migmatite-granite domain to mark the 
boundary between the SCP and EGP. 

Crustal accretion models have been 
applied to the EGP to explain the distribution of 
greenstone domains and contained volcanic rocks 
(e.g., Rarley, 1989; Myers, 1995). Evidence from 
zircon inheritance (southern EGP, Compston et 
al., 1986; northern EGP, L.P. Black, written 
comm, 1994) and granite geochemistry across the 
hreadth of the northern goldfields (Champion, 
this volume) suggests that the greenstones of the 
EGP were deposited on continental crust hence 
accretion would have also involved collision of 
continental crust. Evidence for continental 
collision zones include elevated metamorphism 
(Beeson et aI., 1988) and demagnetisation of 
margins of domains (Klasner & King, 1986; 
Whitaker, 1994). Collision would bring together 
crust of different compositions and structural 
histories, and could explain the differences in 
average gravity and magnetisation, and alignment 
of anomalies (Whitaker, 1994; see KJasner & 
King, 1986, Fig. 10). However, in general the 
proposed accretion boundaries in the EGP do not 
separate domains with different average 
magnetisation or gravity anomalies, or with 
different gross structural orientations, and do not 
coincide with zones of elevated metamorphism or 
demagnetisation. One of the proposed accretion 
hound aries, the Keith Kilkenny Lineament (3a & 
3b, Fig. 1; Williams, 1974; Barley et aI., 1989; 
Myers, 1995) is poorly defined to the north and 
east of Leonora, and does not separate different 
greenstone associations in this area (Whitaker & 
Overshy, 1993). It is concluded therefore, that 
accretion of cratonised crust after greenstone 
formation, is not supported by geophysical 
evidence. 

The preferred model to explain the present 
distrihution of the greenstone the EGP involves 
deposition of the greenstone on continental crust. 
In this model, the gniess-migmatite-granite 
domains were part of that continental crust, and 
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some banded gneiss represents a tectonic 
interface with adjacent greenstone. Early 
tectonism resulted in a rise or doming of the 
gneiss-migmatite-granite domains and handed 
gneiss domains relative to higher-density 
greenstone domains. Marginal greenstone of 
higher metamorphic grade, generally in 
concordant contact with the domed domains, 
have also been brought up (Williams & 
Whitaker, 1993). Transpressional tectonism 
deformed and dislocated the greenstones. 
Intrusion of granite plutons commenced towards 
the end of greenstone deposition and continued 
until the tectonism had finished. Erosion has 
subsequentiy stripped much material from the 
Province leaving only remnants of previously 
extensive greenstone domains. 
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3D model of the granite-greenstone terrane 
between Menzies and Norseman 

N. Archibald 

Fractal Graphics 
Nedlands, WA 6009 

A 3-dimensional model , down to 10 km depth, 
fthas been built for a portion of the an Archaean 
greenstone terrain (350 x 100 km) in the Menzies
Norseman area in the Eastern Goldfields Region of 
Western Australia as part of a collaborative project 
between Fractal Graphics and the Australian 
Geodynamics Cooperative Research Centre 
(AGCRC Project 3021CO). The project is based on 
12 x 1:100,000 map sheets of the Geological 
Survey of Western Australia (GSWA) with 
additional plan and cross-sectional interpretations 
by Fractal Graphics (Archibald et al 1997). 

The 3-dimensional model is based on 
interpolation of these interpretations together with 
integration of available 3-dimensional geological 
data (e.g., drill hole data) and geophysical data 
(magnetics, gravity and seismic). The model is 
further refined by incorporation of structural
stratigraphic-metamorphic-geochronological frame
works invoked for the region (Claoue-Long et aI., 
1988, Archibald, 1990, Swager & Griffin, 1990, 
Krapez, 1997). 

Historical Models of Greenstone 
Architecture 

The Menzies-Norseman area, although 
relatively well outcropping for a greenstone terrane 
the Eastern Goldfields, still has only 10-20 percent 
total outcrop. Interpretations made in the 1960's 
and early 1970's, which were based largely on 
regional mapping by the GSWA at 1 :250,000 scale, 
viewed greenstone belts as dominated by tight to 
open, upright folds and steep faults within largely 
intact stratigraphy of considerable thickness, up to 
20 km thick (Williams, 1974). 

Subsequent detailed work on structural
stratigraphic-metamorphic frameworks (Binns et 
aI., 1976) as initiated by projects from University of 
Western Australia in the 1970's, started to place 
more emphasis on stratigraphic repetitions of 
greenstone sequences by thrusting prior to upright 

folding and granitoid intrusion (Archibald, 1979). 
Modelling of limited detailed gravity transects 
across the Widgiemooltha and Pioneer Domes and 
adjacent greenstones, and interpretation of a deep 
crustal seismic refraction transect, further indicated 
that greenstone belts were relatively shallow 
(maximum 10 km depth) with flat bases (Bickle & 
Archibald, 1984). U/Pb and Pb/Pb whole rock and 
mineral isotope studies indicated both greenstones 
and granites resulted from a series of events 
spanning 2.7-2.6 Ga (Oversby, 1975). Interpre
tation of the Pb data pointed to an earlier 2.9 Ga 
greenstone crust in the Norseman area. 

Interpretations of more detailed mapping in 
the late 1980's and 1990's by the GSWA as part of 
the 1: 100,000 scale map sheet series, highlighted 
the structural repetition of greenstone sequences by 
early ramps and the juxtaposition of different 
greenstone terranes across fault boundaries 
(Archihald, 1990; Swager & Griffin, 1990). 
Models for greenstone be)t evolution in the North 
Eastern Goldfields invoked an early extensional 
event prior to compressional deformation and some 
workers have subsequently proposed a phase of 
early extension in models for the Menzies
Norseman area (Hammond & Nisbet, 1992). 
Limited ion microprobe age dating suggested 
greenstone deposition spanned 2.71-2.68 Ga with 
granitoid emplacement around 2.67-2.64 Ga 
(Claoue-Long, 1990). 

The advent of three seismic traverses 
undertaken hy the Australian Geological Survey 
Organisation (AGSO) in the early 1990's in the 
Menzies-Norseman area provided a test for the 
geometrical validity of the various models. The 
east-west Ora Banda transect strongly highlighted 
the predominance of shallow, both east-dipping and 
west-dipping faults transecting greenstone 
sequences with thicknesses of 6-8km (Drummond et 
aI., 1993). However, what was totally surprising 
was the depth extensions of some of these faults 
down to the depth of the Moho around 30 to 35 km, 
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and the interpreted shapes of some granites as 
shallow pancakes. Hence most cross-sections now 
show greenstones in the Menzies-Norseman area as 
relatively shallow features with flat bases and 
dominated by shallow-angled faults. 

Detailed modelling of more dense drilling and 
mapping data sets at scales of 1 :500 to 1: I 0,000 
has pointed to a more complex structural picture of 
a number of early phases of thrust/ramps and 
inclined to reclined folds overprinted by later 
upright folds and reactivation of thrust/ramps. 
However importantly, and something lacking from 
most current interpretations, is the presence of steep 
to vertical faults which have the morphology of 
block faults . These faults have vertical extents to at 
least 1km depth with little deviation of fault 
attitudes. These faults are synchronous with, or 
post-date, granitoid emplacement amI in some 
cases, localise gold mineralisation. 

3D Modelling Input Parameters 

Geological Mapping 
Twelve 1:100,000 scale map sheets of 

factual geology compiled by the GSWA in the 
Menzies-Norseman area were digitised and 
combined into a seamless digital map sheet. This 
process involved edge matching boundaries between 
adjacent sheets and combining individual sheet 
geological references into a common reference. In 
the latter process, this involved simplifying some 
587 individual rock type descriptions down to a 
more manageable number of 86 collective rock 
units. This digital data is available in a number of 
GIS and CJ\D formats (Maplnfo™, ArchlnfoTM, 
Microstation TM). 

Interpretation maps for the rive 1:100,000 
sheets in the Kalgoorlie-Norseman area were 
compiled using aeromagnetics and more detailed 
open-file geological mapping . as additional 
constraints. East-west cross-sections down to 10 
km depth were constructed at 10 km intervals to use 
as guides in the modelling. 

Geophysical Data 
Interpretations of the three seismic traverses 

undertaken by AGSO in the Ora Banda and 
Widgiemooltha-Democrat areas were used as 
blueprints for construction" of the geological cross
sections and in construction of the 3D model. In 
addition interpretation of aeromagnetic data was 
undertaken in a 3 dimensional domain using upward 
continuation and wavelets (Ilomby et al ., 1997). 

Constraints on a 3D Model 

Geological History 
Any rigorous 3D model of greenstone-granite 

architecture, to be valid and interrogable, will have 
to integrate and explain regional stratigraphic -
structural - metamorphic - metallogenic and geo
chemical relationships. 

The Kalgoorlie-Norseman portion of the area 
is one of the better understood tracts of greenstone 
belts in the Eastern Goldfields. The area has 
relatively good outcrop and some subsurface 
information down to 1.5 km depth derived from 
exploration programmes. It has also been the 
subject of extensive research over the past three 
decades. 

A well-defined stratigraphy is constrained by 
an increasing database of geochronology which 
indicates greenstone belt formation occurred over a 
30 m.y. time span from 2710 to 2680 Ma. The 
oldest sequences are tholeiitic pillow basalts 
indicative of relatively deep water submarine 
extrusions which at Norseman, overlie a relatively 
undeformed sequence of medial to distal turbidites 
containing banded iron formations which in turn 
overlie a polydeformed sequence of older 
amphiboliles and felsic schists containing tectonic 
imbrications of leucogneisses. An age of 2938 Ma 
obtained by Hill et al. (1992) and inferred to 
indicate an older greenstone cycle is disputed by 
Krapez (1997). 

Komatiites which overlie these basalts are 
part of a globally recognised 2701::t20 Ma event 
(Foster et al., 1993). They host the nickel 
mineralisation in the Kambalda-Widgiemooltha, St 
Ives and Carnilya-Blair areas. There is a distinct 
trend from basal Mg-rich komatiites to low Mg 
picrites and picritic basalts at the top. The basal 
komatiite sequences form either channel facies 
hosting nickel sulphides or flanking (levee) facies 
characteristically devoid of nickel sulphide 
mineralisation and finger-printed by thin albitic
sulphide intert10w sediments. 

A major depositional hiatus followed the 
komatiitic volcanism, as evinced by the widespread 
pyritic shale-chert sequences dated at 2692::t4 Ma 
at Kambalda (Claoue-Long et al., 1988). Different 
terranes show different evolutionary litho
stratigraphy following deposition of the Kapai 
Slate. Within the Kalgoorlie-Kambalda-St Ives
Tramways corridor there was eruption of siliceous 
high magnesium basalts to ultramafic komatiites 
(Paringa Basalt). Elsewhere this suite is well
represented in the Parker Hills, Yilmia and 
Spargoville-Coolgardie areas. This suite appears to 
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represent crustal contamination of the primitive 
komatiitic lavas hosting the nickel mineralisation. 
The Paringa Basalt is overlain by calc-alkaline 
felsic volcanics and turbidite sediments of the Black 
Flag Group which are dated at 2681±S Ma in the 
Parkers Hills area (Claoue-Long et aI., 1988). In 
contrast the Paringa Basalt sequence is largely 
missing in the Widgiemooltha area where the Kapai 
Slate equivalent is directly overlain by felsic 
volcaniclastics. The youngest clastic sequences 
unconformably overlie the greenstones in the 
Kalgoorlie-Kambalda area. They form high energy 
submarine to subaerial conglomerate-sandstone 
turbidite sequences of the Merougil and Kurrawang 
basins (Krapez, 1997). 

The tectonics of the area are dominated by 
two phases of early thrusts/ramps followed by 
regional shortening about an EWE-WSW 
compression axis and widespread granitoid 
intrusion around 2670 - 2665 Ma. The nature of the 
first phase of deformation is uncertain although 
banded blastomylonite fabrics in massive Fe-Ni 
sulphide ores (Cowden & Archibald, 1987) and 
strong foliation development with extensive 
pressure solution parallel to layering in black shales 
and cherts indicates a significant part of the 
deformation occurred through layer parallel shear. 
This deformation is localised within rheologically 
weaker lithologies and is not generally manifest in 
more competent rock-types. 

The second phase of deformation D2 is 
dominated by ramps which stacked the stratigraphy 
through a dominant south to north transport 
direction. These ramps are spatially related to major 
NWW trending structures (Zuleika-Lefroy) which 
are popularly interpreted as late strike-slip faults. A 
preferred interpretation is that these structures 
initially represented major D2 lateral transfer faults 
interconnecting the ramps. Widespread carbonate 
alteration is synchronous with the D2 deformation. 

The third phase of deformation D~ is typified 
by upright folds exhibiting a pervasive NNW-SSE 
trending axial surface foliation. Most recognisable 
macroscopic and mesoscopic folds are manifestly 
D3 structures. Macroscopic dome and basin 
interference folds are relatively abundant in the 
hangingwalls of the D2 thrusts. Granitoid intrusion 
appears largely synchronous with the D.\ event. The 
Kurrawang and Merougil basins occurred as late D2 
/ early D3 events. 

The last stage of deformation involves late 
stage NE, NW and N trending faulting in lower 
strain/lower grade areas and faulting and open' 
folding to tight folding in the higher grade, high 
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strain corridor contammg the Pioneer, Widgie
mooltha and Coolgardie Domes. 

Peak metamorphism largely coincided with 
the third phase of deformation in areas away from 
the high grade-high strain domains bounding the 
western margin of the area. In high grade domains 
the metamorphic peak coincided with emplacement 
of the Pioneer, Coolgardie and Widgiemooltha 
Domes which were intruded as late DJD4 structures 
and overprint tectonite fabrics typifying other 
domains (Bickle & Archibald, 1984). 

Seismic Profiling 
Three seismic reflection transects cross the 

Menzies-Norseman area; one in the north in the Ora 
Banda-Broad Arrow area (Swager et al 1997; 
Drummond et aI., 1997) and two in the 
Widgiemooltha-Democrat area, one southwest
northeast and one southeast-northwest which have 
been interpreted as p~rt of this project. 

In all transects common patterns are 
apparent: 
• greenstones are relatively thin (5 - 7 km) 

separated from a complexly-thrusted quartzo
feldspathic substratum by a regional decollement 
surface. 

• the base of the greenstones is marked by a 
seismically "transparent" (non-reflective) zone 
which may be a function of the strongly 
reflective nature of the lower greenstone -
quartzofeldspathic basement interface. Swager 
et al (1997) recognise a lower felsic unit in 
greenstones adjacent to the decollement. 

• early structures D1 and D2 events are apparent in 
all seismic profiles within the greenstones 
although more readily recognised in the east
west profiles. These deformation phases appear 
bounded by the basal decollement. 

• major crustal shears such as the Zuleika, 
inferred from the mapping structural patterns 
and the distribution of metamorphic isograds, 
are manifested as broad zones of subtle 
signatures in the seismic profiles. 

• the high strain and low strain domains can be 
distinguished from one another by virtue of their 
contrasting acoustic signatures. 

• later east and west dipping faults and thrusts 
(Ida, Bardoc, Bluebush) transect the basal 
greenstone decollement and extend down to the 
middle crust-lower crust boundary. 

• granites occur as two types, thin tabular bodies 
confined within greenstones and as more deeply
rooted ovoid-shaped plutons which transect the 
basal greenstone decollement. 
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3-Dimensional Modelling 

. The 3-dimensional modelling is based on 
plan and cross-sectional interpretations at 
1:100,000 map scale for the area Coolgardie
Kalgoorlie-Norseman with broader based 
extrapolation north of this area to Menzies. The 
plan interpretations are based largely on mapping 
and aeromagnetics whereas the cross-section 
interpretations are strongly guided by the seismic 
profiles, gravity modelling and where available, 
deeper drilling around Kalgoorlie and Kambalda. 

Initial digitising of cast-west interpretations 
used Microstation™ software and these 

interpretations on lOkm sections were imported in 
Vulcan™ software where the detailed modelling 
was undertaken. Visualisation for this talk is 
presented in FracViewerTM. 

Modelled 3-dimensional surfaces include 
major packages of regionally identifiable 
lithological aSSOCIatIOns (tholeiitic hasalts, 
Kambalda and Paringa Komatiites, Kapai Slate, 
and Merougil and Kurrawang Conglomerates), 
major thrusts, faults and shear zones, and the basal 
decollement to greenstones, and granitoids. Entities 
have been modelled down to 10 km in the crust with 
the lower part of the model below 5-7 km modelled 
as a single unit of quartzo feldspathic hasement. 
The model is available in Vulcan™, Invento?M and 
VRML formats. 

Discussion 

The 3-dimensional model of the Menzies
Norseman area down to 10 km in the crust provides 
a geometrical framework for the distribution of 
lithological association form surfaces, the broad 
spatial pattern of major faults, and the gross 
geometry of internal granitoids within the 
greenstones. The model also olTers a sensible 
geometrical solution to explaining established 
lithostructural structural-metamorphic frameworks 
for the Menzies-Norseman area and is consistent 
with greenstone crustal architecture inferred from 3 
seismic traverses in the area. 

The 3-dimensional model provides 
constraints to models for greenstone belt evolution 
in that: 
• there is no geometrical evidence to validate the 

concept of an early low angle extensional 
deformation (DE) inferred for the NE Goldfields 
by Hammond & Nesbit (L992). 

• the pattern of south to north verging D2 thrusts 
and connecting lateral transfer faults appears 

spatially related to the major decollement at the 
base of the greenstones . 

• later east and west dipping faults and thrusts 
transect this decollement and appear related to 
deeper crustal decoupling around the middle 
crust-lower crust boundary. These faults appear 
synchronous with the 0 3 deformation resulting 
from broadly east-west compression and are 
largely responsible for the juxtaposition of 
terranes of contrasting metamorphic grade. 

• the confined sedimentary basins such as the 
Merongil and Kurrawang appear the result of 
normal movement relaxation along these 0 3 

fau!tE. 
The geometry of greenstone belt architecture 

is consistent with major obduction of oceanic 
mafic-ultramafic components of the greenstones 
over a quartzofeldspathic substratum shortly after 
their extrusion around 2700 Ma. This obduction 
(01) was accompanied by partial melting of 
portions of the felsic basement and the intrusion of 
sills of felsic lamphrophyres which acted as feeders 
to overlying calc-alkaline volcanics around 2680 
Ma. Continued deformation (02) produced south to 
north thrust and ramps and lateral transfer faults. 

Granitoid intrusion accompanied a 
dominantly EW compression (03) around 2670-
2665 Ma. The 0 3 faults which appear related to 
decoupling on the middle-lower crust boundary 
produced juxtaposition of terranes of contrasting 
metamorphic-structural patterns. Late normal 
movement from relaxation following uplift resulting 
from the 0, thrusts produced confined asymmetric 
sedimentary basins, probably around 2630 Ma. 
Gold mineralisation appears confined to fluid flow 
along late faults with the main fluid pathways along 
reactivation of 0 3 faults which penetrated into the 
crust below the greenstones. Such a model is largely 
consistent with models of Krapez (1997), Swager et 
al (1997) and Upton et al (1997). 
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Stratigraphic signatures of depositional basins 
in Archaean volcanosedimentary successions of 
the Eastern Goldfields Province 
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University of Western Australia 
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The last 30 years have seen as great a revolution 
in stratigraphy as in global tectonics. No longer 

is stratigraphy the taxonomic documentation of 
lithologies. Today it integrates sedimentology, 
volcanology, geochemistry, geochronology and 
structural geology in to basin and tectonic analyses. 
When coupled with remotely sensed mapping 
techniques, stratigraphy is the fundamental tool of 
exploration for petroleum and strata-hosted mineral 
deposits .. Ihis change in emphasis from descriptive 
observations for the sake of empirical 
documentation to holistic science requires that 
stratigraphers adopt deductive methods and genetic 
(sequence) stratigraphic techniques for data 
analysis. The tenet of the new stratigraphy is that 
stratigraphic geometry is the response to cyclic 
tectonic and eustatic changes in hase level. 
Stratigraphic geometry can vary at the scales of 
depositional facies, depositional systems, 
depositional sequences, depositional hasins and 
global-tectonic cycles. 

Since 1995, collaborative research between 
the University of Western Australia and Monash 
University has applied the new stratigraphic 
concepts to field studies on selected areas of the 
Eastern Goldfields Province. The research has been 
funded through AMIRA sponsors and the ARC. 
The themes of the research have been 
sedimentological and volcanological stratigraphic 
analyses, but additional research has integrated 
petrogenetic and geochronological analyses with the 
field-mapping. Summary data from the research are 
new insights in to depositional systems, depositional 
basins, tectonic settings and glohal-tectonic 
evolution of the Eastern Goldfields. 

One problem with sequence mapping of 
stratigraphic successions in the Eastern Goldfields 
is the incompleteness of stratigraphic sections due 
to structural truncations. This has required that 

2 Department of Earth Sciences 
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large-scale stratigraphic geometry be interpreted 
from composite sections, with tie-lines between 
sections hased on interpretations of stratigraphic 
style and radiometric age-dating. However, in most 
domains it is not possible to erect definitive type 
sections of the entire stratigraphic succession. This 
problem is not unique to sequence stratigraphy. 
Nevertheless, structural truncation alone does not 
prevent, nor negate the benefits of, genetic-style 
sequence mapping. If a lithostratigraphic 
framework for the Eastern Goldfields Province can 
be formulated, then so too can a sequence
stratigraphic framework, which is better suited to 
cope with structural complexities. 

Three types of depositional systems are 
recorded from epiclastic sedimentary rocks in the 
Eastern Goldfields: (i) submarine-fan; (ii) fluvial 
and tidal delta; and (iii) braided river. The systems 
are recorded by five tectonic settings: (i) intra-arc 
rift-basin; (ii) back-arc spreading basin; (iii) arc
related has in; (iv) deep-marine stage of a remnant
ocean basin; and (v) nonmarine stage of a remnant
ocean basin. Those settings are described in the 
order of the opening and closing phases of a West 
Pacific-type marginal sea (see Busby & Ingersoll, 
1995, for details), and then placed in their 
stratigraphic order with regards to the tectonic 
history of the Eastern Goldfields. 

Intra-arc rift basin 

The first stage of the formation of a marginal 
sea involves splitting of a volcano-plutonic arc. The 
first record of splitting is nonmarine to marginal
marine emplaced lava, pyroclastic and epiclastic 
lithofacies. Volcanic compositions are either rift
related rhyolite and basalt, erupted within the newly 
forming intra-arc basin, or calc-alkalic (dacite
andesite dominant), erupted within the rifting arc. 
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Sedimentary rocks are derived from all 
contemporaneous volcanic sources, from relict 
volcanic sources, and from basement sources 
exposed in up faulted blocks. 

In the Eastern Goldfields, an excellent 
example of nonmarine to marine facies of an intra
arc basin is recorded by the Melita Complex. 
Coherent and autoc1astic lava-lithofacies of basaltic 
and rhyolitic compositions are interlayered with 
deltaic and marginal-marine sedimentary facies. 
Deltaic complexes are composed of epiclastic 
detritus derived from both basaltic and rhyolitic 
sources. Subaqueous deposits comprise upwards
coarsening packages from prodelta shale to delta
front rhythmite to delta-top channel sandstone. In 
rhyolitic sequences, it may be difficult to 
distinguish rhyolitic sandstone from ignimbrite. 
Marginal-marine facies are tidalites interbedded 
with lava lithofacies (basalt and rhyolite), and were 
probably deposited in isolated bays between lava 
lobes. Subaerial facies are upward-fining packages 
of l1uvial bar and channel deposits of sandstone and 
conglomerate. Most deposits are clast-supported, 
but isolated 10-20 m-thick diamictite beds are 
probably debris-flow deposits. Lava lithofacies are 
interlayered with the t1uvial facies, although the 
dominant facies in most sequences is epiclastic 
sandstone. Comparisons with sequence models 
suggest that the deltaic packages were deposited 
during transgressive and highstand stages of third
order sea-level cycles. 

Volcanic and sedimentary packages 
deposited in deltaic and marginal-marine systems, 
during transgressive and highstand systems tracts, 
are eroded and resedimented to deep-marine 
submarine-fan systems during times of third-order 
sea-level lowstand. Therefore, the oldest deposits in 
deep-marine systems may be comJensed section') 
because influx of coarse-grained detritus must 
await the subaerial build-up of a sediment source 
during highstand, before voluminous sediment can 
be resedimented during the following lowstand. 

Flux of sediment to deep-marine intra-arc 
basins is both voluminous and very coarse grained. 
The primary systems are coarse-grained turbidite 
fans. Sedimentation units, from single turbidites to 
depositional sequences, are upward-rining, but in 
detail comprise aggradational (early lowstand) and 
progradational (late lowstand) systems tracts of 
sandy turbidites below transgressive and highstand 
mudrocks. Olistolith- (up to hundreds of m in size), 
boulder-, cobble- and pebble-sized deposits are 
typical and mostly clast-supported, but sand-prone 
deposits predominate. Most detritus is also well 
rounded, showing its previous history in Iluvial and 

. shallow-marine systems. Differences in sediment 
compOSitIOn record derivation from separate 
channelised systems, including longitudinal and 
transverse systems. At all scales, sediment
starvation is recorded· by the lateral and vertical 
change to thinly bedded turbidites and organic-rich 
shales. Intrabasinal volcanism, and its submarine 
resedimented products, occurs throughout all stages 
of extension. 

The Kalgoorlie basin (formerly Black Flag 
Group) is a classic example of a deep-marine intra
arc basin. The basin overlaps in age with the Melita 
Complex (thereby testifying to an extensional 
setting), and similar volcanic complexes were one 
source of the basin's sediment fill. Depositional 
sequences are based on deep-marine turbidites of 
submarine channel complexes. All sequences fme 
upwards to thinly bedded turbidites and organic
rich shales, which record condensed sections of 
transgressive and highstand systems tracts. 
However, lowstand sections are aggradationally 
(early lowstand) or progradationally (late lowstand) 
stacked. Almost all detritus, including 2 m
boulders, is well-rounded and was resedimented 
from highstand nuviodeltaic deposits. Transverse 
(dacite, rhyolite, basalt or rhyolite-basalt detritus) 
and longitudinal (quartzofeldspathic or andesitic 
detritus) systems are preserved, with probable 
longitudinal now to the southeast. Symmetrically 
opposed transverse systems are interpreted for 
northeastern and southwestern sections of the basin. 
Rapid upward-change from, for instance, boulder
and cobble-bearing turbidites of rhyolite-basalt 
provenance, to thinly bedded quartzofeldspathic 
turbidites, records vertical transition from 
transverse to longitudinal systems. Within-basin 
dacitic hyaloclastic lithofacies are associated with 
resedimented breccias, hydrothermal · breccia pipes 
ami pervasive silica alteration in host strata. 

The stratigraphic top of the Kalgoorlie basin 
is not preserved, but the uppermost sequence 
comprises about 2000 m of andesitic, gravel- and 
sand-prone turbidites, in which maximum clast 
sizes reach 2 m. Detritus is of resedimented 
epidastic composition, and interpreted to have been 
derived from l1uviodeltaic systems in the ambient 
arc-environment, during step-back of the dispersal 
systems from the rift basin. Step-back is considered 
to have been caused by flooding of the rift basin 
during advanced extension. 

Back-arc spreading basin 

The second stage of marginal-sea formation 
involves separation of the active arc from· the 
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remnant arc, drowning of arc-adjacent 
environments, and the emplacement of voluminous 
basaltic lavas, and sub-volcanic sills and dykes, 
from either a central spreading centre or a line of 
submarine volcanoes behind the rifted margin of the 
active arc. Spreading-related depositional sequences 
are dominated by basalt lava-lithofacies, that are 
ponded between the active arc and the remnant arc. 
An asymmetric sedimentary apron develops 
adjacent to the faulted margin of the active arc and 
transitionally overlies rift-basin sequences. In the 
rock record, this apron can be difficult to 
distinguish from the intra-arc basin. However, 
intra-arc basins have evidence for longitudinal and 
symmetrical transverse filling (cL Kalgoorlie 
basin). In contrast, back-arc basins have 
asymmetric transverse filling patterns. 

The sedimentary apron is composed of 
epiclastic sediments derived from the rifted active 
arc. The apron is generally devoid of arc-related 
lava-lithofacies, but distal sections are interlayered 
with submarine-emplaced basalt flows, and it may 
also contain spreading-related gabbro-dolerite sills. 
Although the sediments are dominantly volcano
genic in composition, the sequences may contain 
detritus eroded from basement blocks exposed at 
the breakaway margin. The sedimentary apron again 
has fluviodeltaic and submarine-fan depositional 
systems, although the former are the active-arc 
environment, and the latter the back-arc basin. 

Depositional sequences in sedimentary 
aprons fine-upwards from gravel- or sand-prone 
turbidites and thinly bedded turbidites to condensed 
intervals of hemipelagic and pelagic facies. The 
aprons fine laterally and vertically as sediment 
sources on the active-arc drown. The upward trend 
is therefore to sediment starvation and transgressive 
onlap of hemipelagic and pelagic I ithofacies in 
condensed sections (these condensed sections 
correspond in time to the transgressive and 
highstand intervals in subaerial facies tracts). Distal 
seuings are overwhelmingly volcanic in 
composition, and sedimentary components are 
hemipelagic or pelagic in origin, whereas clastic 
sediments are turbidity current rhythmites. J\II 
epiclastic sediments are deposited during third-order 
lowstands, and derived from resedimented 
fluviodeltaic sources in depositional basins adjacent 
to the active arc. 

In the southwestern Eastern Goldfields 
Province, the classic example of a back-arc 
spreading basin is the Kambalda basin (Kambalda ' 
Group). The best-known depositional sequences are 
based on submarine-emplaced basaltic lava
lithofacies, with large volume sub-volcanic sills of 
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pyroxenite-gabbro-dolerite, and, in upper sections, 
komatiitic lava-lithofacies. The base and top of 
each sequence is sedimentary lithofacies. The base 
can comprise upward-fining packages of turbidites 
and hemipelagites (i.e. organic-rich shale) up to 200 
m-thick. At Norseman, some sequences contain 
gravel- and sand-prone turbidites, but turbidite 
components are generally thinly bedded and fine
grained. The top of each sequence is a condensed 
interval of organic-rich shale, which, at Norseman, 
may be up to 100 m-thick. Lateral mapping (35-50 
km along strike) has shown that the lowstand-fan 
turbidite component of each sequence is 
channelised, and can scour-out the condensed 
interval of the underlying sequence. Shale units 
within each lowstand-fan can also step laterally on 
to the lower sequence boundary, such that some 
sequence boundaries lie within amalgamated shale 
lithofacies (i.e. some 'inter-flow sediments' are 
sequence boundaries). Lowstand-fan turbidites have 
lithic-volcanic (quartz-albite porphyry and dacite 
clasts) or feldspathochloritic (andesitic sand) 
compositions. 

A spreading-related sedimentary apron is 
also preserved at Norseman. The apron is at least 
800 m-thick (Noganyer Formation) and maybe 
2000 m-thick (including the sedimentary portion of 
the Penneshaw Beds). Depositional sequences are at 
least 80 m-thick, and fme-upwards from gravel-, 
sand- and silt-prone turbidites to hemipelagites. The 
apron fines upwards to a condensed section of 
thinly bedded turbidites and hemipelagites. 
Hemipelagic lithofacies are organic-rich and iron
rich shales. Thinly bedded turbidites of sandstone 
and iron-rich shale resemble banded iron formation, 
but are of clastic origin. Clasts in gravel-prone 
turbidites are of felsic porphyry and dacite. Sand
prone turbidites are quartzofeldspathic or 
feldspathochloritic, and probably had andesitic 
provenance. However, 'banded iron formations' 
(i.e. thinly bedded turbidites) contain detrital zircon 
grains which record derivation of clastic sediment 
from basement blocks. Lateral mapping of the 
apron (35 km along strike) shows that it thins to the 
southwest, as upper units onlap the lower sequence 
boundary. Palaeoflow is interpreted to the west, but 
is only established from stratigraphic geometry. 

Arc-related basin 

Arc-related volcanic and sedimentary 
successions comprise packages of calc-alkalic 
(dominantly andesite, subordinate dacite and 
rhyolite), subaerial to shallow-marine emplaced, 
lava-lithofacies and sedimentary aprons of fan-delta 
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depositional systems. Sedimentary lithofacies 
include debris-flow sand- and mud-matrix 
supported diamictites, l1uviodeltaic clast-supported 
bar . and channel . breccias, conglomerates and 
sandstones, tidal-flat rhythmites, delta-front 
turbidites and prodelta shales. Volcanosedimentary 
successions have poor preservation potential 
because the tectonic setting is generally one of 
uplift, erosion and resedimentation. In the Eastern 
Goldtields Province, examples are the volcano
sedimentary complexes at Spring Well, Bore Well, 
Welcome Well and Ida Hill. 

Depositional facies, systems and sequences 
are identical to the Melita Complex. Similar 
volcanosedimentary successions were provenance 
for intra-arc rift basins, sedimentary aprons of 
spreading basins, and distal lowstand-fan 
complexes in spreading basins. Variations in 
sedimentary geochemistry in the sedimentary fill of 
those basins record contemporaneous and relict 
volcano tectonic seltings. 

Another type of tectonic setting is recorded 
by arc-related successions in the Eastern Goldfields 
Province. This is the establishment of a new-arc 
system on the floor of a former back-arc (e.g., 
Kambalda) basin. Evidence ,for the existence of 
new-arc systems may be cryptic, because much of 
the volcanosedimentary record of new arcs is 
destroyed by incorporation in to either new intra-arc 
or back-arc basins. The best record of new-arc 
formation is probably the abrupt superposition of 
sequences of voluminous arc-related epiclastic 
sediments (e.g., Kalgoorlie basin) on to sediment
starved and deep-marine hasalt sequences (e.g., 
Kambalda basin). This is hecause inllux of vast 
volumes of epicJastic sediments (up to 5000 m
thick) to deep-marine basalt systems requires 
tectonic r~juvenation of the arc, by lateral arc 
expansion or migration of the suhduction zone. 

Genetically related events are uplift and 
deformation of the back-arc succession, and 
intrusion of high-level porphyries and granodioritic 
plutons (e.g., Kambalda to Norseman). Preserved 
new-arc supracrustal rocks include dacitic sub
volcanic porphyry, hreccia- and lava-lithofacies 
(e.g., Golden Ridge), and resedimented dacitic 
breccia and sandstone (e.g., the sequence above 
komatiite lava-lithofacies of the Kambalda basin 
and below turbidite sequences of the Kalgoorlie 
basin, at Widgiemooltha). New-arc successions 
postdate spreading basins, predate intra-arc rift 
basins and are a distinct tectonic setting, even if 
evidence for their existence is cryptic. Much 
detritus in the -early sequences of intra-arc hasins 
may be derived from new-arc volcanoplutonic 

assemblages. Petrographical and ·-geochemical 
signatures of those sequences are, therefore, likely 
to record rei ict tectonic settings. 

Remnant-ocean basin 

. A remnant-ocean basin develops on the 
foreland, or su6ducting, plate during orogenic 
closure of the marginal basin.·The baSin is bordered 
on one side by a subduction zone or a transform 
suture, and on the other by an inactive magmatic 
arc or the foreland continent. Remnant-ocean basins 
only develop where there are embayments in 
collision zones, or where closure is oblique. In 
oblique collision, stratigraphic geometry simulates 
transtension (i.e. retrogradational sequence stacking) 
or transpression (i.e. progradational sequence 
stacking), with an overall overprint of uplift and 
basinward-advance of depositional systems. 

Stratigraphic characteristics are: (i) upward 
and lateral changes from underfilling to overftlling; 
(ii) upward change from turbidite to fluvial 
systems; and (iii) high sediment flux. The 
characteristics define flysch and molasse stages. 
Remnant-ocean basins are closed diachronously by 
orogenic deformation, such that the maximum age 
of collision is greater than the oldest flysch facies. 
Stratigraphic components are preserved in 
unconnected structural domains of · the foreland 
fold-thrust belt. The molasse stage is designated as 
a foreland basin but, for simplicity, the distinction 
is not made here. 

Flysch facies 
The characteristic flysch system is a 

longitudinal submarine-fan dominated by coarse
grained, quartzolithic or quartzofeldspatholithic 
turhidites . Closure of a marginal basin includes 
more metavolcanic and granitoid detritus due to 
recycling of supracrustal and crustal rocks from the 
magmatic arc. Depositional sequences are 
composite, which retlects their deep-marine origin 
and the high sediment flux. 

Structurally dismembered flysch deposits of 
a remnant-ocean basin are preserved within the 
Kurrawang Syncline and the Gindalbie Domain 
(from Penny Dam to Mount Belches). The flysch 
facies are collectively referred to as the Kurrawang 
basin. Two depositional sequences are recognised, 
but they are almost certainly composite sequences. 
The successions at Penny Dam and in the 
Kurrawang Syncline are identical. The lower 
sequence is gravel-prone, quartzofeldspatholithic 
turbidites arranged in upward-fining packages.· The 
second sequence is dominated by sand-prone 
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turbidites. Two facies assemblages are preserved in 
the gravel-prone turbidites: (i) channel-fill deposits 
of massive gravel; and (ii) bar and channel deposits. 
Bar and channel turbidites are identical, by litho
facies characteristics, to bar and channel braided
river deposits. The upper sequence comprises 
thickly bedded sand-prone turbidites, which, in the 
Penny Dam area, pass up to Bouma-type turbidites. 
At Mount Belches, both sequences are dominated 
by sand-prone turbidites, although the top of the 
first sequence is a condensed section of organic-rich 
shale and banded iron formation. Palaeocurrents, in 
gravel- and sand-prone facies, are to the southeast. 
Depositional sequences show aggradational 
stacking of turbidites. Although the sequences are 
aggradationally stacked, facies tracts of the upper 
sequence step-back from those of the lower sequence. 

The Kurrawang basin had a provenance of 
recycled back-arc basin and arc rocks, as well as 
metasedimentary rocks of uncertain origin. All of 
the deposits, whether gravel- or sand-prone, in all 
three areas, contain granitoid clasts. The presence 
of eroded remnants of the basin in several domains, 
establishes that the domain boundary faults post
date basin formation. 

Molasse facies 
Typical molasse depositional systems are 

fluviodeltaic and fluviolacustrine (some are deep
marine turbidite fans), within el.ongate fault-bound 
basins. Basin architecture comprises transverse 
braid-plain, and longitudinal braid-plain and 
lacustrine elements. Most longitudinal systems in 
molasse basins do not terminate within those basins, 
such that much sediment bypasses to external 
tectonic elements. Collision-related molasse basins 
have low preservation potential as stratigraphically 
intact units, due to post-depositional uplift and 
erosion. 

Two examples of molasse facies are recorded 
in the Eastern Goldfields Province. The examples 
are possibly age equivalents. The first example is 
the Jones Creek basin (Jones Creek Conglomerate). 
The depositional architecture was a longitudinal 
braid-plain system of granitoid provenance, and a 
transverse braid-plain system of greenstone 
provenance. Depositional facies are upper-now 
regime plane-bedded and parallel-bedded sandstone, 
and bar and channel conglomerate-sandstone. 
Although maximum clast sizes in granitoid
provenance conglomerates are - 2 m, the deposits 
are well-structured in sheet-bar units, and clast 
imbrication is ubiquitous. Palaeocurrent indicators 
are bedrock-channel orientations in the southeast 
quadrant, more-or-Iess parallel to domain-houndary 
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faults. Depositional sequences are all based on 
highstand motifs (i.e. aggradational to pro
gradational), although collectively the sequences 
pass upwards to sandstone dominant (d. the flysch 
facies). Depositional facies within each sequence 
generally thicken, rather than coarsen, upwards. 

The other example is the MerougiJ basin 
(Merougil formation). Depositional architecture 
comprises a single longitudinal braided-river system 
with palaeocurrents to the southeast. Depositional 

. facies are well-structured bar and channel 
conglomerate and sandstone in lower sequences, 
whereas the upper sequences comprise only braid
plain sandstone. Depositional sequences are again 
based on highstand motifs with aggradational up to 
progradational stacking of facies . The sequences 
also pass upwards to sandstone dominant, with a 
back-stepping style of basin filling. The 
composition is quartzofeldpatholithic, with 
granitoid clasts. 

The upward change from flysch to molasse is 
indicative of a collisional setting. However, back
stepping of depositional sequences within tectonic 
stages is not characteristic of orthogonal collision. 
The gross stratigraphic geometry simulates 
transtension, although a transtensional setting can 
not explain progradational step forward from the 
nysch to the molasse stage. Rather, the gross 
geometry best defmes filling during oblique 
marginal-has in closure. Overprint by strike-slip 
faults at closure implies that the bounding element 
may have been a transform suture. Preservation of 
t1ysch and molasse facies in segmented structural 
domains classifies the Eastern Goldfields Province 
as a foreland fold-thrust belt. 

Stratigraphic synthesis 

Marginal basins rarely open via single rift 
and spreading stages. Rather, opening generally 
involves repeated arc expansion, arc-rifting, back
arc spreading and new-arc formation. The 
stratigraphic history of the Eastern Goldfields 
Province is compatible with the multistage opening 
of a West Pacific-style marginal basin. 

Initial arc formation, probably at -2775 Ma 
(Barley et at, in press), took place on continental 
crust and relict convergent-margiri supracrustal 
sequences, which are not preserved in the Eastern 
Goldfields Province. Marginal-basin opening is 
recorded hy superposed volcanosedimentary-basin 
and vo1canoplutonic-arc assemblages. Opening 
comprised -intra-arc rift to back-arc spreading 
stages. A complete record of stages is not 
established. Two basin successions (Kambalda and 
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Kalgoorlie) are known from southwest domains, but 
older basins are recorded in northern, northeastern 
and eastern domains. The oldest (2772-2725 Ma; 
Barley et al., in press) rift-spreading stages are best 
preserved in the Murchison Sub-Province. Although 
those basins were spatially separated from the 
Eastern Goldfields Province by 2725 Ma, they must 
be viewed as genetically associated at the scale of 
West Pacific-type tectonic settings. Similar-aged 
successions are preserved in the northeast Eastern 
Goldt1elds. 

Depositional sequences of each rift-spreading 
stage are: (i) proximal nonmarine and submarine 
volcanic and sedimentary rocks; (ii) medial 
submarine-apron sedimentary rocks; or (iii) distal 
lowstand-fan sedimentary rocks, and mafic to 
ultramafic volcanic rocks. Sequences of mafic to 
ultramafic volcanic rocks record pulses of back-arc 
basin spreading that followed each rift stage. Each 
spreading stage was associated with pulses of 
decompression melting above a plume-like mantle 
diapir. Subaerial and subaqueous, calc-alkalic arc 
volcanism continued during spreading, and provided 
sediments to distal environments during lowstand 
intervals of third-order cycles. Arc extension is 
interpreted to have been caused by the high-angle 
subduction of oceanic lithosphere from the east. 

The end of each spreading stage is 
interpreted to have been associated with the change 
from high-angle to low-angle subduction, and the 
establishment of a new or an expanded are, either 
on the old arc or within the spreading basin. Uplift, 
crustal melting, granitoid-porphyry intrusion and 
emplacement of calc-alkalic volcanic-volcaniclastic 
complexes on spreading-basin sequences, signify 
the change to low-angle subduction and new-arc 
formation. Much of the evidence for new-arc 
formation may be destroyed during subsequent intra 
-arc rifting. One such change occurred from 2700 
Ma to 2680 Ma (unpubl. SHRIMP age-data). 
Although change from high-angle to low-angle sub
duction is often caused by the change from the sub
duction of old oceanic lithosphere to young oceanic 
lithosphere, it can also be due to local tectonics. 
One consequence is that there can be along-strike 
changes (at the scale of the Eastern Goldfields 
Province) in igneous petrogenesis related to 
different depths of melting of the subducting slab. 

Establishment of a new arc is interpreted to 
have been followed by high-angle subduction and a 
new intra-arc basin, from 2680 Ma to -2670 Ma. 
Stratigraphic components comprise a submarine 
volcanosedimentary sequence (Kalgoorlie basin) 
and subaerial bimodal-volcanic sequences (e.g. 
Melita). A transition to spreading is not preserved 

in the Eastern Goldfields Province, although large
volume dolerite sills in the Kalgoorlie basin are 
evidence of the spreading stage. Intrusion of 
granitoids and porphyries from -2670 Ma to 2657 
Ma (Nelson, in press), apparently aborted 
spreading, and may record the last stage of low
angle subduction and back-arc compression related 
to subduction tectonics on the eastern-margin of the 
Yilgarn Craton. 

Marginal-basin closure occurred during east
west convergence of the Western Yilgarn and 
Eastern Goldfields Provinces, as the consequence of 
western margin tectonics. The age of marginal
basin closure, which is recorded by structurally 
dismembered flysch and molasse sequences ot a 
remnant-ocean basin, is not precisely known. 
Preliminary results of sediment provenance show 
that llysch facies were deposited after -2667 Ma, 
but other evidence suggests that they were intruded 
by granitoid at -2662 Ma (Nelson, in press). More 
provenance age-data are required to solve this 
dilemma, because flysch deposition is incompatible 
with an autochthonous basin-floor of syn
depositionally intruded granitoids. The preliminary 
data could be used to imply that flysch sequences, 
and their local basement, have an allochthonous . 
relationship with some tectonic elements in the 
Eastern Goldfields Province. 

In contrast, evidence from northern domains 
clearly shows that molasse sequences have an 
autochthonous relationship with granitoids. 
Preliminary provenance data establish that molasse 
sequences were deposited after -2650 Ma, and 
possibly also after -2630 Ma (D.R. Nelson, pers. 
comm. 19Y7). Molasse sequences were deformed in 
a strike-slip regime, but there is no preserved 
stratigraphic information that establishes that they 
were deposited in strike-slip basins. 
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The geochemistry of intermediate to felsic 
volcanic rocks of the Kalgoorlie and Kurnalpi
Edjudina Terranes, and tectonic implications 

P.A. Morris 

Geochemistry Section 
Geological Survey of Western Australia 
100 Plain Street, East Perth, WA 6004 

D ue to metamorphism and polyphase 
deformation, volcanic rocks which comprise 

the majority of Archaean greenstone helts retain a 
patchy imprint of features indicative of their mode 
of eruption, and hence their environment. This, 
coupled with poor outcrop, and the subsequent 
difficulty in facies reconstruction mean .. that other 
data must be used in order to understand the 
tectonic setting in which greenstones were originally 
deposited. One line of investigation is the 
geochemistry of greenstones, especially if 
greenstone chemistry can be examined in a 
stratigraphic and/or geochronologic context. 

Following 1:100,000 scale regional mapping 
by the Geological Survey of Western Australia, 
greenstones of the Eastern Goldfields Province have 
been divided into terranes that can de distinguished 
from one another by unique features such as 
stratigraphy, structure, and lithology (Swager et al., 
1990; Swager, 1995). The resulting stratigraphies 
have provided a framework on which to examine 
within- and between-terrane variations in green
stone chemistry. Although revision is ongoing as 
more mapping is completed, the greenstones in the 
southern part of the Eastern Goldfields Province 
can be divided into three sub-parallel terranes, 
which are from west to east, the Kalgoorlie Terrane 
(Swager et aI. , 1990), the Gindalbie Terrane, and 
the Kurnalpi Terrane (Swager, 1995; Swager, in 
press). These terranes can be extrapolated 
northwards, with varying degrees of confidence, 
into the northern eastern Goldfields Province (Will 
et al. , 1996). Single-zircon UlPb dating of felsic 
rocks shows that felsic volcanism in the Eastern 
Goldfields extended from about 2710 Ma to about 
2680 Ma (Nelson, 1995, 1996, in press). Although 
these data are sparse, they have been useful in 
constraining the timing of volcanic activity 
unravelling structurally complex areas. 

Intermediate (i.e. andesites with 53-63 wt% 
Si02) and felsic (Le. dacites and rhyolites with> 63 
wt% Si02) volcanic rocks are found in all three 
terranes. In the Kalgoorlie Terrane, these rocks (the 
Black Flag Group) are dominantly dacites with 
subordinate andesites and rhyolites which have been 
dated at about 2675 Ma (Nelson, 1995, 1996). 
They are found towards the top of the greenstone 
sequence, overlying voluminous tholeiitic and 
-ultramafic volcanic JOcks. The Black Flag Group 
andesites, dacites and rhyolites are characterised by 
smooth, steep rare earth element (REE) patterns 
with, large ion lithophile elements (LILE) > high 
field strength elements (HFSE), low Y and hence 
high Sr/Y (Fig. 1). Compared to normal Archaean 
andesites (Condie, 1993) the andesites of the 
Kalgoorlie Terrane have high Ni contents and 
100Mg/Crotal Fe + Mg) (i.e. magnesium number). -
Morris & Witt (in press) have argued that Black 
Flag Group dacites and rhyolites result from the 
dehydration melting of subducted oceanic crust, 
whereas andesites may result from either the 
melting of the metasomatised mantle wedge 
overlying the subducting plate, or melting of the 
subducting plate under different conditions. 

To the east of the Kalgoorlie Terrane, the 
Gindalhie Terrane is a bimodal suite of andesitic 
and rhyolitic volcanic rocks, with few dacites. 
These rocks span the interval -2705 Ma to -2680 
Ma, so the latter are coeval with the Black Flag 
Group. Intermediate rocks have LREE-enriched 
patterns with weakly developed negative Eu 
anomalies and LILE > HFSE. Rhyolites have 
LREE-enriched to flat REE patterns with well 
developed negative Eu anomalies. Relative to the 
Black Flag Group, they are depleted in some HFSE 
elements (e.g., Nb) and Sr, but have higher Y and 
Yb, and hence lower Sr/Y. Morris & Witt (in press) 
have argued that the intermediate and mafic rocks 
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Fig. 1 Mid ocean ridge basalt (MORB)-normalised (Pearce, 1983) analyses of dacites and rhyolites of the 
Black Flag Group (Kalgoorlie Terrane), compared to analyses of eight rhyolites from the Glndalbie 
Terrane. Note the higher Sr, and lower Ta, Nb, V and Vb of the Black Flag Group. 

are genetically' unrelated; the former may result 
from combined partial melting and fractional 
crystallisation of a mafic source, whereas rhyolites 
represent melting of a felsic protolith. 

Swager (in press) and Witt et at. (1996) have 
treated most of the remaining greenstones to the 
east of the Gindalbie terrane as one group (Kurnalpi 
Terrane of Witt et aL, 1996), apart from higher 
grade rocks of the Pinjin Terrane, which make up 
the easternmost greenstone belt. They also span the 
-2710 to -2680 Ma interval. Unlike terranes to the 
west, intermediate rocks are volumetrically 
important in the Kurnalpi Terrane, with less 
common dacite and rhyolite. Rare earth patterns are 
LREE-enriched with negative Eu anomalies and no 
strong enrichment or depletion in heavy rare earth 
elements (HREE). Large ion lithophile elements are 
> HFSE, and element trends suggest that some 
chemical vanatlons may be controlled by 
fractionation of hornhlemle and plagioclase 
(Ilallberg & Giles, 1986). However, the high LlLE 
contents of some andesites cannot he explained by 
fractionation, and may represent melting of a 
metasomatised mantle source. 

As it is likely that these suh-parallel 
greenstone belts occupy the same mutual 
relationship as they did when they were deposited 
(Swager, 1995, in press), tectonic models must 
account for the contrasting chemistry, and age 
relationships. The older felsic volcanic rocks 

(-2705 Ma), which are coeval with widespread 
komatiite volcanism (Claoue-Long et aL, 1988), are 
compositionally similar to magmas derived by 
melting of felsic crust, possibly by the rising 
komatiite plume. Coeval volcanism in the Kurnalpi 
Terrane involved melting of a mantle source 
followed hy low-pressure fractionation of 
phenocryst phases. Younger volcanic rocks 
comprise variahly fractionated magmas with arc 
trace element patterns in the Kurnalpi Terrane, and 
eruption of crustal melts in the adjacent Gindalbie 
Terrane. Nthough there are few data, rhyolites of 
all ages in the Gindalbie Terrane are 
compositionally similar, suggesting melting of a 
common crustal source. Intermediate and felsic 
volcanic rocks of the Black Flag Group, erupted at 
about 2675 Ma have the chemical characteristics of 
adakites, which are found at convergent margins 
where young (hence hot) crust is subducted at a 
shallow angle. Melting of this crust produces 
magmas with distinctive chemistry, indicative of 
source-retention of garnet, and consumption of 
feldspar in the magma (Drummond & Defant, 
1991; Morris, 1995). Due to the elevated Archaean 
geothermal gradient, shallow subduction involving 
young crust may not have been prerequisites for 
producing slab-derived magmas. 

The chemistry of intermediate to felsic 
volcanic rocks in these three sub-parallel terranes is 
consistent with (a) the komatiite plume-initiated 
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melting of mafic and felsic crust producing variably 
fractionated intermediate volcanic rocks, and 
rhyolites respectively, followed by (b) the eruption 
of variably fractionated intermediate to felsic 
volcanic rocks with arc chemistry in the Kurnalpi 
Terrane, crustal melts in the Gindalbie Terrane, and 
eruption of slab-derived melts further west in a 
back-arc situation (Kalgoorlie Terrane). The model 
is consistent with plume volcanism giving way to 
subduction-related volcanism involving subduction 
of a west dipping plate. 
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T his contribution summarises recent data, in 
particular geochronological and metamorphic 

-structural timing data, which indicate variability 
in the timing and the history of metamorphism 
across the Yilgarn Craton. It is argued that 
greenstone belt metamorphism in the craton is 
better understood in terms of greenstone-belt scale 
structural and thermal events rather than of a single 
craton-wide tectonic or magmatic event. 

Metamorphism in the Yilgarn Craton 

Earlier studies of the metamorphism of the 
Yilgarn Craton (Binns et al. , 1976; Ahmat, 1986; 
Ridley, 1993; amongst others) have shown 
metamorphic patterns typical of those of Archean 
granite-greenstone terrains .(e.g., Saggerson & 
Turner, 1976; Grambling, 1981). Metamorphic 
facies in the greenstone belts range from sub
greenschist, prehnite-pumpellyite to lower granulite, 
with greenschist and lower-amphibolite heing by far 
dominant. Metamorphism is almost everywhere of 
andalusite-sillimanite type, hence low-pressure 
facies series, and reflecting steep geothermal 
gradients. In most areas, a single phase of 
metamorphism is recognised, hroadly syntectonic 
with the major phases of deformation. The isograd 
pattern is characteristic: within greenstone belts, 
grade increases towards the contacts with granite- . 
gneiss terrains or granitoid plutons within the belts. 
Although there are clear examples of contact 
aureoles around post-tectonic granitoid stocks, the 
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higher grade domains adjacent to granitoids are 
generally too wide to be caused entirely by 
magmaticheat,but equally the isograds are closer 
than typical of regional metamorphic terrains. 
There has thus been discussion of the relative 
importance of magmatic heat and deformation as 
controls on patterns of grade (e.g., Spray, 1985; 
Ahmat, 1986). 

Metamorphic and structural character
istics of r.ocks in different grade 

Binns et al. (1976) distinguished dynamic 
and static domains in the greenstone belts of the 
eastern Yilgarn Block, i.e. areas with penetrative, 
strong tectonic fabrics, and areas in which most 
rocks have no penetrative fabric and pre
metamorphic textures are abundantly preserved. 
Dynamic domains are preferentially along the 
margins of the greenstone belts, and are on average 
of higher metamorphic grade. 

In static, prehnite-pumpellyite facies and 
lower-greenschist facies domains, in which primary 
textures and fabrics are abundantly preserved, 
recrystallisation to an equilibrium metamorphic 
assemblage may be incomplete, especially in mafic 
rocks. In incompletely recrystallised rock, igneous 
plagioclase is typically strongly replaced by chlorite 
-alhite-prehnite but clinopyroxene more commonly 
unaltered, or only partially replaced by epidote. 
Magmatic glass in komatiites is locally preserved. 
The lack of metamorphic equilibration is also 
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marked by disequilibrium compositions of co
existing phases, for instance of amphibole and 
plagioclase. 

Higher grade metamorphic terrains have 
generally penetrative or near -penetrative deformation 
fabrics. In amphibolite-facies pelitic rocks in the 
centre of the Southern Cross greenstone belt, 
however, the textures are most frequently 
hornfelsic, with peak metamorphic minerals 
overprinting the main fabric. Nematoblastic 
textures indicating syn-deformational growth and 
re-equilibration up to the metamorphic peak are 
more common in mafic and ultramafic rocks, 
especially towards the margins of the belt (e.g., 
Bloem et aI., 1994). The assemblages are essentially 
everywhere equilibrated in the higher-grade terrains: 
even where deformation is slight and pre
metamorphic textures are preserved, mineral 
compositions define equilibrium assemblages. 

P-T conditions of metamorphism 

Estimation of pressures and temperatures of 
metamorphism from mineral equilihria is difficult 
for many greenstone belt rocks because of the lack 
of suitable calibrated thermometers and barometers. 
The best information comes [rom pelitic rocks, in 
particular through petrogenetic grids showing P-T 
conditions of critical reactions of the porphyroblast 
minerals. Compositions of coexisting plagioclase 
and amphibole can reliably be used as 
thermometers, and semi-quantitatively as a 
barometer in mafic rocks, in amphiholite-facies 
rocks. A number of other thermometers and 
barometers have been successfully used in specific 
instances, including oxygen isotope thermometers. 

Recent geothermometry and harometry 
confirms earlier inferences that peak metamorphism 
in the greenstone belts of the Yilgarn Craton was at 
conditions within a narrow range of pn' ratios, 
typically pressures of 1.5-3 kbar at 300°C and 2-4 
kbar at 550°C (Fig. 1). However, pressure is not 
necessarily a function of temperature in anyone 
terrain. Variable temperature at near constant 
pressure is indicated [or part of the Norseman
Wiluna belt. At New Celebration, in a lower-grade 
terrain in the belt centre, Williams (1993) defined a 
pressure of 3-4 kbar for middle to upper 
greenschist-facies assemblages (-350°C) using the 
phengite barometer and lluid inclusions, hence 
pressures indistinguishahle to those of lower
amphibolite-facies rocks at Coolgardie in the 
higher-grade margin of the same helt (Knight, 
1994). Within the Ghooli granitoid dome in the 
Southern Cross greenstone belt, pressure variations 

at constant temperature are implied using the AI in 
hornblende geobarometer, which potentially records 
the pressure of crystallisation of a granitoid. Within 
the dome a consistent pattern of increasing 
crystallisation pressure towards the edge of the 
polyphase pluton is determined (Dalstra, 1995), 
with estimated pressures of approximately 4 kbar in 
the centre of the dome, in what are generally the 
latest phases of the pluton, and 6 kbar at the dome 
margin. Maximum metamorphic pressures in the 
adjacent greenstone belt were about 4 kbar. 
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Fig. 1 Quantitative P-T estimates for the Southern 
Cross - Marda area, Yllgarn Craton. Solid circle 
= T(OC)/P(kbar) from minerai assemblages: 
open circles = T(°C) from 0 Isotope thermo
metry; figures In circles = P(kbar) of granitoid 
crystallisation from hornblende geobarometry. 
Unornamented areas are undifferentiated 
granitoids and granitic gneisses. 
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P-T histories and the timing of 
metamorphism relative to deformation 

The metamorphic peak is hroadly syn
tectonic with respect to the main phase or phases of 
deformation in any area, with retrograde 
recrystallisation locally related to movement on late 
fault and shear zones. In the Eastern Goldfields , 
Swager et al. (1992) related peak metamorphi"sm to 
local O2 - 0 3, 

In the low grade terrain in the core of the 
Marda greenstone belt, there are no detectable 
variations in metamorphic grade through the 5 km 
thick sequence exposed in upright, near isoclinal 0 1 

folds. From this, it can be inferrcd that meta
morphic recrystallisation post-dated thc local OJ, 
and from an association of metamorphic minerals 
with a weak spaced S2 cleavage, was most likely 
during the O2 phase of deformation. At the higher
grade margins of the belt, peak metamorphism is 
also correlated with O2, which was here strongly 
developed. However, there is at least locally 
widespread retrogression of amphiholite-facics to 
greenschist-facies assemblages along later shear 
zones (03) which are also prcferentially developed 
along the margins of thebelt. 

Fairly precise mctamorphic-structural 
chronologies have been determined for some higher
grade terrains, in particular, the Southern Cross 
greenstone belt. At Transvaal in the central 
Southern Cross belt, there are two major phases of 
structures: a regionally developed, generally 
penetrative foliation (S2), and discrcte shear zones 
that cut the S2 schistosity at a small angle (03), 

Peak metamorphic porphyrohlastic minerals 
generally overprint the S2 schistosity, to give the 
hornfelsic texture mentioned ahove, though may 
show evidence for minor deformation after growth. 
Porphyroblast growth was, however, syntectonic 
with respect to S3 in 0 3 shear zones. 

The P-T evolution, or P-T path, of a low
grade rock, in which mineral growth can not be tied 
into a deformation history is difficult to define. For 
amphibolite-facies terrains, however clear reaction 
textures are preserved in amphiholitc-facies 
metapelitic rocks, particularly hetween andalusite, 
staurolite, garnet and cordierite. At Transvaal, 
andalusite -> cordierite reaction relations are most 
consistent with a slightly dccreasing P towards the 
peak T, and together with the late regrowth of 
andalusite allow the definition of a tight, clockwise 
P-T path, with variations in pressure of prohably 
not more than 1 kbar at near peak temperaturcs 
(Fig. 2). Similar P-T paths were detcrmined by 
Bickle & Archibald (1984) for the WidgiemooItha 
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area. Ilagcmann & Ridley (1993) argue that the 
densities of secondary fluid inclusions indicate near 
isobaric cooling of both low-grade and amphibolite
facies terrains down to about 250°C. 
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Fig. 2 P-T path for the Transvaal area, Southern 
Cross greenstone belt based on andalusite
cordierite reaction relations (after Dalstra, 
1995). Dashed lines Indicate approximate 
position of reactions Involving solid
solutions. Mineral reactions calculated from 
Powell & Holland (1988). 

Timing of metamorphism 

Constraints on the absolute age of 
metamorphism are most commonly obtained 
through reference to igneous and deformational 
events. Peak metamorphism in the Eastern 
Goldfields Province has been given as 2660 Ma by 
correlation with O2 (after Swager et al., 1992), and 
datcs of syn-02 plutons and felsic dykes. A slightly 
later date of peak metamorphism (-2630 Ma) has 
been argued for amphibolite and granulite facies 
rocks of the Southern Cross Province (Barnicoat et 
al., 1991; Nemchin et al., 1994), and by analogy is 
assumed for unexposed deeper levels of the Eastern 
Goldfields Province. Slow cooling down to at least 
300°C is implied by Ar-Ar dates (Napier, 1993; 
Kcnt, 1994), and also because gold mineralisation 
at 2630 Ma, and, possibly, 2600 Ma, took place at 
temperatures at most only a few lO's of degrees 
lower than those of peak metamorphism. 

Recent high precision SHRIMP U-Pb in 
zircon dates and Pb-Pb mineral dates suggest, 
however, that the above scheme may not be 
applicahlc everywhere in the craton, for example: 

• The Ravensthorpe tonalite of the West 
River greenstone helt intruded syn-tectonically and 
syn-mctamorphically, and is associated with 
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structurally controlled,syn-metamorphic Cu-Au 
deposits. The tonalite has been dated at -2.97 Ga 
(Savage et aI., 1995), an age consistent with Pb-Pb 
model ages of sulfides from the Cu-Au deposits, 
hence indicating metamorphism at least in this area 
at this earlier time. There is no evidence in the 
zircons of a strong metamorphic overprint at 2660 -
2630 Ma. 

o In the Mount Magnet greenstone helt, post
tectonic internal granitoids crystallised at 2720 -
2700 Ma. These granitoids cut a fabric defined by 
the peak greenschist-facies assemblages. At the 
margins of the greenstone belt, a major phase of 
deformation and slightly higher-grade meta
morphism was, in contrast, probably synchronous 
with granite intrusion at 2690 - 2670 Ma (Schi0Ue 
& Campbell, 1996). 

o At Southern Cross, Bloem et al. (1995) 
dated an intra-deformational pegmatite dyke that 
intruded at amphibolite-facies conditions at 2620 
:t6 Ma. However, an unnamed syn-tectonic garnet
muscovite granite 30 kIn from this locality and 
north of Bullfinch, and other syn-tectonic granites 
in the area are dated at -2680 Ma (Oalstra, 1995). 
The relations of metamorphic minerals to the 
schistosity and lineation in the area around the 
pluton indicate amphibolite-facies conditions also at 
the time of granitoid emplacement. 

Discussion 

Structural timing of metamorphism 
In all areas, metamorphism was associated 

with major tectonism. There arc, however, subtle 
differences in the relative timing of the metamorphic 
peak between different belts, and often also hetween 
different parts of a single belt. At the margins of the 
Marda belt at Mt. Jackson, for instance, significant 
deformation took place under retrograde conditions. 
The hornfelsic texture of pelitic rocks outside of 
discrete 0 3 shear zones in the centre of the Southern 
Cross greenstone belt indicates, in contrast, heating 
after the cessation of the main, O2, phase of 
deformation. The timing of the peak at the margin 
of the Southern Cross belt is intermetliate, with 
generally syn-tectonic mineral fabrics. Within this 
area, there is thus a pattern that metamorphism is 
later relative to the structural history in the 
greenstone-belt centre, though this is dearly not 
universally so, especially where there are later 
granitoids along a belt margin, as at Mount Magnet. 

Absolute timing of metamorphism 
Excepting the Ravensthorpe area, the 

available data show that peak metamorphism 

occurred between 2720 and 2620 Ma, but not at a 
single age craton wide. In the Mt. Magnet 
greenstone belt, relatively high-temperatures along 
the margins of the greenstone belt may have been 
attained tens of my's later than the peak 
metamorphism in the centre of the belt. Similar 
differences in the timing of peak metamorphism 
across a belt are implied by deformation
metamorphism relations, for instance, in the Marda 
belt. The geochronological data for the Southern 
Cross area suggest that metamorphic conditions 
were near or at those of the peak conditions at 2680 
and 2620 Ma. Whether conditions were maintained, 
or repeatedly attained, over several lO's of my, is 
unclear, but it is noted that no textural evidence of 
cooling between two high grade events has been 
recorded Metamorphism at very constant conditions 
over long periods is also implied for other belts, 
including the Norseman-Wiluna belt, by the 
similarity of assemblages associated with different 
age deformation fabrics. 

P-Tpaths 
The metamorphic P-T histories for the 

Transvaal and Widgiemooltha areas involve tight 
clockwise paths. Similar paths have been inferred 
for other cratons (e.g., Bickle et al." 1985). 
However, tight anti-clockwise paths have also been 
recorded (e.g., Mezger et aI., 1990); To a first 
approximation, therefore, higher-grade meta
morphism of greenstone belts is related to heating 
and cooling with limited changes in pressure. 

Some tectonic speculations 

Given the data outlined above, we suggest 
that the metamorphism of the Yilgarn Craton can 
best be understood from considerations of the 
thermal regime, and of greenstone-belt scale 
structural events. 

Thermal regimes of metamorphism 
In many respects, the low-grade 

metamorphism in the static domains of the 
greenstone helts resembles ocean-floor or burial 
metamorphism, for instance, from the association of 
metamorphic recrystallisation with veins, and from 
the replacement of igneous plagioclase 
preferentially over clinopyroxene. However, there is 
little evidence of localised intense metasomatism, as 
is often associated with ocean-floor metamorphism, 
and deformation - metamorphic relations in the 
Marda belt show that the peak of metamorphism in 
this case was not during or immediately after the 
development of the igneous sequence, but after at 
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least one major phase of deformation. Despite this, 
the similarity of textures in low grade terrains with 
those of ocean-floor metamorphism, lead us to 
suggest that the low-grade imprint may have been 
related to hydrothermal processes similar to those 
operating on the current ocean tloor, even if the 
heat for such hydrothermal activity must have been 
from an 'epigenetic' thermal event. Such a 
hydrothermal imprint would explain the widespread 
metamorphic temperatures of 300-350°C; i.e. 
similar temperatures as recorded in the modern day 
ocean crust, in which hydrothermal fluid 
temperatures are buffered by the depth of fluid 
penetration. 

For the higher temperature terrains in the 
craton, the following features suggest that the 
granitoid intrusion history and the metamorphism of 
the craton can be understood together as being 
results of a relatively long lasting 'steep' crustal 
geotherm: 

• A crustal thermal gradient constructed 
assuming that peak metamorphic conditions 
represent approximately steady state conditions 
requires that the lower part of the crust was above 
granitoid solidus temperatures. 

• Dates of granitoids in the Southern Cross 
Province and the Western Gneiss Terrain indicate 
long lasting or repeated magmatism from 2680 -
2630 Ma (Nemchin & Pidgeon, 1997; Qiu et aI., 
this volume), essentially the same period implied for 
metamorphism in the area, with crystallisation of 
major igneous bodies possibly requiring 20 m.y. 

• The inferred longer term near isobaric 
cooling can be an effect of overall cooling of the 
crust in a regime without deep erosion, e.g., after a 
major magmatic event that was not associated with 
significant crustal thickening (Bohlen, 1987). 

• The P-T paths with only minor pressure 
variations while the rocks were near peak 
temperatures give no indication of a major regional 
tectonic burial event. 

Greenstone-belt scale tectonics 
It is proposed that a mixed 'magmatic heat -

deformation' model can explain the metamorphic 
gradients in the dynamic, higher grade, marginal 
zones of the greenstone belts. In particular, we 
propose movement of the granitoid bodies, either as 
magmas, or in the solid state, and of the marginal 
zones of the belts, upward relative to the belt 
centres, along broad zones of deformation along the 
present contacts. The fabrics in the granite
greenstone contact regions arc consistent with such 
deformation in many, although not all instances. 
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Given possible complications ansmg from 
the exact geometry of vertical movements, and from 
synchronous regional deformation, the following 
patterns and features can be explained in such a 
model: 

• The concentration of deformation and the 
dynamic style metamorphism along and near 
granitoid margins. 

• The variations of the pressure of 
crystallisation from core to rim within granitoid 
pluton, with the highest pressures of crystallisation 
at the rims of the granitoids (cf. Feng & Kerrich, 
1990). 

• The relatively constant pressure inferred for 
different grade rocks within some greenstone belts, 
but higher pressures in the marginal zones in others. 

• The variations in the relative timing of 
deformation and the metamorphic peak in traverses 
through greenstone belt. 

The variable timing of metamorphism across 
the craton suggests that vertical movements were 
multi-stage, or took place at different times in 
different parts of the craton. 
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G reenstone successions of the southern part of 
the Eastern Goldfields are divided into 

elongate structural-stratigraphic terranes separated 
by regional NNW-trending faults. Recent studies 
suggest that the volcano-sedimentary successions of 
these terranes were all deposited at the same time 
(ca. 2720-2675 Ma) on (inferred) sialic crust, were 
affected by the same history of granite plutonism 
and regional deformation (ca. 2675-2620 Ma), and 
only differ in their lithostratigraphic development 
and, possibly, early tectonic history. Thus the 
terranes are not seen as diverse, exotic crustal 
fragments , but are interpreted as deposited in 
adjacent, contemporaneous ensialic basins. These 
basins were juxtaposed and deformed hy a regional 
(far-field) stress system during a tectonothermal 
event that included extensive reworking of the 
basement. 

The greenstone terranes, their boundary 
faults, the major fold trends, and elongate granite 
plutons or batholiths all contribute to the 
pronounced regional structural trend. The boundary 
faults are poorly exposed, but can be traced as: 
lineaments or breaks defined by large scale 
truncations of stratigraphy; contrasts in lithological 
associations; arrangements of en echelon folds; 
shear zones, and/or metamorphic contrasts. Four 
terranes are recognised, from west to east: 
Kalgoorlie, Gindalbie, Kurnalpi and Edjudina, most 
of which are subdivided into several domains (Fig. 
1). 

In general terms, the terranes contain 
submarine mafic volcanic piles, with or without 
komatiite, in the lower part of their supracrustal 
succession, overlain by subaquaeous to locally 
emergent felsic volcanic successions. However, 
apparently simple, almost 'layer cake', stratigraphy 
inferred for the central domains of the Kalgoorlie 

Terrane (cf. Swager et aI., 1992) is the exception 
rather than the rule. Instead, large scale lateral 
stratigraphic/lithologic variations are common, and 
felsic volcanism has been documented in both lower 
and upper parts of the successions, i.e. over a time 
interval of ca. 40 m.y. (2713±4 Ma - 2673±7 Ma; 
Nelson, 1996, in press). Komatiite volcanism in all 
terranes is restricted to the 2710 - 2700 Ma period 
(seealso-Fosteretal., 1996),and .apparently can be 
regarded as a time marker for the entire Eastern 
Goldfields. The earliest tholeiitic volcanism is as 
old as ca. 2715 Ma if the age of 2714±5 Ma for the 
oldest tonalitic intrusive rock is correct (Nelson, in 
press; D. Nelson, pers. comm., 1997). Late stage 
felsic volcanic rocks of ca. 2685-2675 Ma overlap 
in age with the intrusion of early granites. Thus, 
tholeiitic, komatiitic and calc-alkaline (or rhyolitic 
in the Gindalbie Terrane) volcanism are at least 
partly contemporaneous. 

Coarse clastic sequences (e.g., Kurrawang, 
Merougil, Penny Dam/Mt Belches, Yilgangi) 
unconformably overlie, or are in fault contact with, 
the greenstones in several synclinal basins adjacent 
to or overlying regional faults. These clastic 
sequences are interpreted to have formed in separate 
syntectonic basins after initial sub horizontal 
deformation of the greenstone sequences but before 
the main regional shortening (see below). Clast 
populations in the metamorphosed and deformed 
polymictic conglomerate, sandstone and siltstone 
suggest unroofing of the greenstone succession and 
granites. The Kurrawang succession in the 
Kalgoorlie Terrane contains horizons with 
numerous BIF pebbles which are probably derived 
from an older greenstone succession to the west, 
suggesting considerable (longitudinal?) sediment 
transport. 
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Flg .. 1 Greenstone terranes east of the Kalgoorlle Terrane. The Kurnalpl and Edjudlna terranes are 
subdivided Into several domains. 

Regional deformation 

At least two main stages of compressional 
deformation have long been recognized in the 
southern Eastern Goldfields : a first phase (01) of 
recumbent folding- and/or thrusting followed by 
regional NNW-trending O2 upright folds (Archibald 
et aI., 1981; Swager et aI., 1992). Recent studies, 
particularly in the northern Goldfields, have drawn 
attention to extensional structures hoth early and 
later in the deformation history (I1ammond & 
Nisbet, 1992; Williams & Whitaker, 1993; 

Williams, 1993; Passchier, 1994). Table 1 
summarizes the main events in the regional 
deformation history, and includes various proposed 
extensional structures and their relative timing. 

In the southern part of the Eastern Goldfields 
unequivocal evidence for early extension has not 
been found. !\ domal granite-gneiss complex in the 
east was emplaced, or uplifted, at a late stage of the 
tectonothermal evolution (Swager & Nelson, in 
press). 0 1 thrusting is the earliest recognized 
deformation event and resulted in regional scale 
recumbent folds and/or thrust stacking, but not in 
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all domains. Recent age dating (see Table 1) 
indicates that DJ deformation overlapped with the 
last stages of felsic volcanism (e.g., 26Bl±5 Ma in 
the Kalgoorlie Terrane; 2675±3 Main the 
Gindalbie Terrane). DJ thrust stacking in the 
southern part of the Eastern Goldfields occurred 
after deposition of the entire greenstone succession 
(excluding the syntectonic conglomeratic 
sequences), because late stage felsic volcanic rocks 
are involved in the DJ structures. However, as 
Passchier (1994) suggested, there may also be 
subhorizontal thrusts and extensional faults with 
associated recumbent folds that developed by more 
localized collapse and stacking during the late 
volcano-sedimentary stage (DE stage of Hammond 
& Nisbet, 1992; Williams & Whitaker, 1993). DJ 
thrusting, whatever its extent or cause, apparently 
did not result in major crustal thickening. 

The post-Dl and pre-Dz east-west extension 
and the subsequent D2 east-west (or ENE-WSW) 
regional shortening are province-wide deformation 
events. Post-DJ east-west extension is inferred from 
large scale truncation of regional fold limhs ahove a 
sub horizontal, 4~6 km deep detachment seen in a 
seismic reflection -profile (GolebyetaL, 1993; 
Williams, 1993). Few extensional structures can be 
expected to survive the subsequent inversion during 
D2 regional shortening. However, the clastic basins 
may have developed at this stage ahove and along 
major extensional fault systems. For example, the 
Merougil beds occur in an isolated tight D2 
syncline; this clastic sequence must postdate DJ 
because it has developed on top of, and has buried, 
several Dl fault structures, but contains S2. These 
relationships suggest extension to create a basin 
after Dl (south-to-north) thrusting but before D2 
(east-west) regional shortening. The regional setting 
of the Merougil beds appears to rule out deposition 
of the clastic rocks in a foreland hasin in front of an 
advancing D2 thrust stack, but is also compatible 
with a strike slip basin origin. 

Regional ENE-WSW D2 shortening is 
responsible for the upright, doubly plunging, north
northwest trending folds, the regional foliation, as 
well as reactivation of pre-existing domain/terrane 
boundary faults and associated structures. Regional 
D2 anticlines are interpreted to have resulted from 
the co-axial shortening of the earlier developed roll
over structures (Goleby et aI., 1993; Williams, 
1993). Seismic reflection profiling across mapped 
anticlines indicate that folds have overridden the 
limbs of adjacent folds or adjacent homoclinal 
sequences which have become, during D2, the 
footwall to reverse faults, and represent upper 
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crustal thrust systems. These thrusts are floored by 
the regional subhorizontal detachment. 

Two types of extensional structures 
developed at late stages of the tectonic evolution. 
They are not pervasively developed in the 
greenstones. 

Emplacement or uplift of a high-grade 
granite gneiss complex into the overlying, lower 
grade greenstones occurred both across distinct 
extensional shear zones, associated with a sharp 
contrast in metamorphic grade, as well as across 
wider zones now characterized by constrictional 
strain and more gradual metamorphic gradients. 
Swager & Nelson (in press) argued that detailed 
structural and geochronological evidence favours 
emplacement at - some stage during regional D2 
shortening, although initial domal development may 
be controlled by the pre-D2 regional extension. The 
final uplift stages are coincident with emplacement 
of large volumes of ca. 2660 Ma granite which 
dominates the domal complexes. These granite 
gneiss complexes thus developed in response to 
magmatic processes that locally could influence the 
far-field regional D2 stress regime. Deformation 
occurred during peak metamorphism because 
lineations are defined by high-grade mineral 
assemblages and are not overprinted by retrograde 
fabrics. The marginal zone of high-grade 
metamorphism also overprints early regional 
structures in the greenstones. The entire history 
(intrusion, deformation and uplift) of the granite 
gneiss complex took place betwe~n ca. 2675 Ma 
and ca. 2660 Ma - the ages of intrusion of granite 
gneiss and monzogranite respectively (Swager & 
Nelson, in press). 

The Ida Fault is a crustal scale extensional 
structure which now separates two regional 
greenstone successions of different age, i.e. the 
Kalgoorlie and Barlee terranes. The Ida Fault is 
imaged on the seismic reflection profile as a gently 
east-dipping normal fault across which a vertical 
displacement of c. 5 km can be inferred (Goleby et 
aI., 1993). The differences in granite-greenstone 
outcrop pattern and metamorphic grade distribution 
between the two terranes are compatible with such 
a displacement. These observations suggest a late 
stage (post peak metamorphism) collapse of the 
Eastern Goldfields along the Ida Fault - irrespective 
of a possihle earlier history of the fault. A minimum 
age constraint for this late stage extension is defined 
by the Clark Well granite (2640±B Ma: Nelson, 
1995) which has intruded across the Ida Fault. 
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Table 1 Regional deformation history, including proposed extensional events (in italics) inferred for 
different areas in the Eastern Goldfields. Key references for extensional deformation are 1. 
Hammond & Nesbit (1992, 1993), 2. Goleby et al. (1993), 3. Passchier (1994, 1995) and Witt (1994), 4. 
Williams (1993) , 5. Williams & Whitaker (1993), and 6. Swager & Nelson (in press). Regional 
compressional deformation history (in bold) is after Archibald et al. (1981) and Swager et al. (1992). 
SHRIMP U-Pb single zircon ages for granites from Campbell & Hill (1988), Hill et al. (1992) and 
Nelson (1995, 1996, in press); for felsic porphyry from Kent & McDougall (1995). 

TECTONIC EVENT 
extension / compression 

04 regional shortening: E-W 
oblique dextral/reverse faults 

east-west extension: restricted to Ida Fault (2) 
post-metamorphic orogenic collapse? 

03 regional shortening: E(NE)-W(SW) 
strike and reverse slip faults 
en echelon folds 

local extension - final uplift stage 
of granite gneiss complexes (6) 

02 regional shortening: ENE-WSW 
upright foliation and folds 
domain scale thrusting 
inversion of extensional structures? 

post-Of and pre-02 east-west extension: 
roll-over anticlines (4), 
synclinal basins with clastic infi" 

01 thrusting: 
thrust stacking, recumbent folds; 
involves upper felsic volcanic unit 
(Kalgoorlie T.) , 
with extensional structures (3) 

early extension: 
low angle shearing along granite-greenstone 

contact;north-to-south movement? (1, 5) 
syn-volcanic granite plutonism: 
syn-volcanic domes: local polydirectional 

extension and local recumbent folds (3) 

Greenstone terranes - formation and 
deformation 

The north-northwest trend of the greenstone 
terranes across the entire Eastern Goldfields 
suggests that the original basins developed under an 
east-west extensional regime. However, the present
day terrane boundary faults, with their long and 
complex movement history, can he regarded at most 
as the strongly modified successors to the initial 
basin-controlling faults faults, Early suhhorizontal 

TIMING CONSTRAINT 

granite - 'post tectonic': ca. 2620-2600 Ma 
(very few) 

granite - 'late tectonic': ca. 2640 Ma 

granite - 'post regional folding': ca. 2660 Ma 

granite - 'pre- to syn-regional folding': 
> ca. 2660 Ma 

post-D1 and pre-D2 felsic porphyry: 2674±6 Ma 

felsic volcanics: minimum age constraints 
2681 ±5 Ma (Kalgoorlie), 2675±3 Ma (Gindalbie) 

early granites: c. 2685 - 2675 Ma 
(? ca. 2710 Ma) 

deformation is still poorly understood, and may 
involve hoth extensional and compressional 
structures. There is good evidence in the southern 
part of the Eastern Goldfields Province for, at least 
local, large scale D1 thrust stacking, possibly 
developed during early stages of basin closure. 

The ensialic setting of the contemporaneous 
basins, the lateral persistence in lithostratigraphic 
characteristics, the low pressure regional meta
morphism, . and the'province-wide monzogranite 
magmatism suggest that the greenstone basins 

© Australian Geological Survey Organisation 1997 



developed possibly in a tectonic setting similar to 
that of failed rifts above an aborted. spreading 
centre. The basins closed in response to far-field 
compressional stresses controlled by convergence 
and/or collision at a distant plate boundary. 

In general terms, regional scale features 
found along convergent plate margins, such as 
orogen-parallel metamorphic belts including 
medium-high pressure metamorphism, accretionary 
prisms, substantial belts of calc-alkaline 
magmatism, or distinct clockwise P-T-t 
metamorphic paths, are not seen in the Eastern 
Goldfields (Passchier, 1995) or Yilgarn Craton. 
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Structural and metamorphic geology of the 
northern part of the Eastern Goldfields 

T.R. Farrell 

Geological Survey of Western Australia 
100 Plain Street 
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T he northern part of the Eastern Goldfields 
Province contains a complexly deformed, 

metamorphosed and poorly exposed Archaean 
granite-greenstone terrane. It is characterised by 
large areas of monzogranite and multiply deformed 
quartzo-feldspathic gneiss with elongate, north
northwesterly trending belts of greenstone. The 
structural history of the area has remained 
uncertain, due largely to problems associated with 
unravelling complex deformation in an area of poor 
exposure and deep weathering. In particular, it is 
difficult to correlate structures from one part of the 
region to another, even though the greenstone belts 
are locally well exposed. 

This paper is a synthesis of the structural 
geology of the area, based on mapping carried out 
by the Geological Survey of Western Australia 
(GSWA) and the Australian Geological Survey 
Organisation (AGSO) under the National 
Geoscience Mapping Accord (NGMA). 

Structural Geology 

Four phases of deformation (01-04) have 
been recognised, based on the overprinting of 
outcrop-scale structures and an assessment of the 
structural style and orientation of different sets of 
structures. 

First deformation event 
First generation (01) structures have largely 

been overprinted during later deformation events, 
but relict 0 1 fabrics are still preserved in gneisses, 
and possibly, in parts of the greenstone sequence. 
However, it is not clear how the early structures in 
various parts of .the province are related, or in fact, 
if they are the result of the same tectonic event. 
Additionally, the shortening directions indicated by 
the current orientation of these structures is not a 
reliable indicator of the palaeostress field because 
of reorientation during li:ller deformation. 

The dominant 0 1 structure is a steeply 
dipping schistosity (SI). In quartzo-feldspathic 
gneisses flanking the greenstone belts, SI commonly 
transposed into a composite SI-S2 fabric containing 
remnant isoclinal fold hooks of SI leucosomes. 
There are rare, east-trending folds in some locations 
in the greenstone belts, and these may be relict 0 1 

structures. The metamorphic grade prevailing 
during 0 1 is not certain, but in the gneisses it was 
probably amphibolite facies because SI is typically 
defined by thin tonalitic leucosomes. 

ltispossibJe that thereissomeslratigraphic 
repetition of the greenstone sequences by low-angle 
thrusting, as described in the Kalgoorlie -
Kambalda area (Archibald et aI., 1978, Martyn, 
1987, Swager & Griffin, 1990). However, such 
structures have not been documented in the northern 
part of the Eastern Goldfields Province, and they 
may be more difficult to recognise here, due to the 
poor exposure. 

Second deformation event 
O2 was a pervasive deformation associated 

with peak metamorphism and the formation of the 
granites. The effects of O2 are recognisable 
throughout the area, but are most pronounced in 
high strain zones in amphibolite facies rocks 
adjacent to the granitoids. The characteristic O2 
structure is a regionally extensive, steeply dipping, 
north-northwesterly trending foliation· (S2) that 
occurs in most rock types. In high-grade rocks, S2 is 
a well developed, penetrative schistosity with a 
prominent, moderately to steeply plunging mineral 
lineation. By contrast, in low-grade areas, S2 is a 
weakJy developed, spaced cleavage, and primary 
igneous textures are commonly preserved. 

Layered chert units in high-grade zones in the 
Ouketon and Yanda I greenstone belts, commonly 
contain a strong composite fabric (So-S2) with 
abundant steeply plunging, tight to isoclinal, 
intrafolial folds (F2). The fold axes are typically 
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subparallel to a prominent, combined intersection
mineral lineation (L2). A ~imilar, steeply plunging 
intersection lineation in quartzo-feldspathic gneisses 
close to the western margin of the Ouketon 
greenstone belt is interpreted to be the result of the 
intersection of SI with an intensely developed S2 
fabric. However, the lineation in the gneisses 
pitches at about 90° to its counterpart in the 
greenstones, suggesting that, in this area, the two 
rock units are on opposite limbs of a tight F~ fold . 

Second generation fahrics have been folded 
or reoriented during 0, and, in many areas, the 
foliation observed in outcrop is probahly a 
composite SrS3 fabric. Additionally, although F2 
folds are generally upright, it is unlikely that they 
were formed in this orientation as the greenstone 
belts have undergone intense deformation in 0,. It 
is very likely, as F3 folds arc shallow plunging, that 
S2 was originally shallow dipping hefore 0,. 

Third deformation event 
The last major penetrative deformation event 

(03) was largely responsible lor shaping the 
architecture of the greenstone belts. It resulted from 
north-northeast shortening and led to the formation 
of upright folds (F3) and north- to northwesterly 
trending shear zones, such as the Perseverance and 
Ockerburry Faults. It was a progressive 
deformation event during which the strain was 
increasingly partitioned into the developing shear 
zones. 

Outcrop-scale F, folds are typically upright 
and open to tight, with shallow plunging axes 
subparallel to a fine mineral lineation (L,). Many of 
the larger F3 folds, such as the Christmas Well 
anticline and the Lawlers anticline, plunge to the 
north at about 25° and are highly strained on the 
limbs. In the hinge zones of F3 folds located in high 
strain areas (such as the central part of the Duketon 
greenstone belt), the strong development of S~ and 
its overprinting of S2, results in a prominent 'pencil 
cleavage' due to the intersection of the two fabrics. 

In some areas, there is a shallow plunging 
crenulation lineation parallel to L, and the F~ fold 
axes. It is not clear if this was coeval with L3 or 
whether it represents a later structure formed during 
differential uplift of some . parts of the granite
greenstone terrain. 

Fourth deformation event 
The last recognisable deformation event 

resulted in the formation of small-scale, variably 
oriented kink folds and crenulations. These 
str-uctures are commonly associated with small
scale faults and quartz veins, and they occur in all 

rock types in the northern part of the Eastern 
Goldfields Province. 

Timing of metamorphism and magmatism 

Emplacement of large volumes of 
monzogranite in the northern part of the Eastern 
Goldfields Province is interpreted to have taken 
place syn- to post-D2 and pre-D3. Quartzo
fehJspathic gneisses contain F2 folds of S. 
leucosomes that are cut by small granite veins and 
pods with a weak S2 fabric. This indicates that 
granite emplacement began during O2. However, 
most of the larger bodies of monzogranite are 
relatively undeformed, suggesting that granite 
magmatism peaked after O2. In addition, the 
presence of deformed (03) granite-clast 
conglomerates in the Agnew-Wiluna (Jones Creek 
Conglomerate) and Ouketon greenstone belts, 
indicates that at least some of the monzogranites 
were emplaced and unroofed by the earliest stages 
of O~. There are also numerous smaller, late-stage 
granitoid intrusions, ranging from syenite and 
monzonite through to granodiorite. These intrusions 
appear to be relatively late in the tectonic 
development of the province as they are commonly 
weakJy deformed and, in some cases, appear to 
have intruded across 0 3 shear zones. . . 

Greenstone belts in the northern part of the 
Eastern Goldfields Province typically show a broad 
metamorphic zoning from greenschist facies (or 
lower) in the central parts, to amphibolite facies 
along greenstone margins and adjacent to granitoid 
intrusions (Binns et aI., 1976). The spatial 
relationship between metamorphism and granite 
intrusion suggests that there may be a direct genetic 
link between the two. Additionally, the common 
preservation of primary textures in low-grade rocks 
suggests that there was an extensive 'static-style' 
metamorphic event, possibly related to intrusion of 
the monzogranites. Although most amphibolite 
facies rocks are strongly deformed, igneous textures 
are pseudomorphously preserved in some cases, 
particularly in metagabbros. These textures have 
been largely overprinted by finer grained 0 3 fabrics, 
indicating that the 'static' metamorphism occurred 
prior to 0 ,. This is also consistent with the inferred 
timing of granite emplacement. 
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Geochronology of granitoids in the western 
Yilgarn Craton 
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A multimineral approach to the geochronology 
of granitoids can provide valuahle information 

regarding source, crystallisation, emplacement and 
cooling history of the felsic melL<;. 

It is well known that many zircons separated 
from granitic rocks contain xenocrystic cores (e.g., 
Pidgeon & Compston, 1993). Zircons are usually 
concentrated in felsic igneous, sedimentary and 
metamorphic rocks, therefore existence of these 
zircon cores points to felsic crust as a source of the 
granitoids. The age or ages of source rocks can be 
determined by dating the zircon cores. Oscillatory 
zoned zircons are a characteristic of zircon 
crystallised from a granite melt (e.g., Pidgeon, 
1992) and dating these zircons also dates granite 
crystall isation. 

Other V-bearing minerals such as monazite 
with a high closure temperature for Ph diffusion 
(Mezger, 1990), can also date granite 
crystallisation. However, minerals like titanite and 
apatite, with closure temperatures of V-Ph systems 
(Mezger, 1990) close to or lower than the granite 
solidus temperature can be used to investigate the 
cooling rate of the granitoids. 

When granitoids cool quickly after 
emplacement, . ages of different minerals are 
essentially the same within the analytical errors. 
However, the Darling Range batholith in the 
southwestern Yilgarn Craton represents the case of 
relatively long emplacement and cooling history and 
zircon, apatite and titanite show distinctly different 
V-Pb ages. The example of the Darling Range 
batholith illustrates an application of V-Pb 
geochronology of zircon, titanite and apatite to the 
study of granite source rocks as well as 
emplacement and cooling history of granitoids. 

Granite source rocks 

Most zircon grains from the Darling Range 
granite samples contain cores which sometimes 

show residual internal zoning when subjected to HF 
etching, however more often remain clear and 
unzoned under· the influence of HF vapour 
(Nemchin & Pidgeon, 1997). 

These clear cores are relatively low in U 
(200-GOO ppm) and Th (35-285 ppm) and at least 
15-20 Ma older then oscillatory zoned rims which 
developed around the cores and are interpreted as 
crystallised from the Darling Range granite melt 
(Nemchin & Pidgeon, 1997). This age difference 
argues against crystallisation of zircon cores from 
the same melt as oscillatory zoned zircon . and 
supports interpretation of cores as xenocrystic 
material. 

Most SHRIMP 207PbF06Pb ages for zircon 
cores are distributed between 2650 and 2690 Ma. 
However, most of the analysed samples contain 
zircon cores with the 207PbF06Pb ages more then 
2700 Ma, with oldest recorded age of 2866 Ma. 
Nine cores with the average age of 2801:t12 Ma 
where identified in one of the samples. 

207n!235U 

10.0 11.0 120 13.0 140 

Fig. 1 Concordia plot for zircon cores from the 
Darling Range granite. 

About seventy of the most concordant 
analyses of the zircon cores are shown in Fig. 1. 
Analytical points with 207PbF06Pb ages more then 
2700 Ma are discordant and apparently distributed 
along reverse discordia line, suggesting that at least 
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some cores are inherited from the source with the 
age more then 2700 Ma and possibly more then 
2866 Ma, which is in agreement with Sm-Nd data 
(Fletcher et aI, 1994) indicating that some source 
rocks can be as old as 3.0 Ga. Discordance of these 
analyses can be explained by partial lead loss. 
However, the trend made by analyses with 
207PbP06Pb ages more then 2700 Ma directed 
towards main group of data distributed near 
concordia within the age interval of 2650-2690 Ma. 
Therefore, this lead loss cannot be attributed to the 
modern processes and more likely to be the result of 
the Late Archaean event which probably related to 
the evolution of the Darling Range granites. 

The range 2650-2690 Ma can be broadly 
subdivided into two groups (Fig. 2) The first has 
207PbP06Pb ages between 2650 and 2670 Ma with a 
mean at about 2665 Ma, whereas the second shows 
the range from 2670 to 2690 Ma with a mean at 
about 2680 Ma. This suggests the possible 
existence of two younger sources for the Darling 
Range granite, with ages 2665 and 2680 Ma 
respectively. Alternatively this ages can represent 
stronger disturbance of V-Pb system than that in 
cores with ages more than 2700 Ma. 

14 

12 

10 
..... 8 = ::: 
0 6 U 
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2650 2660 2670 2680 2690 

207Pb/206Pb age 

Fig. 2 Distribution of the 207Pblo6Pb ages of zircon 
cores in the Interval 2650-2690 Ma. 

The following interpretations of V-Pb ages 
for zircon cores are equally possible: 

1: The rocks of at least four different ages 
were the source of the Darling Range granite melt. 
The youngest of these source rocks with the age of 
about 2665 Ma apparently was only 10-15 Ma 
older than the Darling Range granite itself. 
Whereas the age of other two can be more or less 
precisely estimated as 2680 and 2800 Ma, the age 
of the oldest source rocks is not well defined. It is 
apparently older than the oldest 207PbP06Pb age 

recorded in the zircon cores and could be as old as 
Sm-Nd model ages of about 3.0 Ga (Fletcher et aI, 
1994) or even 3.2 Ga determined by Newland & 
Compston (1981) in zircons from gneiss near the 
Jimperding Metamorphic belt 

This interpretation is supported by 
apparently bimodal distribution of 207PbP06Pb ages 
in the range of 2650-2690 Ma. Moreover, U and Th 
concentrations in the zircon cores are consistent 
with crystallisation of cores from a tonalitic melt, 
taking into account known distribution coefficients 
of U and Th between zircon and felsic melt (e.g., 
Mahood & Hildreth, 1983). This supports that 
zircon cores could be inherited from older tonalitic 
gneisses. Number of studies have shown that 
xenocrystic zircons in granites reproduce ages 
proposed for the source rocks (e.g., Williams, 1995; 
Pidgeon & Compston, 1993). 

2: The alternative explanation is that ages in 
the range 2650-2690 Ma as well as ages older than 
2700 Ma are distributed along the same discordia 
line and renect partial resetting of V-Pb system in 
the cores formed possibly at 3.0-3.2 Ga. This 
resetting took place at about 2650 Ma and could be 
triggered by generation of the Darling Range 
granite melt or processes such as high grade 
metamorphism which predated magma generation 
and was probably responsible for melting. 

The 2800 Ma age determined for some cores 
in one sample might represent separate source 
rocks. This interpretation is supported by observed 
remnants of zoned structure within clear 
unstructured material in zircon cores, which 
suggests the possibility of extensive 
recrystallisation before oscillatory zoned zircon 
surrounding these cores was formed from granite 
melt. Distribution of the points with the older ages 
along discordia line suggests that some if not all 
cores satisfy this interpretation. This explanation is 
also supported by observation of different ages 
within the same cores, which is hard to explain by 
existence a\" different sources, unless the oldest 
cores had more complex history. This requires that 
oldest cores were initially incorporated as xeno
crysts in 2665 Ma and/or 2680 Ma rocks, which 
later were the sources of the Darling Range granite 
magma. Therefore, this mechanism suggests the 
sequence of two episodes of crustal reworking in 
order to generate the Darling Range granite. 

If analyses in the age interval 2650 to 2690 
Ma are concordant, the first interpretation is 
preferable. Ilowever, if these analyses are slightly 
discordant . and distributed along discordia line 
together with the points older than 2700 Ma, 
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different proportion of resetting of U-Pb system in 
the cores of the same initial age is possible. 

Relatively high errors in U/Pb ratios make it 
impossible to distinguish between concordant and 
slightly discordant points and the two 
interpretations cannot be resolved on the basis of 
available SHRIMP data. 

A number of core fragments were analysed 
using conventional thermal ionisation mass 
spectrometry in order to obtain more precise U/Pb 
ratios (Fig. 3). The scatter of 207Ph/06Ph ages is 
higher then expected from analytical error, but the 
relatively large variations of U/Pb ratios, caused by 
recent lead loss prevent the possihility to 
reconstruct discordia line with the lower intercept at 
about 2650 Ma. On the other hand, all core 
fragments analysed so far are slightly discordant. 
Therefore, neither of two interpretations can be 
seleCted as a preferable for source of the Darling 
Range granite. 

0.54 

206Eb 
0.52 238u 

0.50 . ~600()" 

0.48 ~# 
0.46 ~o 

0.44 
~" 

IJ 207R!235u 
0.42 

9.0 10.2 11.4 126 13.8 

FIg. 3 Isotope dilutIon analyses of selected core 
fragments. 

Crystallisation of granitic melt 

Oscillatory zoned rims surrounding zircon 
cores were interpreted by Nemchin & Pidgeon 
(1997) as magmatic zircon formed during 
crystallisation of granite magma. These rims show 
high concentrations of U (1000-4000 ppm) and Th 
(300-6000 ppm) and very often are metamict as 
suggested from strong etching by HF vapour. The 
U-Pb systems are usually disco~dant. In addition 
oscillatory zoned rims are overprinted by strong 
recrystallisation which is several million years 
younger than zircon crystallised from granite melt 
and probably took place at the late stage of granite 
crystallisation. " 

Usual discordance of data points and 
recrystallisation make difficult the estimation of the 
true age of granite crystallisation. Even when most 
discordant analyses are rejected from the 
calculations, 207Pb/06Pb ages show scatter higher 
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than expected from analytical error. Ages of 
oscillatory zoned rims determined for several 
granite samples fall within the range of 2648-2626 
Ma (Nemchin" & Pidgeon, 1997) with apparent 
younging of the ages towards the western margin of 
the Darling Range batholith. The precision of the 
data limits our ability to determine whether 
crystallisation of granite magma occurred over the 
entire age interval or whether the granites were 
emplaced and crystallised during short stages within 
this interval. It is also possible that the younger 
ages are determined by mixing of recrystallised 
zircon with oscillatory zoned rims even within the 
volume of SHRIMP spot. 

The ages of recrystallised areas in zircons, 
which were interpreted as formed from the fluid 
enriched environment on the late stage of granite 
magma evolution, distributed between 2628 and 
2616 Ma (Nemchin & Pidgeon, 1997). This process 
was accompanied by significant loss of Th and 
radiogenic lead from recrystallised oscillatory zoned 
zircon. 

Cooling of the Darling Range granite 

Closure temperatures of U-Pb systems 
determined for titanite and apatite are close or lower 
then the temperature of granite solidus (e.g., 
Mezger, 1990; Cherniak et aI., 1991; Cherniak, 
1993; Krogstad & Walker, 1994) and therefore 
these minerals can be used to investigate the cooling 
history of granitoids. 

Titanite and apatite from the sample collected 
in the eastern part of the " Darling Range batholith 
show the ages of 2631±3 and 2629±6 Ma 
respectively. This ages are indistinguishable within 
the errors. The ages of zircon (2640±1 Ma), titanite 
(2631:t4 Ma) and apatite (2625±4 Ma) from the 
metamorphic rocks of the Jimperding 
Metasedimentary belt which terminates the Darling 
Range batholith at the east are similar to the ages 
determined for the same minerals from the eastern 
part of the batholith. However, samples collected 
near the western margin of the batholith show 
significantly younger ages for both titanite and 
apatite (2615±3 Ma and 2577±11). 

In considering cooling history the region can 
be divided, on the basis of U-Pb data, into an 
eastern and a western part (Fig. 4). In the eastern 
part metamorphic rocks of the Jimperding Belt 
follow the same cooling trend as the adjacent 
Darling Range batholith. The U-Pb data suggest 
that the granitoids and metamorphosed sediments 
were cooling together from at least 2640 Ma and 
were assembled together before this time. The 
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cooling rate for the eastern part or the batholith can 
be calculated as 26±15°/Ma. 
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Fig. 4 Temperature-time diagram showing 
accessory minerals separated from the 
Darling Range granite samples. 

Moreover, it is likely that the southwestern 
part of the Yilgarn Craton also formed at this time 
and all later processes have had only a minor 
intluem:e on continental crust formation in the 
region. 

Magmatic zircon, titanite and apatite from 
granite samples collected near the western margin 
of the batholith show younger ages relative to the 
samples from the east. 

As mentioned earlier U-Pb ages 'of the 
magmatic oscillatory zoned zircon are distributed 
within the time interval from 2648 Ma to 2626 Ma. 
This interval may represent a recrystallisation 
overprint or it may represent the extended period of 
crystallisation of zircon during relatively slow 
cooling of the granite magma. If this time interval 
for zircon crystallisation is real, the fact that the 
samples collected from the western part of the 
batholith have younger magmatic zircon ages can 
be explained in terms of two models: 

J. that granite emplacement in the west was 
younger than the east. 

2. granite emplacement was contemporaneous 
throughout the batholith but slow qJOling 
delayed zircon crystallisation in the western 
granites. 

A slow cooling model for the western granites 
suggests a deep level of emplacement of the granite 
magma in the crust. This model is supported by the 
observed cooling data . 

Whereas in the eastern part of the batholith 
the time difference between zircon and apatite is 
about 20 Ma, the same minerals show differences in 
age of up to 50 Ma for granite samples in the west. 
This can be explained by slower cooling of the 
rocks in the western part of the area and can be 
taken as support for a model where granite 
emplacement was broadly contemporaneous over 
the batholith but at a deeper crustal level in the 
west. 

If this was the case, zircons in the west 
apparently crystallised at the time when granite to 
the east was near the solidus (650°C). The time 
difference between the zircon and apatite in the west 
suggests a cooling rate of about 5±3°/Ma. 

Recrystallisation of zircon in the Darling 
Range granites 

As mentioned earlier, zircon grains from the 
Darling Range granites show evidence' of 
recrystallisation with accompanying elemental 
diffusion. If this is related to cooling it might be 
expected that the ages of recrystallised parts of the 
zircons in the granites from the west would be 
consistently younger than those to the east. 
However, such a distribution has not been clearly 
demonstrated from present results. This may be a 
real observation but as described above the 
uncertainties of measurements and the mechanism 
of Pb loss may combine to obscure any small age 
differences in the timing of processes causing the 
recrystallisation. The extent of recrystallised zircon 
within grains in a zircon population appears to be 
greater in the western granite zircons which is taken 
as support for a deep seated emplacement of these 
granites compared to those in the east. Moreover, 
the fact that the ages of recrystallised parts are 
close to or younger than the age of titanites 
supports the interpretation that these parts were 
crystallised in solid or almost solid rocks, because 
65UoC suggested as a blocking temperature of U-Pb 
system in titanite is also close to accepted solidus 
for granite melts. 
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Some petrogenetic implications 

The small degree of lead loss from the zircon 
grains as well as some analytical difficulties prevent 
solution of several problems related to the evolution 
of the Darling Range granite. Although that sample 
size for conventional isotope dilution analysis with 
the present level of Pb blanks and modern ion 
detectors is comparable to the size of SHRIMP 
spot, the ion microprobe provides much better 
opportunity to select the best area for V-Pb 
analysis. This is especially important for the grains 
with complex internal structure which reflects 
complex history. However, precision of Pb/V ratios 
obtained from individual SHRIMP analysis is too 
low to investigate small age differences and clearly 
distinguish concordant and slightly discordant data. 

As mentioned earlier, two interpretations of 
V-Pb data for zircons cores are equally possible. It 
seems to be important to resolve the problem, 
because either model can provide means for better 
understanding of granite source. 

If granite originated from multiple source 
rocks, the meaning of Sm-Nd data could be 
q~estioned, Geochemical modelling of melting 
process would also be difficult and variations in 
chemical compositions of the granites could be 
determined by variable proportion of mixing of 
melts formed from different source rocks. Existence 
of different ages within the same zircon core 
suggests that 2680 and/or 2665 Ma source rocks 
were formed from the oldest source and within the 
next 10-15 Ma were remelted to form The Darling 
Range granite magma. This means that original 
rock probably tonalitic gneiss was partially melted 
giving the melt apparently granitic or granodioritic 
in composition. This granitic rock was later the 
source of the Darling Range granite. It is difficult to 
say whether this intermediate stage of melting is 
valid from the petrological point of view. However, 
this mechanism requires very high proportions of 
melting in the crustal rocks, since either the 2680-
2665 Ma source was close in composition to 
original tonalite which suggests significant melting 
of this tonalite or it was granite in composition, 
which would require high degree of mc\ting to form 
the Darling Range granite magma. 

If 2650-2690 Ma cores renect Pb 
redistribution at about 2650 Ma, it seems to be 
feasible to suggest that generation of the Darling 
Range granite melt was responsible for such 
redistribution of V-Pb system. It is possible that 
zircon was partly dissolved in the mc\t. Remnants 
of the zircon which now present as the cores were 
recrystallised and some of V, Th and radiogenic Pb 
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were incorporated into the melt according to 
distribution coefficients. However, concentration of 
V and Th in zircon cores are too low to support 
observed concentrations of this elements in granite 
samples. This means that either the melt was not in 
equilibrium with zircons or source rocks contained 
other V-Th bearing ph~ses to contribute to the bulk 
distribution coefficients of V and Th. 

The next problem which remains unsolved 
with required degree of precision is the dating of 
exact time of granite emplacement. Oscillatory 
zoned zircons which date crystallisation of zircon 
from granite melt give 20 Ma scatter which can be 
attributed to analytical problems as well as to real 
difference between different samples of granite. 
High V contence and strong recrystallisation which 
prevent clear interpretation of analysed areas could 
be the reason for observed scatter. This leaves 
unanswered the question whether this mass of 
granitic. rocks was emplaced simultaneously over a 
short period of time or there were several pulses of 
granite emplacement. 

An other important question is what specific 
geological environment responsible for prolonged 
cooling of granitoids? This long cooling is quite 
difficult to explain from the point of view of the 
simple heat conduction. Is this type of slow cooling 
granitoids common or it is connected to certain 
periods of earth's history and/or specific tectonic 
setting? 

Conclusion 

A combined study of zircon morphology and 
V-Pb geochronology together with V-Pb ages of 
titanites and apatites reveals a complex origin, 
crystallisation and cooling history for the Darling 
Range granite. It is clear that a multi-phase 
approach is required to obtain the detailed 
temperature-time relationships necessary to 
understand the evolution of major granite bodies 
and their relationship to metamorphisc and igneous 
activity in surrounding rocks. 
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delamination and gold mineralization in· the 
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Centre for Strategic Mineral Deposits 
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Previous models which attempt to explain the 
. tectonic setting and genesis of Archaean lode

gold mineralization are based largely on studies of 
greenstone belts, which, in the Yilgarn Craton, 
comprise· less than 30 per cent of the terrain. 
Archaean lode-gold deposits have been shown to be 
crustal-scale (Groves, 1993), and any models for 
mineralization in the Yilgarn Craton must consider 
the remaining 70 per cent component, the 
granitoids. Further, alteration and isotopic studies 
on gold mineralization suggest that the ore solutes 
for gold mineralization contain a "granitoid" 
component (e.g., McNaughton et aI., 1990, 1992, 
1993; Mueller et aI., 1991; Ridley et aI., 1992, 
1996; McNaughton & Groves, 1996). A numher of 
studies on the high-level i1lternal granitoids which 
are spatially associated with gold deposits did not 
identify any direct genetic link between the high
level granitoids and gold mineralization (e.g., 
Perring, 1990; Cassidy, 1992; Wang et aI., 1993). 
Surprisingly, the deep-seated external granitoids, 
which comprise the dominant rock type in the 
craton, have been poorly researched. This project 
addresses this problem by detailed petrography, 
geochemistry, SHRIMP U-Pb zircon geochronology 
and radiogenic isotope studies on granitoids in the 
deepest exposed part of the Yilgarn Craton. 

A large, new, comprehensive database has 
been generated through this project (Oiu, 1997). A 
total of 170 samples were collected, of which 119 
were analysed for major, trace and Tare earth 
elements, 20 for SHRIMP U-Pb zircon 
geochronology, and 99 whole-rock and 25 K
feldspar for Pb-isotope compositions. In addition, a 
total of 31 whole-rock samples from greenstone 
belts and remnants, and eight pyrite samples from 
massive sulphide Ni deposits in the Forrestania 

greenstone belt were also analysed for Pb-isotope 
compositions. These data, together with their 
geological interpretation, were integrated into a 
digital GIS file which is compatible to Arcview 3.0 
and ARCINFO. Based on this database and 
available geological constraints, a new model for 
the tectonic setting of gold mineralization in the 
YilgarnCratonis proposed. 

Geological Setting 

The Yilgarn Craton comprises one gneiss 
terrane and three granitoid-greenstone provinces. 
The Eastern Goldfields, Murchison and Southern 
Cross Provinces are characterized by the 
predominance of greenstone belts and granitoids, 
whereas the Western Gneiss Terrane is 
distinguished from them by its predominant gneiss 
content and the presence of exposed old (>3.5 Ga) 
components (Gee et aI., 1981). The study area 
straddles the boundary between the South Western 
Gneiss Terrane and the Southern Cross Province, 
covering six 1 :250,000 GSW A map sheets, and is 
interpreted to represent the deepest crust exposed in 
the Yilgarn Craton: The study area is distinguished 
from other parts of the Yilgarn Craton by the 
presence of igneous charnockites and granulite
facies rocks. 

Geology, Petrography and Geochemistry 
of Granitoids 

Granitoid Classification 
Granitoids comprise over 90 per cent of the 

exposed rocks in the study area. A combination of 
kinematic, petrographic and chemical criteria is 
used for granitoid classification, with critical 
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constraints from SHRIMP V-Pb zircon 
geochronology. The granitoids can be broadly 
divided into four kinematic (pre-, pre- to syn-, syn
to late-, and post- tectonic) and four chemical (high
Ca, low-Ca, low-Ti and high-HFSE) groups. The 
term "tectonic" in the kinematic classification refers 
to ' the major compressional deformation event 
which appears to have occurred in most parts of the 
Yilgarn Craton at about 2.7-2.66 Ga. A total of ten 
granitoid suites/supersuites are recognized. These 
are: (1) pre-tectonic high-Ca tonalites to 
granodiorites; (2) pre-tectonic low-Ca granodiorites 
to monzogranites; (3) pre- to syn-tectonic high-Ca 
granodiorites; (4), syn- to late-tectonic high-Ca 
granodiorites and monzogranites; (5) syn- to late
tectonic low-Ca monzogranites and syenogranites; 
(6) post-tectonic high-Ca tonalites amI grano
diorites; . (7) post-tectonic low-Ca monzogranites 
and syenogranites; (8) post-tectonic low-'n monzo
granites to syenogranites; (9) post-tectonic high
HFSE monzogranites; and (10) post-tectonic 
igneous charnockites. 

Petrography and Geochemistry 
Pre- and pre- to syn-tectoinc granitoid 

gneisses comprise both mafic (tonalite and 
granodiorite) and felsic (syenogranite and 
monzogranite) granitoids which have a multiple 
deformation and metamorphic history, and are 
extensively intruded by syn- to late-tectonic 
granitoids and post-tectonic granitoids. Syn- to late
tectonic granitoids, comprising syenogranite to 
granodiorite, are characterized by deformation 
(tectonic foliation) and recrystallization. Most parts 
of the study area are intruded by post-tectonic 
granitoids which comprise over 50 per cent of the 
area. They occur as discrete plutons and large 
batholiths. Based on textural and mineralogical 
characteristics, granitoids of this group are further 
subdivided into four sub-groups: (l) even-grained, 
seriate and porphyritic biotite monzogranite plutons 
and batholiths; (2) hornblende-bearing 
monzogranite plutons; (3) garnet- (muscovite-) 
bearing syenogranite plutons; and (4) pyroxene
bearing granodiorite-monzugranite (charnockite) 
plutons'. 

Granitoids within each chemical group share 
many major- and trace-element characteristics. The 
granitoids in the high-Ca group have high CaO, 
AhO), Na20 and Sr, low K20 contents, 
K20/Na20> 1.0, Rb/Sr<l.O and Ba/Sr<2.75. The 
low-Ca granitoids have high K20, Th, U, lIt' and F 
contenl:S, low CaO, AhO~ and Na20, K20/Na20 
>1.0, Rh/Sr>l.O . and Ba/Sr>2.75 . The low-Ti 
granitoids have the highest Si02 contents, lowest Ti 

contents, high Rb/Sr and K20/Na20 ratios, and low 
Ba, Sr and LREE contents. The high-HFSE 
granitoids have the lowest Si02 contents and highest 
L1LE and I IFSE contents. ' 

The pre-tectonic high-Ca granitoid suite has 
relatively llat REE and multi-element primordial 
mantle-normalised abundance patterns . . All other 
granitoid suites have relatively flat to very steep 
REE and multi-element primordial mantle
normalised abundance patterns. All granitoid suites, 
except post-tectonic low-Ti granitoids and, to a 
lesser extent, post-tectonic high-HFSE granitoids, 
have consistent Nb, P and Ti depletions on multi
element primordial mantle-normalised abundance 
diagrams. Pre-, syn- and late-tectonic granitoid 
suites have absent or minor negative Eu anomalies 
in REE patterns, and lack Sr depletion in multi
element primordial mantle-normalised abundance 
patterns. The post-tectonic high-Ca granitoid suite 
has positive to nega~ive Eu anomalies in REE 
patterns, and shows variation in Eu, Sr and Y 
contents through evolution (fractional 
crystallization/partial melting). Post-tectonic low
Ca, low-Ti and high-HFSE granitoid suites have 
minor to strong negative Eu anomalies in REE 
patterns and Sr depletions in multi-element 
primordial mantle-normalised abundance patterns. 
Pre-, pre- to syn- and syn- to late-tectonic 
granitoids and post-tectonic low-Ca granitoids have 
comparahle REE patterns, but with increasing REE 
fractionation (steeper slopes) from pre- to post
tectonic granitoids. Post-tectonic high-Ca, low-Ti 
and high-HFSE granitoids have distinct REE 
patterns. 

Age, Radiogenic Isotope Composition and 
PetrogenesiS of Granitoids 

SHRIMP U-Pb Zircon Ages 
As defined by SHRIMP V-Pb dating of 

zircons, episodic granitoid magmatism occurred in 
the southern Yilgarn Craton from 2.85 to 2.63 Ga. 
Pre-tectonic granitoids have emplacement ages 
between 2.85-2.80 Ga. A pre- to syn-tectonic 
granitoid from Ghooli Dome is dated at 2.73 Ga. 
Syn- to late-tectonic granitoids have emplacement 
ages between 2.69 and 2.63 Ga. Post-tectonic 
granitoids have emplacement ages between 2.65 and 
2.63 Ga. 

Long-Lived Granitoid Magmatism 
A long-lived (50-60 m.y.) granitoid 

magmatic event, from ca 2.69 to 2.63 Ga, is 
identified . by SHRIMP V-Pb zircon age 
determinations of: (1) granitoids at the regional 
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scale; (2) different phases of granitoid samples at 
the outcrop scale; (3) concordant analyses from 
samples of the same pluton at the sample scale; and 
(4) concordant analyses from single zircon crystals 
at the single-crystal scale. 

Lead Isotope Data of Granitoids 
All the Pb-isotope data of granitoids in the 

area form a broad linear array in a common Pb
isotope diagram, but, in detail, the initial Pb-isotope 
ratios show considerable heterogeneity. 
Heterogeneous sources for these granitoids are also 
suggested by their large range of two-stage model 
source !.l values (8.17 to 8.58), present-day !!p 

values (2.0 to 44.0) and their large range of ThIU 
ratios. 

Petrogenesis of Granitoids 
The pre-tectonic high-Ca and low-Ca, syn

tectonic high-Ca, and syn- to late-tectonic high-Ca 
and low-Ca granitoids (suites 1 to 5) are calc
alkaline peraluminous granitoids, resembling 
Phanerozoic felsic I-type granitoids. They are 
characterised by high LREE, consistent Nb, P and 
Tidepietions, moderate to low two-stage model 
source !.l values (!.l=238UF04Pb) and present-day !!p 
values and multi-generation inherited zircons, and 
are interpreted to have been deriv~d from the same 
or similar, possibly tonalitic, source region through 
two or more stages of evolution. Post-tectonic low
Ca granitoids (suite 7) . have comparable REE 
patterns but with stronger REE fractionation, 
negative Eu anomalies, Sr-depletion, similar model 
source !.l values to the syn- to late-tectonic groups, 
variable modern !!p values and multi-generation 
inherited zircons. They are interpreted to have been 
derived from a source similar to that for the syn- to 
late-tectonic group, but at lower pressures, by three 
or more stages of evolution. Post-tectonic high-Ca 
granitoids (suite 6) are calc-alkaline metaluminous 
tonalites to granodiorites, with low Si02. and K20, 
and high CaO, MgO and Na20 contents. A more 
mafic source is inferred for this suite of granitoids. 
Post-tectonic low-Ti granitoids. (suite 8) are 
peraluminous leucocratic syenogranites and 
monzogranites, characterized by high Si02, flat 
REE patterns, strong negative Eu anomalies and Ba 
and Sr depletions, high model source !.l and IJp 
values, and a spatial assocIatIon with 
metasedimentary rocks. They are remarkably 
similar to the syn-collisional S-type leucogranites in 
typical collisional zoneS, such as the Himalayan 
belt, and to typical W-Mo-related leucogranitoids. 
Post-tectonic high-HFSE granitoids (suite 9) are 
metaluminous A-type monzogranites, and are 
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characterized by low Si02 contents and highly 
elevated LlLE and HFSE contents. The relatively 
low Si02 contents, metaluminous nature, low two
stage model source !.l values and the extreme 
enrichment of HFSE elements, compared to other 
granitoids in the region, suggest that a mantle
derived component was either directly or indirectly 
involved in the genesis of this suite of granitoids. A 
similar setting is inferred for the coeval igneous 
charnockites. 

Implications for Tectonic Evolution of the 
SW Yilgarn Craton 

Systematic SHRIMP U-Pb zircon, granitoid 
geochemistry and regional variation, radiogenic 
isotope data from this study, together with 
reinterpretation of published geophysical data, 
allow, for the first time, the identification of a late 
Archaean collisional orogeny which is coeval with 
the craton-wide lode-gold mineralization in the 
Yilgarn Craton. A new comprehensive tectonic 
model is proposed for the tectonic evolution of this 
part of Yilgarn Craton (Fig. 1; Qiu, 1997). This 
model involves the initial eastward subduction of 
oceanic crust which occurred prior to 2.7 Ga, a 
continent-continent collision between the South 
Western Gneiss Block and the Hyden Block 
between 2.69 and 2.63 Ga, and lithospheric 
delamination and asthenospheric upwelling during 
the waning stage of the collisional oroge~ybetween 
2.64 and 2.63 Ga (Fig. 2; Qiu et al., submitted). 
This model has important implications for the origin 
of regional metamorphism and granitoid 
petrogenesis in the Hyden Block, the stabilisation of 
the Yilgarn Craton, and, most importantly, the 
genesis of gold mineralization. 

Implications for Gold Mineralization 

J\ conceptual model is proposed which links 

the craton-wide main lode-gold mineralization event 
with the evolution of the collisional zone. The 
craton-wide lode-gold deposits are coeval· with the 
sudden increase in geothermal gradient caused by 
asthenosphere upwelling as a result of lithospheric 
delamination during the waning stage of collisional 
orogeny at ca. 2640-2630 Ma. This is the first time 
that a major tectono-magmatic event which is 
synchronous with the major· phase of lode-gold 
mineralization has been clearly defined. 
Furthermore, the scale of this· collisional event is 
compatible with the scale of the gold mineralization 
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event implied by the crustal continuum model 
(Groves, 1993). 

In addition, volcanic and intrusive rocks 
exposed in the Boddington region are consistent 
with their formation in an arc environment (Wilde, 
1990). The diorite-hosted gold mineralization at 
Doddington has been interpreted as a late-Archaean 

Stage 1 Pre-collision subduction: >2700 Ma 

Hyden Block 

---., ........... , e ".-;. __ -... Post·tectonlc hlgh-C " , 1 I I granitoids. hlgh-HFSE 
\ \ I I granitoids. Igneous 

Heat and magma Input c hornockltes 
from mantle 

Fig. 1 Schematic diagram to illustrate granitoid 
magma evolution In the SW Vllgarn 
collisional belt. 

equivalent of Phanerozoic porphyry-style Au-Cu 
deposit (Roth et aI., 1990; Roth, 1992). The diorite 
has been dated by SHRIMP U-Pb zircon techniques 
at 2714:t2 and 2696:t3 Ma (Roth, 1992). If these 
interpretations are correct, the diorite and the 
contained Au-Cu mineralization at Boddington can 
be related to the pre-collision suhduction process. In 
this case, both the world-class Boddington Au-Cu 
deposit and the craton-wide major phase lode-gold 
mineralization may be related to the evolution of the 
collisional orogeny. The conceptual model has 
important implications for gold exploration, both in 
the Yilgarn Craton and globally. 

Conclusions 

Detailed petrography, geochemistry, 
SHRIMP U-Pb zircon geochronology and 
radiogenic isotope studies on granitoids in the 

deepest exposed part of the Yilgarn Craton have 
identified structurally and chemically diverse suites 
of granitoids which are synchronous with the major 
phase of craton-wide lode-gold mineralization. Both 
the deep-seated gr~nitoids and the major phase of 
craton-wide lode-gold deposits are interpreted to 
be related to long-lived continental collision and a 

Pre-collision 
(>2700 Ma) 

Collision 
(shorteningl 
thickening) 
(2690-2640 Ma) 

Late-collision 
(lithospheric 
delamination) 
(2640-2630 Ma) 

------------- Late-collision 
(thinning/ 

. attenuation/ 
asthenospheric 
upwelling) 

_____ --__ ---- (2640-2630 Ma) 

Post-collision 
(ea 2630 Ma) 

Fig. 2 Schematic diagram to Illustrate collisional 
orogeny incorporatllng collisional shortening 
Ithlckenlng, lithospheric delamination, 
asthenospherlc upwelling, and orogenic 
collapse (illustrations are not to scale). 

subsequent short-lived lithospheric delamination 
tectono-magmatic event. 
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Granitoids in the Eastern Goldfields 

D.C. Champion 

Australian Geological Survey Organisation 
GPO Box 378 
Canberra, ACT 2601 ," 

Granites in the Eastern Goldfields Province 
(EGP) comprise greater than 60 percent of the 

total surface area and as such place strong 
constraints on the thermal and tectonic history of 
the region. As part of the National Geoscience 
Mapping Accord, hetween the Australian 
Geological Survey Organisation (AGSO) and the 
Geological Survey of Western Australia, 
petrological, geochemical and Sm-Nd studies of the 
EGP granitoids were undertaken to ascertain their 
distribution and composition, . to document all 
granitoid types and to investigate their petrogenesis. 
This paper focuses on the northern EGP, but 
presents results for the whole ·Province. 

Previous classifications 

Classifications in the EGP have previously 
been based on both granitoid and structural 
characteristics, notably gneiss, pre-folding and 
post-folding. (fable 1; Bettenay, 1977; Witt & 
Swager, 1989; Champion & Sheraton, 1993; Witt 
& Davy, 1997). Although the granitoids span at 
least 50 Ma in age and must encompass various 
structural states, recent geochronological data 
suggest that there is not a simple relationship 
between structural history and age. Inconsistencies 
include younger strongly deformed granitoids and 
gneisses (2.65-2.64 Ga), and older non-foliated 
granitoids (2.68-2.65 Ga), and prohably reflect 
diachronous deformation and/or strain partitioning. 
Similar results have been reported for Archaean 
terranes elsewhere (Villeneuve et aI., 1997). 
Conversely it is evident that granitoids of very 
similar geochemistry exhihit hoth a range of ages 
and a variety of structural states. Accordingly the 
EGP granitoids have been classified, primarily on 
the basis of geochemistry and petrography. 

Granitoid Groups 

Champion & Sheraton (1997) subdivided the 
northern EGP granitoids into five geochemical 

groups (rable 2). The relationships with some 
previous classification schemes are given in Table 
1; geological, and petrographic details are 
summarised in Table 2. 

The bulk of the granitoids are 
mineralogically similar, with well over 60 percent 
being hiotite-bearing granodiorites, trondhjemites or 
granitoids (fable 2). Granitoids from all groups 
exhibit a range of deformation and metamorphic 
fahrics (rable 2), including banded and/or 
migmatitic gneisses. 

The High-Ca and Low-Ca groups are the 
most dominant in the northern EGP, comprising 
over 60 percent and 20 ·percent, respectively,of the 
total granitoids. Both groups occur within and 
external to the greenstone belts. The High-HFSE 
(High-Field-Strength Element) and mafic granitoids 
and syenites form minor components of the northern 
EGP, together making up 10-20 percent of the 
granitoids, and appear to be restricted to within, or 
marginal to, the greenstone belts. The High-HFSE 
granitoids appear to be confined to a relatively 
narrow NNW-trending zone east of Leonora, 
associated with coeval and possibly comagmatic 
felsic volcanics (Hallberg & Giles, 1986). The 
syenites are generally small, lithologically and 
texturally diverse and locally layered. The Mafic 
Group is also lithologically diverse (fable 2). 
These granitoids are commonly more mafic than 
those of the other groups. The group includes a 
number of intrusives, e.g., the Granny Smith, 
Lawlers, Liherty and Porphyry plutons, that are 
either closely spatially associated with 
mineralisation or are themselves mineralised. 

Geochronology 

U-Pb zircon geochronolqgy of EGP 
granitoids (Hill et aI., 1992; L.P. Black, written 
comm., 1994; D. Nelson, 1995, 1996) indicates an 
apparent continuum between 2.7 and 2.63 Ga with 
a pronounced peak around 2.67 to 2.65 Ga. 
Although most data are for the High-Ca and Mafic 
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Table 1 Granite classification of Champion & Sheraton (1997) relative to other classifications. Sources: a -
External to or Internal within greenstones; b .- Bettenay(1977); c - Wyborn (1993): 1 - early banded 
gneiss and mlgmatlte; 2 - mafic tonalite to granite; 3 - granodiorite to granite; 4 - monzogranite to 
granite; d - pre- and post-folding supersuite classification of Witt & Davy (1997). 

Champion Internal/ Bettenal WybornC Witt & Davyd 
& Sheraton · External8 

High-Ca Intemal & Synkinematic, Groups 1,3 & 4 Wooigangie (Post) 
extemal postkinematic & Morapoi (Pre) 

banded gneiss 

Low-Ca Intemal & 
extemal 

Synkinematic & Groups 3 & 4 Wooigangie (Post) 
postkinematic 

High-HFSE Internal 

Mafic Internal 

Syenite Internal 

groups, it is evident that all groups span a range of 
ages (fable 2). The most recent dating (D. Nelson, 
written comm, 1996; L.P. Black, unpubl. data., 
1997) of Low-Ca and Syenitic granitoids in the 
northern EGP indicates ages of 2.65 to 2.63 Ga, 
suggesting that these two groups may on average be 
younger. 

All available EGP granitoid ages are 
contemporaneous with, or postdate, greenstone 
formation at 2.72 Ga and younger (Nelson, 1995). 
However, the granitoids (and volcanic rocks) 
contain evidence of various amounts of inheritance 
(I·Iiil et aI., 1992; Nelson, 1995, 1996), ranging in 
ages to from 2.69 Ga to greater than 2.9 Ga. This 
includes an inherited age~ of 2.8 Ga (L.P. Black, 
~ritten comm., 1994) recorded from a High-Ca 
granite in the Leonora region, suggesting that the 
granitoids, especially the High-Ca granitoids, 
contain a significant ~rustal component of this age, 
i.e., pre-greenstone felsic crust. 

Geochemistry 

Champion & Sheraton (1997) descrihe the 
geochemistry of about 1000 samples of the EGP 
granitoids. The following is summarised from that 
work. 

High-Ca Group' 
The High-Ca granitoids span a narrow 

compositional range (68-76% Si02), have high 

Al20 3 (2:15% at 70% Si02), moderate to high 
Na20, and moderate K20, Rb, Pb, Th and U.Nl 
exhibit negative Nb, P and Ti ~n()malies on 
primitive mantle-normalised (PM-N) muhi-elem~nt 
plo~s. Champion & Sheraton (1997) identified two 

Group 2 

Dairy (Post) 
Morapoi (Pre) 

Uberty (Post) 
Morapoi (Pre) 

Gilgama (Post) 

overlapping (and somewhat arbitrary) subgroups, 
based on Y contents. The subordinate high-Y 
subgroup (10- >25 ppm Y) has generally higher Nb 
and lower Sr, and Sr/Sr* (PM-N Sr abundance 
divided by the interpolated value obtained by 
averaging the normalised Ce and Nd, mostly <1.0) 
relative to the volumetrically-dominant low-Y 
subgroup (<to ppm Y). Sr is relatively high in the 
low-Y suhgroup and consistently lower for the 
high-Y suhgroup. The High-Y subgroup is also 
skewed towards higher LILE (Large-Ion Lithophile 
Elements) content'). Rb/Sr ratios are consistently 
low (generally <2). The granitoids show variable 
LREE enrichment and most have strongly 
fractionated REE patterns. The High-Ca granitoids 
(especially the low-Y subgroup) share many 
common features with typical Archaean Tonalite
Trondhjemite-Granodiorite (ITG) suites. The High
Ca granitoids are, however, more felsic, have higher 
LILE contents and lack the more mafic end
members found in most TTG suites. 

Low-Ca Group 
Relative to the High-Ca group the Low-Ca 

granitoids (68-76% Si02) have lower Al20 3, CaO, 
Na20 and Sr, and higher K20, Rb, Pb, Th, and U 
contents, and Rb/Sr ratios, for a given Si02 content. 
The LREE and HFSE, e:g., Zr, La and Ce contents 
are strongly enriched in the Low-Ca group, 
partiCularly in the more mafic end-members. Most 
granitoids have moderate y contents (10-30 ppm), 
but include a minor subgroup which are lower in Y 
. « 10 ppm). Therefore, the Low-Ca group also 
includes hoth Y-undep1eted and Y-depleted 
granitoids, . although both subgroups are Sr -depleted 
(Sr/Sr* < 0.5) reflecting both lower Sr and higher 
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Table 2 Geological, petrographic, Sm-Nd isotopic, and age data for granite groups of the Eastern 
Goldfields Province. Adapted from Champion & Sheraton (1997). 

Group LHhologles Fabric 

High-Ca granodiorite, Gneissic (locally migrnatitic), 
trondhjemite, granite foliated and/or lineated to 

non-foliated, feldspar-phyric 
to equigranular. 

Low-Ca granodiorite, granite Non-foliated to locally 
strongly foliated. Feldspar
phyric to equigranular. 

Area 

>60% 

>20% 

Fe-Mg 
minerals 

biotite, :t minor 
amphibole 

biotite, 
(:t fluorite) 

Age 
(Ga) 

2.71-2.645 

2.66-2.63 
(to 2.6%) 

Epsilon Nd 

-1.3 to +2.4. 
Mostly +0.2 to + 1.7 

-4.5 to +2.0. 
Strong zonation 

High
HFSE 

granite Foliated to non-foliated, rare 5-10% biotite 2.68-2.66 -2.0 to + 1.1 
gneiss, feldspar-phyric to (2 samples) 
seriate 

Mafic diorite, tonalite, 
trondhjemite, 
granodiorite, granite 

Foliated to non-foliated, 5-10% amphibole, . 
biotite, 

2.67-2.64 + 1.3 to +2.1 
amphibole-feldspar-phyric to 
equigranular . (:t pyroxene) 

Syenite syenite, quartz 
syenite,monzonite 

Foliated to non-foliated, <5% amphibole, 
pyroxene 

2.655-2.64 + 1.6 to +2.3 
locally gneissic, alkali 
feldspar:t amphibole-phyric 
to equigranular 

LREE. Systematic variations in Rb/Sr and KlRb, 
the latter decreasing to around 100-150, suggest 
that (;rystal fractionation was significantly more 
iinportant than in the High-Ca granitoids. 

High-HFSE granitoids 
The High-HFSE granitoids are very silicic 

(>74% Si02). They have low AhO~ like the Low
Ca granitoids, but· have CaO and K20 contents 
similar to those in the High-Ca group. For a given 
silica content they are significantly higher in Ti02, 

total FeO, MgO, Y, Zr, and Nb relative to other 
EGP granitoids, suggesting A-type affinities. 
However, LILE contents, especially Rh and Pb, are 
generally moderate to low. All High-HFSE 
granitoids are strongly Sr-depleted (Sr/Sr* <0.3) 
and Y-undepleted and exhibit marked negative Nb, 
Ti and P anomalies on PM-N multi-element plots. 

Syenitic Group 
Members of the Syenitic group (50-73% 

Si02) are clearly distinguished by their high Na20, 
K20, and total alkalies (> 10%). They are locally 
peralkaline and have generally lower mg numbers 
than other EGP granitoids. Ti02, AhO~, CaO, 
P20 5, LILE, HFSE and REE, show considerable 
scatter, reflecting both lithological heterogeneity 
and the presence of more than one geochemical 
subgroup. Although their Zr, Y, and Nb contents 
and Ga/Al ratios are variable, members of the 
Syenitic group are clearly A-type in character. All 
show marked Nb depletion on PM-N multi-element 
plots.' . 

Mafic Granitoids 
Thc Mafic granitoids include a var!ety of 

·igneous suites characterised by their lower (and 
variable) silica contents (50 to >70% Si02). 

Differences between the suites include large 
variations in LILE and the LREE, particularly K20, 
Sr, Ba, Th, U, Pb, La and Ce, whereas the HFSE, 
(Y and to a lesser extent Zr), contents are similar. Y 
generally decreases from undepleted levels (20 
ppm) in the mafic end-members to low «8 ppm). 
All Mafic granitoids show strong negative Nb, arid 
Ti anomalies on PM-N multi-element plots. SrlSr* 
is commonly around 1.0 with little correlation with 
Si02, although Sr appears to decrease for most 
suites. REE vary from strongly to moderately 
fractionated, reflecting different LREE contents 
betwecn suites. At higher silica contents the mafic 
granitoids, particularly those with moderate LILE 
contents, trend towards compositions similar to the 
High-Ca granitoids. 

Sm-Nd Isotopes 

Champion & Sheraton (1997) reported on an 
extensive database of Sm-Nd isotope analyses of 
granitoids from the northern EGP (Table 2). ENd 

values for the High-Ca granitoids range from -1.3 
to +2.4 (l9 analyses) with all but four between 0.2 
and 1.7. This. range, although greater than 
analytical error, constrains the High-Ca granitoids 
to have formed from a generally. isotopicaily 
uniform source. . Depleted-mantle model ages 
(single- and two-stage models) cluster strongly 
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around 2.8 to 2.9 Ga, and overlap with inherited 
zircon ages. ENd data for the Mafic and Syenitic 
groups, although limited, are generally similar to 
the High-Ca group (fable 2). ·It is evident that a 
large component of the source for the~e three 
groups must be relatively young, i.e., a significant 
part of the crust in the northern EGP was produced 
between 2.9 and 2.65 Ga. 

Champion & Sheraton (1997) showed that 
the Low-Ca granitoids exhibit a pronounced 
polarity spanning six ENd units, from primitive in the 
east (2.0), to evolved (-4.5) in the west, continuing 
west into the Southern Cross Province. Although 
limited (3 values), the ENd data for the IIigh-HFSE 
granitoids (-2.0 to 1.1), appears to fit with the Low
Ca group trend. Depleted-mantle models ages 
(single and two-stage) for both groups, vary from 
similar to the High-Ca group, (2.9-2.8 Ga), in the 
east, to significantly older in the west (>3.1 Ga). 
This· isotopic trend suggests either that the .Low-Ca 
source rocks become progressively younger to the 
east, spanning several hundred million years, or that 
they are a mixture of an older and a younger 
component with the latter becoming dominant 
eastwards. Regardless, the data provide convincing 
evidence for the existence of old continental crust, 
particularly in the western half of the EGP. 

Petrogenesis 

The High-Ca granitoids have marked 
compositional similarities, with the major 
differences being the variations in Y, Nb, and Sr. 
APart from higher LILE contents, the geochemistry 
of the dominant low-Y subgroup bears a strong 
resemblance to · the TrG suites common in 
Archaean terranes elsewhere. The combination of Y 
depletion and overall lack of Sr depletion is 
typically interpreted to indicate derivation from a 
relatively mafic source at pressures high enough to 
destabilise plagioclase and stabilise significant 
garnet in the residue after melting (Barker & Arth, 
1976; Martin, 1994, Champion & Sheraton, 1997), 
consistent with experimental studies (e.g., Rapp ct 
aL, 1991). Petrogenetic models commonly invoke 
this high pressure partial melting within thickened 
crust or within a subducting slab (Martin, 1994; 
Rudnick, 1995). As outlined by Champion & 
Sheraton (1997), however, there are some 
difficulties with these models if applied to the High
Ca granitoids. 

1) The presence of inherited zircons, and the 
relatively high LILE contents of the Iligh-Ca 
granitoids, implies, if slab-derived, either a 

subducted sedimentary component or an assimilated 
crustal component is required. 

2) the variation between Y-depleted, Sr
undepleted and Y-undepleted, Sr-depleted within the 
High-Ca granitoids suggest partial melting over a 
range of pressures (Barker & Arth, 1976), arguing 
against a source derived by partial melting of the 
slab unless accompanied by a significant 
contribution from another component or process. 

3) Seismic evidence from the southern EGP 
(Drummond ct aL, 1993), indicates that the present
day crust is too thin «40 Ian) and too felsic. This is 
contrary to what would be expected if the High-Ca 
granitoids were derived from a thickened crust 
leaving a mafic 'eclogite' residue unless this residue 
is seismically invisible or delaminated and returned 
to the mantle (Rudnick, 1995). 

There are other scenarios proposed for the 
High-Ca granitoids that could explain their Y and 
Sr contents, i.e., hydrous melting at more typical 
crustal pressures (Witt & Davy, 1997), 
'remagmatisation' of Y-depleted, Sr-undephited 
felsic crustal rocks, such as more typical TTG 
rocks (Wyborn, 1993), and fractionation of more 
mafic,. Y-untlepleted magmas (such as the Mafic 
group). All three scenarios have difficulties 
(Champion & Sheraton, 1997). Firstly, most 
available experimental data suggest that water
saturated partial melting produces melts with 
atypical granite compositions (e.g., Beard & 
Lofgren, 1991). Secondly, the 'remagmatisation' 
model is not supported by the apparent lack of a 
significant restitic component although some is 
clearly present (inherited zircons). Third, the great 
volume of fractionated residues required by the 
voluminous High-Ca group, militates against the 
fractionation model, as does the seismic evidence, 
i.e., a largely felsic crust (Drummond et al., 1993). 

No one model for the High-Ca granitoids is 
particularly compelling, although the most plausible 
three offer elegant solutions to specific aspects; i.e., 
slab melting and thermal budget, thickened crustal 
melting and the diverse Y contents, and· 
'remagmatisation' and the thinner crust and absence 
of mafic residues. Regardless of model, it is 
apparent that a not insignitlcant, older? (pre
existing), crustal component is required. 

The geochemical and Sm-Nd data for the 
Low-Ca granitoids clearly imply that they represent 
reworked crust. Champion & Sheraton (1993, 
1997) suggested that an appropriate source would 
be one comprised of less-siliceous Archaean TTG 
suite rocks. Certainly the trace element contents of 
the Low-Ca granitoids are consistent with such a 
source (Champion & Sheraton, 1993). Also, partial 
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melting of tonalitic rocks at crustal pressures 
appears to produce melts with major element 
compositions similar to the Low-Ca granitoids 
(Skjerlie & Johnston, 1992). If the Low-Ca 
granitoids were indeed derived from a TrG source 
then this points to a pre-existing crust of broadly 
tonalitic composition that was generated over 
several hundred millions of years. 

The silicic High-HFSE granitoids were also 
certainly derived from a crustal source. The 
decoupling of the LlLE appears to be a source 
characteristic, in particular, the comhination of low 
Rb and high Ba in these granitoids argues against 
both small degrees of partial melting and any 
extensive crystal fractionation, implying an inter
mediate to relatively more siliceous source with 
low-LILE contents. Although it is difficult to 
constrain the relative contributions of process 
versus source composition, it is apparent that the 
Low-Ca and High-HFSE groups have sampled 
distinct crustal sources, particularly with regard to 
the LlLE contents. 

The source rocks for the Mafic and Syenitic 
groups are more equivocal. It is possible that the A
type syenites were formed in a manner proposed for 
A-types granitoids in general, by high temperature 
crustal partial melting, along localised zones. Other 
models for syenitic rocks include mantle-derived 
melts involving metasomatism, crcrustal assimilation 
and fractionation. The compositional variations 
within the EGP syenites make it difficult to further 
constrain their origins. Eby (1990) has shown that 
individual A-type granitoid suites are characterised 
by constant Y/Nb ratios. The range in Yb/Nb for 
the EGP syenites (0.3-10) suggest a corresponding 
range in source compositions or processes. 

Petrogenetic models for the Mafic granitoids 
largely involve crustal protoliths with or without a 
mantle component (e.g., Foden et aI., 1984; Witt & 
Swager, 1989). The variation in LlLE and LREE 
within the Mafic group indicates that at least two 
source components (mantle and/or crustal), with 
similar ENd, are required. One possihle model would 
be partial melting of a mafic source (producing 
High-Ca type melts) in combination with varying 
amounts of a more mafic LlLE-emiched 
component. It is noteworthy, in this regard, that the 
more felsic end members of the Mafic group are 
chemically similar to the High-Ca group. 

Tectonic environment 

The data for the crustally-derived Low-Ca 
and High-HFSE granitoids indicate the presence of 
old continental crust in the western EGP and 
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significantly younger crust in the east. The 
transition between the two is either gradational or a 
mixture of the 2 end-members. The geochemistry 
of these source rocks must be similar, probably 
much like typical TTG suites found in other 
Archaean terranes. This crust may have been 
produced by arc-related lateral growth (3.1 Ga and 
younger), and/or amalgamation of a number of 
smaller plates (before 2.66), prior to reworking (at 
2.66 to 2.63 Ga) to form the granitoids of the Low
Ca group. On the other hand the volumetrically 
dominant granitoids of the High-Ca group appear to 
have derived by partial-melting of a largely mafic 
source at high pressures, either by a single stage, 
(e.g., slab-melting), or two-stage process, (e.g., 
thickened mafic crust or restitic; Champion & 
Sheraton, 1997). The timing of this crustal growth 
is model dependent and may have occurred at any 
time from several hundred million years earlier up 
to the time of formation of the High-Ca group (2.69 
- 2.64 Ga). The geochemistry of the High-Ca 
granitoids, however, requires some input from pre
existing continental crust, and appears to be 
inconsistent with derivation from a number of small 
tectonic plates. For example, the High-Ca 
granitoids contrast with granitoids in the Abitibi 
greenstone belt which have compositions consistent 
with a juvenile nature, in particular, low LlLE 
contents (Feng & Kerrich, 1992). 

The voluminous granitoid generation (at 
2.69-2.64 Ga and younger?) may have occurred in 
response to both mantle plume activity at around 
2.705 Ga (Nelson, 1995) and later? .convergent 
tectonics. Some addition of mantle-derived material 
(the mafic granitoids) may also have occurred 
during this period. Some form of mantle plume 
would appear to be necessary to explain the 
komatiitic volcanism (Campbell & Hill, 1988). 
Whether such a plume could have produced the 
major thermal input that was clearly necessary to 
account for the later voluminous 2.69-2:63 Ga 
granitoids, as suggested by Hill et al. (1992), is 
unclear. The widespread, possibly diachronous, 
major compressional deformation that occurred 
throughout the Eastern Goldfields during at least 
part of the granitoid event is more consistent with 
convergent tectonics. Such a scenario is also more 
consistent with the chemistry and petrogenesis of 
the High-Ca granitoids, and suggests that if an 
earlier plume was present it may have been 
relatively short lived. 

The syenitic and High-HFSE granitoids 
appear to have formed in direct response to 
localised tectonic events, .such as extension and/or 
rifting, (Hallberg & Giles, 1986), but more 

© Australian Geological Survey Organisation 1997 



76 

geochronology will be required before the timing 
and mechanism of their generation can be better 
constrained. 
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Archaean volcanogenic massive sulphide 
deposits: review and critical controls 
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V olcanogenic massive sulphide (VMS) 
deposits-a class of mineral deposits hosted 

by or associated with submarine volcanic rocks -
are unusual for the wide variety of metals that they 
contain. Copper, zinc and lead are the major 
products, but silver, gold and tin are common by
products. This variety of metals results from the 
diverse magmatic, volcanic and hydrothermal 
processes that form VMS deposits. 

Although they occur through geologic time, 
VMS deposits are very abundant during the 
Neoarchaean era, particularly in the Canadian 
shield. Although the Archaean of Western Australia 
shares many similarities to the Canadian shield, it is 
not as well endowed with known VMS deposits. 

To address this disparity, this paper reviews 
critical controls on VMS formation, and compares 
the age and productivity distributions of Archaean 
VMS deposits in Canada and Australia. It also 
discusses geochemical techniques that have been 
used to establish the fertility of volcanic belts for 
VMS deposits and summarises of mappable criteria 
that can be used as guides in VMS exploration. 

Volcanogenic massive sulphide deposits -
a mineral systems approach 

Processes that concentrate metals to form 
mineral deposits and the rocks in which they occur 
constitute a "mineral system" (Wyborn et aI., 
1994), which can be subdivided as follows: (1) the 
heat source; (2) the "plumbing" system; (3) the 
sources of ore fluid components such as water, 
chloride, sulphur and metals; (4) the site of metal 
deposition; and (5) the outflow zone. 

The heat source 
Even though temporal links are rarely 

demonstrated, sub-volcanic intrusions are inferred 
as the heat source driving fluid circulation in VMS 
mineral systems. In cases where a temporal link has 
been established (e.g., Panorama, Western 

Australia: Brauhart et aI. , in review; Noranda, 
Quebec: Kerr & Gibson, 1993; Sturgeon Lake, 
Ontario: Morton et aI., 1991), these intrusions 
generally have a tonalitic or trondhjemitic 
composition and a sill-like shape. In most districts, 
the intrusion is polyphase, has a thickness of 1-3 
km, and intrudes 1.5-3 km below the ore 
position(s). These intrusions can drive convection 
of hydrothermal fluid roughly equivalent to their 
mass (Elder, 1977). Interestingly, sub-volcanic 
intrusions have not been documented in many of the 
world's largest VMS districts. 

The "plumbing" system 
Permeable zones in mineral systems form a 

"plumbing" system allowing ore fluid from its 
source to the site of metal deposition. The passage 
of hydrothermal fluids through rock is best recorded 
by mineralogical, geochemical and isotopic changes 
that occur during fluid-rock interaction. Although 
these changes are well documented close to VMS 
deposits, district-scale alteration zoning has been 
documented systematically in only a few districts. 

District-scale alteration zones tend to be 
semi-conformable; in some districts, the semi
conformahle zones pass into transgressive zones 
that underlie VMS deposits (Galley, 1993; Brauhart 
et aI., in review). Alteration assemblages in district
scale alteration zones are highly variable, and 
include zeolite-bearing, chlorite-bearing, sericite
bearing, epidote-bearing, and highly siliceous facies 
that can be either feldspar-bearing or feldspar-free. 
Regional zones of high temperature fluid flow are 
also characterised by low 6180 (Cathles, 1993). 

In contrast to district-scale wnes, proximal 
alteration zones are well documented (Franklin et 
aI., 1981). These zones are transgressive, texturally 
destructive, contain feldspar -destructive alteration 
assemblages of chlorite, sericite and quartz, and are 
characterised by depletions in sodium and 180, and 
gains in iron and magnesium. 
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Seawater "Black smoke" plume (outflow zone) 1000 m 
(source of water Syn-volcanic fault 

chloride and sulphur) (plumbing system) 
Fallout from plume 

(outflow zone) 

Fig. 1 Schematic diagram illustrating the VMS mineral system. 

These relationships indicate that district-scale 
fluid flow in VMS districts is conformable, only 
becoming transgressive helow deposits. This flow 
pattern is consistent with convection cells developed 
in a sub-aqueous, permeable volcano-sedimentary 
rock pile heated by a sub-volcanic, sill-like 
intrusion. In the case of homogeneous permeability, 
the surface spacing of upl10w zones associated with 
convection cells is 3.8 times the depth of intrusion 
(Lapwood, 1948). This geometric relationship may 
explain the systematic spacing of deposits in some 
VMS districts (Solomon, 1976). 

Due to complex inter-relationships of rock 
units and the occurrence of syn-volcanic faults, the 
permeability of sub-aqueous volcano-sedimentary 
complexes is highly heterogeneous. lIence, t1uid 
110w and ore deposition may be controlled by local 
structures and volcanic facies changes. Syn
volcanic faults localise deposits in many VMS 
districts (e.g., Kerr & Gibson, 1993). Systematic 
variations in host unit of massive sulphide thickness 
or metal zonation may indicate locations of these 
faults. The permeability of the units underlying 
VMS deposits controls the morphology of deposits: 
deposits developed over impermeahle lavas (e.g., 
Noranda; Kerr & Gibson, 1993) tend to he mound
like, with restricted stringer zones; whereas deposits 
formed over permeable volcaniclastic units (e.g., 
Mattabi; Morton et aI., 1991) tend to he blanket
like, with laterally extensive alteration zones. 

The sources of ore fluid components 
According to "conventional wisdom", VMS 

ore nuids and chloride derive from circulating 
seawater, ore metals are leached from the rocks 
through which the seawater circulates, and sulphur 
originates from both sources (e.g., Franklin et aI., 
1981). However, VMS deposits have not been 
spared the "magmatic" bandwagon now sweeping 
economic geology: recent papers (e.g. Huston et aI., 
1995; Large et aI., 1996) argued a magmatic origin 
to some or all components of VMS ore fluids. 

Source of water: Oxygen isotope studies 
indicate that the main source of water in VMS ore 
11uids is seawater that has undergone isotopic 
exchange with rock in the lower temperature parts 
of convection cells (Munha et aI., 1986). However, 
hydrogen isotope data from some deposits are 
consistent with a contribution of up to 25% 
magmatic-hydrothermal fluid, although processes 
such as phase separation could also account for 
these data (lluston, 1997). 

Source of chloride: The chlorinity of VMS 
nuids, as measured from fluid inclusions and active 
seal100r vents, is typically elevated relative to 
seawater (e.g. , de Ronde, 1995). This implies that 
unmodified seawater is not the sole source of 
chloride in VMS fluids: either seawater underwent 
phase separation deep in the circulation cell, or high 
salinity magmatic-hydrothermal fluids have been 
incorporated into a seawater-dominated ore fluid. 
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Source of sulphur: Sulphur isotupes 
(Solomon et aI., 1988) and Se/S ratio~ of pyrite 
(Huston et aI., 1995) have demonstrated that the 
dominant source of sulphur in Phanerozoic deposits 
is partially-reduced seawater sulphate. However, in 
more copper-rich deposits, up to 25% of sulphur 
derives from leached volcanic rock or magma. 

The sulphur isotope characteristics of 
sulphide minerals from Proterozoic am) Archaean 
deposits are more uniform than Phanerozoic 
deposits, with b34S values of around 0%0 (Huston, 
1997). Eastoe et al. (1990) used this characteristic 
to argue that dissolved volcanic sulphur is the major 
sulphur source in Proterozoic (and Archaean) 
deposits. These data are also consistent with a 
direct magmatic-hydrothermal source. 

Sources of metals: Lead isotope studies of 
VMS ores and potential source rocks are the best 
indication of the sources of lead, and possibly other 
metals, in VMS mineral systems. In the Hokuroku 
district of Japan (Fehn et aI., 1983) zinc-rich ores 
have lead isotope characteristics consistent with 
derivation mainly from the basement, the expected 
zone of leaching in a convecting cell (Fig. 1). In 
contrast, copper-rich ores have isotopic features 
indicating that the lead was derived mainly from 
volcanic rocks underlying the deposits or possibly 
from their parent magma. 

The site of metal depositon 
The primary mechanism of ore deposition in 

VMS deposits is the mixing of hot hydrothermal 
fluids with cold seawater at or just under the 
seafloor. Because of the mechanism of are 
deposition, VMS deposits are generally restricted to 
specific stratagraphic horizons, which represent 
periods of slow or non-deposition of sediments, 
allowing the accumulation of sulphide It;!nses. 

In detail, the process of ore deposition is 
complex and dominated by a process termed "zone 
refining" (Eldridge et aI., 1983; Pisutha-Arnond & 
Ohmoto, 1983). Early in the life of a VMS mineral 
system, zinc, lead and silver are deposited from 
relatively low temperature «200-300°C) fluids by 
quenching. As the mineral system heats up, higher 
temperature (>300°C) fluids dissolve zinc and 
associated metals from the base and move them to 
the top of the growing lens. Copper precipitates at 
the base of the mound to produce the metal zonation 
seen in most VMS deposits. 

Water depth is an important factor that may 
affect metal assemblages in VMS deposits. To 
prevent boiling of higher temperature (>300°C) 
copper-bearing ore fluids, a water depth of at least 
1000 m is required. In contrast, a depth of unly 450 
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m is required to prevent very low temperature 
(200°C), zinc-mineralising fluids from boiling (cf. 
Pisutha-Arnond & Ohmoto, 1983, Fig. 9). This 
suggests that Zn-rich, Cu-poor deposits can form at 
shallower depths than Cu-rich deposits. 

The outflow zone 
The discovery of black smokers, modern 

analogues of VMS deposits, indicates that a large 
portion of metal carried by VMS ore fluids can be 
lost as "smoke" into the overlying water column 
(Rona, 1984). In some VMS districts, precipitates 
from this effluent "smoke" are incorporated into 
chemical sediments that occur along mineralised 
horizons lateral to VMS deposits. These 
"exhalites", when present, may show increases in 
the concentrations of ore and related elements 
towards deposits (e.g., Peter & Goodfellow, 1997). 

If a sulphide lens is buried prior to cessation 
of mineralisation, continued hydrothermal activity 
may lead to the formation of stacked ore lenses 
and/or extensive hydrothermal alteration of hanging 
wall rocks. These relationships are well illustrated 
in the Noranda district, where lava flows repeatedly 
covered actively forming VMS deposits. At the 
Amulet deposit, ore lenses occur at three positions 
along a -300 m wide, discordant alteration pipe 
(Kerr & Gibson, 1993). At the Ansil deposit, a 
pipe-like feldspar-destructive alteration zone 
extends -600 m above the ore lens. Although 
stacked lenses are not developed at Ansil, extensive 
zones of stockwork sulphides occur within the 
hanging wall alteration zone (Galley et al., 1995). 

Intrusion depth, cell size and district 
productivity: are they related? 

As discussed above, the model spacing of 
VMS circulation cells is about 3.8 times the depth 
to a sub-volcanic sill. For this geometry, the 
convection cell size, and the volume of rock leached 
by hydrothermal fluids, increases as the cube of the 
depth to intrusion. This suggests that the depth of 
intrusion may determine productivity of metals 
leached from the convection cell. 

Archaean VMS deposits-variations in 
productivity in time and space 

The Neoarchaean Era (2.6-2.8 Ga) was one 
of the most prolific periods of the earth's history for 
the formation of VMS deposits. The period of 
prolific VMS formation is very narrow, particularly 
in the Canadian Shield. The 35.8 Mt total base 
metal resource of the Superior Province formed 
over a period of 40 Ma, from 2.738 Ga (South Bay; 

© Australian Geological Survey Organisation 1997 



80 

Nunes & Thurston, 1980) to 2.698 (Noranda; Kerr 
& Gibson, 1993). The ages of Superior Province 
deposits also vary spatially: deposits outside the 
Abitibi Subprovince are older than those in the 
Abitibi Subprovince, and deposits in the Abitibi 
Subprovince increase in age from south to north. 

VMS deposits in the Yilgarn and Pilbara 
Crations are significantly older (Fig. 2); only the 
Teutonic Bore deposits in the Eastern Goldfields 
Province (2.690 Ga; Barley, 1995), has a similar 
age to the Canadian deposits. Archaean VMS 
deposits elsewhere in Western Australia occur at 
2.95 Ga, 3.10 Ga, 3 .. 26 Ga and 3.47 Ga; the 2.95 
Ga group (Golden Grove (Murchison Province) and 
Whim Creek (Pilbara Craton) districts) is the most 
significant (3.1 Mt total base metal). 

30 I 

Neo- o Slave 
archaean o Superior (non-Abltibij 

• Superior (Abitibi ; 3.161) 

25 ;- • Pilbara 
• Eastern Goldfleldll (0.007) 
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~ 
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+ 
C 
N 
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5 
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Fig. 2 Archaean VMS base metal reseources as 
through geologic time. Resources for which 
age data are not available are Indicated in 
parentheses. 

Breakdown of VMS productivity data by 
geologic province indicates that the Superior 
Province by far is the most productive region. 
However, most of this resource is from the Abitibi 
Subprovince (30.5 Mt total base metal): the rest of 
the Superior Province has total base metal 
resources of only 5.3 Mt. The Murchison (2.9 Mt) 
and Slave (3.4 Mt) Provinces have similar base 
metal endowments, which are larger than that of the 
Pilbara Craton (1.2 Mt) and significantly larger 
than that of the Eastern Goldfields Province (0.4 
Mt). These data suggest that, in terms of VMS base 
metal endowment, the Abitibi Subprovince is 
anomalously high, the rest of the Superior Province, 
the Slave Province, the Murchison Province and 

possibly the Pilbara Craton are "normal", and the 
Eastern Goldfields Province is anomalously low. 

Tectonic controls on VMS productivity 
Because of its low apparent endowment, the 

question arises whether the Eastern Goldfields 
Province is intrinsically impoverished in VMS 
deposits or is underexplored. A possible reason for 
the apparent poor VMS endowment of the Eastern 
Goldfields is its tectonic setting. Eastern Goldfields 
volcano-sedimentary belts formed as rifts in sialic 
crust (Swager, 1997). This contrasts with the arc 
tectonic setting inferred for Superior Province 
greenstone belts of (Poulsen et al., 1992). It could 
be argued that the Eastern Goldtields Province is 
impoverished in VMS deposits because it was 
constructed on a sialic basement. However, ensialic 
rifts host the VMS deposits in the Slave Province 
(Padgham, 1992), the Iberian Pyrite Belt (Munha, 
1979) and the Bathurst, New Brunswick district 
(van Staal, 1987). An ensialic rift environment is 
not a viable reason for the poor VMS endowment of 
the Eastern Goldfields Province. Perhaps it is 
underexplored . 

Geochemical indicators of VMS fertility 

Lesher et al. (1986) first suggested that felsic 
rock geochemistry could indicate the fertility of 
volcanic belts for VMS deposits. They classified 
felsic volcanic rocks from the Superior Province 
into groups (fable 1) based on rare-earth element 
pattern slopes ( [La/Yb ]CN), europium anomalies 
(EulEu*) and Zr/Y. Barren belts are characterised 
by higher values for these parameters compared to 
mineralised belts (fable 1). Extension of these 
fertility criteria to other Archaean belts may not be 
appropriate: some Western Australian Archaean 
districts (Mons Cupri and Golden Grove) occur in 
belts with barren and/or mixed signatures (Lesher et 
aI. , 1986; Whitford & Ashley, 1992). 

Table 1 Characteristics of felsic volcanic rocks from the 
Abitibi Subprovince (Lesher et al., 1986) 

Group 
PI Barren 
PH Weakl y mineralised 
FIlla Strongly mineralised 
FJIlb Strongly mineralised 

[La/Yb]cN 
6-34 
2-6 
1-4 
1-4 

Eu/Eu* 
0.87-2.0 
0.35-1.4 
0.37-0.94 
0.20-0.61 

Zr/Y 
9-31 
6-11 
4-7 
2-6 

Another geochemical fertility indicator uses 
zircon saturation to estimate rhyolite emplacement 
temperatures (Barrie, 1995). Rhyolite associated 
with VMS deposits has higher temperatures than 
rhyolite from barren volcanic belts. 

Huston et al. (1996) showed correlation betw-
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Table 2. Geological, geochemical and isotopic features favourable for VMS exploration. 

Area selection District-scale exploration Prospect-scale exploratioll 

Geologic 
features 

Sub-marine volcanic environment Semi-conformable alteration zones 
passing to transgressive zones 

Transgressive chlorite- and/or 
sericite-bearing alteration zones 

Sub-volcanic intrusions 
(preferably polyphase sills) 

Mineralised stratigraphic breaks Systematic mineralogical 
variations in alteration zones 

Semi-conformable alteration 
zones 

Syn-volcanic faults and variations 
in volcanic facies 

Hanging wall alteration zones 

Back-arc rift or .ensialic rift 
tectonic environment 

Regular spacing of VMS deposits Stacked massive sulphide 
lenses 

Similar volcanic age to other 
regional VMS districts 

Geochemical 
features 

Types II, IlIa or IIIb rhyolites 
(Lesher et aI., 1986)* 

Increases ore-related metal 
abundances in "exhalites" 

Sodium depletion anomalies 

High rhyolite emplacement 
temperature from zircon 

thermometry (Barrie, 19(5)* 

Base metal and volatile element 
anomalies 

Ba<;e metal anomalies 

Sodium depletion anomalies Variations in metal zonation, 
metal ratios and ore thickness 

Isotopic 
features 

Felsic volcanic rocks with high 
(9-12%n) quartz phenocryst biRO 

(Huston et aI., 1996) 

Regional zones of low whole rock Transgres.<;ive zones of low 
whole rock &180 - & 180 

*May not be applicable outside the Superior Province. 

een VMS zinc productivity and quartz phenocryst 
6180 from cogenetic rhyolitic rocks. 

Mappable criteria and exploration guides 

Essential ingredients identified as part of the 
mineral system can he converted into mappable 
criteria, which, in turn, can he used to identify 
exploration guides at the area selection, district and 
prospect stages of exploration. Tahle 2 summarises 
mappable ingredients which potentially can he used 
as guides at various stages of VMS exploration. 
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VMS deposits in the Archaean of Western 
Australia: guides for exploration 

M.E. Barley 

Centre for Strategic Mineral Deposit Research 
Department of Geology and Geophysics 
The University of Western Australia 
Nedlands, WA 6907 

The granite-greenstone terranes of the Pilbara 
and Yilgarn Cratons in Western Australia 

contain a number of volcanic-hosted, base-metal 
sulphide deposits. This type of deposit is an 
important exploration target in Archaean terranes 
world-wide for Cu-Zn-Pb-Au and Ag. The 
following brief descriptions of the more important 
Australian examples of this type of deposit are 
presented as aids for exploration. 

The Pilbara Craton 

Greenstone belts In the Pilbara Craton 
contain volcanic and sedimentary successions which 
range in age from -3.52 to 2.9 Ga. Within the 
-3.45 Ga Warrawoona Megasequence, in the east 
Pilbara, massive sulphide mineralisation is 
associated with intermediate to silicic calc-alkaline 
volcanic rocks at Big Stubby and Lennons Find. 

Mineralisation at Big Stubby consists of 
subvertical lenses containing sphalerite, galena, 
pyrite and barite, within chert horizons (Reynolds et 
aI., 1975; Sangster & Brook, 1977), interlayered 
with tuffaceous turbidites and overlying a sequence 
of tuff breccias with minor intercalated 
volcaniclastic conglomerate and tuff. The oldest 
known volcanic hosted massive sulphide deposit, 
Big Stubby has more in common with Kuroko Zn
Pb-Cu deposits, in terms of its mineralogy and 
metal contents, than it does with most other 
Archaean volcanic-hosted massive sulphide deposits 
(d. Franklin et aI., 1981; Barley, 1992). Davies & 
Blockley (1990) quote reserves of 0.1 to 0.2 million 
tonnes of 13.8% Zn, 4.5% Pb, 0.2% Cu and 
305ppm Ag, with Zn-rich mineralisation, which 
typically contains several percent barite, 
stratigraphically above . Cu-rich mineralisation 
(Reynolds et aI., 1975). Lenses of conformable Zn
Pb-Cu mineralisation also occur at I ~ennons Find 
(also called Yandicoogina) in intermediate to silicic 
volcanics that have experienced amphibolite facies 

metamorphism. Galenas from Big Stubby and 
Lennons Find yield model ages of between 3400 
and 3500 Ma (Sangster & Brook, 1977; Richards, 
1983). 

Significant discoveries of massive Zn-Pb-Cu 
sulphide mineralisation have recently been made at 
Sulphur Springs in the Strelley Belt approximately 
50 km to the west of Marble Bar. Mineralisation at 
Sulphur Springs has a Pb-Pb galena age of 3257 1: 

8 Ma (Vearncombe et aI., 1995), is barite-rich and 
occurs at the top of a sequence of deep-water silicic 
volcanic and intrusive rocks and associated 
sedimentary rocks. Mineralisation comprises 
massive Zn sulphide-rich lenses with typical 
upwards zonation of Cu to Zn-Pb and locally 
developed underlying stringer mineralisation 
(Morant, 1995; Vearncombe et al.,1995). Published 
identified mineral resources at Sulphur Springs are 
3.3 million tonnes 11% Zn, and 2.9 million tonnes 
4% Cu. The mineral assemblage includes pyrite, 
sphalerite, chalcopyrite, galena, tennantite, 
arsenopyrite, barite, pyrrhotite and quartz. Barite 
and galena are associated mainly in the upper and 
outer parts of the deposits. Pyrite is abundant and 
generally encloses the economic sulphides. 
Cryptocrystalline quartz and barite are the gangue 
mi!lerals. The massive sulphides display a range of 
macro- and micro-scale textures which are similar 
to those found in black smoker chimneys and 
hydrothermal sulphide mounds on the modern ocean 
floor (Vearncombe et aI., 1995). The stringer 
mineralisation comprises veins of quartz, pyrite and 
chalcopyrite, minor sphalerite and carbonate. 
Alteration zones comprising carbonate, sericite and 
chlorite are confined to the footwall volcanic rock. 
The texture and geochemistry of the Sulphur 
Springs gossan are described by Pickard (1993). 

In the west Pilbara, -2.99 Ga intermediate to 
silicic volcanics and terrigenous sediments host Zn
Pb-Cu mineralisation at Mons Cupri and Salt Creek 
in the Whim Creek Belt. At Mons Cupri 
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mineralisation consists of a subvertical zone of 
iron-rich chlorite and carbonate alteration 
containing disseminated and stockwork Cu-sulphide 
(chalcopyrite) mineralisation overlain by a 
shallowly-dipping massive sphalerite, galena, 
chalcopyrite lens in volcaniclastic and cherty 
sediments. The stockwork zone is approximately 
lkm long and up to 250m wide at the surface, 
narrowing to less than 25m at depth. It extends to at 
least 200m below the present surface, amI Miller & 
Gair (1975) estimated that it contains 
approximately 10 million tonnes of 1 % Cu. Iron
rich chlorite and carbonate (dominantly siderite) 
alteration in the stockwork zone grades laterally 
into heterogeneously altered (with chlorite, 
carbonate and sericite) volcaniclastic rocks. This 
alteration is similar to alteration described for 
Archaean Mattabi-type Cu-Zn deposits in Canada 
by Morton & Franklin (1987). The sequence 
hosting the massive mineralisation is up to 15 m 
thick and contains ore grade (1 million tonnes of 
3.6% Zn, 2.5% Pb and 1.0% Cu) sulphides over an 
area of approximately 250m by 400m (Miller & 
Gair, 1975). Mineralisation comprises coarse
grained pyrite, chalcopyrite, galena, sphalerite, 
tetrahedrite and trace amounts of bournonite and 
linnaeite, and lacks mineralogical banding (Tanner, 
1990). 

At Salt Creek stratabound Zn-Pb-Cu 
mineralisation occurs in a sequence of pyritic 
sandstones and shales, immediately above volcanic 
and volcaniclastic sedimentary rocks which are 
more intensely deformed stratigraphic equivalents 
of those at Mons Cupri and Whim Creek. Indicated 
reserves are 0.47 million tonnes averaging 8.4% Zn, 
3.3% Pb and 1.25% Cu. A model age of 2950 ± 10 
Ma has been obtained from galena from this deposit 
(Richards & Blockley, 1984). 

The Yilgarn Craton 

The Yilgarn Craton is dominantly composed 
of 3.0 to 2.6 Ga granite-greenstone terranes. At 
Teutonic Bore, in the Norseman-Wiluna Belt, 
massive sulphide mineralisation occurs in a -2.69 
Ga sequence of submarine mafic and silicic 
volcanic and epiclastic sedimentary rocks (Hallberg 
& Thompson, 1985). This deposit was discovered 
in 1976, with reserves of 1.4 million tonnes grading 
16.4% Zn, 1.22% Pb, 4.16% Cu and 52ppm Ag 
(Grieg, 1984); mining commenced in 1980 and 
ceased in October 1984. Mineralisation occurs 
within a unit of pyritic black shale, chert and 
tuffaceous sedimentary rocks which thickens from 
<3 to -20m in the vicinity of mineralisation, and 

immediately overlies a 100m thick sequence of 
pillowed basalts (Greig, 1984). The basalt unit also 
contains minor inter layered cherts, pyritic black 
shales and epiclastic sediments and overlies a thick 
sequence of mildly peralkaline rhyolite lavas and 
fragmental rocks. 

Mineralisation comprises a conformable 
massive sulphide lens 320m long, up to 30m thick 
and with a down dip extension of 280m; underlain 
by irregular stringer mineralisation. Pyrite, 
sphalerite, chalcopyrite and galena are the major 
sulphide minerals with traces of pyrrhotite, 
famatinite, cosalite, aikinite, bismuthinite and 
stannite, with quartz and siderite gangue (Greig, 
1984). Massive sulphides are generally banded 
from < I mm up to 1m, locally with pyrite nodules, 
colloform textures and sulphide breccia, as well as 
minor contortions and folds. The massive lens had a 
Zn-rich core with Cu most abundant near its base 
and top. The major stringer sulphides are pyrite, 
chalcopyrite and sphalerite which occur as 
disseminations in veins with quartz, siderite (or 
ankerite) and chlorite. The stringer zone contained a 
further 0.75 million tonnes of 2.38% Cu, 1.92% Zn 
and 52 ppm Ag (Greig, 1984). Proximal alteration 
beneath the ore body is heterogeneous and 
dominated by chlorite, siderite, ankerite and sericite 
with chloritoid, andalusite and kyanite probably 
resulting from metamorphism of alteration 
assemblages. Alteration involved enrichment in Fe, 
Mg, K, residual enrichment in AI, and depletion in 
Ca, Na and Sr (Greig, 1984). The style of 
mineralisation and alteration at this deposit is also 
similar to that of Mattabi-type deposits in Canada. 
Nickel (l9R4) described the mineralogy and 
geochemistry of the weathering profile developed on 
the Teutonic Bore mineralisation, which was 
weathered to a depth of - 75m. In an upward 
profile, the primary ore has initially weathered to a 
transition zone of supergene sulphides (containing 
abundant secondary ore minerals) then to an oxide 
assemblage, then to leached oxides, and finally to 
gossan. Gossan samples are depleted in Cu and Zn 
relative to sulphide mineralization but contain 
significant Ph, Sb, Sn and As where these elements 
are preserved as stable secondary ore minerals. 

In the Murchison Terrane, Cu-Zn massive 
sulphide mineralisation is associated with -2.95 
Ga. volcanic and sedimentary rocks in the Golden 
Grove Belt at Gossan Hill, Scuddles and numerous 
other prospects. The facies association in this belt 
(Clifford, 1987; 1992) includes: 1) proximal 
effusive volcanic rocks (low aspect ratio lavas and 
associated autoclastic breccias); 2) distal volcanic 
products (mass now resedimented pyroclastic 
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debris); 3) background sedimentation (reworked 
volcanogenic and terrigenous mass flow .sediments, 
turbidites); and 4) chemical sediments (cherts, 
sulphides, oxides). The epiclastic facies (2 and 3) 
comprise a range of mass flow deposits. Primary 
pyroclastic deposits are restricted to distal, water
lain, air-fall tuffs. Proximal effusive volcanic rocks 
include lava flows (andesites, dacites and rhyolites) 
and associated autoclastic breccias, with abundant 
syn-volcanic dykes. 

Mineralisation occurs over a restricted 
stratigraphic interval towards the top of a thick 
sequence of resedimented pyroclastic deposiL<; and 
immediately preceded the major period of effusive 
volcanism. Geochemical data (Ashley et aI., 1988; 
Whitford & Ashley, 1992) indicate that 
mineralisation occurred during a change from distal 
to proximal volcanism, also characterised by a 
change from Zr-rich to Zr-poor magmas. Zones of 
maximum syn-depositional subsidence (rellected by 
gross stratigraphic thickening) and syn-depositional 
extensional faults (indicated by abrupt thickening of 
mass flow facies) appear to be most prospective 
(Clifford, 1987). The environment of deposition 
was a deep-water (> 1 km) extensional'hasin. 

Copper-zinc gossans were first· discovered at 
Gossan Hill in 1971 (Frater, 1983). Mineralisation 
at Gossan Hill is stratabound with a broad 
concentric ore-mineral zonation defined by a central 
massive magnetite-pyrite-chalcopyrite-pyrrhotite 

'association passing upward and outward intu 
pyrite-magnetite-chalcopyrite-sphalerite-pyrrhotite, 
and ' ultimately into a bedded pyrite-sphalerite
galena association (Frater, 1983). Published 
reserves are 15 million tonnes of copper 
mineralisation at 3.3% Cu, 0.1% Zn, 14ppm Ag 
and O.lppm Au, and 1.7 million tonnes of zinc 
mineralisation at 14% Zn, 1.6% Pb and 0.4% Cu 
(Frater, 1983). Mineralisation comprises tabular 
pods and lenses of massive sulphides (pyrite with 
subordinate chalcopyrite, pyrrhotite and sphalerite) 
and magnetite, with magnetite and sulphides in 
approximately equal proportions. Disseminated and 
vein mineralisation is also common, but less 
abundant than massive mineralisation and lenses of 
massive mineralisation which are surrounded by 
chlorite schist. Alteration in the footwall includes 
iron-rich chlorite, carbonate (siderite, ankerite), talc 
and minor chloritoid, and involved addition of Fe, 
Mg and CO2, subtraction of Na and Ca, and 
redistribution of Si and K (Frater, 1983). In the 
hanging wall, tabular, conformable bodies of 
sphalerite, pyrite and galena mineralisation occur 
associated with magnetite-bearing chert. 
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At the Scuddles deposit, mineralisation 
occurs as massive sulphide lenses with an 
underlying zone of stockwork zinc mineralisation. 
Mill et ai. (1990) reported a total mine recoverable 
reserve of 10.5 million tonnes of 11.7% Zn, 0.8% 
Pb, 1.2% Cu, 89ppm Ag and 1.1ppm Au. The 
deposit contains three massive sulphide ore types: 
massive sphalerite (>50% sphalerite) which forms 
the stratigraphic top of the deposit, and interfingers 
with the massive pyrite zone«50% sphalerite, <5% 
chalcopyrite), and Cu-rich massive pyrite (>5% 
chalcopyrite), which is generally located ncar the 
base of deposit. The magnetite-rich mineralisation 
typical of Gossan Hill is not common at Scuddles 
although laminated magnetite-bearing cherts (or 
iron-formation) . occur immediately above, and 
distal, to mineralisation. The massive ore is 
underlain by a 40 to 50m wide stratabound zone of 
stockwork pyrite-chalcopyrite mineralisation, 
varying in intensity from >80% sulphide, directly 
beneath the massive sulphides, to <10% sulphide. 
Intensely altered rocks containing iron-rich chlorite 
and carbonates are associated with stockwork 
development (Ashley et aI., 1988; Mill et aI., 1990). 

Massive sulphide mineralisation comprises 
coarse-grained sphalerite and pyrite with lesser 
chalcopyrite, galena and pyrrhotite, with traces of 
arsenopyrite, tetrahedrite, mackinawite and 
cassiterite. Gangue minerals include magnetite, 
quartz, sericite, talc and carbonate. Sulphides 
exhibit a range of primary and secondary textures, 
including colloform intergrowths of pyrite with 
sphalerite, chalcopyrite and galena. Ores are 
variably recrystallised and a strong tectonic fabric 
or banding has generally been superimposed on the 
massive sulphides. Mineralisation at Scuddles and 
Gossan Hill overlies a 10km long by 300m thick 
zone of pervasive stratabound quartz-chlorite
sericite-carbonate-sulphide alteration. In this zone 
Fe and Mg contents generally increase towards 
mineralisation with patchy depletion in Na, Sr and 
K. Smith et al. (1980) and Smith & Perdrix (1983) 
describe geochemical characteristics of Golden 
Grove gossans and pisoiltic laterite. The gossans 
and adjacent laterite are enriched in a suite of 
chalcophile and associated elements such as As, Sb, 
Bi, Mo, Ag, Sn and Se. Smith & Perdrix (1983) 
showed that pisolitic laterite is a potentially useful 
sampling medium during regional exploration for 
deposits of this type in areas of laterite cover. 
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T he Ni grade and tonnage of the largest deposits 
of Ni sulfide in the world arc illustrated in 

Figure 1. They range from Norirsk and Sudbury, 
which each contain more than 20x I 06 tonnes of 
nickel metal, through deposits such as Jinchuan, 
Thompson, Mt Keith and Kambalda with between 
2x106 and 8xl06 tonnes, to Voise{s Bay and 
Perseverance with J to 2xlO° tonnes , 

10 100 1000 10000 

Fig. 1 Plot of grade in wt% Ni versus 
production+reserves in millions of tonnes for 
major Ni sulfide deposits of the world. 
Modified after Naldrett (1994). Data for 
Sudbury are personal communication INCO 
Ltd. and Falconbridge Ltd., 1990; those for 
Noril'sk are an estimate only; for Duluth are 
from Listerud and Meineke, 1977; for 
Jinchuan are from Chai and Naldrett (1992); 
for Kambalda, Agnew and Mt. Keith are from 
posters exhibited by Western Mining 
Corporation at the 13th Australian Geological 
Convention, Canberra, February 1996; for 
Thompson are personal communication, O.R. 
Eckstrand, 1990; for Voisey's Bay are 
reserves published by Diamond Fields 
Resources Inc., July 1995 (INCO Ltd. stated 
that they anticipate eventual reserves of 
150x106 tonnes for the Voisey's Bay deposit, 
as quoted in the Toronto "Globe and Mail" 
business section, 26th April 1996); and for 
Raglan are reserves published by 
Falconbridge Ltd., 1996. 

Deposits such as this form as the result of the 
segregation and concentration of droplets of liquid 

sulfide from mafic or ultramafic magma, and the 
partitioning of chalcophile elements into these from 
the silicate melt. Sulfide saturation of a magma is 
not enough in itself to produce a massive 
concentration of magmatic sulfide. The appropriate 
physical environment is required to permit the 
sulfides to mix with sufficient magma to become 
adequately enriched in these metals, and then for 
them to become concentrated from a large mass of 
magma into one place; both of these last two factors 
is important. Many deposits in which massive 
sulfide contains 2 wt% or less nickel are known; 
they usually are uneconomic because (i) the overall 
grade of the deposit is too low and (ii) much of their 
contained Ni is either tied up in solid solution in 
pyrrhotite. or is present as widely dispersed fine 
I x I 0 micron flames of pentlandite. In neither case 
can milling recover sufficient of the Ni, even if 
mining methods are available that are sufficiently 
inexpensive to cope with the low overall grade. 

The deposits of the Noril'sk region have 
developed within flat, elongate bodies 
(l5x2xO.2km) that intrude argillites, evaporites and 
coal measures, adjacent to a major, trans-crustal 
fault and immediately below the centre of a 3.5 km
thick volcanic basin. An anticlinal axis that 
transects the axis of the basin at a high angle has 
brought these intrusions to surface to give rise to 
the two major ore junctions, Noril'sk and Talnakh, 
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Fig.2 Variation of Ni, Cu, Pt, Ir and Au with height 
from the base of the tk to the top of the mr2. 
Data after Brugmann et al. (1993). 
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Studies of the overlying basalts have shown that 
some of these (ndl and nd2 fomlations) are highly 
depleted in chalcophile elements, having have lost 
75% of their Cu and Ni and more than 90% of their 
PGE (Figure 2). 

As is seen in the Fig. 2, basalts above the nd2 
show a gradual recovery in their chalcophile 
element concentrations to reach "nomlal" values 
500 m above the highly depleted zone. The depleted 
basalts differ from others in the stratigraphic 
succession in having interacted with about 10 \\-t% 
of mid-continental crust, as shown by isotopic and 
trace element data (Fig. 3). 
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Fig. 3 Plot of Gd/Yb versus La/Sm for volcanic 
formations of the Noril'sk area from the 
ivakinsky to the mokulayevsky. (from 
Naldrett et aI., 1995) 

Two groups of mineralised bodies ocur in the 
area and have been have been identified as 
correlative with these basalts on the basis of trace 
element and isotopic data. The poorly mineralised 
Lower Talnakh-type bodies resemble the highly 
depleted basalts, and the ore-bearing Noril'sk-type 
intrusions correlate with the overlying, essentially 
undepleted basalts (compare Figures 3 and 4). 
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Fig.4 Plot of GdNb versus La/Sm showing the 
Noril'sk-typeand Lower Talnakh-type 
intrusions superimposed on the field for the 
volcanic formations shown in Fig. 3. (from 
Naldrett et al., 1995) 

Naldrett et al (1995, 1996a) have suggested 
that the high proportion of sulfide (2-10 wt%) 
associated with the Noril'sk-type intrusions, the 
high PGE content of the ores, the extensive 
metamorphic aureole (100-400 m around the 
bodies), and the heavy sulfur isotopic composition 
of the ores (+8-+ 12 a34S) are explicable if the two 
groups of minerlised intrusions are exit conduits 
from a high level intrusion, along which magma has 
flowed en route to surface (Figure 5) . 

North 
Kharayet.kh 

Faull 

Fig.5 A model for the development of the lavas and 
intrusions at Noril'sk during the eruption of 
the nd1, nd2, nd3, mrl and mr2 formations. 
(Modified after and illustrating the views 
expressed by Naldrett et aI., 1995) 

The Lower Talnakh bodies are interpreted as 
intrusions along which magma flow stopped earlier 
than along those of the Noril ' sk type. The first 
magma to enter the high level intrusion reacted with 
much evaporitic sulfur (the reduction was probably 
aided by the coal measures closely overlying the 
evaporites) at a low "R" value and thus gave rise to 
sulfides with low metal tenors . Successive flow of 
magma through the system progressively enriched 
the sulfides in the conduits, losing progressively less 
of their chalcophile metals, and thus accounting for 
the upward increase in metals in successive lava 
flows . The flow direction along the conduits is 
shown by the direction in which the tenor of 
disseminated sulfides decreases . Sulfides have 
settled from the moving magma to form separate 
injections of liquid sulfide, up to 3.5 km long by 1.5 
km wide by 50 m thick. 

The Sudbury ores are associated with the 
Sudbury Igneous Complex, which is located within 
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a structure (Figure 6) which has long been regarded 
as an impact crater (Dressler, 1984, Grieve, 1994). 
Recent reflection seismic studies at Sudbury 
(Milkereit et ai, 1992) have shown the Sudbury 
Igneous Complex (SIC) to have been much more 
extensive than originally supposed. Nd and Sr 
isotopic studies on rocks of the SIC (Figure 7) and 
Re-Os studies on the ores have indicated the 

o MINE o lAKE 

Fig.6 Geological map of the Sudbury Igneous 
Complex. 

incorporation of much country rock gneiss within 
the SIC. Debate has centred around whether the 
SIC is entirely an impact melt, or the consequence 
of the mixing of primary magma with 50 or more 
wt% impact melt; recent dating of ultramafic 
inclusions closely associated with the ores at 
1.85Ga (Corfu & Lightfoot 1996) favours the 
second hypothesis . 
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The linchuan deposit of north central China 
occurs within a 6 km-Iong dyke-like body of 
peridotite (Figs . 8, 9) 

Fig. 8 Geological map of the Jinchuan intrusion. 
(FromChai & Naldrett, 1992) 
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Fig. 9 Longitudinal and transverse vertical sections 
through the Jinchuan intrusion showing the 
distribution of rock types and the nature of 
the Ni-Cu mineralisation that they contain. 
(From Chai & Naldrett, 1992) 

When the igneous rocks are plotted on a 
diagram of FeO vs MgO, their trend indicates that 
they are a mixture of olivine and trapped liquid. 
The intersection of the trend line with a line 
representing the F eO/MgO ratio of the olivine itself 
shows that the MgO content of the magma involved 
was 12 wt% (Figure 10) and that the magma 
responsible for the intrusion was a magnesian 
basalt. This conclusion is supported by the Ni:Cu 
ratio of the ore, which at 2: 1 is consistent with a 
basaltic but not an ultramafic magma, as is th(! high 
(Pt+Pd)/(Ru+Ir+Os) ratio of the sulfides. A basaltic 
initial magma implies that the original intrusion was 
very much bigger than the present body which is 
regarded as an erosional remnant of the feeder to 
the intrusion (Chai & Naldrett, 1992). Flow of 
magma up this feeder, which in cross section had 
the shape of a funnel, has resulted in dense olivine 
and sulfide being retained within it. 
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Fig. 10 Plot of FeO vs MgO for unmineralised rocks 
from the Jinchuan intrusion. The rocks 
define a mixing line of olivine (FoBS) with 
interstitial liquid silicate. The line labelled 
MgO/(MgO+FeO) = 0.64 is the plot of all 
liquids that could coexist with olivine of 
composition FoBS. The intersection of the 
two lines at 11.S wt% FeO, 12 wt% MgO is the 
only liquid composition which fulfills both 
criteria, indicating that the magma 
responsible had the composition of a high 
magnesium basalt. (After Chai & Naldrett, 
1992). 

The Voisey's Bay deposit lies partly within a 30-
100 m-thick sheet of troctolite, which is interpreted 
as a flat-lying part of a feeder for an adjacent 
intrusion, and partly at the base of the intrusion, 
where the feeder adjoins it (Figure 11) Ore types 
range from disseminated sulfides in troctolite, 
which increase downward, grading into massive 
ore. The latter is underlain by a breccia composed 
of fragments of gneiss, unmineralised troctolite and 
peridotite in a troctolitic matrix which, in places, 
contains appreciable sulfide. 

CONCEPTUAL MODEL 
FOR 

VOISEY'S BAY Ni - Cu - Co DEPOSIT 

Fig.11 Conceptual model for Voisey's Bay deposit 
showing levels of erosion in different parts 
ofthe deposit. (From Naldrett et aI., 1996b) 

When most major Ni-Cu sulfide deposits, 
including those at Kambalda, W.A, are viewed in 
the light of studies at Noril'sk, Sudbury, Iinchuan 
and Voisey's Bay, three factors become apparent, 
(i) the concentration of sulfides in channels or 
conduits through which much magma has flowed 
(feeder conduits for intrusions are much more 
prospective targets for exploration than the base of 
the intrusions themselves); (ii) the interaction of the 
source magma with country rocks, either leading to 
the incorporation of sulfur, or the felsification of the 
magma in question, and (iii) fractional 
crystallisation of sulfide liquid giving rise to Cu
rich ores which may be far removed from the 
"source" ore. 
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T he nickel sulphide deposits of the Archaean 
Yilgarn Block in Western Australia are 

associated with large flows of high temperature, 
high-MgO komatiite lava. Deposits fall into two 
distinct categories: type 1 deposits, consisting of 
basal accumulations of relatively high grade Fe-Ni 
sulphides at basal contacts of lava pathways; and 
type 2 deposits, consisting of centrally disposed 
low~grade accumulations of disseminated sulphides 
within olivine-rich cumulate bodies formed within 
very large lava pathways. 

In recent years a consensus has developed on 
the origin of type 1 deposits. They are believed to 
have formed by thermal erosion at the hase of lava 
flows, resulting in assimilation of crustal sulphur 
derived from the immediate suhstrates to the flows. 
This model was initially developed at Kambalda, 
where there are several crucial lines of evidence. A 
thin contact sedimentary unit is commonly present 
at the basal contact of the host flow on the Hanks of 
the ore-bearing pathways, but is usually absent 
within the pathways themselves (Lesher, 1989; 
Lesher et al., 1984). Contaminated ocellar lavas are 
found flanking the main pathways, containing 
"xenomelts" corresponding in composition to the 
sediments (Frost & Groves, 1989). Sulphur 
isotopes in the ores, at Kambalda and in a number 
of other type 1 deposits elsewhere, are slightly but 
significantly different from mantle values, but 
match closely with those in substrate sediments. 

Recently the model has been challenged on 
the basis of a limited body of Re-Os isotopic data, 
on samples from Kambalda (Foster et al., 1996) 
and elsewhere (Shirey, pers. comm). Near
chondritic as isotope ratios in the ores imply that 
the as in the ores is overwhelmingly derived from 
uncontaminated komatiite lava. On the hasis of a 
single determination of a Kamhalda sediment, 
Foster et al claim that the maximum relative 

2 United States Geological Survey 
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proportion of sediment assimilation involved is 
inconsistent with other geochemical features of the 
ores. It is premature to discuss this contention in 
detail until it has been corroborated by further data 
on the Kambalda sediments, but in view of the 
challenge to the thermal erosion model it is timely to 
review additional lines of independent evidence for 
the model from other localities, and from modern 
basaltic analogues. 

We present three lines of evidence: 
stratigraphic relationships and substrate xenolith 
occurrences in the Forrestania deposits; 
geochemical evidence for contamination in 
mineralised komatiite sequences; and direct 
observation of thermochemical erosion in active 
lava tuhes on Hawaii. 

Geological evidence from Forrestania 
deposits 

The Digger Rocks deposit in the Forrestania 
Belt is developed at the base of a very large, 
laterally extensive olivine rich sheet flow unit, 
separated from another thinner underlying unit by 
an intervening sequence of banded iron formation, 
up to 20m thick. In the vicinity of the orebody, the 
intervening sequence becomes attenuated, and in 
places is absent altogether. · Where this occurs the 
base of the upper unit is marked by an unusual 
pyroxenite showing anomalous enrichment in Si02 

and light rare earth elements, and containing 
partially digested xenoliths of banded iron 
formation (Perring et al., 1995). This is clear 
evidence for combined mechanical and thermal 
erosion of the substrate by the overlying flow. 
These features are only seen in the vicinity of the 
orehody, which occupies a small channel-like 
depression. 
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Fig. 1 Geological map of the Digger Rocks deposit showing thermal erosion channel, association of ore 
with pyroxenite unit and location of banded Iron formation xenoliths. 

Geochemical evidence from Forrestania 

Evidence for crustal contamination is seen 
both on a local and regional scale in komatiites 
associated with the Forrestania deposits. The Flying 
Fox deposit shows a subtle erosional channel about 
1 km wide defined by absence of a chert unit at the 
footwall contact. This channel host the orebody. 
Analysis of flow tops in the Hanking sequence 
shows that those units laterally equivalent to the 
ore-bearing flow are enriched in light rare earth 
elements, while overlying now sequences show 
LREE depletion typical of uncontaminated Hows. 

On a regional scale, komatiites of the Flying 
Fox area and the rest of the Western Ultramafic 
Belt show compositional trends marked by mild 
enrichment in Si02 at constant FeO. In contrast, 
komatiites from the Eastern Ultramafic Belt show 
marked enrichment in FeO and generally lower 
Si02. The major stratigraphic contrast between the 
belts is that the Eastern Belt shows an intimate 
assocIatIOn of komatiites with banded iron 
formations, while BIF's are absent from the 
Western Belt which is dominated by felsic 
metasediments. This leads to the conclusion that the 
Fe enrichment in the eastern Belt is due to 
supracrustal contamination hy BlF (Perring et aI., 
1996). Samples from the Digger Rocks and Cosmic 

Boy areas, where both felsic and BIF substrate 
rocks are found, show features of both trends. 

Geochemical evidence from elsewhere 

Evidence has been presented from a number 
of studies showing light rare earth element 
enrichment associated with mineralised komatiite 
flows. In some cases, such as Kambalda, LREE 
enrichment is restricted to flanking flows, and not 
found in the immediate channel environment, 
implying that contaminated liquids have been 
flushed out during prolonged lava flow subsequent 
to sulphide deposition (Lesher & Arndt, 1995). In 
other cases, as at Perseverance, contaminated flow 
tops occur in immediate proximity to the ore 
(Barnes et aI., 1995). On a statistical basis, 
komatiites from mineralised flow sequences are 
more likely to be enriched in incompatible elements 
such as La and Zr over less incompatible elements 
(Sm and Ti) which are less concentrated in crustal 
rocks, as seen in Figure 3. 

Thermomechanical erosion in modern 
Hawaiian lava flows 

Thermal erosion at the base of basaltic lava 
Hows has been repeatedly predicted on theoretical 
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north - BIF substrate), and Cosmic Boy and Digger Rocks (BIF and felsic substrates), compared 
with model fractionation/assimilation trends for pure olivine fractionation, assimilation of BIF, and 
assimilation of felsic metasediment ("QBS" composition). 

2 

1.B 

1.6 

1.4 

II: 1.2 

E 1 en 
iii' 
.-J O.B , 

0.6 

0.4 
(/ - - - -:::-:-:::-:::-="......:::....---

0.2 

0 

0 0.5 1.5 2 

Zrmn 

Fig. 3 Comparison of mantle-normalised La:Sm 
and Zr:Ti ratios for komatlite flow tops from 
mineralised (solid lines) and barren (dashed 
lines) sequences. Heavy line outlines the 
densest 50% of the data, lighter line contains 
densest 80% of data. 159 samples of 
mineralised sequences, 270 samples of 
barren sequences. 

grounds, but without clear observational evidence 
until recently. Kauahikaua et al. made regular 
observations of an active lava tube draining the 
1994 eruption of the Pu'uO'o vent on Kilauea 
(Kauahikaua,1996, Kauahikaua et al., 1997). The 
depth to the floor of the lava flow was measured by 
lowering a metal bar though a skylight, over a 
period of two months. The lava was found to 
downcut a total of Sm into its basalt 11oor, an 

average rate of about lOcm per day, during steady 
laminar flow at low Reynolds numbers between 16 
and 64. From detailed observations at skylights, 
Kauahikaua et al. concluded that the erosion 
process involved mechanical abrasion as well as 
pure melting of the floor, and the process is best 
described as thermomechanical erosion. 

These observations prove that basaltic lava 
can erode material of the same composition. There 
is therefore good reason to conclude that .~osion 
beneath komatiite flows. would have oCcurred 
vigorously during prolonged flow within lava tubes, 
and that this process was probably widespread. The 
thermo mechanical erosion model for komatiite 
hosted nickel sulphide deposits requires t~at 

komatiite lavas, with temperatures substantially 
higher than those of Hawaiian basalt and 
substantially lower viscosities, erode sedimentary 
material with melting temperatures substantially 
less than that of basalt. Siliceous- high-Mg basalts, 
a common component of many komatiite-bearing 
greenstone belts, may be the product of this 
process. 

Conclusions, and significance of Re-Os 
isotopiC data 

The observations presented here add to' an 
already large body of geological evidence favouring . 
a thermomechanical' erosion model for type 1 
komatiite-hosted nickel deposits. However, the Re
Os data of Foster et al. (1996) provide some 
important constraints. Foster's data show 
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indisputahly that the Os isotopic signature in 
Kamhalda sulphide deposits is dominated hy mantle 
Os. This is not particularly surprising: Os is known 
to have a very strong partition coefficient into 
sulphide liquid (probahly at least 10,(00), and the 
relative proportion of komatiite melt to sulphide 
melt (n. factor) indicated by the composition of the 
sulphide orcs is at least a few hundred. In other 
words, the sulphide liquid generated at the base of 
the lava pathway reacted with hundreds of times its 
own volume of komatiite lava, which would have 
contrihuted the vast hulk of the Os in the ore. The 
significance of the data is that they demonstrate that 
much of the lava which interacted with this sulphide 
was rdatively uncontaminated, and was not 
depIcted in Os. This is consistent with a model in 
which much of the sediment erosion and sulphide 
liquid (i.umation takes place relativdy early in the 
history of the now pathway, which is then 
continuously Hushed over a long period of time with 
new lava from the eruption source. The early
formed sulphide contained mainly crustal Os to 
begin with, but re-equilihrated over time with a very 
large volume of komatiite containing mantle Os. In 
the Kamhalda case, this lava is likely to have been 
contaminated with basalt rather than sediment, and 
hasalt assimilation would not produce a 
recognisahle isotopic signature. 

The extent to which the Os isotopic data 
constrain the . model Llepends critically on the 
isotopic composition of the seLliment. Fostcr et al 
claim that the KamhalLla sediments are highly 
raLliogenic and Os-rich. hased on analysis of a 
single sample. The estimated highly radiogenic 
initial Os isotopic ratio depends upon a very large 
age correction for the Re/Os ratio, and Re is known 
to be a highly mobile clement. In the ahsence of an 
isochron for the sediments, any estimate of the 
initial Os isotopic ratio must he regarded as very 
approximate. If Foster 's est'imatc of the 
composition of the KamhalLla seLliments is correct, 
however, then it requires that the ores formed at 
substantially higher R factors than those implied hy 
their overall PGE concentrations. Whether or not 
this discrepancy is real depends on the results of 
further investigations of the sediments. In the 
meantime it is extremdy premature to discard a 
large hody of geological and geochemical data on 
the b.asis of a single analysis . 
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Nickel mineralisation and geology in the 
Perseverance-Mt Keith segment of the 
Agnew-Wiluna greenstone belt 
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Leinster, WA 6437 Leinster, WA 6437 

T he Perseverance-Mt Keith segment of the 
Agnew-Wiluna greenstone belt represents one 

of the most highly endowed komatiite-hosted nickel
sulphide provinces in the world. It contains three 
operating mines (Perseverance, Rocky's Reward 
and Mt Keith) all wholly owned by WMC 
Resources Ltd which to June 1996 had produced 
273,784 tonnes of nickel metal in concentrate. 

Fig. 1 Generalised geology of the Eastern 
Goldfields showing the locations of 
significant nickel sulphide resources in the 
Agnew-Wiluna greenstone belt. 

Resource inventory 

Remaining at June 1996, the ore reserve 
inventory for the Agnew-Wiluna greenstone belt 
consisted of 31.3 Mt at 1.65% nickel at the 
Perseverance deposit, 6.4 Mt at 2.22% nickel at 
Rocky's Reward and 129 Mt at 0.61 % nickel at Mt 
Keith. Historical production to June 1996 totalled 
32.24 Mt at 1.30% nickel from all deposits, giving 
a comhined total premined reserve of 198.9 Mt at 
0.94% nickel (1.87 Mt contained nickel metal). 

Significant additional resources have also 
been defined in the belt (Table 1; Fig. 1), which 
when combined amount to a premined, inferred 
nickel-sulphide resource in the order of 1,168.2 Mt 
at 0.69% nickel (7.01 Mt contained nickel metal). 

Table 1 Nickel sulphide resource inventory for the 
Agnew-Wiluna greenstone belt. Data obtained 
from Gole et al. (1996), Becker & Johnson 
(1996), Gonnella (1997), and WMC Resources 
Ltd. Production figures and reserves quoted 
to the end of June 1996. 

Deposit/resllurce Category Tonnes Grade 
(xlO6) (%Ni) 

Perseverance Premined 40.5 1.77 
Reserve 

Rocky's Reward Premined 10.6 2.33 
Reserve 

Perseverance and Resource 226.6 0.74 
Rocl~y's Reward 
Mt Keith Premined 147.8 0.61 

Reserve 
Mt Keith Resource 286 0.60 
Yakabindie Resource 293 0.525 
Cliffs Mount Keith Resource 5 .7 2.3 
Honeymoon Well Resource 158 0.71 

TOTAL Resource 1168.2 0.69 
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Regional-scale relationships 

The nickel-mineralised Leinster-Mt Keith 
succession of the Agnew-Wiluna greenstone belt 
forms a narrow corridor along the eastern margin of 
the belt that is distinct in its lithology and structural 
style with respect to adjacent greenstone segments. 

It is separated from the lower-strain western 
portion of the Agnew-Wiluna greenstone belt 
(Agnew succession) by a discordant shear zone that 
juxtaposes tholeiitic basalt of the Agnew succession 
against felsic and ultramafic lithologies of the 
Leinster-Mt Keith succession. To the south and east 
the Leinster-Mt Keith succession is bound by a 
zone of intense deformation along the granitoid
greenstone boundary (Perseverance fault). This 
fault extends to the south of the Agnew-Wiluna 
greenstone belt where it truncates greenstone 
segments, contains rafts of greenstone enclosed 
entirely within deformed granitoid/gneiss and 
appears to merge into the prominent, craton-scale 
Keith-Kilkenny lineament. 
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Fig. 2 Simplified stratigraphy of mineralised 
successions in the north Eastern Goldfields. 
Similarities between the Cooigardie Domain, 
Weebo Bore-Mt Clifford area and Agnew 
succession suggest stratigraphic correlation. 
The Leinster-Mt Keith succession is 
significantly different and disrupted by faults 
on all major litho'iogical contacts. 

Mineralised ultramalic horizons in the 
Leinster-Mt Keith succession possess a 
stratigraphic lootwall dominated by felsic lavas and 

volcaniclastic sediments (Fig, 2) and contain 
laterally restricted lenses of dunite within extensive 
sheets of olivine orthocumulate (Hill et aI., 1995). 
The succession is interpreted to represent a distinct 
tectonstratigraphic terrane which is juxtaposed 
against the Agnew succession and truncated by the 
Perseverance fault. 

Mineralisation to the south of the Agnew
Wiluna greenstone belt, in the Weebo-Mt Clifford 
area (including the Marriott's prospect; Donaldson, 
1982) is interpreted to occupy a different terrane 
and appears to correlate with ultramafic horizons 
occupying the Walter Williams Formation (Fig. 2; 
e.g. Hill et aI., 1995) of the Kalgoorlie Terrane 
(e.g., Swager et aI., 1995) to the south. 

Deformation and metamorphism 

Metamorphic patterns within the greenstone 
belt show a northward decrease in peak 
temperature, with facies ranging from low
amphibolite in the Perseverance area to prehnite
pumpellyite at Wiluna (Binns et aI., 1976). In the 
Perseverance area, peak metamorphism was 
synchronous with the last main phase of 
deformation and resulted in the recrystallisation of 
early formed tectonic fabrics and alteration mineral 
assemblages. 

Hydrothermal alteration ha~ occurred 
extensively throughout the belt. Broad zones of 
chlorite-rich quartzofeldspathic sedimentary and 
felsic volcanic lithologies are commonly altered to 
produce chlorite-rich assemblages (expressed by 
biotite-actinulite assemblages in the Perseverance
Rocky 's Reward area), while ultramafic lithologies 
are commonly altered to assemblages rich in talc 
and magnesium carbonate. All ultramafic 
lithologies are serpentinised, with olivine only 
locally preserved. 

The sequence of deformation events 
recognised in the Agnew-Wiluna greenstone belt 
generally curresponds with those recognised in 
other parts ol the north Eastern Goldfields (Swager, 
1989). 

Dl thrusting and isoclinal, recumbent folding 
resulted in top to the north stacking of the 
greenstone sequence and intercalation of rock units. 
D2 marked a change to a regime of ENE-WSW 
bulk inhomogenous shortening and resulted in the 
development of regional-scale upright folds and 
intensely deformed zones in which primary 
lithological layering was transposed. D3 was the last 
major dclllrmation event and is expressed by the 
development of laterally extensive NNW- and 
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NNE-oriented strike-slip shear zones and associated 
en echelon folds and thrusts. 

Nickel mineralisation 

Nickel-sulphide mineralisation within the 
Leinster-Mt Keith succession occurs as two distinct 
styles (Class 1 and Class 2 of Ilill & Gole, 1990) 
which differ in their nature and abundance of 
sulphides. 

Class I mineralisation is typified by a high 
sulphide abundance (>15 vol%) in the form of 
massive and/or heavily-disseminated sulphides, and 
forms ore-grade mineralisation at the Perseverance 
and Rocky's Reward deposits. Nickel grades 
typically range from 1.0 wt% nickel in disseminated 
sulphide mineralisation to 7.0 wt% nickel in 
massive sulphide. Primary sulphide assemblages 
consist of pyrrhotite and pentlandite in a ratio of 
approximately 4:1. 

Class II mineralisation is typified by a low 
sulphide abundance (<5 vol%), with nickel grades 
typically ranging from 0.35-0.75 wt%. This style of 
mineralisation is volumetrically the most significant 
style of mineralisation within the helt, and forms 
ore-grade mineralisation at the Mt Keith deposit. 
The primary sulphide assemblage associated with 
this style of mineralisation differs fTom the Class II 
mineralisation in its higher relative abundance of 
pentlandite (pyrrhotite to pentlandite ratio <2:1). 

Perseverance deposit 
The Perseverance deposit occupies the 

stratigraphic base of a large (2.5km wide, 400m 
thick) komatiitic lava channel complex manifest by 
olivine ad- to mesocumulate. 

The base of this channel complex (Fig. 3) is 
characterised by an extensive sheet containing trace 
to weakly-disseminated sulphides (Class 2). 
Systemic variations in sulphide abundance within 
this sheet defme a mineralised stratigraphy that 
reflects variations in the conditions and processes 
within the channel during active lava flow. The 
Perseverance deposit occupies an isolated 
subchannel within the most sulphide-rich of these 
mineralised horizons. 

Mineralisation at Perseverance forms a 
steeply-plunging (700 south) zone of disseminated 
sulphide mineralisation, which has been imbricated 
and folded during shear zone development along the 
base of the channel complex. The main source of 
massive sulphide at Perseverance, named the lA 
shoot, is remobilised along a D1 thrust fault- that 
extends from the base of the channel complex to the 
Rocky's Reward deposit. 
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Fig. 3 Geology of the Perseverance area showing 
the distribution of lithologies and 
mineralisation within serpentlnes olivine aet
to mesocumulates of the Perseverance lava 
channel complex. 
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Rocky's Reward deposit 
The Rocky 's Reward deposit (De-Vitry et 

al. , in prep) is dominated by massive and heaviIy
disseminated sulphide mineralisation associated 
with two thin, vertically-stacked ultramafic 
horizons that are enclosed within felsic 
volcaniclastic sediments. These horizons are folded 
by F2 about an upright to inclined axis that plunges 
shallowly (10-20°) to the north. 

Rocky 's Reward occupies a high-strain 
corridor that can be traced southwards to 
Perseverance (correlating with the 1A shoot of the 
Perseverance orebody). Narrow mylonitic zones 
define the eastern and western margins of this high
strain zone and truncate the ultramafic horizons and 
associated mineralisation. Within the high-strain 
corridor, the upper ultramafic horizon and its 
contained mineralisation has been traced 
continuously along strike for at least 3.5km. 

All ultramafic contacts (including massive 
sulphide) possess an intense Dl tectonite fabric that 
has been folded by F2. The ultramafic surfaces at 
Rocky's Reward are interpreted to be D[ tectonic 
slices derived from an originally thicker ultramafic 
body. Opposed facing of the two surfaces is 
interpreted to retlect the presence of a Dl isoclinal 
fold, which has been subsequently refolded by F2. 

Fig. 4 Typical cross section through Rocky's 
Reward showing relationships between the 
upper and lower surfaces. 

Mt Keith deposit 
Regional mapping in the Mt Keith region by 

Dowling & Hill (1990), and to the south by 
Naldrett & Turner (1977) indicate that the Mt Keith 
orebody occupies a regionally extensive, 

. orthocumulate-rich ultramafic horizon that is 
punctuated by thickened zones containing laterally 
restricted lenses of olivine adcumulate. All known 
Class 2 mineralisation within this area (including 
the Mt Keith orebody) is situated internal to these 
dunitic lenses. 

Although the Mt Keith region is structurally 
complex, with folding and faulting resulting in the 
repetition and off-setting of ultramafic horizons, all 
significant Class 2 nickel sulphide mineralisation 
occurs within koinatiitic lava channels in the 
eastern-most ultramafic horizon. Local occurrences 
of Class 1 massive and heavily disseminated 
'sulphide are present throughout the Mt Keith region 
and generally occur at the stratigraphic base of the 
ultramafic horizons, or along strike extensive shear 
zones within the ultramafic horizons. 
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O rogenic (or mesothermal) lode-gold deposits, 
worldwide, irrespective of age, have a number 

of features in common. They are normally formed in 
convergent-margin settings, particularly during 
terrane accretion, under compressional or trans
pressional stress regimes, from deep (metamorphic), 
low-salinity, H20-C02±CH4 fluids which advected 
into zones of structural permeability within either 
volcanic (e.g., greenstone) or sedimentary ( e.g., slate) 
belts. Their global features and timing are well 
summarised by Kerrich & Cassidy (1994). Given 
their overall similarity, it should be possible to gain 
insights into the controls on the siting of gold deposits 
in one type of terrain from studies of contrasting types 

of terrain : this philosophy is adopted here, where the 
controls on lode-gold deposits in Archaean green
stone belts are considered and applied, albeit tenta
tively, to potential controls in Phanerozoic slate belts. 

Archaean crustal continuum of gold deposits 

In Archaean greenstone belts, there is a crustal 
continuum of "meso thermal" lode-gold deposits (Fig. 
I) which formed under conditions ranging from about 
180°C at 2-5 km depth to >650°C and> 15 km depth 
(Groves, 1993). They are a coherent genetic group 
of gold deposits on the basis of: i) a metal association 
of Au> Ag, associated As± Te±Sb± W ±B, and low Cu, 
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Fig. 1. Schematic diagram showing the crustal continuum model for Archaean greenstone-hosted gold 
deposits. Examples of deposits from the Yilgarn Block of Western Australia are shown on the right 
hand side. Adapted from Groves (1993). 
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~. 2.7 Ga Relative timing 13.2.0 Ga 

Fig. 2. Schematic diagram showing the timing of gold mineralisation with respect to the structural evolution of 
the greenstone belts of the Yilgarn Block. DE is early extension, 0 1 is thrusting with emplacement of 
porphyry and lamprophyre dykes and sills, O2 is upright folding and high-angle reverse faulting, with 0 3 
to 04 represented by sinistral andfor dextral oblique-slip faulting and reactivation of earlier formed faults. 

permeabilily 

L ___ ----' 
Fig. 3. Schematic representation of a hydrothermal 

system showing critical physical processes 
required to focus a large fluid flux through a 
specific host rock unit in the gold depositional 
zone. Channelway may be a first- or second
order structure, whereas zone of structural 
permeability may be a rock unit or a lower-order 
structure. Modified from Ridley (1993). 

Zn and Pb; ii) deposition from a consistently low
salinity, near-neutral, II,O-CO,±CI14 ore Ouid; iii) 
consistent wallrock aile-ration envelopes involving 

addition of CO2, S, K and other LlLE; iv) their 
extensive vertical extent, with only cryptic vertical 
alteration zonation but marked lateral alteration 
zonation; and v) their strong structural control. Most 
of these features are also applicable to mesothermal 
gold deposits in other types of terrain (e.g., Kerrich 
& Cassidy, 1994). Both structural studies (e.g., 
Veamcombe et aI., 1989) and geochronological data 
(e.g., Clark et aI., 1989; Barnicoat et aI., 1991; Kent 
& McDougall, 1995; Yeats et aI., 1996) show that 
the gold deposits formed at a late to very late stage 
in the tectonic evolution of the host terrane (Fig. 2), 
and hence that they are late-orogenic gold deposits 
(e.g., Groves et aI., 1995). They typically formed 
under conditions of low effective stress, low 
displacements, and supralithostatic fluid pressures. 
Importantly, therefore, their current geometry 
approximates their geometry at the time of gold 
mineralisation. 

Formation of gold deposits 

Large to giant gold deposits formed via a 
conjunction of critical chemical and physical 
processes (e.g., Phillips et aI., 1996). Critical physical 
processes are the channelling oflarge volumes of ore 
fluid through structural channelways and focussing 
of Ouids into specific host rocks with high structural 
permeability (Fig. 3), whereas critical chemical 
processes are involved in gold depositional processes. 
Although a variety of gold depositional processes 
(e.g. phase separation in ore fluids, mixing of deep 
ore fluid with ncar-surface fluid , backmixing of 
modi fied ore Ouid with unmodified ore fluid, 
sulphidation of wallrocks) are possible, most large 
deposits contain disseminated gold in large alteration 
zones SU1Tollllding quartz±carbonate veins, as well 
as in the veins themselves. Thus, rock types with high 
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Fig. 4. Generalised map showing the distribution of gold deposits in the Abitibi Bell Adapted from Kerrich & 
Cassidy (1994). 

Fe and/or high Fe/(Fe+Mg) ratios (e.g., dolerite, 
tholeiitic basalt, BIF, some mafic porphyries) are 
important hosts to gold deposits (e.g., Phillips & 
Groves, 1983), and anomalously thick units of these 
rock types are critical to the formation of many large
tonnage, world-class gold deposits (e.g., Phillips et 
aI., 1996). 

Markedly linear greenstone belts, bounded by 
crustal-scale shear zones, with large volumes of 
greenstone lithologies oriented at a high angle to the 
maximum principal far-field stress (s,) during 
progressive deformation (Fig. 4), are the most 
common sites oflarge gold deposits (e.g., Groves & 
Barley, 1994). This is because the more competent 
rock units tend to fail selectively in this orientation 
with respect to the far-field stress (Ridley, 1993), as 
shown in Fig. 5. Importantly, during the later stages 
of deformation, the most competent rock units are 
most commonly also those with high Fe/(Fe+Mg) 
ratios, such as dolerites and BlFs. Within these linear 
greenstone belts, structurally isolated units of 
competent volcanic rocks tend to form zones of 
structurally enhanced permeability at all scales. An 
example of a specific type of geometry shown by 

Fig. 5. Schematic diagram showing the selective failure 
of units of contrasting competency with varying 
geometrical orientation with respect to the 
maximum principal stress of the regional stress 
field. A, Band C show the selective failure of 
units, and hence structural penneability and 
fluid focussing, with different orientation of 
units with respect to E-W directed compression. 
Adapted from the study of Ridley (1993). 

A Into competent layers 
(e_g.DoIetite.SlF) 

B. Into incompetent (weak) layers 
(e-9- Shale. foliation zone) 

C. No selective focusSing 
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Fig. 6. Examples of structurally controlled gold deposits from the Vilgarn Block, shown in the same orientation 
and at the same scale. The faults have divided the sequence into a number of isolated or semi-isolated 
blocks of competent units which are selectively mineralised. Adapted from Knight et al. (1996). 

several gold deposits in the Yilgarn Block is given in (e.g., Holyland & Ojala, 1997). Systematic synthesis 
Fig. 6. Thick units of such rocks, structurally isolated of structural data (via GIS Stereoplot, for example: 
by complex interactions between early and later Smith et aI., 1996) can identify zones of anomalous 
stlUctures, become the sites of highly anomalous fluid geometry whieh may represent zones of selective 
flux for many large gold deposits, but a similar high fluid nux. For example, zones of anomalously 
geometry is applicable in smaller scale as well (Fig. low dip in pre-existing, suitably oriented, deformation 
7). Large rigid granitoid bodies may also produce zones may be selectively reactivated during later
local heterogeneities in the regional stress field, and compression, with gold deposited in resultant reverse 
also result in selective fluid flux in zones ofcomplex faults and related structures. 
geometry leading to the [onnation of large gold All these structural or geometrical factors and 
deposits (e.g., Groves et aI., 1995). In addition, areas simulated stress patterns can be incorporated into 
where the general structural grai n is anomalous, or prospectivity maps using digital geological data, 
there are changes in strike in linear greenstone belts, combined with deposit databases, within a GIS envir
are potential sites [or stress heterogeneities. onment (e.g., Knox-Robinson & Robinson, 1993; 

Significance to exploration 

The impOltance of gross rock geometry as a 
control on the location of large gold deposits has 
implications to concept-driven, geologically-based 
gold exploration. Stress mapping is a computer-aided 
structural analysis of map pattems rock units and 
faults (both 2D and 3D), and it invol ves computer
si mulated stress (equivalent to far-field stresses) 
applied to known rock and fault geometlies which 
are allocated appropriate rock strengths and fault 
stiffnesses (Holyland et aI., 1993). It is capable of 
predicting zones oflow mean stress or low minimum 
stress, which are commonly sites of selective rock 
failure , high fluid flux, and resultant gold deposition 

Knox-Robinson & Wyborn, 1997). The resulting 
maps, which are based on the geometrical factors 
known to control gold mineralisation, can be very 
effective in predicting the sites of gold deposits . For 
example, a GIS-based prospectivity map of the 
Kalgoorlie TelTane, in the Norseman-Wiluna Belt, 
defines areas of highest prospectivity occupying only 
0.1 % of the greenstone belt but accounting for over 
83% of known gold production from the Terrane 
(CM. Knox-Robinson, unpubl. data, 1996). 

Implications for other terrains 

Although such prospectivity analysis has not 
been canied out in other types of mesothermal gold 
district, at least to the authors' knowledge, it is 
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Fig. 7. Comparison of the geometries of the two giant mesothennal gold deposits in greenstone belts, Kalgoorlie 
in the Yilgam Block of Western Australia and Timmins in the Abitibi Belt of Canada, and a smaller gold 
deposit, Pampalo in the Karelia, Finland. Note the similar geometry of competent units surrounded by 
'Iesscompetent units on a variety of scales. From 'Phillips et aL (1996) and Nurrni et al.(1993). 

possible to speculate on controls on siting of the gold 
deposits in other terrains. Linear belts with large 
bounding fault zones should be favoured, and are, 
worldwide (e.g., Kerrich & Cassidy, 1994). In 
sedimentary (e.g., slate) belts, gold deposits are 
commonly located in fold hinges in belts that are 
oriented at a high angle to the far-field stresses 
because the weaker rocks (interbedded shales with 
sandstones) selectively fail in such fold zones where 
the layering is oriented subparallel to the far-field 
stress (e.g., Ridley, 1993). Other deposits may be 
located in and above reactivated thrust ramps and 
the shallower dipping segments of steep reverse fau Its 
that are late in, or postdate, the major folding episode. 
Commonly, the. gold deposits are sited in "locked
up" structures (e.g. steep reverse faults, tight over
turned anticlines) which show extreme fault~valve 
behaviour, and are reactivated and fail under high 
fluid pressure relative to minimum plincipal stress 
(e.g., Sibson et aI., 1988; Cox et al., 1991). However, 
alternative targets for bulk low-grade mining may 
be provided by thick competent sandstone or quartzite 
units where mineralisation may be more cryptic than 
in greenstone belts due to the less-reactive nature of 
the host sedimentary rocks, and hence less obvious 
wallrock alteration and sulphidation. Irregularities in 
pre-mineralisation granitoid contacts may also be 
potential targets where there are large competency 
contrasts with adjacent sedimentary sequences 

(Granny Smith, for example: Ojala et aI., 1993). The 
age relationships between granitoids and gold 
deposits in slate belts are often controversial (e.g., 
Victoria: Ramsay & Vandenburg, 1986; MoUoy et 
aI., 1995; Phillips & Hughes, 1995), but clearly need 
resolution if concept-based exploration is to be used 
in the search for new ore-deposit styles in these belts. 
Pre-mineralisation rigid grariitoid bodies may provide 
additional targets for bulk low-grade deposits, 
particularly on faulted margins against relatively 
ductile (incompetent) sedimentary sequences. 
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I n the Yilgarn Block of Western Australia, most 
gold deposits which have an appreciable surface 

expression have been discovered, and consequently 
attention now centres on the search for gold 
deposits which are obscured by overburden. 
However, conventional prospccting techniques are 
not as successful at finding these 'blind ' deposits, 
and consequently explorationists must employ a 
multi-disciplinary approach that integrates diverse 
.geol(}gical, geophysical, and geochemical data sets. 
Geographic Information Systems (GIS) are a 
computer-based technology that enables diverse 
spatial data sets, and related non-spatial 
information to be stored, manipulated, and analysed 
in a spatial context. Over the past decade, the 
application of GIS as a tool to analyse exploration 
data sets has been investigated by a number of 
researchers (e.g., Bonham-Carter et aI., 1989, 
Knox-Robinson, 1994, Wyborn et aI., 1994, Knox
Robinson & Wyborn, in press), and have found the 
technology to be of great use to the exploration 
industry. In this short paper, the role of GIS as a 
prospectivity mapping tool is discussed, with 
relevance to regional-scale gold exploration within 
the Yilgarn Block of Western Australia. 

Aims, requirements and kinds of 
prospectivity mapping 

At a regional scale, the aim of prospectivity 
mapping is not to construct a map of an 'X marks 
the spot' variety. Rather, it is to identify under
explored areas which are geologically similar to 
those known to contain significant deposits, or 
which satisfy requirements based upon pre
conceived notions about deposit formation. Areas 
identified as prospective from such a map require 
further investigation before exploration resources 
are committed. 

Over the . past few years, the number of 
available GIS-based prospectivity mapping 
methodologies has steadily increased, and 
techniques such as fuzzy logic and artificial neural 
networks are commonly applied. However, it is 
unfortunate that many methodologies are 
inadvertently promoted as essentially automated 
processes that require little expert input. This is far 
from the truth. Every step of a prospectivity 
mapping exercise needs to be verified for accuracy 
and relevancy before proceeding to the next 

Geological requirements for prospectivity 
mapping 

To successfully conduct a prospectivity 
analysis, a geological requirement is that the 
deposits formed late in the structural evolution of 
the region. Consequently the geology that we see 
and analyse today is essentially the same as when 
the deposits formed. 

If an empirical, or data-driven approach is to 
be employed, an additional requirement is that 
known deposits must conform to a single group that 
are spatially constrained by the same set of factors. 
If there are two or more distinct types of deposit in 
the region, each spatially controlled by different 
factors , a poor quality prospectivity map is likely to 
arise. This is because important factors which may 
be used to identify likely sites of mineralisation for 
one kind of deposit may be 'masked' by the lack of 
similar control in the second kind of deposit 

Fortunately, for Archaean lode-gold deposits 
of the Yilgarn Block, both of these requirements 
can be broadly satisfied. Research summarised by 
Groves (1993) and Groves et aL, (in press) shows 
that the majority of gold deposits conform to a 
single genetic group that occurred late in the 
tectonic evolution of the Yilgarn Block. Since 
deposition, there has been little activity, save for 
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some later minor granitoid intrusions· and 
emplacement of suites of Proterozoic dolerite dykes. 

Data requirements for a prospectivity analysis 
Once it has been verified that it is viable to 

conduct a prospectivity analysis, it is important to 
ensure that geological map data to be used are 
relevant, and spatially consistent in terms of both 
spatial and non-spatial complexity. In most cases, 
geological maps have poor consistency. For the 
majority of maps, some areas have been mapped to 
a much greater degree of detail than others. 
Likewise, some rock types will have been described 
to greater lengths than others. Such data sets need 
to be modified (normally simplified) so that they are 
consistent, both in spatial and descriptive detail. 

Prospectivity mapping approaches 
There are two general approaches to mineral 

prospectivity mapping: conceptual (knowledge
driven) and empirical (data-driven). A knowledge
driven approach involves the re-formulation of 
knowledge about deposit formation into mappable 
criteria (Wyborn et aI., 1994). Areas that satisfy the 
majority of these criteria are highlighted as being 
the most prospective. A data-driven approach 
examines for spatial relationships between known 
deposits and particular geological features. 
Identified relationships are quantified and ultimately 
integrated into a single prospectivity map. 

An empirical approach requires the region to 
contain enough discovered deposits with which to 
identify spatial· relationships using a variety of 
statistical techniques. A purely conceptual approach 
has no such constraint. However, an empirical 
approach can be used to test the validity and 
applicability of conceptual models. 

In the construction of prospectivity maps for 
portions of the Yilgarn block, an empirical 
approach is adopted for several· reasons. First, 
although most deposits belong to a single genetic 
group, they are superficially diverse and occur in a 
wide variety of rock types and metamorphic 
settings, and exhibit a range of different 
mineralisation styles. Consequently, this makes the 
application of a purely conceptual approach very 
difficult. Second, most concepts regarding the 
formation of deposits have been derived from mine
or district-scale investigations (e.g. Cox & Singer, 
1986): many of which can not be adequately 
represented at a regional scale. Third, the Yilgarn 
Block contains over two thousand known gold 
deposits, and hence provides an excellent database 
with which to analyse for important spatial 
relationships. For these reasons, an empirical 

approach for evaluating the prospectIvlty of the 
Yilgarn Block is considered the most appropriate. 
Furthermore, conceptual models are tested using the 
discovered deposits, and if found important, these 
are spatially quantified and included in the final 
prospectivity map. 

Data-driven prospectivity mapping 
approach 

Application . of a data-driven approach 
comprises three main steps: 
1. Identification of significant spatial 

relationships, 
2. Spatial quantification of identified 

relationships, and 
3. Integration of quantified relationships into a 

prospectivity map. 
Whereas many prospectivity mapping techniques 
focus only on the third step of the process, research 
at the Centre for Strategic Mineral Deposits 
(CSMD) places equal emphasis on each stage, and 
a number of statistical tests have been developed to 
identify spatial relationships (Knox-Robinson, 
1994). Such spatial relationships that can be 
quantitatively identified between known deposits 
and particular geological features include: 
• simple proximity relationships, 
• strike-proximity relationships, 
• size-proximity relationships, 
• simple feature-association relationships, 
• size - feature-association relationships, 
• simple feature-abundance relationships, and 
• size - feature-abundance relationships. 
Once a relationship has been identified, graphical 
techniques are used to evaluate the extent over 
which it is significant. Multiple spatial relationships 
which have been identified and assessed are 
ultimately integrated into a single prospectivity 
map, and a step-wise approach is used to evaluate 
the contribution of each quantified spatial 
relationship to this map. 

Application of prospectivity mapping 
technology to portions of the Yilgarn Block 

The techniques developed at the CSMD have 
been used to construct gold prospectivity maps for 
portions. of the Murchison Province, Southern 
Cross Province, and Kalgoorlie-Kambalda Terrane, 
using GSWA geological maps published at scales 
of l:SOO,OOO, 1:100,000, and 1:250,000, 
respectively. All o~· the analyses resulted in 
prospectivity maps which have demonstrated 
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predictive capabilities. To date, the hest resuhs are 
obtained for the Kalgoorlie-Kamhalda Terrane, 
primarily due to the high-quality regional-scale 
solid geology map on which the assessment was 
based. 

For the Kalgoorlie-Kambalda Terrane, a 
number of concepts were tested, including the 
significance of: 
• the contacts between greenstone rocks and 

internal and external granitoids, 
• the contacts separating rock types of strongl y 

contrasting rheologies 
• the strikes of faults and lithological contact'>, 

and 
• the location of potential dilational-jogs along 

faults and lithological contacts. 
A number of interesting spatial relationships are 
identified in the region. In many instances, a 
particular feature does not control the location of a 
gold deposit, but rather the size of the deposit. 
Within proximity to a granitoid contact, the shape 
of the contact provides a significant control on both 
location and size of gold deposits. 

The prospectivity map constructed for the 
Kalgoorlie-Kambalda Terrane was verified using a 
subset of known deposits whiCh were not used in 
the construction of the map. This subset includes 
the giant deposits of the Golden Mile. This map has 
a good predictive capability: the highest 
prospectivity category defined occupies less than 
0.3% of the greenstone rocks, yet contains in excess 
of 16% of known gold deposits and over 80% of 
known gold production. With access to better data, 
it is expected that the prospectivity map can be 
further improved. 

Conclusions 

GIS provides a means through which diverse 
exploration datasets can be stored, manipulated, 
and analysed. GIS-based prospectivity mapping 
techniques can be used to test conceptual models of 
deposit formation and used to identify significant 
spatial relationships between known deposits and 
particular geological features . Prospectivity maps 
produced as a result of such an analysis can be 
used, with expert interpretation, to aid the 
exploration process. 
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The role of lithogeochemical techniques in the 
exploration for mesothermal gold deposits 

E.J. Mikucki 

Centre for Strategic Mineral Deposits 
Department of Geology and Geophysics 
The University of Western Australia 
Nedlands, WA 6907 

I n many cases, regolith geochemistry and 
favourable structural settings determined through 

geological mapping or geophysical methods provide 
the primary impetus for target selection in the 
exploration for lode-gold systems. Lithogeo
chemical programs designed to recognise Pfimary, 
hypogene leakage anomalies and geochemical 
dispersion associated with lode-gold mineralisation 
provide another tool by which to further constrain 
prospective ta~gets. Their use in exploration can be 
generalised into three primary roles. The first is to 
discriminate between prospective and non
prospective forms of alteration, and between 
favourable and non-favourable structures by 
looking for geochemical signatures characteristic of 
lode-gold hydrothermal systems. The second, more 
traditional role is .to expand the size of exploration 
targets beyond that of the orebody itself. Lastly, 
compositional gradients and zonation of ore-related 
elements within the dispersion halo have the 
potential to provide directional information that can 
be used to 'vector-in' on mineralisation. 

Element associations 

World-wide, lode-gold ores and associated 
dispersion haloes are enriched in a unique suite of 
elements (e.g., Boyle, 1979; Kerrich, 1983; Perring 
et al., 1990). The latter include, in addition to Au, 
Ag ± As ± Sb ± Hg ± Te ± Bi ± W ± B. Major 
elements enriched during lode-gold mineralisation 
are somewhat dependant on host rock chemistry and 
metamorphic grade but typically include K ± Na 
and CO2• Ores are typically enriched in gold by a 
factor of 103_104 over their unaltered host rocks. 
Other gold-associated trac,;! metals (As, Sb, Te and 
W) are enriched by factors of 101_10\ whereas 
enrichment in the lithophile elements (K, Rb) is 

host-rock dependent and on1y moderate (sIO-fold) 
in mafic rocks (perring et al., 1990). Any of these 

elements could be used as an indicator for lode-gold 
mineralisation provided its geochemical dispersion 
is extensive enough to provide a practical 
exploration target. Different deposits may, however, 
vary in their enrichment in particular gold
associated trace elements. Thus an element that 
provides a useful pathfmder in one system may not 
be useful for delineating different deposits. 

Causes of geochemical variability 
The cause of the significant variability in the 

gold-related trace element abundances within 
meso thermal lode-gold deposits is not yet 
understood. As discussed by Kerrich (1983) such 
variations are not likely to be a simple function of 
the immediate host rock composition. The data in 
Perring et al. (1990) highlight substantial 
differences in the enrichment patterns of several 
ores despite the fact that all are · hosted by similar 
mafic rock types. Likewise, comparisons of 
enrichment patterns in Yilgarn deposits formed at 
different metamorphic grade show little difference 
in the magnitude of enrichment, apart from slight 
differences in the K and As contents of these. Thus 
host rock composition and formation temperatures 
are not considered to be the major factors 
controlling geochemical variability among gold-on1y 
deposit types. 

The distribution of deposits containing the 
.major host minerals for W (scheelite), As 
(arsenopyrite) and B (tourmaline) within the 
Timmins-Kirkland Lake area of the Abitibi 
subprovince, Canada (Hodgson & Troop, 1988), 
illustrates that many deposits from the same mining 
camp share common mineralogical, and therefore 
geochemical, features. 

This apparent provinciality indicates that the 
gold-related trace element abundance patterns 
.primarily reflect original ore-fluid compositions 
within large-scale hydrothermal systems rather than 
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factors local to the ore-depositional environment. 
Ali such, they most likely reflect variations in the 
make-up of, or processes active within, solute 
source regions and/or fluid-rock exchange during 
the subsequent transport of the ore l1uids from 
source regions to ore-depositional sites. 

Implications for gold exploration 
Gold-associated trace clements have often 

been used as pathfinder elements in the exploration 
for meso thermal gold deposits. The high variability 
in the relative trace element enrichment within gold 
deposits does: however, have important . 
consequences for iheir application to exploration. 
Specifically, no single pathfinder element or group 
of elements can be used with confidence in all 
geologic situations. Exploration programs designed 
around one particular suite of pathfinder elements 
may not be applicable to other deposits or other 
mineralised districts. This shortfall in the 
application of trace element dispersion to the 
exploration for mesothermal gold has been 
recognised by Boyle (1979) and reiterated by 
Kerrich (1983), leading these and other workers to 
suggest that "gold is its own best pathfinder" 
(Boyle, 1979). 

Such a viewpoint may, however, be overly 
pessimistic in that several of the studies 
surnrnarised above illustrate that many deposits 
within the same mining district share a cornrnon 
mineralogy and thus should be characterised by 
similar trace element enrichment patterns. As such, 
pathfinder element dispersion patterns may be of 
use provided that . exploration programs are 
restricted to within specific districts or along 
particular structures. The use of multi-element 
programs rather than single-element studies can 
also safeguard against missing economic deposits 
characterised by different geochemical signatures. 

Discrimination of gold-related from gold
barren alteration 

Carbonate ' alteration is widespread in most 
greenstone belt sequences as has been documented 
for the Abitibi and Red Lake greenstone belts · of 
Canada, the Eastern Goldfields province of the 
Yigarn Craton, Australia, and for the Barberton 
greenstone belt of South N'rica (Fyon & Crocket, 
1982; Andrews et al., 1986; Barley et aI., 1990). 
A<; outlined : by 'Hodgson (1990), however, not all 
zones of carbonate alteration contain signilicant 
mineralisation, and one of the major problems in 

. gold exploration in these terranes is the lack of 

predictable relationships between extensive 
carbonate alteration zones and mineralisation. 

Fyon & Crocket (1982) undertook a series of 
orientation studies of carbonate alteration in the 
Tirnrnins region in order to develop 
Iithogeochemical methods for differentiating gold
prospective from nonprospective alteration. Their 
work, which involved detailed 1:1200 alteration
zone mapping and multi-element analyses, 
compared carbonate alteration zones associated 
with the Delnite, Aunor and Buffalo Ankerite mines 
situated just north of the Destor-Porcupine Tectonic 
Zone with barren to weakly mineralised alteration 
in the Tisdale township to the northeast. 

Samples were analysed for major elements, 
S, CO2 and numerous trace elements, including the 
pathfinder elements Au, Ag, Sb, W, Band Bi. 
Those samples that came from ore zones within the 
mines investigated were classified as being 
'productive'. In general, these ore zones were thin 
«100 m) ore-bearing horizons within a more 
widespread region of carbonatisation. Those 
samples from the Tisdale area and from barren 
zones within the mine areas were classified as 
'unproductive'. Geochemical data from the two 
groups were compared in order to test whether trace 
element abundances could be used to discriminate 
between them. The data were plotted against CO2 

content (as a crude measure of alteration intensity) 
and separated according to original host rock 
lithology. 

Uthogeochemical screens 
Arsenic, Au, B, Cu, Li, Pb and Sb were the 

only trace clements that discriminated between 
gold-related and unproductive samples. In general, 
trace-element concentrations showed little or no 
correlation with CO2 content and no obvious 
differences exist between CO2 contents of 
productive versus unproductive alteration. Both 
observations re-emphasize the fact that simple CO2 

content is a poor measure of alteration intensity and 
proximity to mineralisation. 

All of the above elements, except Cu, are 
enriched in gold-related alteration zones relative to 
barren carhonate alteration (Cu is depleted during 
gold-relateo carbonatisation; Fyon & Crocket, 
1982). However, determining the threshold values 
used to discriminate between the two groups is not 
straightforward. Trace-element screens used to 
differentiate gold..;related from barren alteration 
types can be specific to a particular host rock and 
undiscriminating in another (e.g., B in basalts), can 
have different threshold levels in the different rock 
types (e.g., Sb) or have the same threshold value 
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regardless of rock type (e.g., Au and As). The 
causes of such variations are not known. Note also 
that samples from unproductive carbonate 
alteration zones typically contain between 1 and 5 
ppb Au. Such values compare favo.urably with 
mean background concentrations for unaltered 
igneous rock types (-2-3 ppb; Rose et aI., 1979) 
and therefore indicate little gold addition during 
carbonate metasomatism in unmineralised settings. 
This contrasts markedly with As amI B, which 
show elevated levels even in unproductive 
alteration, indicating these latter elements were also 
mobile during barren carbonate alteration episodes, 
albeit at lower levels than during gold-related 
alteration. One consequence of this is that careful 
orientation studies designed to discriminate weakly 
anomalous but gold-barren zones from ore 
environments are required if elements like As and B 
are to be used as geochemical screens in areas 
outside of the Timmins region. 

. Trace element dispersion aureoles 

Geochemical dispersion aureoles surround 
most hydrothermal ore deposits and the structural 
channel~ways that localised ore-fluid migration both 
to and from the site of deposition. Lode-gold 
systems present no exception to this. Nevertheless, 
a review of the literature indicates that the nature of 
dispersion haloes surrounding this style of 
mineralis~tion can differ markedly between 
different deposits. As discussed below, a 
fundamental factor in determining the location, size, 
shape and intensity of these anomalies is the nature 
of host-rock permeability and its dependency on 
deformation style. Other factors, including the 
initial concentration of the component in the ore 
fluid, the factors controlling how elements are 
incorporated into the country rock, the total amount 
of fluid flux and the buoyancy of hot hydrothermal 
ore fluids, also take part (Rose et aI., 1979). The 
examples below illustrate how some of these factors 
can influence the nature of the dispersion aureoles 
associated with mesothermal lode-gold systems. 
Ultimately, it is these parameters which will 
determine the usefulness of primary dispersion 
haloes at all scales of exploration. 

Controls on aureole shape and extent 

The fact that most lode-gold deposits are 
shear zone-hosted and form essentially 
simultaneously with the latter stages of deformation 
affecting their host structures has a dramatic effect 
on the overall shape of geochemical dispersion 
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haloes. During shear-zone formation, strain can 
become focused into the central portions of the zone 
due to the positive feedback effects of strain 
softening and to formation of more easily deformed 
phyllosilicate alteration minerals (e.g., Colvine, et 
aI., 1988). The result is that high transient 
permeabilities are developed within the shear zone 
itself but that the adjacent wall rocks remain 
relatively undeformed and impermeable. Fluid flux, 
and therefore dispersion anomalies, thus tend to 
mimic the tabular shape of the host shear zone. This 
is especially apparent in auriferous quartz reefs 
hosted by relatively narrow but strike-continuous 
shear zones, such as those that characterise the 
Norseman and some of the Coolgardie deposits of 
the Yilgarn Craton, Western Australia. 

At Norseman, for example, Mazzucchelli & 
James (1980) summarise both the lateral, cross
strike and up-dip arsenic dispersion haloes 
associated with the Crown Reef. The reef itself is a 
blind orcbody comprising a complex laminated 
quartz vein hosted within a narrow shear «25 m 
wide) that crops out at surface. Host rO(;ks are 
dominated by low-strain, amphibolite-facies 
pillowed metabasalts, mafic sills and dykes. Arsenic 
dispersion lateral to the reef is limited to a total 
width of only 20 m, and even fails to extend to the 
margins of the shear zone. In contrast, arsenic 
concentrations remain highly anomalous for at least 
400 m up-dip of the Crown Reef. These dimensions 
reflect the marked anisotropy in permeability within 
the shear zone due to the development of a strong 
foliation, as well as the overall upward movement 
of buoyant hydrothermal ore fluids along structures. 

There is some tendency for lateral dispersion 
to increase where host shear zones become wider 
and more complex. Eilu et at. (1996) have 
documented such a case at the Bronzewing mine in 
the Yandal greenstone belt of the Yilgarn Craton, 
Western Australia. Mineralisation here occurs as a 
series of en echelon, steeply plunging orebodies 
within a broad (>300 m wide), anastomosing shear 
zone. Geochemical dispersion haloes, including 
those for low-level Au and W, envelope most of the 
known orebodies and considerably expand the size 
of potential exploration targets. In· the central 
portions of the system, alteration and metasomatism 
are pervasive, affecting both sheared and unsheared 
host rocks. 

Trace-element dispersion in giant ore 
systems 

One of the most consistent observations made 
concerning geochemical dispersion and wallrock 
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alteration haloes is that of size: in general the bigger 
the deposit the greater the lateral dispersion. 
Nowhere is this demonstrated more readily than in 
the giant (>500 t Au) lode-gold systems. 

Case study: the Hollinger-McIntyre gold vein 
system 

The Hollinger and Mcintyre deposits are 
situated 1.5 km from the town of Timmins within 
the southwestern portion of the Abitibi greenstone 
belt, Ontario, Canada. Together they comprise one 
of the largest mesothermal gold vein systems in the 
world and have yielded in excess of 995 t Au 
(Burrows et aI., 1993). Gold is hosted within an 
extensive system of quartz-carbonate-pyrite veins 
and pyritic wallrock alteration haloes that extends 
> 1200 m in strike length and 650 m in width at the 
surface and that can be traced down-plunge to a 
depth of 2.4 km. The system is hosted hy the 450 to 
600 m-wide, northeast-southwest-trending Hollinger 
shear zune with most of the veins being localised 
along the southwestern nuse and margins of the pre
kinematic Pearl Lake Porphyry. lIost rocks to the 
vein system are, however, dominated by the 
variolitic and pillowed metabasalts that dominate 
the local stratigraphy. Both basalts and porphyry 
intrusions have been metamorphosed to greenschist 
facies conditions. 

LitllOgeochemical and alteration zoning 
studies: Smith & Kesler (1985) carried out 
extensive wall rock alteration and lithogeochemical 
zonation studies on the Hollinger-Mcintyre system 
in order to establish whether large-scale 
mineralogical and geochemical zoning patterns 
could be delineated around the vein system and to 
evaluate the potential use of such patterns for 
exploration for other giant mesothermal lode-gold 
systems. Geochemical zoning patterns were defined 
on the basis of 260 unweathered, whole-rock 
samples taken up to 1 km away . from the vein 
system in the case of surface samples and from the 
3875 1't. (1180 m) and 6875 ft. (2090 m) levels. 
Samples were analysed by instrumental neutron 
activation methods for a number of elements 
including gold and precious metals, gold-related 
trace elements, large-ion-lithophile elements, 
transition and base metals, and the rare earth 
elements. Boron, W, Te and Bi were not analysed 
due to incompatibilities with the chosen analytical 
technique. 

Of the elements analysed only As, 13a, Au, 
Sb and Rb exhibited anomalies that could he 
directly related to mineralisation. Other clements 
were either present at below detection limits or 
showed com:entration dependencies Oil initial host 

rock composItIon that obscured gold-related 
dispersion patterns. Arsenic and 13a anomalies were 
or similar extent and proved most useful in terms of 
forming well-defined zonation patterns. Gold, Sb 
ami Rb analyses were often below detection limits 
fiX the INAA analytical method used due to 
suhstantial element interference ·problems. Thus 
dispersion haloes for these elements are somewhat 
less well defined than those for As and 13a. A 
detailed description of the As and Au dispersion 
patterns is given below. 

A rsellic dispersion patterns: Arsenic 
dispersion associated with the Hollinger-McIntyre 
vein system significantly increases target size at 
both the deposit scale and that of individual are 
zones. The >2 ppm As anomaly at surface 
envelopes the entire Hollinger-McIntyre vein system 
and outlines a northeasterly-trending zone approx
imately 800 m wide and at least 3 km long, thereby 
forming a geochemical target area at least two to 
three times the size of actual mineralisation. The 
anomaly trend subparallels that of the major veins, 
shear zone foliation and plunge direction of the ore 
system, as well as that of the Pearl Lake Porphyry. 
Higher, local thresholds of 5 ppm and 20 ppm As 
are said to clearly outline individual zones of 
mineralisation and individual ore stapes, and to 
extend as much as 300 m into the surrounding 
wallrocks. 

In addition to increased target size, the 
regular decay in As concentrations with distance 
from ore can provide a directional guide to 
mineralisation. By in large, As concentrations tend 
to increase systematically towards the main corridor 
of mineralisation within the southwestern portion of 
the study area. The broad >50 ppm As anomaly 
present over the Pearl Lake Porphyry to the 
northwest apparently overlies the main zones of 
deep mineralisation in the McIntyre mine. If 
correct, this may explain the general paucity of 
mineralised veins exposed at this level in this area. 

Gold dispersion patterns: Somewhat 
surprisingly, Smith & Kesler (1985) noted only a 
very poor correlation between low-level gold 
concentrations in wallrock samples and 
mineralisation. They attribute this apparent erratic 
behaviour in Au distribution to the unsatisfactorily 
high and variable detection limits for this element 
when analysed hy INAA. 

Case study: the Golden Mile 
The Golden Mile of Kalgoorlie in Western 

Australia is one of the most productive deposits in 
the world, having already produced in excess of 
1250 t Au over its one hundred and four year 
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history (KCGM, 1994). Mineralisation occurs as a 
complex system of steeply dipping, shear zone
hosted lodes which crosscut a subvertical to 
moderately dipping sequence of metamorphosed 
basalts, differentiated dolerite sills and lesser 
komatiitic and felsic volcaniclastic rocks (Clout et 
aI., 1990). Individual lodes may have dimensions of 
up to 1800 m in strike length, 10 m width and 
continue down-dip to depths of at least 1200 m 
(KCGM, 1994). The deposit as a whole covers an 
area roughly 3 km long and 1 km wide. Phillips 
(1986) has documented pervasive, district-scale 
carbonate alteration over most of this area. The 
latter has resulted in nearly complete replacement of 
peak . greenschist-facies metamorphic actinolite
epidote assemblages hy chlorite-carhonate - hearing 
rocks. 

Geochemical Dispersion Studies: Deposit
scale geochemical dispersion of gold and its 
pathfinder elements within the Golden Mile system 
has been documented hy studies carried out in 1965 
and the 1980s (Mazzucchelli, 1965; Mazzucchelli 
& James, 1980; Mazzucchelli, 199U). In all, close 
to one thousand samples from the 47700N cross 
section were included in the studies. 

Statistical determinations of background 
threshold values and trace clement distrihution 
maps indicate that virtually the entire 47700N cross 
section is anomalous in J\u (at the pph level), J\s, 
Hg and Te. This corresponds to an area over 15UO 
m in width and to depths of at least 1 km. The data 
also indicate that local, more elevated threshold 
values can be used to broadly define the Eastern 
and Western Lode · systems. This is hest 
demonstrated by the As data; local threshold values 
of >30 and >45 ppm J\s define a series of near
vertical anomalies which hroadly overlap the lode 
systems (the two different threshold values relate to 
the 1965 and 1980 studies, respectively). Similar, 
though less well defined, anomalies in gold and I-1g 
also appear to broadly correlate with proximity of 
mineralised structures, whereas Te values are 
highly anomalous (>100 pph) over most of the 
section but show poor correlation to the lode 
systems. 

Pathfinder elements as vectors to ore 

The evidence presented ahove indicates that 
gold-associated trace clement dispersion aureoles 
can be used with success in identifying prospective 
structures and expanding exploration target 
dimensions in at least some circumstances. Their 
success in directing explorationists towards 
economic mineralisation is, however, mixed. 

117 

J\pparent successes include As dispersion aureoles 
for the Hollinger-McIntyre system, as outlined 
ahove. IIowever · many cases exist where well
behaved variations in pathfinder element contents 
are non-existent or ambiguous despite the fact that 
these elements are anomalous and define 
recognizahle dispersion haloes. One extreme case 
has heen documented by Bowen (1972). His data on 
J\s dispersion related to the Wattle Gully mine of 
the Victorian gold fields clearly show that although 
there is a recognisable increase in the maximum As 
content of samples as the Wattle Gully lode is 
approached, there is an extreme range in As 
concentrations even in samples in close proximity to 
the lode. Compositional gradients in individual 
profiles away [rom ore are either ambiguous or 
show cont1icting results from one profile to the next 
(Bowen, 1972). 

Few studies have addressed pathfinder
clement zoning as a means of locating lode 
mineralisation. Rasilaninen et al. (1993), in their 
study of mineralisation in the Hattu schist belt of 
finland, were unable to demonstrate any clear 
zonation in the common pathfinder elements away 
from ore ,intersections in drill core. Again, Smith & 
Kesler (I 985} could find no evidence of vertical 
zonation in the element suite that they analysed for 
the Hollinger-McIntyre system. Both these results 
arc in keeping with the lack of strong mineralogical 
or geochemical zoning that is characteristic of the 
most common mesothermal gold systems (e.g., 
Olivine el aI., 1988). However for the most part, 
detailed multielement studies using sufficiently 
accurate analytiCal methods have not been carried 
out. 
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Archaean gold deposits in Canada and Australia 
in light of globally recognized gold deposit types 

F. Robert \ K.H. Poulsen \ and B. Dube 2 

1 Geological Survey of Canada 
601 Booth St., Ottawa 
Ontario, Canada K1 A DEB 

I t is well established that many lode gold deposits 
in Archaean greenstone terranes share a numher 

of common geological characteristics. This has led 
to their recognition as a distinct class of 
"mesothcrmal" lode gold deposits (e.g., Colvine, 
1989; Groves et al. , 1989; Hodgson, 1993). 
Recurring attributes among these Lieposits include 
their spatial association with crustal-scale fault 
zones, the general hrittle-ductile nature of their host 
structures, their significant vertical extent, the 
involvement of low-salinity COThearing l1uids 
enriched in K and S, and the high Au:Ag ratios and 
low base metal contents of their ores. Archaean lode 
gold deposits are most abundant in greenschist 
grade metamorphic terranes where their orcs consist 
predominantly of quartz 1: carhonate veins. 

However, a numher of deposits in these 
terranes do not share the ahove defining 
characteristics and represent a class of atypical 
deposits (e.g., Card et aI., 1989). Well known 
examples of atypical (and commonly controversial) 
deposits include Hern10 and BouslJuet, in CanaLia, 
and Big Bell and Boddington in Western Australia. 

The problem: diversity among deposits· 

In recent years, a numher of workers have 
emphasized the diversity of settings and attributes 
among lode gold deposits in Archaean greenstone 
belts, highlighting departures from the type 
"mesothermal" model. For example, Archaean gold 
deposits in Western Australia have heen 
documented to occur in a variety of metamorphic 
settings, ranging in grade from suh-greenschist to 
upper amphibolite, and even lower granulite, with 
corresponding variations in ore and alteration styles 
(e.g., Gebre-Mariam et al. , 1995; Groves et al., 
1995). Significant variations in styles of gold 
mineralisation and in alteration assemhlages also 
occur among Archaean lode gold Lleposils in 
Canada (Card et al. , 1989; Rohert & Poulsen, 
1997). 

2 Centre geoscientifique de Quebec 
2535 Boul. Laurier, Ste-Foy 
Quebec, Canada G1V 4C7 

The significance of the diversity of styles and 
settings among Archaean lode gold deposits is not 
fully unLlerstood. Some of these variations have 
heen ascribed to different crustal depths of 
formation of the deposits, such as in the crustal 
continuum model (Groves, 1993; Gebre-Mariam et 
aI. , 1995). Others have proposed that some of these 
variations rellect the existence of gold deposits of 
Llillerent types and ages within greenstone terranes, 
as well as the ·fact that some deposits have been 
modified by overpnntmg deformation and 
metamorphism (Couture et al., 1994; Robert & 
Poulsen, 1997). 

There is . supportive evidence for both 
scenarios. However, it is important to be able to 
assess if a particular atypical deposit represents 
either a shallow or deep equivalent of a 
"mesothermal" deposit, or another . type of gold 
deposit that has been modified by later deformation 
anLl metamorphism. 

The recognition of diversity also raises the 
lJuestion of what models are applicable to gold 
deposits in greenstone belts (Robert & Poulsen; 
1997). This is particularly important in exploration, 
as the choice of a model generally dictates the 
criteria to he considered in an exploration program. 

Assessing which model is most appropriate 
relies · heavily on a proper documentation and 
interprelation of the timing of mineralisation 
relative to deformation and metamorphism. In 
general, this is a question that carmot easily be 
resolved without detailed studies and/or precise 
geochronology. 

The approach: new classification scheme 

As an alternate, complementary approach, 
Ihe characteristics of atypical lode gold deposits can 
he compared against those of globally recognized 
types of lode gold deposits to assess which 
c(mesponliing model(s) best explains the atypical 
ones. 
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J\ compilation of key characteristics of 
globally recognized types of lode gold deposits was 
recently completed by Robert et al. (in press), as 
part of an effort at developing a geological 
classification scheme for these deposits. J\ list of 
the deposit types and a summary of their key 
characteristics are presented in Table 1. An analysis 
of this table (or the extended version in Robert et 
aI. , 1997) shows that the combination. of geologic 
selling, nature of mineralisation and hyJrothermal 
alteration is unique for nearly every deposit type. 
The combination of these parameters therefore 
provides a way of fingerprinting each deposit type, 
and a means of distinguishing one type from the 
others. It also provides a framework for identifying 
deposits that are atypical in a given context, anJ for 
addressing the question of which geological 
model(s) best explains a particular depOSIt. 

Geological types of lode gold deposits 

Despite the lack of a systematic approach to 
classifying lode gold deposits, there are at least 
sixteen types of gold deposits that have been 
historically recognized and defineJ by geologists 
(rable 1). These are geological types of deposits 
and it is understood that Jillerent types of deposits 
may have formed by similar or related genetic 
processes. 

The deposits define three broad families or 
clans of deposits: (1) epithermal clan, formed near 
surface and including paleoplacer and gold-rich 
volcanic-associated massive sulfiJe Jeposits; (2) 
intrusion-related clan of deposits, formed depths of 
-1-5 km and considered to represent different 
components of large intrusion-centered magmatic 
hydrothermal systems (Sillitoe, 1991); and (3) a 
clan of "mesothermal" greenstone veins (including 
slate belt veins), formed at interpreted depths of 
greater than -5 km. 

The epithermal and intrusion-relateu clans of 
deposits have formed mostly in extensional or 
transcurrent structural regimes, during periods of 
construction of volcano-plutonic . edifices. In 
contrast, deposits of the greenstone vein clan have 
formed mostly in compressional regimes, uuring 
periods of deformation of accreteu volcano-plutonic 
terranes or of other geological environments 
(Robert et aI., in press). 

This compilation highlights two further 
points of relevance in exploration. First, the .clans 
defined correspond to groups of deposits that 
commonly occur together in the same golu districts. 
Where some members of the family have been 
iJentifieu in exploration, other members can be 

expected. Second, each of the sixteen types of 
deposits has at least one known world-class· 
example. An important implication is that the 
search for large gold deposits in any given terrane 
should not necessarily be restricted to just a few 
types of deposits. 

Proposed geological classification scheme 

Following the approach of Cox & Singer 
(1986), Robert et at. (in press) have constructed the 
decision tree presented in Fig. 1, representing a 
geological classification scheme for gold deposits. 
This scheme is based on the following four 
parameters: geological setting, host rocks, style of 
mineralisation, and geochemical signature as 
expressed hy hyurothermal alteration and metal 
association. These parameters have been considered 
in previous classifications (e.g., Cox & Singer, 
1986), but the main difference here is that equal 
emphasis is placed on all of them. These parameters 
were selected not only because their combination is 
diagnostic of each deposit type, but because they 
are likely to be identifiable even for deposits hosted 
in rocks that are highly strained and/or at high 
metamorphic grades. 

The decision tree considers two sets of 
questions that geologists commonly ask in assessing 
a gold deposit. The first set addresses the geological 
selling of the deposit. Are supracrustal rocks in and 
around the deposit mainly volcanic or sedimentary 
(including their metamorphosed equivalent)? What 
geologic environment do they represent? Is the 
ueposit hosted mainly by an intrusion or by 
supracrustal rocks? 

The two main volcanic environments to be 
consiuered are subaerial fractionated andesitic 
centers and associated volcaniclastic and epicIastic 
rocks, and mainly submarine, bimodal volcanic 
sequences and derived sediments. Sedimentary 
environments include wacke-shale, mature arenite
quartz-pebble conglomerate, and shallow-water 
carbonate-sands tone-shale successions. These 
correspond broadly to marginal basins or 
accretionary prisms, epicratonic basins, and 
continental miogeoclines or continental back-arcs, 
respectivel y. 

The second set of questions relates to the 
characteristics of the ore and its hydrothermal 
signature. What is the dominant nature of the ore? 
Does it consist of veins, of stockwork zones (with 
disseminated sulfides), of zones of disseminated 
sulfiues, or of zones of semi-massive to massive 
sulfides? In the case or veins, are they sulfide-poor 
«20 vol. % sulfides) or sulfide-rich (>20 vol. % 
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Table 1 Summary of selected geological attributes of globally recognized types of lode gold deposits; 
simplified from Robert et al. (in press). 

DEPOSIT EXAMPLE GEOJ ,()(i1C SETIlNG NAHJREOF ALTERATION AND 
TYPE MINERALISA 110N ASSOCIATED METALS 

Pa\eoplacer Witwatersrand Mature nuviatile-deltaic Pyrite-bearing quartz- Overprinting sericite and 
(South Africa) rocks in cratonic basins pebble conglomerate silica; 

Au>Ag, U common 

Au-rich VMS Boliden Volcano-sedimentary Massive sulfide lenses & sericite, silica :taluminous 
(Sweden) sequences in greenstone stockwork zones alteration; 

belts Ag>Au, Cu, Zn, Pb 

Ilot spring McLaughlin Subaerial volcanic centers Disseminated sulfides in silica, argillic & advanced 
(USA) & rclated epiclastics in silicified breccia zones & argillic, adularia; 

volcano-plutonic belts underlying veins Ag>Au, Hg, As, Sb, TI 

Adularia- Creede ~ubaerial volcanic centers Crustiform to brecciated Sericite-adularia & silica; 
sericite (USA) & related intrusions in quartz-carbon ate-adularia Ag>Au, As, Sb, Hg :t 

volcano-plutonic belts veins base metals 

Alunite- Goldfield Subaerial volcanic centers Disseminated to massive Silica, alunite-bearing 
kaolinite (USA) & relatcd intrusions in sulfides in vuggy silica advanced argillic; 

volcano-plutonic belts zones, sulfide-rich veins, Ag>Au, A'i, Cu, Sb, Bi 
breccias & stockworks 

Porphyry Au Lepanto Far Subaerial volcanic centers Intrusion-hosted quartz- K-silicate, :t magnetite 
or Au-Cu Southeast & related intrusions in sulfide stockworks argillic overprint; Au>Ag, 

(Philippines) volcano-plutonic belts Cli :t Mo, Bi, Te 

Breccia pipe Kidston Volcanic centers & related Mineralized discordant sericite-carbonate, ±silica; 
(Australia) intrusions in vokano- -brcccia--bodies Ag>Au, Pb .• Cu, Zn 

plutonic belts 

Skarn Fortitude Cmbonate platform Concordant to discordant AI-rich prograde skarn 
(USA) ovcrprinted by volcano- massive sulfide bodies in assemblages, common 

plutonic arcs carbonate rocks retrogression; 
Au, Ag, As, Bi, Te 

Carbonate Ruby Ilill Carbonate platform Concordant to discordant Silica in limestone, sericite 
replacement (USA) overprinted by volcano- massive sulfide bodies in in clast ics; 
(manto) plutonic arcs carbonate rocks Ag>Au, A'i, Bi, Hg :t Pb 

Carlin-type Carlin Carbonatc-cla'itics shelves Disseminated sulfidcs in Decalcification & silica in 
(USA) overprinted by volcano- discordant breccia bodies & carbonate; 

plutonic arcs stratabound zones Ag>Au, As, Sb, Hg 

Non-carbonate Porgera Siliciclastics, turbiditic & Concordant to discordant K- or Na-silicate and 
disseminated- (PNG) volcaniclastic rocks ZonCs of disseminated carbonate; 
stockwork intruded by stocks & dykes sulfides, stockworks, Au>Ag, Cu, As Bi, Te,W 

breccias, & sheeted veins 

Sulfide-rich Rossland lIigh-lcvcl stocks and dykes Quartz-sulfide veins Sericite-chlorite :tcarbonate; 
Au-Cu vein (Canada) in volcano-plutonic arcs & (>20% sulfides) Ag>Au, Cu :t Pb, Zn 

greenstolle belts 

Batholith- Linglong Tectollic uplifts with Quartz veins in brittle to Sericite-chlorite; 
related veins (China) metamorphic basement & brittle-ductile faults Au:Ag variable :t Cu, Pb, Zn 

grnnitoid batholiths 

Greentone- Mother Lode Greenstone belts, near Quartz-carbonate veins in Carbonate-sericite:talbite; 
hos ted veins (USA) major faults britllc-ductile shears Au>Ag, W, B:t As, Mo 

Turbidite- Bendigo Deformed turbidite Quartz-carhonate veins in Minor sericite & silica; 
hosted veins (Australi a) sequences folds & shears Au>Ag, A" :tW 

B1F-hosted Homcstake Mixed volcano-sedimentary Stratabound sulfide lenses Sulfidation of BIF, chlorite-
veins & (USA) sequences in greenstone & discordant quartz veins carbonate; 
sulfides belts & turbidites Au>Ag,A" 
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sulfides)? What is the dominant associated 
hydrothermal alteration, as expressed by diagnostic 
alteration assemblages or by their metamorphosed 
equivalents? . 

This approach provides a coherent method of 
. distinguishing all of the sixteen types of globally 
recognized gold deposits from one another. 
Furthermore, it is based on practical information 
that is generally at hand or easily obtainable. This 
decision tree can be used in a number of ways in 
exploration. In evaluating a gold prospect, for 
example, it can serve as a template to constrain 
which deposit type(s) the prospect may correspond, 
in order to determine what additional inltlrmation 
should be acquired to place further constraints on 
the deposit type. This template can also be used to 
assess what gold deposit types .may occur in a 
particular geologic environment thus inlluencing the 
exploration strategy for that particular area. 

Complicating factors 

A number of factors complicate this 
approach and should be considered carefully in 
assessing deposits on a case-by-case basis. First, a 
significant number of deposits, especially large 
ones, show .evidence of overprinting of different ore 
styles, either due to telescoping of distinct 
components of magmatic-hydrothermal systems 
(SiIlitoe, 1994), or due to superposition of two or 
more hydrothermal systems. These processes result 
in hybrid deposits that are difficult to classify 
according to the above scheme. 

A second problem is that in deformed 
terranes such as greenstone belts, the primary 
characteristics of gold deposits· may have been 
obscured by overprInting deformation and 
metamorphism to the extent that they are dillicult to 
recognize. Syn-deformational remobilisation of 
early sulfides and gold may also substantially 
modify the appearance and nature of mineralisation. 

Application to Archaean lode gold depOSits 

The classification scheme presented above 
can be used as a framework for addressing the 
question of diversity among Archaean gold 
deposits. It can also serve to assess which gold 
deposit models are applicable to Archaean (and 
younger) greenstone beIL<;. 

In a greenstone belt or slate belt context, the 
decision tree also provides a way of assessing if a 
deposit is typical or atypical, i.e. if it can be readily 
ascribed to a known type of lode gold deposit or 
not. If a deposit is identified as being atypical in a 

such a context, there are three possible explanations 
for its atypical character. It can be (1) a hybrid 
deposit in which there are overprinting styles of 
mineralisation, (2) a deposit that has been deformed 
and metamorphosed to the extent that its primary 
characteristics have been obscured, or (3) a new 
geological type of gold deposit that is not 
c1assifiahle according to the above scheme. Selected 
examples from Western Australia and from Canada 
illustrate some of these situations. 

Certain gold deposits that may be viewed as 
atypical in the context of Archaean greenstone belts 
may correspond to known gold deposit types in a 
glohal context. This is the case for example of 
Boddington in Western Australia, where the bulk of 
the primary Au-Cu-Mo mineralisation consists of 
extensive zones of veinlet stockwork and 
intervening disseminated sulfides, in biotite-altered 
diorite and enclosing andesitic volcanic rocks (Roth 
et aI., 1991). Despite controversy over the timing of 
mineralisation and the presence of shear zones 
(Allibone ct aI., 1996), the characteristics of 
Boddington best match those of a porphyry Au-Cu 
deposit (rable 1, fig. 1). 

At the Kanowna Belle deposit, east of 
Kalgoorlie, the proximal sericite-ankerite-pyrite ± 
albite alteration is similar to that associated with 
greenstone-hosted vein deposits (Table 1). How
ever, the disseminated to weak stockwork nature of 
mineralisation and the very low strain state of host 
lithologies are not typical of this deposit. Based on 
Table 1 and Figure 1, several attributes of this 
deposit suggest that an intrusion-related, non
carbonate, disseminated-stockwork model might be 
more appropriate. These include the close spatial 
association with a porphyry intrusion, the t1uvial
alluvial nature of the host conglomerates and 
sandstones, the brittle nature of associated faults, 
and the presence hydrothermal breccias with albite
rich matrix type (F. Robert, pers. observations, 
1996), all of which are more consistent with an 
intrusion-relined type of deposit. Kanowna Belle 
bears a numher of striking similarities with syenite
associateu g()ld deposits in the Abitibi belt recently 
described hy Robert (1997) and also interpreted as 
being intrusion-related. 

A number or gold deposits in Western 
Australia have been documented as having formed 
at amphibolite (to lower granulite) grade 
metamorphic conditions (see Groves et aI., 1995). 
Although the deposits share a number of 
characteristics with greenstone-hosted vein deposits, 
the ore sulfide minerals and wall rock alteration 
assemhlages are clearly distinct. The dominant 
sulfide minerals in the ore are pyrrhotite, 
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GEOLOGICAL SETTING HOST ROCKS STYLE OF 
MINERALISATION 

HYDROTHERMAL 
ALTERATION 

DEPOSIT TYPE 

SEDIMENTARY ---

VOLCANIC --------

WACKE-SHAlE --------1 SEDIMENTARY --- QUARTZ VEIN: ------------- SERICITE ----------------- -- TURBIDITE VEIN 

ARENITE, QUARTZ -----I SEDIMENTARY --- DETRITAl ---------------------
PEBBLE CON GLOM. 

PALEOPLACER 

CARBONATE
SANDSTONE- ----------
SHALE 

SUBAERiAl 
ANDESITIC -------------
SEQUENCE 

SUBMARINE 
. 'BIMODAL'VOLCANIC -- ' 

SEQUENCE 

STOCK-DISSEM. ------------ Na/K-SILICATE ------------- STOCK.-OISSEM. 

SEDIMENTARY --- DISSEMINATED ------------- SILICIFICATION ------------ CARLIN 

I CALC-SILICATE ------------- SKARN 
MASSIVE SULFIDE ---------

SILICIFICATIOM ------------ MANTO 

I 
QUARTZ VEIN ---------------- SERICITE-CHLORITE ----- BATHOLITH VEIN 

INTRUSIVE --------
STOCK. -DIISSEM. ----------- K-SILICATE ------------------- PORPHYRY 

I STOCK.·DISSEM. ----------- K-SILICATE ------------------ PORPHYRY 
INTRUSIVE ---------

BRECCIA ---------------------- CARB.-SERICITE ---------- BRECCIA PIPE 

STOCK.-DISSEM ------------ Na/K-SILICATE -------------- STOCK-DISSEM 

VOLCANIC -------- SINTER or QUARTZ VEIN SILICA-------------------------- HOTSPRING 

QZ VEIN or DISSEM. ------- ADULARIA-SERICITE ----- ADULARIA-SERICITE 

SULFIDE-rich VEIN or ------ ADV. ARGILLIC. --------- --- ALUNITE-KAOl. 
MASSIVE SULFIDE VUGGY SILICA 

MASSIVE SULFIDE --------- CHLOR.-SERICITE or----- Au-rich VMS 
ADV. ARGILLIC 

VOLCANIC --------- STOCK.-DISSEM. ---------- Na/K-SILICATE ----------- STOCK.-DISSEM. 

SULFIDE-rich VEIN --------- SERICITE-CHLORITE ----- Au-CuVEIN 

QUARTZ VEIN. -------------- CARBONATE-SERIC ----- GREENSTONE VEIN 

STOCK.-DISSEM. ----------- K-SILICATE ------------------- PORPHYRY 

QUARTZ VEIN --------------- SERICITE-CHLORITE ----- BATHOLITH VEIN 
INTRUSIVE ---------

SULFIDE-rich VEIN --------- SERICITE-CHLORITE ----- Au-Cu VEIN 
QUARTZ VEIN. -------------- CARBONATE-SERIC --- - GREENSTONE VEIN 

I ~~~~'~~V;~~F~-;-~-------- -- SULFIDE. CHLORITE- ---- BIF-HOSTED VEIN 
BIF -------------------- - CARBONATE 
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DEPOSIT CLAN 

I SLATE BELT-VEIN 

INTRUSION
RELATED 

EPITHERMAL 

·IIN'TRUSION-
RELATED 

I GREENSTONE 
VEINS 

Fig. 1 Decision tree showing how the globally recognized gold deposit types can be distinguished from 
each other from selected geologic parameters; adapted from Robert et al. (In press). 

arsenopyrite :t loellingite, amI the alteration 
assemblages include hiotite, calc-silicates, garnet 
and K-feldspar (Mikucki & Ritlley, 1991). Such 
amphibolite grade deposits woultl fail to classify as 
greenstone-hostetl veins in Figure I on the hasis of 
hydrothermal alteration anti woultl he consitleretl as 
atypical. In a Western Australian context, they can 
be considered as ~epresenting a tlistinci geologic 
type of deposit anti, given that they are not 
classifiable in a glohal context, it may eventually he 
appropriate to create a new tleposit type (helow 
greenstone-hosted veins) in Figure I, perhaps 
termed amphibolitc-hostetl veins. 

The tlecision tree can also he usetl to 
highlight the hybritl character of some other 
tleposits. At HernIo (see Rohert &.. Poulsen, 1997), 
the presence of molyhdenite, stockworks of 
transposed sulfide veinJets, anti intense K-fcltlspar 
alteration point towartls either porphyry or non
carbonate disseminatetl-stockwork types of tleposits 
(rahle 1, Fig. 1). On the other hantl, the presence of 
J\s-Sh-Hg±Te minerals in paris of the tleposit 

intlicate an epithermal affinity. These contrasting 
"signatures" prohably reflect some degree of 
overprinting or telescoping of multiple ore stages. 
The plausihle models thus retained for HernIo 
helong to the intrusion-related and epithermal 
families of. deposits. This is compatible with 
detailed field ohservations indicating that, despite 
the fact that it is hosted by highly strained rocks, 
mineralisation pretlates penetrative deformation 
(Rohert & Poulsen, 1997). 

Finally, the decision tree of Figure 1 can be 
used to atltlress the question as to which of these 
sixteen gold deposit types or models are applicable 
to Archaean greenstone belts. These are generally 
tlominatetl by suhmarine bimotlal sequences, with 
diverse proportions of komatiites and rhyolites, and 
associatetl turhidite basins_ Shallow-marine to 
suhaerial, arc-like andesitic volcanic centers also 
occur in some greenstone belts but are more 
restrictetl. In these two environments, a significant 
variety or deposit types can be expected to occur 
hesides the well-known turbidite-, greenstone-, and 
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ElF-hosted vein deposits. These include the 
following types, with ·examples from the Superior 
Province: Au-rich VMS (Bousquet #2), porphyry 
Au-Cu (Troilus), Au-Cu veins (Copper Rand), and 
non-carbonate disseminated-stockwork (Holt-

_ McDermott) types of deposits. The epithermal 
group of deposits may also occur in areas of 
shallow-marine to suhaerial volcanic rocks, 
although they are more likely to have heen eroded 
than the deeper intrusion-related deposits. 

Conclusions 

The geological classification scheme 
presented above provides a global framework for 
assessing and exploring for lode gold deposits. It 
also provides a template for addressing the 
significance of diversity of styles among Archaean 
gold deposits and for assessing which models could 
be applicable. The documented diversity among 
deposits appears to ref1ects both depth variations 
among "mesothermal" deposits and the existence of 
multiple types (and ages) of deposits. ModcJs for 
several deposits of the intrusion-rcJated clan are 
applicable to selected portions of Archaean 
greenstone belts, which requires consideration of 
multiple sets of exploration criteria. 
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The lode-gold deposits of the Yilgarn Craton are 
hosted by a variety of rocks and have widely 

varying structural styles, associated alteration and 
ore mineralogy. However, most recent research 
(e.g., Groves, 1993; Kerrich & Cassidy, 1994; 
Groves et aL, 1995) correlates the variations in 
deposit parameters to the metamorphic grade and 
geochemistry of the host successions and interprets 
the lode-gold deposits to represent a coherent group 
of epigenetic deposits, the majority of which formed 
during a Craton-scale, broadly synchronous 
hydrothermal event late in the tectonothermal 
evolution of the granite-greenstone terrains at 2640-
2630 Ma. Clearly, in order to effectively test this 
continuum model of lode-gold mineralisation, it is 
necessary to accurately and precisely constrain the 
absolute timing of mineralisation from as many 
locations as is possible from across the Yilgarn 
Craton. 

In the last decade, the understanding of the 
geochronology of the Yilgarn Craton, and more 
particularly, the absolute timing of 10de~g(}ld 

mineralisation, has improved significantly. This 
trend may be attributed to: (i) the development of 
single grain V-Pb analytical techniques, eliminating 
misleading data from muItigrain analyses where 
different populations may be represented; (ii) the 
development of the Pb-Pb mineral-isochron method 
for use on suitable minerals and rocks; (iii) the 
application and refinement of the ~9Ar_40Ar plateau 
age technique for alteration related mica and 
amphibole; and, (iv) perhaps most importantly, the 
development and use of the SHRIMP, which allows 
V-Pb dating of suitable minerals on a sub-grain 
scale. For zircons, SHRIMP allows the easy 
recognition of multiple zircon populations in a 
single sample, and can be particularly useful in 
identifying hydrothermal or metasomatic zircons, 
which may have grown in response to hydrothermal 
activity associated with lode-gold mineralisation. 
These zircons, where present, allow direct dating of 
gold mineralisation USIng zircon V-Pb 

geochronology, and have been observed by a 
number of workers in the Abitibi greenstone belt of 
Canada (e.g., Claoue-Long et aL, "1990; Kerrich & 
King, 1993; Kerrich & Kyser, 1994) and at Mount 
Gibson in the Murchison Province of the Yilgarn 
(Yeats et aI., 1996). 

Constraints on the absolute timing of lode
gold mineralisation 

The age of lode-gold mineralisation in the 
Yilgarn craton may be constrained by three 
different methods: (i) a maximum age for gold 
mineralisation may be obtained by dating rocks 
which host, or are cut by mineralisation; (ii) a 
minimum age may be obtained by dating rocks 
~hich crosscut mineralisation; and (iii) most 
usefully, gold mineralisation may be directly dated 
by using appropriate alteration minerals (e.g., 
hydrothermal zircon, titanite, or rutile) which are 
associated with the mineralising event. 

Maximum ages for mineralisation 
Despite the large amount of reliable 

geochronological data which now exist for the 
granitoids and greenstone sequences of the Yilgarn 
Craton, relatively few useful maximum ages for 
mineralisation have been obtained. Structurally
controlled lode-gold mineralisation throughout the 
Craton is dearly tectonically late, and in many 
cases appears to be the last significant event to 
affect a terrane (Groves et aL, 1995). Broadly 
speaking, the greenstone sequences which 
dominantly host gold mineralisation, range in age 
from ca 2700 Ma in the Kalgoorlie Terrane to up to 
ca 3000 Ma in the Murchison Terrane (Myers, 
1993). Campbell et al. (1993) cited ages for rocks 
cut by gold mineralisation ranging from 2714±5 Ma . 
at Norseman to the 2665±5 Ma granite at Granny 
Smith. 

Recent SIIRIMP work has confirmed that 
pre-mineralisation felsic porphyries at . Mount 
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Table 1 Geochronological. constraints on lo'de-gold mineralisation in the Yilgarn Craton. 

Deposit Method Age ~ 2u {Mal Reference 

NEW DATA FOR PRE MINERALISATION ROCKS YOUNGER THAN 2680 Ma 

Mount Charlotte U-Pb Zircon 2673±3 Yeats et al. (submitted) 

Mount Percy U-Pb Zircon 2672±12 Yeats et al. (submitted) 

Racetrack U-Pb Zircon 2663±3 y'eats et al. (submitted) 

Porphyry U-Pb Zircon 2657±8 Yeats et al. (submitted) 

Lawlers: tonalite U-Pb Zircon 2666±3 Fletcher et al. (submitted) 

Lawlers: leucogranite U-Pblircon 2666±7 Fletcher et al. (submitted) 

POST MINERALISATION ROCKS 

Corinthia Pb-Pb Isochron 2620±6 Bloem et al. (1995) 

Mount Gibson U-Pb Zircon 2623±7 Yeats et al. (1996) 

Westonia Sm-Nd Isochron 2640±11 Kent et al. (1996) 

Westonia U-Pb Zircon 2637±7 Kent et al. (1996) 

Nevoria Sm-Nd·lsochron 2628±10 Kent et al. (1996) 

Scotia Sm-Nd Isochron 2620±36 Kentetal. (1996) 

Griffin's Find U-Pb Zircon 2632±3 Qui et al. (in press) 

Jundee' U-Pb Zircon 2656±7 Yeats et al. (submitted) 

Mount McClure U-Pb Zircon 2663±4 Yeats et al. (submitted) 

DIRECT DATING OF MINERALISATION: ROBUST METHODS 

Kambalda Pb-Pb Rutile 2627±14 Clark et al. (1988) 

Griffin's Find Pb-Pb Titanite 2636±3 Barnicoat et al. (1991) 

Reedys Pb-Pb Titanite 2639±4 Wang et al. (1993) 

Big Bell (Main) U-Pb Garnet 2662±5 Mueller et al. (1996) 

Big Bell (Secondary) U-Pb Titanite 2614±2 Mueller et al. (1996) 

Marymia U-Pb Zircon ca 2660-2630 McMillan (1996) 

Mount Gibson U-Pb Zircon 2627±13 Yeats et al. (1996) 

L.awlers (Late) U-Pb Titanite 2590±9 Fletcher et al. (submitted) 

DIRECT DATING OF MINERALISATION: METHODS OF UNCERTAIN ROBUSTNESS 

Golden Mile Ar-Ar Muscovite 

Mount Charlotte . Ar-Ar Muscovite 

Matilda Ar-Ar Muscovite 

East Lode, Wiluna . Ar-Ar Muscovite 

Big Bell (Main?) Ar-Ar Muscovite 

CharloUe, Mount Percy, Racetrack, Porphyry and 
'Lawlers Cfable 1) give ages of ca. 267()-2660 Ma, 
providing a maximum age for gold mineralisation at 

. these deposits. 

Minimum ages for mineralisation . 
Archaean rocks which clearly cross-cut gold 

mineralisation are uncommon in the Yilgarn, and 
appear to be mostly confined to deposits which are 
hosted in amphibolite and granulite facies terranes 

. (Table 1). Post-gold pegmatite dykes have been 
dated by Bloem et a!. '(1995) using the Po-Po 
isochron method, at Corinthia, and oy Kent et a!. 
(1996) . using Sm-Nd isochrons, 'at Westonia, 

2629±9 Kent and McDougall (1995) 

2602±8 Kent and McDougall (1995) 

2622±12 Kent and Hagemann (1996) 

256S±12 Kent and Hagemann (1996) 

2639±16 Mueller et al. (1996) 

Nevoria and Scotia. These dykes gave 
approximately coincident ages Crable 1), ranging 
from 2640± It Ma at Westonia to 2620±6 Ma at 
Corinthia. Kent et a!. (1996) also published a 
SHRIMP U-Ph zircon age of 2637±8 Ma for a 
post-mineralisation microgranite dyke at Westonia. 
i\. SHRIMP U-Pb zircon study by Qui et a!. (in 
press) at Griffin's Find has dated a post
mineralisation pegmatite dyke at 2632±3 Ma. The 
respective authors of these studies all interpret their 
results as consistent with a ca 2640-2630 Ma gold ' 
mineralising event. 

Cross-cutting felsic dykes are present in the 
lundee and Mount McClure gold deposits in the 

© Australian Geological Survey Organisation 1997 

,-



~ Griffin's Finde 

• Lode gold deposit 

" Terrane boundary 

127 

200 km 

~ Greenstone 

D Granitoid/granitic gneiss 

Fig. 1 Simplified geological map of the Yllgarn craton showing the location of gold deposits mentioned in 
the text. Adapted from Myers (1993). 

Yandal greenstone belt. Recent SIIRIMP U-Pb 
zircon work by Yeats et al. (submitted) has dated 
these post-ore dykes at ca 2660 Ma Crable 1), 
within error of the age the pre-mineralisation 

porphyries at Racetrack and Porphyry. It is 
probable that these dykes are all part of the same 
ca. 2660 Ma intrusive event. However, gold 
mineralisation at lundee and Mount McClure must 
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clearly. have occurred prior to the intrusion of the 
dykes, providing evidence in this area of a gold 
mineralising event at least 20 m.y. prior to the main 
ca 2640-2630 Ma event which has affected most of 
the Craton. 

Direct ages for mineralisation 
There are only a small number of published 

reliable direct ages for lode-gold mineralisation in 
the Yilgarn Craton (fable 1). Pb-Pb isochron ages 
for deposits at Kambalda. (Clark et aI., 1989), 
Griffin's Find (Barnicoat et aI., 1991) and Reedys 
(Wang et aI., 1993), and a U-Ph hydrothermal 
zircon age from Mount Gibson (Yeats et aI., 1996) 
all lie within error of each other at ca 2630-2640 
Ma, supporting a Craton-wide mineralising event at 
that time. Similarly, McMillan (1996) recorded 
post-magmatic zircon growth at ca 2660-2630 Ma 
at Marymia, which is interpreted to be related to 
syn-amphibolite facies lode-gold mineralisation. 

Several studies, however, suggest that gold 
may have been introduced at times other than the 
main ca2640-2630 Ma event. Mueller et al. (1996) 
dated two metasomatic events at Big Bell using U
Pb geochronology (rable 1). The main gold 
mineralising event at the deposit is dated at 2662:!:5 
Ma, using · garnet thought to have formed during 
gold mineralisation, and a later, secondary event 
(:!:gold) is dated at 2614:!:2 Ma, using titanite. 
However, the structural timing of mineralisation at 
the Big Bell gold deposit remains controversial and 
the textural relationship between the minerals used 
for the geochronology and the gold mineralisation is 
equivocal. At Lawlers, however, a SHRIMP U-Pb 
titanite study by Fletcheret al. (submitted) has 
9ated the later of two gold mineralising events at 
2590:!:9 Ma, distinctly · younger than any other 
mineralisation reliably dated elsewhere in the 
Yilgarn. Together with the younger (minor) 
mineralisation at Big Bell, there now appears to be 
firm evidence for post-2630 Ma gold deposition. 

A number of studies have utilised .W Ar _40 Ar 
plateau ages for hydrothermal muscovite in an 
attempt to directly date lode-gold mineralisation 
(rable 1). The interpretation of the data obtained by 
t~is method is complicated by the relatively low 
closure temperature for argon diffusion in 
muscovite (350:!:50°C; McDougall & Harrison, 
1988). At this stage, there does not seem to be a 
consensus in the literature as to the validity or 
otherwise of the results of Ar-Ar geochronology. 
For exa!TIple, Kent & McDougall (1995) interpret 
their ages for both the Golden Mile and Mount 
Charlotte as mineralisation ages, hut the younger 
Mount Charlotte age.is strongly disputed hy Witt et 

al. (1996). Kent & Hagemann (1996) interpret their 
age for the amphibolite-facies hosted Matilda 
deposit as a mineralisation age, yet suggest that the 
young age gained for the nearby sub-greenschist
facies hosted East Lode is due to post
crystallisation diffusional loss of argon. At Big 
Bell, Mueller et al. (1996) interpret the Ar-Ar age, 
which is intermediate to the two U-Pb ages for the 
mineralisation event", as recording thermal resetting 
due to the intrusion of a granite at 2627:!:8 Ma. 
Until a consensus can be reached, the reliability of 
Ar-Ar age data for Yilgarn gold mineralisation 
remains unknown. 

Future directions 

Apart from resolving the validity of 39 Ar-40 Ar 
plateau ages for muscovite by studies of deposits 
with known chronologies, the main future advances 
lie with utilising the U-Th-Pb decay scheme with U
Th-rich minerals such as zircon, titanite, monazite, 
baddelyite and rutile. All these minerals can now be 
dated using SHRIMP, and multiple growth histories 
within single grains can be satisfactorily resolved 
using scanning electron microscope back-scattered 
electron and cathodoluminescent imaging, and 
analysed at the 25,tm scale. 

Attempts to date favourable minerals using 
SI IRIMP are sometimes unsuccessful, but increase 
our understanding of their suitability for SHRIMP 
geochronology. Titanite, for example, is a relatively 
common alteration mineral in proximal alteration 
haloes of lode-gold deposits, particularly those 
hosted in amphibolite- and granulite-facies terranes. 
However, most titanites, particularly in mafic rocks 
and where titanite has replaced ilmenite, have 
insufficient U to allow precise geochronology. In 
these cases, Pb-Pb isochrons have proved to be a 
more useful method than SHRIMP analysis. 

Hydrothermal zircons offer great potential to 
allow direct dating of mineralising events(e.g., 
Yeats et aI., 1996). However, hydro-thermal zircon 
growth is relatively rare and appears to require Zr 
addition to rc\atively Zr-rich host rocks at 
temperatures in excess of 400°C in order to occur. 
A greater understanding of the factors favouring 
hydrothermal zircon growth and the identification of 
dateable minerals with high U-Th contents will 
expand the database of direct age determinations on 
lode-gold mineralisation events. 

Conclusions 

Recent SHRIMP studies have coniirmed the 
presence of a craton-scale lode-gold mineralising 
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Fig. 2 Geochronological constraints on lode gold mineralisation in the Yilgarn Craton. The shaded area 
corresponds to 2625 to 2645 Ma, which is the main period of gold mineralisation across the Craton 
(±5 Ma to allow for typical analytical error). Ages are shown ±20. 

event at ca 2640-2630 Ma which appears to have 
affected the majority of the Yilgarn Craton. The 
identification of widespread coeval gramtlc 
magmatism in more deeply exhumed (higher 
metamorphic grade) terranes (Hill et aL , 1992; 
Wiedenbeck & Watkins, 1993; Bloem et aL, 1995; 
Kent et aL, 1996; Yeats et aL, 1996; Qui et aL, in 
press) suggests that this main episode of gold 
mineralisation was accompanied by deep crustal 
melting in at least some parts of the Craton. 

In addition to a main, craton-wide gold 
mineralising event, evidence has emerged for the 
presence of earlier and later gold mineralisation. 
Pre-2660 Ma gold mineralisation is present at 
Mount McClure and lundee in the Yandal 
greenstone belt, and ca 2660 Ma mineralisation has 
been interpreted at Big Bell in the Murchison 
Province. Young gold mineralisation has been dated 
at Lawlers (ca 2590 Ma) and also possibly at Big 
Bell (ca 2610 Ma). At this early stage of research, 
pre- and post- ca 2640-2630 Ma mineralisation 
appears to be much less widespread than the main 
event. However, further work is needed to confirm 
this. 
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Granitoid-hosted gold deposits in the eastern 
Yilgarn Craton 
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Gold deposits that are wholly and partly hosted 
by granitoids constitute an important sub

group of late-Archean gold deposits in the Yilgarn 
Craton. The majority of these deposits share a 
number of common geological characteristics with 
the vast majority of gold deposits hosted by 
greenstone belt lithologies, and has lead to the 
recognition that the greenstone- and granitoid
hosted deposits represent a coherent group of 
epigenetic gold deposits that formed over a range of 
crustal · levels and developed late in the tectonic 
history ·of the craton (c.g., Groves .et .al., 1995; 
Cassidy et aI. , in press). 

In this contribution, the structural and 
wallrock alteration style, hydrothermal alteration 
and P-T -x conditions of mineralisation are 
summarised for granitoid-hosted gold deposits in 
the eastern Yilgarn Craton. Integration of data from 
the granitoid-hosted deposits may provide 
additional constraints on the crustal-scale 
architecture of terrane-scale gold-bearing 
hydrothermal systems, the fluid and solute source 
regions, and possibly for the origin of the ore fluids. 

Characteristics of host granitoids 

The majority of granitoids that host gold 
mineralisation are small plutons ('internal' 
granitoids) either wholly within greenstone 
sequences (e.g., Liberty Granodiorite, Granny 
Smith Granodiorite) or intrude the apices of 
composite batholiths marginal to greenstone 
sequences (e.g., Lawlers Tonalite). Significant gold 
mineralisation is not known within the regional 
composite batholiths ('external' granitoids) except 
for the recent discovery of the Suva/Havana 
prospect in the Scotia-Kanowna regional batholith. 

The host granitoids are located In 

supracrustal terranes that have been 
metamorphosed from lower-greenschist to mid
amphibolite-facies conditions. Many of the small 
plutons internal to the greenstone belts are 

surrounded by narrow contact metamorphic 
aureoles; others have been metamorphosed to the 
surrounding metamorphic grade. 

Granitoids hosting gold mineralisation are 
characterised by a wide range in composition from 
quartz-diorite (Granny Smith) and tonalite 
(Lawlers), . through granodiorite (Liberty; 
Bonnievale) and quartz monzonite (Porphyry) to 
syenite (Jupiter; Tin Dog Flats). 

Champion & Sheraton (1997) have 
subdividcd the granitoids in the eastern Yilgarn into 
six groups usi'1ggeochemical parameters. The 
majority of granitoids that contain known gold 
mineralisation belong to their Mafic group,with 
some mineralisation in granitoids belonging to the 
High-Ca and Syenitic groups. 

Published ages of granitoids hosting gold 
mineralisation range from 2680:t5 Ma for the 
granodiorite host to the Bonnievale deposit 
(Camphcll et aI. , 1993) to about 2648:t6 Ma for the 
Liberty Granodiorite which hosts the Lady 
Bountiful deposit (Kent, 1994). Granitoids hosting 
mineralisation at Granny Smith, Porphyry, Great 
Eastern all have SHRIMP ages of ca. 2665-2660 
Ma (Campbell et aI., 1993; Yeats & McNaughton, 
this volume). 

Structural characteristics 

Structural setting 
Granitoid-hosted gold deposits in the eastern 

Yilgarn Craton are all structurally controlled on a 
variety of scales. However, there is no unique 
structural setting or style of mineralisation. The 
location of many can be related to the 
approximately east-west far field (al) stress vector 
of the late Archean compressive event (cf., Groves 
et aI., 1995), and the interplay of the geometry and 
rheology of the enclosed lithologies (e.g., Ridley, 
1993). However, the deposit, itself, is typically 
controlled by deposit-scale anisotropies such as 
flexures in fault/shear zones, the intersection of two 
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structures, or . intersection with favourahle lithology 
due to either physical · and/or chemical contrast 
(e.g., Ridley, 1993; Groves et aI., 1995). 

The majority of granitoid-hosted deposits are 
in contact positions between small granitoid plutons 

. and surrounding greenstones, with structures 
transgressing both lithologies. Deposits can be 
localised in structures that transgress the granitoid
greenstone contacts at high angles (e.g., Lady 
Bountiful), or in structures that are (suh-)parallel to 
the granitoid and surrounding greenstone contact 
(e.g., Granny Smith, Porphyry). Small deposits are 
also located at the deformed margins of large 
regional variably deformed granitoids (e.g., Trump 
deposit in the Leonora district). Very few deposits 
are located entirely within granitoid, in particular, 
the large regional batholiths; exceptions include the 
recently discovered Suva/Havana prospects in the 
Scotia-Kanowna granitoid dome and the small 
Wilson's Patch deposit east of Teutonic Bore; in 
these instances, mineralisation may be related to 
through-going structures wholly within the 
granitoid. At the Great Eastern deposit, 
mineralisation is localised along shear zones that 
are localised along contacts with large greenstone 
xenoliths wholly within the Lawlers Tonalite (e.g., 
Cassidy et aI., in press). 

Many structures hosting gold deposits in 
granitoid plutons are also mineralised in the 
adjacent greenstones (e.g., Granny Smith). Parallel 
or related structures wholly within greenstone 
sequences also host significant mineralisation in 
many instances. For example, all gold deposits in 
the Mount Pleasant area are hosted by spatially
and temporally-related structures, with the Lady 
~ountiful and Golden Kilometre mines localised 
along parallel 085°-trending structures (Cassidy & 
Bennett, 1993). 

Mineralisation styles 
Mineralisation styles of granitoid-hosted 

deposits (see Table 1) include hrittle fracture/veinlet 
sets and/or stockworks (e.g., Granny Smith, 
Jupiter), brittle quartz vein sets (Lady Bountiful), 
brittle-ductile shear zones with discrete quartz veins 
and/or breccia-hosted deposits (Great Eastern, 
Porphyry), and ductile shear-zone hosted 
disseminated deposits. The IT!ajority of deposits are 
located within or are restricted to broadly tabular 
shear or fault zones. An individual deposit may be 
dominated by one style or may contain several 
different mi~eralisation styles, depending in the 
scale of controlling structures and the temporal 
progression of mineralisation. Ductile and brittle 
structures may be present in the same deposit, 

although there is generally a progression from 
ductile to brittle-dominated structures in these 
deposits (e.g., Great Eastern: Mikucki et al., 1994). 
High-grade mineralisation in the quartz vein sets is 
typically restricted to the quartz veins only (e.g., 
Lady Bountiful: Cassidy & Bennett, 1993); 
whereas in shear-zone hosted deposits, high-grade 
mineralisation may also be present in intensely 
altered and deformed wall rock (e.g., Porphyry). 

Controls on deposit-scale structure 
There is no unique kinematic type of 

structure hosting gold mineralisation in granitoids. 
Deposit-scale structures controlling mineralisation 
vary from strike-slip fault/shear zones (Lady 
Bountiful), through oblique shear zones (oblique 
normal: Great Eastern; oblique reverse: Porphyry), 
to dominantly steep shear zones with either reverse 
(e.g., Granny Smith: Ojala, 1995) or normal 
displacement vectors. Many deposits are localised 
along fault/shear zones with relatively limited 
offsets «15 m). 

Ore shoots in some granitoid-hosted deposits 
are markedly elongate, with their plunge generally 
(sub)paralle1 to the intersection of fault/shear zones 
and/or intersections between fault/shear zones and 
other planar structures. For example, at the Lady 
Bountiful deposit, highly mineralised ore shoots are 
formed at the intersection of 085 0 and 055 0

-

trending fault zones (e.g., Cassidy et aI., in press). 
Mineral elongation lineations are shallowly dipping 
and trend cast-west. 

At Granny Smith deposit, mineralisation is 
controlled by the shape of the granitoid contact with 
the supracrustal sequence, and the highest grades 
are in areas where the contact is shallowly dipping 
and irregular (Ojala, 1995). Within the granitoid, 
mineralisation is associated with conjugate fracture 
sets; orientations of the fracture sets indicate a 
heterogeneous local stress field with large variations 
from the regional far-field stress orientation in 
zones where the granitoid contact is most irregular 
(Ojala, 1995). 

Wallrock alteration 

Late-magmatic and/or deuteric alteration 
The majority of granitoids throughout the 

eastern Yilgarn Craton display some form of deuteric 
alteration. For instance, the Liberty Granodiorite and 
Lawlers Tonalite are affected by weak pervasive 
alteration resulting in partial pseudomorphous 
replacement and minor recrystallisation of igneous 
plagioclase, amphibole and biotite by sericite, 
actinolite, chlorite, epidote and titanite; 
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Table 1 Granitoid-hosted gold deposits in the eastern Yilgarn Craton with productlon:treserves greater than 
1 t contained Au. Alteration mineral phases in parenthesis are not ubiquitous. (Modified and 
expanded from Cassidy et al., in press) 

Deposit 
(t Au) 

Granny Smith 
(49.5) 

Tarmoola 
(34.8) 

Great Eastern 
(14.7) 

Cosmopolitan 
(12 .6) 

Lady Bountiful 
(11.4) 

Porphyry 
(10.6) 

Jupiter 
(6.1 ) 

Bonnievale 
(5.5) 

Burtville 
(2.4) 

Niagara 
(1 .9) 

Host Granitoid Group & age 

Hornblende·biotite Mafic 
quartz-diorite to 2665±4 Ma 
granodiorite 

Biotite granodiorite Mafic 

Hornblende-biotite Mafic 
tonalite- 2666± 7 Ma 
granodiorite 

Hornblende-biotite Mafic 
granodiorite 

Hornblende-biotite Mafic 
granodiorite 2648±6 Ma 

Hornblende-biotite Mafic 
quartz-monzonite 2657±8 Ma 

Syenite 

Hornblende
granodiorite 

Syenitic 

High-Ca 
2680±5 Ma 

Biotite-hornblende ?Mafic 
granodiorite 

, Monzogranite 
(biotite granite) 

?High-Ca 

Yundamindera Hornblende- Mafic 
(1.4) tonalite 

Other hosts 

Sedimentary 
rocks ± BIF, 
porphyry 

Supracrustal 
sequence 

Supracrustal 
xenoliths 

Mt Pleasant 
layered sill 

Intermediate 
volcanic rocks 

Mafic volcanic 
rocks 

Supracrustal 
sequence 

Gabbro, 
sedimentary 
rocks 

Supracrustal 
xenoliths 

Structural style Alteration 

Fracture/Veinlet qz, mu, ank, ab, 
sets ± shear zone py (ru, chi) 
(2 stages) 

Quartz vein sets qz, ab, mu, carb, 
py 

Quartz veins in 
shear zones 
(2 stages) 

qz, bt, pi, cc, py, 
kf, mu, chi, ttn, 
(ep, hm) 

Quartz vein sets qz, chi, carb, py, 

Quartz vein sets 
(2 stages) 

Quartz veins in 
shear zones 

mu 

qz, ab, mu, cc, 
chi, py, ru 

qz, ab, mu, ank, 
py, ru, chi (kf, tm, 
hm) 

Stockwork/fracture qz, ank, ab, mu, 
sets; Quartz veins , py, hm (ep) 
in shear zones 

Quartz veins in 
shear zones 

Quartz veins 

Quartz veins 

Quartz veins in 
shear zones 

qz, pi, hb, bt, py 
(chi, carb) 

qz, ab, py, mu 

qz, 'pl, hb, cpx, bt, 
ttn, py (ep, carb) 

Abbreviations: ab - albite, ank - ankerite, bt - biotite, carb - carbonate, cc - calcite, chi - chlorite, cpx - clinopYroxene, ep - epidote, hb '
hornblende, hm - hematite, kf - K-feldspar, mu - muscovite, pi - plagioclase, py - pyrite, ru - rutile, tm - tounnaline, ttn - titanite 

Some granitoids are characterised by zones 
of 'brick-red' alteration (e.g., granitoids in the Yarri 
district). Aplites, pegmatites and quartz
molybdenite veins are common in these plutons 
(e.g., Porphyry). At the Granny Smith deposit, late
stage magmatic fluids have produced widespread 
hematite alteration that is gold bearing, albeit 
subeconomic (Ojala, 1995); similar alteration is 
present in the quartz monzonite pluton that hosts 
the Porphyry gold deposit. 

Hydrothermal alteration 
Hydrothermal alteration assemblages 

surrounding veins in fracture systems and/or 
fault/shear zones renect open-system metasomatic 
interaction of fluids with adjacent wallrocks. The 
style of wallrock alteration varies significantly 
between granitoid-hosted gold deposits, although 
the variability is broadly commensurate with the 
structural style of the deposit. In general, brittle 

quartz-vein sets are characterised by discrete 
narrow hydrothermal alteration envelopes, whereas 
shear zone-hosted deposits are characterised' by 
broad and complex alteration haloes. Brittle, non
penetrative deformation during veining and/or 
brecciation results in the preservation of original 
wallrock textures (e.g., Lady Bountiful). In deposits 
where there is close spacing of veins, such as at 
Granny Smith, alteration envelopes can overlap 
resulting in areas of pervasive alteration. In 
contrast, widespread, pervasive alteration 
characterises deposits with penetrative or shear
zone hosted mineralisation that results in 
destruction of original textures (e.g . ~ Porphyry). 

The mineralogy of hydrothermal alteration 
assemhlages associated with granitoid-hosted 
deposits is varied (fable 1). Quartz is present in all 
deposits and is not diagnostic of 'alteration or 
conditions of mineralisation. 
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The majority of granitoid-hosted gold 
deposits in the eastern Yilgarn are characterised by 
proximal and/or vein assemhlages comprising white 
mica-albite - carbonate - chJorite / biotite - bearing 
assemblages, and , include the Lady Bountiful, 

. Granny Smith, Porphyry and Jupiter deposits. 
ChJorite is the dominant ferromagnesian silicate in 
the ore zone, although it rarely exceeds several 
modal percent in abundance. In some cases, either 
there is both chJorite and biotite in the ore zone or 
biotite forms an intermediate alteration zone around 
chJorite-bearing proximal alteration zones (e.g., 
Porphyry). Dominant carbonate minerals are calcite 
and ankerite/dolomite, with some deposits 
characterised by only calcite (Lady Bountiful), 
whereas others contain only ankerite/dolomite (e.g., 
Granny Smith). Deposits characterised by white 
mica-albite-carbonate-rich assemblages generally 
contain pyrite as the dominant sulphide, with minor 
pyrrhotite, chalcopyrite and galena; crystalline 
rutile:tleucoxene are the dominant oxide phases. 
Hematite is a trace mineral in several deposits; in 
particular, deposits in · the · Yarri mining district 
(Witt, 1996), including the Porphyry and Wallaby 
Central deposits. In other deposits, hematite is 
present in distal alteration zones. Minor minerals 
include tourmaline, K-feldspar, anhydritelbarite 
(Porphyry), clay minerals (Lady Bountiful), and 
clinozoisite (Stage II - Great Eastern). 

Some granitoid-hosted deposits are 
characterised by either biotite, calcic amphihole 
and/or clinopyroxene-bearing proximal alteration 
and vein assemblages. for example, Stage I 
mineralisation at the Great Eastern deposit is 
characterised by . biotite:tcalcic amphihole:tK
feldspar:ttitanite-rich proximal alteration and vein 
assemblages (e.g., Cassidy et aI., in press). At the 
Bonnievale deposit, calcic amphibole - biotite -
plagioclase. epidote-bearing alteration assemblages 
(Knight, 1994), and at some small deposits at 
Yundamindera, c1ino-pyroxene-bearing quartz veins 
are present (Witt, this volume). In these deposits, 
pyrrhotite becomes the dominant sulphide phase, 
whereas the carbonate content is limited. 

Ore and alteration geochemistry 

Mass-balance studies have been undertaken 
at several deposits (e.g., Porphyry: Allen, 1987; 
Lady Bountiful, Great Eastern: Cassidy et aI., in 
press; Granny Smith: Ojala, 1995; Yundamindera: 
Witt, this volume) and indicate that gold-related 
hydrothermal alteration is characterised by the 
addition of volatile components (C02, H20 , S), 
Si02, and K20. (and Rb). Na20 (and Sr) are 

depleted in some deposits (Lady Bountiful, Great 
Eastern), hut show enrichment in others (Granny 
Smith, Porphyry). CaO shows either minor 
enrichment or depletion in all deposits. Deposits in 
the Yundamindera area are characterised by 
enrichment of Na20 and minor CaO without 
addition of K20 (Witt, this volume). The addition of 
Si02 and K20 to the wall rocks suggests that the 
source rocks to the ore fluids were likely to have 
been quartz-saturated and saturated with respect to 
a K-rich mineral (Ridley et aI., 1996). 

In addition to Au, gold-related hydrothermal 
alteration is accompanied by consistent major 
enrichment of Ag, W, Te and variable enrichment 
of A<;, Bi and Mo relative to the host granitoids 
(Ojala, 1995; Cassidy et aI., in press). Gold 
enrichment factors are typically in the order of 103 

to 104
, with the other ore elements variably enriched 

up to 10' relative to background. Base metals (Cu, 
Pb, Zn) display no consistent enrichment or depletion, 
although one 'or more base metal can be locally 
enriched in some high-grade zones of some deposits. 

In contrast, early hematite-rich alteration at 
the Granny Smith deposit has a ditIerent 
association of enriched trace elements (Rb, Nb, Ta, 
W, Th and V) in addition to minor enrichment of 
Au (Ojala, 1995). 

Conditions of mineralisation 

Pressure and temperature 
Mineral equilibria and fluid inclusion studies 

indicate that white-mica-albite-carbonate-rich 
alteration assemblages associated with deposits in 
greenschist-facies terranes formed at temperatures 
between <200° and 400°C at pressures of <1 to 2 
kbar (Lady Bountiful: Cassidy & Bennett, 1993; 
Granny Smith: Ojala, 1995). Deposits characterised 
by biotite - K-feldspar - calcic amphibole-rich 
alteration assemhlages developed at temperatures 
ahove about 375°C at pressures at about 2 to 3 
kbar (Stage 1 - Great Eastern: Cassidy et aI., in 
press; Bonnievale, Knight, 1994). Clinopyroxene
ami calcic-amphibole-bearing veins in the 
Yumlamintlera area indicate that alteration took 
place at temperatures probably greater than SOO°C 
(eI'. deposits in amphibolite facies : e.g., Groves et 
ai. , 1995). Where estimates of the peak 
metamorphic conditions in the local environment 
can be established, the temperature of 
mineralisation is identical to, or up to 100°C below, 
that for the metamorphism. 

Fluid composition 
. Calculation of are fluid parameters, such as 
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pH and I(02), which require independent estimates 
of temperature and pressure, have been undertaken 
for several granite-hosted deposits. Mineral 
equilibria and fluid inclusion studies indicate a 
mixed H20-C02 hydrothermal ore L1uid. 
Calculation of X(C02) is poorly constrained for 
many deposits, but X(C02) has been constrained to 
<0.19, between 0.05 and 0.30 and between 0.21 
and 0.59, for the Lady Bountirul, Great Eastern and 
Granny Smith deposit, respectively (Ojala, 1995; 
Cassidy et aI. , in press). 

Fluid inclusion studies have been undertaken 
at six granite-hosted gold deposits in the eastern 
Yilgarn. A mixed H20-C02 Iluid is recorded at all 
deposits; however, complex fluid inclusion 
populations are present in the higher temperature 
Bonnievale deposit (Knight, 1994). The carbonic
phase is CH4-bearing at most deposits, with CH4-

rich inclusions in gold-related veins from 
Bonnievale. The mixed H20-C02 Iluids have l1uid 
salinities generally ranging from <2 to 10 wt% 
NaCl equiv., with evidence in several deposits for 
significant concentrations of salts other than NaCl 
(e.g., Cassidy & Bennett, 1993). 

Ore .fluid pH -has been -calculated fer several 
granite-hosted deposits. In the Granny Smith and 
Lady Bountiful deposits, pH is constrained by the 
stability of white mica and albite, and rare K
feldspar, to a range of 5 to 6 (Ojala, 1995; Cassidy 
et aI., in press). A similar near-neutral pH is 
calculated for the Porphyry and Great Eastern 
deposits, by the stability of muscovite, K-feldspar 
and plagioclase (Cassidy et aI., in press). Thus, 
near-neutral to slightly alkaline conditions are 
inferred for the auriferous hydrothermal lluids. 

The oxygen fugacity and sulphur contents of 
the ore fluids from several granitoid-hosted deposits 
have been constrained using oxide-sulphide 
assemblages, in conjunction with silicate 
assemblages, and where possible, CH4:C02 ratios. 
Redox conditions of alteration vary considerably 
between deposits. For instance, the Granny Smith 
ore l1uid was reduced and the oxygen fugacity 
constrained by the assemblage pyrite-pyrrhotite
magnetite to 10.37 at 325°C (Ojala, 1995). The 
oxygen fugacity of Stage I mineralisation at the 
Lady Bountiful and Great Eastern deposits is 
constrained by the assemblage pyrite-pyrrhotite
magnetite to within about two log units of the QFM 
buffer at 300° and 425°C, respectively, whereas 
Stage II mineralisation at both deposits probably 
formed from relatively more oxidising fluids with 
the oxygen fugacity constrained by the assemblage 
pyrite-magnetite-hematite (Cassidy et aI., in press). 

In combination, fluid inclusion and mineral 
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equilibria studies on granitoid-hosted gold deposits 
suggest that the composition of the ore fluid was 
broadly comparable for all deposits. The 
observations are consistent with well-channelled, 
structurally focussed fluid-flow under fluid
dominated conditions (e.g., Ridley et aI., 1996). 
Such conditions not only - permitted ore-fluid 
transport over large distances, but the high fluid
rock ratios involved ensured that the ore fluids 
mainta'ined essentially constant composition, at 
least in terms of their major ore-fluid components 
(Ridley et aI., 1996). 

Timing of mineralisation 

Where detailed structural studies have been 
undertaken, gold mineralisation is localised in 
structures that developed late in the regional 
deformation history (e.g., Granny Smith: Ojala, 
1995). This contrasts with the variable timing for 
the emplacement of host granitoids (see above). On 
the basis of available ages of host granitoids, there 
is an inferred significant hiatus between 
emplacement of the pluton and gold mineralisation 
(e.g.,Ojala-etal., in-press). 

Absolute timing 
There are few studies on the absolute timing 

of gold mineralisation in deposits wholly or partly 
hosted hy granitoids in the eastern Yilgarn Craton. 
An 40Ar_39 Ar plateau age of 2592::t12 Ma of 
wallrock alteration white mica from the Lady 
Bountiful is interpreted not to represent the age of 
gold mineralisation, but to represent partial 
reselling hy later hydrothermal! thermal activity 
responsible for base-metal mineralisation (Kent, 
1994). Less precise Pb-Pb model ages are available 
for a number of deposits (e.g., Knight, 1994; 
Cassidy et aL, in press; Ojala, et al., in press). 
Ojala et al. (in press) suggest on the basis ofPb 
isotope tracer studies that ore fluid Pb at the 
Granny Smith deposit was derived from a source 
with a similar initial lead-isotopic composition to 
the source of the pluton, but about 30 m.y. later 
than the intrusion of the granitoid. 

Timing within the metamorphiC cycle 
It is often difficult to determine the timing of 

alteration and mineralisation relative to the peak of 
metamorphism in adjacent greenstones. In deposits 
where gold mineralisatiori is in structures that also 
transect adjacent greenstone lithologies (e.g., Lady 
Bountiful, Granny Smith), textural evidence 
indicates that the hydrothermal alteration 
assemblages overprint metamorphic (both contact 
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metamorphism related to granitoid emplacement 
and regional metamorphism) mineral assemblages. 

Summary and implications 

The majority of gold deposits hosted by 
greenstone lithologies have heen interpreted by 
numerous researchers (e.g., Groves et aI. , 1995) as 
representing a coherent group of epigenetic 
deposits. On the basis of the similarity in terms of 
structural settings, wallrock alteration systematics, 
ore l1uid characteristics, and timing of mineral
isation, this investigation recognises that the majority 
of granitoid-hosted deposits form part of this 
coherent group, and this has implications for the 
source and processes responsihle for gold 
mineralisation. 

The almost ubiquitous presence of Si-, K
and S-metasomatism (i .e., in addition to the 
CO2:tCH4-bearing and low-moderate salinity nature 
of the fluid) implies that the ore lluid was saturated 
with respect to quartz and a K-bearing phase (K
feldspar or bi?tite), and has a composition which 
retlects equilibration with, and/or derivation from, 
quartzofeldspathic rocks (' granitic' : see Ridley et 
aI., 1996). Radiogenic isotope tracer studies have 
shown that the Sr and/or Pb in the are lluids are not 
exclusively from nearby or hosting granitoids, with 
addition of radiogenic Pb and Sr from older granitic 
crust, . or from granitoids derived [rom it (e.g., 
Knight, 1994; Ojala et aI., in press). In addition, the 
established 'contrast in timing of emplacement of 
many of the host granitoids and gold mineralisation 
implies that the host granitoids are not the preferred 
source of the ore l1ulds (although interaction with 
and/or derivation from their source regions is 
permissive) and suggests that there ' are possibly 
other 'granitic' sources (e.g., Cassidy et aI., in 
press). Although studies ' have shown a hroad 
regional relationship between felsic magmatism, 
regional metamorphis~ and mineralisation (e.g., 
Knight, 1994), the models have been hampered by a 
lack of precise geochronology on both the age of 
emplacement of granitoid suites and the ahsolute 
timing of lode gold mineralisation. 1311lh of these 
aspects are currently the fucus uf separate research 
programs which may help further delineate the role 
of granitoids in the development of hydrothermal 
gold mineralisation in the eastern Yilgarn Craton .. 
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Structural and hydrothermal architecture of 
craton-scale deformation zones: the example of 
the Wiluna Greenstone Belt, Western Australia 
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Nedlands, WA 6907 

One of the outstanding prohlems in the 
understanding of lode-gold '(hydrothermal) 

deposits is how the hydrothermal fl.uid is channeled 
into the zones of structurally induced permeability 
(faults or fractured rock hodies) which host the gold 
deposits. The gross crustal architecture of the 
commonly linear orogenic helts (hoth greenstone 
and slate belts) which host the gold deposits is 
commonly dominaledhy crustal-scale deformation 
zones, which are generally interpreted to be 
accretionary boundaries (sutures?) (e.g., Kerrich & 
Cassidy, 1994) and with which the gold deposits 
show a broad spatial correlation at the 1 :500,000 to 
1 :2,000,000 inap scale: excellent examples are the 
association of gold deposits with the Perseverance 
Fault Zone in the Wiluna greenstone helt in 
Western Australia and the Cadilliac "Break" in the 
Malartic-Val d'Or area in Quchec. Howcver, it is 
the second-order, or, more commonly, third-or 
fourth order structures which normally host the gold 
. deposits. Given the deep source of the ore fluid and 
the inferred crustal scale of the mineralizing 
systems, based in part on the crustal continuum 
model for this deposit style (e.g., Groves et aI., 
1992), an obvious possibility is that the ore lluids 
were channeled to upper crustal levels by the first
order crustal scale faults and were then focused into 
the lower-order structures, as discussed by 
Eisenlohr et al. (1989), for example. Another 
possibility, however, is that they were not the 
primary ore-lluid cunduits, hut rathcr controlled the 
linear geometry of the orogcnic helts, which were 
thcn favourably oriented with respect to subsequent 
far-field stress for selective failure and channelized 
flow into low mean-stress or low minimum-stress 
zones (Ridley, 1993). 

One of the factors inhihiting resolutiun of this 
problem is the general lack of fresh exposure or 

diamond drill core in the crustal-scale deformation 
zones with which the gold deposits are associated at 
the broad scale. For example, most of these 
structures are well represented by aereomagnetic 
lineaments in the Yilgarn Block of Western 
Australia, but are poorly exposed on the ground. 
Where there is exposure, however, the deformation 
zones commonly show evidence of hydrothermal 
fluidt1ux, such as the occurrence of quartz veins 
and hydrothermal alteration in deformed rocks. 
(e.g. , Rohert, 1989; .Hagemann et aI., 1995), 
although there is normally no economic gold 
mineralization in the structures: in fact there are 
few puhlished gold analyses of any of . the 
hydrothermal alteration zones or quartz veins. 

In order to advance the knowledge of the 
scale of the auriferous hydrothermal systems and 
help define their crustal architecture, it is clearly 
important to fingerprint well-exposed examples of 
these crustal scale deformation zones and to 
determine links, if any, to the hydrothermal systems 
in lower-order structures which host the economic 
gold deposits. This study will present preliminary 
structural and hydrothermal fluid data obtained 
from the Perseverance Fault Zone in the Wiluna 
greenstone belt and compare these to hydrothermal 
systems that contain significant gold mineralization 
in the nearby Wiluna and Mt Wilkinson lode-gold 
deposits. 

Perseverance Fault Zone 

The northern portion of the Perseverance 
Fault Zone is located about 750 km northeast of 
Perth, and is well-exposed about 10 km within the 
southern portion of the Wiluna greenstone belt at 
the northern margin of the Archean Yilgarn Craton. 
The crustal-scale deformation zone, as exposed, is 
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up to 100 m wide and contains highJy sheared and 
folded wallrocks, mainly metasedimentry-volcanic 
rocks, basalts and a garnet-mica bearing mylonite, 
and a prominent massive, up to 10 m wide, quartz 
reef. The main quartz reef is locally accompanied 

" by smaller satellite veins, that strike either parallel 
to, oblique to or perpendicular to the main vein. The 
Perseverance Fault Zone records a complex history 
with dominantly normal (western-block-up) and 
sinistral movement, and " a late phase of dextral 
movement. Preliminary fluid inclusion and oxygen 
isotope work on several quartz samples, collected 
over the entire strike-length of the exposed fault, 
reveal complex, liquid and vapor-rich II20-NaCl, 
and COT CH4-H20-NaCI lluid inclusions and, 
surprisingly, very heterogeneous ~rO values that 
range from +5 to + 15 per mil. 

The Perseverance Fault Zone divides the 
Wiluna greenstone belt into the distinct Wiluna and 
Matilda domains (Hagemann et aI. , 1990; 1992). 
Both domains host lode-gold deposits that are 
controlled by second-order fault and shear systems 
spatially associated with the Perseverance Fault 
Zone. 

Matilda Domain 

The Matilda domain is composed of variably 
deformed and metamorphosedkomatiitic and high
MgO basalts, dolerites, chlorite schists, felsic 
volcanic rocks, cherts, black shales and dolerite 
intrusions. Metamorphic grade ranges from lower 
greenschist facies in retrograde ductile-brittle shear 
zones to greenschist facies in belt interiors grading 
to low pressure amphibolite facies adjacent to 
granitoids in the southern part of the domain. The 
contact between the greenstone sequence and 
adjacent granitoids is locally sheared and the 
margins are characterized by narrow BIF 
formations, massive "barren" quartz veins and 
10caJly a discontinuous, thin (<l00 m wide) meta
sedimentary sequence. 

The eastern part of the Matilda domain is 
characterized by a series of discrete, NNW
trending, steeply east dipping (GO° to 800), sinistral 
oblique-slip (west-side up), ductile-(brillle) shear 
zones. Individual shear zones within this 
approximately 600 m wide zone, the Coles Find 
Shear Zone (CFSZ), are up to 5 kIn long and up to 
25 m wide. The zones of high strain display a 
prominent mineral stretching lineation that plunges 
200 to 300 to the NW. Locally, massive quartz 
veins, up to 2 m in width, strike subparallel and 
slightly oblique to the ductile-(brittle) shear zones. 
Several late-stage "barren" quartz veins crosscut the 

stratigraphy at an high angle and are interpreted to 
be related to possible reactivations of the 
Perseverance fault. 

Wiluna Domain 

The Wiluna domain can be divided into an 
eastern and western subdomain (Hagemann et aI., 
1992). All rocks have been weakly affected by 
metamorphism, but are mostly strain-free, such that 
original structures and textures are well-preserved. 
The largely unmineralized (with respect to gold 
mineralization) western subdomain is characterized 
by felsic-intermediate volcanic rocks, sedimentary 
rocks, banded cherts, and the Mt Keith ultramafic 
body, "a thick differentiated komatiite-associated 
ultramafic now. The eastern subdomain hosts the 
Wiluna lode-gold deposits, and consists mainly of 
dolerites, 10w-MgO and high-MgO (komatiitic) 
basalts, interlayered felsic porphyry and dolerite 
sills and dykes, and sedimentary rocks, including 
banded cherts. Numerous felsic, mafic and 
lamprophyric dykes trend subparallel to the 
greenstone sequence. The lithologies in the Wiluna 
domain strike north to north-northwest and face 
southwest, based on younging directions in 
unstrained pillow lavas and graded bedding in 
sedimentary rocks. 

The Wiluna domain hosts the Wiluna lode
gold deposits (about 130 tAu, 38 t As, 3.5 t Sb) 
that are controlled by the Wiluna strike-slip fault 
system with apparent maximum displacements of 
up to 1,350 m (Hagemann et aI., 1992). The fault 
zones contain hydrothermal breccias, cataclastic 
zones, tectonites, shear veins and ladder veins, 
rellecting mostly brittle failure and 
contemporaneous lluid tlow. Open-space filling 
textures, including comb, cockade, crustiform, and 
colloform textures, and precursor chalcedony, 
suggest low pressures and temperatures. Detailed 
iluid inclusion and stable isotope work indicates a 
pulsating paleohydrothermal system that controls 
two stages of gold mineralization, stage I Au-Py
Apy and stage II Au-Stib and subsequent incursion 
of surface water (Hagemann et aI., 1994). In 
addition to lode gold mineralisation associated with 
Wiluna strike-slip system, the Wiluna domain is 
characterized by several semi concordant auriferous 
quartz reefs, which are up to 5 m thick, dominantly 
north-northwest-striking and southwest- or north
east-dipping, and have strike lengths of up to 5 km. 
Based on crosscutting relationships (reefs are 
locally up to 400 m displaced by lode-gold related 
strike-slip faults) it is interpreted that they were 
emplaced prior to the formation of the lode-gold 
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deposits and r~present an earlier phase of gold 
mineralisation. Quartz reefs display adjacent zones 
of prominent vein-parallel foliation and thin «10 
m) hydrothermal alteration zones that consist of 
carbonate, sericite, and locally fuchsite. Archaean 
rocks in the Wiluna domain are bordered on the 
eastern side by the Lake Way granitoid and in the 
northwest are unconformahly overlain hy 
Proterozoic sediments of the Glengary formation. 

Summary 

The primary aim of this preliminary study is 
to contrast and compare the different structural and 
paleohydrothermal environments that characterize 
the Wiluna and Mt Wilkinson lode-gold deposits 
and the Perseverance fault Zone. 
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Controls on gold mineralisation in the Linden 
and n.qrthern Edjudina Terranes ' 
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T hiS . paper discusses the . geology' and formations that make up the Edjudina range. The 
mineralisation of the northern Edjudina and hulk of the terrane is comprised of several basalt - . 

Linden Terranes in the mid-eastern part of the andesite - dacite - rhyolite volcanic coinplexeS and 
Eastern Goldfields Province of the Archaean by belts of intermediate schist derived from 
Yilgarn Block. The area of interest . lies about 75· andesites (Swager, 1995). These rocks have been 
kilometres south of Laverton and contains the intruded by dolerite sills. 
historic Linden mining centre in additiOil to several .. The Linden Terrane is bounded to the west : 
modern gold mines and prospects such as Butcher by the Linden fault and by an intrusive granite and . 
Well, Red October; Second Fortune a,nd ' Tiri Dog' '. granite gneiss complex·to the east. It is composed of .. ' 
Hats. . komatiite, high-Mg' basalt, tholeiitic basalt and 

The study is part · of a larger gold ' felsic volcaniclastic sequences. 
documentation project undertaken between 1995 . The deforination sequence in the region 
and 1997 fo~ the Geological Survey of Western consists ' of layer-parallel thrusting and extension 
Australia (Witt & Westaway, in. prep). Gold (OJ); regional ' east-west shortening and the 
deposits were studied from ari area covered by the production of upright north northwest-trending 
Kurnalpi-Edjudina Greenstone Terranes map folds (D2); alld strike- and reverse-slip movement 
(Swager, 1996) as well as parts of the YERILLA, .~on northwest- to north-trending faults an~ shear 
LAKE CARE,Y and MOl.' CELIA 1:100,000 zones (D~-D4) (Sw;;tger, 1995). ' . 
geological maps and the Kariowna, Six Mile and ., I3utcher ,Well and Tin Dog Flats lie within 
Gordon areas on .the Kalgoorlie Terrane map thenorth northwest-trending Mt Hornet Shear Zone 
(Swager & Griffin, 1990). All' deposits with greater .'. oi ' associated~play fa.ults. The Mt Hornet Shear 
than five kilograms of gold 'production . are Zone" is ,a com'phix ' zone -of dudile deformation 
documented. Prospects with a resource listed in marked by mylonitisation, sheared lithological 
MINED EX (Department of Minerals and Energy contacts and syenite intrusions (unpublished 
resource database) were also examined. company reports). In the Linden area, greenstones 

Geological Setting 

The Butcher Well and Linden mining areas 
are situated in the Murrin-Margaf(~t sector and 
Laverton tectonic zone, respectively, of Hallberg 
(1985) and the .northern extension of the Edjudina 
and Linden Terranes: of Swager (1995). The 
greenstones in both terranes form the upper part of 
Asso~iation 2 of Hallberg (1985) imd exhibit 
greenschist facies metamorphic assemblages. 

. The northern part of the Edjudina Terrane is 
bounded by the Linden fault to the east. and the 
Claypan fault to the west. Th~ Edj~dina Terrane is 
distinguished by th~ prominent banded iron 

define open to moderately tight, northwest-plunging . 
folds . These are probably equivalent to the regional 
D2 folds of Swager (1995). . . 

A distinctive feature of the ,district is the 
large number of. granitoidp!~to~ . (including 
syenites) and irregular bodies. of feldspar-quartz 
p~)rphyry. The largest granitoid pluton (about 10 
km ,diameter). is . centred 'on Kurr<;ljong ' Well.. The 
Kurrajong Monzogranite cuts northwest-plunging 
f~lds and was. therefore emplaced after D2 folding. 

Production 

The Linden and Butcher Well mining areas 
have produced about 3.8 tons of gold. Most of the 
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Table 1 Mineralisation styles of selected gold mines from the Linden and northern Edjudina Terranes 

Depusit Name lIust Rucks Structure Alteratiun 

EDJUDINA TERRANE~ 

Butcher Well North Intennediate-mafic volcanics Two moderate-steep-dipping cc, ser, chi, q, ab, py (asp, cp) 
and volcanicla<;tics planar zones of brittle 

deformation 

Enigmatic South Basalt cut by syenite, Steep west-dipping zones of chi, q, ser, bi, plag, q, py 
monzonite and lamprophyre intense fracturing bounded by 
intrusions ductile shear zones. 

Hronsky Basalt cut by syenite, West-dipping zones of cc, q, ser, chi, py, leucox (asp, 
monzonite and lamprophyre shearing and brillie fracturing cp) 
intrusions including syenite contacts. 

Tin Dog Flats Syenite, intennediate Zones of intense fracturing q, lim, ep, chi, bi, amph, cc, 
volcanics and volcaniclastics associated with splay of Mt plag, ser, py, hm, (mo, mt, cp) 

Hornet shear zone 

LINDEN TERRANE 

Red October High-Mg basalt Dilational shear zone activated cc, q, ser, bi, py, asp, (cp) 
by regional dextral shearing in 
LTZ. This is sub-parallel to a 
malic-ultramafic contact. 

Greenhills Ultramafics, felsic porphyry Steep west-dipping brillle- talc, cc, q, py 
ductile shear zone 

OlympiclDanube High-Mg basalt Steep east northeast-dipping q, chi, cc, ser, py (cp) 
brillie-ductile shear zone 

Devon Gabbro (layered sill) Moderate east northeast- cc, chi, plag, leucox, asp, py, 
dipping_ vein array (cp) 

Democrat Ultramafics, high-Mg basalt, Moderate to steep north cc, q, chi, trem, talc, py, (po, 
quartz-feldspar porphyry northeast-dipping laminated cp) 

quartz reef 

Local Lady Ultramafics, metasedimenL<; Northeast-trending reefs cc, q, chi, talc 

Great Carbine Felsic volcanics and EW & NE-striking reefs q, ser, chi, cc 
volcaniclastics 

Second Fortune Felsic volcanicla<;tics Steep west-dipping arcuate ser, cc, chi, q, py 
quartz vein 

Linden Star Malic-ultramafic rocks Quartz stockwork cc, chi, talc, py 

Bindah Mafics, ultramafics, felsic Breccia in dilational zones q, cc, chi, py, cp, (asp) 
porphyry dykes along sub-parallel north 

northwest-trending brillle-
ductile shear zones 

cc-carbonate, q-quartz, py-pyrite, a<;p-arsenllpyrite, cp-chalcopyrite, ser-sericite, chi-chlorite, ab-albite, bi-biotite, leucox-
leucoxene, lim-limonite, plag-plagioclase, ep-cpidote, amph-amphibole, hm-hematite, mo-molybdenite, mt-magnetite, trem-
tremolite, po-pyrrhotite. 

historical production came from the Democrat and 
Local Lady mines at Linden. In recent times gold 
has been mined from the Bindah and Second 
Fortune pits in the 1980's and from the Butcher 
Well, Enigmatic South and Hronsky pits at Butcher 
Well in the early 1990's. The total indicated plus 
inferred resource at Butcher Well is ahout 9 tons of 
gold.Red October, a recently discovered gold 
.deposit about eight kilometres north of the Linden 
Mining Centre, has a resource of 700,OOOt@ 5.3g1t 
for 130,000 oz Au. 

Host Rocks 

The Butcher Well deposits are located in a 
package of basalts, intermediate to mafic 
volcaniclastic rocks, black shales and high-Mg 
basalts. These are intruded by several generations 
of syenite, monzonite and lamprophyre. Tin Dog 
Flats also occurs in intermediate to mafic volcanic 
and volcaniclastic rocks that have been intruded by 
syenite and lamprophyre bodies. 

There is no single preferred host rock to gold 
mineralisation in the Linden Area. The lafger 
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deposits occur in ultramafic and mafic rocks and 
felsic volcaniclastic rocks. Almost all of these 
deposit" have associated quartz feldspar poprhyries. 
The host rocks for various gold deposits in the 
Edjudina and Linden Terranes are outlined in Table 
1. 

Structural Controls 

Both the Butcher Well and Tin Dog Flats 
mining areas are associated with the Mt Hornet 
Shear Zone or associated splay faults. Zones of 
mineralisation at Butcher Well are oriented north to 
north northwest, are steeply dipping and tend to be 
associated with the contacts of the relatively 
competent mafic rock package with volcaniclastic 
and sedimentary units. They are also commonly 
focussed along the margins of syenitic stocks and 
dykes. 

The Butcher Well and Tin Dog Flats deposits 
show excellent preservation of primary rock 
textures and are characterised hy brittle (fracture
related) rather than ductile deformation. The brittle 
structures are spatially associated with the Mt 
Hornet shear zone but post-date ductile movements 
on that structure. The competency contrast between 
the relatively thin package of mafic rocks and the 
broader expanse of felsic to intermediate schists 
was probably important in creating local 
heterogeneity in the distribution of stress. On a 
smaller scale, the competency contrast between 
syenitic intrusions and volcanic country rocks 
would have played a similar role in local ising brittle 
failure and focussing hydrothermal l1uids in 
domains oflow mean stress (d. Oliver et ai., 1990; 
Ridley, 1993). 

At Linden, gold mineralisation appears to 
have formed in response to the partitioning of 
regional stress around the Kurrajong Monzogranite 
and therefore must have formed after regional 
folding. There are two main structural regimes 
where gold is found: a) in the pressure shadow at 
the northern end of the Kurrajong Monzogranite, 
and b) in high strain zones on the western and 
eastern margins of the intrusion. 

Most of the deposits . are located in what 
would have been a strain shadow to the north of the 
Kurrajong Monzogranite during post-folding 
regional east-west to east northeast-west southwest 
compression. Low mean stress in the pressure 
shadow of the Kurrajong Monzogranite promoted 
fracture-dilation of the greenstones and focussed · 
flow of hydrothermal lluids into these dilational 
sites. At a more local scale, dilational sites formed 
in brittle-ductile shear zones, which were localised 
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at the contacts between felsic porphyry dykes and 
stocks and mafic to ultramafic country rocks as a 
result of the competency contrast between the 
intrusions and the greenstones. Of far greater 
economic significance are those deposits in 
ultramafic rock (Democrat, Local Lady) hosted by 
structures that formed at a large angle to the north 
northwest regional fabric. Evidence from Democrat 
suggest" that these structures are relatively brittle 
quartz vein systems. 

Gold also occurs in brittle-ductile shear 
zones in high-strain zones on the western (Great 
Carbine, Second Fortune, Linden Star) and eastern 
(Bindah) margins of the Kurrajong Monzogranite. 
Mineralised shear zones are parallel or subparallel 
to the contacts between the monzogranite and the 
greenstones. These high-strain zones are 
comparable to those that occur along the eastern 
margin of the Granny Smith Granodiorite, also 
located in the Laverton tectonic zone. The Granny 
Smith deposit is a mineralised stockwork of quartz 
veins in the eastern margin of the granodiorite 
intrusion. It formed in a domain of low mean stress 
adjacent to a contact-parallel high-strain zone that 
developed in response to the competency contrast 
between the pluton and the greenstones (Ojala et aI., 
1993). 

Alteration 

The hydrothermal alteration assemblages 
rclatedto gold mineralisation in the Linden and 
Butcher Well region varies according to the type of 
host rock but it is generally compatible with · a: 
relatively low-temperature (300-400°C) environ
ment (Mueller & Groves, 1991; Witt, 1991). Felsic 
rocks have been silicified and sericitised but contain 
relatively minor carbonate. Mafic rocks have been 
altered to chlorite - carbonate - sericite assemblages; 
ultramafic rocks have been altered to talc"chlorite
carbonate (-biotite) assemblages. All mineralised 
assemblages in the region contain pyrite as the main 
sulphide phase except for Devon where arsenopyrite 
is dominant. Many of the deposits . contain minor 
chalcopyrite but the Bindah and Second Fortune 
deposits contain significant copper present as 
chalcopyrite, native copper, malachite and digenite. 
Minor garnet and tourmaline occur in alteration 
assemblages at Second Fortune. 

Conclusions 

Gold mineralisation in the northern Edjudina 
amI Linden Terranes occurs in a variety of host 
rocks. Gold is hosted in late brittle to brittle-ductile 
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structures commonly associated with compctency 
contrasts between greenstone units and hetween 
greenstones and granitoids. Pressure shadow effccts 
around granitoids are also significant. 

Comparison with the Granny Smith region 
. suggests that there is further exploration potential 

for gold mineralisation in high strain zones along 
the western and eastern margins of the Kurrajong 
Monzogranite. 
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T he formation of gold deposits at Kalgoorlie 
was dependent on the focusing of relatively 

large volumes of auriferous fluids through a small 
volume of crust, and the operation of physical and 
chemical processes that destahilised the gold
complexes leading to precipitation of gold. The 
structurally-hosted nature of these ore deposits has 
long been appreciated. However an understanding 
of the processes involved in the cyclic nucleation, 
propagation, arrest and subsequent healing of the 
host-structures provides new insights into the 
mineralisationprocessesand ,patte.rnsof l1uidflow.. 

Introduction 

Gold mineralisation in Kalgoorlie is 
primarily structurally controlled, occurring in and 
adjacent to a variety of fault, shear zone and vein 
networks. A number of recent studies have 
indicated mineralisation was synchronous with the 
development of the host structures (e.g., Boulter et 
aL, 1987; Clout et aL, 1990), highlighting the 
importance of deformation in creating transient 
high-permeability pathways that facilitate focussed 
lluid flow at depth in the crust. However, as yet 
there is no general consensus about the structural 
setting of the mineralisation, i.e. controls on the 
geometry and kinematics of the host structures, or 
the type of processes that operated (e.g., brittle 
versus ductile). 

Another important though poorly understood 
feature of the Kalgoorlie gold deposits is that they 
are primarily hosted by meso-scale structures (i.e. 
outcrop- to hundreds of metres-scale), while the 
larger faults and shear zones that bound the ore 
bodies are weakly mineralised, if at all (Eisenlohr et 
aL, 1989; Clout et aI., 1990); a feature common to 
many mesothermal gold deposits throughout the 
world (e.g., Robert & Poulsen, 1997). As the larger 
bounding structures are logically the conduits for 
crustal-scale fluid now, the preferential localisation 

of gold mineralisation within adjacent smaller-scale 
structures has important implications for crustal 
patterns of fluid now during 'deformation, and the 
processes responsible for gold min~ralisation. 

A key to developing more advanced 
exploration models for structurally-hosted gold 
deposits is understanding the processes responsible 
for the localisation and deposition of gold at 
existing deposits. One prediction method that has 
met with some recent success assumes that, at depth 
in the crust, fluid migration is governed by 
differences in mean stress, and that ,areas of Jaw 
mean stress (and low least compressive stress, 03) 
will be characterised by enhanced fluid flow (:t 
permeability) relative to surrounding rocks, and 
thus form potential sites for mineralisation 
(Holyland & Ojala, 1997). While these assumptions 
may be appropriate for some types of ore deposit, 
their general applicability to mesothermal
hydrothermal gold deposits is unproved. 

Mesothermal gold deposits (worldwide) are 
commonly spatially associated with reverse (
oblique) sense shear zones (Robert & Poulsen, 
1997) and gold deposition within many of these 
faults has been shown to have occurred during or 
immediately after shear-induced rupture events 
(Cox, 1995; Robert et aL, 1995). Failure on reverse 
faults is typically preceded by an increase in shear 
stress along the fault (and thus increasing 01 and 
mean stress, independent of changes in fluid 
pressure). The "stress state" during faulting is 
transient and there is no requirement that faults 
reside in areas of low (average) mean or least 
compressive stress, although this may sometimes be 
the case. Furthermore, particularly at depth within 
hydrothermal systems, rapid mineral deposition 
within available pore space should rapidly reduce 
permeability of t1uid conduits to zero. Thus in the 
absence of cyclic permeability enhancing processes 
such as deformation, large-scale t1uid flow at depth 
in the crust is unlikely (Cox, 1995). Thus an 
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alternative approach to understanding the 
localisation of mesothermal gold deposits focuses 
on the cyclic processes of rupture and healing that 
occurred during development of the mineralised 
structures as well as their implications for nuid 
migration patterns and gold deposition mechanisms 
(e.g., Cox, 1995; Robert et al., 1995). 

Structural setting of gold mineralisation at 
Kalgoorlie 

Go/den Mile 
Gold mineralisation in the Golden Mile is 

predominantly developed within narrow, steeply
dipping, NNW-trending shear zones in the Golden 
Mile Dolerite and underlying Paringa Basalt 
(Boulter et aI., 1987; Clout et al., 1990) although 
significant 'strata-bound' mineralisation was also 
developed at the contact between these units 
(Phillips, 1986). Gold-bearing lodes are dis
continuously developed within the host shear zones 
(generally forming 20-50% hy area of the shear 
zones), and the mineralised shear zones themselves 
only represent a subset of the total population of 
similarly oriented meso-scale shear zones developed 
in the area (Clout, 1989; Clout et aL, 1990). 

Most of the mineralised shear zones dip 
moderately- to steeply-SW, although there is 
considerable variation in dip and strike, both 
between and along the individual lodes (Clout et aL, 
1990). Historically, the lodes have been split into 
four groups based on their orientation; namely 
main, oblique, caunter and cross. While these 
"characteristic" lode orientations may also be 
characterised by distinct structural associations 
(e.g. , the presence or absence of hydraulic 
"dilational" breccias, stringer veins and/or a lode
parallel foliation, Fig. 1), in reality there is a 
continuum of orientations, which includes very 
gently-dipping "ilat" lodes (Clout, 1989). 

Most of the lode-bearing shear zones are 
characterised by oblique-slip (reverse) movement 
and have displacements of 1-LOO m (Fig. 1; Clout, 
1989). Although mineralisation was predominantly 
restricted to shear zones of this size (shear zones 
with displacements < 1 m or > LOO m are largely 
unmineralised) the lode-bearing shear zones only 
represent a subset of similarly sized and oriented 
meso-scale shear zones (Clout et aL , 1990). Clout 
(1989) demonstrated that caunler lodes 
predominantly record sinistral strike-slip 
displacement, the obliques dextral strike-slip, while 
movement directions for the main lodes range from 
dip-slip (reverse) to strike-slip (both dextral and 
sinistral). 

Clout's (1989) observations of slip directions 
for the various lode orientations suggest radially 
symmetric displacement field about a sub
horizontal, 060-240° shortening direction (fig. 1). 
Assuming the shortening direction coincides with 
the orientation of the maximum compressive stress, 
most of the lodes are at a very high angles (>60°) to 
0), and thus unfavourably oriented for reactivation 
in the absence of high nuid pressures (e.g., Sibson, 
1990). 

., 

. ,-
.,/ 

.,.,,' Cr 

IJ/d = 'Jpll.lard/dotlJnll.l ard corrponent 01 
relati\rI;! di~lacement 

Fig. 1. Orientation and sense of displacement for 
auriferous-lodes and unmlneralised 
faults/shear zones In the Golden Mile, drawn 
to the highlight radially symmetric 
displacement pattern of the lodes. M=maln 
lode, C=caunter lode, O=oblique and 
Cr=cross. Main, caunter and oblique shear 
zones that dip east are often termed 
"easterlies" (e.g., Boulter et aI., 1987), and 
many appear to have accommodated much 
larger displacements than other lode 
orientations. Triangles denote lode 
orientations associated with sub-parallel 
dilational breccias and stringer veins. Figure 
after Clout (1989). 

Gold mineralisation is restricted to envelopes 
of intense hydrothermal alteration within and 
around the shear zones. Several mineralogically 
distinct styles of alteration have been recognised 
and these generally display crudely concentric 
zonation centred on the shear zones (Clout et al., 
1990). The highest grades (up to 100 000 glt Au) 
are associated with an inner alteration halo 
dominated by carbonate + quartz + sericite + pyrite 
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::t tellurides (Phillips, 1980; Clout et aI., 1990). 
Between 50 and 90'!!,; (by area) of the mineralised 
portions of the shear zones are associated with 
dilational (hydraulic) hreccias, which are 
particularly well developed at the intersections of 
lodes, where the richest ore shoots were most 
commonly developed (Clout, 1989; cr. Boulter et 
aI., 1987). Several episodes of hydraulic brecciation 
have been recognised. However the hreccias most 
closely associated with gold mineralisation orten 
appear to have formed during the final stages of 
movement along the host shear zone (Clout, 1989). 
Many lodes are also associated with late-stage 
extensional veins containing open-space fillings of 
euhedral quartz + calcite + pyrite, indicating that 
high fluid pressures (sufficient to keep vein walls 
apart) were sustained during the final stages of 
shear zone development (Boulter et aI. , 1987; 
Clout, 1989). 

Controversy surrounds the interpretation of 
foliations developed parallel and/or ohlique to the 
shear zone walls (Buulter et aI., 1987; Clout et aI., 
1990). Boulter et al. (1987) argued that the main 
pervasive foliation formed during displacement on 
the shear zones, and that mass transfer processes 
and (transiently) enhanced permeability during 
foliation development were intimately coupled to 
the infiltration of auriferous l1uids to form the 
lodes. In contrast, observations by Clout (1989) and 
in the present study suggest most of the foliation 
development in the Golden Mile occurred at a late
stage or post-dated development of the lodes. Clout 
(1989) argued that only in 10-20% of the shear 
zones was foliation development synchronous with 
gold mineralisation. 

Boulter et al. (1987) noted that lode shear 
zones within the Golden Mile Dolerite generally 
only contain a well developed foliation along the 
most intensely altered central portions of the lodes. 
This fabric is relatively consistently oriented 
throughout the deposit, ami thus displays variable 
angular relations with respect to the houndaries of 
the main, caunter and easterly lodes; a fact 
seemingly inconsistent with a syn-displacement 
origin (d. Boulter et aI., 1987). Fahric relations are 
somewhat more dearly developed within the 
Paringa Basalt, which is both finer grained and 
more pervasively altered (ankerite-siderite) than the 
Golden Mile Dolerite. In the Paringa Basalt, the 
well developed foliation in the lodes (and 
unrnineralised shear/fault zones of the same age) 
appears continuous with a more weakly developed 
but relatively pervasive, fine to spaced 
anastomosing cleavage in the wall rocks. This 
fabric dips steeply to the WSW and overprints 

147 

moderately to gently N-NNE quartz veins and 
veinlets that clearly cut the lodes and possibly the 
major easterlies (e.g., Kalgurli fault); indicating 
foliation development also post-dated major 
movement on the lodes. Thus ari alternative 
explanation for the restriction of well developed 
foliations the interiors of the lodes is that it simply 
reflects the location of the most intensely altered 
rocks which have a favourable composition (i.e. 
sericite-rich) and grainsize for cleavage 
development. 

The N-NNE dipping quartz veins are sub
parallel to the gently-dipping vein set at Mt 
Charlotte (generally interpreted to post-date the 
youngest cleavage forming event; Clout et aI., 
1990). However, like the Charlotte-style stock
works, these veinlets are also characterised by 
narrow carbonate + sericite ::t pyrite alteration 
haloes where they cut Units 8 and 9 of the Golden 
Mile Dolerite, at the northern end of the Main Pit. 
These relations suggest that initial formation of the 
Charlotte-style quartz vein stockworks may have 
coincided with the final stages of cleavage 
development. 

Mt Charlotte 
Gold at Mt Charlotte predominantly occurs 

within carbonate + sericite + pyrite ::t pyrrhotite 
alteration haloes surrounding an extensive 
stockwork of quartz veins. Some gold also occurs 
within the veins themselves, particularly at higher 
levels in the mine. The stockworks are best 
developed within Unit 8 of the Golden Mile Dolerite 
where it is cut into a series of narrow blocks by 
closely-spaced N-striking dextral strike-slip faults . 
Mineralisation was clearly coeval with late-stage 
movement on the bounding Charlotte, Reward, 
Maritana and Golden Pike faults, which have total 
displacements of up to several hundred metres 
(Clout et aI., 1990). The restriction of well 
developed stockworks to Unit 8 is interpreted to 
rellect hath the rheology (more brittle than 
surroundings) and favourable chemistry (Fe-rich) of 
the unit. 

The veining and associated gold 
mineralisation at Mt Charlotte overprints the 
cleavage that cuts the Golden Mile lodes, and is 
generally interpreted to be unrelated, occurring late 
in the deformation history of the region (Clout et 
aI., 1990; Mengler, 1993). This is supported by a 
-30 m.y. difference 4°Ar/W Ar white mica ages for 
the two deposits (Kent & McDougall, 1995) and 
apparent differences in the chemistry of the 
mineralising lluids (Mt Charlotte lluids were more 
reducing and associated pyrite has a higher O:4S 
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than those in the Golden Mile: Phillips, 1986; Clout 
et aI., 1990; Mernagh, 199G) .. 

The quartz stockworks form a series of 
irregular- to pipe-shaped bodies, the largest of 
which, the Charlotte Orebody, extends for over 800 
m down dip in the footwall of the Charlotte fault 
{Bischoff & Morley, 1993). However in detail, the 
veining does not appear to be spatially-related to the 
faults, which are largely unmineralised (e.g., 
Mengler, 1993). Nonetheless, similar mineralised 
quartz stockworks occur in Unit 8 at many other 
localities in the Kalgoorliearea, always adjacent to 
-N-striking dextral strike-slip faults (e.g., Drysdale, 
Golden Pike stockworks), suggesting that at depths 
below the present' level of mining, the strike slip 
faults may have formed conduits for the late-stage 
auriferous fluids; 

A remarkable feature of the quartz 
stockworks both at Mt Charlotte and elsewhere in 
the Kalgoorlie region is that they are largely 
composed of two consistently oriented sets of 
extension veins; one dipping moderately to gently 
N, while the other dips steeply NW. Mutual cross
cutting relations indicate formation of the two vein 
sets was broadly synchronous. The internal 
structure of the stockwork veins ranges from 
coarsely crystalline (with local vughs) to fibrous . 
The geometry of quartz + carbonate fibres 
(interpreted to track the vein opening directions) 
within fibrous veins, as well matching vein wall 
irregularities, indicate both sets of veins formed by 
dilation perpendicular to their walls. Steeply
dipping veins dominate at higher levels in the mine, 
while at the deepest exposed levels the gently
dipping set is preferentially developed (Clout et aI., 
1990; Bischoff & Morley, 1993). 

Discussion 

Boulter et al. (1987) interpreted develop
ment of the shear zones hosting the Golden Mile 
lodes to have been predominantly by ductile or 
brittle-ductile processes. Infiltration of the 
hydrothermal fluids and deposition of the gold were 
interpreted to be the result of grain-scale diffusional 
mass transfer. Neither mesoscopic structural 
dilation or transiently maintained high l1uid 
pressures were considered to have been essential or 
even signilicant processes during gold 
mineralisation. In contrast, Clout (1989) argued 
that shears hosting the lodes were predominantly 
cataclastic in origin. Clout (1989) and Clout et al. 
(1990) also demonstrated that many of the lodes 
contain or are overprinted by hydraulic breccias 
(particularly high grade ore shoots located at the 

intersections of lodes). Clout and co-wOfkers 
ohservations suggest mineralisation occurred in the 
scismogcnic upper crust and that episodic 
l1uctuations in fluid pressure (e.g., fault-valve 
hehaviour) and mesoscopic dilation were significant 
processes at least during the latter stages of gold 
mineral isation. 

At the Golden Mile and particularly at Mt 
Ch'!rlotte the predominance of gold within 
hydrothermal alteration haloes rather than veins 
suggests l1uid-rock interaction was the dominant 
process responsible for gold deposition (Phillips, 
1986). Thus while both regional- and mine-scale 
structures may have formed important fluid 
conduits (although in the case of the former, not 
necessarily at exposed crustal levels), the processes 
that facilitated lluid infiltration of the wall rocks 
appear most critical to the formation of the 
deposits. Alteration of the host rocks, precipitation 
of hydrothermal minerals between breccia 
fragments and in veins, as well as compaction and 
overgrowth development in the cataclasites (=> 
induration) are likely to have had a profound but 
complex inJ1uence on the rheology and permeability 
of the fault system. These processes are likely to 
have resulted in pronounced transient t1uid pressure 
gradients along the t1uid conduits (i.e. shear zones), 
and hetween the shear zones and the adjacent wall 
rocks (e.g., Cox, 1995; Robert et aI., 1995). 
Localised ' scaling' of the shear zones may have 
driven l1uids into the wall rocks, facilitating further 
hydrothermal alteration and precipitation of gold 
via desulphidation of the mineralising fluids (e.g., 
Phillips, 1986; Clout, 1989). In contrast,' sudden 
decreases in fluid pressure associated with local 
dilation along the shear zones during rupture events 
may have drawn fluids back into the fault core 
leading to gold precipitation via phase separation 
and/or l1uid mixing (e.g., Cox, 1995). 

It is not clear whether restriction of the gold 
lodes to a subset of the meso-scale shear zones 
developed within the Golden Mile reflects (1) the 
duration or deformation with respect to that of the 
hydrothermal alteration, or (2) the degree of 
connectivity between the structures during 
mineralisation. However, restriction of the 
mineralisation to meso-scale structures may (in 
part) reflect the fact that deformation in "mature" 
fault zones was primarily accomplished via creep
processes, not accompanied by extreme fluctuations 
in fluid pressure. Furthermore, as much of the gold 
mineralisation appears to have been related to 
desulphidation of the mineralising fluids by reaction 
with iron bearing minerals in the host rocks, prior 
removal (or sulphidation) of iron from long-lived 
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fluid conduits would have rendered them less 
susceptible to hydrothermal alteration during 
development of the Golden Mile lodes. 

Understanding the complex structural 
development of the Golden Mile may he assisted by 
comparison with studies of modern rault systems. 
for example the pattern or raulting associated with 
aftershocks following the 1989 I,oma Prieta 
earthquake on the San Andreas fault system 
(Zoback & Beroza, 1993) is remarkahly similar to 
the geometry and radially-symmetric displacement 
pattern of the lode shear zones in the Golden Mile. 
This suggests that' min'eralisation at the Golden Mile 
may have occurred during l1uid redistribution along 
minor structures formed in response to stresses 
imposed as a result of slip on the larger fault zones 
that bound the deposits (d. Clout 1989, p .180-
183). 

The quartz stockworks at Mt. Charlotte and 
elsewhere in the Kalgoorlie area are atypical of 
vein-hosted and fault-related mesothermal gold 
deposits (e.g., Cox, 1995; Robert et aI. , 1995). 
Firstly, the immediately adjacent faults do not 
appear to have formed conduits for the ore l1uids at 
the level of -thedeposits,despite heing . active at -the 
time mineralisation occurred. Secondly two sets of 
non-parallel extension veins were developed. Cross
cutting relations indicate the vein sets were coeval, 
yet neither shows evidence of significant or 
consistent displacement parallel to the vein walls . 
The veins can not be interpreted as either a 
conjugate set of shear veins (where 01 bisects the 
acute angle between the vein sets; cr. Mengler, 
1993; Bischoff & Morley, 1993) or the product of 
preferential quartz precipitation in earlier formed 
shear fractures. 

Coeval development of non-parallel extension 
veins suggests 0:; - 03, so that there was not a 
unique orientation for the least compressive stress 
(parallel to the opening direction) during vein 
formation. This requires that 01 was oriented 

parallel to the sub-horizontal NNE-trending 
intersection of the vein sets, an interpretation that is 
consistent with continued dextral strike-slip 
displacement on the N-S bounding faults . It is 
interesting to note that the propused late-stage 
orientation of 01, based on the urientation of the 
stockwork vein intersection, is approximately 
perpendicular to the average orientation of the 
cleavage overprinting the Golden Mile lodes. As 
previously noted, in the Golden Mile deposit this 
cleavage also overprints a set of quartz veins and 
veinlets similar in appearance and orientation to the 
gently-dipping vein set at Mt Charlotte. 
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Alternately the two vein sets at Mt Charlotte 
may have developed in response to episodic 
reorientation of the stress field related to movement 
on the N-striking bounding faults. However, as 
noted ahove, the bounding faults do nol' appear to 
have formed conduits for the mineralising fluids at 
the levels of the presently exposed stockworks. This 
appears to require that interconnected portions of 
the stockwork (i.e. both gently- and steeply-dipping 
veins) were synchronously held open by high fluid 
pressures, enabling reactive ore fluids to percolate 
to higher crustal levels (e.g., Mengler, 1993). This 
is seemingly more consistent with coeval opening of 
both vein sets under conditions of high fluid 
pressure and an approximately uniaxial stress field. 
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Some atypical styles of gold mineralization and 
alteration in the Yilgarn Craton 
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Detailed studies of gold deposits in the 
Archaean Superior Province of Canada have 

given rise to a variety of genetic models, including 
orthomagmatic intrusion-related deposits, 
volcanogenic massive sulphide deposits, epithermal 
deposits related to subvoIcanic intrusions and late
orogenic, metamorphogenic models. J\lthough the 
origin of some deposits is controversial, there does 
seem to be an acceptance of the diverse origins of 
.gold deposits in the Superior Province (Robert & 
Poulsen, 1996). By way of contrast, genetic models 
for gold deposits in the Archaean Yilgarn Craton of 
Western Australia fall overwhelmingly into what 
may be termed the late-orogenic, structurally
controlled class of deposit (Groves et al., 1992; 
Witt & Vanderhor, in press). A diverse range of 
structural styles and associated alteration 
assemblages are interpreted as a continuum within a 
single class of orebody that formed as a result of 
similar and broadly contemporaneous processes 
acting over a range of crustal depths. The source of 
the ore fluid for this continuum of deposits is 
variously interpreted as magmatic or 
metamorphogenic bul' cannot be unambiguously 
identified. Recurrent features of the late-orogenic, 
structurally-controlled class of gold mineralization 
include the following: J) gold occurs in brittle 
quartz vein arrays and brittle-ductile shear zones; 2) 
these veins and shears formed late in the 
deformation history of the greenstone belts in which 
they occur; 3) alteration assemblages adjacent to 
mineralized veins and in shear zones are broadly 
consistent with interaction between wallrocks and a 
low-salnity H20-C02 fluid with XC02 

approximately 0.15; a lluid of this type has been 
identified where fluid inclusion studies have been 
carried out; 4) mass balance calculations indicate 
addition of K, CO2 and S to the altered wallrocks; 
5) enrichment of base metals and silver is low, 
compared to gold; 6) thermal equilibrium between 

alteration assemblages and wallrocks indicates that 
gold deposition occurred syn- to slightly post-peak 
metamorphism. 

The Yilgarn Craton has produced >3,000t of 
gold. This production has come from nine world 
class deposits and numerous smaller deposits which 
are distributed over a large area of the Yilgarn 
Craton. Despite some exceptions (e.g. Boddington, 
Big Bell), the vast majority of these deposits are 
r~garded as late-orQgt:!nic. In the Eastern Goldfields 
Province (Superterrane), there are very few genetic 
interpretations of gold deposits that are at variance 
with the late-orogenic, structurally-controlled 
model. Among these are the Golden Mile and 
Kanowna Belle, for which epithermal and porphyry 
models of gold mineralization, respectively, have 
been proposed. However, these alternative models 
are not generally accepted. 

Recent studies of gold deposits in the 
southern Kurnalpi and Edjudina Terranes of the 
Eastern Goldfields (W.K. Witt & J. Westway, 
unpubl. data) have confirmed the predominance of 
the late-orogenic, structurally-controlled style of 
mineralization. However, several deposits in this 
area display some features, particularly styles of 
alteration, that are at variance with those that are 
recurrent in the dominant class of mineralization. 
Four examples of these anomalous mineralization 
styles (Kurnalpi-Mulgabbie, Yundamindera, 
Majestic and Gordons Sirdar) are described. They 
are assessed in terms of how they may be 
incorporated into the continuum of late-orogenic, 
structurally-controlled deposits or alternatively, in 
terms of how they compare to some other styles of 
mineralization. 

Kurnalpi and Mulgabbie - albite-dominated 
alteration 

. The Kurnalpi (180 kg Au) and Mulgabbie 
(250 kg Au) mining centres lie in the Steeple Hill 
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Table 1 Generalized summary of metamorphic and alteration assemblages in mafic rocks, Kumalpl and 
Mulgabble mining areas. 

Metamorphic Outer alteration Intermediate alteration Inner alteration 
assemblage assemblage assemblage assemblage 

PLAGIOCLASE PLAGIOCLASE PLAGIOCLASE (albite) PLAGIOCLASE (albite) 
AMPHIBOLE CHLORITE CHLORITE ANKERITE 
Ilmenite CARBONATE ANKERITE QUARTZ 

BIOTITE QUARTZ MUSCOVITE 
Quartz Biotite Leucoxene 
Epidote Muscovite Rutile 
Leucoxene Leucoxene Pyrite 
Pyrrhotite Rutile 
Pyrite Pyrite 

Notes: Upper case minerals are essential components of the assemblage; lower case minerals are 
accessory components. Both the inner and intermediate zones of alteration are mineralized. Chlorite in 
the intermediate alteration assemblage is pale green and less abundant than chlorite in the outer zone, 
thus contributing to the bleached character of the intermediate assemblage. Chlorite-absent 
assemblages (inner zones) are actually quite limited in occurrence, and mostly restricted to narrow 
selvages adjacent to quartz-albite-carbonate veins. 

and Mulgabbie domains, respectively, of the 
Kurnalpi Terrane. The orebodies in these centres 
are not well exposed but the distrihution of historic 
workings suggests that at least some of the ore 
structures cut across stratigraphic layering. 
Available exposures and mine dump samples 
indicate that most deposits are located in brittle 
faults and brittle-ductile shear zones in basalt, high
Mg basalt and dolerite. Several of these deposits are 
characterised by intense albitisation of the mafic 
host rocks (fable 1). Gold is associated with 
quartz-albite-ankerite-pyrite veins within a pyritic, 
lbleachedi assemblage (intermediate and inner zones 
of Table 1). Mass balance calculations indicate that 
Si02, Na20, CO2 and Shave heen added to the 
mineralized alteration assemblage. These changes 
have been accompanied by loss of FeU, MgO and 
in some cases K20. CaO is lost in some cases and 
gained in others. Much of the added Si02 may be in 
the form of small veins. The more important 
observation is that sodium rather than potassium 
has been added to the mineralized mafic rocks, in 
contrast to most late-orogenic gold deposits in the 
Eastern Goldfields. Mineralized, albitic rocks are 
enveloped, and locally cut by zones of strongly 

. foliated chloritic schist with unorientcd hiotite 
porphyroblasts that increase in abundance towards 
the intermediate alteration zone (outer zone of 
Table 1). 

Sodic. alteration in ancient mafic volcanic 
sequences could be interpreted as sea-noor 
alteration. Sodic alteration assemblages and related 
gold mineralization at Kurnalpi and Mulgabbie 

could have been produced by the interaction of 
hasalt with seawater during, or immediately after, 
the volcanic stage of greenstone belt evolution. 
According to this interpretation, the chloritic schist 
is attrihuted to strain partitioning around the 
mineralised alhitised mafic rocks during late
orogenic deformation. An alternative interpretation 
is that the deposits at Kurnalpi and Mulgabbie are 
late-orogenic deposits and that the sodic alteration 
assemblages can be attributed to an ore fluid with a 
similar, but slightly different composition to that 
implicated in most other late-orogenic deposits. In 
fact, the alteration assemblages at Kurnalpi and 
Mulgabbie are similar to those at Kambalda. 
However, chlorite-biotite assemblages at Mulgabbie 
cut albitic alteration assemblages, whereas the 
reverse relationship is true at Kambalda. Relatively 
small changes in the aK+/aNa+ ratio of the ore fluid 
can account for sodic versus potassic alteration in 
late-orogenic deposits (Kishida & Kerrich, 1987). 
Transgressive relationships between different 
alteration zones can be caused by the dynamic 
evolution of the hydrothermal system and need not 
imply signiricant temporal differences or separate 
hydrothermal events. The second (late-orogenic) 
interpretation is preferred for deposits associated 
with sodic alteration at Kurnalpi and Mulgabbie 
because the zones of albitisation appear to be 
structurally- rather than stratigraphically
controlled. Ilowever, further studies, particularly 
the use of stable isotopes, are required to address 
this problem. 

© Australian Geological Survey Organisation 1997 



153 

Table 2 Alteration zoning in mineralized dioritic rocks at Boer mine, Yundamindera mining area. 

Least-altered Deformed diorite Strong alteration Intense alteration Calc-silicate 
diorite diorite (bleaching) (bright white) veins 

QUARTZ QUARTZ QUARTZ QUARTZ QUARTZ 
PLAGIOCLASE PLAGIOCLASE PLAGIOCLASE PLAGIOCLASE CPX (SALlTE) 
BIOTITE BIOTITE 
AMPHIBOLE AMPHIBOLE 
Ilmenite Titanite 
Magnetite Pyrite 

Yundamindera - sodic-calcic 
metasomatism 

BIOTITE 
Epidote 
Titanite 
Carbonate 
Pyrite 

The Yundamindera mining centre lies in the 
Mulgabbie domain of the Kurnalpi Terrane. About 
1.5 t Au has been produced from historic mines in 
tonalite and quartz-diorite. Numerous orebodies 
occur in a series of narrow zones of ductile to 
brittle-ductile deformation that dip 4O-GOoNE. Calc
silicate alteration (quartz-plagioclase-titanite( calcic 
amphibole-biotite-epidote) in these deposits is 
associated with deformed quartz-clinopyroxene 
veins. Pyrite occurs in veins and altered wallrocks. 
Alteration zoning from a typical example (the Boer 
mine) is summarized in Tahle 2. Amphiholes in 
unaltered quartz-diorite are magnesio-hornblende 
whereas those in alteration zones are ferro
hornblende and ferrotschermakite. Clinopyroxene 
has the composition of salite. Plagioclase in hoth 
unaltered and altered quartz-diorite has 
compositions in the range oligoclase to andesine hut 
in unaltered rock, the feldspar is normally zoned to 
albite. Mass balance calculations show that calc
silicate alteration involves addition of large amounts 
of Si02, and lesser Na20 , CaO and S. Fe20~ is also 
added (oxidation) in some instances. The presence 
of clinopyroxene and amphiboles in veins and 
altered wall rocks indicate that alteration took place 
at high temperatures (probably >500°C). Similar 
styles of alteration (elsewhere referred to as sodic
calcic alteration) have heen descrihed in the 
Cloncurry district, Queensland (Dejong & 
Williams, 1995) and at the Yerrington porphyry 
deposit, Nevada (Oilles & Einaudi, 1992). Phase 
equilibria and fluid inclusion studies have been used 
to estimate temperatures of 400-GOO°C for sodic
calcic alteration at these other localities. The 
absence of significant potassic metasomatism in the 
high-temperature, calc-silicate assemhlages at 
Yundamindera is somewhat unusual for Archaean 
lode-gold deposits hut has possihle analogues in 
marie-hosted deposits at Three Mile I I ill 

Microcline AMPHIBOLE 
Epidote Epidote 
Pyrite Plagioclase 

Titanite 
Rutile 
Pyrite 

(Coolgardie) and Karonie. These alteration 
assemhlages do not necessarily require different 
fluids from those that account for potassic 
alteration in other Archaean lode-gold deposits. At 
Cloncurry and Yerrington, they have been ascribed 
to up-temperature flow of fluids in a hydrothermal 
system that also produced potassic alteration in 
zones of down-temperature fluid flow. The different 
styles of alteration (sodic-calcic versus potassic) are 
explained in terms of the variation with temperature 
in the partitioning of Ca, Na and K between two co
existing feldspars .and.ahydrothermalfluid. The .ore 
l1uid at Yundamindera cannot have been derived 
from the tonalitic to quartz-dioritic magma because 
this granitoid was emplaced and deformed before 
formation of the gold deposits. However, a late
tectonic, porphyritic biotite-hornblende 
monzogranite was intruded to the west of 
Yundamindera. Up-temperature flow of 
contemporaneous (?metamorphic) fluids towards 
this granitoid may account for the mineralized calc
silicate alteration assemblages in the tonalite and 
quartz-diorite at Yundamindera. 

Majestic - an Archaean porphyry deposit? 

The Majestic gold mine (20 kg Au) is located 
in the located in the southern Gindalbie Terrane, on 
the western limb of the Bulong Anticline. The mines 
in this area structurally underlie a 0 1 thrust fault 
that has emplaced older mafic volcanic rocks above 
the mineralized felsic volcanic sequence. 

Metamorphic grade is difticult to estimate 
but is prohably low- to mid-greenschist facies. The 
main host rocks at Majestic are a leucocratic 
feldspar(-quartz-amphibole) porphyry and a later, 
mesocratic plagioclase porphyry. Primary 
mineralogy in both intrusive phases has been 
extensively modified by metamorphism and/or 
propylitic alteration. A third magmatic phase, 
comprising finer-grained, microporphyritic dykes 
intrudes hoth the earlier pophyries. The orebody is 
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Table 3 . Generalised summary of vein and alteration assemblages in mineralized porphyries at the Majestic 
mine. 

Pervasive assemblage in porphyry host rocks (Propylitic or metamorphic alteration) 

Plagioclase 
. Quartz 

Biotite 
Chlorite 
Epidote 
Ilmenite 
Titanite 

Larger quartz-dominant veins 

Veins 

Quartz 
Chlorite (Biotite?)# 
Epidote 

Inner zone*(darkened) 

Plagioclase (albite) 
Chlorite (Biotite)# 
Quartz 

Outer zone (bleached) 

Plagioclase (albite) 
Muscovite 
Quartz 

Carbonate Pyrite 
Pyrite Titanite 
Titanite Rutile 

Smaller calc-silicate veins and fractures 

Chlorite (Biotite)# 
Pyrite 
Titanite 

Vein/fracture 

Epidote 
Carbonate 
Adularia 
Chlorite 
Quartz 
Garnet 

Inner zone (lime green) 

Epidote 

Outer zone (pink to brick red) 

Plagioclase (albite) 
Chlorite 
Muscovite 
Plagioclase (albite) 
Pyrite 
Titanite 
Rutile 

Retrograde alteration (synmetamorphic?) 

Prehnite after plagioclase, epidote, garnet. 
Chlorite after biotite, garnet. 
Sericite after plagioclase. 

Chlorite (Biotite) 
Quartz 
Hematite 
Pyrite 
Titanite 

Note: all assemblages are listed in the approximate order of mineral abundance. 
* The inner zone can be subdivided into two subzones in which primary textures are destroyed in the 
inner subzone and plagioclase phenocryst forms are still evident in the outer subzone. 
# Chlorite is ubiquitous whereas biotite is generally a minor phase. Much or all of the chlorite may be 
secondary after earlier biotite. 

poorly exposed but mine dump samples and all 
three intrusive phases display evidence of an 
extensive stockwork of quartz veining and 
fracturing. Quartz veins are up to ahout 30 cm 
thick. Although the mineralized porphyries are 
mostly massive, where a foliation is present it 
appears to overprint the veins and attendant 
alteration assemblages. 

The alteration history and asscmhlages at 
Majestic are summarised in Tahle 3. Larger veins 
are mainly quartz with minor carhonate, chlorite (or 
biotite), epidote and pyrite. Wallrock alteration is 
zoned from an inner, chlorite-rich zonc (with reli~t 
biotite) to an outer, bleachcd zone. Both zones 
contain disseminated pyrite (1:minor chalcopyrite 

and galena). Smaller epidote- and. adularia-rich 
vcinlets and fractures (-5mm) are associated with 
narrow zones (up to a few millimetres wide) of 
bleaching and hematitisation. They generally post
date the larger quartz-rich veins and attendant 
alteration halos. Mass balance calculations, based 
on the assumption that Ai20 3 was immobile, 
indicate strong enrichment of Si02 and less extreme 
addition of Ft!:103 (oxidation), CaO and K20 in 
alteration halos adjacent to early quartz veins. The 
Majestic deposit displays some features that are 
similar to those that characterise younger porphyry 
gold systcms: l) gold occurs in a subvolcanic 
intrusive complex containing at least three distinct 
igneous phases, all of which are mineralized; 2) 
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mine dump samples imlicate the presence of a 
stockwork vein and fracture system in massive 10 

weakly deformed porphyry host rocks; 3) alleration 
related to veins amI fractures (summarised in Tahle 
3) is superimposed upun a pervasive (propylitic) 
alleration that involvetl replacement of primary 
igneous ferromagnesian minerals hy secontlary 
chlorite and epidote. A locally-developed foliation 
appears to overprint veins and suggests early 
formation of the vein systcm. Wallrock alleration 
adjacent to mineralized (pyritic) veins includes 
chloritisation and sericitisation. Relict hiotite occurs 
locally within the chloritic alteration asscmhlages 
suggesting that the chlorite may have 1i.1rmed by 
retrograde alteration or low-temperature 
metamorphic recrystallization of hiotite-rich 
(potassic alleration) assemhlages. 

In contrast to most mesothermal gold 
deposits, biotite amI garnet are apparently out of 

. equilibrium with thermal conditions indicated by 
regional metamorphic assemhlagcs in the 
surrounding district. Altcration zoning is also 
different from that in most mesothermal (Iate
orogenic) gold deposits . Mesothermal gold deposits 
that contain biotite in the alleration assemhlage are 
commonly associated with zoned altcration halos 
comprising an outer, biotitic assemhlage and an 
inner zone that contains alhite and muscovite (e.g. 
Kambalda). The lattcr reflects increasing lluid 
XC02 toward the vein. As for some porphyry 
copper systems, alteration zoning at Majestic is 
from an outer alhite and muscovite-bearing 
assemblage to an inner biotite (or chlorite)-rich 
assemblage. This zoning can he attrihuted to 
increasing fluid aMg2+/aH+ and or a Fc2+/aH+ and 

decreasing fluid aK+/all+ toward the veins (Beane & 
Titley, 1981). 

Gordons Sirdar - a synvolcanic gold 
deposit 

The Gordons Sirdar deposit (700 kg Au) lies 
within the eastern (Boorara) domain of the 
Kalgoorlie Terrane, in a fC\sic association that has 
been thrust over a lower himodal volcanic sequence. 
The mineralized parts of the greenstone sequence 
have been metamorphosed at greenschist facies 
conditions. The host rock at Gordons Sirdar is a 
massive to brecciated siliceous unit that is 
interpreted to be a felsic hyaloclastite. The host unit 
is overlain by felsic to intermediate volcaniclastic 
sedimentary rocks (to the west), and underlain by 
massive quartz-plagioclase porphyry (to the east). 

Mineralization is associated with the 
deformed northwest-trending contacts of the 
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hyaloclastite unit. Gold is associated with a 
stockwork systcm of pyrite-rich veins that are 
consistently deformed with the host rock. Although 
mining was focussed on the contacts of the 
hyaloclastite unit, deep drilling indicates that the 
pyrite vein stockwork persists towards the less 
deformed interior of the unit. The mineralized, 
sheared contact zones are 1 to 15 metres wide and 
are also zones of intense silicification and 
pyritisation and contain up to about 5 percent 
deformed, sulfide-rich quartz-pyrite veins. 
Anastomosing sericite-rich bands define a shear 
fahric and overprint earlier, deformed, pyrite-rich 
veins. Late, shear-related quartz veins are only 
locally developed and are not consistently 
associated with gold. The hanging wall 
volcaniclastic unit exhibits widespread silica-pyrite 
alteration and strongly deformed quartz-pyrite(
chlorite) veinlets, but is unmineralized. The early 
timing of this alteration is evident from the 
overprinting nature of the regional sericitic fabric. 
Metamorphic recrystallisation of the deformed 
volcaniclastic u!1it has produced andalusite and 
chloritoid in some sections of the silica-pyrite 
alteration facies. 

Several features at Sirdar contrast with the 
typical characteristics of late-orogenic gold 
deposits, and are more compatible with an early 
(synvo\canic) origin for the gold mineralization. 
The pyrite-rich nature of the vein system contrasts 
strikingly with the quartz-rich nature of veins in 
most late-orogenic deposits. The consistent 
deformation of veins with host rock indicate a much 
earlier formation of the veins and related 
mineralization. The concentration of gold at the 
margins of the hyaloclastite unit may not reflect 
competency contrasts but is perhaps related to . the 
greater synvolcanic porosity (brecciation) of the 
contact zones of a submarine lava. The widespread 
strata-hound silicification in the hanging wall 
volcaniclastics suggests that the mineralization 
formed part of a larger, synvolcanic hydrothermal 
system. 

Conclusions 

Although most gold deposits in the Yilgarn 
Craton appear to belong to the late-orogenic, 
structurally-controlled class of mineralization, there 
are several . examples of other styles of gold 
mineralization, including porphyry deposits and 
synvo1canic, sea-11oOT mineralization. Basic field 
observatiuns, particularly of alteration and vein 
styles, relations between veins and regional 
deformation fabrics and orebody geometry, can be 
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used to identify those deposils that do not fit easily 
into the late-orogenic, structurally-controlled type 
and therefore warrant. more ' detailed studies to 
determine their origin. 
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T he dating of Archaean gold deposits in Canada 
and Western Australia hy radiometric isotope 

systems has produced highly controvcrsial results. 
In well-studied mesothermal deposits such . as 
Lamaque-Sigma, Canada, the ages of hydrothermal 
minerals (zircon, mica, rutile, scheelitc) from the 
same quartz-vein system differ hy more than 150 
m.y. 

This study of the Big Bell mine area, 
Murchison Province, is the first to use isotope 
systems in several hydrothermal mincrals (garnet, 
titanite, muscovite, scheelitc) to constrain the 
absolute timing of gold mineralization in a major 
deposit of the Yilgarn craton. The radiometric ages 
recorded span a time interval of more than 350 Ma. 

The contradictory ages recorded in hoth 
mining districts can be reconciled and placed into a 
logical order of events, if one accepts that thermally 
activated diffusion is fundamcntal in modifying the 
isotopic composition of crystals aftcr the cessation 
of growth (Dodson, 1973). Empirical and 
experimenta.I studies indicate that minerals such as 
garnet, titanite and mica close to the diffusion of 
radiogenic elements at temperatures varying from 
about 800DC to less than 300DC (Mezger, 1990; 
Hodges, 1991; Spear, 1993). Radiometric ages and 
mineral closure temperatures may be combined to 
constrain the cooling and uplift history (P-T-t path) 
of Precambrian metamorphic terranes (e.g., Mezger 
et aI., 1989). 

Big Bell deposit, Yilgarn craton 

The Big Bell deposit (40 t gold produced) is 
located in the northeastern part of the Yilgarn 
craton, in a narrow extension of the Meekatharra
Wydgee greenstone belt hounded hy granitoid 
batholiths. The sequence of geologic events which 
affected the greenstones after deposition has been 

established by the systematic mapping of structural 
relationships in the Big Bell mine area (Fig. 1), and 
by radiometric dating (fable 1). A detailed 
description of the geology of the deposit and the 
references of previous studies are given by Mueller 
et al. (1996). 

Greenstone sequence 
Regional stratigraphic correlation indicates, 

that the amphibolites, metakomatiitesand iron
formations in the wider mine area are part ' of the 
Golconda and Gabanintha Formations (Watkins & 
Hickman, 1990), dated at 2938:t1O Ma to 3019:t30 
Ma in several greenstone belts of the Murchison 
Province (Pidgeon &. Wilde, 1990). After 
deposition, the ultramafic-mafic volcanic 
succession was rotated into a subvertical position, 
probably during the .main phase of regional folding 
in the province. A penetrative foliation formed 
subparallel to stratigraphic contacts (see Fig. 1), 
either during tight folding or during a later phase of 
ductile shearing. 

Eastern granitoid batholith 
After folding, swarms of granodiorite-tonalite 

dykes were injected into the foliated greenstones at 
2737:t4 Ma, the age of the large dyke complex 
transecting the Big Bell open pit (sample 89-438 in 
Fig. 1). A genetic link between the intrusion of this 
dyke complex and the metamorphic dehydration of 
its host rocks is indicated by the spatial zonation of 
mineral compositions in least-altered amphibolites 
(Mueller et aI., 1996). After dyke emplacement, a 
voluminous granodiorite pluton intruded at 2700:t7 
Ma, forming the sou~heastern border of the present 
greenstonc terrane. 
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Fig. 1 Geologic map of the Big Bell mine area (latitude 27°19' 5, longitude 117°38' E) showing the projected 
positions of the geochronologic samples (see Table 1), and the outline of the open pit. 
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Table 1 Summary of radiometric ages from the Big Bell gold deposit, Murchison Province, Yilgarn craton, 
Western Australia. 

Lithologic Unit Age (Ma) Mineral 

Eastern batholith 

Main granodiorite dyke 2737 ± 4 

Eastern granodiorite pluton 2700 ± 7 

Zircon 

Zircon 

Main gold-sulphide-sclleelite mi1leralization 

Banded alm-curn-hbl skarn 2Gei2 ± 5 Almnndine 

Main Lode ms-mc gneiss 2ei39 ± lei Muscovite 

Western batholith 

Western granite pluton 2ei27 ± 8 Zircon 

Late sulphide-scheelite±gold mineralization 

Zoned adr-di skarn vein 2eiI4±2· Titanite 

Closure Comments 
TCC) 

> 900 

> 900 

V-Pb, 13 concordant spot analyses 

V-Ph, 15 concordant spot analyses 

> 800 V-Ph, 3 concordant fractions 

350-400 Ar-Ar, plateau age, 60% Ar released 

> 900 V-Ph, 12 concordant spot analyses 

500~550 V-Ph, 2 concordant fractions 

Lower Proterozoic event (dolerite dyke i1ltrusion ?) 

Sample 

89-438 

91-158 

134-405 

120-2C/2M 

92-366 

32A-588 

Main Lode ms-mc gneiss 

Main Lode ms-mc gneiss 

1970-2020 

2300 

Titanite + rutile < 400 

Scheclite < 400 

207Pb/206Pb ages of 3 grain fractions 

Ph-Pb model age 

32A-1377 

107936 

Zoned adr-epi-di skarn vein 2284 ± 3ei Adr ± epi < 400 V-Ph, 3-point errorchron, MSWD = 5.17 19A-785 

Mineral abbreviations: Adr=andradite, alm=almandine, cum=cummingtonite, di=diopside, epi=epidote, hbl=homblende, mc=microcline, 
ms=muscovite. All radiometric ages are from Mueller et aI. (1996), and are reported with 2-sigma errors. Closure temperatures 'for zircon, 
almandine, titanite and muscovite are from Mezger (1990), the other temperatures are from Mueller at aI. (1996). 

Main-stage gold mineralization 
About 40 million years after granodioritic 

plutonism, large-scale hydrothermal actIvIty, 
structurally controlled by dyke contacts and by 
foliation planes, converted amphibolites into gold
bearing gneisses and skarns. The age of main-stage 
gold mineralization is constrained by the U-Pb 
system in skarn almandine at2662±S Ma. 

Western granitoid batholith 
After mineralization, a large pluton of biotite 

granite intruded at 2627±R Ma, forming the 
northwestern border of the present greenstone 
terrane. The K-Ar system in Main Lode muscovite, 
which has a much lower closure temperature than 
garnet, was thermally reset during granite intrusion, 
and now records an Ar-AT age which agrees withIn 
analytical error with the U-Pb zircon age of the 
granite (Table 1). 

Late-stage gold mineralization 
Renewed hydrothermal activity at 2614±2 

Ma formed andradite-diopsidc skarn veins of low 
gold grade in amphibolites east of the Big Bell open 
pit (sample 32A-588 in Fig. 1). This age is based 

on the U-Pb system in titanite (Table 1). It has been 
confirmed as a skarn crystallization age by the U
Pb ion-microprobe dating of hydrothermal zircons 
recovered from the same sample. Subsequent to 
mineralization, the subvertical skarn veins and older 
structures were offset by brittle faults of shallow 
dip, which were intruded by a late generation of 
pegmatite and granite dykes (Fig. 1). 

Dolerite dykes 
The youngest structures in the mine area are 

two cross-cutting dolerite dykes, which represent 
the cratonwide Widgiemooltha suite (Hallberg, 
1987), dated at circa 2.1-2.4 Ga (Roddick, 1974; 
Fletcher et aI., 1987). Apparently, the intrusion of 
these dykes reset the U-Pb system in Main Lode 
titanite-rutile aggregates, the Pb-Pb system in Main 
Lode scheelite, and the U-Pb system in andradite
epidote aggregates in a peripheral skarn vein. This 
thermal resetting must have occurred at a 
temperature of less than 400°C, as muscovite from 
the Main Lode retained a much older Ar-Ar age 
Crable I). 
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Table 2 Summary 01 radiometric ages from the Lamaque-Slgma gold deposit, Val d'Or district, Superior 
Province, Canada. 

Lithologic Unit Age 
(Ma) 

Mineral Closure Comments Rock type 
TCC) 

Calc-alkaline intrusions, Lamaque-Sigma deposit, Quebec 

Porphyritic diorite stock 2704:3 Zircon >900 U-Pb, 2 concordant fractions Weakly altered?, 1900 ft level 

Feldspar porphyry dyke 2694:2 Zircon >900 U-Pb, 3 concordant fractions Weakly altered 7, 1300 ft level 

Main Lamaque stock 2685±3 Zircon >900 U-Pb, not specified Monzodiorite-granodiorite stock 

Main Lamaque stock 2682:2 Titanite 500-550 U-Pb , not specified Monzodiorite-granodiorite stock 

Gold-bearing veins and wall rock, Sigma mille 

Vertical qtz-tourm vein 2682:8 Zircon >900 U-Pb, 5 concordant spot Qtz-tourm vein, 5% py, 2% 
analyses scheelite 

Flat qtz-tourm vein 2579±9 Muscovite 350-400 AI-AI, plateau ag.e, 95% AI 8 mm muscovite book in vein, 14 
released level 

Flat qtz-tourm vein 253.3 Biotite 300 AI-Ar, integrated ag.e, no 6 mm biotite book in vein, 38 
plateau level 

Flat qtz-tourm vein 2485±250 Scheelite <400 Sm-Nd, lO-point errorchron, 3-6 cm scheelite in vein, 16 level 
MSWD=6.8 

Flat qtz-tourm veins 2596±33 Schcelite <400 Sm-Nd, 19-point crrotchron, Scheelites from Sigma+Pascalis 
MSWD=3.6 mines 

Wall-rock alteration 2599±9 Rutile S420 U-Pb, 1 concordant fraction Bleached andesite, 2000 ft level 

Abbreviations: Py=pyrite, qtz=quartz, tourm=tourmaline. All errors are reported at the 95% confidence level (2-sigma). Data are from 
Anglin et al. (1996), Claoue-Long et al. (1990), Hanes et aI. (1992), Jemielita et aI. (1989), Wong et al. (1991). Closure temperatures for 
zircon, titanite, rutile, muscovite, and biotite are from Mezger et aI . (1989) and Mezger (1990), the temperature for scheelite is from 
Mueller et aI . (1996). . 

Lamaque-Sigma deposit, Superior 
Province 

The Lamaque-Sigma deposit (250 t Au 
produced), Val d'Or, Quebec, is one of the classic 
gold quartz-vein deposits in Archean greenstone 
belts, and has been the subject of several 
geochronologic studies (Table 2). The veins are 
controlled by steeply dipping, reverse shear zones 
interpreted as subsidiary structures of the regional 
Cadillac Fault Zone 4 km south of the mine area 
(Robert, 1989). 

Calc-alkaline stocks and dykes 
The veins are hosted by steeply dipping 

andesites of the Upper Malartic Group, and by a 
suite of calc-alkaline stocks and dykes. The oldest 
intrusion, discordant to the volcanic stratigraphy, is 
a large stock·of diorite, which is in turn intruded hy 
east-west trending feldspar porphyry dykes (Robert 
& Brown, 1986). On the Lamaque property, these 
intrusions are cut by the pipe-shaped Main 
Lamaquemonzodiorite-granodiorite stock (Wilson, 
1948). The three intrusive phases give U-Ph zircon 
ages of 2704±3 Ma, 2694±2 Ma, and 26R5±3 Ma, 
respectively, in accordance with the observed cross-

cutting relationships. As the Lamaque stock is 
displaced by gold-bearing shear zones (Wilson, 
1948), its zircon age defines the maximum age of 
mineralization. 

Gold mineralization 
One subvertical gold-quartz vein in andesite 

has heen dated by the U-Pb analysis of 
hydrothermal zircons at 2682±8 Ma (Claoue-Long 
et aI., 1990). This age agrees with the U-Pb age of 
titanite (2082±2 Ma) in the Lamaque stock, and 
with the U-Pb zircon age (2686±2 Ma) of a syn
mineralization porphyry dyke in the Kiena gold 
deposit 10 km west of Val d'Or (Morasse et aI., 
1995). 

If one accepts a formation age of 2682 Ma 
for the Lamaque-Sigma quartz-vein system, then 
the younger ages measured in hydrothermal rutile, 
mica amI scheelite (fable 2) must represent later 
times when these minerals cooled and closed to the 
diffusion of radiogenic elements. Most of these 
minerals were collected from flat tensional veins 
which shl)w no signs of recrystallization or new 
mineral growth, and which preserve populations of 
primary lluid inclusions (Robert & Kelly, 1987). 
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Discussion 

The diorite-granodiorite intrusions at 
Lamaque-Sigma are part of a 2700-2680 Ma-old 
belt of calc-alkaline plutons Il)cated north of the 
Cadillac Fault Zone (Morasse et aI., 1995). Gold 
mineralization occurred during the late stage of 
plutonic activity, at Kiena during the intrusion of 
porphyry dykes, and at Lamaque-Sigma about 3 
Ma after the emplacement of the Lamaque stock. 

Pressure estimates of 200-400 MPa and a 
calculated geothermal gradient of 300C/km (Powell 
et aI., 1995) indicate that the terrane north of the 
Cadillac Fault Zone was at a depth of ahout 10 km 
and at an ambient temperature of ahout 300°C in 
Late Archaean time. The young ages at Lamaque
Sigma are all recorded by minerals with low closure 
temperatures of 300-400°C (rahle 2). Apparently, 
these minerals remained open to diffusion long after 
crystallization, in a deep and thermally stable 
environment governed by slow uplift and erosion 
(Zweng et aI., 1993). There is little evidence for a 
thermal disturbance by post-mineralization 
intrusions. 

Pressure estimates from the Big Bell mine 
area (Phillips & de Nooy, 1988) also indicate a 
burial depth of about 10 km in the Archaean. The 
thermal history of the terrane, however, is more 
complex than at Val d'Of. There were two 
mineralization events (at 2662 and 2614 Ma), hoth 
bracketed by calc-alkaline plutonic activity, and 
alteration minerals with low closure temperatures 
were thermally reset by local intrusions, either by 
the western granite pluton or by the swarm of 
Proterozoic dolerite dykes. 

The geochronologic case studies at Big Bell 
and at Lamaque-Sigma suggest that many of the 
"mineralization ages" reported from other gold 
deposits in the Yilgarn craton may be too young. 
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Paragenesis and stable isotope signature of the 
hydrothermal vein system: Bronzewing gold 
deposit 

A.L. Dugdale 

Centre for Strategic Mineral Deposits 
The University of Western Australia 
Nedlands, WA 6907 

T he Bronzewing gold deposit is located in the 
Yandal Greenstone Belt in the northern portion 

of the Eastern Goldfields Province (rig.l). It is 
sited in a 500 m wide N-S structural corridor, 
which comprises a package of N-S striking 
lithologies which have been metamorphosed to mid 
to upper greenschist facies. The dominant 
lithologies are a tholeiitic basalt sequence, an 
ultramafic unit, and a granitoid intrusion (Fig. 1 ). 
The deposit comprises three main ore zones, 
Discovery, Central and Western with a total 
measured, indicated and inferred resource in 
December 1996 of 38.3 Mt at 2.9 glt gold with a 
cutoff grade of 191t, 112 t (3.6 Moz) of contained 
gold (Phillips et ai, in press). This paper only deals 
with the Discovery and Central deposits which are 
complex mineralised vein arrays hosted hy 
heterogeneously deformed tholeiitic basalt. The 
Bronzewing gold deposit is characterised by strong 
structural control on the localisation of gold 
mineralisation. The structural interpretation 
presented in this paper is hased on observations 
from oriented diamond core, the open pits, and from 
levels 1 to 6 in Central underground. 

The southern ore zone, Discovery, comprises 
a complex mineralised vein array hosted by a 
tholeiitic basalt sequence, located between a 
hanging-wall granitoid intrusion and a foot-wall 
ultramafic unit. The main ore-shoot in Discovery 
plunges steeply to the north, with its orientation 
interpreted to be controlled by the intersection of it 
conjugate set of heterogeneous deformation zones, 
comprising NNW-trending sinistral and NE
trending dextral deformation zones. The northern 
ore zone, Central, comprises a similar mineralised 
vein array to Discovery, and is also hosted within 
the tholeiitic basalt sequence adjacent to the 
footwall ultramafic unit. However, the plunge of the 
main ore-shoot in Central is steeply to the south-

east. Its orientation is interpreted to be controlled by 
the axis of a west-verging strike-flexure. The 
difference in the structural setting between the two 
ore zones is interpreted to be related to 
inhomogeneous stress distribution, as a result of 

16600E 16800E 17000E 

• Ore Outline at 2400RL Q Granitoid 

Q Opcn Cut Outline • Ultramafic Rock 

__ Faults as indicated by D Magnesium Tholeiite 
mapping and interpreted 
from aeromagnetic data. D Iron Tholeiite 

Flg.l Geology of the Bronzewlng mine area at the 
2360RL, from data provided by Great Central 
Mines Limited. and from this study. 
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east-west compression about the hanging-wall 
granitoid intrusion in Discovery (Dugdale et al., 
1997). 

The Bronzewing Vein System 

The complex mineralised vein arrays which 
constitute both the Discovery and Central ore zones 
were subdivided by Dugdale (\996) into six vein 
types. After detailed analysis of cross-cutting 
relationships, structure and petrography, the six 
vein types were simplified into four main vein 
generations; metamorphic, laminated, extensional 
and late calcite veins, see Table 1 and Fig. 2. 

The earliest vein generation, the early veins, 
comprise quartz, epidote, chlorite, calcite and minor 
chalcopyrite and pyrite. Structurally, these veins 
exhibit localised crenulation and dynamic 
recrystallisation of the quartz by progressive 
subgrain rotation. Sub grain development is intense 
with relict grains exhibiting lattice preferred 
orientation. The veins commonly exhibit an en 
echelon sigmoidal form where developed within 
discrete shear zones. The metamorphic veins are 
common throughout the two ore zones, although 
they are best preserved in the more massive basalt 
adjacent to the main mineralised zones. 

The laminated veins are only present in the 
basalt with moderate to strong fabric development. 
Mineralogically they comprise quartz with minor 
ankerite, albite and pyrite. Structurally the veins are 
crenulated with quartz exhibiting strong dynamic 
recrystallisation. Discrete symmetrical alteration 
haloes are associated with these veins. The 
laminated veins are characterised by the inclusions 
of altered wall rock lamellae and are interpreted to 
be formed by crack-seal mechanisms as described 
by Cox & Etheridge (1983). Commonly numerous 
stacked individual veins, with less than 2-3mm of 
interstitial wallrock, collectively form the laminated 
vein with widths up to 0.5m. The paragenesis of the 
minerals within the vein cannot be determined due 
to the degree of deformation. 

The extensional veins are mainly sited in the 
zones with moderate to strong fabric but are also 
developed in the massive basalt. These veins exhibit 
a variation in form from single-stage opening veins 
with free-face growth texture as described by 
Wilson (1994), composite veins, involving two or 
more stages of crystal growth, minor crack-seal 
veins (laminated) and breccias. Mineralogically, 
they can be subdivided into quartz-rich and alhite
rich veins. Accessory phases in these veins include 
gold, tellurides, scheelite and tourmaline. 
Structurally, the veins are less deformed than the 

previous generations, although some veins which 
parallel the main fabric exhibit boudinage. The 
quartz grains in these veins are of variable size, and 
commonly display triple point junctions indicative 
of the original equilihrium texture. 

The late-calcite veins cross-cut the 
mineralised veins and are typically thin calcite-filled 
fractures. 

Carbonate Stable Isotope Study 

A total of 75 carbonate samples were 
collected from the different vein types using a 
dentist drill to extract individual carbonate phases. 
The carbonate phases were distinguished using the 
staining technique described by Dickson (1966). 
The samples were analysed for ,,13C and ,,180 using 
the method described by McCrea (1950). 

LITHOLOGY 
D Felsic Dyke 

D ShcarcLl Basalt 

g Pillowed Basalt 

VEINING 
_ Early Veins 
_ Laminated Veins 
c=J Albite-rich Extensional 

Veins 
c=J Quartz-rich Extensional 

Veins 
Late Calcite Veins 

Fig. 2 Schematic synthesis of vein relationships In 
cross-section. . 

The raw data, as plotted in Fig. 3 show that 
the metamorphic veins contain carbonates with "BC 
values ahout 2%() more positive than carbonates 
from veins related to the gold-bearing hydrothermal 
event. Differences in "PC values between the 
individual vein generations which constitute the 
main gold-hearing event are generally <1%0: 
however, a coherent pattern can be established as 
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illustrated in Fig. 3. Carbonates from both the early 
veins and the veins related to the gold-bearing 
hydrothermal event have similar <')1 80 values, with 
an average' of 9.7%0. The late calcite veins contain 
carbonates with average <')LlC of -5.2%0 and a 

. significantly lower 0180 value of 8.4%0. 
The raw data suggest the presence of at least 

two different fluids; an early l1uid, represented by 
the early veins, possibly related to subseal100r 
hydrothermal metamorphism, and a later l1uid 
responsible for the main mineralisation and 
associated veining and alteration. Golding et al 
(1989) indicate that gold related alteration within 
the Eastern Goldfields Province · produces 
carbonates with median oDe values of -5 to -7%0, 
and these are interpreted to indicate a juvenile 
source of the carbon. The spread of~/\C values 
between the early metamorphic veins, the laminated 
veins and the extensional veins is interpreted to 
have been caused by mixing of carbon from this 
juvenile source and the earlier subseat100r 
hydrothermal source. There is a progressive shift to 
more negative ODC values from the early laminated 
veins to the extensional veins, indicating an 
evolution in the carbon isotopic composition of the 
fluid responsible for the vein carbonates, given that 
there is no significant temperature shift to cause 

12T---------------------------, 

Quartz-rich 
11 extensional veins 

9 

o 

8 o 

Nbite-rit:h 
extensional veil!> 

-Late cakite veins 

7+------r----~~----T_----~ 
-2 o 

l)13C (POB) 

Fig. 3 Raw 6'3C (POB) versus 6'80 (SMOW) in %. for 
carbonates from the various vein generations 
present at Bronzewing. The crossed 
diamonds = early veins, crosses = laminated 
veins, open triangles = albite-rich extensional 
veins, open circles = quartz-rich extensional 
veins, and stars = late calcite veins. 

fractionation. This evolution is interpreted to be 
caused by addition to the juvenile fluid of carbon 
from the early sub-seatloor metamorphism, with the 
early veins representing greater mixing and the later 
veins having [)1~C values more representative of the 
original gold-related fluid. The uniformity in the 
[)IRO values ()r the early, laminated and extensional 
veins suggests that equilibrium was reached 
between the two sources with respect to oxygen. 

The late carbonate veins are interpreted to be 
formed from the same nuid as the main gold-related 
Iluid. The shift to more positive [)J:\C and lower 
"IRO is interpreted to be either caused by infiltration 
of a l1uid with a different [)180 value or an increase 
in the temperature of the gold-related fluid. A 
simple cooling of the system post vein formation 
will shift the [)L'C to more positive values but will 
increase the [)180 (Ohmoto & Rye (1979). 

The carbon and oxygen isotope data from 
vein carbonates at Bronzewing lies within the range 
of values obtained by Golding et al. (1989) for 
mineralised samples from the Mt Charlotte and 
Victory-Denance deposits (Fig. 4). 

14,-------------------~~------~ OTI 

* 
OGolden Mile 

12 -

OHunt 

10-
Victory-Defiance 

U re • 
Mt Charl:n: • • . 

OGoldcn Kilometre 

• 8- * 

6 ~---------~Ir----------~I------------~~~---~ 
-9 -6.5 -4 -1.5 o 
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Fig. 4 Median 613C versus 6'80 data for carbonates 
associated with mesothermal gold 
mineralisation In the Yilgarn Block. Squares 
= mafic hosted deposits, stars = granitoid 
hosted deposits, triangles = amphibolite
granulite hosted deposits, and black dots = 
Bronzewing veins. 

Further Work 

Quartz samples from the various vein generations 
arc currently being analysed for <')180 and contained 
Iluid inclusions are being examined 
microthcrmomctrically. This information will 
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provide critical data on the changes in the 
physiochemical conditions of the lluids over time 
and will help revise the preliminary interpretation of 
the carbonate stable isotope data. 

Summary 

Bronzewing gold deposit is a complex mineralised 
vein array comprising four main vein generations. 
Each of the four generations are petrographically 
and structurally distinct. Carhon isotope analyses of 
carbonates from each of the generations indicates at 
least two different sources of carhon were involved 
during vein development, namely that produced hy 
early seawater-rich lluid introduced into the system 
during sub-seat1oor metamorphism, and that 
produced by a later, potentially gold-hearing tluid, 
of juvenile source. Mixing between these two 
carbon sources during the development of the veins 
related to mineralisation resulted in a spread in [)13C 
values between the two end-memhers. The [)I~C
[)

180 signature of the carbonates associated with 
gold mineralisation at Bronzewing is similar to 
other mafic rock hosted deposits such as Mt 
Charlotte, Golden Kilometre and Victory-Defiance. 

Acknowledgements 

The research presented in this paper forms part of a 
current Ph.D study by the author on the evolution 
of the Bronzewing vein system at the Centre fIX 
Teaching and Research in Strategic Mineral 
Deposits, Department of Geology and Geophysics, 
University of Western Australia. Many thanks are 
extended to Great Central Mines Limited. for their 
scientific and financial support of this project and 
to the geological staff at Bronzewing for their 
contributions to this study. Ian Blucher, Ed Sharp 
and Dan Rak are particularly thanked for their 
input on site, and Dr Neil Phillips' input is greatly 
appreciated. The author also wishes to thank her 
supervisors Professor 0.1. Groves , Dr E.J. 
Mikucki and Dr N.J. McNaughton for all their 
support. 

References 

Cox, S.F., & Etheridge, M.A., 1983, Crack-seal fibre 
growth mechanisms and their significance in the 
development of oriented layer silicate 
microsifUctures, Tecto1lophysics, 92, 147-170. 

Dickson, .LA.D., 1966, Carbonate identification and 
genesis as revealed by staining, Journal of 
Sedimentary Petrology, 36, 491-505. 

Ougdale, A.L., 1996, Multiple vein arrays and zoned 
alteration at Bronzewing gold deposit, W.A, 

167 

Geological Society of Australia, Abstracts, 41, 
120. 

Dugdale, AL., Groves, 0.1., & Ojala, V.J., 1997, The 
structural selling of mineralisation in the 
Bronzewing gold deposit, Western Australia: a 
microcosm of craton-scale structural controls on 
mineralisation in the Yilgarn Block, 4th 
Biennial SGA Meeting, Abstracts, Turku, 
Finland. 

Golding, S.D., McNaughton, N.J ., Barley, M.E., 
Groves, 0.1., lio, S.E., Rock, N.M.S., & Turner, 
.l.V., 1989, Archean carbon and oxygen 
reservoirs: their significance for lluid reservoirs 
and circulation paths for Archean mesothermal 
gold deposits of the Norseman-Wiluna Belt, 
Western Australia, in The Geology of Gold 
Deposits: The Perspective ill 1988, eds, Keays, 
R.R., Ramsay, W.R.H, & Groves, 0.1.,. 
Economic Geology Monograph 6, 376-388. 

McCrea, .I.M., 1950, On the isotopic chemistry of 
carbonates and a paleotemperature scale, 
Journal of Chemical Physics, 18,849-859. 

Ohmoto, 1-1., & Rye, R.O., 1979, Isotopes of sulphur 
and carbon, in Geochemistry of Hydrothermal 
Ore Deposits, 2nd Edition, editor, Barnes, H.L, 
pp 509-561. 

Phillips, G.N., Vearncombe, l.R., Blucher, I., & Rak, 
.D., in .pr-ess, Bronzewinggold deposit, in 
Australian Mining and Metallurgy Institute, 
MOl1ograph 22,. 

Wilson, C..I.L., 1994, Crystal growth during a single
stage opening event and its implications for 
syntectonic veins, .Toumal of Structural 
Geology, 16,1283-1296. 

© Australian Geological Survey Organisation 1997 



168 

© Australian Geological Survey Organisation 1997 



169 

Geochemical suites of felsic ·and mafic igneous 
rocks around the Golden Mile, Kalgoorlie 

R. Bateman 

Institute for Research and Innovation 
Kalgoorlie Consolidated Gold Mines 
PMB 27, Kalgoorlie, WA 6430 

T he igneous rocks of the Kalgoorlie - Golden 
Mile area consist of three basic groups: 

layered gabbros (locally termed dolerites); 
ultramafic and mafic lavas; and felsic volcanics and 
intrusive porphyries. Some geochemical and 
geochronological data are now available for these 
rocks in the Eastern Goldfields, yet preponderantly 
from around Kambalda. Until quite recently, little 
quality geochemical work in the Golden Mile area 
has been completed, and very little isotopic work, 
despite the commercial importance of this district. 

The work reported here had a number of 
bases: the work on lhegabbros (Swe, 1994) and 
basalts (Austin, 1992) were intended to distinguish 
between the various units, in order to refine the 
structural map of the area. For example, it had been 
thought prior to Swe's work that the Golden Mile, 
Aberdare and Eureka Dolerites form a single sill, 
folded in a regional-scale syncline: this has been 
shown not to be the case. With regard to the 
basalts, the initial objective was to erect 
geochemical criteria for distinguishing the various 
basaltic stratigraphic units. Published data, mainly 
from Kambalda, was used as a reference point. The 
minor felsic intrusives, locally termed porphyries 
regardless of grain size variety, have been divided 
into three petrographic types, one being hornblende
phyric. However, recent work (B. Woods, B.Sc. 
Honours thesis, in prep.) shows that most minor 
felsic intrusives bear relics of hornblende. The 
variety of these felsic rocks, their relation with 
volcanic rocks and mafic intrusives is important to 
an understanding of the region's igneous history. 

GeologiC and igneous context 

The stratigraphic column and map for the 
Kalgoorlie area is given in Fig. 1. All igneous units 
predated all deformation and metasomatic events. 
As a general observation at Kambalda, there is a 
general upward increase in content of incompatible 

elements through units stratigraphically equivalent 
to the Hannan's Lake Serpentinite, Devon Consols 
Basalt and Paringa Basalt. Lesher & Arndt (1995) 
interpret this data as indicating that much of the 
geochemical variety is an effect of crustal 
contamination in the basalts, increasing upwards. 
Geochronology from Kambalda basalts indicates 
xenocryst zircon ages of up to 3,460 Ma 
(Compston et aI., 1986), supporting this conclusion. 
Lesher & Arndt (1995) tabulated geochemical 
features distinguishing the Devon Consols and 
Paringa Basalts. The basalts have an eruptive age 
younger than2,740Ma (Campbell & Hill, 1988). A 
very extensive sedimentary horizon within the 
basalt column, the Kapai Slate, has yielded a zircon 

age of 2,G92±4 Ma (Claoue-Long et aI., 1988). 
The principal studies of the Kalgoorlie 

dolerites have been the petrographic work of Travis 
et al (1971) and the geochemistry of Swe (1994). 
The dolerites of the Eastern Goldfields, despite their 
enormous economic importance, have not been 
studied geochemically in great detail. The exception 
is Witt (1995), who divided these sills into tholeiitic 
and high-Mg series, a division that can be 
recognized around Kalgoorlie. Very few 
geochronological data exist for this rocks: 2,687±5 
Ma for the Mount Pleasant sill (Kent & 
McDougall, 1995, reporting unpubl. data of I.H. 
Campbell, 1988), and 2,680±8 Ma for the 
Condensor Gabbro (Carey, 1994). Witt (1995) 
notes a geochemical similarity between extrusives 
and intrusives, but the above dates suggest that the 
intrusives are up to 24 Ma younger. 

Minor felsic intrusives have also been the 
subject of limited geochemical research, the main 
work being that of Perring et al. (1990). Morris 
(1997, in review) has examined the felsic volcanism 
geochemically, and Nelson (1995) and Yeats & 
McNaughton (1997) present some geochronological 
data. Nelson (1995) gives a date of 2,675±3 Ma for 
a felsic volcanic (perkolilli) in the Black Flag Beds, 
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Porphyry 
Felsic Volcanic 

Black Flag Beds 

Williamstown Dolerite 

Eureka Dolerite 

Federal Dolerite 

Aberdare Dolerite 
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Devon Con sols Basalt 

Hannans Lake Serpentinite 

Mafic Intrusives & Extrusives 

Figure 1 Geology of the Kalgoorlie Region 

Fig. 1 Map of the Kalgoorlie region, showing distribution of porphyries, basalts and dolerites. 
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and Yeats & McNaughton (1997) dates of 2673±3 
Ma and 2572±12 Ma for minor intrusives at 
Kalgoorlie. Work in progress by Brell Woods will 
produce a lot more information on the petrogenesis 
of these rocks. 

The gabbro sills 

The KalgoorJie area contains five recognised 
dolerite sills (Fig. 1). The data presented here come 
from Swe (1994) and new data. Geochemically, 
these consist of four magma suites, although some 
differences are quite subtle, and all groups except 
Golden Mile Dolerite Units 6-8 follow very similar 
trends in most elements. The Eureka-federal 
Dolerites are indistinguishahle, and are probably 
thrust repetitions of a single, thin and weakly 
differentiated sill. The Williamstown Dolerite is a 

thick, differentiated ultramafic sill (Fig. 2), and has 
very high contents of Ni, Cr and Mg. In Fig. 3, 
these three sills seem to occupy an individual trend, 
and may be more related. It may be that they were 
derived from similar sources under similar 
conditions, but the Williamstown Dolerite 
representing higher degree of melting: the Eureka
federal Dolerites do not appear to be highly 
fractionated derivatives. 

The Aberdare consists of a suite that is 
identical to the outer units (1 to 5, and 10) of the 
Golden Mile Dolerite, even to the degree of 
mimicking the bimodal trend on Fig. 5. These 
bimodal compositions in the Golden Mile Dolerite 
possibly represent macrorhythrnic layers. Units 6-8 
in the Golden Mile Dolerite constitute a very 
distinct magma suite that is not present in the 
Aberdare Dolerite. These Units follow a very 
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Fig. 5 REE patterns for some dolerites and basalts. 

distinct trend in Fig. 5, and in Ti-V, and are 
generally much more evolved. These inner units 
represent a later intrusion of a magma more 
enriched in rare earth elements and high field 
strength elements. Bands of coarse granophyric 
quartz gabbro in Unit 7, similar to Unit R, suggest 
that Unit 8 is an accumulation of segregated 
residual melt. Alternatively, Unit 8 may represent 
an influx of distinct magma. Regional drilling 
indicates that Units 6-8 are not as regionally 
extensive as the outer Units. The Golden Mile 
Dolerite is one of the few identified examples of 
multi-pulse sills in the Eastern Goldfields. 
Structurally, one interpretation is that south-side
down D3 . movement along the Adelaide Fault 
exposed the Aberdare Dolerite at the crest of the 
Kalgoorlie Anticline, heyond the lateral extent of 
the distinct inner Units 6-8. 

Tb Dy Ho Er Tm Yb 

The basalts and komatiites 

The stratigraphy of mafic extrusives around 
Kalgoorlie consists of (from the bottom) the 
Hannan's Lake Serpentinite (meta-komatiite), the 
high-Mg Devon Consols and Paringa Basalts, and 
suhordinate tholeiitic basalts within the uppermost 
stratigraphic unit, the Black Flag Beds. These 
suites of hasalts geochemically mimic quite closely 
the variations in the gabhros (compare Figs 3 & 4). 
On this and many other bivariate plots, Hannan's 
Lake Serpentinite and Williamstown Dolerite 
closely correspond. Another feature is that 
Kalgoorlic district Devon Consols and Paringa 
Basalt are not as clearly distinguished in 
composition as are their Kambalda equivalents. 
Paringa and Devon Consols Basalts compositions 
(Austin, 1992) are indistinguishable. New Paringa 
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Basalt samples are most similar to Black flag 
basalts. Basalts from Hidden Secret are likely a 
part of the Paringa Basalt, yet are chemically 
distinct. 

Black Aag basalts and Aberdare Dolerite are 
very similar in REE (Fig. 5), but the new Paringa 
samples have a strongly depleted IIREE pattern 
that only resembles that of the Williamstown 
Dolerite. The geochemical discriminants of Lesher 
& Arndt (1995) do not separate well the 
stratigraphic units at Kalgoorlie. Instead, these 
basalts all seem to be quite local and closely related 
to one or another of the subjacent dolerites.There 
appears to be no regional pattern in compositions. 

The minor felsic intrusives 

Clout (1990) considered that these rock,;, 
intruded as abundant but small and volumetrically 
minor dykes throughout the Kalgoorlie district, can 
be divided into three types, based on their 

phenocryst assemblage (oligoclase, quartz, 
hornblende, oiotite). Current study by B. Woods 
(B.Sc. Honours thesis, in prep.) indicates that there 
are all possible combinations of phenocrysts. The 
geochemical -data already in hand indicate that these 
felsic rocks form a single set (Fig. 6) despite 
variation in phenocryst assemblage. 

Figure 6 compares the rare earth element 
trends for Kalgoorlie felsic intrusives with some 
data from Morris (in prep). This shows the 
provinciality of the geochemistry of Eastern 
Goldfields volcanics, and that the intrusives 
correspond closely with the Kambalda terrane 
Black Flag volcanics. They also contrast sharply 
with the pattern ~'or the Melita volcanics of the 
adjacent Kurnalpi Terrane. 

A comparison with trends in Ce v. Y (Fig. 7), 
for example, between the felsic intrusives and the 
Golden Mile Dolerite, which is the . only sill to 
generate a large volume of highly fractionated 
residual melt, shows that there is no relationship: 
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the felsic rocks had no direct relationship with the 
gabbros. 

Petrogenesis 

The basalts do not follow the variations 
found at Kambalda. Each sample set seem to be of 
a somewhat distinct magma batch. There is also a 
close parallel between gabbros and basalts. None of 
the basalts or . layered gabbros as groups appear to 

·be ' strongly enriched relative to chondrite, and 
appear to be primary melts of primitive mantle, 
rather than fractionates from a parent ultramafic 
magma. Each sill has internally fractionated to 
produce layering to some degree. The Golden Mile 
Dolerite has a distinctive granophyre horizon that 
may represent either an accumulation of highly 
fractionated residual melt, or a separate intrusion. 
This is the only gabbro unit not rellected amongst 
the basalts. 

The_minor felsic intrusives arc equivalent to 
the volcanics in the Kalgoorlie Domain, and are 
lower. crustal. melts. The emplacement less than 24 
Ma earlier of the dolerite sills may have been the 
thermal event that provoked extensive crustal 
melting. Inal! these rocks, a crustal substrate is 
necessary, and there is no room for oceanic crust. 
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Process mineralogy of Golden Mile ores 
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Kalgoorlie, WA 6430 

V" algoorlie Consolidated Gold Mines (KCGM) 
~nd the CSIRO Division of Minerals have 
undertaken a program of collaborative research 
aimed at fully characterising major ore types, with 
respect to gold phase mineralogy, grain size and 
associations, and the implications for all stages of 
processing. 

The work program c()rnprises extensive 
laboratory metallurgical testing, and chemical and 
mineralogical assessment of key test products. The 
presentation describes results fTOm two ore types 
representing, at least in terms of head grade, the 
extremes of economically viable gold sources. 

The ores were tested for their amenability to 
heap leaching, gravity concentration, notation and 
leaching with and without the roasting step. 
Flotation was carried out at three grind sizes and 
the feed to and products from Ilotation at the 
intermediate grind size, consistent with plant 
practice, were assessed in detail, both chemically 
and mineralogically. 

The mineralogical assessment was largely 
carried out with the CSIRO QEM*SEM 
instrument. This instrument is an automated 
scanning electron microscope programmed to 
produce digitised images of polished sections. Areal 
scanning of the images produces a variety of 
mineralogical data, including liberation information. 

The presentation includes OEM*SEM 
images of flotation concentrates and tails which 
demonstrate the grade and textural relationships of 
the sulphide and precious metal phases. The 
technique also enables quantitative data on mineral 
grades and recoveries to be determined. 
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Process mineralogy of refractory gold ores in·the 
Yilgarn Craton of Western Australia 

J.P. Vaughan 

Western Australian School of Mines 
Curtin University of Technology 
Kalgoorlie, WA 6430 

I n terms of mineral processing, gold ores in the 
Yilgarn Craton can be sub-divided into oxide 

zone ores (including supergene) and hypogene 
sulphide-associated ores. Processing of the oxide 
zone ores is relatively straightforward, usually with 
high gold recoveries (in excess of 90%). IIypogene 
sulphide ores vary from free-milling, easy to 
process ores, through a spectrum of ore types to 
very difficult refractory orcs, which require 
roasting, bacterial oxidation or some other process 
involving the chemical breakdown of sulphide or 
telluride minerals. ·froma mineralogical point of 
view, gold recovery in refractory orcs is ultimately 
dependent on gold deportment in the ores, in 
particular the amount and location of 
submicroscopic gold. 

During the past several years, refractory gold 
ores from the Yilgarn Craton of Western Australia 
have been investigated in a number of projects, 
publications and theses (Vaughan, et aI., 1989; 
Vaughan, 1990; Bacigalupo-Rose, 1992; Vaughan 
& Corrans, 1992; Vaughan, 1994; Kyin, 1995). 
This paper summarises and adds to the more 
important aspects of this work. 

Gold Mineralogy and Refractory Ores 

The mineralogy of gold is well known, and 
can be summarized as follows: 

a) native gold and electrum (Au,Ag), 
b) gold-bearing tellurides, e.g. calaverite 

(AuTe:z), petzite (Ag3AuTe:z), and several 
others, 

c) aurostibite (AuSb2) and maldonite (Au2Bi), 
d) submicroscopic or "invisible" gold. 

Refractory gold ores are characterized by high 
proportions of gold contained in the ores as gold
bearing tellurides, aurostihite, maldonite or 
submicroscopic gold, all of which arc insoluble or 

poorly soluble in alkaline cyanide solution. In some 
ores fine-grained inclusions of native gold « about 
lO~m) in sulphides may also contribute to 
refractory behaviour. Preg-robbing ores (which 
contain activated carbonaceous material) are not 
included in this discussion because they do not 
appear to be a major problem in the region. 

Submicroscopic Gold 

In the past few years there has been much 
work carried out on submicroscopic gold, the least 
well understood aspect of gold mineralogy (Cabri et 
ai, 1989; Cook & Chryssoulis, 1990). 
Submicroscopic gold can be best measured directly 
in sulphide minerals using SIMS (secondary ion 
mass spectrometry), which routinely gives a 
minimum detection limit of less than a part per 
million (Chryssoulis et ai, 1989). Conventional 
electron microprobes can also be used to measure 
submicroscopic gold, but usually their minimum 
detection limit (about 100 ppm under normal 
operating conditions) is too high to be of practical 
use. 

Using SIMS, in particular the depth-profiling 
capability of the instrument, it has been shown that 
submicroscopic gold exists as both genuine solid 
solution gold (i.e. individual gold atoms in the 
sulphide crystal lattice) and also colloidal particles 
(i.e. tiny particles of gold, less than 0.1~m 

diameter). One or other or both types may be 
present in any particular sulphide mineral. The 
main host sulphides for submicroscopic gold are 
arsenopyrite (FeAsS) arsenian pyrite (Fe[S,Ash) 
and, to a lesser extent, loellingite (FeAs2). 
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Table l' SIMS determinations of submicroscopic gold in arsenopyrites from Yllgam Craton gold ores. 

Noof Range x ± ",* 
Analyses (ppm) (ppm) 

Lancefield 54 0.1-1069 276 + 68 
Ora Banda 41 0.5 - 540 64± 32 
Wiluna 66 0.9 -400 91.4 + 27.3 
Mickey Doolan 36 3.7 - 649 102 ± 43 
Transvaal 33 <MDL-730 80± 53 
Paddington 32 oJ -34 3.6 ± 26 

Table 2 SIMS determination of submicroscopic gold in pyrites from Yllgarn Craton gold ores. 

Noof Range x ± ",* 
Analyses (ppm) (ppm) 

Lancefield 42 <MOL-S.O 1.24 ± 10.6 
Ora Banda 39 0.1 -155 20.2 ± 10.8 
Wiluna 70 0.2 - 327 43.4 ± 13.6. 
Mickey Doolan 35 0.1-170+ 25.2± 12.3 
New Celebration 20 <MOL-0.51 0.16 ± 0.06 
Sons of Gwalia 30 0.1- 24 2.8 ± 2.0 

*mean ± confidence interval on the mean at 95% significance level 
+ without outlier value (627 ppm) 
MOL = minimum detection limit 

Arsenopyrite 
Arsenopyrite is the principal carrier of 

submicroscopic gold in the ores under investigation. 
In many deposits arsenopyrite averages around 100 
to 200 ppm of submicroscopic gold (fable 1). 
However in some deposits, for example Paddington, 
the average level of suhmicroscopic gold in 
arsenopyrite is low (3.6 ppm, Table 1). Kyin 
(1995) observed that arsenopyrites with high levels 
of submicroscopic gold are usually fine-grained 
« about 50!-lm), while those with low levels are 
usually coarse-grained (>about 0.7mm). This is 
consistent with observations elsewhere (Cook & 
Chryssoulis, 1990). In many ores, the distribution 
of submicroscopic gold is extremely heterogeneous 
both between and within individual arsenopyrite 
grains, as indicated by the ranges of gold analyses 
in Table 1. SIMS imaging of gold distributions 
within single crystals indicates that gold may be 
concentrated within particular zones in the crystal, 
either irregular areas, or sometimes specific growth 
zones or the rims of crystals. 

Pyrite 
N'ter arsenopyrite, pyrite is the next most 

important carrier of submicroscopic gold. It usually 
carries less gold than arsenopyrite, up to an average 
of about 50 ppm (Table 2). However, there are 
many deposits in the region in which pyrite carries 
little or no submicroscopic gold, especially those in 
which pyrite is not accompanied by arsenopyrite in 
the ore (i.e. pyrite-only deposits, such as New 
Celebration). It appears that the amount of 
submicroscopic gold in pyrite is related to the A'i 
content of the pyrite. Electron microprobe and 
SIMS analyses for As were carried out on pyrite 
from several gold deposits in the region. Table 3 
shows good correlation between the average As 
content of pyrite (as determined by electron probe) 
and the average submicroscopic Au content of 
pyrite (determined by SIMS) for five deposits from 
the region. This is consistent with results obtained 
by Cook & Chryssoulis (1990). 
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Table 3 Average gold and arsenic content of pyrite. 

Sulphide Ores 
Au As 

(ppm) 

New Celebration 0.16 
LanceHeld 1.24 
Ora Banda 20.2 
Mickey Doolan 25.2 

Wiluna 43.4 

(wt (jf,;) 

0.00 
0.04 
0.70 
0.95 
2.40 

From a metallurgical aspect, sulphide ores 
from the Yilgarn Craton can be subdivided into four 
main types, dependent on the principal sulphide 
minerals. Based on the foregoing discussion, the 
refractory behaviour of these are types can be 
predicted to some extent. 

For many ores the distrihution of . a) 
submicroscopic gold in pyrite is extremely 
heterogeneous, between and within individual 
grains, similar to arsenopyrite. SIMS imaging of 
the gold shows concentrations into irregular areas, 
growth zones and rim zones, also similar to 
arsenopyrite. However for pyrite, in many cases 
submicroscopic gold distrihutions are closely 
related to arsenic distributions within pyrite, i.e. 
zones enriched in arsenic will orten he enriched in 
gold as well. 

Other Sulphides 
Loellingite (FeAs2) and gersdorlTite (NiJ\sS) b) 

are two arsenical sulphidcs which areprcsent in a 
few gold ores, and which by analogy with 
arsenopyrite might be expccted to carry 
submicroscopic gold. A small number of SIMS 
analyses (n = 10) on loellingite from the Transvaal 
deposit, near Southern Cross, gave an average of 
24.6 ± 10.9 ppm gold. GersdorlTite from the 
Mickey Doolan deposit near Meekatharra averages 
1.06 ± 0.36 ppm gold (n = 3R). Reconnaissance 
analyses on pyrrhotite from several deposits 
indicates that it carries very little gold (generally c) 
< 0.5 ppm). 

Ultra fine Milling 
Submicroscopic gold within individual 

sulphides can be directly measured by SIMS, but 
the total amount in an ore can also be estimated by 
ultrafine milling of a sulphidc concentrate from the 
ore (Vaughan & Corrans, 1997). The concentrate is 
milled in a laboratory-scale vertically stirred mill to 
a particle size of a fcw microns, amI then cyanide 
leached in the presence of excess oxygen. It is 
assumed that all particulate gold will be liberated 
and leached using this method, with any gold 
remammg in the residuc assumed ·to bc 
SUbmicroscopic gold. Vaughan & Omans (1997) 
generally found good agreement for estimations of 
submicroscopic gold in sulphide concentrates from 
the Eastern Goldfields using both SIMS and 
ultrafine milling. 

Pyritic ores - pyrite (± pyrrhotite) are the 
main sulphides. These ores are generally not 
refractory, or only mildly so. A small amount 
of submicroscopic gold may enter the pyrite 
lattice, dependent on the As content of the 
pyrite. Fine grained inclusions of native gold 
are sometimes present in pyrite, and may 
contribute towards mild refractory behaviour 
(e.g., New Celebration, Vaughan, 1991). 
These ores are common in the region; New 
Celebration and Sons of Gwalia are 
examples. 

Pyrite-telluride ores - pyrite + Au-Ag 
tellurides constitute the sulphide assemblage. 
Kalgoorlie's Golden Mile deposit is the only 
deposit of this type in the region, but it is a 
very large deposit. The are is refractory, _ 
principally hecause of gold tellurides, and 
some fine-grained inclusions of native gold. 
Recently, it has been established that pyrite 
in the are contains small amounts of 
submicroscopic gold (Vaughan, et aI., 1996>": 

Arsenical ores - pyrite + arsenopyrite ± 

loellingite ± gersdorffite ± pyrrhotite are the 
main sulphide minerals. Pyrite + arsenopyrite 
is the . most common assemblage. Many of 
these ores are refractory, some severely so. If 
they are refractory, arsenopyrite almost 
always carries the higher concentration of 
submicroscopic gold relative to the 
accompanying pyrite. However, it should be 
noted that if pyrite abundance is greatly 
dominant. over arsenopyrite, then the total 
amount of submicroscopic gold in pyrite may 
exceed that of arsenopyrite. Rarely, 
loellingite may contribute to refractory 
behaviour. Examples of these refractory 
arsenical ores include Lancefield, Wiluna and 
Transvaal. 

A few highly arsenical ores are not 
particularly refractory, with arsenopyrite 
carrying very low levels of submicroscopic 
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d) 

gold. In these ores arsenopyrite tends to be a 
coarser-grained variety than that in the 
refractory ores above. Paddington and some 
Coolgardie ores are examples of this laUer, 
non refractory type. 

Other sulphide ores. Most of the main 
sulphide ore deposits in the region fall into 
one of the three categories above. Other types 
include those with high antimony contents, 
and some with high base metals (Cu-Pb-Zn). 
Antimonial ores are usually refractory, 
particularly if they contain high proportions 
of gold as aurostibite. For the base metal 
associated type, high concentrations of 
copper (some of which may be cyanide
soluble), often cause difficulties with 
processing. 

Oxide Ores 

The deeply weathered nature of much of the 
Yilgarn Craton has resulted in large amounts of 
oxide zone ores overlying hypogene sulphide gold 
deposits. Supergene enriched zones often lie at or 
near present or former water table levels, above the 
hypogene ore. The mineralogy of these oxide zone 
ores is typically quartz, iron oxides, clays and 
native gold (both relict primary gold and re
precipitated secondary gold). Any gold that was 
formerly present as tellurides or submicroscopic 
gold in sulphides has been liberated from its former 
host by weathering, and can therefore readily be 
leached. As a consequence oxide zone ores are free
milling and generally easy to process. Clay minerals 
may interfere with processing in some deposits. 

Conclusions 

The principal cause of refractory behaviour 
in gold ores from the Yilgarn Craton is 
submicroscopic gold contained in sulphides, mainly 
arsenopyrite and pyrite. A" a general rule, 
refractory behaviour increases with increasing 
arsenic content of the sulphide assemblage (As-free 
pyrite -+ As-pyrite -+ As-pyrite + arsenopyrite). 
However, in contrast to the general rule, a few 
highly arsenical ores are not refractory, or only 
mildly so. For one very large deposit, Kalgoorlie's 
Golden Mile, gold-bearing tellurides are the main 
reason for refractory behaviour. Other causes of 
refractory behaviour include fine-grained inclusions 
of native gold in pyrite or, rarely, aurostihite. 
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Regolith maps and their exploration significance 

M.A. Craig 

Australian Geological Survey Organisation 
GPO Box 378 
Canberra, ACT 2601 

Craig (1993a, b, c) has previously indicated that 
regolith-landform mapping practices in 

Australia owe much to Christian & Stewart 's 
(1953) early work with CSIRO in the Northern 
Territory of Australia. There have been many other 
influences over the years and the depth and extent 
of them may be gauged by consulting Stewart & 
Perry (1953), Mabbutt (1968), Stewart (1968), 
Oilier (1977) and more recently Jennings & 
Mabbutt (1986). 

The automation of mapping, field data 
manipulation, database interrogation and digital 
data presentation has gained substantial momentum 
since attention was drawn to its value by 
Rattenbury et al. (1992). The pitfalls, for example 
spatial accuracy, referred to by Craig (1993) still 
remain. Many mapping agencies have moved to 
digital map presentation in the last five or so years 
but still produce hard-copy output to meet a 
residual need. Ideas are dynamic, many and varied 
about regolith (pain & Craig, 1995) and regolith 
mapping (McQueen & Craig, 1995) as the 
increasing number of regolith forums being held 
clearly demonstrates. Regional regolith landform 
mapping in the Yilgarn by AGSO (see Fig. 1; Craig 
& Churchward 1995a, b, c, & d) uses the RTMAP 
database and field mapping system (Pain et al., 
1992; Craig & Chan, 1992). 

MAP LOCAUTY 

Fig. 1 Locality Map showing regolith-landform 
mapping In the Yilgarn region WA. 

Mapping now extends throughout Kurnalpi, 
Menzies, Edjudina, Leonora, Laverton, Duketon, 
Sir Samuel and Wiluna 1:250,000 sheet areas. This 
NGMA activity provides throughout the goldfields 
a variety of regionally based Regolith-Landform 
(Fig. 2) and derivative thematic maps. AGSO's 
regolith polygon datasets provided an important 
fast-tracking base for the early stages of the 
geochemical mapping program undertaken by the 
Western Australian Geological Survey. 

Fig. 2 An extract, with magnified tile, from the 
Leonora 1 :250,000 Regolith Map showing 
regolith landform units Indicating 
geochemical sampling media as overprinted 
patterns. Letter symbols and numbers 
Identify each regolith polygon as a mapping 
unit the description of which can be read 
from the map legend. 

Although maps published for this region are 
at 1:250,000, compilation takes place at 1:100,000. 
Site ohservations and unit polygon descriptions 
form part of AGSO's national regolith information 
and are progressively available for areas mapped in 
the Yilgarn. A special edition regolith map was 
constructed by Craig & Anand (1993). It focusses 
on the Kanowna Belle district of the Kurnalpi sheet. 
This map was constructed for AGSO and the 
Cooperative Research Centre for Australian 
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Mineral Exploration Technologies (eRe AMET) 
using digital technology but it did not have 
sufficient, suitable data for incorporation into a GIS 
and linked database. A complete digital GIS
intelligent Kurnalpi edition is currently being 
prepared following extensive supplementary 
fieldwork by AGSO. Digital versions of AGSO 
regolith maps and their attribute databases are 
publicly available through AGSO's RTMAP 
database as mapping is finalised. The database 
attributes are essential for the construction of 
thematic regolith maps. Other ideas (!\nand et aI. , 
1993) for mapping smaller areas from pictorial 
guides have been suggested and a manual 
constructed. These approachs do not lend 
themselves easily, if at all, to the GIS environment 
or to the derivation of thematic maps through multi
data set analysis. 

An important underpinning for Regolith 
Landform Maps 

The geomorphic and regolith history of the 
mapped portion of the Yilgarn is quite complex and 
the regolith landform features are many and varied. 
Some of these. complexities are discussed by Oilier 
et a\. (1988) and later by Craig & Churchward 
(1994). A regional synthesis of Yilgarn regolith 
development' integrating AGSO's large regolith 
datasets is about to begin. In"pection of existing 
maps soon show for example, that sandplains and 
sheet flood fan systems are, by far, the most 
extensive regolith landform features in this part of 
the Yilgarn Craton. Only a partial understanding of 
their significance in the context of mineral 
exploration is beginning to emerge. The mineral 
exploration significance of weathering profiles 
developed on greenstone bedrock exposures is 
better understood particularly in the Yilgarn where 
ferruginous materials and duricrusts are developed 
and ,preserved. The use of ferruginous materials as 
a geochemical sampling media is now more widely 
understood and increasingly practiced. A clear and 
thorough understanding of regolith characteristics 
and the position of regolith materials in the 
landscape is still to exert its full impact. We know 
from geomorphological principles that an 
understanding of the relationship between regolith 
and landscape is a vital underpinning in any 
account of the regolith-landform evolution of the 
Yilgarn. This understanding is critical in assisting 
the mineral exploration industry in inaking wise and 
informed selections of geochemical sampling media 
resident within the regolith. The history of regolith 
development will doubtless influence the way we 

interpret the geochemical dispersion patterns of 
elements within it. 

New Directions for Regolith Landform 
Maps 

Regolith mapping is now entering a new 
phase of development within AGSO that is beyond 
the identification and refinement of the basic 
processes and techniques. Mapping ideas are 
c(instantly growing in sophistication and are now 
addressing the pressing need for multi-dataset 
integration and analysis within a GIS environment. 
The new direction for regolith maps is the design 
and development of multiple-dataset derived 
thematic maps. These maps are based on thorough 
field observations and modulated by combinations 
of, for example, Landsat TM, Gamma Ray 
Spectrometries, Magnetics, Geochemistry and 
Geological datasets and Digital Terrain Models 
(DTM or DEM). The value of Gamma Ray 
Spectrometrics has been discussed at length in 
Wilford et al. (1997). 

Currently, fundamental regional scale 
regolith maps show the potential of the basic 
regolith attribute data coupled to the GIS 
environment, but the great power of this basic data 
is still to be fully realised by exploiting multi-data 
set interactions in the GIS environment. Linking 
regolith models, mineralisation models, geology and 
geophysics with a preferred exploration model to 
derive thematic maps is where the greaiest advances 
in our understanding will occur. Exploration 
industry members are keen to see maps tailored to 
meet their specific needs. Their specific needs can 
be best met through thematic regolith maps that 
address specific exploration models. Geochemical 
sampling strategy maps, or geochemical sampling 
media maps can be created from basic regolith data 
and may be made even more robust and informative 
by incorporating a range of other multi-datasets. 
However, it is important to remember that it is 
almost impossible to create a single generic map 
(hardcopy or its digital equivalent) to suit all 
possible combinations of datasets and client needs. 
Leads can be given by creating examples of 
thematic maps such as the Leonora, Sir Samuel and 
Wiluna 1,250,000. Regolith Image maps showing 
gold occurrences as point data, regolith coded as 
either greenstone or granitic associated saprolite on 
a Total Magnetic Intensity (fMI) backdrop is 
available from AGSO (Craig 1995a, b; Craig & 
Wilford, 1995) (Fig. 3). 
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The Exploration significance of Landform 
Maps 

In the Leonora thematic map example shown 
in Fig. 3, regolith polygons are over-printed as 
coloured and transparent forms onto an image of 
total magnetic intensity with an east-west gradient 
together with point data showing gold localities 
from the BRS/AGSO MINLOC datahase. These 
simple but effective maps point to the 
thematic regolith map construction 
exploration industry. 

value of 
for the 

Fig. 3 Extract, with magnified tile, from the Leonora 
Thematic Image map showing saprolites as 
faint colour-filled polygons (now greyscale) 
and transported units as transparent 
polygons draped on an east-west gradient 
TMI image. Diamond symbols, often along 
magnetic lineaments, indicate known gold 
occurrences from the MINLOC database. 
Regolith polygons are identified by 4 letter 
mapping symbols, in some cases with 
additional digits for greater distinction (i.e. 
Chfs20 =sheet flow sediments forminfg 
colluvial fan). The symbols may be read from 
the map legend which also indicates if 
polygons are associated with greenstone, 
granite saprolite or transported materials. 
Together regolith and geology provide more 
understanding in an exploration context. 

Further leads like these are needed and 
AGSO is now well positioned with Yilgarn datasets 
to demonstrate the power and potential of deriving 
thematic maps to assist exploration decisions, 
particularly in the Yilgarn. AGSC now is releasing 
a new colour design thematic regolith map to guide 
choices of geochemical sampling media. These 
maps will be availahle from Menzies to Wiluna at 
1 :250,000 scale (See extract, Fig. 4). 

Digital regolith maps can he created 
employing a number of data layers to contrihute to 
the final theme. For example a TM scene may be 
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processed to highlight iron oxides, clays and silica. 
This product he used then as a backdrop on which 
to drape regolith polygons selected to highlight iron
oxide dominant geochemical sampling media 
associated with greenstones. This output step may 
then he applied as a draped layer over a detailed 
digital terrain model for an area considered to be 
prospective on, for example, the basis of regional 
geochemical results. The geochemical data can be 
added to the digital data and then presented in 
ARCVIEW as "hot-linked" point data along with 
"hot-linked" graphic logs extracted from the results 
of drilling programs. As mentioned earlier, this 
form of digital regolith map production promises 
the greatest potential for significant advances. 
These complex datasets are probably best displayed 
using ARCVIEW software but other suitable 
software may he available. Individual hardcopies 
can he printed at any desired step during the multi
layer integration process. Increasingly, the 
limitations of the hardcopy environments for 
presenting the complex combinations arising from 
multi-data analysis is being recognised. Printer 
devices are still not able to handle the range of 
colours we often recognise as desirable to assist in 
differentiating the range of polygon classes that 
often result. 

Fig. 4 Extract from the Leonora Thematic Image 
map showing saprolites with associated 
bedrock geology, and In particular, highly 
iron-rich saprolites associated with 
greenstone bedrock. Prospective surface 
iron-rich sampling media are also indicted on 
the map. Craig (in press) 

As exploration models evolve and the roles 
played hy geomorphology and landscape evolution 
in the development of the regolith are better 
understood, the need to reprocess geochemical and 
regolith data in different ways will become an 
essential activity. The in-built flexibility that comes 
with having a digital map environment will prove to 
be of enormous significance to the exploration not 
only because of the relative ease of database 
interrogation and thematic map construction but 
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becaus~ a number of models can be examined in a . 
shorter time span. New regolith and landscape 
evolution models. together with geochemistry data 
can be tested from linked attribute databases. The 
results may well reduce the need for new more , 
extensive field programs and may help provide a 
much needed cost effective focus in the short term. 

Further collaborative work with industry is a 
vital future direction to better develop exploration 
oriented and more specialised thematic regolith 
maps. 
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Delineation of regolith boundaries using 
remotely sensed data and correlation with 
regolith geochemistry 

A.J. Sanders and J. Coker 

Geological Survey of Western Australia 
Geochemistry Section 
100 Plain St, East Perth, WA 6004 

The discovery of ore bodies under a thick 
surface cover of weathered rock material (or 

regolith) has resulted in an increased exploration 
interest in areas of little or no outcrop. The 
Geological Survey of Western Australia (GSWA) 
has recognised that successfully mapping such 
areas requires new approaches, including regional
scale chemical analysis of the regolith, and the use 
of remote sensing teclmiques that lead to a greater 
understanding of the bedrock geology. The GSWNs 
Regional Regolith and Geochemical Mapping 
Program produces spot concentration plots of a 
variety of major and trace clements derived from 
the chemical analysis of regularly spaced regolith 
samples. A regolith-materials map is also produced 
from a combination of remotely sensed imagery and 
sample site information and provides a level of 
control over the geochemistry. 

The Regional Regolith and Geochemical 
Mapping Program commenced in 1993-94 and to 
date, eight 1:250,000 sheets in central Western 
Australia have been published; Menzies, Leonora, 
Sir Samuel, Nabbem, Glengarry, Peak Hill, 
Robinson Range and Mount Phillips. Four other 
map sheets are currently in progress: Glenburgh, 
Mount Egerton, Turee Creek and Edmund. The 
program is intended to provide baseline 
geochemical and regolith data to assist mineral 
exploration in: 
• The identification of metallogenic provinces 

and of specific areas with potential for 
undiscovered mineralization; 

• The recognition of the geomorphological and 
chemical properties of different geological units 
to assist in regional scale lithological mapping. 

The project was originally directed towards 
the Eastern Goldfields (ie an area of known 
mineralization), and the Bryah, Padbury and 
Yerrida basins (ie areas of potential mineralization). 

Subsequently, the program has been directed 
towards less extensively explored areas (Gas coyne 
Complex and Bangemall Basin), where difficult 
terrain and the necessity for rapid sampling has 
required the extensive use of helicopters. 

Geochemical sampling 

The mapping involves the sampling and 
chcmical analysis of surficial material at. regularly 
spaced intervals. Sample sites are selected by 
superimposing a transparent 4 x 4 km grid over 
topographic maps and Landsat imagery, and 
selecting a suitable site within each square. 
Preferable sample locations are stream channels at 
the culmination of a number of tributaries draining 
a representative portion of the 4 x 4 km area. In 
areas of poorly defined drainage, samples of 
sheetwash, soil or sandplain are collected. The 
nominal density of I sample per 16 sq. km results in 
approximately 1030 samples per 1:250,000 
rnapsheet. 

Sample sites are located in the field using 
GPS, although the field geologist has discretion to 
rclocate if the proposed site is inaccessible or 
inappropriate. At each sample location, a standard 
site form is completed to document the regolith and 
surrounding geology and the nature of the sample 
collected and these data are used in production of 
the regolith-materials map. 

Samples are submitted to a commercial 
laboratory for chemical analysis of up to 50 major, 
trace and ultra-trace elements (Bradley et aI., 
1995). 

Regolith-materials mapping 

The sample collection and analysis is coupled 
with regolith mapping which facilitates the 
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interpretation of the chemical data. The landfonns 
and regolith overlying them are classified as either 
Relict, Erosional or Depositional (Anand et aI. , 
1993). 

The relict regime consists of products which 
are the result of weathering and erosion of bedrock 
in situ and consist predominantly of upland surfaces 
developed prior to the more recent and continuing 
period of down-cutting and erosion. The areas are 
generally stable with little net gain or loss of 
material. 

The erosional regime is represented by 
material which has nof been transported far from its 
source, and which has undergone various degrees of 
mechanical and chemical alteration. These include 
areas of prominent outcrop or extensive subcrop 
which are areas that active!" shed material. 

Th'e depositional regime, which includes both 
colluvium and alluvium, is one in which there is net 
material gain, and dominantly chemical (rather than 
mechanical) breakdo\vn. 

Table 1 Example regolith codes 

REGOLITH CODE Description 

Relict 
R1 Ferruginous pisolites and nodules 

Each of the three regimes are divided into 
numbered subunits (e.g. DC2) which represent 
increasing distance downslope. If it can be 
dctemlined, a suffix is added to denote the 
simplified parent material (g-granitoid, v-mafic, s
sedimentary, m-metamorphic; Table I) . 

Unified regolith scheme 
New generation GSW A geological and 

regolith maps will use a common scheme for the 
classification of surficial material, providing greater 
consistency between map products. The basis of the 
new classification is a rationalisation of present 
GSW A Cainozoic map units, and an expansion of 
the Relict, Erosional and Depositional scheme 
(Hocking ct aI. , in prep). 

. R2 Iron-rich duricrust forming remnant land surfaces . 
R3 Silcrete (often weakly ferru~inised): mainly overlies granitoids and sedimentary rocks 
R4 Quartz-rich sand overlying presumed or known R1-R3 material. 

Erosional 
E1 Mottled zone and saprolite: Qenerally poorly exposed 
E2 Outcrop of saprock and bedrock, and areas of subcrop with locally derived sands and sandy clays. 

Coarse bouldery lag may be present ac!iacent to prominent ranges. 
E4 Lag of locally derived ferruginous and/or lithic fragments, and/or feldspar in a sandy clay to sand-

rich matrix associated with actively eroding outcrop/subcrop. 

Depositional 
Dominantly colluvial 

DC1 Medium to coarse detritus, mainly of lithic or ferruginised lithic clasts (most >25mm), in colluvium 
with a sand or sandy clay matrix. 

DC2 . Fine to medium detritus (most clasts 4 - 25 mm) mainly of lithic or ferruginised lithic origin, in a red 
sandy clay colluvial matrix or quartz in a sandy clay matrix. 

DC3 Sand/clay dominated colluvium or sheetwash' me!Q.es into aliuvial..mainsJPA5j, 
. ' Dominantly alluvial 

DA4 Gravelly sands and sandy clays of active alluvial channels with mixtures of ferruginous and variably 
altered lithic fragments. 

DA5 Sand or clay-rich alluvium and colluvium on broad drainage floors, including overbank alluvial deposits and 
terraces; includes non-saline claypans' calcrete fragments. 

DA7 Saline clays and sandy clays ofjJI~ lakes' usuaJl}llackirl9. vegetation. 
DAB Valley calcrete in places silicified. 

Dominantly eolian 
D9 Sandplain eolian in ori~in may form dunes or thin sheets' overlies sheetwash soil or 'bedrock'. 

Source Matenal Suffix g - granitoid, v - volcanic, m- metamorphic, s - sedimentary (if known); h - consolidated colluvium 
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Remotely sensed data 

Landsat TM 
The regolith map is constmcted from a 

combination of remotely sensed information 
(including Landsat, radiometrics, magnetics and 
aerial photography) and field observations . Initial 
compilation of the regolith map is on standard 
Landsat TM 741 I: 100,000 imagery. The regolith 
material is often defined as tonal changes on the 
Landsat image and their position in the landscape 
(eg. plateau, breakaway, plain) is derived from 
integrating stereo aerial photography or Landsat 
synthetic stereo pairs (Buchanan et aL 1996). 

The Landsat TM 741 combination provides 
good basic discrimination of surface material 
including, water, vegetation, quartz-, iron- and c1ay
rich material. For more specific application the 
Landsat TM 754 HSI saturation stretch is a useful 
technique. The long wavelength bands (754), are 
less attenuated in the atmosphere and the saturated 
colours from this colour decorrelation highlight 
subtle variations in surface composition ""hilst 
retaining topographic information. 

There are other techniques, of varying 
complexity, for enhancing compositional 
differences, these include, principal components and 
band ratios. Band ratios accentuate specific spectral 
signatures whilst suppressing variation related to 
ground albedo, atmospheric transmittance and 
topography. Various ratios of the Landsat TM 
bands aid in the discrimination of iron oxides, 
phyllosilicates and other hydroxyl bearing minerals, 
and quartz-rich material. For instance, hematite has 
a high reflectance in the area covered by TM band 
5, but an absorption feature (lower reflectance) in 
areas covered by TM band 4. Subsequently, iron 
rich areas may appear bright when displayed as a 
5/4 ratio. A list of commonly applied ratios for 
regolith mapping are shown in Table 2. 

Table 2 Commonly used Landsat TM ratios for 
regolith interpretation 

aANDS COMMENTS 
5/4 Primary iron oxide response 
5f7 Mixed clay and other hydroxyl (-OH) bearing 

minerals with biomass resp_onse. 
4/3 Primary !lreen biomass response. 
4f7 Mixed iron oxide and clay response 
412 Mixed iron oxide with biomass response. 
1+7 General albedo 

Landsat TM (RGB) ratio ,combinations can 
effectively display a variety of surface materials . 

.5/4, PC2(5/7, 4/3),1+7 (Glickson, 1996) 

.517,417,412 (Gozzard & Tapley, 1994) 
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.5/4, LSFIT 7, 1+7 
As seen in Table 2 a number of ratios respond to 
both primary and ' secondary components . For 
instance, as a hydroxyl radical absorption feature is 
covered by band 7 many surface materials will be 
highlighted by the 517 ratio. These include, clay 
minerals and water molecules either bound in 

- stmcture or present as fluid inclusions, including 
vegetation. For regolith mapping, specific 
techniques have also been devised to model and 
subtract the influence of vegetation including 
principal component analysis (Glickson, 1996) and 
least squares fit band 7 (LSFIT7) (Gozzard & 
Tapley, 1994). 

Radiometries 
Further refinements to regolith boundaries 

can be made with the integration of geophysical 
data. Airborne gamma-ray spectrometry is used to 
quantify the radio element content of the upper 25 
mm of the land surface (Darnley et aI. , 1995). Due 
to the general association of the radio elements K, 
Th and U with certain rock types and the varying 
mobility of these radio elements under weathering 
conditions, they are useful, discriminators of the 
regolith lithology and its ongoing mechanical and 
chemical transportation. 

Uranium tends tei be rapidly leached near the 
surface, KiO is partly leached and partly 
transported mechanically as K-feldspar, and-Th is 
essentiallv . insoluble and reflects mechanical 
movement . Higher radiometric U values . are 
observed in broad drainage floors (DA5)and valley 
calcretes (DA8), whereas elevated K values are 
often associated with actively eroding granitoid and 
its proximal colluvium (E4g, DC Ig, DC2g). Higher 
Th concentrations are commonly associated with 
stable regimes such as semi-consolidated sandpl~in 
over duricrust (R2, R4) or consolidated and serru
consolidated colluvium (DC Ih) . 

Comparisons have been made between ' the 
K 20 , Th and U values obtained from the regolith 
samplIng program and airborne radiometric data, 
particularly for the Glengarry and Mount Phillips 
1:250,000 sheets (Crawfor~ et aI. , 1996; Sanders et 
aI. , 1997). There is generally good correspondence 
between regolith K20 and radiometric ' potassium, 
which provides support for the validity of both the 
sampling procedure and airborne spectrometry. 
Some variation is noted between radiometric U 
values and those obtained from regolith sampling. 
This may be due to the radiation being measured 
from daughter products whose mobility is 
substantially different from the parent. For instance, 
little elemental U may be left near surface in upland 
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areas (rapidly leached), arid elevated radiation may 
reflect radium or radon. Furthennore, the regional 
scale sampling density (I per 16 sq . km) may not 
fully correlate with higher spatial · resolution 
radiometric data. For instance, even though 
surrounding regolith may be enriched in Th (as 
determined by radiometrics), migration of Th 
bearing minerals (e.g. monazite) to the sampled 
drainage may be limit~d, producing low regolith 
geochemical values. 

Magnetics 
The major geological and structural 

boundaries, beneath the surficial layer, are defined 
using airborne magnetics which provides a 
geological context for the regolith interpretation. 

Comparison of bedrock geology, regolith 
types and regolith geochemistry 

Variation in element concentrations In 

regolith is controlled by the combined effects of 
bedrock composition, erosion and weathering. 
Thus, accurate interpretation of element 
concentrations must be made in conjunction with 
regolith and geological maps. 

Surfa.ce process control 
Changes related to weathering are highlighted 

by comparing the chemistry of bedrock with locally 
derived erosional regolith. Data from the Yilgam 
Craton on Nabberu shows depletion in Al10 3, CaO, 
Na10, K10 and Rb from bedrock to erosional 
regolith (E2g and E4g), and increases in 
concentration of Cu, Ni, V, La and Ce (Morris et 
a!. , 1997). Initial weathering of plagioclase 
probably accounts for the reduction in CaO and 
Na20 , whilst the loss of K20 can be attributed to 
the breakdown of alkali feldspar and biotite. 

Variation in chemistry related to regolith type 
appear to occur over the Meekatharra greenstone 
belt (Crawford, et a!., 1996). High SiOl and K10 
and low Fe203 in erosional units (E2v), suggest the 
high ground is capped by siliceous material, 
including both silicified mafic/ultramafic and felsic 
rocks . The lower erosional slopes (E4v) appear to 
have exposed fresher mafic/ultramafic rocks, and 
contain less Si02 and much higher Cr, Ni and V 
(Crawford et ai, 1996). Alternatively, this could 
reflect the rapid breakdown of the mafic phases of 
plagioclase leading to a higher concentration of 
Si02 and stabilization of K10 in clays. This also 
would explain the E4v having higher Cr, Ni and V. 

Kojan et a!. (1997) has shown there to be a 
systematic variation in the downslope composition 

of granitoid regolith (E2g to DC3) on the Sir 
Samuel I :250,000 sheet. · There is progressive 
increase in Si02, Fe20j, Ti02, As, Cr, Ni and V and 
decreases in A120 3, CaO, Na20 , K20, Ba, Be, Ce, 
Pb, Rb, Sr and U. E4g and DClg, which are 
physically close regolith types, are also quite 
compositionally similar. Most areas of eolian 
sandplain (09) are chemically different from other 
regolith units as they often contain up to 90 wt% 
Si02 and only low concentrations of other 
components . 

Bedrock control 
On the Sir Samuel 1:250,000 sheet, 

differences in regolith chemistry between the 
Agnew-Mount Keith-Perseverance greenstone belt, 
the Yandal belt and the Dingo Range belt probably 
represent small differences in bedrock geochemistry 
(Kojan et a!. , 1996). The Agnew-Mount Keith
Perseverance belt has relatively high Co, Cr, Ni and 
W in regolith, whereas the Yandal belt has high 
Fel03, Ba, Ga, Mo, V and Zr. Regolith . derived 
from the Dingo Range belt is relatively enriched in 
SiOl, K20 and Rb. Although there are added 
changes related to erosion and weathering, the most 
significant differences between the three belts 
probably represent variation II1 bedrock 
composition . 

Regolith over the Meekatharra, Gum Creek 
and Joyncrs Find greenstone belts on the Glengarry 
1:250,000 sheet, also suggest difference in bedrock 
composition (Crawford et aI. , 1996). In particular, 
regolith over the Meekatharra belt has higher 
average concentrations of MgO and is likely related 
to the high-Mg basalts and ultramafic rocks within 
the sequence. Magnesium oxide concentrations are 
at a maximum in the erosional regime, although 
high values also persist down-slope in the 
colluvium. 

In southwest Nabberu elevated base metals, 
ferroalloy metals and other trace elements in 
regolith suggest underlying mafic bedrock in an 
area previously mapped as granitoid. The large 
extent of mafic rock is also supported by evidence 
from Landsat, and recently released aeromagnetic 
and gravity data (AGSO, unpublished) and 
reinforces the lise of regolith geochemistry III 

regional bedrock mapping (Morris et aI. , 1997). 

Summary 

Regolith-material mapping helps to define 
variations in geology, terrain and weathering 
condition and provides a . baseline for the 
interpretation of the chemical concentration plots 
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published through the GSW A's Regional Regolith Notes, Geological Survey of Western Australia, 

and Geochemical Mapping Program. 57p. 
Landsat Thematic Mapper imagery has been Darnley, AG., Bjorklund, A , Bolviken, B., 

of great assistance in the production of the regolith Gustavsson, N. , Koval, P.V., Plant, 1.A, 
map, as it has many advantages over aerial Steenfelt, A, Tauchid, M., & Xie Xuejing., 

1995, A global geochemical database for 
photography, including enhanced spectral environmental and resource management: 
information, spatial comprehensiveness, flexibility UNESCO Publishing, Report IGCP 259, 122p. 
of aggregation and providing a synoptic view; Glikson, AY., 1996, Landsat Thematic Mapper -
whilst still providing the spatial resolution required .:' Directed Principal Components, Pinderi Hills 
for regional mapping. I: 100 000 sheet: Australian Geological Survey 

Radiometric data assists in defining and Organisation. 
refining regolith boundaries and the onground Gozzard, 1. R. , & Tapley, L. J., 1994, Landsat 
geochemistry can provide baseline control. Thematic Processing Techniques for regolith-

Magnetics provides a geological and Landform Mapping in the NE Goldfields Region 
of Western Australia: 7th Australasian Remote 

structural context for interpretation of the regolith 
Sensing Conference Proceedings, Canberra. 

and chemical data. 951-958. . 
A number of systematic variations in K ' C J F Ik J A & S d A J 1996 oJan, . . , au ner, .., an ers, . . , , 

composition have been shown throughout various Geochemical Mapping . of the Sir Samuel 
regolith units, reinforcing the necessity of I :250000 sheet, Regolith Geochemistry Series 
interpreting the geochemistry in conjunction with a Explanatory Notes, Geological Survey of 
regolith materials map . Western Australia, 69p. 

Difference in bedrock composition are often Morris, P.A , Sanders, AI., & Faulkner, 1.A, 1997, 
reflected in the regolith geochemistry supporting the Geochemical Mapping of the Nabberu 1 :250000 
use of regolith geochemistry ' in regional scale sheet Regolith Geochemistry Series Explanatory 

Notes, Geological Survey of Western Australia, 
bedrock mapping. 63p; 

Regolith geochemistry has been successful in Sanders. AI., Morris, P.A. , Subramanya, AG. , & 
identifying geochemical anomalies and assisting Faulkner, 1.A, 1997, Geochemical Mapping of 
regional scale bedrock mapping. It also provides a the Mount Phillips 1 :250000 sheet, Regolith 
useful database of information to which more Geochemistry Series Explanatory .' Notes, 
prospect scale surveys can be compared. In Geological Survey of Western Australia, 5Ip. 
conjunction with remote sensing it provides a strong 
integrated dataset essential to exploration in new 

areas. 
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Airborne EM - Providing new perspectives on the 
nature, disposition and evolution of regolith 
materials 

T. Munday 1, L. Worrall 1, A. Green 1 and D. Sattel 2 

1 CRC AMET, clo CSIRO 
Private Bag, PO Wembley 
Wembley, WA 6014 

A reas with substantial regolith cover present 
some of the most formidable challenges and 

problems to exploration both in Australia and 
overseas. Whilst in recent years, major advances 
have been made in the practice of exploration 
through the regolith, a major impediment to further 
improvements is a limited knowledge of the nature 
and spatial variability of regolith materials at depth 
along with an understanding of those .processes 
involved in their development. We believe that 
airborne electromagnetic (AEM) data have a 
considerable, largely untested, potential to provide 
significant improvements in our understanding of 
regolith and bedrock structure in deeply weathered 
terrains such as found across the Yilgam. This is 
particularly so in areas where lithologies and 
structures of weakly- or non-magnetic rocks occur 
under transported cover. 

The advent of new AEM systems such as 
SALTMAP, GEOMAP and DIGHEMv, have 
brought improvements in bandwidth, instrument 
sensitivity and noise reduction. Together with new 
techniques for data processing and display, we 
believe AEM technologies can now be used more 
effectively across a wider range of exploration 
activities in regolith dominated terrains rather than 
simply as a direct targeting tool for massive 
sulphide mineralisation. Significant advances have 
been made' in the processing and presentation of 
AEM data, whereby maps of physical property 
variations and sections of conductivity structure are 
readily achieved (Macnae & Stolz, 1993). These 
products lend themselves to analysis and 
interpretation by geologists in a manner not 
dissimilar to the way they use airborne magnetics 
images . 

2 World Geoscience Corporation 
65 Brockway Road 
Wembley, WA 6014 

Regolith Electrical Properties 

Regolith materials exhibit marked contrasts 
in conductivity that have a profound effect on 
electromagnetic response. These properties are 
controlled by their physical characteristics. Regolith 
materials are commonly porous and contain water 
with dissolved salts. Conductivities commonly 
range between 0 and 1000 mS/m. Lateral . 
differences in these properties along with the 
presence of conductive clays can produce spatially 
coherent responses in EM data. Although those 
seeking deep targets may regard such 
characteristics as noise, they may be used to 
advantage when exploring through the regolith by 
providing a valuable insight into horizontal and 
vertical variations in regolith materials and 
processes. 

AEM - Regolith Information Content 

EM methods have the potential to be used as 
a sensitive technique for mapping the properties of 
weathered rocks and may thereby provide the basis 
for a new generation of both regolith and geological 
maps incorporating sub-surface information not 
obvious in magnetic data and unobtainable from 
other data types . Air photos, remote sensing 
imagery and radiometries data provide useful, 
though shallow information, whilst magnetics 
responds variably to regolith, largely because of the 
dispersed character of magnetite relative to fresh 
rock (Table I). In landscapes which have a long 
and complex history, the surface distribution of 
regolith materials may be a poor indicator of the 
nature of regolith materials at depth. This 
information 
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Table 1 The skin depth of AEM systems compared with other technologies used in regolith mapping and 
characterisation across the Yilgarn Craton. 

AEM Data - Content 

Technique Radiation Skin depth il1 typical regolith 
materials 

Remote Sensing Gamma Rays < 1 micron 

Radiometrics Visible/Infrared light . < 1 metre 

Radar Microwaves 

AEM VLF and below 

Magnetics Magnetic field 

may be critical to unravelling the development of a 
landscape and to establishing the· source of 
geochemical pointers to significant mineralisation. 

Analysis of several AEM data sets from 
across the Yilgarn, including the Lawlers District, 
in the Eastern Goldfields, and the Bencubbin and 
Broomehill areas in W A. ' s wheatbelt, provide new 
evidence of the regolith infonnation content 
afforded by new AEM systems in deeply weathered 
terrain. The study also reveals the potential of 
"physically approximate" methods for their display 
and for their interpretation from a regolith 
perspective. Included in these techniques are multi
variate based processing methods such as principal 
component analysis, particularly where it is 
constrained by a model-based interpretative key. 
Inversion techniques which attempt to fit the data 
with a model - usuallv some fonn of horizontal 
layered earth, have also been investigated. These 
show considerable promise, given that regolith, in 
the simplest sense, may often approximate a layered 
structure (Mayes, 1992). 

In the Lawlers study area, for example, a 
comparison of the existing regolith and geological 
maps (compiled through conventional mapping 
methods using air photos, Landsat TM, and 
radiometrics) and the AEM data indicate a 
significant amount of unmapped, unexplaincd detail 
in the latter (Fig. 1). Much of this variability lies 
beneath transported cover, comprising alluvium and 
coliuvium. In this application, the geological data in 
the AEM data were enhanced using a principal 
components method. Eight channels (bins) of X
component SAL TMAP data were processed. The 
first three resulting components were combined as 
an RGB composite. The resultant image displayed 
anisotropic and inhomogeneous conductivity 
structures which, when interpreted against ancillary 
geological, geophysical and drill-hole data provided 

5-20 metres 

10-1 00 metres 

not applicable 

some indication as to the evolution and development 
of the landscape in the area. 

In this instance a buried palaeochannel (lO-
15 m beneath transported cover), discordant with 
the contemporary drainage, was identified. Whilst 
the displayed structures were necessarily a fuzzy 
rendition of the true regolith geometries present, the 
PC image displayed subtle gradients and contrasts 
which enhanced the geological interpretation of the 
data. 

Combining the PC imagery with a magnetic 
interpretation suggests that the AEM data may 
provide an indication of the hydraulic conductivity 
of the saprolite. If, as is suggested, the AEM 
provides infonnation concerning constraints on 
groundwater flow through the regolith, then we may 
have a technique for better understanding the 
patterns and processes involved in the 
hydromorphic dispersion of pathfinder elements 
through the regolith profile. The full significance of 
this has vet to be detennined. In the Lawlers case 
study the AEM data indicate that both structure and 
lithology are important controlling factors on 
groundwater. 

Improved interpretation of the AEM data for 
Lawlers can result from the development of model
based interpretative keys for working with PC type 
processing methods. An example of applying a Thin 
Sheet model to the Lawlers SAL TMAP data set is 
shown in Figure 2. Such keys provide for a more 
rigorous, physically-based analysis of the data. The 
advantage of such methods is that different models 
can be examined by processing just the key rather 
than the whole data sets (Green 1997). 

Whilst these "fast" techniques may aid the 
enhancement of regolith-related infonnation in 
AEM data, there may be some advantage to using 
more conventional processing methods to extract 
infonnation having relevance to the geologist when 
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exploring through regolith dominated terrain. 
Specifically, inversion teclmiques, whilst being 
computationally demanding, may yield valuable 
infonnation on the nature and variability of 
important bounding surfaces - notably those at the 
top of the conductive saprolite, and the top of fresh 
rock. We explore the implications of these 
processing techniques here. 

AEM - the challenges 

Many challenges remain before AEM data 
might be used more extensively as an aid to mineral 
exploration across the Yilgarn. These include the 
costs of data acquisition. At a time of tight cost 
control on exploration activity, the incremental 
benefits that might justify expenditure for the 
acquisition of AEM data have yet to be 
demonstrated. The potential is very apparent, with 
AEM complementing magnetics by providing some 
unique perspectives on what is happing within the 
regolith. The efficient and successful evaluation and 
subsequent application of airborne electromagnetic 
data as a tool for mineral exploration over 
environments such as the Yilgarn Craton requires 
an interdisciplinary approach: one in which regolith 
geology, geomorphology and geochemistry are 
combined with geophysics. 
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Identification of potential gold and base metal 
mineralization by statistical treatment of regolith 
chemical data from the northern Eastern 
Goldfields 

C.J. Kojan 

Geological Survey of Western Australia 
100 Plain Street 
East Perth, WA 6004 

GSWA'S regolith geochemistry program 
commenced in the northern Eastern Goldfields 

in 1994. Explanatory notes, regolith maps and 
multielement datasets have been published for 
MENZIES, LEONORA and SIR SAMUEL 
1:250000 sheet areas (Fig. I). GSWA's regolith 
chemistry dataset for this area includes results for 
47 elements from 3100 samples . 

The samples were collected at a nominal 
density of one per 16 square km. Each sample was 
taken within 10-40cm from the surface and 1-2kg 
of the <2mm to >0.45mm fraction was submitted 
for analysis. Sampling methodology and anal)tical 
and quality control procedures are described by 
Kojan & Faulkner, (1994), Bradley ct al. (1995), 
and Kojan et al. (1996). 

The interpreted geology of GSW A's northern 
Eastern Goldfields area is shown in Fig. l . Six 
north-northwesterly trending greenstone belts are 
separated by larger areas of gneiss and granite. 
Swager et al. (1992), Hallberg, (1993), and Swager 
(1993) distinguished several distinct terranes, each 
characterised by distinctive lithostratigraphy and 
lithogeochemistry . 

Most of the northern Eastern Goldfields is 
covered by regolith. Element distribution trends 
within granite and greenstone sourced materials 
have been reviewed by Kojan et al. (1996). 
Greenstone sourced regolith materials show two 
separate trends . TIle first trend from outcrop 
sourced, through saprolite sourced, to ferruginous 
lag sourced materials, shows progressive depletion 
of CaO, Na20, K20 and MgO, and progressive 
enrichment in Fe203, Ti02, As, Co, Cr, Cu, Ga, Ni, 
Pt and V. The second trend from proximal 
colluvium through to distal colluvium (sheetwash) 
shows small but consistent depletion for Fez03. 
CaO, Na20, K20 , MgO, MnO, As, Co, Cu, Ni, Sc, 

V and Zn. Granite sourced materials show one main 
trend from outcrop sourced material, through 
proximal colluvium to distal colluvium (sheetwash), 
with increases in Si02, Fe203, Ti02. As, Cr, Ni, 
and V, and decreases in AhO), CaO, Na20, K20, 
Ba, Be, Ce, Pb, Rb, Sr, Th and U. 

One of the aims of GSWA's regolith 
geochemistry program is "identification of 
metallogenic provinces and specific areas with 
potential for undiscovered mineralization". Plots of 
raw element data for most metallic elements from 
the northern Eastern Goldfields either show 
widespread and fairly uniform elevated 
concentrations over greenstone belts ego Cu or a 
more scattered and erratic distribution with elevated 
values not necessarily confined to greenstones ego 
Sn. Elevated values in many cases are due to high 
background levels in the source rocks, often 
enhanced by local weathering effects. The problem 
of discriminating between real and spurious 
anomalies ciln be largely overcome through the 
application of appropriate statistical procedures . 

The aim of this paper is to demonstrate 
firstly how a correlation and multiple regression 
procedure can be used to define copper mineral
ization on LEONORA and ' secondly how a 
standardisation and additive indices procedure can 
be used to define known and potential gold 
mineralization within the central Yandal Belt on 
SIR SAMUEL. 

Geochemical associations 

The greenstone belts of the northern Eastern 
Goldfields host significant concentrations of gold, 
nickeL copper, lead and zinc mineralization. Many 
of these deposits fOrIn or have formed the basis 
of substantial mining operations. Each deposit 
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CJK17A 18 0797 

~ Barlee Terrane 

kJld Kalgoorlie Terrane 

• Gindalbie Terrane 

"" Gold mine (ullle~s 
" stated otherwise) 

Wi.m Yandal Greenstone Belt 
f,"':":"'1 Dingo Range 
~ Greenstone Belt 
1::::::::::1 Transitional Zone 

~ Minerie Terrane 

D Granitoid and gneiss 

• Mining centre 

30 km 

Fig . 1. Greenstones of the northern Eastern Goldfields 

contains a particular geochemical association of 
elements. Nickel deposits such as Mt Keith contain 
a Ni-Co-Cr-Cu-As .association, \\hereas VMS 
deposits such as Teutonic Bore contain a Cu-Pb
Zn-Ag-As-Sb-Bi association. 

The geochemical associations of gold 
deposits arc highly variable and in part reflect the 

paragenes is of the deposits . Using the associations 
as defined by Guilbert & Park (1986), typical 
hypothemlal associations include Comet Vale on 
MENZIES (Au-W-Bi-Cu-Pb-Zn) and the 
Woorana-Langford 's Find-Pope's Patch zone on 
SIR SAMUEL (Au-Pt-Mo-W-Sn) . Typical 
epithemlal associations include Riverina on 
MENZIES (Au-Cu-Pb-Zn-Ag) and the Success
PamlClia-Dragon zone on SIR SAMUEL (Au-Pt
As-Cu-Pb-Zn) 

Principal component analysis of the GSW A 
LEONORA (Bradley et a!. , 1994) and SIR 
SAMUEL (K~ian et aI. , 1996) datasets shows that 
the chalcophile elements As, Sb, Se. Te, Co, Ni, 
Cu and Zn show a strong association with typical 
mafic greenstone oxides and elements (Fez0 3,Ti0 2, 

MnO and V) . Othcr associated elements including 
Bi. Sn. W. Ta and Nb show a separate 
independent association; however these elements 
are invariably associated with hypothermal gold 
mineralization in the northern Eastern Goldfields, 
which is in tum confined to greenstone belts . 

The nickel. VMS and gold associations 
encountered at various mines and prospects in the 
northern Eastern Goldfields can be used to 
construct appropriate additive indices . It may not 
be appropriate to construct an additive index for 
targeting nickel mineralization which incorporates 
Ni and Co. Lesher (1981) reports that most 
komatiites at Kambalda. including unmineralized 
units high in the sequence, are depleted in Ni and 
Co relative to komatiites in unmineralized areas . 

Statistical procedures 

All statistical procedures were performed 
using Statsoft Statistica for Windows version 4.5 
and Microsoft Excel version 4.0. 

Defining copper mineralization on 
LEONORA using multiple regression 

In this example GSWA's LEONORA 
regolith chemical data for LEONORA is imported 
into Statistica and a Pearson product moment 
matrix was constructed to show the correlation 
coefficients for different pairs of majors and trace 

clements . ClI shows a high positive correlation 
(coefficients >(6) with Fez0 3, MnO, As. Sb, Yand 
V. and a high negative correlation with SiOz FeZ0 3, 
MnO and SiO} represent the controlling variables in 
relation to the primary and secondary dispersion of 
Cli and assocated trace elements . Cli is selected as 
the dependent variable and theoretical copper 
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values . are then calculated from the following 
multiple regression equation:- . . 

Cll = 9.819+ 1. 5187*Fe203:t·212.756*MnO
O.752*Si02 

Residual copper values are then calculated 
by subtracting the calculated values from the actual 
sample ' values. The positive ~esidual values are 
contoured using an inverse square algorithm. The 
results (Fig.2) show 3 major anomalies. Two of 
these can be attributed to known copper 
mineralization at Teutonic Bore and Agnew. The 
third anomaly is represented by a single anomalous 
value downstream from the Sons. of Gwalia 
minesite. 

Defining gold mineralization in the Yandal 
Belt using an additive indices procedure 

Combined datasets for the Yandal and Dingo 
Range greenstone belts are used for this procedure. 
A greenstone chalcophile index value (GCIV) has 
been calculated for all greenstone sourced samples 
i.e. samples with regolith codes El, E2v, E4v, 
DCl, DClv, DC2, DC2v, DC3 and DC3£. El 
represents saprolitic greenstone, E2v represents 
fresh. greenstone, E4v represents ferruginous lag. 
DC 1-3 represent proximal-distal colluvial unitsTo 
compensate for downslope variation between 
regolith units (attributable to weathering effects): 
the raw va]ues for each element within each regolith 
unit were multiplied by a correction factor (CF) to 
make the values analogous to the parent (E2v) 
material:-
e.g., the correction factor for As in E4v is obtained 
as follows :-

CF== geomeanL: As(E2v) 

geomeanL As(E4v) 

The corrected' element value is then obtained by 
multiplying the individual element values by the 
appropriate correction fa<::tor:-
e.g. , the corrected As value in E4v is obtained as 
follows:-

corrected As (E4v) = As(E4v) x CF(As(E4v)) 
The corrected data is then expressed as a logarithm 
in order to approximate a normal distribution. 
e.g., the corrected values for As is expressed as its 
logaritlun:-

log(corrected As) 
Standard scores for each element included in 

-the calculation of the final GCIV were then derived 
for the corrected and log transfomied -data for each 
element using the standardize function in Microsoft 
ExceL Standard scores (S) are used in preference to 
element values; the score is an expression in 

standard deviations of. a particular element 's 
position in relation to the mean value. This allows 
an As score for example to be directly compared 
with an Sb score. Similarly scores for different 
elements can be combined in an additive index with 
equal weighting being accorded to each element 
irrespective of the absolute range of values of that 
element. 
e.g ., the standard score for As is expressed as:-

!og(corrected As) 

5
'( . -mean I: !og(corrected As) 

As) = -------:::.;~---~-
standard deviation I: log (corrected As) 

The Greenstone Chalcophile Index value 
(GCIV) attributable to each greenstone sourced 
sample is then obtained by simple addition of the 
appropriate element scores:-

e.g., the Greenstone Chalcophile Index value 
applied to the GSW A data:-

GCIV =S(As) +S(Bi) +S(Mo) +S(Sb) + 
S(.5e) +S(Sn) +S(W) 

G S W A's GC IV s for the central section of 
the Yandal Belt are presented in Figures 3 and 4. 
Figure 3 shows all GSWA sites located in the 
central Yandal Belt in relation to drainage, most 
samples are stream sediment samples taken from 
creeks, a few samples consist of sheetwash. 
Samples with a positive GCIV are displayed as a 
circle and the circle diameter is proportional to the 
GCIV. Positive GCIVs range from O-IOA. Samples 
with a negative value are shown with a cross. 

The figure also shows the highly anomalous 
drainage catchments i.e, those catclunents with 
GCIVs greater than 2.0. 

Fig. 4 shows the same anomaly groups 
shown in Fig. 3: in relation to geology (Wyche & 
Westaway, 1995) and GSWA raw gold values. The 
major gold mines and some smaller workings and 
prospects are also shown. Five GCIV anomaly 
groups are defined. Group I (anomalous Bi, Mo, 
Nb, Sn and Ta) corresponds to the large anomaly 
located near the Bronzewing mines and the two 
northern mines of the Mt McClure project; group 2 
(anomalous Au, As, Pt, Cu and Zn) includes 3 
anomalies that correspond to the northwest trending 
line of former Mt McClure gold mines located on 
the western margin of the Yandal Belt; group 3 
(anomalous Au, Pt, Mo, Wand Sn) corresponds to 
the two anomalies located on the north trending 
mineralized zone which includes Woorana, 
Langford's Find and Popes Patch; group 4 
(anomalous As, Sb, Ba, Mo, Nb, Sn and Te) 
includes the large anomaly located in the Spring 
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Fig. 3. GSWA Greenstone Chalcophile Index Values and 
anomalous catchments in the central Yandal 
Greenstone Belt 
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Well-Ockerburry Hill area and the two small 
anomalies north of Ockerburry Hill ; and group 5 
(anomalous Au, Ba and Te) includes the three 
anomalies near the Darlot gold mine. 

The two larger anomalies (Groups I and 4) 
are not obviously associated with gold mineral
ization. The northern anomaly (Group I) is flanked 
by the major gold mines of Cockburn and Lotus 
(Mt McClure) and Discoverv and Central 
(Bronzewing). The southern anomaly (Group 4) 
covers the faulted · western margin of the Spring 
Well Volcanics and the adjacent Ockerburry Fault. 
There is no record of significant mineralization in 
the Group 4 area, however gold values up to 5ppb 
were recorded from the northern anomalies in this 
group . Drilling by Yardarino in this area has 
reported encouraging ' gold anomalies, with one 
intersection of 4 metres grading 4.45 grams/tonne 
(Paydirt, 1996). 

All five anomalous groups have distinctive 
geochemistry, possibly reflecting in part variations 
in . depth of formation of the mineralization and 
proximity to post-tectonic granitoids . The Spring 
Well and Darlot anomalies both contain highly 
anomalous amounts of barium and also anomalous 
amounts of tellurium. 

Conclusions 

. Plots of copper and other metallic element 
data frpm GSWA's regolith geochemistry program 
show extensive spurious "anomalies" which mask 
the real anomalies related to mineralization. Gold 
plots are useful in targeting gold but at the wide 
sample spacing employed are not always successful 
in loca~ing gold mineralization. 

A correlation and multiple regression 
procedure defines areas of known and potential 
copper mineralization on LEONORA 

A Greenstone Chalcophile index plot for the 
central Yandal Belt highlights the Bronzewing-Mt 
McClure group of gold deposits, which are 
associated with a hypothernlal style of mineral
ization. A GSW A raw gold plot in contrast shows 

rio anomalies in this area. 
The same Greenstone Chalcophile index plot 

defines a group of anomalous values in the Spring 
WelVOckerburry Fault area, west of Darlot. A new 
gold discovery has recently b een announced in this 

area . 
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Weathering of ultramafic rocks in the 
Yilgarn Craton 

N.W. Brand \ C.R.M. Butt 2 and D.J. Gray 2 

1 WMC Exploration 
PO Box 91 
191 Great Eastern Hwy 
Belmont, WA 6104 

Ultramafic rocks in the Yilgam Craton are host 
to both sulphide and laterite Ni mineralisation 

which, when combined, account for more than 
seven percent of the world-s Ni resources. Nickel 
laterites are developed in all greenstone belts of the 
Yilgarn Craton whereas sulphide mineralisation is 
restricted to the Eastern Goldfields and Southern 
Cross Province. There are several significant 
weathering features associated with high MgO 
lithologies in the Yilgarn Craton that can aid the 
interpretation of element distribution through the 
regolith. 

Ultramafic profiles of the Vilgam Craton 

The composition and mineralogy of the 
protolith, and the secondary envirorunent in which it 
occurs, detennine the processes by which an 
ultramafic rock is weathered and, in particular, the 
distribution of elements in the regolith. In the 
comparatively flat landscape of semi-arid Western 
Australia, primary lithology and structure are the 
important factors controlling regolith development 
of an ultramafic rock (e.g. , Brand et aI., 1996). 
Regoliths can exceed 100 m depth, with profiles 
typically composed of two main zones: 
• saprolith, composed of in situ Mg-saprolite and 

Fe-saprolite·, separated by a Mg-discontinuity, 
a sharp boundary between high and low-Mg 
contents; and 

• pedolith, composed of collapsed Fe-saprolite, 
residual in nature, and exotic overburden 
separated by an unconfonnity. 

• The Fe-saprolite associated with weathered adculIllIlates ill thc Yilgam 
Craton may be silicified alld contain ovcr gO \\1 % SiO,. However. the 
unit is still temled Fe-saprolite due to colour aud the preservatio;l or 
relict texture by Fe oxides. 

2 Cooperative Research Centre for 
Landscape Evolution and Mineral 
Exploration . 
clo CSIRO Exploration and Mining 

. PO Wembley, WA 6014 

Saprolith 

Mg-saprolite 
The Mg-rich portion of the saprolite is 

dominated by Mg silicates and carbonates . In 
general, the order of loss of primary minerals 
through the profile is: . 

Mg silicatesclehydrated > Mg oxy-hydroxides > carbonates 
> Mg silicateshydnrtcd > magnetite 

Liberated cations are precipitated as 
secondary minerals or leached from the system. For 
a given lithology (e.g.. olivine adcumulate), the 
nature and composition of ' secondary Mg-rich 
minerals are, in part, controlled by regional 
envirorunental differences and are independent of 
primary features such as metamorphic grade and 
NiS mineralisation. Thus, at Mt Keith, north of the 
Menzies Line, secondary Mg minerals are 
dominated by hydrated Mg silicates with highly 
variable compositions whereas, at Cawse, south of 
the Menzies Line, 'magnesite dominates, possibly 
reflecting the higher salinity and magnesite
saturation of the groundwaters . Chromites retain a 
primary chemical . signature through the regolith 
profile, though in fragmented fonn, whereas 
magnetite oxidises progressively through the Mg
saprolite, as reflected in the reduction of magnetic 
susceptibility. 

Nickel concentrations in the saprolith 
increase with weathering intensity and, for a given 
MgO:Si02 ratio of the parent rock, the 
concentrations of Ni derived from mineralised and 
barren protoliths are indistinguishable. This is 
because most Ni is originally present in silicates 
and the sulphide Ni, if present, is either released 
early and lost or is retained as a minor component 
of secondary phases. At · MKDS' (mineralised) and 
Cawse . (barren), Ni is hosted by at least eight 
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different phases in the regolith (Brand: 1997): with 
Mg silicates: magnesite and Fe oxides being the 
dominant control on its distribution. 

Mg-discon tin uity 
The Mg-discontinuity marks the top of the 

Mg-saprolite and is characterised by the loss of 
Mg-bearing phases (silicates and carbonates): a 
sharp decline in Mg concentration: and a coincident 
relative increase in Fe oxides and silica (Equation 
I) : 

Equation 1: Breakdown of serpentine to silicic acid 
associated with the weathering of high MgO 
lithologies. 

Mg2H2Si20s(OH)4 + 4W ~ 
2H.tSiO.\ + 2Mg2+ + H20 

degraded serpentine silicic acid 

This chemical and mineralogical boundary is 
the most significant in a weathering ultramafic 
profile. In profiles associated with weathered 
olivine adcumulate, the Mg-discontinuity is 
typically sharp, and easily identifiable, marking the 
transition to in situ ferruginous saprolite (e.g., 
Cawse) or residual collapsed Fe-saprolite (e.g., Mt 
Keith) . In weathered olivine orthocumulate profiles, 
nontronitic clays overlie the upper saprolite (e.g., 
Bulong) or the profile may be truncated (e.g., 
Moore) due to erosion. 

The depth of the Mg-discontinuity within a 
region is typically constant (e.g., 50 - 55 m i!1 the 
Cawse region). However, between regions there 
may be a significant difference in comparable 
depths of the Mg-discontinuity (e.g., 40 - 45 m in 
the Mt Keith region), which probably reflects the 
posItIOn of a palaeo-water-table. The Mg
discontinuity is not specific to the Yilgarn Craton, 
but is a major feature of ultramafic weathering 
throughout the world. 

Pedolith 

Residual weathering products that have lost 
their primary fabric, together with any overlying 
exotic material, form the pedolith. Within the 
pedolith, physical processes have a major effect on 
element distribution, including residual enrichment 
(e.g., Cr in chromite) and lateral dispersion as the 
profile collapses over adjacent lithologies (e.g .. Cu). 
In addition, processes such as illuviation, mixing 
and churning across the residual-exotic 
unconformity can fornl a zone having chemical and 
mineralogical characteristics that reflect both the 

underlying and overlying units . The thickest mixing 
zones are developed over weathered serpentinised 
olivine adcumulates and can exceed 15 m (e.g., Mt 
Keith) . 

Collapse within the profile 

Collapsed zones are typically confined to the 
weathered serpentinised olivine adcumulates and 
have resulted from the degradation of serpentine 
(Equation 2) and are due to consolidation under the 
pressure of the overlying regolith mass (including 
exotic material). 

Equation 2: Dissolution of serp~ntine, at the Mg
discontinuity, is assisted by hydrogen ions released 
by the precipitation of goethite above the Mg
discontinuity. 

Fc3
+ + H20 ~ FeOOH + 3W 

Mg discontinuity 
Mg:HzSi20S(OH)4 + 4W~2~Si04 + 2Mg2+ + H20 

At Mt Keith, the collapsed Fe-saprolite is 
characterised by loss of primary fabric and the 
development of a pseudo-sedimentary fabric draped 
over the undulating Mg-rich saprolite domes: 
separated by the Mg-discontinuity. The upper 
boundary of the collapsed Fe-saprolite is silicified, 
possibly representing a former land surface that has 
subsequently been overlain by exotic material. 

The collapsed Fe-saprolite overlying the 
olivine adcumulate is 8.6 m thick (geometric mean). 
However, what was its original thickness? The 
minimum thickness of collapse, based on the 
assumption that the immobile elements in the 
collapsed Fe-saprolite are residually concentrated 
and that the initial rock column was homogeneous, 
is calculated from Equation 3, modified from the 
work by Brimhall & Dietrich (1987) . 

Equation 3: The thickness of a homogeneous rock 
column (WR1) that has weathered to form the 
current thickness of collapse (B) is derived from the 
geometric mean of an immobile element in the 
protolith (Gm'pro) and the same element in the 
collapsed zone (Gm's.p), divided by the density of 
the protolith (GmPpro) and collapsed zone (GmP up). 

The inunobile elements used ' In the 
calculation are Cr, Fe and If. These elements show 
a relatively consistent ratio through the in situ and 
residual zones: although scatter and mass balance 
calculations indicate slight mobility within the 
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profile and/or initial inJlomogeneity of the protolith . 
Other immobile elements, such as AI. Ti and Zr, 
cannot be used because of their low abundance 
within the protolith (e.g., Zr below detection limit of 
5 ppm), variable element ratios, mobility in the 
upper regolith, and/or fornlation of authigenic 
minerals such as kaolinite and secondarv anatase. 
Zirconium concentration is below detection limits (5 
ppm) in the protolith . The results of the calculations 
(Table I) indicate that the present 8.6 m of 
collapsed Fe-saprolite was derived from 
approximately 36m of weathered olivine 
adeumulate. Thus, at Mt Keith, there has been 
approximately 75 percent collapse of the original 
column of rock has occurred. 

Table 1 Summary of calculations showing the 
original rock column thickness that has weathered 
to produce the collapsed Fe-saprolite at Mt Keith. 

Immobile Original Standard 
elements thickness (m) deviation (m) 

Cr 27 12 
Fe203 4(, 22 

Ir 3(, 21 
Cr + Fe203 38 15 

Cr + Fe203 + Ir 37 14 

Actual thickness 8.6 m 

Conclusion 

Significant weathering features associated 
with high MgO lithologies in the Yilgarn Craton 
include:-
• The nature and composition of in situ regolith 

is partially controlled by the primary lithology. 

• The saprolith developed over weathered 
ultramafic rocks can be sub-divided into Mg
rich and Fe-rich zones, separated by the Mg
discontinuity. 

• The mineralogy of Mg-saprolite derived from 
olivine adcumulates is controlled by 
environmental factors and is independent of 
metamorphic grade and/or the presence of 
sulphides. 

• High Ni concentrations in the regolith do not 
necessarily indicate the presence of Ni 
sulphides. 

• A major zone of mixing may occur across the 
unconformity between residual and exotic 
regolith. 

• Collapse within the Fe-rich saprolite may cause 
redistribution and concentration of some 
elements .. 
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Mineralogical and geochemical pathways of ore
associated elements in regolith over the 
Hannibals disseminated nickel-sulfide deposit 

A.C. Mitchell 

Centre for Strategic Mineral Deposits 
The University of Western Australia 
Nedlands, WA 6907 

N ickel-sulfide exploration in the Yilgarn Block 
is aimed at anomalies devc\oped in complex 

regolith tcrrains with little or no outcrop. Regolith 
geochemistry is an important nickel exploration tool 
where gossan sampling techniques are . not 
applicable, sulfide deposits are buried by 
transported overburden, surficial gossans have been 
eroded, and for disseminated sulfide ores that do not 
form large gossans. This abstract examines the 
evolution of regolith directly formed over 
Honeymoon WeUdisseminated nickel-sulfide 
deposits, the resultant mineralogical pathways and 
chemical environments created hy weathering 
processes, and, dispersion of nickel and its 
associated elements under these chemical 
environments. 

Primary Geology 

The Honeymoon Well nickel-sulfide deposits 
are located in the northern half of the Agnew
Wiluna greenstone helt approximately 40 
kilometres north of Mount Keith. The komatiilic 
sequence at Honeymoon Well is 1.5 to 3.0 km wide, 
extending 10 krn along strike. Four nickel-sulfide 
deposits have been delineated by the Honeymoon 
Well JV along the margins of the greenstone belt, 
yielding 128 Mt at 0.77% Ni. The majority of ore 
in these deposits comprises disseminated sulfides 
within olivine mesocumulate textures. Primary 
sulfide mineralogy is dominated hy pentlandite and 
lesser heazlewoodite, with minor to trace pyrrhotite, 
millerite and chalcopyrite. 

Olivine adcumulate amI mesocumulate have 
metamorphosed to lower greenschist facies in the 
presence of H20-rich fluids to form lizardite
brucite-pyroaurite-stichtite-magnetite whereas 
olivine orthocumulate and spinifex-textured rocks 
altered to antigorite-chlorite-tremolite-magnetite. 
Later stage COr bearing metamorphic l1uids, 
focussed· along structures, resulted in antigorite
carbonate-talc-magnetite:t chlorite. Magnetite is 

rare in talc-carbonate assemblages (Andrews et al., 
1995). 

Regolith Geology 

The Honeymoon Well deposits lie beneath a 
featureless sheetwash sandplain. Residual regolith 
developed over ultramafic rocks is covered by a 
thick depositional cover sequence (up to 50 metres 
deep). The resultant landscape presented for 
exploration is lypically flat, with no outcrop, and 
covered hy transported overburden. Weathering 
processes have differentiated Honeymoon Well 
regolith into residual regolith horizons, overlain by 
transported units, both modified by overprinting 
features . Each of the residual regolith horizons 
comprise mineralogical assemblages which have 
been successively derived from the horizon below 
(Fig. 1). A shift from humid to arid climates in the 
latter part of the Tertiary caused gross changes in 
profile hydrology and weathering solution 
chemistry, resulting in overprinting effects that 
acted to modify or replace existing mineralogical 
assemblages of residual regolith and transported 
overburden. Residual regolith comprises, moving 
towards the surface from fresh rock, saprock, lower 
saprolite and upper saprolite. All greenstone
derived regolith has been truncated to its upper 
saprolite. 

Sap rock and lower saprolite 
The base of weathering occurs up to 130 

metres below surface, the transition from fresh rock 
to saprock characterised by a change from dark 
green-grey to a light green core or drill chips, the 
alteration of purple stichtite to pink-brown or green 
products, the appearance of sooty-coloured 
secondary sulfides, and, the development of 
horizontal, overprinted carbonate veining. 
Progressive weathering in the lower saprolite, is 
indicated by: lighter green-coloured regolith, as 
lizardite and stichtite become more altered, 
supergene magnetite in altered lizardite cores, minor 
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amounts of neoformed smectites (sometimes with 
associated magnetite) around voids, and silica 
overprinting replacing carbonate overprinting. 
Primary magnesite (containing euhedral magnetite) 
was remobilised by weathering, and formed coarse 
magnesite and dolomite platelets, (devoid of 
magnetite) between cumulate grains, along 
metamorphic carbonate veins, around sulfides and 
voids, and, within porous millerite. Generally, 
overprinted carbonate and silica layers, have 
mutually exclusive distributions, whereby 
superegene carbonates occur below the basal silica 
layer, retlecting different stability conditions for the 
formation of each overprinting layer. 

Towards the upper saprolite boundary, 
. smectites are neoformed in voids adjacent to. and 
within, highly weathered sulfides, with clay 
products commonly rimmed by supergene 
magnetite. Primary carhonate veining contains later 
supergene quartz and Fe-oxide-staining adjacent to 
weathering magnetite. Lobate secondary sulfides 
are modified by carbonate platelets, fracturing and 
expanding the sulfide grains. Quartz aggregates 
formed within voids and preferentially modified 
millerite over Fe-bearing sulfides (violarite). Highly 
birefringent deformed layered clays formed along 
void rims and quartz aggregates. Manganese oxides 
formed before Fe-oxides in fractures (conduits for 
water and oxygen), and around Fe-hearing minerals 
such as magnetite, stichtite and secondary sulfides. 
Antigorite and talc remain essentially unaltered 
throughout the lower saprolite. 

Secondary sultides formed via 
pseudomorphosis, adopting the physical 
characteristics of· the parent mineral, or 
neoformation, forming directly from solution. 
Primary sulfide assemblages, dominated by 
pentlandite (high Cu-ores) or heazlewoodite (low 
Cu-ores) weather to a variety of nickeliferous 
secondary sulfides, dependent upon local 
weathering solution composition and chemistry. 
Initially, pentlandite ~. alters to a first generation 
violarite, and heazlewoodite alters to millerite plus 
magnetite. However, unweathered pentlandite, and 
violarite, have subsequently altered to millerite and 
magnetite, indicating the presence of nickeliferous 
solutions. Higher in the lower saprolite a second 
generation of violarite occurs around pentlandite, 
first generation violarite and after millerite, 
suggesting a further to a more Fe-rich weathering 
solution composition. Violarite and millerite 
generations eventually alter tu highly porous 
varieties, that rapidly convert to Fe-oxides. 

Upper saprolite 
The lower saprolite-upper saprolite houndary 

occurs at the the base of the lowermost Fe-redox 
zone. In drill chips, its position is indicated by a 
distinctive change from grey, green and khaki 
colours of the lower saprolite to tan and hrown 

colours or the upper saprolite, and marks a great 
change in profile geochemistry. Bulk rock contents 
of fe, Mn, As, base metals and Ti significantly 
increase, whilst alkali elements and S contents 
decrease. Upper saprolite mineralogy radically 
differs from that of lower saprolite, because nearly 
all lower saprolitic minerals were completely 
decomposed at the base of each active Fe-redox 
zone. Only magnetite veining is partially retained 
above. Secondary products are dominantly formed 
by pseudomorphosis in lower saprolite via 
isovolumetric weathering, whereas weathering 
products in upper saprolite are neoformed with later 
pseudomorphosis. 

A supergene sulfide-carbonate layer occurs 
at the base of upper saprolite, comprising early 
euhedral dolomite and zoned quartz crystals, 
surrounded by neoformed zoned pyrite and 
bravoite. Coarse dolomite is surrounded and 
psedomorphed by a second generation of 
microcrystalline carbonate. Later, radial millerite 
needles, have nucleated from chalcopyrite then 
fletcherite cores, (retlecting a progressive increase 
in Ni/Cu ratios in weathering solutions) and 
goethite-staining overprints both generations of 
carbonates. Hematite-stained carbonate occurs 
directly around pyrite aggregate boundaries and 
along fractures and voids where pyrite has 
decomposed. 

The lower section of the upper saprolite is 
characterised by massive silica overprinting, 
associated with palaeo-fe-redox zones, containing 
hoxwork textures, chalcedony-filled voids and relict 
magnetite veining. Massive, colloform Mn-oxides 
occur towards the top of the basal massive silica 
layer, along fractures, and border impermeable 
sections of the silica. Higher in weathering profiles, 
alternating layers of silicic saprolite associated with 
Fe- and Mn- redox zones (located at the top of 
silica layers) and porous, goethtite-dominated 
saprolite characterise upper saprolite. Magnetite 
veins, rimmed by Fe-oxides, are retained toward the 
top of this unit. Goethitic upper saprolite contains 
grey kaolinitic clasts. A layer of Mn- and Fe-oxides 
occur just below the residual regolith-transported 
overburden unconformity (UCl), with associated Ni 
ami Cr secondary minerals. 

Progressive silica overprinting of upper 
saprolite, rdated to increasing watertable fluxes, 
has resulted in a spectrum of weathered material 
from goethite-duminated saprolite to massive silica 
overprinting layers. Goethite-dominated saprolite 
contains a Fe-ox ide-rich matrix with relict 
magnetite and martite veining, sheathed by Fe-oxide 
layers, all with deformation textures. Partially 
silicilied saprolite occurs between massive silica 
overprinted layers and is characterised by matrix 
microcrystalline silica and Fe-oxides in, primary 
magnetite veins altered to a variety of products 
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including kenomagnetite, maghemite, martite and 
goethite, and, variahle stages of void formation. 

Later, these voids are partially or totally 
filled by Fe-oxides or later mosaic quartz. Massive 
silica overprinted layers comprise multiple 
generations of silica, with unique characteristics, 
including layered polygonal (pseudomorphs after 
carbonates) and simple aggregates (after voids), 
coarse-grained quartz mosaics (overprinting veins), 
and, microcrystalline quartz intruding and growing 
around quartz aggregates, mosaic quartz and voids. 
This later generation of quartz is stained by Mn-and 
Fe-oxides, and contains abundant relict hematite 
fragments. Subheural magnetite is pseudomorphed 
by the same products listed above. Manganese and 
Fe-oxides have preferentially formed around voids. 

Transported overburden 
Green smectites and kaolinite occur at or 

above the residual regolith-transported overburden 
interface (UCl). In the basal transported 
overburden diffuse, chemical mottling of green
coloured clays are associated with goethite and Mn
oxide dendrites. The lower transported unit (alluvial 
sediments) comprises a basal lag of ferricrete and 
pisolithic fragments characterised by multi-phase 
culan development, indicative oJ multiple erosional 
and depositional events. Largely unstained and 
reducing saprolitic clays and sands occur above. 

A second regolith unconformity (UC2) 
occurs between transported saprolitic clays and 
overlying transported plain sediments (deposited by 
aeolian and alluvial processes). This unconformity 
is marked by a ubiquitous lag layer containing well 
sorted, rounded, black hematitic pisoliths with 
magnetic, maghemitic rims. The upper transported 
unit comprises red, hematitic sediments with 
abundant quartz and ferruginous fragments, lag 
layers, and, Mn-oxides depositeu along fractures 
and pores by physical processes. A siliceous 
hardpan, consisting of quartz-dominated sediments 
cemented by silica interspaced with iIIuviated clay 
layers, overlies all weathering profiles. 

Regolith evolution and chemical 
environments 

Mineralogical weathering pathways and 
regolith textures represent a partially complete 
record of the chemical and hydrological evolution of 
regolith. The chemical evolution of regolith at 
Honeymoon Well has been derived from weathering 
textures, mineralogical pathway reactions, bulk 
rock geochemistry, and inferred hydrological 
conditions, summarised in Fig. 1, with some 
reference to Lawrance (1995). 

Weathering has been accompanied by 
tectonic stability, a lack of glacial incision, with 
moderate to low topography, and regolith has 
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evolved via humid and arid weathering styles. 
Lateritisation under humid weathering, is generally 
characterised by high watertables, seasonal 
variations in climate, an open chemical system 
where soluble products are partially or totally 
removed from the weathering profile and largely 
vertical movement of groundwaters (assuming no 
major structural complications). 

Arid weathering has occurred in three phases: 
Phase 1 occurs during the transition from humid to 
semi~arid styles of weathering. Here, the change in 
vegetation and decrease in through flow of water 
acts to truncate residual regolith, and, lower water 
tables, Fe-redox zones and increase salt content of 
grounuwaters, resulting in the inception of upper 
saprolite. The chemical system becomes more 
closed, resulting in the inception of carbonate 
overprinting layers at the base of lower saprolite 
and the modification of secondary sulfides, lizardite 
and secondary silicates by metal-bearing weathering 
solutions. 

Phase 2 occurs with increased aridity. 
Residual regolith truncation ceases, the upper 
portion of residual regolith becomes indurated, the 
lower transported unit is deposited, horizontal 
movement of groundwaters increases, groundwaters 
become saline and the chemical system becomes 
more closed. These features result in the formation 
of new Fe-and Mn-redox zones and associated 
silica overpnntmg layers, the continued 
development of saprolitic carbonate overprinting 
layers, and further upgrade of silicate and 
secondary sulfides by metal-bearing solutions 
expelled during the transformation of goethite to 
hematite. . 

Phase 3 occurs with extended aridity. 
Aeolian and colluvial sediments are deposited in the 
upper transported unit, further hydrological fluxes 
and stillstands occur, horizontal movement of 
groundwaters and evaporo-transpiration increases, 
the chemical system is generally closed, weathering 
solutions af(~ very saline and, the upper portion of 
the residual regolith physically and chemically 
interacts with the lower transported' unit. These 
features result in multiple Fe- and Mn-redox zones 
in residual regolith and transported overburden, 
multiple upper saprolitic silica overprinting layers, 
carbonate overprinting layers in lower and upper 
saprolite, and at the base of transported overburden, 
a neoformed supergene sulfide layer at the basal Fe
redox zone, the further upgrade of secondary 
sulfides and silicates with metal-bearing solutions, 
and accumulation of siliceous hardpan. Formation 
of overprinting layers further modifies regolith 
permeability and therefore hydrology. 
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HJJMID WEATHERING PROFILES 
Acidic and reducing, organic-rich 

Oxidising, near neulral, expulsion of Iransilion melals downwards 
r-""'L:,;lI2~~ RF (Fa-redox Irant) 

Oxidising and lacallr' highly acidic, some uplake of Iransilion melals 
by oxides release 0 silicale, carbona Ie and sulfide componenls 

Reducing, Increase In pH below Fe-redox zone, some 
Iransilion melals and soluble producls In solullon 

Reducing. alkaline, some transition metals and 
soluble producls In solulion 

PHASE II 

Reducing. near neutral conditions 

Oxidising and locally, highly acidic, uplake of Iransilion melals 
_ • _ • _ . _ by oxides, chemical interacllon between transported sediments 
~~RF and residual regolllh, local precipilalion of clays and carbonale. 

Dry, slow reacllon rates. Intermittent solutions are oxidising, 
near neutral, expulsion of transition metals with further induration 

UNCONFORMITY f 
Upper saprolite 

SilIca overprinting 

Lower saprolite 

Carbonate overprinting 

Silica overprinting 

Upper transported unit 
Basal lag 

UNCONFORMITY 2 

Oxidising and locally highly acidic, some up lake of Iransilion melals by 
oxides ,release of silicate, carbonate and sulfide elemental components 

Precipitation of silica directly under Fe-redox zone 

Reducing, very rapid Increase In pH below Fe-redox zone. 
precipilalion of carbonale and neoformed secondary sulfides 
Reducing, alkaline, some Iransilion melals and soluble producls 
in solullon (assimilaled by sllicales and secondary sulfides) 

Reducing very alkaline, soluble producls relained In profile 
as supergene carbonates 

Silica overprinting 

Carbonate overprinting 

ARID WEATHERING PROFILES 

PHASE I 

SlIghlly reducing, near neulral, some organic malerial 

!;:;: ~ Oxidising, acidic, Induralion and expulsion of Iransilion melals from oxides 
,~ RF OxidiSing and locally, highly acidic, some uplake of Iransllion melals by 

oxides, release of sillcale, carbonale and sulfide elemenlal componenls 

\'" '>""'~ Reducing, rapid increase in pH below Fe-redox zone, Iransilion melals and 
' soluble producls in solullon (assimilated by silicaies and secondary sulfides) 

Reducing, alkaline, some soluble pro duels relalned in profile 
as supergene carbonates 

PHASE III 

Oxidising, alkaline conditions. Ph~slcal remobilisation of Mn-and Fe-oxides 

Local reduced, naar neutral conditions at perched water table 

I ~ RF Oxidising and locally acidic, uplake of Iransilion melals by oxides, 
~ chemical lnleracllon belween Iransporled sedlmenls and residual regolilh, 

local precipilalion of clays and carbonale 

Dry, slow reaclion rales. Iniermilleni solullons are oxidising, alkaline, 
expulsion of Iransilion melals from oxides wllh furlher induralion 

, / ~ ~ ~ Oxidising and locally', highly acidic, some uplake of Iransllion melals by 
/.-....- It ; oxides, release of silicate, carbonate and sulfide elemental components 

'Preclpllallon of silica direclly under Fe-redox zone 

Reducing, very rapid increase in pH below Fe-redox zone, 
precipilalion of carbonate and neoformed secondary sulfides 

Reducing, alkaline, some Iransilion melals and soluble producls in solulion 
(asslmllaled by seconllary slilcales, and sulfides) 

Reducing very alkaline, soluble producls relained in profile 
as supergene carbon ales 

Fig.1 Evolution of weathering profiles under humid and arid climates and associated chemical environments 
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Target element dispersion 

Factor analysis was applied to bulk rock 
geochemical analyses of fresh mineralised rocks and 
overlying regolith as an initial guide for determining 
nickel associations and their variance in residual 
regolith. Separate popUlations comprising fresh 
rock, saprock-Iower saprolite, upper saprolite and 
transported overburden units were analysed, 
recognising the differing degree of weathering and 
processes that have occurred in each part of the 
regolith. In summary, Ni, Cu, Co, Zn, Pt and Pd 
are associated with a sulfide factor in unweathered 
rocks, Mn with carbonates, and, Cr ami Fe with a 
primary oxide factor (magnetite and chromite). In 
saprock and lower saprolite, the target element 
associations are similar except Ni, Co, Pt, Pd are 
associated with sulfides, but also to a degree with 
serpentine minerals, and, Cu and As are associated 
with Fe and Cr, in a primary-secondary oxide 
association. Target element associations listed 
above, radically alter in upper saprolite. Nickel, Cr, 
Co, Zn and Cu are associated with a Fe- and Mn
oxide factor, but some elements including Pt, Pd 
and Cu appear to be more strongly aligned with a 
second Mn-oxide association. Palhidium and Pt 
appear to fractionate in the upper saprolite, as Pd is 
a component of a mobile element association 
including alkali elements and S, whereas Pt is 
aligned with a resistate association including Ti, V 
and Ab03. 

Bulk rock geochemical cross-sections were 
constructed, and compared with the distribution of 
regolith horizons and overprinting layers, . 

Fresh rock 
In summary, nickel and target element 

distribution in fresh rock is as follows . Nickel, Co 
and Cr are preferentially distributed in ultramafic 
rocks compared to adjoining country basalt, with Ni 
and Co abundant in mineralised ultramafic rocks. 
Iron, Mn, Zn are preferentially distributed in 
country basalt. compared to ultramafic rocks. Pt, 
Pd and Cu are strongly controlled by sulfide ore 
distribution and relatively depleted in unmineralised 
ultramafic rocks. Copper is more abundant in 
country basalts than unmineralised ultramafic 
rocks. 

Regolith 
Nickel: Nickel preferentially occurs in 

sulfide-bearing mesocumulates-textured rocks. In 
lower saprolite, nickel is more abundant in Iizardite
dominated assemblages, and along the western 
ultramafic-country rock boundary but is suppressed 
in antigorite-carbonate dominated assemblages and 
silica-overprinted saprolite. Nickel is abundant 
through the upper saprolite, especially between the 
upper and middle silica overprinting layers, but is 
suppressed by silica overprinting, less ahundant in 
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the upper portion of the upper saprolite, and rapidly 
depleted in transported overburden. 

Cohalt: Cobalt has a similar distribution to 
Ni in residual regolith, is more enriched in upper 
saprolite, compared to· fresh rock, and has more 
limited dispersion, (centred on palaeo-redox zones) 
especially in lower saprolite. Cobalt is rapidly 
depleted in transported overburden. 

Chromium: Most chromites have been totally 
altered to stichtite during metamorphism, and 
patches of high Cr values coincide with minor 
chromite-bearing ultramafic rock. High Cr 
coincides with silica overprinting layers in lower 
saprolite, with possible suppression by carbonate
overprinting. Chromium l)ecomes very enriched, in 
the middle and upper portions of upper saprolite, 
above the Fe-and Mn-redox zones marking the top 
of the hasal silica overprinting layer. Elevated Cr 
abundances persist into the basal lag sequence of 
the lower transported unit · 

Copper: Copper is strongly associated with 
mineralised ultramafic rocks. In lower saprolite, 
copper is strongly dependent on sulfide distribution 
(and possibly Fe-oxides), is highly depleted by 
silica overprinting, and mimics nickel except for 
elevated nickel contents in unmineralised regolith, 
where nickel is associated with silicates. Copper is 
enriched throughout upper saprolite, ·c0ffelatesbest 
with the hase of palaeo-redox zones, located on the 
tops of silica overprinting layers, and near the 
contact hetween country basalt and ultramafic 
rocks. Limited copper dispersion occurs in 
transported overburden, especially above the 
ultramafic-mafic rock contact. 

Zinc: Zinc enrichment appears to coincide 
with some sub-vertical faults bounding sulfide ore 
bodies, and along mafic-ultramafic rock contacts. 
In lower saprolite, zinc has a similar distribution 
with copper, where distribution is controlled mainly 
by sulfides, and it is highly depleted by silica 
overprinting. However, high Zn contents occur 
close to a faulted contact between mineralised and 
unmineralised ultramafic rocks. Zinc is highly 
enriched in the middle portion of upper saprolite, 
above the basal silica overprinting layer, and in the 
vicinity of the mafic-ultramafic contact. 

/ron and Manganese: These are relatively 
depleted in fresh rocks compared to regolith. Both 
become highly enriched throughout upper saprolite, 
above the basal silica overprinting layer, and their 
deposition is strongly related to redox conditions. 
Manganese enrichment is more localised in upper 
saprolite, and is rapidly depleted at the residual 
regolith-transported overburden unconformity, 
whereas Fe is abundant in transported overburden. 
In upper saprolite, high Mn abundances usually 
occur 4 to 10 metres below those of Fe, commonly 
below the top of silica overprinting, reflecting the 
staggered distribution of Fe-and Mn-redox zones. 
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Platinum and palladium: Platinum and Pd 
are strongly associated with sulfides in fresh rock, 
but are depleted in massive silica overprinting layer 
formed around the boundary between lower and 
upper saprolite. These clements arc enriched in a 
tabular blanket located between the middle and 
upper silica overprinting layers, associated with 
high Mn abundance. Anomalous Pt and Pd values 
occur in the basal lag of the lower transported units, 
and occasionally in one occurrence in the buckshot 
gravel layer at the base of the upper transported 
unit. Although similar in distribution, Pt and Pd 
appear to have fractionated somewhat, with a 
greater lateral and vertical dispersion of Pd than Pt 
in upper saprolite, and more anomalous Pt values in 
the basal lags of the lower transported unit. 

Discussion 

Honeymoon Well regolith has evolved under 
humid and arid weathering climates, producing 
mineralogical weathering pathways, which in 
combination with groundwater hydrology, and 
parent rock composition, inlluence the chemical 
evolution of regolith. Nickel and associated element 
disperse as mineralogical hosts for these elements 
are exposed to chemical environments set up by 
weathering processes, and the dispersional response 
of each element is a function of its intrinsic 
chemical properties. In general, Ni, Cu, Co, Cr and 
Zn are mobile as cations in acidic solutions, Pt and 
Pd are mobile as complexed cations (complexing 
with chloride, organic and sulfur-bearing ligands), 
Fe and Mn (and to a lesser extent Co) are strongly 
redox-controlled and their oxides are able to be 
transported colloidally (Lawrance, 1995). 

Locally, highly acidic environments promote 
target element dispersion, acting to break down 
silicates, carbonates and sulrides, releasing target 
elements in solution, which depending upon regolith 
hydrology are re-assimilated by lizardite, smectites 
and secondary sulfides in lower saprolite, form 
neoformed secondary sulfides just below the water 
table, and are incorporated by Fe-and Mn-oxides at 
the base of upper saprolite. Locally, highly acidic 
environments occur at the base of Fe-redox zones, 
formed at the top of watertables, located in 
saprolite, along the residual regolith-transported 
overburden, or in perched watertables within 
transported overburden. Weathering of Fe-bearing 
sulfides and magnetite also releases Fe, 
subsequently oxidised, producing acid. 

Given a roughJy consistent sulfide 
mineralogy, the role of Fe-sulfiues to produce acid 
diminishes where arid weathering conditions persist, 
as mobilised Ni and base metals are reincorporated 
in secondary sul1iues, expelling Fe. Weathering of 
disseminated Ni-rich secondary sulfides has a 
neutral or alkaline inlluence on weathering 
solutions, and given ample primary or supergene 

carbonates act to butTer acidity produced by Fe-and 
Mn-oxide formation, limiting target element 
mohility. 

Iron-oxides become indurated above the 
watertabJe, and the transformation from goethite to 
hematite expels incorporated target elements, which 
become reuissolved in intermittent groundwater 
solutions, providing a second source for target 
clement enrichment in lower saprolitic silicates and 
secondary sulfides, below. Chemical and physical 
processes act upon target elements around the UCl 
unconformity. Metal cations are incorporated by 
newly formed Fe-and Mn-oxides along perched 
redox zones in, or at the base of transported 
overburuen, and these metal-bearing oxides can be 
subsequently transported as colloids, their 
deposition determined by zones of great 
hydrological flux or porosity, independent of 
chemical environments. 

Target elements retained in residual or heavy 
minerals occur within basal transported sediments, 
with initial anomalism determined by fluvial 
processes, hut potentially mobilised later around 
perched redox zones. Subsequent evaporo
transpiration processes may deposit carbonates, and 
potentially, target elements along this boundary, 
subsequently buffering further acidic solutions 
produced by Fe- and Mn-oxidation. 
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Much of the Yilgarn Craton is deeply 
weathered and weathering profiles, 20-100 
m thick, have commonly developed on all 

rock types. Differential erosion, deposition and 
chemical modifications have added to the 
complexity. However, relatively flat, large areas o'f 
the Yilgarn Craton indicate little of the complex 
regolith underneath. Mapping of regolith 
relationships and distribution using drilling and pit 
faces in several districts (Jarrahdale, Boddington, 
Ora Banda, Kanowna Belle, Wombola, Gindalbi, 
Mt Gibson, Lawlers, Mt McClure, Bottle Creek) 
has revealed the details of the stib-surface regolith 
and palaeolandscape, from which the weathering 
history can be deduced. Some aspects of the 
evolution of regolith and landscape on greenstones 
of the Yilgarn Craton are shown in Fig. 1. 

Regolith Evolution 

Deep weathering, lateritic residuum, red soil 
and ferricrete formation and palaeochannel 
incision (interpreted Pre-Eocene) 

For an extended period prior to the Eocene, 
the landscape of the region was relatively stable. 
The climate favoured deep weathering, resulting in 
the development and maintenance of lateritic 
duricrusts, despite local erosion (Fig. 1). 
Transported hematite-maghemite-rich ferruginous 
gravels within sands near the base of the sequence 
in the Kanowna deposits are evidence of lateritic 
duricrust existed during deposition of palaeochannel 
sediments in the Eocene (Ladhams, 1994; Anand; 
1995). Elsewhere these palaeochannel sediments 
contain lignites (Kern & Conmlander, 1993). Thus, 
a period of extensive weathering prior to Eocene is 
suggested, consistent with the observations of 
Clarke (1994). The palaeorelief suggests that 
duricrust did not form a simple, extensive, 
peneplained surface but a discontinuous cover on a 
broadly undulating plateau. Rcgolith-landfoffil 
mapping of selected districts within the three 
regions suggests that ferruginous duricrust 
constitutes from about 30% (Darling Range bauxite 
province), 15% (Leonora -Wiluna region) to 8% 

(Kalgoorlie region) of the landscape. Whilst some 
of this discontinuous distribution is related to 
differential stripping, lithology and topography have 
also controlled duricrust formation. The 
stratigraphy and composition of sediments suggest 
that, prior to the Eocene, the landscape of the 
Yilgarn Craton not only included profiles with 
lateritic duricrust but others having, uniformly Fe 
oxide-stained, red clay soils (Anand et aI., 1993). 
Lateritic duricrust and red soils developed in 
different sites in response to contrasting geology 
and topography and continued to form, probably 
until the Miocene. Lateritic duricrust was developed 
principally on mafic and ultramafic rocks, mainly in 
stable areas, whereas the red soils were probably 
largely restricted to felsic lithologies on well
drained upslopes. These red soils, also known as 
latosols, ferrallitic soils or ferrasols, have beel). 
reported from other parts of world and are 
developed on parent rocks under humid tropical or 
equatorial climates in regions covered by rain forest 
and particularly on the well drained upper slopes of 
landscapes. 

Profiles capped by lateritic residuum 
generally consist of fresh rock passing into saprock, 
saprolite, ferruginous to mottled saprolite, collapsed 
mottled saprolite (as large nodules), nodular 
duricrust and/or loose nodules. Lateritic residuum 
is a collective term for duricrust and nodular 
horizons which have formed largely by residual 
enrichment of Fe in the parent bedrock. The term in 
silll is not strictly correct because nodules and some 
pisoliths have evolved by partial collapse, involving 
local vertical movement after chemical wasting. 
However, in some cases, quartz veins are preserved 
and the location of sub-surface mafic dykes can be 
mapped from the characteristic of the duricrust. 
The residual nature of nodules and duricrust 
depends on their position in the landscape. For 
example, duringweathering there has also been local 
erosion, resulting in locally derived colluvium on 
lower slopes and invalleys. Here, the upper parts of 
ferruginous profile have mixed ongm, i.e. 
developed in locally derived colluvium ,and ·residual 
material, and lateral input of Fe is also impon:ant. 
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Pre-Eocene 
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(weathering» erosion) 
Lateritic residuum 

x (Fe largely from residual weathering) 
---::-:",-;""'~-000000 

Mixed origin; upper parts are ....• , • 7/ / / / // )' 
_ . developed in locally derived ~. • 'Z' .' 7/ 
, colluvium and saprolite ~ /" all ~ 

/'/>'j> 0 0 0 0 ~ '} 2.! """'-Fe
2

+ 

/ / / / / ~ /~Saprolite 

(ii) drainage incision and extensive erosion (erosion» weathering) .... 0 0 J// 
..... 7/7 / .. ,./7 x 

)( x 

Eocene - Miocene 

Ferricrete (Fe-cemented 
lithic fragments and sands) 

v ·7/ 
? 

/ 

(i) filling of channels and depressions with clays and sands, reduction of relief (weathering »erosion) 

x 
x x ""

v v, ~ 

Clays 
and sands 

Transported pisoliths 

. 0 00 
Matenal largely 0 9- / 
from red soils . 0970 

/ 

..----: '7 //'. 
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Colluvium and alluvium are generally 
hardpanised and/or calcified 

Fig. 1 Diagrams showing some aspects of the evolution of regolith and landscape of the Yilgarn Craton. 
Weathering and erosional processes were continuous but their relative importance would have 

changed. 
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In general, the processes began with weathering of 
bedrock involving leaching of the more mobile 
elements and generation of mottled saprolite. 
Mottles are developed by local scale migration and 
accumulation of Fe, released from the weathering of 
primary minerals . [n places, the formation of 
mottles is controlled by subvertical cleavage or 
schistosity of the bedrock. Further weathering 
developed voids and cracks by dissolution of 
kaolinite and collapse to foml a collapsed mottled 
saprolite (large nodules) which are subsequently 
fragmented into small nodules . In moist situations, 
the hematite of the nodules dissolved and 
precipitated as goethite cutans on hematite-cored 
nodules. Minor pisoliths are produced by further 
dissolution of irregular shaped edges of nodules . 
The process of iron precipitation, continued 
dissolution of clav. delwdration. nodule 
development and collapse of mottled saprolite was 
probably repeated several times . Thus, nodules and 
some pisoliths developed by dissolution and 
collapse, so preserving the composition of the 
underlying rocks . The role of fluctuating water
tables and vegetation in mobilising and segregating 
Fe are not clear. However. regions (Kerala, India) 
have a tropical climate and support abundant 
vegetation. Here, there are strong relationships 
between mottling and tree roots , penetrating to 
depths of 25 m. In these situations, microbial decay 
of organic matter may have induced reduced 
conditions fonning ferrous iron that was 
redistributed and segregated within saprolite to 
fonn ferric iron-rich mottles under oxidising 
conditions. 

In places, nodules, mottles, ferruginous 
saprolite and lithic fragments are redeposited and 
recemented by introduced Fe as secondary deposits 
of ferricretes (Anand, 1995). This process has been 
continuous and has resulted in a variety of 
ferricretes of various ages. There is no genetic 
relationship between the ferricretes and the 
underlying bedrock. Some of these no\\" fonn low 
hills due to minor relief inversion. Thus. the 
landscape is characterised by both lateritic 
residuum and ferricretes and it would be unwise to 
ascribe a single age to duricrusts or imply a single 
extensive surface of planation since different parts 
of the surface have fonned at different times . 

Extensive erosion of the weathered mantle 
was associated with the inCISIon of the 
palaeochannel system (e.g., Roe Palaeo-channels). 
This episode also resulted in the exposure of the 
bedrock in places. 

Deposition and weathering of palaeochannel 
sediments (interpreted Eocene-Miocene) 

The stratigraphy of the palaeochannel and 
overlying colluvium-alluvium bears ample evidence 
that weathering products have continuously 
contributed to the sediments since the Eocene. The 
composition of the sediments reflects the weathering 
profiles of the source area. The occurrence of 
transported· kaolinitic-smectitic clays in 
palaeochannels, valleys or alluvial plains, 
commonly overlain by gravelly colluvium, suggests 
that clays were the principal source of sediments 
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during the Eocene. This conclusion is supported by 
the absence or general paucity of ferruginous 
gravels in the lower units within the palaeochannels. 
This is not surprising because clays would be more 
susceptible to erosion than the duricrust capped 
profiles. Thus, much of the filling of the 
palaeochallncls and valleys is probably derived 
from the erosion of kaolinitic weathering profiles, 
with a few lenses of ferruginous gravels derived 
from duricrust. Smectite-rich grey clays in the 
palaeochmmcls may have been derived from the 
lower parts of the eroded weathering profile; 
alternatively, the smectites are authigenic, fonning 
under semi-arid conditions since sedimentation. 

Evidence of continued weathering lies in 
weathering profiles in palaeochannel sediments 
which have strongly leached lower horizons, 
strongly mottled upper horizons, locally cemented 
to mottled duricrusts, which contain pisoliths 
fonned in situ. Megamottles in palaeochannels 
sediments were fonned bv mobilisation and 
segregation of Fe due to a combination of roots and 
reduced groundwaters. Root systems peneterate the 
mottled sediments and show an intimate 
relationships with Fe accumulations as these 
palaeochannels would have once supported 
abundant vegetation. Fine-grained red clay 
presumably derived from the erosion of old red soil 
profile may have been a source for the hematite of 
the megamottles of the palaeochannel sediments. 
Pisoliths with multiple cutans have fonned in situ in 
sediments . Transported pisoliths deposited with 
clays may have been partly dissolved. in an 
originally reducing environment. Subsequently, 
however, a second generation of pisoliths has 
fonned in situ. within the clays. Most of these have 
developed around a nucleus of fine quartz and wood 
fragments and have thick, concentric cutans . 

Erosion and modifications of weathering 
profiles, hardpan and calcrete fonnation 
(interpreted Pliocene-HOlocene) 

11le ferruginous gravel-rich colluvial 
sediments in the upper parts of the stratigraphy 
indicates derivation from duricrust-capped profiles, 
including some that may have developea during and 
after the channel ~lays were deposited. Once the 
mantle of red SOIl profiles has been removed, 
erosion has access to the duricrust-capped profiles. 
This erosion phase was probably triggered bv the 
late Miocene climatic change from humid to more 
arid conditions. The reduced vegetation cover 
destabilised the balance between erosion and 
weathering, resulting in sequential stripping of the 
weathered mantle. The resultant detritus may 
overlie pre-existing erosional areas of fresh and 
weathered basement rocks, as well as depositional 
environments, including the megamottled, clay-rich 
sediments in the palaeo-channels . In many 
instances, a stratigraphy is developed in the 
sediments which is inverted in relation to the 
residual regolith profile, so that materials derived 
from the upper, ferruginous parts of the residuum 
occur at the base of the colluvial-alluvial cover, 
Regolith profiles with ferruginous duricrust can 
occur beneath the sediments . These sediments can 
reach 3() m or more in thickness, particularly in the 
extensive alluvial plains in the northern Yilgam. 
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Drilling to define rcgolith stratigraphy in the 
Lawlers district showcd that areas of fermginous 
duricrust commonly lie preserved under extensive 
alluvial and colluvIal deposits. Herc, thc depth of 
cover conunonly reaches 10 to 20 m, and in some 
place~ in excess of 50.pl. Similarly at Mt McClure, 
mappmg over 200 km- area has suggested that the 
duricrust is present beneath the sediments over 
approximately half of the study area (Williamson, 
1992) 

On a regional scale, the breakaways are the 
most striking consequences of erosion. Ferruginous 
saprolite is extensively exposed in the breakaway 
face and fonns the principal regolith material 
maintaining the relatively steep declivities of the 
areas oEmore active erosion. Therc are very few 
breakaways capped by major outcrops of Fe-rich 
duricrust. 

During the arid phase, the weathering regime 
changed from one favouring the export of 
weathering products to one in which the weathering 
products were concentrated. Soil processes became 
dominated by processes favouring silicification and 
carbonate precipitation rather than fomlation of 
ferruginous duncrust. Silicification is a common 
feature of the regolith and the exact conditions of 
precipitation are not known. Massive silcified 
saprolite is characteristic of AI-poor ultramafic 
rocks and silicretes are present over granitoids 
(Butt, 1985). More widespread and abundant, 
however, are red, brown hardpans in the northem 
Yilgam. They are charactensed by the partial 
replacement and cementation of the matrix and 
some clasts of the sediments by hyalite (opaline 
silica) with lesser goethite and hematite, a broadly, 
sub-horizontaL laminar structure and Mn oxide 
precipitation on partings. Su.ch hardpanisation may 
vary from less than 1 m thIck to over 10m, and 
affects both sedimentary and residual units . Thus, 
hardpan may fonn in transported and residual 
latentic gravels, in colluvium and in saprolite, and 
must be regarded as a modification of a pre-existing 
regolith than as a specific horizon. 

Pedogenic calcretes are extensive in 
greenstone regolith in the Kalgoorlie region. Work 
at Mt Gibson and in the Kalgoorlie regions suggest 
that Ca and Mg in calcretes come from two 
sources: in situ from weathering of mafic and 
ultramafic rocks and extemal sources (such as 
laterally moving soil waters, soil creep and erosion 
and deposition of calcrete fragmcnts) (Anand et aI. , 
1997). Aeolian dust from playas has not 
contributed to the occurrence of calcretes in the 
Kalgoorlie region since there is no carbonate in sites 
such as Lake Lefroy. Ferruginous durierust is 
extensively modified by precipitation of carbonates . 
In some locations. the matrix and nodules are 
replaced by carbonates fonning calcretes. 

Lithosols are associated with fresh rock or 
saprock and areas of steeper slopes. Soils contain 
abundant smectite and pedogenic calcrete from 
recent weathering of mafic rocks. 

Implications for exploration 

The variety of regolith materials, has 
experienced varying degrecs of weathering and 
sedimentary processes and conscquently show 
varying degrees of enriclmlent and depiction of ore-

related elements. Thus. some are more suitable for 
sampling than others. -In all of the approaches to 
exploration in lateritic terrain, it is important to 
establish regolith-landform control early in the 
program, prcferably at the planning stage. This 
involves regolith-landform mapping, establishing 
rcgolith stratigraphy, and generating some 
knowledge of the characteristics of the different 
wcathering zones or depositional units . 
Reconnaissance drilling specifically to establish 
regolith stratigraphy in areas of sedimentary cover, 
provides valuable data that should benefit planning 
where exploration is focused on a district (say of 
100 to 500 square kilometres) rather than on a 
regIOn. 

Ferruginous materials 
Fermginous materials are excellent sample 

media for Au and base metals because they adsorb 
or incorporate pathfinder elements . Although 
anomalies in them are less intense than the ore 
deposit itself they are broad, allowing a greater 
sampling interval and a higher probability for 
exploration success . However, ferruginous 
materials have fonned in a variety of substrates and 
products of different episodes and processes. Their 
use needs an understanding of their distribution, 
characteristics and genesis. The most important 
fermginous sample- media are the components of 
lateritic residuum (residual duricrusts and loose 
nodules and pisoliths). Lateritic residuum may be 
collected from the surface or near-surface in 
duricrust-dominated areas or by drilling in 
sediment-dominated areas (Smith et aI., 1992; 
Anand et aL 1993) but it is not present everywhere. 
Thus, in lateritic terrains, it can be useful to prepare 
geochemical sampling strategy maps in tenns of 
duricmst-dominated, saprolite-bedrock dominated 
and sediment-dominated regimes (Fig. 2) . 

An important early step in exploration of 
areas of transported cover is to establish the 
regolith stratigraphy. This includes drilling to first 
detcct the fermginous duricmst, and then detennine 
the extcnt of its distribution. Conversely, areas 
without ferruginous duricrust are also delineated. It 
is important to ensure that the materials are indeed 
residual. The sediments overlying lateritic residuum 
commonl\' consist of. or contain. lateritic debris and 
accordingly, drill cuttings must be carefully logged, 
bearing in mind that the unconfonnity at the base of 
transported cover may not be conspicuous. Criteria 
such as preservation of bedrock fabric, presence of 
cutans on nodules and pisoliths, an absence of 
fracturing, no apparent sorting and a monomictic 
composition suggest that gravels may be residual 
and thus, an appropriate sample medium. 
However, presence of cutans may be misleading in 
palaeovalleys where pisoliths with multiple cutans 
have developed. Furthennore, mottled alluvium may 
be mistaken as in situ ferruginous weathering of 
basement. Sample intervals may vary from 1 km for 
regional surveys to as close as 50 m for delineation 
of drill targets and, ideally, analysed for a range of 
pathfinder elements in addition to Au . Where 
exposed, samples can be collected over a 5 to 10m 
radius. Where buried, samples may represent 
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Fig.2 Regolith-landform relationships for the Mt Gibson district, Yilgarn Craton, Western Australia. 
Columns show units of the regolith stratigraphy for different positions in the landscape. (From 
Smith et aI., 1992). 

individual 1 m drill intervals to composites over 2 
or more metres. However. where composites are 
used. it is desirable that they are from the same 
unit. i.e, not be a mixture of lateritic residuum and 

'ferrUginous saprolite. There appears to be no 
advantage in sampling magnetic nodules and 
pisoliths instead of the whole sample (Anand & 
Smith, 1992). 

Where the lateritic residuum is absent. 
ferruginous saprolite, mottles and iron segregations 
in saprolite are suitable sampling media, although 
closer sample intervals are necessary, Different 
threshold must be applied for each sample type, 
Black, hematite-rich ferruginous granules are 
commonly developed in red soils particularly in the 
Kalgoorlie region, Orientation studies at Kanowna 
Belle show that these granules can be useful sample 
media even in areas of transported cover. 

The approaches sunullarised in Fig. 3 have 
contributed to discovery of several important ore 
deposits including the world-class Bronzewing Au 
deposit in 1992, as well as the smaller North, 
Turrett and Waroonga Au deposits in the Lawlers 
district in the perIod 1988 to 1991. These 
concealed Au deposits have geochemical haloes in 
lateritic residuum characterised by various 
combinations of Au, As, Sb, Bi. Mo, Ag, Pb and 
W. 

Soils and Pedogenic Calcrete 

Soils can be used in areas where ferruginous 
materials are absent. Of particular importance are 
calcareous soils which can be enriched in Au and 
may give rise to, or enhance, the near-surface 
expression of concealed primary or secondary 
mineralisation (Lintem & Butt, 1993; Dell & 
Anand, 1995). Soils and pedogenic carbonates have 
developed in a variety of parent materials, factors 
important in sampling and considering the source of 
anomalies (Anand et aI., 1997). 
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Ferruginous lag geochemistry on the Yilgarn 
Craton of Western Australia: practical aspects 
and limitations 

I.O.M. Robertson 

Cooperative Research Centre for Landscape Evolution and Mineral 
Exploration (CRC LEME), CSIRO Division of Exploration and Mining, 
Underwood Avenue, Floreat Park, Perth, WA 6014 

L ag is a surface veneer of diverse fragments 
that includes, in deeply weathered terrain, 

ferruginous gravels. Ferruginous lag is common on 
the Yilgarn Craton and is particularly abundant 
over mafic and ultramafic rocks. It concentrates by 
residual accumulation caused by landscape 
reduction, having been brought to the surface by 
churning or bioturbation and dispersed laterally, 
largely by sheet wash. Thus, lag may represent 
underlying material, remnants of any largely
removed lateritic residuum or other cover. The lag 
fragments are rich in hematite, goethite and 
maghemite which have significant capacities to 
adsorb or incorporate critical indicator clements, 
making lag a very effective sampling medium. It 
has been used extensively and successfully as a 
geochemical sample medium in the search for Au 
and base metals (Carver et aL, 1987) where it has 
been shown to give a stronger and broader 
geochemical anomaly than fine soil fractions. 

25'-

30' 

200 km 
L----..J 

35' 
I 

115' 

Average annual rainfall - mm 

, 
120' 

Fig. 1 Location map of study sites showing rainfall, 
Menzies Line and Yilgarn Craton. 

The geochemistry and other attributes of lag
covered surfaces above the Bottle Creek, Beasley 
Creek and Lights of Israel Au deposits 

I Bottle Creek 

Emu 

I NW ; ;;" 

I Beasley Creek 

W 

I Lights of Israel 

~ ~ 

c 

E 

! '/' :~I~satiO: ' 
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B Duricrust G1J Mottled zone 0 Saprolite ~ Colluvium Ed] Alluvium D Soil 

Fig. 2 Regolith models of Bottle Creek (a), Beasley 
Creek (b) and Lights of Israel (c) study sites. 

(Fig. 1) were studied as parts of 
CSIRO/AMIRA Projects 240, 241, 240A and 
241A, prior to mining. The study sites provided a 
range of lag-covered regolith situations. 

Bottle Creek has a complex terrain with a 
relatively complete, though partly obscured, laterite 
profile at the Emu Au deposit, grading to areas 
stripped to saprolite and buried beneath sheetflood 
colluvium-alluvium and t1uvial gravels at the VB-
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Boags deposits (fig. 2a). A partly-truncated profile 
at Beasley Creek, including a partly preserved 
lateritic duricrust and upper saprolite, protrudes 
through surrounding sheetwash colluvium-alluvium 
(Fig. 2b). Drilling and mining also revealed a 
palaeo-channel, filled with Permian glacial debris. 
Most truncation has occurred at Lights of Israel, 
where the lower saprolite is partly covered hy 
nuvial gravels and all is ,mantled hy a thin, 
calcareous soil (Fig. 2c). Beasley Creek lies well to 
the north of the Menzies Line (Bult et aI., 1977), 
Bottle Creek lies very close to this important 
environmental dividing line and Lights of Israel is 
located to the south (Fig. 1). 

Lag characteristics related to regolith and 
,bedrocks 

The outward appearance of lag gives clues to 
the nature of the underlying regolith. Where the lag 
consists of light brown to yellow-hrown nodules, 
granules and pisoliths, complete with cutans, the 
underlying regolith is probably lateritic residuum. 
Where the lag consists of brown ferruginous 
saprolite and dark, hematite- and goethite-rich 
nodules and granules (generally without cutans), 
there is probably underlying saprolite. Both these 
lag types are monomictic. Where the lag is 
polymictic and cutans on pisoliths are substantially 
worn or chipped, the underlying regolith is probably 
transported (Anand, 1993). 

, Internal fabrics of lag fragments at all three 
sites have been shown to have potential for 
recognition of underlying rocks, although 
interpretation of lag fahrics is complicated by 
saprolitic and pedogenic retexturing of various 
kinds (Robertson, 1994). In general, fine lag (1-10 
mm) is closely related, both texturally and 
geochemically, to the coarse soil fraction (1-4 mm), 
from which it was derived. 

Chemical and mechanical dispersion 

Chemical dispersion of Au and other 
elements took place in the upper ferruginous 
horizons of the residual regolith before they were 
degraded to become lag. Gold and As in particular 
were dispersed this way and anomalies in lateritic 
residuum and mottled zone will reHect this prior to 
further, physical dispersion as lag. 

By downward weathering of the landscape, 
nodules in the lateritic duricrust or upper saprolite 
are' released by pedogenic ' processes. They then 
appear either directly on the surface, as 'a lag, or are 
incorporated in soil, hardpan and calcrete. 

Vertical, mechanical dispersion,takes place in 
the soil by erosion of fine particles by wind and 

water, by the burrowing action of ants, termites and 
larger animals, by the plucking action of tree roots 
and by clay cJuviation. Lateral dispersion of lag at 
the surface takes place by the action of wind and 
water; the finer lag fractions are more widely 
dispersed. 
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Fig. 3 Geochemical comparison of magnetic and 
non-magnetic components of fine lag from 
Beasley Creek for Cu, Zn, Au and As. 
Location of mineralisation shown as hatched 
block. Local mining company grid. 

Significance of magnetic and non
magnetic components 

Some particles of fine lag are in part 
magnetic due to a variable content of maghemite, 
probably largely generated by heating from bush 
fires. Magnetic separation of this material in the 
field or laboratory yields' a very consistent 
ferruginous material which has analytical and 
interpretathmal advantages by providing ' a 
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consistent matrix. This practice was assessed to 
determine if there were any exploration advantages 
in using complete, magnetic or non-magnetic lag. 

Petrographic examination of samples from 
Beasley Creek showed that the magnetic fraction, 
which makes up about 20-40% of the lag, consists 
of dark, compound granules of hematite and 
maghemite with minor goethite. The largely non
magnetic fraction (maghemite-poor) consists of 
hematite and goethite granules, red-brown and 
yellow-brown granules of hematite- and goethite
stained clay, plus fragments of quartz and calcrete. 
Close to mineralisation, a very small but 
geochemically very important component of the lag 
consists of cellular fragments of gossan; this is 
entirely non-magnetic. Gossan fragments from 
Bottle Creek were also non-magnetic. 

Geochemical analyses of materials from 
Beasley Creek showed that, for Au, there is little 
difference between the magnetic and the non
magnetic materials (Fig. 3). However, for the 
important pathfinder elements (As, Sb, Cu, Se, Zn), 
the anomaly is contained almost exclusively in the 
non-magnetic fraction (Fig. 3), principally in the 
gossan component. These elements showed a 
slightly improved signal to noise ratio in the non
magnetic lag, compared to the complete lag. As the 
non-magnetic component made up about 60-80% of 
the total sample, only a slightly improved 
performance would be expected by analysing it 
separately. There is nothing to be gained and much 
to lose by using magnetic lag fractions in 
geochemical exploration in the YiIgarn. The 
complete lag sample is reliable and the most cost
effective. Where the proportion of ferruginous 
material is small, a magnetic fraction can be used 
but loss of the multi-element signal is a likely 
consequence; density separation is preferable. 

Exploration significance of lag size 
fractions 

Both coarse and fine lag are effective 
sampling media but the very nature of the. coarse 
lag (10-50 mm) invites representatIveness 
problems, unless very large samples are taken. 
Coarse lag tends to have less lateral dispersion (Fig. 
4), due to its resistance to aeolian and sheetwash 
action. If the representativeness issue can be 
minimised, by collecting several kg of sample, 
(tedious and may not be possible at all sites), it 
could be used for follow-up work. At Beasley 
Creek, spikes of up to 12 ppm Au closely defined 
the location of the ore subcrop in the coarse lag. 
Generally, fine lag is to be preferred (Fig. 4) for 
first pass exploration as it is more dispersed. 
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Fig. 4 Comparison of the dispersion of coarse and 
fine lag, data from Beasley Creek. Location 
of mineralisation shown as hatched block. 
Local mining company grid. 

Regolith-landform regimes, anomaly sizes 
and sampling strategy 

Lag sampling on a 1 km triangular grid, 
covering a broad region around Emu and VB-Boags 
at Bottle Creek detected large As and Au anomalies 
in areas underlain by lateritic residuum and very 
thin colluvium around Emu. These anomalies are 
truncated by colluvial-alluvial plains and alluvial 
drainages, where the VB-Boags deposits occur; 
these significant deposits were not detected in this 
colluvial-alluvial environment. Slightly more 
detailed sampling on a 0.5 km triangular grid 
produced very similar results. It was only very 
detailed sampling on a 0.1 km pattern or less that 
was able to detect very small anomalies over VB
Boags that occurred where the colluvial-alluvial 
cover was locally particularly thin (0.1-0.5 m). 
Very restricted Au anomalies were also found in lag 

Fig. 5 Model for lag geochemical exploration in 
different regolith-landform regimes showing 
significant dispersion halo in relict regime 
but very limited dispersion in lag only where 
colluvium is very thin. Where colluvium is 
thick, or there is a cover of alluvial 
sediments, geochemical dispersion is not 
recorded in the lag and subsurface sampling 
is necessary. 
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at Lights of Israel. where there has oeen 
considerahle stripping of the regol ith. 

Lag geochemistry is c1let:live in relict 
regimes, particularly where the lateritic residuum 
subcrops heneath a thin, stony soil (Fig. 5) and 
wide-spaced sampling (250-5()() m) is feasihle. It is 
also erfective in erosional regimes hut the anomalies 
are smaller and dose spaced sampling (50-100 m) 
is necessary. In contrast, the ellectiveness of lag 
geochemistry is severely limited in depositional 
areas, hy the thickness or the transported veneer 
and the ability (or inahility) of hioturhation to hring 
geochemically anomalous material to the surface 
(Fig. 5) with concomitant dilution. This is made 
more difficult where the layer of colluvial-alluvial 
sheetl100d dehris has heen silicified. Sporadically, 
where this transported veneer is extremely thin, the 
lag may show a few indications of mineralisation. 
Where saprolite is overlain hy channels filled with 
tluvial gravels, geochemical signals are completely 
prevented from hecoming incorporated in the lag 
(Fig. 5). 

Influence of orebody pathfinder suites 

Although the multi-clement approach to lag 
sampling is recommended. it may not always he 
successful, simply hecause some primary 
mineralisations are devoid of a pathfinder suite. 
Some orebodies are very rich in pathfinder clements 
(Beasley Creek (Au + A'i, Cd, Cu, Mo, Ph, Sh, W, 
Zn), Bottle Creek (Au + As, Sh, Ph»; in contrast, 
others are particularly poor (LighL'i of Israel; Au 
.only). 

Implications for exploration 

Lag sampling is very c1Tcctive in areas of 
relict regimes, particularly where lateritic residuum 
occurs beneath a very thin soil. It is also c1Tective 
where there has been regolith stripping. 

The scale of a lag sampling pattern needs to 
be adjusted to suit the degree of regolith 
preservation; hroadly spaced samples should he 
used where the regolith profile is complete or nearly 
complete and dose-spaced sampling where there 
has heen significant regolith stripping. 

The success of lag sampling in areas of 
colluvial cover is highly dependent on a very thin 
cover and on the ahility of soil turhation processes 
to hring anomalous material to the surface; it is, 
therefure, not rccommendcd and an alternate 
sampling strategy ~hould · he considered (suh-

surface ~ampling). , 
Fine Jag may he swept from the surface or 

the equivalent cuarse fraction of the soil may he 
sieved on site, where lag is not well devc\oped. If 

coarse lag is used, sufficient sample needs to he 
collected to ensure representativeness ; fine lag is to 
he preferred for initial sampling. 

Multi-element analysis for at least Au + As, 
Hi, Cd, Cu, Ph, Sh, Wand Zn of complete lag is 
recommended. Usc of a magnetic fraction is not 
recommended, particularly if any reliance is to he 
placed on pathfinder clements other than Au. The 
complete lag is to he preferred. 
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Mobility of g~ld in soils of the southern Yilgarn 
Craton 

D.J. Gray 1 and M.J. Lintern2 

Cooperative Research Centre for Landscape Evolution and Mineral 
Exploration (CRC LEME), CSIRO Exploration and Mining 

1 CSIRO Private Bag 
Wembley, WA 6014 

Gold in some soils in Western Australia and. 
presumably, elsewhere in the world can be 

highly soluble because of complexing of the Au by 
biogenic ligands, such as cyanide, amino acids or 
humates. The effectiveness of such species for 
solubilising Au in soils is indicated in Table 1. 

Table 1 Solubility of Au in the presence of 
particular dissolved biological materials. 

Ligand 

Humic acid 
Humic acid 
Fulvic acid 

Amino acids 
(from bacteria) 
Thiosulphate 

(from bacteria) 
Cyanide 

(from bacteria) 

Gold (ppb) 

200 - 300 
150 

100 - 1300 

200 - 2200 

100 - 500 

215,000 

Reference 

Baker (1973, 1978) 
Boyle et af. (1975) 

Varshal etal. (1984) 
Korobushkina ef af. 

(1983) 
Korobushkina et af. 

(1983) 

Knowles (1976) 

This potential mobility of Au could be highly 
significant in generating of soil Au anomalies over 
buried mineralisation, especially in carbonate-rich 
soils (Lintern & Butt, this volume). Some 
investigations of the chemistry of Au in soils are 
detailed in this paper. 

Soil Incubations 

The solubility of Au was investigated by 
incubating Au-rich soils with water. The Au 
dissolution chemistry was very similar for surface 
soils (within 30 cm of the surface), whereas deeper, 
carbonate-rich soils behaved quantitatively 
differently. Shaking surface soils with deionised 
water in the dark dissolved about 8 ~lg/L Au after 
one week (e.g., Fig. I) - a significantly high Au 
concentration. Subsequently, Au concentration 

2 clo MESA, PO Box 151 
Eastwood, SA 5063 

decreased to < 2 ~g/L after one month, i.e., Au 
dissolved from the soil and then reprecipitated. 
Bubbling with CO2 strongly reduced Au 
dissolution. 
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.g, 
-= ::I 
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.......• <:~:~~:-.-.---.-.--.-

-'--'----T 

40 80 120 160 
Time (days) 

Fig. 1 Dissolved Au vs. time for soil incubations 
using organic top-soil. 

Irradiating the soil with gamma rays, so as to 
kill all soil organisms, has a marked effect on the 
concentration of dissolved Au (Fig. 1). Gold 
concentrations were greater, relative to the 
unirradiated sample, with an approximate linear 
increase with time. After three months the mixture 
was analysed, then inoculated with untreated soil 
and the solution re-analysed after a further three 
months. Inoculation caused a significant reduction 
in Au dissolution, relative to a control sample 
(irradiated and left sealed for six months). 

One explanation is that Au is dissolved by 
biologically-generated ligands, and then removed 
from solution by the actions of biota. Significant 
biological activity would only occur after wetting of 
the dry soil and an incubation period of hours or 
even days, after which the soil" biota could be 
sufficiently abundant to have a significant effect on 
the soil chemistry. Thus, the initial high dissolution 
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of Au occurred while biological activity was 
relatively low. With increased activity. Au was 
precipitated . For irradiated samples. Au dissolution 
was continuous. Where samples were inoculated 
after 3 months, the high concentrations of dissolved 
Au decreased, similarly to the non-irradiated 
samples. Addition of CO2 to the solution de
oxygenates the mixture, causing dissolved Au 
concentrations to decrease. assuming oxidation was 
required for dissolution . 

Gold dissolution characteristics of the deeper, 
carbonate-rich soil (Fig. 2) are significantly 
different from shallower soils. Dissolved Au 
concentration increased with time for non-irradiated 
samples, compared with the previously discussed, 
carbonate-poor, surface soil mixtures (for which 
dissolved Au concentration decreased after the tirst 
week). However, the final dissolved Au concen
tration was still significantly less than for the 
irradiated mixtures. This rna" be because this soil 
has more N03' and less organic matter than the 
surface soils, and therefore is able to maintain 
oxidising conditions with kss biological activity 
than the other mixtures over the experimental 
period. The addition of CO2 to the carbonate-rich 
soil mixture had little effect possibly for similar 
reasons, though the greater buffering capacity of 
the high carbonate concentration may also be 

significant. 
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Fig. 2 Dissolved Au vs. time for soil incubations 

using carbonate-rich soil. 

Dramatic results were observed when Au 
chloride solution was added to the mixture. For 
shallow soils (e.g. , Fig. 3), the added Au 
precipitated within the first day (possibly 
inmlediately) . It then slowly redissolved (reaching 
about 20 IlgiL after one week) and then rapidly 
increased to about 1000 Ilg/L after one month. and 
up to 2300 Ilg/L after 6 months in some mixtures. 
i.e., almost half of the added Au was re-dissolved . 

Addition of CO2 supprcssed this redissolution. 
Irradiation reduced redissolution of the Au, whereas 
inoculation after three months increased Au 
redissolution. 
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Fig. 3 Dissolved Au vs. time for incubations using 
Fe·rich soil, with 5000 ~g/L dissolved Au (as 
Au chloride) added. 

Results were significantly different for 
mixtures of the deeper, carbonate-rich soil. The 
added Au did not all immediately precipitate; some 
remained in solution so that the concentrations of 
dissolved Au only reached a minimum after about 
one week. Following this, Au redissolved at an 
approximately linear rate, suggesting a chemical, 
rather than biologicaL control.· Addition of CO2 

decreased. . but did not entirely suppress, 
redissolution of the Au . This slow adsorption of Au 
onto carbonate-rich soils . has been extensively 
demonstrated for southern Yilgarn soils (Gray & 
Lintem, 1997) 

Partial Extractions 

Methods and experimental philosophy 
TIle solubility of soil and regolith Au was 

further tested by extraction using an iodide solution, 
which is a weaker solvent for Au than cyanide or 
aqua regia and would be expected to extract only 
loosely-bound Au. TIle reagent used was 0.1 M KI 
/ I M NaHC03, saturated with CO2 and taken to 
pH 7.4 with HCL shaken with the samples using a 
1:2 soil:solutioll ratio. Samples were either 
pulverised to <75 11m (fine) OR crushed to <10 mm 
(coarse) to test for occluded Au. Results (discussed 
below) indicate that this weak extractant can 
dissolve significant quantities of Au from 
carbonate-rich soils. Most surprisingly, it is 
commonly observed that significantly more Au is 
extracted from coarse material than from finelv 
pulverised samples . These results suggest that this 
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readily extractable Au is associated with surfaces 
or is otherwise accessible to solution, rather than 
being within minerals or occluded, and that in the 
pulverised samples Au dissolved by iodide can be 
readsorbed by soil constituents. Indeed, Au iodide 
is adsorbed by a number of different regolith 
samples (Gray et aI, 1997). This can be viewed as 
an equilibrium between Auo (the Au in its original 
form) , AUI (Au dissolved by iodide) and Aus 

(dissolved Au readsorbed during the extraction 
process) : 

The measured dissolved Au (All() only gives 
an indication of the amount of Au in solution at one 
time, rather than the total extractable Au . The 
measured dissolved Au will be denoted as net iodide 
soluble Au . It may be that by pulverising the soils, 
other surfaces (e.g ., Fe oxides) are exposed that are 
more efficient at sorbing Au from solution than the 
phases forming surfaces in unpulverised samples. 
As incubation experiments (Gray & Lintern, J 997) 
indicate that carbonate minerals are the most 
accessible to solution, .this .suggests that the 
carbonate minerals are very poor at sorbing Au . 

Such hypotheses can be further tested by a 
method that measures the total amount of Au that 
has been dissolved, rather than that in solution at 
any particular time. This is done by performing 
standard extractions, except that the reagent 
conditions were changed by the addition of 
activated carbon so that the total Au dissolved over 
the time period can be determined; this includes any 
dissolved Au iodide that under nornlal conditions 
would react with other soil surfaces: 

Auo ~ Au) *" Aus 
U 

Gross soluble Au 

This total dissolved Au is denoted as gross 
soluble Au, and can be compared with net soluble 
Au . Differences in the two extractions indicate the 
scavenging capabilities of the soil The two 
techniques indicate the potential mobility and 
dispersion of Au in the soil and are therefore 
expected to be useful in distinguishing differing Au 
chemistries in different regolith material 

Extraction results 
With the exception of Mn-rich saprolite 

(Gray & Lintern, 1997), the proportion of net 
iodide-soluble Au in unweathered rock and saprolite 
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is relatively low (generally < I % of total Au), 
independent of the degree of sample crushing. This 
includes samples that contain significant primary 
carbonates, indicating that the association of 
soluble Au \vith carbonate is specific to soils. The 
low extractability of Au in rock and saprolite 
suggests that Au is in relatively insoluble forms, 
such as native Au and Au tellurides, or occluded in 
sulphides or quartz. 

In contrast to rock and regolith below 2 m 
depth, representative extraction results for 
carbonate-rich profiles throughout the southern 
Yilgarn show a striking difference between coarse 
and fine material for the net extractions (example 
from Bounty, 240 km SW of Kalgoorlie, in Fig. 4). 
As discussed above, this suggests that pulverising 
exposes fresh surfaces capable of absorbing Au, 
whereas surfaces available to the solution for 
uncrushed carbonate soils are less effective at 
precipitating Au iodide. This poor ability of 
carbonate-rich soils to absorb Au has also been 
observed for chloride and thiosulphate complexes 
(Gray & Lintem, 1997). The gross solubility was 
very high, indicating a high potential solubility for 
Au in these soils. 
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Fig. 4 Au extraction from carbonate-rich profile, 
Bounty Au mine. 

In contrast, in a ferruginous profile (Fig. 
5) gross iodide-soluble Au is moderate (approx
imately 70% of total Au for both fine and 
coarse material) for the top 0.7 m of the profile. 
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Below . this depth . the proportional solubility 
decreases markedly (down to 18 and 32%, 
respectively, for coarse and fine material) and the 
degree of occlusion (indicated by the difference 
between coarse and fine solubilities) increases. 
That is, Au is much more firmly bound in lateritic 
profiles than in carbonate-rich profiles, particularly 
below 0.7 m. Net iodide-solubility is very low 
(1 - 12%) in ferruginous profiles due to 
reprecipitation of dissolved Au. This occurs even 
for the coarse material,. suggesting that naturally 
occurring soil surfaces in this profile are very 
effective at precipitating Au when it has been 
dissolved by iodide. 
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Fig. 5 Au extraction from ferruginous profile, 
Bounty Au mine. 

The distinction between carbonate and 
laterite Au can be observed within a single profile. 
At Mulline (approximately 150 km NW of 
Kalgoorlie), Au appears to be associated with 
carbonate in the top metre of the soil and with Fe 
oxides at greater depths, in a similar manner to that 
in the carbonate-poor profile at Bounty (Lintem & 
Butt, this issue; one of 5 profiles shown in Fig. 6) . 
This is reflected in the solubility data, with shallow 
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Fig. 6 Geochemistry of Mulline soil profile (derived 
from Lintern & Butt, 1991) . 

samples « 0.6 m: Fig. 7) having high Au 
solubilities similar to those in carbonate-rich soils 
elsewhere (Fig. 4). In comparison, deeper Mulline 
samples have low Au solubilities, similar to results 
for the carbonate-poor/iron oxide-rich soil at 
Bounty (Fig. 5). Similar effects are observed at 
other sites. 
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Discussion 

These and other results indicate that Au 
solubility in the regolith increases close to the 
surface, particularly in soils with rcccnt pedogenic 
activity such as carbonate fonnation and/or 
movement of organic colloids . This is possibly due 
to two factors. Firstly, Au mobility can be 
enhanced by biologically-derived molecules 
(particularly those that contain S) that can dissolve 
Au. This is suggested by the ability of deionised 
water to dissolve Au from organic surface soils in 
incubation experiments and retardation of this 
dissolution by irradiation. Secondly, closer to the 
surface, and particularly in carbonate-rich horizons, 
Au is highly extractable. 

The general conclusion is that Au is strongly 
mobilised by biologically-controlled species, can 
also be inunobilised by biological processes, and 
generally appears to be most chemically mobile 
within carbonate-rich zones . This suggests that the 
commonly observed Au enrichment in carbonate 
horizons ean not be primarily due to inorganic 
chemical processes. Why then is Au most strongly 
correlated with car-bonate, fora .largenumberof 
carbonate profiles across the southern Yilgam area 
(Lintem & Butt, this volume). 

At present, the only viable hypothesis is that 
Au distribution is at least partially controlled by 
evapo-transpirative processes. similar to relatively 
mobile elements such as Ca and Mg. Gold can be 
highly soluble when complexed with organic species 
such as cyanide, thiosulphate, amino acids or humic 
acids (Freise, 1931: Boyle, 1968, 1977: Boyle 
etal. , 1975; Baker, 1973, 1978: Lakinetal., 1974; 
Smith & Hunt, 1985: Ong & Swanson, 1969), 
which . can be generated by vegetation, micro
organisms or fungi . Gold is absorbed into plants, 
both in the southern Yilgam (Smith & Keele, 1984; 
Lintem et aI. , 1997) and elsewhere (Shacklette 
et aI., 1970; Kaspar et aI., 1972; Girling et aI., 
1979; Warren, 1982; Erdman & Olson, 1985). As 
the humus decomposes, organic-Au complexes are 
formed that percolate down the soil profile. Such 
organic-Au complexes may not readily precipitate. 
However, once these complexes reach the carbonate 
horizon, they are inunobiliscd, along with 
carbonate, halite and other salts, where the soil 
solution is being removed via the tree roots. Thus, 
the primary controls on Au distribution in these 
soils are biological and physical, rather than 
inorganic chemical process. Clearly, describing Au 
as a soluble element which can be concentrated by 
evaporation would seem incongruous in view of its 
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'noble ' character, However, in the presence of 
organic ligands Au is, indeed, soluble. 

Gold in soils is in a highly dynamic state. It 
may be taken up by roots, incorporated into the 
vegetation and later shed onto the soil surface and 
concentrated in the carbonate zone. The Au may 
then again be taken up by roots . This cycling may 
well act to generate (from less soluble Au such as 
primary or laterite-hosted nuggets) and maintain Au 
in a highly soluble and mobile form in soils. If so, 
recent enthusiasm over the use of various soil Au 
extractions for ' exploration, based on the 
assumption that the soil is a zone that "traps" 
highly mobile Au derived from depth, may be 
misplaced. 
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Decent conference proceedings, company 
.&reports, magazine reviews and newspaper 
articles describing gold exploration in South 
Australia's Gawler Craton highlight calcrete as the 
principal sample medium heing used. Indeed, 
"calcrete" has become a household word for 
mineral explorers in SA. Yet its origins as a 
successful exploration technique lie in Western 
Australia as a result of CSIRO Exploration and 
Mining research undertaken in the 1980s and early 
1990s particularly in the Kalgoorlie area. 

Company awareness of calcrete and its 
application as a sampling medium in W A began 
soon after the first research results were released 
(e.g., Howard, 1989; Standish, 1990; Brand & 
Wilkinson, 1992; Lintern et ai, 1992). One of the 
first gold deposits found specifically using calcrete 
was Baseline located north of Kalgoorl ie, in 1991. 
However, it was not until five years after its 
discovery in WA that CSIRO-sponsor Dominion 
Mining Ltd had the foresight to support the push to 
apply calcrete sampling to SA. The Challenger 
gold deposit was found using calcrete in 1995 
(Edgecombe, 1997). 

Historically, calcrete sampling for gold and 
base metals goes back to the last century. Various 
anecdotal stories from early mining documents 
report upon the discovery of gold, for example, in 
"limestone cement", calcrete road base material and 
in the "soil" in the Eastern Goldfields of W A. 
However, most, if not all, of these early examples 
relate to the coincidental presence of gold nuggets 
within calcrete. In other words, if the soil in which 
the gold nuggets are found happens to contain 
calcrete then an association was recorded, which 
has little to do with any intrinsic chemical or 
physical properties of the elements concerned. 
Prospectors using metal detectors are just as likely 
to detect gold nuggets at the surface whether there 

is calcrete present or not. Conversely, calcrete does 
not always contain gold. 

There are several reasons why calcrete 
sampling has received greater "press" in SA than 
WA: 
1) calcrete appears to be Ubiquitous throughout 

much of the Gawler, whereas it is mostly 
restricted to the southern half of WA's Yilgarn; 

2) calcrete is generally more prominent in SA 
(greater thickneSses and indurations, commonly 
highly visible on the surface) compared with 
WA, where calcretes are frequently present as 
friable aggregates, beneath the surface; 

3) calcrete sampling was hailed as the technique 
used to discover the Challenger prospect; and 

4) the confidential, industry-sponsored nature of 
CSIRO research on calcrete sampling had a 
muzzling effect on the dissemination of the 
technology to the "outside" world. 

Calcretes may precipitate as calcite, dolomite 
and/or magnesite in regoliths where the average 
annual rainfall is less than about 600 mm. 
Pedogenic calcretes are those that form in 
unsaturated (vadose) soil horizons; they are widely 
distributed in the Gawler and Yilgarn Cratons (Fig. 
1). In the Yilgarn Craton south of about 300 S ("the 
Menzies Line"), they are seemingly more abundant 
over more basic rocks and towards the south east 
(Anand et aI, 1997). In South Australia and 
Victoria, however, thier origins appear to be related 
to marine sources via aoelian or meteoric routes 
(Croker, 1946; Quade et ai, 1995). In contrast, 
groundwater calcretes form in saturated (phreatic) 
environments, typically in the axes of major 
drainages north of the Menzies Line. These are 
known to accumulate economically-significant 
grades of U but not, apparently, Au (Butt et ai, 
1977). 
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v 
Fig. 1 Distribution of calcretes in Australia (after 

Northcote et al,1975; Churchward, 1983). 

Case Studies 

A general association between Au and 
calcrete has been recognized for several decades 
and was commonly explained as coincidental, 
occurring through physical entrapment of Au 
nuggets in a calcareous cement. In some sampling 
programmes, calcretes were specifically avoided, 
for fear that they would dilute the geochemical 
response. However, a more specific relationship 
had been suspected and this has heen investigated at 
several sites, of which four are descrihed here. 

The Bounty mine, 240 km SW of Kalgooriie, 
represents a site where the pre-existing laterites 
have been mostly stripped and soils have developed 
on colluvium and saprolite. Calcrete has developed 
extensively within the clay-rich surficial material to 
depths of 1-2 m. Detailed sampling shows that the 
concentrations of Ca, Mg and Au are closely 
correlated (Fig. 2) (Lintern, 1989). Their 
abundances generally increase steadily from the 
surface, reach a maximum in the top metre and then 
decline, with little present below two metres. The 
relationship is also evident in traverses across the 
mineralization and, where these extend into 
unmineralized areas, the Au/Ca+Mg ratio declines 
over a short distance. The results demonstrate that 
it is essential to sample the carhonate-rich horizon 
consistently during soil surveys. 

While laterites at Bounty have little or no 
calcrete, at many other sites including Mulline, 140 
km NW of Kalgoorlie, the laterite may he infuseu 
with, and partly replaced hy, carbonate. At 
Mulline, the regolith is mostly preserved ami lateral 
dispersion of Au from primary mineralization has 

created a surficial halo characteristic of lateritic Au 
deposits (Fig. 3). The laterite is undergoing 
extensive alteration and disintegration by 
precipitation of carbonate to form coatings, veins, 
nodules, cements and indurated sheets. Gold is 
present in both the Fe-rich and the Ca-rich 
components of the profile and its distribution 
renects their relative proportions (Lintern & Butt, 
1991). The calcrete has diluted the abundances of 
elements in the laterite, such as Fe and trace 
elements (including Au) associated with it. For Au, 
however, the accumulation in the calcrete offsets 
the dilution of the Au present in the laterite. 
Accordingly, there is a correlation between Au and 
hoth Ca, in the top part of the profile, and with Fe 
in the lower part of the profile (Fig. 3). 

The Zuleika Sands Mine, located about 50 
km WNW of Kalgoorlie, has exploited a Au deposit 
hosted by sediments in a palaeochannel. Such 
palaeochannels are probably of mid-Eocene age that 
have been filled with t1uvial and lacustrine 
sediments. Their presence is not easily detected and 
the course they follow is often poorly defined, even 
after drilling. Substantial Au deposits are 
associated with some paiaeochannels, commonly 
within the basal sands (as at Zuleika) or in 
underlying saprolite, but they present a special 
problem for exploration because they are concealed 
by barren sedimentary units, that maybe 15 to over 
50 m thick. Nevertheless, surficial anomalies have 
been reported directly above buried mineralization 
in some locations. 

The palaeochannel at Zuleika Sands runs I 

approximately parallel to the regional strike. The 
hase of the palaeochannel at the study location is 
between 15 and 20 m below the present land 
surface, in an active iloodplain. A subdued spur 
marks the western limit of the residual regolith, and 
a simple projection to the thalweg indicates that the 
palaeochannel has a very steep eastern "bank". The 
palaeochannel is inrmed by sands and clays that 
have been weathered since deposition (Fig. 4). 

Soil sampling (including calcrete) indicate 
that there is no clear Au anomaly over the 
mineralization in the channel, and the highest 
concentrations are present in residual soils east of 
the channel. In these soils, represented by profiles I 
and K, the Au distribution is directly related to 
those of Ca and Mg in calcrete; the strongest 
correlations and highest Au contents (200 to 300 
ppb), similar in magnitude to those recorded at 
Bounty, Panglo and Mulline, are present in soils 
developed from saprolite e.g. profile K. However, 
such correlations hetween Au and the alkaline earth 
metals are not apparent in soils developed on the 
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Fig. 2 Plan, section and geochemical data for the Bounty deposit, Forrestania, Yilgarn Craton: a) detail of 
study area showing soil profile locations, geology and contoured 0-1 m Au concentrations (Lintern, 
1989); b) section across the Bounty zone mineralisation showing Au distribution (after Smith, 1987); 
c) selected Ca and Au geochemistry from soil pits (Lintern et ai, 1992). 

palaeochannel / t100dplain sediments. In the 
floodplain, where there is less calcrete and generally 
much lower Au contents, some of the Au appears to 
be associated either with other soil components, or 
be randomly distributed. In profile II, a highly 
anomalous value of 910 ppb Au is probably due to 
particulate Au. Although these soils directly overlie 
mineralization, the origin of Au is uncertain. The 
relatively high Au contents in residual soils to the 
east (e.g. profile K), and the Au mine 
approximately 1 km upslope to the north, represent 
sources for detrital Au-rich materials that may have 
been deposited in the 1100dplain. The poor 
correlation between Au and Ca in the soils may be 
partly explained by the recent deposition of these 
materials, so that Au remobilization has not yet 
occurred. 

Implications for exploration 

The results of these investigations strongly 
suggest that Au is associated with calcrete and that 
this horizon should therefore be identified and 
preferentially sampled during exploration. Gold 
may be almost exclusively associated with calcrete 
in soils developed on highly leached and/or 

transported substrates although exceptions occur: 
(i) where laterite is preserved, there may also be a 
pre-existing association between Au and Fe oxides 
or (ii) where there is recently transported material 
Au may be associated with detrital material. 
TherefiJre, the nature of the regolith material and 
the geomorphic situation in which the calcrete is 
developed should, be noted when sampling and the 
data considered separately from the different units. 
The depth and thickness of the calcrete horizon may 
vary, but it is generally within the top 1 to 2 m of 
the soil and may readily be identified using dilute 
HCl. The most cost-effective sampling procedure is 
by power auger drilling and combining the cuttings 
through the calcrete horizon. This procedure has 
been adopted by several companies exploring for 
Au in the Yilgarn and Gawler Cratons. Other 
techniques, such as surficial soil sampling or 
drilling and routinely sampling at a specified depth, 
may be inappropriate because calcrete, and 
associated Au anomalies, may be overlooked. 

Origin of the gold-calcrete association 

Dolomite and calcite form in the soil by the 
interaction oJ Ca2+, Mg2+, bicarbonate (HC03) and 
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water. Calcium and Mg are derived directly or 
indirectly from bedrock, groundwater, vegetation, 
dust or rainfall and BCO.,· from CO2 gasprouuccd 
by root and microbial respiration. Carhon dioxide 
dissolves readily in water and dissociates to IICO,,
which, in turn, reacts with free Ca2+in soil waters 
and will precipitate as calcite when saturation is 
reached, prohably due to water heing removed by 
evapotranspiration. The reason for the dominant 
occurrence ' of pe~ogenic carhonates south of the 

Menzies Line is unclear, but is possibly related to 
the region having a mainly winter rainfall and hence 
longer growing season and greater production of 
CO2. 

The Au distribution within soil profiles 
closely follows that of Ca, so it is reasonable to 
assume that it is controlled by a similar process, 
i.e., dissulved Au is precipitated by the removal of 
water fwm the soil. Adsorption or precipitation of 
Au on carhonate surfaces through a pH effect from 
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migrating soil water is improbable as it would 
result in a Au-enriched zone either at the top or 
base of the calcrete horizon, which is not observed. 
Furthermore, laboratory experiments have shown 
that the Au associated with the calcrete is very 
soluble, even in deionized water (Gray & Lintern, 
1994). 

The role of vegetation in the re-cycling of 
gold and calcium at the surface is suggested by- the 

presence of these elements in plant· tissues, 
although the magnitude of the role of vegetation in 
tire elllire process is probably only minor. Both 
Au and Ca are present in plants and this suggests 
some involvement of vegetation in the mobility, 
dispersion and re-cycling of these elements in the 
surficial environment. Both elements are taken up 
by roots, enter the plant tissue, and, ultimately, are 
returned to the soil surface as litter and released by 
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decomposition. Gold .is prohahly mohilized . in soil 
solution as an organic complex, which precipitates 
with the carbonates under evaporative conditions, 

possibly partly promoted hy the removal of soil 
water by transpiring plants ami trees. The question 

. as to whether deep-rooted plants can supplement 
surficial Au anomalies with Au from deeper in the 
regolith remains to be answered. 

Conclusions 

Calcrete has been shown to be an excellent 
sample medium for Au and gives a surface 

expression to mineralization through at least 20 m 
of leached overburden. It is widespread, readily 

identified and inexpensive to collect, characteristics 
important in the selection of sample media. The 
association of Au and calcrete is unexpected and 

the mechanism causing it are not fully understood. 
However, with the relationship having been 

established, it has been used with confidence and 
success in the Yilgarn and Gawler Cratons and is 

being applied in similar environments worldwide. 
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Electrochemical controls within the laterite 
environment 

R.K. Fagan 

Department Of Mining & Exploration Geology 
Western Australian School of Mines 
Egan St, Kalgoorlie, WA 6430 

Any model for the formation of laterites in the 
groundwater system must accord to the 

known electrochemistry of this system. An 
appreciation of the electrochemistry of saline 
groundwaters is critical to understanding the 
dissolution of primary Au, Fe, ami Mn and their 
reprecipitation in the secondary environment. 
Oxidation in the bedrock as a result of 
weathering causes a significant lowering of the 
groundwater pH (especially if significant 
amounts of sulphides arc inv(llveu). This 
accelerates further oxidation, weathering and the 
leaching of many soluble clements, and increases 
groundwater salinity levels. 

Regular accumulation of fresh rainwater at 
the water table through vertical seepage is 
responsible for diluting saline groundwater and 
neutralising the pH thereby initiating the 
precipitation of both iron and secondary gold in 
the laterite profile. Rainwater dilution is also 
responsible for InttJatmg and maintammg 
diffusion processes capable of moving upwards 
within the groundwater system regular stream" 
of dissolved ions. 

An understanding of solution 
electrochemistry begins with an examination of 
the H20 system and the role of dissolved oxygen 
and the various forms of iron beneath the water 
table. Fig. 1 is a simplified Eh/pH diagram 
showing the relationships between varyingly 
oxygenated water, and Eh-pll relations for 
varyingly oxidised originally sulphidic 
assemblages. More oxidised species appear 
higher in the diagram and reduced species are 
favoured towards the lower stability limit of 
water towards the bottom of the diagram. The 
penetration of dissolved oxygen is illustrated and 
the steeply sloping dashed line in the left of the 
diagram marks the edge of the solubility field of 
iron as Fe2

+. 

0, 6 

0,4 

0.2 

-Eho,a· 
(volts} 

-0,2 

-0,4 

-0,6 
iron QS fett 

5 6 7 8 9 10 11 

pH 
Fig. 1. Eh-pH diagram for g~undwat.r showing 
the ranges of varyingly oxldised material. 

Fully oxygenated fresh water contains 
around 8 ppm dissolved oxygen which is 
absorbed through the air-water interface. Under 
static groundwater conditions exposure to the' air 
interrace is restricted and lack of effective mixing 
combined with consumption of oxygen through 
oxidation reactions in the ground rapidly and 
severely depletes even this minimal oxygen. As . 
the salinity of the water increases the maximum 
dissolved oxygen levels are further lowered in a 
linear fashion reducing to zero at around 13 
weight percent dissolved solids . . The salinity 
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levels of groundwater in the Eastern· (illldfields 
can vary from around 5% at ClIolgarlJie to in 
excess of 20% at Lake Yimlalgollda (Commander 
et al 1992). Salinities in the Kalgoorlie district 
are around 10-15% tds. Residual oxygen in these 
groundwaters would be of the order of 2.5 ppill 
at best and most prohahly zero except in the 
immediate vicinity of the air-water interface. The 
extent of the oxygenated zone at this interface 
would be of the order of a few millimetres only, 
except after heavy rainfall where lower-density, 
fresh, well-oxygenated water would rapidly 
accumulate above the old water tahle. 

The effect of any oxidation reactions 
involving groundwater is to produce hydrogen 
ions and as a result reduce the plIo This will 
create a Eh-pH shirt in the groundwater 
chemistry to the left on Fig. 1 along a line 
parallel to the upper and lower water stability 
boundaries. The extent of this acid shift will be a 
function of the resulting pI I. An examination of 
fig. 1 shows that the oxidation of rock (and ores) 
in the groundwater system by oxygen is restricted 
to the immediate vicinity of the air/water 

. interface, at· or within the uppermost few 
centimetres of the water tahle. Deeper oxidative 
weathering has to be achieved by chemical 
spe.cies other than dissolved oxygen. 

. Fig. 2 represents the Fe-S-C-Il20 system 
and is relevant to the understanding of processes 
operating in the laterite profile. From Figs 1 & 2 
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Fig. 2. Eh-pH stability relations for the system Fe
S-C-H20. Modified after Sangameshwar and 
Barnes 1983. 

it can be seen that the stable form of iron in the 
transitional and oxidised zone is the insoluble 
species goethite (FeOOH). This would suggest 
that iron is insoluhle in the laterite profile and 
that all original iron present in the pallid zones of 
laterites should remain as the more oxidised 
goethite. This is patently not the case. To 
effectively remove all iron from the pallid zone, 
leach solutions must have become sufficiently 
acid during the leaching process to shift the 
operating Eh-pH of the system into the Fe2

+ field 
where soluble iron is the stable form. Iron in 
most mineral species is already in the Fe2

+ state 
so that groundwater attack under acid conditions 
would involve a simple liberation of Fe2

+ released 
during the decay of a silicate mineral. If however 
the chemical weathering of iron-bearing silicate 
minerals occurred under neutral pH conditions, 
more oxidised and insoluble goethite would first 
form and then in order for it to dissolve and be 
leached from the pallid zone the groundwater 
must first become sufficiently acid and be 
sufficiently reducing to convert FeOOH to Fe2

+. 

Although an unlikely scenario, in this second 
situation, initially formed goethite would act as 
an oxidising agent in this more acid environment 

A one-step removal of iron from the pallid 
zone would require weathering and leaching 
under at least moderately acid conditions. In 
order for the pallid zone of the laterite profile to 
he created the former acidified groundwater and 
all the contained dissolved iron would need to be 
tlushed from the system. ultimately to discharge 
into, and precipitate as a consequence of dilution 
and oxidation, in a stream, lake or the ocean. 
This does not seem to have happened as iron 
accumulations are not noted in these 
environments. Lateral l1ushing would remove the 
iron but would not be capable of enriching iron 
higher in the profile by forming substantial iron 
caps. 

Groundwater diffusion 

For iron caps to form, iron dissolved as 
Fe2

+ in the groundwater must move towards the 
surface to be oxidised to Fe3

+ (possibly by 
dissolved oxygen at the air-water interface). An 
attractive mechanism for effectively drawing all 
the groundwater to the surface by diffusion is 
cnvisaged. Other mechanisms such as capillary 
action and evaporation induced precipitation 
seem inadequate. Effective groundwater 
movemcnt is best facilitated downwards under 
gravity, thcn sideways across a hydraulic 
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gradient, and least of all vertically upward. Ionic 
ditIusion processes do not require water 
movement, only movement in the dissolved 
components in response to concentration and 
electropotential gradients. Fig. 3 displays a 
portion of the Fe-water system showing the 
concentration of dissolved Fe2+ and the stability 
of the principal forms of iron in the laterite
groundwater environment. From this diagram it 
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-IA Stability ranges covered in other diagrams 

-1,6 

-1,~Z _\ 0 1 Z 3 ~ 5 6 7 6 S 10 II 12 13 ~ ISpIII6 

Fig. 3. Partial potential-pH diagram for the 
system Fe-H20. displaying theoretical stability 
ranges appropriate to lateritic iron formations in 
the Eastern Goldfields. 

can be seen that the solubility of iron increases 
under reducing conditions and that significant 
solubilities are achievable with increases in 
acidity. At pH 6, suitably reduced groundwater 
would only need to be acidified to pH 4 and be 
maintained at this level to be ahle to dissolve up 
to 6 weight percent iron. This increased aCidity is 
achievable through normal oxidation processes in 
the weathering profile well below the water table. 
In the oxygenated upper portions of the water 
table significant dissolution of iron is achievahle 
only under extremely acid conditions. The same 
solution at pH 6 would need to be acidified to a 
pH under 1 to achieve the same level of dissolved 
iron .. Except in the immediate vicinity of 
oxidising sulphides this is unlikely to be 
achieved. Goethite in the overall rock mass could 
not be emiched in this process beyond the levels 
appropriate to the rocks original iron content. 

237 

At pH 3 gr?un~water can dissolve up to 
5.5% Fe and mamtams an electropotential of 
around 0.2 volts. If diluted by oxygenated 
rainwater at pH 6 and an Eh of 1.0 volt the 
electropotential difference across this salinity 
range would be 0.8 volts. The net effect is an 
electrolytic cell within the groundwater system 
with a significant driving force for ionic 
diffusion. The infiltration of rainwater in a wet 
climate zone continually adds fresh water to the 
top of the water table and the salinity contrast 
with the underlying saline groundwater 
continually drives this diffusion engine conveying 
dissolved ions (including Fe2+), to the water table. 
As the Fe2+ migrates, the pH of the surrounding 
solution increases, the solubility of Fe2+decreases, 
Fe2+ is oxidised and begins to precipitate out of 
solution as goethite. Ionic diffusion slows and 
then ceases as the salinities in the two regions 
hecome equivalent. The next rainfall 
accumulation re-primes the diffusion pump and 
the process continues. To completely rid the 
groundwater of dissolved iron would require 
bringing virtually all the dissolved iron to the 
surface by this mechanism. The diffusion 
process provides a continuous conveyor belt of 
leached ions upwards through the groundwater 
system. If dissolved iron is being brought to the 
surface then so must all the other dissolved 
components, most of these however do not 
precipitate but are flushed from the system by 
groundwater flow. 

The nature of lateritic iron 

Various forms of lateritic iron have 
developed which give an insight into the 
precipitation environment. In some places 
massive liard-cap laterites develop composed of 
goethite and minor pyrolusite (Mn02), to the 
virtual exclusion of everything else. The presence 
of Mn02 in these massive laterites and the 
ahsence of other phases means that they can only 
have developed under the most oxidising 
conditions from iron precipitated in a column of 
water situated above the ground surface and not 
contaminated by existing or accumulating clays. 
The water table was in effect above the ground 
for long periods accumulating in low-lying 
pondages, hogs or swampy ground with very low 
relief and poor drainage. These swamps were not 
anaerohic, in fact quite the contrary. The 
formation of pyrolusite associated with some of 
these massive accumulations necessitates the 
presence of dissolved oxygen. This requires 
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formation within the oxygenated · zone near the 
air-water interface .. 

In other locations iron precipitation 
occurred within the upper reaches of the original 
pallid zone cementing and binding together pallid 
zone clays or as goethite-rich pisolites embedded 
in clay. Pisolitic laterites and goethite cemented 
clay zones indicate goethite precipitation in the 
upper reaches of groundwater-saturated pallid 
zones. These features occur where the water table 
is at or below the ground surface. The presence 
or absence of pyrolusite indicates proximity to 
the oxygenated zone below the air-water 
interface. 

Goethite pisolites are essentially a form of 
iron nugget and many pisolites are very similar to 
secondary gold nuggets in their overall 
morphology. The precipitation of goethite from 
Fe3+ solutions is · 'a · pH controlled reaction 
occurring largely at pH values less than I. The 
conversion of Fe2+ to goethite involves both 
oxidation and a pH increase. The pi [ increase is 
achieved most readily through diluting the 
groundwater at the . water table with regular 
supplies of fresh rainwater. Examination of Fig. 
3 shows that a ten-fold dilution of groundwater 
inc~eases the pH by· 1 and reduces the solubility 
of "iron (it least one hundred fold . . The problem 
arises however where this occurs below the 
Fe3+/Fe2+ threshold. Above this threshold 
precipitation is achieved regularly and uniformly 
and goethite cemented clays result. Below this 
thre~hold precipitation can occur onJy if the shift 
in pH is also accompanied by oxidation of Fe2+ to 
Fe3

+. Uniform iron. precipitation producing a 
massive goethite cement occurs if there are 
uniformly distributed anodic (oxidation) sites. J\n 
uneven distribution of anodic sites will result in 
uneven precipitation of goethite and the 
formation of pisolites around scattered anodic 
centres. If these sites are closely and regularly 
spaced within the leached zone small uniformly 
spread pisolites develop. Fewer and more widely 
spaced anodic sites will result in larger and more 
widely' and irregularly spaced pisolites. The 
exact nature of these anodic sites is uncertain. 

The mottled zones within laterite profiles 
appear to represent goethite accumulations at the 
air-water interface within irregularly shaped and 
distributed pods of water saturation remaining 
within the drying pallid zone. Goethite 
precipitation occurs at the air-water interface, as 
rain water driven diffusion continues to transport 
ions to the water surface within these pods. Ali 
diffusion continues the centre of these wet 

patches may become depleted of iron and remains 
pallid, with a partial-enclosing goethite-dch 
crust. 

The laterite-gold association 

Under highly saline conditions gold is 
relatively soluble as both the Au(Cl)4' and the 
Au(CI)2' complexes. Au(Cl)4' although capable of 
rapidly dissolving gold (far more efficiently than 
even aqua regia on a weight-for-weight basis), is 
not a viable system in the groundwater 
environment in that it requires an Eh that would 
oxidise cr and liberate free to Ch in the system. 
Au(Cl)2' although thermodynamically predicted 
has not be generated under these conditions in 
laboratory electrical polarigraphy experiments 
and its viability is still in question. 

Silver chloride would also form but being 
insoluble should remain at the primary site 
building up as an enveloping pacifying layer, 
which should eventually prevent further primary 
gold dissolution. These pacified silver chloride 
layers have not been identified on leached 
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Fig. 4. Eh-pH diagram for the system AU-CI-H20, 
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primary gold. Oxidation of sulphide-associated 
gold in the upper levels of the chloride-rich 
groundwater system has been modelled in Fig. 4. 
Oxidation of the associated sulphides would 
dramatically decrease the pI I in the near vicinity 
and the high salinity would signilicantly increase 
the stability field of AuCh' and the solubility of 
gold. Dilution of these solutions with rainwater 
would cause the field of soluble gold chloride to 
shrink, the pH to increase back to neutral levels 
and cause excess gold in solution to precipitate 
around cathodic sites. Associated iron as Fe~+ 
would co-precipitate as goethite. If these cathodic 
sites were sparsely and randomly distributed then 
gold nuggets would develop in a massive iron 
host. All this would take place in close proximity 
to the water table. 

At deeper levels in the groundwater system 
dissolved gold as AuCh- would coexist with Fe2+ 
in solution. Dilution of these solutions at the 
groundwater-air interface, increases the pH, and 
causes Fe2+ to be oxidised to Fe~+ and to be 

precipitated as goethite. Au+ species could act 
as one of the oxidising agents and in the process 
,be reduced to .metallic gold and predpitate in 
finely particulate form (disseminated gold), or as 
nuggets depending on the availability of cathodic 
or nucleation sites. 

Pisolitic goethite should precipitate around 
spaced anodic centres with AuCh- acting as one 
of the agents initiating the oxidation. In 
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Fig. 5. Partial potential-pH diagram outlining 
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this environment gold nuggets would be 
intimately associated with pisolitic goethite 
nodules. This is a commonly recognised 
association. 

Fig. 5 displays seven distinct chemical 
zones within 'in the Fe-Mn-Au system of 
relevance to the formation and character of 
laterites the chemical character of associated 
gold. A summary of the essential character of 
these zones is presented in Table 1. 
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1 NO NO YES NO NO NO NO 2ndary gold 19oeit,ite 
:.;;:': :.,':, primary Au palid zone 
) :} :::;:.; remains in only no 

2 NO NO YES NO NO YES NO lpallid zone 19oethite 

:}:Y.:,:::"; primary Au fresh 
3 YES YES NO NO NO :YES: NO in fresh rock bedrock 

:;::::i 2ndary Au 
mEW pyrolusite & Mn-F e cap 

4 NO NO YES YES YES NO YES goethite rock 
;;' . 2ndary Au, 

5 NO NO YES YES NO NO :YEs & goethite Fe cap rock 

, , , , . , diIi: . ,primary Au, 
6 NO NO YES YES NO ;YES NO & goethite Fe cap rock 

...... , ':":" same as fresh 
7 YES YES NO NO NOYES NO Zone 3 bedrock ' . 

~ the water table IS above ground level a clays will develop in the .ron cap, 
oolow ground level, pisolitic &Jor the clay-Fe association will 'oCcur.' 

Table 1. Fe-Mn-Au-clay association In the laterite 
profile. 

It is important to note that zone 6 although 
representing laterite iron cap will not contain 
secondary gold and will give a low assay result 
even in the presence of significant primary gold 
mineralisation at depth. 
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